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Abstract⎯Here we present the method for the target-specific elimination of certain intracellular proteins in
plants using the ubiquitin-proteasome system. We modified the E3 ubiquitin ligase Chip of A. thaliana to
obtain two variants carrying the deletions at the N-terminus and the GFP recognition domain. The interac-
tion of the GFP protein and the chimeric ubiquitin ligase was confirmed via yeast two-hybrid assay. Fluores-
cence microscopy and fluorimetry showed that, when an infiltration of the gfp-expressing N. benthamiana
plants was performed with agrobacteria carrying the hybrid E3 gene of the ubiquitin ligase Chip with the GFP
recognition domain, a significant decrease in the f luorescence was observed for both variants: carrying the
N-terminal deletion of 100 amino acids or the deletion of 140 amino acids.
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The discovery of the RNA interference phenome-
non gave researchers a powerful tool for studying the
functions of genes by suppressing their expression. It is
still very actively used in studying the functions of
plant genes [1–6]. However, the use of RNA interfer-
ence is impossible in systems where there is no mRNA
of the target protein, such as when the cells are
infected with a pathogen, and the phytopathogen
introduces virulence factors into the host cell using its
transport system. For their inactivation, protein inter-
ference can be used, i.e., directed degradation of target
proteins with the help of intrinsic cell systems.

One such system is the ubiquitin-proteasome deg-
radation system. The selection of substrates for prote-
olysis is ensured by the fact that the entrance to the
proteasome is usually closed, and only proteins bear-
ing a special label can enter it. A chain of polyubiquitin
(polyUb) acts as a label, and those proteins that are
conjugated to polyUb consisting of at least four ubiq-
uitin monomers (Ub) are degraded.

In eukaryotes, most substrates of the proteasome
are polyubiquitinated, and the ubiquitylation process
is performed in a cascade of reactions catalyzed by
three enzymes: E1, E2, and E3. At the first stage, the
ubiquitin-activating enzyme E1, using ATP, activates
ubiquitin by the formation of a high-energy thioester
intermediate (E1-S~Ub). Then, one of the ubiquitin-
transferring enzymes, E2 (ubiquitin-carrier protein,
UBC), through the formation of one more intermedi-
ate (E2-S~Ub), transfers the activated ubiquitin to E3

ligase specifically bound to the substrate. In the case of
RING-domain-containing E3 ligases, ubiquitin is
transferred by ligase directly to the substrate. In the
case of NEST-domain-containing E3 ligases, the
transfer of ubiquitin to the substrate occurs through
the formation of one more intermediate—E3-S~Ub.
After the attachment of the first ubiquitin to the sub-
strate, the E3 ligase sequentially adds several more Ub
molecules to the lysine residue on the first ubiquitin
molecule. The minimum degradation signal for a pro-
teasome is a chain of four ubiquitin molecules sequen-
tially connected by an isopeptide bond between the
C-terminus of one molecule and the lysine of another
molecule [7].

In A. thaliana plants, about 5% of all genes are
involved in ubiquitylation processes. At the same time,
more than 1000 genes are E3 ubiquitin ligases, which
perform specific degradation of target proteins [8].
The use of one of these genes and its modification to
recognize a specific target make it possible to create a
method for regulating the expression of genes in plants
at the post-translational level—directed elimination of
the protein product by the ubiquitin-proteasome sys-
tem of the cell. The potential possibility of using the
proposed approach was demonstrated in [9], where on
human cell lines the authors succeeded in “training”
E3 ubiquitin ligase to recognize some proteins and
carry out their degradation with the help of the ubiq-
uitin-proteasome system.
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Fig. 1. Joint cotransformation of Chip100mbody with GFP (a) and Chip140mbody (b) with the evaluation of the interaction by the
yeast two-hybrid system. Negative controls were empty “bait”—pGBKT7 and pGBKT7 vectors, carrying the Lamin-C human
protein gene, the product of which does not interact with either Chip100mbody or Chip140mbody. A culture of cells with a density
of 0.2 at A600 and 10-fold dilution was used.
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To create a convenient model for the selective elim-
ination of proteins by the ubiquitin-proteasome path-
way, it is necessary to select a pair of interacting pro-
teins that could be easily detected. A green fluorescent
protein (GFP) and a monobody were selected for this
purpose [10]. A monobody is an artificially created
protein that functions on the same principle as anti-
bodies (although it is not an antibody itself) and is cre-
ated using combinatorial libraries and phage and
mRNA display methods based on the FN3 domain of
fibronectin type III.

