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INTRODUCTION

Due to the nature of the initiation of translation in prokaryotes, co-expression of proteins
with linked functions may be co-ordinated by organizing genes into operons. Here, a single
polycistronic mRNA encodes multiple proteins - each encoded by a separate open reading frame
(ORF). Ribosomes initiate translation of each ORF encoded by the polycistronic mRNA by simply
binding to Shine-Dalgarno ribosome binding sites located in sequences linking the ORFs. The
7meG cap-dependent mode of initiation in eukaryotes precludes this strategy of co-ordination of
expression at the level of translation: it is accomplished by the co-ordination of the transcription

of a series of monocistronic mRNAs, each derived from a different gene.

For many (eukaryotic) biotechnological or biomedical applications, however, the desired
‘gain-of-function’ relies upon the effective co-expression of multiple, different, proteins: hetero-
multimers, macromolecular complexes, modifications to biochemical pathways etc. In eukaryotic
biotechnology, the problem of protein co-expression can be overcome by a number of strategies:
(i) co-transfection of plasmids or viral co-infection expressing one protein each, (ii) assembling
multiple genes into one vector molecule, or, (iii) by creatinga single vector encodinga polycistronic
mRNA (Figure 1).
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Figure 1: Co-expression strategies in eukaryotic cells.

MONOCISTRONIC VECTORS
Co-Transfection and Co-Infection

Eukaryotic cells can take up many different plasmid DNAs upon plasmid DNA transfection.
The simplest way to obtain protein co-expression is by co-transfecting individual vectors, each
expressing a single protein (Figure 1a). One of the advantages of this strategy is that it provides
flexibility in construct generation and optimization of expression: the ratio of transient gene
expression can be modulated via ratio between input plasmid DNAs or via the use of different
promoters. However, considering the difference in RNA/protein stability and turnover, the
appropriate ratio of input DNA usually needs to be determined empirically [1]. This approach can
be successfully employed when single cells are selected for analysis but not when the whole cell
population needs to be analyzed. While transfection of cells with a mixture of different plasmid
DNAs may produce effective co-expression across population of cells, it leads to a heterogeneous
cell population with different protein expression levels and only produces a small proportion of
individual cells co-expressing all of the products. Despite the fact that this approach is considered
to be efficient if only up to four genes have to be expressed, several groups successfully used this
method for virus rescue. For example, replication competent influenza A virus was rescued using
an eight-plasmid transfection system [2]. For stable expression, however, the sites of integration
of the various transgenes into the genome have a major effect on the efficiency of co-expression

within any particular cell.
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Co-infection with multiple viral vectors is a similar strategy, and various viral vectors, such
as lentiviral, adenoviral, retroviral and adeno-associated (AAV), are used. Lentiviral vectors
stably integrate into the genome of dividing and non-dividing cells and are often used for over-
expression of a gene of interest [3,4]. For example, lentiviral vectors encoding red, green or blue
fluorescent proteins were used to monitor clonal expansion of cells in vitro and in vivo, and different
combinations of fluorescent proteins resulted in various combinations of colours in individual
cells. Strict selection of a homogenous cell population can be achieved via co-expression of either
antibiotic resistance genes or fluorescent marker proteins followed by fluorescence-activated cell
sorting (FACS: [5]) The efficiency of retroviral vectors relies upon their ability to integrate into
the chromosomes of the host proliferating cells, an advantage when targeting neoplastic cells. In

contrast, disabled herpes virus vectors are used for transgenesis of resting cells.

Practical constraints limiting the number of genes transferred to plants remains a significant
bottleneck in multigene transfer. Iterative processes such as crosses between transgenic parental
lines bearing distinct transgenes [6,7] or sequential transformation (the repetitive insertion of
transgenes into a plant) [8,9] are time-consuming and/or require the use of different selectable
marker genes. Co-transformation with linked genes is technically challenging while the efficiency
of co-transformation with multiple plasmids (unlinked genes) decreases progressively with

increasing plasmid number.
Fusion Proteins

This approach may be useful for proteins that naturally function as hetero- or homodimers,
since their genes can be linked together to form a hybrid fusion gene which encodes a single
polypeptide with two distinct functional domains (Figure 1b). However, suboptimal linker length
and composition can lead to co-expressed proteins being unstable, insoluble, and inactive, and
optimal length may need to be determined experimentally [10-12]. Furthermore, steric effects
often lead to loss of function of fused proteins and the fusion protein can only be targeted to a

single subcellular compartment.
Fusion Proteins Incorporating Proteinase Cleavage Sites

