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Abstract—Several new deconstructed vectors based on a potexvirus genome sequence for efficient expression of heterolo-
gous proteins in plants were designed. The first obtained vector (AltMV-single), based on the Alternanthera mosaic virus
(AltMV) strain MU genome, bears a typical architecture for deconstructed plant viral vectors, i.e. a triple gene block was
deleted from the viral genome and the model gene of interest was placed under control of the first viral subgenomic pro-
moter. To enhance the efficiency of expression, maintained by the AltMV-single, another vector (AltMV-double) was
designed. In AltMV-double, the gene of interest was controlled by two viral subgenomic promoters located sequentially
without a gap upstream of the target gene. It was found that AltMV-double provided a significantly higher level of accumu-
lation of the target protein in plants than AltMV-single. Moreover, our data clearly show the requirement of the presence
and functioning of both the subgenomic promoters for demonstrated high level of target protein expression by AltMV-dou-
ble. Taken together, our results describe an additional possible way to enhance the efficiency of transient protein expression

maintained in plants by a plant viral vector.
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A variety of technologies has been developed for pro-
duction of foreign proteins in plants, including enzymes,
vaccine proteins, cytokines, and other pharmaceuticals
[1-5]. The technologies based on plants as factories for
production of foreign proteins provided several advan-
tages including high yield, low cost, and biosafety of the
product. These technologies are safe, since plants and
animals share no common pathogens [5]. To increase the
level of the recombinant protein production, the transient
expression strategy of a foreign gene is frequently used.
This strategy implies delivery of a transgene into the plant
cells by a viral vector. Therefore, further increase in
expression efficiency of plant viral vectors is an important
goal [4].

Abbreviations: AItMV, Alternanthera mosaic virus; CP, capsid
protein; d.p.i., days post-injection; f.l.t., fresh leaf tissue; hG-
CSE, human granulocyte colony-stimulating factor; ORF, open
reading frame; sgp, subgenomic promoter; sgRNA, subgenom-
ic RNA; TGB, triple gene block.

#These authors contributed equally to this work.

* To whom correspondence should be addressed.

Members of the Potexvirus genus, a group of plant-
infecting viruses with an RNA genome packed into flexu-
ous rod-shaped virions [6, 7], are some of the most usual-
ly applied for construction of expression vectors among
other groups of plant viruses. The genomic RNA of
potexviruses is single-stranded, has positive polarity, and
normally encodes five translated open reading frames
(ORFs). ORF1 encodes viral RNA-dependent RNA-
polymerase (replicase) and is translated from the genomic
RNA itself. The other four ORFs are translated from three
special subgenomic RNAs (sgRNAs) that are synthetized
under control of three subgenomic promoters (sgp). ORFs
2, 3, and 4 are usually referred to as a “triple gene block”
(TGB) [8], and the viral proteins they encode are called
pTGBI (translated from sgRNA1), pTGB2, and pTGB3
(both translated from sgRNAZ2), correspondingly. These
proteins, due to their dispensability for viral replication
and evident requirement for short and long distance trans-
port of infection, are usually called “transport proteins”,
though their functions appear to be more complex [9, 10].
ORFS5 encodes a capsid protein (CP), the most abundant
of all viral proteins (translated from sgRNA3).
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During the last two decades, numerous strategies for
construction of vectors based on genomes of the plant
viruses with RNA genome have been developed [5]. One
of the most efficient among them is the so-called “decon-
structed virus” strategy (see for review [4, 5]). This con-
cept of vector engineering implies an agrobacterium-
mediated vector delivery process, e.g. agroinjection [5],
which provides up to 100% efficiency level of vector
delivery of cells in the agrobacterium-treated zone of
plant tissue. This peculiarity allows the deletion of all
viral genes responsible for cell-to-cell and systemic move-
ment of the wild-type virus from the resulting vector.
Such a reduction helps to overcome certain restrictions
on size of the inserted target gene and also cuts the com-
petition process for cell resources between an overex-
pressed target gene and other viral genes not involved into
replication.

