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Abstract
Escherichia coli is the most widely used heterologous protein expression system. However, this system remains a challenge due
to the low solubility of proteins, insufficient yield, and inclusion body formation. Numerous approaches have sought to address
these issues. The use of a fusion tag is one of the most powerful strategies for obtaining large amounts of heterologous protein in
E. coli expression system. Here, recent advances in fusion tags that increase the expression of proteins are reviewed. In addition,
proposed concepts for designing peptide tags to increase protein expression are discussed.
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Introduction

Proteins are important biomolecules that perform numerous
cellular functions and are essential for industrial and therapeu-
tic applications, such as biotechnology (Sharma et al. 2019;
Singh et al. 2019) and biotherapeutic medicines (Lagassé et al.
2017), and to further the understanding of biology. However,
obtaining proteins from natural sources is limited, concerning
protein quantity, ease of separation, and costs for the feasible
applications (Geisse and Fux 2009). In contrast, genetic engi-
neering methods can allow cells to synthesize sufficient quan-
tities of the proteins of interest, even heterologous proteins,
which can be purified for use in key research or for industrial
and therapeutic applications (Ahmad et al. 2019; Khan et al.
2016; Priyadarshini and Singh 2019). Many heterogeneous
systems, including bacteria (Ma et al. 2018; Mathiesen et al.
2008; Vavrová et al. 2010), filamentous fungi (Nevalainen
et al. 2005), yeast (Cereghino and Cregg 2000; Juturu and
Wu 2018; Madzak 2015), insect cells (Le et al. 2018; van
Oers et al. 2014), plants (Fahad et al. 2015), and mammalian
cell lines (Arena et al. 2019; Lee et al. 2015a), have been
engineered for the expression of heterologous proteins. More

recently, microalgae have been considered a promising host
for recombinant protein production (Bañuelos-Hernández
2017; Gangl et al. 2015; Specht et al. 2010). These various
expression systems have advantages and disadvantages, and
can be selected according to the characteristics of the protein
to be expressed.

Escherichia coli is one of the most preferred heterologous
expression systems. It is easy to handle, fast growing with
doubling times as short as 20 min in rich media (Fossum
et al. 2007), amenable to high-density cultivation up to
100 g dry weight cells per liter in the controlled fed-batch
mode (Khalilzadeh et al. 2004; Knorre et al. 1991), and capa-
ble of a high yield of recombinant protein production that is
promoted by established methods of genetics and compatible
molecular tools (Rosano and Ceccarelli 2014; Sørensen and
Mortensen 2005). However, there are disadvantages in the
E. coli expression system, especially for producing
biopharmaceuticals. These disadvantages include lack of eu-
karyotic post-translational modifications, low solubility, im-
proper protein folding, inclusion body formation, endotoxin
issues, and poor secretion (Baeshen et al. 2014). These draw-
backs are being addressed by advances in biotechnology, thus
allowing E. coli to remain an attractive protein expression
system (Redwan et al. 2015). Affinity tags have greatly
assisted the efficient purification of proteins of interest
(Saraswat et al. 2013), whereas solubility tags are still a trial-
and-error experience and the passenger protein can be differ-
entially affected by several fusion tags (Costa et al. 2014;
Paraskevopoulou and Falcone 2018). For this reason, fusion
tags to enhance heterologous protein expression and solubility
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have continued to be investigated and developed (Costa et al.
2013; Nguyen et al. 2019b). The acidity of fusion tags has
substantially improved the solubility of fusion proteins
(Costa et al. 2014; Paraskevopoulou and Falcone 2018).
Thus, acidic fusion tags (i.e., negatively charged tags at phys-
iological pH) have been theoretically designed and selected.

On the other hand, inclusion body formation has been re-
cently considered a potentially exploitable phenomenon
(Rinas et al. 2017) and a tag that is likely to cause aggregation
has been developed (Yadav et al. 2016).

An N-terminal fusion tag can take advantage of efficient
translation initiation sites on the tag (Malhotra 2009).
Specifically, the folding free energy in the region between −
25 and +35 of messenger RNA (mRNA) has the greatest im-
pact on the efficiency of prokaryotic translation (Seo et al.
2013). Thus, it is worthwhile to tune the nucleotide sequence
around the translation initiation region (TIR) for translation
efficiency.

Here, we consider fusion tags that enhance protein expres-
sion in E. coli. In addition, the impacts of recently discovered
or designed peptide tags on protein expression are reviewed.
We hope this information will be helpful in designing new
fusion tags. Scheme 1 summarizes the strategies for the effec-
tive production of heterologous proteins in E. coli using
expression-enhancing tags.

Expression, solubility, and purification of proteins

Fusion tags increase the expression level and/or the solubility
of proteins. These tags, which comprise proteins or peptides
linked to target proteins, help to achieve natural folding lead-
ing to a proper functional activity or to achieve a higher level
for a protein that is poorly expressed. Affinity tags are used
along with the corresponding affinity binding ligand to allow
rapid and efficient purification of proteins, in turn leading to
increased production yield of the expressed protein (Malhotra
2009). When expressed in combination with soluble fusion
tags and affinity tags, such as 6×His-tag for purification, the
presence of fusion tags is undesirable because they can poten-
tially impair biological function and interfere with proper
structural analysis or immunogenicity (Costa et al. 2014;
Malhotra 2009; Young et al. 2012). Therefore, removal of
the fusion tag is a necessary step in the downstream process.
Removal can be done by adding a protease recognition se-
quence between the fusion tag and the target protein, so that
the tag can be removed by a protease if necessary (Costa et al.
2014; Yadav et al. 2016).

There is a strategy to further improve the soluble expres-
sion in combination with a soluble-enhancing fusion tag in
E. coli. Simply lowering the incubation temperature and/or
the concentration of the inducer, isopropyl β-d-1-
thiogalactopyranoside (IPTG), reduces protein misfolding by
decreasing the translation rate, which consequently avoids

aggregation of proteins into inclusion bodies (Nguyen et al.
2017; Sorensen and Mortensen 2005).