Proteolytic processing of polyprotein precursors with cleavable linkers is a translational
strategy employed by many viruses to produce more than one protein from a single mRNA. Simple
creation of a fusion protein can be modified and improved by linking the proteins via a proteinase
cleavage site (Figure 1c). The disadvantage here is that both the polyprotein substrate and the
processing enzyme must be co-expressed in the same subcellular site. The great advantage is,
however, the ability to generate co-ordinated and equimolar expression through the use of one
promoter. The feasibility of this approach was first demonstrated in plants by co-expressing two
defence proteins separated by the tobacco etch virus (TEV) nuclear inclusion (NIa) protease
recognition sequence (heptapeptide cleavage recognition sequence -ENLYFQ'S-) together with
the Nla proteinase [13,14]. The Nla protease of Potyviridae is the major viral protease that
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processes potyviral polyproteins. The TEV-NIa-based cassette was also adopted by Liang and
colleagues to express two pathogen resistance genes, a Trichoderma harzinum endochitinase
(Ech42) and a wheat germin-like oxalate oxidase (0x0), in Arabidopsis [15]. A similar polyprotein
vector containing the Nla protease from the tobacco vein mottling virus (TVMV) and a transit
peptide was used for targeting the two enzymes, E.coli acetate kinase (ACK) and chloramphenicol
acetyltransferase (CAT), to different cellular compartments in tobacco plants [16]. Although these
two proteinases share a high degree of sequence identity (52%), they have distinct substrate
specificities and do not cleave each other’s recognition sites [17] - this may be useful for protein
expression strategies that involve the use of more than one proteinase. While proper polyprotein
processing was achieved, the utility of this system is limited due to the presence of a nuclear-
localizing signal (NLS) within the protease and the amount of energy necessary to synthesize the
~48kDa protease.

As an alternative to co-expressing a viral protease as part of the polyprotein (which may prove
toxic to the cell), it is possible to use endogenous plant proteases that recognize the cleavable
linker. Urwin et al. [18] linked two different protease inhibitors effective against nematode
parasites via a protease-sensitive “spacer” originating from a pea metallothionein-like protein
and showed that the chimeric polyprotein precursor could be partially cleaved in Arabidopsis
thaliana. Francois and co-workers used a linker peptide sequence (LP4) originating from a natural
polyprotein occurring in seeds of Impatiens balsamina (-SN* AADEVATPE' DVEPG-) to connect two
plant defensins (DmAMP1 originating from Dahlia merckii seeds and RsAFP2 originating from
Raphanus sativus seeds). When expressed in A. thalianathe chimeric polyprotein was cleaved
post-translationally and the individual, active, defensins were secreted into the extracellular
space[19,20]. However, DmMAMP1 was produced with two additional amino acids at its carboxy-
terminus (+SN) and RsAFP2 with five additional amino acids at its amino-terminus (+DVEPG).
Since the protease(s) responsible for cleavage in these studies is unknown, another approach
is to use linker sequences that are putative substrates of known endogenous plant proteases.
Kex2p-like proteases have been identified in eukaryotes as disparate as yeast [21], tobacco [22]
and mammals [23]. These proteases reside in the trans-Golgi network (TGN) and function in
the secretory pathway to process polypeptide prohormones. To exploit the potential of a plant
native protease, Zhang et al. [24] expressed a red fluorescent protein (DsRed), or a cytokine (GM-
CSF), linked to a GFP by three tandemly repeated Kex2 cleavage sites (-IGKR‘GIGKR'GIGKR'G-)
in tobacco plants. In this study the kex2p-linker-based polyprotein construct achieved almost
stoichiometric expression of the individual proteins encoded in the construct.