Recently, a new strain of Alternanthera mosaic virus
(AItMV-MU, GenBank FJ822136.1), a member of the
family Alphaflexiviridae, Potexvirus genus [11, 12], was
described in our laboratory [13]. The AItMV-MU genom-
ic RNA molecule (Fig. 1a) is 6606-nt-long and has an
organization typical for the genus [13]. Previously, anoth-
er strain of AItMV (AIltMV-SP) was utilized for construc-
tion of a bipartite vector for efficient target protein expres-
sion [14]. In our current work, we have elaborated an addi-
tional improvement for a potexvirus-based “deconstruct-
ed virus” engineering strategy, namely a technique of a
multiple subgenomic promoter control of a target gene,
resulting in a higher yield of target protein. Several decon-
structed vectors based on the AItMV-MU genome were
designed to study this novel method, and a significant
yield of a foreign protein was achieved in Nicotiana ben-
thamiana plants by one of these newly constructed vectors.
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Fig. 1. Schematic presentation of the native AltMV-MU genome
and AltMV-MU-derived vectors: a) AltMV-MU genome; b)
AltMV-single; c) AltMV-double. sgp 1, 2, and 3 are putative
subgenomic promoters; 35S — cauliflower mosaic virus 35S pro-
moter; nos — nopaline synthase terminator; (A), — poly(A).
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MATERIALS AND METHODS

Construction of AltMV-based expression vectors.
The AltMV-MU genome cDNA copy [13] was used for
creation of all vectors presented in this article. The full
cDNA copy of the AltMV-MU genome was previously
obtained as a number of overlapping fragments, cloned
into pBluescript SK+ plasmids: pAltMV19 (1-1639 bp);
PAItMV12 (1292-3446 bp); pAltMV46 (3279-4488 bp);
PAItMV33 (4335-5559 bp); pAItMV50 (5479-6606 bp).
Sequence numbers of the first and the last bp of the cor-
responding fragment in the AItMV-MU full genome
sequence (1-6606 bp, GenBank FJ822136.1) are paren-
thesized. pPVX201 [15] was used as a template for ampli-
fication of the cauliflower mosaic virus 35S promoter
(35S) and nopaline-synthase terminator (nos) sequences
by PCR reactions.

All preliminary DNA fragments utilized for con-
struction of AltMV-MU vectors are listed in Table 1 with
all corresponding specific components of reaction, i.e.
specific DNA oligonucleotides for PCR reactions and
specific restriction endonucleases. Sequences of all DNA
specific oligonucleotides utilized for PCRs described in
our work are listed in Table 2.

To obtain the AltMV-single (Fig. 1b) construct, a
fragment of the AItMV-MU genome from 4725 to
5762 bp was deleted, and the translation-initiating codon
of movement protein 1 was mutated from ATG to ACG.
This mutation was performed to prevent the possible ini-
tiation of translation at this starting point. The resulting
sequence was cloned to pCambial300 plasmid together
with previously obtained 35S- and nos-sequences as
shown on Fig. 1b. To reach this goal, four DNA fragments
were cloned into Xbal-EcoRI region of pCambial300
plasmid: Subcll cleaved by Xbal and Sphl; Subcl2 cleaved
by Sphl and BamHI; PCR6 cleaved by BamHI and Kpnl,
Restr3. To obtain Subcll construct, pSL1180 plasmid was
cleaved by Xbal and Sphl and ligated with Restr1, Restr2,
and PCR3 cleaved by Xbal and EcoRIl. Another con-
struct, Subcl2, was obtained by ligation of pSL1180 plas-
mid (cleaved by Sphl and Spel) with Restr4, -5, -6, -7
fragments.

The AltMV-double construct was also derived from
the AItMV-MU genome sequence by deleting a fragment
from 4725 to 5762 bp, mutation of transport protein 1
translation initiating codon (ATG to ACG), and cloning
to pCambial300 plasmid with 35S- and nos-sequences as
described for AltMV-single. To obtain AltMV-double,
the following fragments were cloned into the Xbal-EcoRI
region of pCambial300 plasmid: Subcll cleaved by Xbal
and Sphl; Subcl2 cleaved by Sphl and BamHI; PCR9
cleaved by BamHI and Kpnl; Restr3.