The gene coding for the monobody sequence was
chemically synthesized on the basis of the amino acid
sequence of a monobody (VSSVPTKLEVVAATPT-
SLLISWDAPAVTVDHYYITYGETGHYWYYQAFA
VPGSKSTATISGLSPGVDYTITVYAPFSVPVMSPIS-
INYRT), taking into account the codon frequency in
plants and yeast and the absence of splicing sites. The
interaction of the GFP protein and monobody was
confirmed using yeast two-hybrid analysis. The anal-
ysis was performed by cotransformation of AH109
yeast cells by two plasmids: pGADT7, carrying the gfp
gene, paired with pGBKT7, carrying the monobody
gene.

The gene Chip (AT3G07370) of A. thaliana was
chosen as the basis for the construction of E3 ubiquitin
ligase with a modified domain responsible for the rec-
ognition of the target GFP protein. A. thaliana ubiqui-
tin ligase Chip refers to ubiquitin ligases of E3-U-box
type, which performs specific degradation of target
proteins.

It is known that the N-terminal TPR domain of
ubiquitin ligase Chip of Arabidopsis thaliana is respon-
sible for recognition of the substrate (Fig. S1, see
Appendix in the electronic version of the journal).
Using molecular cloning techniques, we obtained two
variants of the Chip gene, devoid of 100 and 140 amino
acids at the N-terminus of the protein molecule, and
fused in the reading frame with the monobody gene
(Chip100mbody and Chip140mbody, respectively).
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Verification of the protein-protein interactions of the
resulting chimeric proteins with the target—GFP pro-
tein—was performed using a yeast two-hybrid system.
As a result, interaction of the ubiquitin ligase chimeric
proteins bearing the target recognition domain
(monobody) and the GFP protein (Fig. 1) in the
absence of this interaction with the Lamin-C human
protein (negative control) was shown.

For the analysis and effective visualization of the
work of created selective protein elimination system in
plant cells, transgenic N. benthamiana plants express-
ing the gfp gene under the control of the 35S promoter
of the caulif lower mosaic virus were obtained. N. ben-
thamiana plants, in contrast to N. tabaccum, are easily
and effectively subjected to transient expression by
agroinfiltration of a suspension of agrobacteria into a
plant leaf.

N. benthamiana plants were introduced into the
culture in vitro using standard protocols for N. tabac-
cum. For the transformation of N. benthamiana plants,
a vector where a gfp gene was placed under the control
of the 35S promoter of the caulif lower mosaic virus
was created. The nptII gene was used as a selective
marker, which determines the resistance of plants to
kanamycin. Transformation was carried out by the
method of leaf disks, resulting in three explants with a
resistance to a selective antibiotic. A full-grown plant
was obtained from each explant and seeds were col-
lected. Plants of the next generation were analyzed for
localization of insertion and GFP expression. In all
three lines of the obtained plants, the insert was local-
ized in the intergenic regions. The presence of the
GFP protein was checked by f luorescence microscopy
(Fig. S2, Appendix).