POLYCISTRONIC CO-EXPRESSION VECTORS
Multiple Promoters

Conventionally, multiple genes were expressed under control of multiple promoters (Figure
1d). Characteristics of this strategy are: (i) utilisation of identical promoters may result in
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competition for the same transcription factors, (ii) homologous recombination can result in
the loss of one of the genes, (iii) there is a potential for promoter attenuation interference - the

expression from one promoter suppresses the activity of the other promoter[25].
Single Promoter - Transcription of Polycistronic mRNAs

The ability to co-express multiple genes within the same cell is very important in all eukaryotic
cells, and polycistronic co-expression vectors solve this problem. They can be constructed by
linking individual ORFs with a sequence that: (i) contains an internal ribosome entry site (IRES,
Figure 1e), (ii) incorporates 2A “self-cleaving” sequences (Figure 1f), or, (iii) incorporates a
proteinase cleavage site as discussed above (Figure 1c).

Internal Ribosome Entry Sites (IRESes)

IRES elements were initially identified in picornaviruses and were later found in other viral
and cellular eukaryotic mRNAs [26,27-31]. IRESes are cis-acting elements that recruit the small
ribosomal subunits to an internal AUG codon in the mRNA with the help of cellular trans-acting
factors. In vectors containing IRES sequences the first gene is translated in a 5’ cap-dependent
manner and the second gene expression is cap-independent [32,33]. IRESes from 68 distinct
viruses have been studied so far and three of these, the EMCV (encephalomyocarditis virus),
FMDV (foot-and-mouth disease virus) and HCV (hepatitis C virus) IRESes, are the most commonly
used [34,35]. However, other viral IRESes, such as poliovirus (PV), classical swine-fever virus
(CSFV), human immunodeficiency virus (HIV), bovine viral diarrhoea virus (BVDV) and cricket
paralysis virus (CrPV) are also frequently used [30,31]. While average size of efficient viral IRESes
is about 450 nt, smaller viral IRESes range in size from 73 to 280 nt (Table 1: [36-38]). By 2009,
115 eukaryotic mRNAs containing cellular IRESes have been reported in the genes of yeast, the
fruit fly and mammals [30], these exhibit a greater variation in length, ranging from 9nt to 1.5kb
[39,40,41].
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Table 1: Experimentally verified functional IRESes: viral, cellular and engineered. Average

length in nucleotides (nt).

Type Source Length(nt)
73-904
Bovine 866-904
Crucifer tobacco virus 73-148
Classical swine fever virus 359-442
Equine rhinitis virus 674-956
Felis silvestris virus 233-814
Hepatitis virus (A, B, C) 338-852
Viral Human rhinovirus 554-614
Human poliovirus 628-771
Human coxsackie virus 704-750
Encephalomyocarditis virus (EMCV) 500-588
Foot-and-mouth disease virus (FMDV) 215-461
22-1222
Homo sapiens 22-1222
Mus musculus 22-1209
Cellutar Aplysia californica 319
Drosophila 265-846
Engineered 58-98

Various factors influence IRES activity: RNA secondary structure, sequence complementarity
to 18S rRNA, location of the AUG start codon of the downstream gene with respect to the IRES,
the sequence context around the AUG codon, the distance between the stop codon of the first
cistron and the IRES, the type of upstream and downstream genes and the order in which they are

arranged, as well as various cellular factors [42-45].

One of the advantages of using IRESes is that they are active in situations where cap-dependent
translation is inhibited, such as in the reduction in overall protein synthesis in response to stress
during cell cycle or apoptosis [46,47]. However, problems arise when the expression levels of the
genes upstream and downstream of the IRES are compared. A number of studies showed that the
downstream gene expression was 10-50% of the upstream cap-dependent gene expression, and
this discrepancy in expression levels was sequence-independent as the same gene placed before
the IRES resulted in high expression [43,48,49].