Various engineered E. coli expression strains can be used
for proper folding of protein. Engineered E. coli stains avail-
able for proper aim are summarized on the website of the
Wolfson Center for Applied Structural Biology (http://
wolfson.huji.ac.il/expression/bac-strains-prot-exp.html).
Special engineered E. coli strains include Arctic Express
strains to address the common bacterial gene expression
hurdle of protein insolubility (Agilent Technologies); Shuffle
T7 (NEB), BL21trxB (Novagen), and Origami (Novagen) to
form disulfide bonds in the cytoplasm for proper folding of
proteins; Rosetta (Novagen) and BL21CodonPlus
(Stratagene) to enhance the expression of eukaryotic proteins
that contain codons rarely used in E. coli; C41(DE3) and
C43(DE3) (Lucigen), to express toxic and membrane proteins
from all classes of organisms; and Lemo21(DE3) to allow for
tunable expression of difficult clones. ClearColi®BL21(DE3)
Electrocompetent Cells (Lucigen) are the first commercially
available competent cells with a modified lipopolysaccharide
(LPS, Lipid IVA) that does not trigger the endotoxic response
in mammalian cells (Mamat et al. 2015). The combination of
the aforementioned factors and trial-and-error tuning has led
to the successful production of proteins of interest.

Protein fusion tags that enhance expression

Various solubility-enhancing tags are available: the well-
known maltose-binding protein (MBP), glutathione S-
transferase (GST) (Harper and Speicher 2011), N-utilization
substance A (NusA) (Costa et al. 2013), thioredoxin (Trx)
(Savitsky et al. 2010), small ubiquitin-related modifier
(SUMO) (Butt et al. 2005), Fh8 (Costa et al. 2013), and some
other tags. Table 1 summarizes the solubility-enhancing tags
and compares their molecular weights, pI values, and GRAVY
values. The GRAVY value of a protein is a measure of its
hydrophobicity or hydrophilicity (Kyte and Doolittle 1982).
The values range from − 2 to +2 for most proteins, and in
simple terms, positive GRAVYvalues indicate hydrophobici-
ty; negative values mean hydrophilicity (Isalan et al. 2013).
Commonly used solubility-enhancing tags have a negative
GRAVYvalue.

MBP is one of the most frequently used fusion tags to
enhance the solubility of the expressed protein. MBP acts as
a molecular chaperone to aid the accurate folding of a fusion
protein. It is believed to interact with hydrophobic amino acid
residues present in unfolded proteins to prevent aggregation or
proteolysis (Needle and Waugh 2014; Sachdev and Chirgwin
2000). GST is a naturally occurring 26-kDa protein. The use
of GST fusion proteins has been successful in both nuclear
magnetic resonance (NMR) and crystallography structure de-
terminations (Harper and Speicher 2011). GST is a relatively
poor solubility enhancer compared with the other commonly
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used fusion tags (Bernier et al. 2018). NusA is a 55-kDa protein
that slows down translation at transcriptional pauses, offering
more time for protein folding, and also stabilizes the passenger
protein during translation (Costa et al. 2014). NusA is reported
to attract chaperones, such as GroEL, in E. coli (Douette et al.
2005). Trx is a 12-kDa intracellular thermostable protein of
E. coli. Trx is commonly employed as a fusion tag to improve
solubility of the protein of interest by virtue of its intrinsic
solubility and by taking advantage of its natural oxido-
reductase activity responsible for the reduction of disulfide
bonds through thio-disulfide exchange (Costa et al. 2014).
SUMO is a small protein (approximately 11 kDa) found in
yeast and vertebrates. It promotes the proper folding and solu-
bility of its target proteins, possibly by exerting chaperoning
effects (Costa et al. 2014). Fh8 is a small protein (8 kD) with
extensive homology with 8-kDa calcium-binding proteins. It is
comparable with MBP, NusA, and Trx concerning soluble pro-
tein production, in which GST tag does not improve solubility
of the target protein (Costa et al. 2012). Considering the pI
value, commonly used fusion tags exhibit a pI between 4 and
5, whereas GST has a rather higher value of 6.51 (Table 1).

Human protein disulfide isomerase I (PDI) catalyzes the
formation of native disulfide bonds of secretory proteins in
the endoplasmic reticulum, and has a vital role in protein fold-
ing. Loss of PDI activity has been associated with the patho-
genesis of numerous disease states (Galligan and Petersen
2012). PDI is composed of four thioredoxin-like domains
(abb′a′). Two contain redox-active catalytic sites (a and a′)
and two do not (b and b′) (Byrne et al. 2009; Galligan and
Petersen 2012; Song et al. 2013). The b′a′ domain of PDI
(PDIb′a′) is the smaller functional unit of PDI. Both PDI and
PDIb′a′ have been used to enhance the soluble cytoplasmic
expression of recombinant proteins in E. coli (Song et al.
2013; Do et al. 2014; Nguyen et al. 2014; Nguyen et al.
2016; Nguyen et al. 2017; Nguyen et al. 2019a).

Another study (Guo et al. 2018) reported that at low tem-
peratures MBP was a very efficient fusion tag for soluble
mouse leukemia inhibitory factor (mLIF) expressed in
E. coli cytoplasm. The MBP-mLIF fusion exhibited bioactiv-
ity without removal of MBP (Guo et al. 2018). Human vascu-
lar endothelial growth factor (hVEGF), human fibroblast
growth factor 21 (hFGF21), and human oncostatin M

Scheme 1 Schematic flowchart summarizing the strategies for
heterologous protein production using expression enhancing tags
through E. coli expression system. In general, when a heterologous
gene is expressed in E. coli, the gene of interest is expressed using an
expression vector with a promoter, an antibiotic resistance gene for
selection, and a His-tag for purification. If the protein is not produced
as a soluble form, then several conditions should be taken into consider-
ation to facilitate the soluble production of target protein. The soluble
expression can be increased by either lowering the incubation temperature
or decreasing the amount of inducer such as IPTG or by both. If the gene
consists of rare codons in E. coli or the expressed protein forms disulfide

