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Abstract

Protein complexes are involved in many vital biological processes. Therefore, researchers need these protein complexes for biochemical and biophysical studies.
Several methods exist for expressing multi-subunit proteins in eukaryotic cells, such
as 2A sequences, IRES, or intein. Nevertheless, each of these elements has several
disadvantages that limit their usage. In this article, we suggest a new system for expressing multi-subunit proteins, which have several advantages over existing methods meanwhile it, lacks most of their disadvantages. Leishmania is a unicellular eukaryote and member of the Trypanosomatidae family. In the expression system of
Leishmania, pre-long RNAs that contain several protein sequences transcribe. Then
these long RNAs separate into mature mRNAs in the process named trans splicing.
For producing multi-subunit protein, Leishmania transformed with a vector containing the sequences of all subunits. Therefore, those subunits translate and form the
complex under eukaryotic cell conditions. The sequence of each protein must separate by the spatial sequence needed for trans splicing. Based on a Leishmania expression pattern, not only is it possible to produce the complexes with the correct structures and post-translational modifications, but also it is possible to overcome previous method problems.

Introduction

A

broader range of proteins needs for
biochemical and biophysical studies. It
is difficult to get these proteins from

natural sources. Because even if a large
amount of animal and plant tissues or large
volumes of biological fluids provided, just
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small quantities of proteins would obtain. In
addition, while scientists need to study variation and mutations in the main protein, a recombinant source is needed. Recombinant
protein expression requires obtaining the gene
sequence of the interested protein, inserting
the sequence into an expression vector, and
transforming the host with that vector (1). To
express the desired recombinant protein in a
large quantity, the host cell must be chosen
wisely.
Some proteins act individually, therefore,
they can be studied uniquely. However, some
others, such as those acting in gene regulation,
cell-cycle control, and metabolism pathway,
are multi-subunit proteins, so for a detailed
review, they must study together and in complex form. It is challenging to simultaneous
and balance the co-expression of multiple proteins and isolate them for many critical applications such as the production of multimeric
pharmaceutical proteins (2), synthesis of protein complexes for biochemical, biophysical,
and structural studies (3), the study of metabolic pathways and metabolic networks regulation (4, 5). One method is to produce each
complex component individually, isolate them
from recombinant hosts, and form the complex under in vitro conditions. The yeast
TFIIA/TBP1/DNA complex and the nucleosome are two examples of complex proteins
produced by this procedure (6, 7).
Although such examples succeed with the
mentioned method, complex formation yields
in defined in vitro conditions are meager.
Moreover, when each subunit of a complex is
expressed individually, they might not fold
into native structures of the complex protein.
To overcome this problem, the co-expression
of all subunits and folding of the complex in a
cellular environment seems a better method
(8). Myosin and TAFs are two examples of
complex proteins produced by this method (9,
10).
Controlling the expression amount of each
gene, in the case of using multiple

monocistronic vectors in the same host, is too
tricky. Besides, transforming one cell by several plasmid vectors is challenging. Moreover,
the same amount of all subunits cannot be
reached by using the same type of promoter
for all multiple monocistronic vectors (11).
Using just one plasmid with sequences of all
subunits seems a solution. However, if each
gene has resided on the vector with the individual promoter, terminator, upstream, and
downstream sequences, a large structure is
created. This colossal structure tends to break
during purification, is difficult to manipulate,
and decreases transformation efficiency (12).

Polycistronic Expression System in prokaryote

In Escherichia coli, it is difficult to maintain
more than two plasmids since each plasmid
must have different antibiotics for selection
and a unique compatible origin of replication.
E. coli has a polycistronic expression system
that can co-express several genes with just one
promoter. Thus, there is no need for several
antibiotic resistance genes, multiple plasmid
transformations, controllable promoters for
each gene, and compatible replication origins.
In the polycistronic expression system method,
one promoter regulates all downstream genes,
and mRNA with the sequences of all those
genes was produced. Therefore, all of them
can be regulated together. Besides, the yield
and quality of the desired complex in this
method are higher than those in the noncellular situation. Translation of each subunit needs
special elements named ribosome-binding site
(RBS). The RBS sequence must be placed upstream of each gene (Fig.1). RBS is responsible for recruiting a ribosome during the initiation of protein translation. Therefore, downstream sequences of RBS translate into proteins. In an mRNA, there can be only one
RBS sequence, which is called monocistronic
mRNA, and only one type of protein translates by that mRNA (Fig.1.a), or it can have
several RBS sequences, which is called

.
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polycistronic mRNA, and they translate into
several different proteins (Fig.1.b). NuA4 his-

tone acetyltransferase is one of the successful
complexes obtained with this method (13).