The AltMV-double* was derived from AltMV-dou-
ble by a G(4683)A PCR-substitution, i.e. PCR11 was
cleaved by Apal and Spel enzyme and then cloned into
the Apal-Spel region of the AltMV-double construct. The
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Table 1. Schematically presented steps of obtaining of preliminary DNA fragments used in construction of AltMV-

MU based vectors

Name of obtained DNA Names of DNA fragments Names of applied specific endonucleases (for endonuclease
fragment used for cor.responding cleavage reactions) or oligonucleotide primers (for PCRs)
reactions
PCRI1 pPVX201 AL2015, AL2016
PCR2 AltMV19 AL2021, AL2020
PCR3 PCRI1, PCR2 AL2016, AL2020
PCR4 AltMV33 AL2012, AL2011
PCRS5 AItMV50 AL2014, AL2013
PCR6 PCR4, PCR5 AL2012, AL2013
Restrl AltMV19 EcoRI, Afel
Restr2 AltMV12 Afel, Sphl
Restr3 pPVX201 Kpnl, EcoRI
Restr4 AltMV12 Bglll, Sphl
Restr5 AltMV46 Bglll, EcoRV
Restr6 AltMV46 EcoRV, BamHI
Restr7 AltMV33 BamHI1, Spel
PCR7 AltMV33 AL2012, AL2018
PCRS AltMV50 AL2019, AL2013
PCR9 PCR7, PCR8 AL2012, AL2013
PCRI10 AltMV-double AL2012, AL2038
PCRI11 AltMV-double AL2029, AL2013
Restr8 PCR10 Spel, Sall
Restr9 PCRI11 Sall, Kpnl
Restr10 AltMV-double Spel
Restrl1 Restr10 Sall
Restr12 AltMV-double Kpnl
Restr12 Restrl1 Sall
PCRI11 AltMV-double AL2060, AL2061
PCRI2 pGEM3Z-hGCSF AL2051, AL2050
PCRA AltMV-double AL2012, AL2038
PCRB AltMV-double AL2029, AL2013

purpose of the nucleotide substitution G(4683)A was to
abolish the transcription activity of sgp1.

For construction of a AltMV-double-based vector for
expression of human granulocyte colony-stimulating fac-
tor (AltMV-d-gcsf and hG-CSEF, correspondingly), a frag-
ment of nucleotide sequence of AltMV-double from 5961
to 6382 bp was substituted with ORF, the combination of
a hg-csf gene sequence and the 3'-terminal tag, encoding
six histidine residues and an enterokinase cleavage site
[16], attached to the 3'-end of the target gene. The six his-
tidine-tagged hg-csf ORF was obtained from pGEM3Z-
hG-CSF bearing the corresponding gene and previously
used in the work of Zvereva et al. [16]. According to
Komarova et al. [17], the 3'-terminal 100 bp of the CP

BIOCHEMISTRY (Moscow) Vol. 80 No. 8 2015

ORF were left downstream of the G-CSF stop codon to
enhance the viral vector expression. The translation initi-
ating ATG codon of AItMV-CP ORF was substituted with
ACG. The precise scheme of construction of AltMV-d-
gcsfwas performed in three steps. As a first step, a pAl3016
construct was obtained: PCRA cleaved by Spel and Sall,
and PCRB cleaved by Sa/l and Kpnl were cloned into the
Kpnl-Spel region of pSL1180 plasmid. Next, pAl3017 was
obtained by cloning of Restr9 and Restrll fragments
together into the AA/l and Kpnl region of pAl3016 con-
struct. Finally, to produce AltMV-d-gcsf, PCR12 was
cloned into the AsclI-Avrll region of pAI3017.
Agroinjection of constructed vectors into plant leaves.
Agroinjection of the viral vectors into Nicotiana ben-
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Table 2. List of names and corresponding nucleotide sequences of DNA specific oligonucleotides used in PCR

described in the present work

Name of oligonucleotide primer

Nucleotide sequence

AL2011
AL2012
AL2013
AL2014
AL2015
AL2016
AL2017
AL2018
AL2019
AL2020
AL2021
AL2022
AL2023
AL2024
AL2025
AL2026
AL2027
AL2038
AL2029
AL2050
AL2051
AL2060
AL2061