Overall, picornavirus FMDV and EMCV IRESes were found to be about 5-fold better than HCV,
and 10-fold better than polio or retrovirus IRES elements [50-52]. Comparison of cellular and
viral IRES activities showed that vascular endothelial growth factor (VEGF) and platelet-derived
growth factor 2 (PDGF2) IRESes are close to the activity of EMCV [29,53] and ~ 5-fold more
active than that of BiP [54] which, in turn, was reported to be 10-fold lower than EMCV IRES [55].

Several cellular IRESes were reported to mediate better downstream gene expression compared
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to the ECMV IRES. For example, c-myc IRES was found to be 3-5-fold, connexion 43 IRES - 18-
fold, NRF IRES - 92-fold and elF-4G IRES - more than 100-fold better in mediating downstream
gene expression than ECMV IRES [41,45,31]. When using several IRESes, it is worth remembering
that potential in vivo interactions may occur between different IRESs in the same vector. Using
the same IRES twice in a bicistronic vector could induce recombination events and the loss of the
second IRES and cistron, while using the same cistron twice could lead to a competition between

the two IRESs for the binding to cell type specific translation factors [56].

While cell/tissue specific expression can be achieved by incorporation of tissue specific
promoter, utilization of different IRESes can yield similar results. Various cell types have
been used to determine factors influencing cell/tissue specificity of IRES activity and various
viral and cellular IRESes were found to mediate downstream gene expression with different
efficiency in different cell types. Most cellular IRESes are found to be active in various cell types,
nevertheless, several cellular IRESes demonstrated cell type specificity. While there is evidence
for dependence on cellular factors that are differentially expressed in distinct cell types [57], no
definitive conclusion can be made about relative IRES activities and only an order of efficiency
can be established [45]. This is due to the fact that different vectors were used for these studies:
the positioning of IRES relative to AUG codon was different as were the reporter genes used,

therefore, their activities were not comparable [41].

In gene therapy, depending on the cell target and the experimental goals (e.g. cellular
transformation, production of transgenic animals, recombinant protein production, gene
therapy, gene targeting, etc.) different types of vector are necessary. In retroviral bicistronic
vectors, the use of IRES elements allows long-term simultaneous expression of proteins from a
single transcription unit. The capacity of ECMV IRES to induce high levels of protein expression
in different cell types was compared to the capacity of other IRESes by inserting their sequence
into bicistronic or tricistronic retroviral vectors [58-64]. AAV offer the advantage of their stability
upon integration and their lack of an infectious cycle [65]. However, IRES length may present
a problem when small genomes are packaged - packaging limits of some of the popular viral
vectors are 4.5 kb for AAV, 7.5kb for adenoviral, 8kb for retroviral, and 25kb for vaccinia. Further,

truncated IRES forms should be used with caution as their activity is reduced [55].

A number of IRES motifs from animal [66-68] and plant [69,70] viruses have been tested and
shown to direct the expression of multiple recombinant proteins in plant systems. As an example,
a functional bicistronic plant mRNA encoding both green fluorescent protein (GFP) and firefly
luciferase (LUC) was used together with in vivo imaging to demonstrate the conservation of
IRES function of the encephalomyocarditis virus (EMCV) in plants [66]. Interestingly, an EMCV-
IRES construct showed much lower efficiency than the IRES sequence from crucifer-infecting
tobamovirus (crTMV), a plant virus, when tested with a bicistronic transcript expressing
B-glucuronidase (GUS) linked to crTMV coat protein (CP) in tobacco protoplasts and wheat

germ extracts [71]. In plants, IRES-based constructs have been used to engineer nematode pest
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resistance in tobacco by the co-delivery of two distinct proteinase inhibitors [67], co-express
two genes involved in the biosynthesis of carotenoids in transgenic rice endosperm [70], and
to enhance salt and/or drought tolerance in potato [72] and faba bean [73] plants by linking a
reporter gene to a pathogenesis-related protein. IRES sequences, however, have limitations: they
are not small, adding to the size of the transgenes; internally initiated translation is generally low
compared to cap-dependent translation [67,74], which means expression of a gene downstream

of an IRES is typically only ~10% of the upstream gene [70].
2A Self-Cleaving Peptides

An alternative approach used in the development of polycistronic vectors employs 2A/‘2A-
like’ linker peptides (cis-acting hydrolase elements - CHYSEL) to create ‘self-processing’ artificial
polyproteins [75]. The cleavage efficiency of the 2A-based polyprotein system has been studied
in various cell types using various reporter proteins such as fluorescent proteins (FPs e.g. GFP,
RFP, YFP), GUS and CAT, as well as for proteins requiring discrete co- and post-translational
subcellular localization [76-84].