bonds, a specific E. coli strain can be used accordingly. Alternatively,
solubility-enhancing tags can be used to induce soluble expression of
the gene of interest. If not expressed, either the codon optimization of
the target gene for E. coli or fusion of an expression-enhancing tag with
the target gene is taken account. In some cases, insolubility-enhancing
tags are intentionally used to get an insoluble protein. The insoluble
protein can be refolded in denaturing or mild solubilizing conditions to
regain the soluble form. Generally, heterologous proteins are expressed in
the cytoplasm of E. coli, but certain tags transport a passenger protein to
the compartments other than the cytoplasm, such as membranes, peri-
plasm, or extracellular
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(OSM) were expressed at 18 °C with above 90% solubility,
respectively, in E. coli by MBP-tagging at the N-terminus of
the target protein, where 6×His-tag was positioned at the N-
terminus of MBP (Nguyen et al. 2016; Nguyen et al. 2017;
Nguyen et al. 2019a). The fused proteins were successfully
purified and all were stable after tag cleavage, displaying sim-
ilar bioactivity to counterparts produced in mammalian cells
or commercially available. Multiple comparisons of various
protein fusion tags, such as Trx, SUMO, GST, MBP, NusA,
PDI, and PDIb′a′, with the target protein revealedMBP as one
of the most effective enhancers of the expression and solubil-
ity of target protein (Nguyen et al. 2016; Nguyen et al. 2017;
Nguyen et al. 2019a). At 37 °C, only the MBP and PDI tags
could enhance the solubility of corresponding fused hFGF21
to greater than 60%, whereas the other fusion proteins were
primarily expressed as inclusion bodies (Nguyen et al. 2017).
The expression level tended to be higher as the size of fusion
tag decreased, due to an alleviated metabolic burden on E. coli
compared with larger fusion tags (Paraskevopoulou and
Falcone 2018). In contrast, the solubility was increased as
the size of fusion tag increased at 37 °C due to a chaperone-
like function of larger fusion tags (Costa et al. 2014; Nguyen
et al. 2019a). Lowering the temperature to 18 °C enhanced the

solubility of all the expressed constructs to more than 80% in
the case of PDIb′a′ (31 kDa), MBP (40 kDa), NusA (55 kDa),
and PDI (55 kDa) (Nguyen et al. 2017). These results indicate
that larger fusion tags caused more soluble expression of
hFGF21 independent of temperature, while smaller fusion
tags, such as Trx, SUMO, and GST including the 6×His tag,
induce soluble expression at a lower temperature (18 °C).

The combination of the MBP tag with the 10×His tag and
their specific positions had a strong impact on the expression
and solubility levels of hydrophobic bovine R9AP protein
(bR9AP) as well as on the purification yield of the fusion
protein (Bernier et al. 2018). N-Terminal positioning of the
10×His tag impaired MBP-induced expression by 50%, but
purity only increased by 10% compared with N-terminal po-
sition of MBP. In contrast, N-terminal positioned 10×His tag
enhanced the purity of GST-fused bR9AP by 15% without
hampering the expression level. MBP has been used in com-
bination with a poly-His tag because of the low binding of
MBP to the amylose resin and the resulting poor purity of the
fusion protein (Nguyen et al. 2016; Sun et al. 2011).
Therefore, the combination of MBP and His tags needs to be
optimized for each position and passenger protein. If the tags
are positioned on either side, more than one protease is

Table 1 Protein fusion tags to enhance heterologous protein expression in E. coli

Tag Full name pI Size (kDa) GRAVY References

Solubility-enhancing tags

MBP Maltose-binding protein 4.97 40 − 0.340 Bernier et al. (2018)

HE-MBP Truncated maltotriose-binding protein
with modified histidine tag

4.36 45 − 0.336 Han et al. (2018)

GST Glutathione-S-transferase 6.51 26 − 0.369 Harper and Speicher (2011)

NusA N-Utilization substance A 4.26 55 − 0.278 Costa et al. (2013)

SUMO Small ubiquitin-related modifier 4.96 11 − 0.978 Butt et al. (2005)

Trx Thioredoxin 4.46 12 0.004 Savitsky et al. (2010)

PDI Disulfide isomerase I 4.43 55 − 0.496 Nguyen et al. (2016)

PDIb′a′ Disulfide isomerase I mutant 4.34 31 − 0.477 Nguyen et al. (2016)

CBD Cellulose binding domain 9.16 11 − 0.013 Murashima et al. (2003)

sfGFP Superfolder green fluorescent protein 6.22 27 − 0.534 Liu et al. (2019)

Ffu β-Fructofuranosidase truncation 4.71 17.6 − 0.937 Cheng et al. (2017)

Fh8 Fasciola hepatica antigen 5.69 8 − 0.593 Costa et al. (2013)

Mistic Membrane integrating sequence
for translation of IM protein construct

4.38 13 −0.608 Vollmer et al. (2012)

Insolubility-enhancing tags

Npro N-Terminal autoprotease 8.58 19 − 0.470 Achmuller et al. (2007)

PagP β-Barrel outer membrane protein 5.59 19 − 0.601 Hwang et al. (2012)

ThiS A smaller sulfur-carrier protein 5.32 34 0.258 Uversky et al. (2013)

MoaD Molybdopterin converting factor 4.70 10 0.108 Yuan et al. (2014)

pI, isoelectric point; GRAVY, grand average of hydropathy

These values are analyzed using pepstats (http://emboss.bioinformatics.nl/cgi-bin/emboss/pepstats) and GRAVY calculator (http://bioinformatics.org/
sms2/protein_gravy.html)

Appl Microbiol Biotechnol (2020) 104:2411–24252414

http://emboss.bioinformatics.nl/cgi-bin/emboss/pepstats
http://bioinformatics.org/sms2/protein_gravy.html
http://bioinformatics.org/sms2/protein_gravy.html


required to remove both tags and the resulting procedure will
be time-consuming. Hence, a careful design of the fusion pro-
teins is a necessary step where many parameters must be con-
sidered to optimize and simplify the procedures (Bernier et al.
2018).

The HEHEHE-tag is a modified 6×His tag in which every
second histidine residue is replaced by a more hydrophilic
glutamate, which can work as an affinity tag in place of the
6×His tag (Tolmachev et al. 2010). The HE-MBP (Pyr) tag
that is 7×(HE) tagging at N-terminus of truncated maltotriose-
binding protein from Pyrococcus furiosuswas compared with
the 6×His-MBP tag (Han et al. 2018; Sun et al. 2011). HE-
MBP (Pyr) enhanced solubility by 1.6- to 2.7-fold for passen-
ger proteins that exhibited either same or higher expression
levels compared with those by the 6×His-MBP. HE-MBP
(Pyr) even expressed the protein (CdiGMP026) with 40%
solubility, whereas 6×His-MBP did not express the protein.
There were little differences in expression levels between
6×His-MBP (Pyr) and 6×His-MBP, whereas the former exhib-
ited higher solubility than the latter. HE-MBP (Pyr) also
showed superior solubility and expression level compared
with those for 6×His-MBP (Pyr).