5'-cttgaggaaatggagtggacatgaggttaataaagtgattcgtctttgggaag-3'
5'-gagagagagcttcaggatgattgagcag-3'
5'-gceggtaccttttttttttttetttettetttettettetttttgcgtaaatag-3'
5'-atgtccactccatttcctcaagtcac-3'
5'-ggttcctttgctttgttttgetttgcetttacttttctectctccaaatgaaatgaact-3'
5'-ccgtctagagtcaacatggtggagcacgacac-3'
5'-gtaatcgatctcctcgaagggcaaatatggacttteggttectttgetttgttttgetttgett-3'
5'-agagccctgatggtctetggtggaggttaataaagtgattegtetttgggaag-3'
5'-caccagagaccatcagggctct-3'
5'-catggaattctagctcgtagatgetggggtg-3'
5'-gtaaagcaaagcaaaacaaagcaaaggaacc-3'
5'-agaatctgcagaatttgcggagag-3'
5'-gagccctgatggtctctggtggatgacttttaactaagataagactagg-3'
5'-gagccctgatggtctetggtggaggaaatggagtggacgtgatgac-3'
5'-gtatcaatggaaacttaaccgttcagaggttaataaagtgattcgtctttggg-3'
5'-tgctagcetggtgctgacgtctttcgagtatcaatggaaacttaaccgttca-3'
5'-gagccctgatggtctetggtgtgctagetggtgctgacgtettteg-3'
5'-atgaaggcaatactagtagttc-3'
5'-cgaggcatgcatgaaggcaatactagtagttc-3'
5'-gcettggegegecatgacaccattaggtectgetteg-3'
5'-cgttcctaggttagtgatggtgatggtgatggggctgggcaagg-3'
5'-gatggggcccaccaccactgtgtagge-3'
5'-gatgactagttaagtcaggtggaggagaagttttaaaaacttttcttcc-3'

thamiana leaves was performed as described in [16].
Strain GV3101 of the A. tumefaciens was transformed by
the obtained constructs. Transformed bacteria were incu-
bated overnight at 26°C in 2YT medium with the follow-
ing antibiotics: rifampicin (50 mg/liter), kanamycin
(50 mg/liter), and gentamycin (25 mg/liter). The
overnight culture was centrifuged for 5 min at 5000g and
then resuspended in agroinjection buffer (10 mM MgSO,,
10 mM MES-NaOH, pH 5.5) to resulting A¢y, = 0.2. To
enhance the target protein yield, all studied vectors were
agroinjected together with a vector, expressing the
tombusvirus p19 protein — a suppressor of gene silencing
[18]. The bacterial suspensions were injected into N. ben-
thamiana leaves using a syringe without a needle.

AltMV-MU capsid protein extraction from agroin-
jected leaves. The leaves agroinjected with AltMV-single,
AltMV-double, or AltMV-double* were collected on dif-
ferent days post agroinjection (d.p.i.). Agroinjected leaves
were homogenized in 10 mM Tris-HCI, pH 8.0, and cen-
trifuged at 16,000g for 15 min. The supernatant (S16 frac-
tion) was collected for further analysis.