The 2A region of the FMDV encodes a sequence (F2A) that mediates self-processing by a
translational effect variously referred to as ‘ribosome skipping’, ‘stop-go’ and ‘stop-carry on’
translation [85,86]. Analysis of recombinant polyproteins and artificial polyprotein systems
in which 2A was inserted between two reporter proteins showed that the FMDV 2A (plus the
N-terminal proline of the 2B downstream protein) co-translationally ‘self-cleaved’ at the glycyl-
prolyl pair site corresponding to the 2A/2B junction (LLNFDLLKLAGDVESNPG'P-). 2A cleavage
occurs in all eukaryotic cells tested. The use of longer versions of 2A with N-terminal extensions
derived from FMDV capsid protein 1D upstream of 2A (~30aa in total) was reported to produce
higher levels of cleavage [77,87-89]. The length of the F2A is important for cleavage not only in
vitro, but also in vivo [77,79,89-94].

The advantages of 2A system are: (i) co-expression of proteins linked by 2A is independent
of the cell type (since cleavage activity is only dependent on eukaryotic ribosomes, structurally
highly conserved amongst the eukaryota), (ii) multiple proteins are co-expressed in equimolar
amounts from a single transcript mRNA (single ORF) under the control of only one promoter
and, (iii) 2A is smaller (54-174bp) compared to IRES elements. This makes this unique sequence
an attractive substitute for previously discussed strategies for co-expression of multiple genes
[78,95,96]. However, it should be noted that (i) 2A remains as a C-terminal extension of the
upstream product, and (ii) proline forms the N terminus of the downstream protein. This must
be taken into account if the authentic C-terminus is required for activity or subcellular targeting:
such proteins should be encoded at the C-terminus of the entire polyprotein. At the same time,
the presence of N-terminal proline does not seem to affect proteins which are metabolically
stable [97]. The 2A extension, however, can be used to detect expression [95,78] and localization
using anti-2A antibodies. In any event, cleavage sequences of the mammalian Kex2p homologue,
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furin (‘RRRR-, -*RKRR-, -*RRKR-), between the upstream protein and 2A can improve protein

expression levels and remove the 2A “tag” [80,98].

Signal sequences for post-translational targeting can be included within 2A polyproteins, either
up- or downstream of 2A. The co-translational nature of the cleavage means that polyproteins can
be designed such that some proteins can be co-translationally targeted to the exocytic pathway,
whereas others are post-translationally targeted to different cellular compartments. This
provides a substantial advantage compared with other polyprotein-based systems, which require

post-translational processing.

While the F2A sequence has been used widely, many ‘2A-like’ sequences have been utilized
successfully, including equine rhinitis A virus (E2A), porcine teschovirus-1 (P2A) and Thosea
asigna virus (T2A) (Table 2) [78,95-104]. These ‘2A-like’ sequences have been used in adoptive
cell therapies [100-102], genetic engineering of human stem cells [103,105,106] and the co-
expression of transcription factors in the induction of pluripotent stem cells[82,84,104].

Table 2: 2A and 2A-like sequences used for protein co-expression.

Abbreviation Source 2A/2A-like sequence Numper of References
studies
Foot-and-mouth
F2A disease virus (FMDV) -PVKQLLNFDLLKLAGDVESNPG P-|223 [107-111]
E2A Equine rhinitis A virus -QCTNYALLKLAGDVESNPG P- 24 [112-116]
P2A Porcine techovirus-1 -ATNFSLLKQAGDVEENPG P- 76 [117-121]
T2A Thosea asigna virus -EGRGSLLTCGDVESNPG P-|{121 [122-125]