Another notable carbohydrate-binding protein used as a
fusion tag is the cellulose-binding domain. The CBDs can
contain 30–180 amino acids, and exist as a single, double, or
triple domain in one protein (Levy and Shoseyov 2002;
Shoseyov et al. 2006). Cellulose is an economical support
matrix for large-scale protein purification. Thus, CBD has
been widely used as an affinity tag in expression and purifi-
cation. In terms of protein expression using CBDs, many stud-
ies have demonstrated that CBD has a beneficial effect on the
expression of passenger proteins when fused to either C- or N-
terminal of them (Levy and Shoseyov 2002). CBD has been
reported as a fusion partner that can enhance the soluble ex-
pression in E. coli (Murashima et al. 2003; Klocke et al. 2005;
Xu and Foong 2008). A recent study showed N-terminal CBD
fusion enhanced soluble expression of fructosyl peptide oxi-
dase in E. coli and its simultaneous purification and immobi-
lization (Chen et al. 2019). CBD is a β-hairpins structure with
short amino acid residues (110 a.a) which are considered to
fold with two-state kinetics (Murashima et al. 2003). If so, this
feature could help the passenger protein be soluble through
readily folding of CBD.

Superfolder green fluorescent protein (sfGFP) is a mutant
of wild-type GFP (wtGFP) with pronounced solubility and
fast folding ability. sfGFP is being developed as a fusion tag
to facilitate protein solubility (Pedelacq et al. 2006). A recent
study successfully obtained soluble anti-influenza PB2 scFv
using sfGFP as the N-terminus tag. PB2 scFv with 60% sol-
ubility was obtained at 18 °C in E. coli (Liu et al. 2019). Both
proteins exhibited biological activity in the presence and ab-
sence of sfGFP. Using sfGFP as the N-terminal tag, heterolo-
gous molecules ranging from peptides to complex proteins

were successfully expressed and secreted extracellularly with
functional conformations (Zhang et al. 2017). The beta-barrel
structure and net negative charges of sfGFP play important
roles in its auto-extracellular secretion property (Zhang et al.
2017). This is evident in autotransporters which have a sec
signal peptide at the N-terminus, the target protein in the mid-
dle, and a beta-barrel structure at the C-terminus (Rojas-Lopez
et al. 2018). The C-terminal beta-barrel structure facilitates the
extracellular secretion of target proteins (Knowles et al. 2009).

The mature form of β-fructofuranosidase (β-FFase) isolat-
ed from Arthrobacter arilaitensisNJEM01was expressed as a
soluble protein in the cytoplasm ofE. coli (Chu et al. 2014).β-
FFase (Ffu) consists of a mature β-FFase comprising 495
residues and a signal peptide of 53 residues. When expressed
in E. coli as a total sequence including the signal sequence,
Ffu are highly secretory proteins. The feature of Ffu has
spurred interest in developing novel fusion tags (Cheng et al.
2017). By using the Ffu fusion system, CARDS TX, VEGFR-
2, RVs, and Omp85were successfully expressed in the soluble
form and secreted in the periplasmic space in E. coli, whereas
MBP fusions led to a mass of inclusion bodies, representing a
slight advantage when compared with the direct expression of
the studied proteins (Cheng et al. 2017). One of the disadvan-
tages of the industrial application of the E. coli expression
system is the lack of extracellular protein production in the
absence of a secretory system. Successful secretion of proteins
of interest into the periplasm or their excretion into the culture
medium is more beneficial compared with their intracellular
expression. Compared with the cytoplasm, the periplasm,
which has lower levels of proteases and is a more oxidative
environment, facilitates the precise formation of disulfide
bonds and protects target proteins against proteolytic degrada-
tion (de Marco 2009). Extracellular protein secretion can also
simplify the protein purification process.

Mistic is an unusual Bacillus subtilis integral membrane
protein (approximately 13 kDa) that folds autonomously into
the membrane, bypassing the cellular translocon machinery
(Roosild et al. 2005). The N-terminal fusion of Mistic peptide
enhances the expression of membrane proteins in a function-
ally active conformation by facilitating autonomous folding
into the bacterial membrane, even though it is a highly hydro-
philic peptide lacking any candidate signal sequence (Kefala
et al. 2007). N-Terminal fusion of Mistic peptide reportedly
enhanced the production of G protein-coupled receptor
(GPCR) proteins in E. coli cell-free systems, resulting in suf-
ficient protein production for structure-function studies
(Lyukmanova et al. 2012). Eukaryotic type I rhodopsins were
expressed by linking between N- and C-terminal Mistic do-
mains in E. coli. Lee et al. (2015b) initially fused Mistic tag to
the N-terminus of algal rhodopsin, but failed to express the
protein to the E. coli membrane. Next, Mistic was fused to
either side of rhodopsin (Mistic-rhodopsin-Mistic) and was
successfully expressed in the E. coli membrane. However,
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expression levels were still low compared with that of the
bacterial-origin counterpart (Lee et al. 2015b). Likewise, the
authors tested various eukaryotic rhodopsin and eukaryotic
membrane proteins, including ARI, CSRB, ARII, and human
melanopsin (Lee et al. 2015b). Mistic comprises four helical
fragments, all of which can replace full-length Mistic as N-
terminal fusions to achieve overexpression of a human GPCR
in E. coli, although with different effects on quantity and qual-
ity of the protein produced (Marino et al. 2015). To elucidate
the function ofMistic, the authors foundMistic homologs that
have a highly conserved motif with characteristics of a Shine-
Dalgarno (SD) sequence upstream of yugO, which coded for a
K+ channel. The removal of SD sequences reduced the expres-
sion of YugO (Marino et al. 2015). The authors suggested that
the presence of N-terminal sequences at the mRNA level,
rather than the ability of the translated product to interact with
the membrane, is important for high expression levels of
Mistic-tagged protein constructs.