Subgenomic promoter transcriptional activity assay.
The formation of subgenomic RNAs in the agroinjected
leaves was studied by 5'-Step-Out RACE RT-PCR. The
N. benthamiana leaves transformed with viral vectors were
collected on d.p.i. 3, frozen by liquid nitrogen, and
homogenized to powder. Total RNA samples from the
homogenized leaves were extracted by TRI REAGENT
(Molecular Research Center, USA) according to the pro-
tocol provided by the manufacturer. To obtain cDNA
copies of viral vector subgenomic RNAs, the isolated
RNA samples were studied by the 5'-Step-Out RACE
RT-PCR (Mint Universal cDNA Synthesis Kit; Evrogen,
Russia) according to the manufacturer’s protocol with
slight modifications. In particular, the first cDNA strand
was synthesized using the AItMVCPrev primer (tgtgtc-
gactcagtgatggtgatggtgatgctceggtggtgggaggtattga), com-
plementary to the 3'-end sequence of the AitMV-MU CP
gene. The double-stranded cDNA was amplified using
the AItMV CPrev primer and the PCR primer M1
(Evrogen). The products of the 5'-Step-Out RACE RT-
PCR were analyzed by electrophoresis in 1% agarose gel.

BIOCHEMISTRY (Moscow) Vol. 80 No. 8 2015
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The separated products of the 5'-Step-Out RACE RT-
PCR were extracted from the agarose gel, and their
nucleotide sequence was then determined (Evrogen).

Extraction of recombinant hG-CSF from agroinjected
plant leaves. To isolate the foreign protein tagged with six
histidine residues, the samples of agroinjected leaves were
frozen with liquid nitrogen and homogenized to powder.
The samples were then suspended in buffer A (Qiagen,
Germany) for 4 h at room temperature, and then cen-
trifuged at 16,000g for 15 min at 15°C. Aliquots of the
supernatant were collected for subsequent assessment of
the amount of the target protein in unpurified samples.
The remaining volume of the supernatant containing the
tagged protein was purified on a QIA expressionist Ni-
NTA agarose column according to manufacturer’s proto-
col (Qiagen). The elution fractions were collected for fur-
ther analyses.

Analysis of recombinant hG-CSF protein yield. The
samples of unpurified and roughly purified target protein
obtained from agroinjected leaves were analyzed by SDS-
PAGE with Coomassie Brilliant Blue G-250 staining.
Digital high-resolution photographs of the stained gels
were taken with the ChemiDoc™ XRS Plus gel recording
system (Bio-Rad, USA). For calculation of relative
amounts of protein in corresponding bands, the acquired
digital images were analyzed using TotalLab Quant
(TotalLab Ltd, UK) software.

RESULTS AND DISCUSSION

Expression of AItMYV CP in plants by AltMV-double.
As a general design for all new AltMV-MU-based vectors,
the “deconstructed” type of architecture, lacking the
genes of movement proteins (Fig. 1, a-c), was chosen due
to its high biosafety [5]. Initially, the deconstructed viral
vector named “AltMV-single” based on the AItMV-MU
genome was created. In AltMV-single, the CP gene was
placed under control of sgp1 (Fig. 1b). AltMV-single has
an ordinary structure for a potexvirus deconstructed vec-
tor [17]. To obtain a higher expression level, the gene of
interest was placed under control of two AItMV putative
subgenomic promoters 1 and 3 (sgpl and sgp3) (Fig. 1¢),
which were previously described by Lim and colleagues
[14]. This second vector was designated as “AltMV-dou-
ble”.

To assess the functionality of AltMV-double, both
AltMV-double and AltMV-single were used for expres-
sion of the AItMV CP gene in leaves of N. benthamiana as
a model gene of interest (Fig. 1, b and c¢). The AItMV CP
accumulation was tested 8, 9, and 13 d.p.i. by SDS-
PAGE (Fig. 2a) and by Western blot assay with antiserum
to AItMV-MU CP (Fig. 2b). It was found that S16 frac-
tions from leaves agroinjected with AltMV-double and
AltMV-single contained a major protein band of the size
expected for the AItMV-MU CP (22 kDa). The level of
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Fig. 2. a) Time course of AltMV CP expression in Nicotiana ben-
thamiana leaves agroinjected with AltMV-single and AltMV-
double: 7) 1 pg of AltMV CP (positive control); S16 fraction from
leaves agroinjected with: 2) AltMV-single, 8 d.p.i.; 3) AltMV-sin-
gle, 9 d.p.i.; 4) AltMV-double, 8 d.p.i.; 5) AltMV-double,
9 d.p.i.; 6) AltMV-double, 13 d.p.i.; 7) P19 alone (negative con-
trol); &) molecular weight markers in kDa (8-20% SDS-PAGE,
Coomassie R-250 staining). b) Western blot analysis with anti-
serum to AItMV CP: ) negative control — S16 fraction from
leaves agroinjected with P19 alone; 2) positive control — 0.2 pg of
AltMV CP; 3) S16 fraction from leaves agroinjected with AltMV-
double.