Fig.1: a. Monocistronic structure. b. Polycistronic structure. (P: promoter. RBS: ribosome binding site. T:
transcriptional terminator.)

Post-translational modifications (PTMs) are
essential for some proteins to fold correctly
and have a function. Therefore, they must be
produced in a eukaryotic host to obtain those
proteins with the correct structure and function. In eukaryotic, unlike prokaryotes, a
polycistronic expression system does not exist.
Several elements detected in many studies can
act as RBS in eukaryotic hosts. We will review
them below and add some more arguments
about them.

Internal Ribosomal Entry Sites (IRES)

Although most eukaryotes use the capdependent mechanism for translation initiation, some of them utilize cap-independent

translation mechanisms (14). In the capindependent method, translation initiates with
secondary structural RNA at the 5′ untranslated region (5′ UTR). A spatial element in the 5′
UTR of those mRNAs, named IRESs, mediate internal translation initiation. This element
can use for polycistronic expression in eukaryotic cells (Fig.2.a). A long mRNA is transcribed from those genes. The first gene has
the cap-dependent translation, and the rest of
the gene(s), which has (have) an IRES sequence in its (their) 5′ UTR, initiates translation with the cap-independent mechanism
(Fig.2.b).

Fig.2: a. DNA structure. b. Mature RNA structure. Gene A has the cap and initiates cap-dependent translation. Gene B and C have the IRES and initiate translation with the cap-independent mechanism (P: promoter.
IRES: Internal Ribosome Entry Site.)
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The main problem of this method is the
lower level of the translation in capindependent initiation compared to the 5′-cap
mediated initiation (11). In addition, some of
these elements have tissue specificity, and
each IRES in a different type of cell has a different transcription rate (15). The coexpression of interleukin 12 subunits is one of
the best examples of this method (16).

2A peptides

2A is the name of a viral peptide that can
use for polycistronic gene expression in eukaryotic cells. The 2A peptide is a self-cleavage
peptide with cleavage activity between the last
glycine and proline in its sequences (Fig.3.a).
For the co-expression of multi-subunit protein,
the 2A sequence must place between sequences of genes encoding complex subunits
(Fig.3.b). Between the C terminal of the first
protein and the N terminal of the second protein, a typical peptide bond forms because the
termination codon is deleted from the C terminal of the first protein sequences. Therefore, ribosomes do not detect any stop codon
at the end of the first protein sequences, and
the first protein does not release from ribosomes (Fig.3.c). After completing the translation process, each protein was separated from
the other(s) by the self-cleavage mechanism of
the 2A peptide. A few extra amino acids remain attached to both proteins (the C terminal
of the first protein and the N terminal of the
second protein), and these amino acids can
affect protein folding and functions (Fig.3.d).
Sometimes the protein after the 2A sequence
might not be translated (Fig.3.e) (17), or the
polyprotein might not separate into its constituent proteins (Fig.3.f) (18). β-carotene and
penicillin gene clusters are two successful examples of using the 2A peptide for
polycistronic gene expression (19, 20).

Intein

The intein is a protein splicing element that
autocatalytically and without any cofactors
undergo self-excision from a protein precursor. The sequence of intein can use to separate
polyprotein into its constituent proteins. Intein mediates a protein-splicing reaction of
each polyprotein that has the intein sequence.
This system, unlike previous methods, can
proceed efficiently in both prokaryote and eukaryote cells. Nevertheless, in this method,
several extra amino acids remain attached to
each side of the proteins, and sometimes,
these extra amino acids can change protein
properties (11).

Leishmania expression system

Since recombinant proteins were studied,
many organisms from prokaryote to eukaryote
have been analyzed as expression hosts to
produce different recombinant proteins with
sufficient biological activity. Each host has a
different codon usage pattern, variable posttranslational modification process, and folding
mechanism. Leishmania is a flagellated unicellular eukaryotic parasite from the Trypanosomatidae family. One of the non-pathogenic
species of the genus Leishmania, named L. tarentolae, could be used as the available expression host for recombinant protein production
(21). Production of recombinant proteins in L.
tarentolae has several advantages, such as a
higher growth rate of L. tarentolae compared to
mammalian cells with a doubling time of 4–5
h, the same codon usage as human, and
mammalian-type N-glycosylation pattern (22).
However, the pathway of mRNA synthesis
and regulation of transcription in Leishmania
and other Kinetoplastida are different from
most other eukaryotes (23).
Regulation of gene expression in Leishmania
due to consensus promoter is different from
other eukaryotes.