Antimicrobial peptides (AMPs) can disrupt microbial
membranes and are liable for proteolytic degradation. Thus,
they are often produced as a fusion partner in heterologous
hosts to neutralize their toxicity and increase their expression
levels (Li 2011; Li et al. 2011). Since the effects of the fusion
tags on different target AMPs differ between targets, it is dif-
ficult to say that one fusion tag is superior to others. However,
in terms of the production of recombinant LL-37 in E. coli,
Trx is better than GST (Li 2011). The former displayed the
highest absolute yield of the fused peptide among 13 different
carrier proteins tested (Bogomolovas et al. 2009), and the
latter yielded inefficient or failed peptide production due to
high susceptibility to proteolytic degradation (Li 2011).
SUMO is an excellent carrier protein and favors the soluble
production of small hydrophobic peptides including AMPs.
The SUMO tag takes advantage of the subsequent release of
the passenger due to a highly specific SUMO protease, al-
though SUMO requires additional affinity tags for purifica-
tion, such as the 6×His tag (Li 2011; Li et al. 2011; Mo et al.
2018; Wei et al. 2018; Kim et al. 2019).

ThiS is a smaller sulfur-carrier protein involved in thiamin
synthesis, which is conserved among most prokaryotic spe-
cies. Its structure is similar to ubiquitin (Ub) and SUMO,
which are used as soluble enhancing fusion tags in prokaryotic
expression. ThiS-fused insulin A and B chains and EGFP (N-
terminal fusion for insulin and C-terminal fusion for EGFP)
were overexpressed in inclusion bodies (Uversky et al. 2013).
The prokaryotic ubiquitin-like protein MoaD falls in the cate-
gory of insoluble expression (Yuan et al. 2014). Compared
with SUMO, both tags are more acidic and more likely hydro-
phobic (Table 1). Insoluble expression is believed to be more
efficient than soluble fusion in masking the toxic effects of
peptides and protecting them from degradation. In case of
AMPs, if there is no cysteine residue, refolding is not neces-
sary to recover activity. Thus, the use of inclusion body

inducing fusion tags can be an alternative to the use of a
solubility tag to produce a high quantity of AMPs (Lee et al.
2000; Zorko and Jerala 2010; Park et al. 2012).

Intrinsically disordered proteins (IDPs) are natively un-
folded proteins that feature biased amino acid compositions
and low sequence complexity, with a low proportion of hy-
drophobic amino acids and a high proportion of hydrophilic
amino acids (Wright and Dyson 2015). They account for a
large part of the cellular proteome and are key molecules in
controlling intracellular signaling by a flexible network of
protein interactions (Wright and Dyson 2015). Because of
their structural features, IDPs display extreme sensitivity to-
ward proteolytic cleavage, and denaturing conditions can be
used without having to refold the protein (Graether 2019).
Thus, the aggregation-prone tags can be applied to produce
IDPs (Goda et al. 2015; Hwang et al. 2012). Solubility tags
have been used for expression of IDPs, but caution is needed
because IDPs are vulnerable to proteolytic degradation due to
the unfolded structures (Graether 2019). The fusion tags avail-
able for insoluble expression, which include TrpΔLE, keto-
steroid isomerase (KSI), PruE, and PagP, have been well doc-
umented in a review (Hwang et al. 2014). MBP has been used
to successfully express GPCRs in E. coli (Furukawa and Haga
2000; Locatelli-Hoops et al. 2013). However, the low-level
expression is still an obstacle for biophysical studies of
GPCRs. Thus, the ability of E. coli to produce large amounts
of eukaryotic proteins as inclusion bodies has been exploited
for the high-level production of GPCRs (McCusker et al.
2008). KSI and TrpΔLE are commonly used for bacterial
expression of membrane protein along with MBP and GST
tag (Caroccia et al. 2011; Potetinova et al. 2012). In addition,
Npro is the N-terminal autoprotease of the classical swine fever
viral nucleocapsid protein and it aggregates a passenger pro-
tein to inclusion body in E. coli. Npro and its variant EDDIE
allows the passenger protein to be released from the C-
terminal end of the autoprotease by self-cleavage, leaving
the target protein with an authentic N-terminus during
refolding process (Achmuller et al. 2007). Thus, these expres-
sion systems can be useful for high-level production of recom-
binant toxic peptides and proteins in E. coli avoiding the need
for chemical or enzymatic removal of the fusion tag
(Achmuller et al. 2007).

Peptide fusion tags that enhance expression

The advantage of short peptide tags for expression is that the
amino acid sequence is generally 15 residues or less, which
does not severely interfere with the protein structure or impair
its activity when fused to the protein of interest (Carson et al.
2007; Kato et al. 2007; Nguyen et al. 2019b). Therefore, it
may be not necessary to remove the fusion tags for the protein
application other than therapeutic proteins, in contrast to the
case of a protein fusion tag. Short peptide tags can also reduce
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the metabolic burden of protein expression on the host com-
pared with the large-sized tags (Zhao et al. 2013). Expression-
enhancing peptide tags are shown in Table 2 along with com-
parison values of molecular weights, pI values, GRAVY
values, and tag positions compared among peptide tags.

The S Tag is commercially available and is usually known
as an affinity tag for purification. RNase S is a subtilisin cleav-
age product of native RNase Awith modified RNase activity,
in which the first N-terminal 15 amino acids (residues 1–15;
KETAAAKFEREHMDS, S•Tag™) of a high affinity linked
S-peptide comprising 20 amino acids are involved in the for-
mation of functional complexes with the remaining part of S-
protein (residues 21–124) (Kim and Raines 1993; Yadav et al.
2016). Even if it is suitable for purification of the S Tag tagged
proteins by binding to the immobilized S-proteins as a ligand
via S Tag, it also improved the solubility of a passenger pro-
tein. The NtrX protein was overexpressed as an S Tag fusion
protein induced by L-arabinose in the E. coli strain BL21AI
(Assumpcao et al. 2007). Human erythropoietin (EPO) fused
with MBP and 6×His-MBP could not be recovered due to its
aggregation after removal of tags, but when fused to 6×His-S-
tag, it refolded as a functional protein even after the removal of
the 6×His-S-tag (Grunina et al. 2017).