the CP gene expression by AltMV-double (Fig. 2a, lanes
4-6) was significantly higher than that of AltMV-single
(Fig. 2a, lanes 2 and 3).

To calculate the AltMV CP yield in leaves agroinject-
ed with AltMV-double, several units of serial dilutions of
S16 fraction were examined by Coomassie-stained SDS-
PAGE. According to our data, the AltMV CP yield pro-
vided by AltMV-double vector in N. benthamiana leaves
ranged up to 5.5 mg per gram of fresh leaf tissue (f.L.t.).
According to [4, 19], this amount represented over 50%
of total soluble protein. The AltMV-MU yield from a
mechanically inoculated plant was significantly lower
(about 340 pg per gram, as reported by [20]). Thereby, the
new approach implying the double subgenomic promoter
control of a target gene was efficient for overexpression of
the viral CP gene by plant viral vector in N. benthamiana.

Recently, Lim and colleagues [21] presented a novel
vector system based on the AItMV genome with 35S and
T7 promoters simultaneously functional in transcription
of the Agrobacterium-delivered bipartite vector. This viral
vector, though quite effective, relies on ectopic expression
of T7 polymerase in addition to the AltMV-replicase,
while AltMV-double expression requires the AltMV-
replicase only. Wang and colleagues [22] recently present-
ed a PVX-genome-based viral vector in which three dif-
ferent sgps of various origin (i.e. one sgp originating from
TMYV genome) were placed one after another and sepa-
rated with the multi cloning site sequences cloned to the



1044

a 1 2 3 4

700 bp»-
600 bp»

Subgenomic promoter 1

1 18 nt

snnnnnmmm GTTAAGTC

Conserved
octanucleotide

Subgenomic promoter1

A
r 18 nt

annnn s m— GTTAAGTC

Conserved
octanucleotide

Subgenomic promoter3

snnensm— CTTAAGTT

Conserved
octanucleotide

GAGAAGTTTTGAAAACTTTTCTTCCCAAAGACGAATCACTTTATTAACCTCATGTCCACTCC

TTAGTTTGATTATCCTAGTCTTATCTTAGTTAAAAGTCATCATGTCCA =mnmu:s
GATTATCCTAGTCTTATCTTAGTTAAAAGTCATCATGTCCA =nmnun

GATTATCCTAGTCTTATCTTAGTTAAAAGTCATCATGTCCA =mnmmns

PUTLYAEV et al.

¢ AltMV-double*
sgpl sgp3

358 nos
| Replicase || | CP |
|4

¢
A

AltMV-single

GAAAAC CTTCCCAAAGACGAATCACTTTATTAACCTCATGTCCACTCC sgRNA
GAGAAGTTTTGAAAACTTTTassssansnssnsnnnannnnnnnnnnnnnnns ATGTCCACTCC nunnnn AltMV-double
GAAAACTTTTsssasssnsnnnnnnnnnnnnnnnnnnnnnnns ATGTCCACTCC snnuusn L-sgRNA