Plant vectors based on pCXSN plasmid in which
the gene encoding the chimeric enzyme was placed
under the control of the 35S strong constitutive pro-
moter of the caulif lower mosaic virus were created for
transient expression of the hybrid E3 ubiquitin-ligase
Chip genes fused to the monobody to the GFP protein
 2018
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Fig. 2. Fluorescence of GFP protein in the leaves of the transgenic N. bentamiana plants. (a) GFP in a zone without infiltration
(exposure 500 ms). (b) Control. Fluorescence in the infiltration zone of agrobacteria carrying the empty pCXSN vector 7 days
after infiltration (exposure 500 ms). (c) Control. GFP fluorescence in the infiltration zone of agrobacteria bearing the pCXSN-Chip
vector 7 days after infiltration (exposure 500 ms). (d) Fluorescence in the infiltration zone of agrobacteria carrying the pCXSN-
Chip100mbody vector 7 days after infiltration (exposure 500 ms). (e) Fluorescence in the infiltration zone of agrobacteria carry-
ing the pCXSN-Chip140mbody vector 7 days after the infiltration (exposure 500 ms).
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Fig. 3. Change in the f luorescence level of GFP protein in
the infiltration zones, %. Chip140mbody and
Chip100mbody—the ratio of the average specific f luores-
cence value of GFP in the infiltration zone of agrobacteria
carrying the pCXSN-Chip140mbody and pCXSN-
Chip100mbody vectors, respectively, to the f luorescence
level of GFP in the control samples. The f luorescence level
of GFP in the control samples is assumed to be 100%. The
average values obtained from three independent measure-
ments with triplicates, ±standard deviation, are given. The
fluorescence was measured using a Spark 10M reader
(Tecan, Switzerland).
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Fig. 4. The level of mRNA of gfp gene in the leaves of the
transgenic N. benthamiana plant upon the infiltration with
agrobacterium suspension carrying plasmids for the
expression of the hybrid ubiquitin ligase genes: pCXSN-
Chip100mbody, pCXSN-Chip140mbody. The level of gfp
expression in the leaves of the transgenic N. benthamiana
plant infiltrated with the empty control pCXSN vector was
used as a reference. The average values obtained from three
independent measurements with triplicates, ±standard
deviation, are given. Evaluation of the expression was per-
formed using the Eco Real-Time PCR System (Illumina,
United States).
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in the plant cells. The resulting vectors were used to
transform the cells of C58 Agrobacterium tumefaciens
bacteria. Infiltration of the leaves of N. benthamiana
plants was carried out using a standard protocol [11].

The GFP protein was detected using the f luores-
cence microscopy method (Fig. 2), and the f luores-
cence intensity values in the control and test samples
were determined by f luorimetry (Fig. 3).

It was shown that, when infiltrating N. benthami-
ana plants expressing the gfp gene with agrobacteria
bearing the hybrid gene of E3 ubiquitin ligase Chip
with the GFP domain recognition protein, a signifi-
cant decrease in the f luorescence signal was observed
for both variants, in the deletion of the 100 and 140
amino acid N-terminal domain. Thus, when infiltrat-
ing N. benthamiana plants expressing the gfp gene with
agrobacteria bearing the Chip100mbody gene, the f lu-
orescence level of the GFP protein with respect to
control was reduced by 60–75%, and when infiltrating
with agrobacteria bearing the Chip140mbod gene, the
fluorescence level of the GFP protein relative to con-
trol was reduced by 60–80%. In this case, all control
variants—in the zone without infiltration, in the infil-
tration zone of agrobacteria bearing the empty
pCXSN vector, and in the infiltration zone of agro-
bacteria carrying the pCXSN-Chip vector (without
the monobody to GFP)—do not change the f luores-
cence of the GFP protein.

To verify the obtained results, RNA was isolated for
each analyzed sample, cDNA was synthesized, and
quantitative real-time PCR was performed. The actin
(AY594294) and β-tubulin (At5g12250) genes were
used as housekeeping genes. The mRNA level of the
gfp gene in the leaves of the transgenic N. benthamiana
RUSSIAN JOURNAL OF GENETICS  Vol. 54  No. 11 
plant after infiltration by a suspension of agrobacte-
rium carrying plasmids for the expression of hybrid
ubiquitin ligase genes, pCXSN-Chip100mbody and
pCXSN-Chip140mbody, is shown in Fig. 4.

The level of expression of the gfp gene in the leaves
of the transgenic N. benthamiana plant in infiltration
with a pCXSN empty control vector was taken as ref-
erence. The values presented are the mean ± standard
deviation of three independent experiments with trip-
licates. It was shown that the level of the gfp gene
expression in the infiltration zones in the control and
in the experiment did not change, which indicates the
regulation of the amount of accumulated GFP protein
in plant cells, not at the expression level, but at the
protein level.

Thus, we created a system of selective protein elim-
ination in plant cells making it possible to effectively
degrade plant proteins along the ubiquitin-protea-
some pathway.
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