The many studies that have addressed poly-ionic tags as
enhancers of protein solubility in heterologous protein expres-
sion were recently reviewed (Paraskevopoulou and Falcone
2018). In contrast, polycationic tags may be prone to aggre-
gation when fused to the net negatively charged passenger
protein at physiological pH, and vice versa, due to intramo-
lecular attractive electrostatic interaction between the proteins
and the peptide tags (Kim et al. 2012). Proteins are least sol-
uble at the ambient pH equal to their pI, where they display a
zero net charge. Thus, changing the net charge into negative or
positive improves the solubility of proteins (Lawrence et al.
2007). Based on the pI value of the protein of interest, using a
fusion tag capable of inducing a repulsive electrostatic inter-
action between the proteinsmay provide sufficient time for the
correct folding of the protein, and consequently prevent pro-
tein aggregation (Kato et al. 2007; Paraskevopoulou and
Falcone 2018; Zhang et al. 2004). Aggregation-prone Ig
variable-type domains derived from three human membrane
glycoproteins can reportedly be solubilized during overex-
pression in the E. coli cytoplasm by extension of the domain
N- or C-terminus with highly acidic peptides (net negative
charge > − 6) made from T7B variants with the additional
acidic residues derived from bacteriophage T7 (Zhang et al.
2004). Other studies described that polylysine or polyarginine
tags fused to C-terminus of the protein of interest more likely
improve solubility than when fused to the N-terminus (Park
et al. 2003; Hage et al. 2015; Islam et al. 2015; Nautiyal and
Kuroda 2018).

Hirose et al. (2011) constructed seven proteins combined
with 12 kinds of data-driven designed tags (DDTs) based on

highly frequent sequence property patterns in an experimen-
tally assessed protein solubility dataset in a wheat germ cell-
free system. The 12 DDTs (six for solubility and six for insol-
ubility) were fused to the N-terminus region of the passenger
proteins. Among six solubility tags, Glu and Ser-rich solubil-
ity tags only enhanced solubility toward one protein that
displayed the least solubility among seven proteins. In con-
trast, among the insolubility tags, Arg, Lys, and Gly were
frequently present in DDTs and these insolubility tags induced
four of the five proteins, which are soluble in the form of
fusion-free, to be insoluble proteins. Based on the patterns of
the insolubility tags, they are rich in positive charge, especial-
ly Arg and amino acids (Ala, Gly, and Ser) with a tiny side
chain located at each side of Arg and the [AGS]-R-[AGS]
motif is considered to be an important characteristic for in-
creasing protein insolubility (Hirose et al. 2011).

Pandey et al. (2014) reported successful overexpression of
transmembrane segments 1–3 of the apelin receptor
(AR_TM1–3) in the C41(DE3) strain of E. coli using an AT-
rich 5′ gene tag previously reported to enhance cell-free ex-
pression yields. The BL21(DE3) strain was not suitable for
expression of AR_TM1–3 whether untagged or with any of
the four tags, as pronounced cell death was observed after
induction, whereas all four AT-rich tagged AR_TM1–3 con-
structs revealed AR_TM1–3 expression in the C41(DE3)
strain, though target protein expression was not observed
without AT-rich tags. The mRNA binding cleft of the ribo-
some can only accommodate single-stranded mRNA (Mustoe
et al. 2018). Thus, translation initiation requires unfolding of
the TIR, so AT-rich codon in TIR increases translation effi-
ciency by decreasing the energy penalty imposed on mRNA
to be unfolded (Haberstock et al. 2012; Mustoe et al. 2018).

Zhao et al. (2019) examined the effects of the hydrophobic-
ity and net charge of self-assembling amphipathic peptides
[SAP: (AEAEAKAK)2] on the protein expression. A variant
of SAP that Lys is replaced with His revealed a multifunctional
tag with the ability to benefit the expression, purification, ther-
mostability, and activity of recombinant proteins (Zhao et al.
2018). The changes in the hydrophobicity of SAP have a ten-
dency to aggregate the protein into inclusion bodies. The SAP
variants with Ile and Leu in place ofAla induced the fused GFP
to form inclusion bodies, whereas the SAP variants with Phe,
Pro, and Gly in place of Ala reduced the soluble expression
levels of the fused GFP compared with that of SAP. Moreover,
the positive net charge of SAP was more efficient for protein
expression than with a negative charge, although the type of
hydrophilic residues has little effect on the efficiency of the
SAPs (Zhao et al. 2019). In addition, other variants of SAP,
including 18A (EWLKAFYEKVLEKLKELF), ELK16
(LELELKLKLELELKLK), L6KD (LLLLLLKD), and
GFIL8 (GFILGFIL), induce the formation of active protein
aggregates that retain comparable specific activities with the
native counterparts in E. coli when these tags are terminally
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fused to target proteins (García-Fruitós et al. 2005; Wu et al.
2011; Xing et al. 2011). They were developed as a cleavable
self-aggregating tag by intein-mediated cleavage (Xing et al.
2011). Compared with the classical process for isolation and
refolding of the inclusion body, SAP tags induced aggregated
proteins to take advantage of the self-cleavage in the aggregate
state and eliminate the refolding process, thus shortening the
downstream process of protein production (Lin et al. 2015).
Because these SAP tags are aggregation-prone tags, they can
lower the soluble expression level of a passenger protein com-
pared with that without the tag, so these systems are beneficial
for the expression and recovery of proteins or peptides that are
toxic to E. coli and are sensitive to proteolytic degradation.