.
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Fig.3: a: 2A peptides structure. Unconserved sequences contain 14-18 amino acids, conserved sequences have
four conserved amino acids (asparagine, proline, glycine, proline). b. DNA structure for the co-expression of
multi-subunit protein. c. mRNA structure contains sequences of multi-subunit protein. d: Translated proteins.
Several amino acids from the 2A sequence remain in the C terminal of upstream protein, and proline from the
2A sequence remains in the N terminal of downstream protein. e. Uncompleted mRNA translation. By increasing the length of the translating protein, the possibility of releasing polypeptide from the ribosome before
completing the translation is increased. f. The incomplete protein separation by the incomplete activity of 2A
peptides. (aa: amino acid, N: asparagine, P: proline, G: glycine, : self-cleavage site, Pro: protein, …NPG: several amino acids from 2A sequence.)

RNA polymerases transcribe genes into
polycistronic precursor RNA molecules. Then
these pre-long RNAs are separated into con-
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stituent mRNAs in a process named transsplicing. Trans-splicing needs two independently transcribed RNA molecules, spliced
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leader (SL) RNA and pre-long mRNA. Transsplicing has begun with the addition of a 39nucleotides named mini-exon (SL) sequence
from the SL RNA to the 5′ ends of each constituent mRNAs in pre-long RNAs. Then the
mRNA capping processes start in the 5′ ends
of each mRNA. Finally, the poly (A) sequences will be added to the 3′ ends of the upstream
mRNA. The spliced leader (SL) was discovered in Trypanosoma Brucei when it had found
that all the mature mRNAs in Trypanosoma
brucei carry a typical 39-nucleotide sequence.
The cap structure of Leishmania mRNA is
named cap four because the first four transcribed nucleotides in mature mRNAs are
modified (24).

Usually, the splice sites of each constituent
mRNAs have AG dinucleotide (Fig.4.a), and
the SL RNAs splice sites have a GU dinucleotide (Fig.4.b) (25). The site of trans-splicing
has identical UUUCAG sequences as the site
of cis-splicing (26). It is highly believed, polyadenylation couples with trans-splicing, however, the conventional polyadenylation signal
(AAUAAA), do not cooperate in Leishmania
polyadenylation processes (27). After cleavage
at the splice site, the SL sequence, which has
derived from SL RNA, joins to the 5' end of
each mRNA, and at the same time, the upstream genes were polyadenylated (Fig.4.c).
Finally, the rest of the SL RNA with the extra
part of pre-long RNA will release (Fig.4.d)(28).

Fig.4: a. Gene’s structure in Leishmania. b. SL RNA structure. c. Mature mRNA structure. In the process
named trans-splicing, guanosine in SL RNA performs a nucleophilic attack to adenosine in 5' of each gene,
and SL sequences from SL RNAs join to 5' end of each gene. d. Part of mRNA and SLRNA, which separate
from the central part of pre-long RNA and SL RNA, are released after trans-splicing. (SL: Spliced Leader. P:
promoter. G: Guanosine. U: Urasile. A: Adenosine. Py: polypyrimidine nucleotides.
: Cap. 5'.
: Poly
A tail.)

In Leishmania, each gene does not have separate promoters for itself. Therefore, there is

no regulation of gene expression at the transcription level, and all mRNAs transcript at

.
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the same levels. It seems the translation levels
of each mRNA depend on the degradation of
the mRNAs. However, many mRNAs are
much less abundant than expected from their
half-lives (29). The regulatory activities were
detected in sequences that present upstream
of each mRNA. These sequences can regulate
the efficiency of trans-splicing for different
genes, and in different situations, enhance or
repress the splicing rate of that mRNA (30).
Moreover, Leishmania must have alternative
mechanisms for regulating protein concentrations in cells, including mRNA stability and
protein half-life (31). mRNA stability for each
gene can depend on several elements such as
the type of SL sequences attached to each
mRNA (32), elements which need for transporting mRNAs to the cytoplasm (33), regulatory motifs primarily exist in the 5` and 3`
UTRs of the mature mRNAs (34), and (or)
regulatory proteins bind to mRNAs (35). For
example, if mRNAs have a binding site for
RBP6 protein, the stability of those mRNAs
will increase (36) or U-rich sequence in the 3′
UTRs of mRNA, decreasing mRNA stability
(37). Leishmania rarely has introns; therefore,
Leishmania does not control gene expression
by alternative cis-splicing (38).