In the case of proteins targeted to enter the exocytic pathway, successful utilization of a 24aa
version of F2A with a furin cleavage site immediately upstream was reported by several groups
[82,80,126,127]. For example, high levels of full-length, functional monoclonal antibodies were
produced by linking the antibody heavy and light chain sequences with F2A in the context of
AAV-mediated gene transfer [80], significant anti-tumour responses were observed in the clinic
using monoclonal antibodies that block immune checkpoints by co-expressing CTLA-4 heavy and
light chains [127] and a target Fab’ fragment was expressed via retroviral vector [126]. Cleavage
efficiency of shorter F2As in different contexts was shown to be improved by insertion of various
spacer sequences, such as -SGS- or -GSG- [99,128], the V5 epitope tag (-GKPUPNPLLGLDST-) [82]
or a 3xFlag epitope tag [83] immediately upstream of F2A. In y-retroviral constructs, expression
of multiple genes linked with F2A peptides was facilitated by a spacer sequence immediately
upstream of F2A, [99,128], while in lentiviral vectors expressing two-gene T-cell receptors
directed against the melanoma differentiation antigens gp100 and MART-1 the addition of spacer
sequences was shown to be a prerequisite for efficient synthesis and assembly of biologically
active T-cell receptor complexes [82]. The space available for the insertion of foreign sequences
into certain virus vectors, such as AAV, is a limiting factor, and shorter 2A-like sequences are
incorporated to save vital coding capacity. For example, they were used to design a tricistronic
vector that can co-express the a-L-iduronidase IDUA gene with two different reporter genes (LUC
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and DsRed2) [129], to co-express four genes for assembly of the four transmembrane proteins
of the CD3 complex [99] and to generate iPS cells from somatic cells by simultaneous lentiviral
vector transduction of four transcription factors in a [KLF4-E2A, -OCT3/4-T2A,,-SOX2-P2A ,-c-
Myc]-IRES-hrGFP construct [130].

In plants, as well as targeting to various subcellular localizations in plant cells [131-134]
the 2A co-expression system has been used to improve drought-resistance [135], disease
resistance[136,137], nutritional value through metabolome engineering [70] and to produce
functional recombinant proteins including vaccines and antibodies[138,139]. The most widely
used 2A sequence in plants is F2A. Although part of the 2A remains on the C-terminus of upstream
proteins after processing, it can be removed by incorporating the first nine amino acids of the LP4
linker ahead of the 2A peptide to generate a hybrid linker peptide (LP4/2A: -SN*AADEVATQLLNFD
LLKLAGDVESNPG'P-) [136].In 2012, Sun et al. used LP4/2A or 2A to link the Bacillus thuringiensis
(Bt) cry1Ah gene, which encodes the insect-resistance protein, and the mG,-epsps gene, which
encodes the glyphosate-tolerance protein. In this comparative experiment, the expression levels
of the two genes linked by LP4/2A were higher than those linked by 24, regardless of the order
of the genes within the vector [140]. Furthermore, tobacco plants transformed with the LP4/2A
fusion vectors showed better pest resistance and glyphosate tolerance than the plants with the
genes linked by 2A.

CONCLUSION

Various strategies have been developed for protein co-expression in eukaryotic cells and all of
them have their advantages and disadvantages. Co-transfection with several plasmid DNAs leads
to a heterogeneous cell population with different protein expression levels. Viral co-infection
usually leads to high infection rates (up to 100%), but the expression is usually transient and
the capacity of viral vectors as carriers of foreign DNA is limited. The translation of a polyprotein
followed by proteolytic cleavage allows a short mRNA, but the N- and C-terminus of the mature
protein are then modified which may lead to problems with proteins that need a native N- and
C-terminus. The use of proteinase cleavage sites is further complicated by the tissue/species
specificity of proteinase expression, and by the fact that processing of the fusion protein is post-
, and not co-, translational. Co-expression using IRES results in different expression levels of
upstream and downstream genes, while ‘self-cleaving’ 2A sequence stays at the C-terminus of
the upstream gene [75,141]. Still, astonishing number of studies used IRES and 2A sequences
successfully: IRES elements were used in at least 200 studies, while 2A technology was used in
almost 800 studies [12,30,141,142].
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