The NT11 tag recently discovered has been exploited as an
expression-enhancing tag (Nguyen et al. 2019b). NT11 is the
first 11 amino acid residues of a duplicated carbonic
anhydrase (dCA) from Dunaliella species. dCA is comprised
of two CA domains that have structural similarity with alpha-
type CA. When separately expressed in E. coli as N-terminal
and C-terminal domains, the former domain (dCA-N) showed
a very high soluble expression level without CA activity
whereas the latter domain (dCA-C) displayed a very low ex-
pression level with CA activity (Ki et al. 2012). In some native
multidomain proteins, the N-terminal domain acts to enhance
solubility for their downstream domains (Kim et al. 2007) and
the N-terminal residues play key roles in stability, solubility,
or function of the protein (Gaudry et al. 2012). In addition, the
folding free energy in the region between − 25 and +35 of the

mRNAwas reported to have the greatest impact on prokary-
otic translation efficiency (Seo et al. 2013). Thus, the first 12
amino acid residues may be important for protein expression.
Subsequently, the first 11 amino acid sequences
(NT11;VSEPHDYNYEK), except for the start codon methi-
onine of dCA-N, were selected and the effect of NT11 on the
expression of dCA-NT11ΔC, whose first 10 amino acid res-
idues had been replaced with NT11, was examined. As a re-
sult, the solubility of dCA-NT11ΔC was increased more than
2-fold that of dCA-C (Ki et al. 2016). The ability of NT11 to
improve protein expression was also confirmed through fu-
sion with other proteins (Nguyen et al. 2019b). NT11 was
fused to the N-terminus of a protein with a low soluble ex-
pression level, including Ta-CA and yellow fluorescence pro-
tein (YFP), and a protein with insoluble expression, including
Hc-CA and dCA-ΔC. The NT11 increased total protein ex-
pression in E. coli by 1.1-, 6.9-, and 7.6-fold for Hc-CA, Ta-
CA, and YFP, respectively. Moreover, NT11 enhanced the
soluble expression of Hc-CA, Ta-CA, and YFP by 1.7-, 5.0-,
and 3.2-fold, respectively. The dCA-ΔC was expressed as an
insoluble form, but NT11 enhanced the solubility by more
than 10% of the total expression. Furthermore, NT11 in-
creased the protein yield without interfering with protein func-
tion and structure, indicating that tag cleavage is not required.
The mechanism by which NT11 enhances protein expression
is unclear. However, as mentioned above, the first N-terminal
amino acid residues are on the TIR, so it is worthwhile to
calculate the folding free energy of the nucleotide sequences

Table 2 Peptide fusion tags to enhance heterologous protein expression in E. coli

Tag Sequence pI Net charge at pH 7 Size (Da) GRAVY Tagged position References

6×Lys KKKKKK 11.33 + 7 914 − 3.90 C-Terminus Hage et al. (2015)

S Tag KETAAAKFERQHMDS 7.54 0 1754 − 1.393 N-Terminus Kim and Raines (1993)

NT11 VSEPHDYNYEK 4.31 − 2 1380 − 1.991 N-Terminus Nguyen et al. (2019b)

T7B9 EEASVTSTEETLTPAQ
EAAETEANKARKEA
ELEAETAEQ

3.60 −9 4261 − 1.060 N-/C-Terminus Zhang et al. (2004)

SAP(S1) (AEAEAKAK)2 7.11 0 1614 − 0.950 N-Terminus Zhao et al. (2019)

S1 V1 (AEAEAHAH)2 5.06 − 4 1651 − 0.775 N-Terminus Zhao et al. (2018)

S1nv10 (ANANARAR)2 12.96 + 4 1667 − 1.100 N-Terminus Zhao et al. (2019)

DDTs GRGRSRA 12.79 + 3 758 − 1.900 N-Terminus Hirose et al. (2011)

KRARAAA 12.49 + 3 742 − 0.814 N-Terminus Hirose et al. (2011)

S1hv1 (IEIEIKIK)2 7.08 0 1951 0.4 N-Terminus Zhao et al. (2019)

S1hv3 (VEVEVKVK)2 7.08 0 1839 0.25 N-Terminus Zhao et al. (2019)

ELK16 LELELKLKLELELKLK 7.08 0 1951 0.050 C-Terminus Wu et al. (2011)

A18 EWLKAFYEKVLEKLKELF 6.95 0 2312 − 0.278 C-Terminus Xing et al. (2011)

L6KD LLLLLLKD 6.71 0 940 1.925 C-Terminus Zhou et al. (2012)

GFIL8 GFILGFIL 5.58 0 879 2.675 C-Terminus Wang et al. (2015)

pI, isoelectric point; GRAVY, grand average of hydropathy. These values are analyzed using pepdraw (http://www.tulane.edu/~biochem/WW/PepDraw/
index.html) and GRAVY calculator (http://bioinformatics.org/sms2/protein_gravy.html)
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of − 25 to + 35 of proteins with or without NT11. Based on the
calculatedΔGUTR value using the UTR Designer quantitative
prediction method for proper codon optimization around the
5′- proximal coding sequence (Seo et al. 2013), increasingly
higher negative values ofΔGUTR are associated with increas-
ingly higher expression levels. However, this prediction does
not guarantee soluble expression. In the view of translation
efficiency, NT11 produced a beneficial effect for translation
by shifting ΔGUTR values of − 5.69 for dCA-ΔC, − 7.44 for
Hc-CA, − 4.39 for Ta-CA, and − 4.34 for YFP into − 8.89 for
all. It is not surprising that NT11 displayed aminimal effect on
the expression for Hc-CA because it already has a higher
negative ΔGUTR value, indicating it has potential for high
expression in E. coli, even though it is insoluble (Nguyen
et al. 2019b). Commonly used fusion tags generally reveal
high negative ΔGUTR values, between − 12 and − 7, whether
they induce soluble or insoluble expression. However, GST
and sfGFP represent − 3.64 and − 4.32, respectively, suggest-
ing that other factors may act on protein expression. NT11
could be a promising method for improving protein expres-
sion in E. coli, although the effects of NT11 as a fusion tag on
more proteins should be required.

Outlook

Generally, commercially available protein fusion tags have a
pI value of 4 to 6. Proteins with these pI values display a
negative charge at neutral pH. CBD, on the other hand, has
a high pI value (9.16), manifesting a positive charge at neutral
pH. Thus, these fusion tags are hydrophilic under physiolog-
ical conditions. This feature may help solubilize a passenger
protein (Wilkinson and Harrison 1991). More than anything,
the chaperone-like activity of tag proteins aids the correct
folding of a passenger protein, leading to soluble expression
of it, which is prominent in larger protein tags such as NusA,
MBP, and PDI (Costa et al. 2014; Nguyen et al. 2017). The
SUMO tag has been the most widely used in recent years.
Although small in size, this tag aids the correct folding of
the target protein by chaperone-like functions as well (Chen
et al. 2015). In addition, most peptide tags tend to promote
insoluble expression, suggesting that peptides are not suffi-
cient to play a chaperone-like function to aid proper folding
for the soluble expression of proteins (Hirose et al. 2011).