mRNA to produce different subunit levels.
After translation, all the complex subunits
have almost the identical PTM as the mammalian proteins and fold in the eukaryotic situation. Another advantage of using Leishmania as
a host cell is that the intron’s presence in recombinant genes is not necessary to improve
the expression level of those genes.
Heat shock protein 70 (HSP70) is one of the
highly expressed proteins in Leishmania, which
accounted for more than 2.1% of the total
protein in Leishmania promastigotes (39).
Based on what has been mentioned so far and
higher expression of HSP70, the 3`UTR and
5`-UTR sequences of the HSP 70 are highly
recommended for use in both sides of recombinant genes to achieve higher stable transcripts from recombinant genes. However, if
the purpose is producing one subunit more
than another, the 3`UTR of the L23 transcripts
can be used. LmjF.35. T3800 and LmjF.35.
T3790 are two transcripts of L23 protein. They
have the same 5`-UTR and CDS, but their difference is in the 3`UTR sequence. The transcript level of LmjF.35. T3790 was 3-fold lower than the transcript level of LmjF.35. T3800.
Therefore, these 3`UTRs can be used to express unequal levels of subunits.

The Hypothesis

Discussion

This paper presents a new hypothesis on the
host for the polycistronic expression of multisubunit complexes. Based on the information
mentioned above, it is possible to produce
several proteins from a polycistronic vector in
Leishmania. The vectors’ structure must design
like the Leishmania genome (Fig.4.A), which
means the up and downstream of each gene
must have special sequences that need for the
trans-splicing process. If identical sequences
are used for each gene, the same level of all
subunits will produce. The recombinant genes
transcribe to the pre-long mRNA. Transsplicing separates each mRNA, then capping,
and polyadenylation occurs. Then, mature
mRNAs can lead to translation. It is possible
to use different sequences upstream of each
292

Various multi-subunit protein expression
systems have been developed in bacteria, yeast,
mammalian cells, and plants. The optimal expression system must be selected based on the
advantages and disadvantages of the expression systems and the purpose of the desired
protein.
The polycistronic expression system successfully expresses multi-subunit proteins in
prokaryotes. However, PTMs in prokaryotes
are different from eukaryotic which are essential for the folding and function of some proteins. Therefore, they must be produced in a
eukaryotic host. One of the expression systems used to express the multi-subunit protein
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in a eukaryotic environment is IRES. Meanwhile, several proteins are successfully expressed by this method in eukaryotes, the expression rate of multi-subunit protein was reduced because of the lower level of the capindependent expression and tissue or cell
specificity of each IRES. The 2A method is
also used to express the multi-subunit protein
in eukaryotic hosts. However, the 2A sequence can be used to produce several multisubunit proteins, the self-cleavage activity of
the 2A can be skipped, which affects the
amount and structure of produced proteins.
Although the intein system can produce the
multi-subunit protein, extra amino acids that
remain attached to each side of the proteins in
this method may change protein properties.
The Leishmania expression system is approximately similar to the RBS method in prokaryotes, meanwhile, the PTM of producing proteins through this system is nearly the same as
the mammalian proteins. In contrast to the 2A
method, not only the amount of each subunit
can be strictly determined by using the Leishmania expression system but also increasing
the number of genes will not affect the expression rate of downstream genes. In comparison with the intein method, Leishmaniaproduced proteins do not have any extra amino acids.
Previously Sugino et al. expressed a large
heterotrimeric glycoprotein in the L. tarentolae;
however, they are used several different vectors with different antibiotics (40) instead of
one vector and trans-splicing method for each
subunit. In addition, they did not use different
UTR to reach the different amounts of each
subunit, which are essential in many multisubunit proteins. Sangani et al. used the 2A
method to produce two proteins, which was
placed on one vector (41) in the Leishmania.
Although the goal of this study was not to
produce multi-subunit proteins, all the mentioned problems about the 2A method remain
and none of the Leishmania expressing benefits

including polycistronic expression system
were used.
In the case of the ability to produce different
amounts of each subunit regardless of their
correspondence gene position, Leishmania can
be considered a novel effective host for the
expression of multi-subunit proteins. These
proteins cannot only fold into their unique 3D
structures in eukaryotic cells, express the almost amount of each subunit, but also have
nearly similar PTMs to mammalian proteins.
Producing multi-subunit proteins in the Leishmania in addition to possessing those proteins
in the eukaryotic environment, they are produced in the inexpensive host, which does not
require extensive biosafety facilities, has high
growth rates compared to that mammalian
cells, can be cultured in simple, inexpensive
nutrient media at 26 °C, and does not require
a CO2 incubator.

Conclusion
Based on mentioned information about the
Leishmania expression system, it is possible to
use the trans-splicing method and special UTR
for producing multi-subunit proteins in this
host similar to their natural counterparts with
the same structure and function.
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