AltMV-double
S-sgRNA
AItMV CP sgRNA

Fig. 3. Analysis of translational activity of sgps in AltMV-double. a) Electrophoresis assay in 1% agarose of 5'-Step-Out RACE RT-PCR of
RNA extracted from leaf material agroinjected with AltMV-single (1), AltMV-double (2), AltMV-double* (3), P19 as negative control (4).
b) Alignment of sequenced products of 5'-Step-Out RACE RT of RNA samples from agroinjected leaves of N. benthamiana; gray box repre-
sent matching sequences of 5'-Step-Out RACE RT products; conserved octanucleotide sequence characteristic for potexvirus sgps [23] are
shown. The fragments of the nucleotide sequences of AltMV-single and AltMV-double are aligned with the nucleotide sequences of cDNA-
copies of the 5'-proximal regions of sgRNAs produced by these vectors during their multiplication in plant leaves. The AltMV-single
nucleotide sequence is aligned with the sequence of the only sgRNA; this vector was shown to produce (upper scheme). The fragments of the
AltMV-double sequence are aligned with the sequences of L- and S-sgRNA (central and lower schemes, correspondingly). Additionally,
nucleotide sequence of the original AltMV sgRNA carrying the viral ORF5 alone is also added to the alignment (lower scheme) to denote its
full identity with the nucleotide sequence of the S-sgRNA. c¢) Schematic representation of AltMV-double* construction denoting the mutat-

ed first nucleotide at the starting point of sgp1-controlled transcription.

3’-terminal region of the PVX genome. The construction
(pCaPVX760-GFP) was regarded as a platform for multi-
ple protein expression. Nevertheless, the above-men-
tioned feature of pCaPVX760-GFP did not look as a self-
sufficient way to enhance expression of a target gene. It is
also worth mentioning that no data was provided on the
functionality of those three sgps, revealing whether they
were cooperatively maintaining the target gene expression
or not. Moreover, no quantitative estimation of target
protein accumulation maintained by pCaPVX760-GFP
was provided.

Both sgps of AltMV-double are functional. To reveal
the reasons of the CP expression stimulation demonstrat-
ed by AltMV-double, a series of experiments was per-

formed. The sgRNAs produced in plant cells during
AltMV-single and AltMV-double multiplication were
assayed by 5'-Step-Out RACE RT-PCR and subsequent
sequencing of the obtained cDNA-copies of sgRNAs.
The results shown in Fig. 3a indicated that AltMV-double
simultaneously produced two sgRNAs of different length,
unlike AltMV-single, that produced only a single sgRNA.
Moreover, computer alignment of these RNA sequences
showed (Fig. 3b) that the longer sgRNA (L-sgRNA,
740 bp) of AltMV-double had a transcription start at the
putative sgpl sequence, while transcription of the shorter
one (S-sgRNA, 637 bp) started at the putative sgp3
sequence. These results imply that both putative sgpl and
sgp3 present in AltMV-double are functional.

BIOCHEMISTRY (Moscow) Vol. 80 No. 8 2015
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To study the requirement of two transcriptionally
active subgenomic promoters for maintenance of the
demonstrated high level of protein expression by AItMV-
double, an additional genetic construction AltMV-dou-
ble* was acquired by transcriptional inactivation of sgpl
in the sequence of AltMV-double (Fig. 3c). In AItMV-
double*, the sgpl transcriptional activity was ceased by
replacement of the first guanylate residue of the L-
sgRNA molecule by PCR similarly to how it was done
previously for PVXin [24]. The 5'-RACE RT-PCR assay
with subsequent sequencing of the PCR products showed
that the resulting vector AltMV-double* produces only
one, S-sgRNA product (Fig. 3a, lane 3). Comparison of
the relative CP yields produced by AltMV-single, AItMV-
double, and AltMV-double* constructs during 4, 5, and
7 d.p.i. (Fig. 4) showed that AltMV-double* provides a
significantly higher level of expression on all three time
intervals assayed than AltMV-single. At the same time,
our data showed that AItMV-double* was as well signifi-
cantly deficient in target protein accumulation compared
to AltMV-double. These data imply that both sgps are
required in their functional state to provide the high
expression level of the target protein demonstrated by
AltMV-double.