The protein or peptide fusion tag can increase the expres-
sion of the protein as a soluble or insoluble form depending on
a passenger protein. In this regard, it is believed that similar
net charges between the carrier and passenger will induce
repulsion between the two, lowering the protein folding rate,
thereby leading to proper folding for soluble expression
(Paraskevopoulou and Falcone 2018). From these findings,
an appropriate tag can regulate the expression of a passenger
protein. Especially, the advantage of the peptide tag is that it
can be designed to control the expression of the passenger

protein (Hirose et al. 2011; Pandey et al. 2014). The hydro-
phobicity, hydrophilicity, and net charge of a fusion tag can be
tuned to express a target protein as either a soluble or insoluble
form (Zhao et al. 2019). As mentioned above, though most
peptide tags tend to promote insoluble expression, there is
room for development as a solubility-enhancing peptide tag
because the N-terminus is important for the transcription and
solubility of proteins. The secondary structure of the TIR is
very important for the efficiency of transcription initiation
(Mustoe et al. 2018). Therefore, optimizing the TIR sequence
around the start codon to which the ribosome binds is also a
method for promoting expression efficiency (Seo et al. 2013;
Nguyen et al. 2019b). Lowering the folding free energy of TIR
on mRNA sequences to have an unstable structure (such as
AT-rich codon optimization) may promote translation efficien-
cy, resulting in an increase in expression level. Although pro-
moting translation efficiency does not mean a soluble expres-
sion, an increased expression level can proportionally increase
the rate of soluble expression (Nguyen et al. 2019b). In con-
trast, 3′-untranslated region (3′UTR) engineering can be used
to improve soluble expression by decreasing the stability of
mRNA (López-Garrido et al. 2014; Song et al. 2016), which
in turn leads to low local concentrations of polypeptide and
thereby the possibility of proper folding of protein may be
increased (Song et al. 2016). However, in order to produce a
heterologous protein that is difficult to express in E. coli, such
as eukaryotic membrane-binding proteins and IDPs, promot-
ing translation efficiency by controlling TIR region may be a
feasible strategy for expressing such intractable proteins
(Pandey et al. 2014).

Since the peptide fusion tag accounts for a small part over
the larger passenger protein, the peptide fusion tag does not
affect the structure or activity of the expressed passenger pro-
tein, and thus can be used without removing the tag in cases of
protein structure analysis or industrial enzyme use. However,
it is desirable that expression-promoting peptide tags are re-
moved when applied to therapeutic proteins, given the fact
that a variety of commercially available peptide affinity tags
are epitopes (Randolph 2012).

Membrane-binding proteins can be expressed using the
Mistic tag that translocates the passenger protein to the mem-
brane during its expression (Kefala et al. 2007; Lee et al.
2015b). However, most of the membrane-binding proteins
have been expressed as inclusion bodies due to their hydro-
phobicity, even if they are fused to the MBP or GST tag
(McCusker et al. 2008). Usually, the aggregation-prone tags
have been used for obtaining a high-level yield of protein
(Caroccia et al. 2011; Potetinova et al. 2012). However,
refolding of these proteins is a very intractable challenge.
Therefore, it is favorable to induce soluble expression if
possible.

In contrast, the insoluble expression is often preferred for
some proteins that are vulnerable to proteolysis and do not
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require tertiary structure or have a loose structure. Inclusion
body expression can increase protein yield and purification
efficiency so that the protein obtained as the inclusion body
can be easily recovered by centrifugation from cell lysates
followed by solubilization under mild reconstitution condi-
tions (Wei et al. 2018; Graether 2019). In addition, active
protein aggregation tags have been recently developed,
allowing simple recovery of a large amount of protein as a
manageable aggregate (Zhou et al. 2012).

In E. coli, most proteins are expressed in the cytoplasm due
to the lack of an extracellular secretion system. However, Ffu
and sfGFP fusion tags will allow extracellular secretion of the
passenger protein (Cheng et al. 2017; Zhang et al. 2017). A
commercialized periplasmic-translocating tag that includes
pelB and ompA can be used for periplasmic expression by
N-terminal tagging (Sockolosky and Szoka 2013).

Low-temperature culture is almost always required, even
when using the appropriate fusion tags to obtain soluble pro-
teins. It is also important to select the appropriate E. coli strain.
A variety of E. coli strains to meet various requirements have
been developed. These include E. coli capable of forming
disulfide bonds in the cytoplasm, good growth at low temper-
atures, expression of genes with rare codons of advanced or-
ganisms, and E. coli strains with poor protease activity and no
lipopolysaccharide. In addition, E. coli is inexpensive, capable
of rapid growth, and easy to handle and control. These attri-
butes make E. coli the preferred host for heterologous protein
production (Rosano and Ceccarelli 2014).

Conclusions

E. coli is the most powerful host for heterologous protein
expression, and various methods and techniques have been
developed for the expression and production of proteins of
interest. In particular, the use of proteins and peptides as fu-
sion tags is the surest method of increasing the expression of
the desired protein. Knowing the physicochemical properties,
including the pI, net charge, and GRAVYvalues of the protein
of interest, is helpful in selecting or designing the appropriate
fusion tag. By utilizing various bioinformatics tools, fusion
tags can be designed at the mRNA level to enhance the trans-
lation efficiency toward downstream protein by optimizing
the TIR. However, improving expression efficiency and in-
creasing soluble expression are different issues. For the latter,
it is important to induce proper protein folding, by lowering
the rate of translation and folding in the cytoplasm, or using
tags to help disulfide bonds. The aggregation-prone tags can
be considered for expression of the protein of interest, includ-
ing AMPs, IDPs, and GPCRs. Given the recent tendency to
use multi-tags to increase purification efficiency, proper selec-
tion and arrangement of affinity tags in conjunction with ex-
pression enhancing tags are required. Since the tag may need

to be removed, a protease recognition site is additionally
inserted between the tag and the target protein so that the tag
can be removed if necessary. Peptide tags may not be suffi-
cient to perform chaperone-like functions that aid proper fold-
ing of a protein compared to larger protein tags, but there is
room for development as solubility tags, because the N-
terminus is important for transcription and solubility of
proteins.
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