Expression of heterologous (human) protein in plants
by AltMV-double. In the experiments presented above,
AltMV-MU CP was used as a model protein convenient
for comparison of expression efficiencies of AltMV-single
and AltMV-double. Furthermore, the human granulo-
cyte colony-stimulating factor (hG-CSF, also known as
CSF3) was selected as a foreign (nonviral) protein to

O AltMV-double
AltMV-double*

3.57 AltMV-single

3.0 1
2.5
2.0
1.5

1.0 1

Relative yield of CP

0.5+

4 d.p.i. 5d.p.i. 7d.p.i.

Fig. 4. Diagram representing the relative amounts of AltMV-MU
CP accumulated by AltMV-single, AltMV-double, and AltMV-
double* in agroinjected leaves of N. benthamiana and measured
on 4, 5, and 7 d.p.i. The calculated yield of CP provided by
AltMV-single on each analyzed day was taken as 1. Error bars rep-
resent 95% confidence intervals for the mean (n = 3).
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Fig. 5. Analysis of hG-CSF expression in Nicotiana benthamiana
leaves agroinjected with AltMV-d-gcsf. Recombinant proteins
were purified from agroinjected leaves by Ni-NTA agarose IMAC
and analyzed by Coomassie stained 8-20% SDS-PAGE (a): 1, 2)
AltMV-d-gcsf agroinjected leaf; 3) P19 agroinjected leaf; and by
Western blot assay with antiserum against E. coli-expressed hG-
CSF (b): 1) P19 agroinjected leaf; 2) 0.4 pg of E. coli-expressed
hG-CSF, 3) hG-CSF expressed by AltMV-d-gcsf. ¢) Analysis of
hG-CSF amount in S16 fraction from Nicotiana benthamiana
leaves agroinjected with AltMV-d-gcsf was performed by
Coomassie stained 8-20% SDS-PAGE: 7) AltMV-d-gcsf agroin-
jected leaf; 2) P19 agroinjected leaf. Molecular mass of hG-CSF
is shown by arrow.

examine its expression in plants under control of AItMV-
double vector. Recently, some vectors based on plant
RNA viruses were used for expression of human cytokines
in plants [16, 25]. We compared the published results with
the yields of the human cytokine (hG-CSF) production
in plants provided by AltMV-double. The new vector for
hG-CSF in plant expression — AltMV-d-gcsf — was
obtained as follows: Ag-csf gene 3'-fused with the 6-His
tag was cloned into the AltMV-double vector to substitute
the CP gene. The hG-CSF was purified from the agroin-
jected leaves by immobilized metal-affinity chromatogra-
phy (IMAC). Analyses of IMAC fractions by Coomassie-
stained SDS-PAGE (Fig. 5a) and by Western blot with
antibodies to bacterially expressed hG-CSF (Fig. 5b)
revealed the presence of hG-CSF (18.4 kDa). The esti-
mated yield of purified hG-CSF was calculated as much
as 400 pg of target protein per gram f.1.t. To evaluate the
efficiency of the purification process, the amount of the
target protein was assayed in crude protein extracts from
the agroinjected leaves (Fig. 5c). According to our results,
the yield of unpurified hG-CSF was up to 590 ug per
gram f.l.t. or up to 5.5% of total soluble protein.
Therefore, the efficiency of purification process can be
calculated as up to 73%.
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To our knowledge, this was the highest yield of hG-
CSF produced by a plant viral expression vector. The results
presented in previous works were 100 pg of purified or
400 pg unrefined of hG-CSF per gram f.1.t. [16], and 19 mg
of unpurified GM-CSF (granulocyte macrophage CSF)
per gram of total soluble protein, that is approximately
160 pg of target protein per gram f.1.t. [25]. These data con-
firm that the AltMV-double is a powerful expression vector
that allows reaching high levels of expression of heterolo-
gous proteins in plants. In our opinion, the technique of
multiple subgenomic promoter control of the gene of inter-
est, described in our work, is promising due to its simplici-
ty. Yet, it is still to be studied whether this method could be
applicable to subgenomic promoters of other plant viruses.
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