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Abstract
The Escherichia coli (E. coli) expression system has been widely used to produce recombinant proteins. However, in some
heterologous expressions, there are still difficulties in large-scale production. The use of fusion partners is one of the strategies for
improving the expression levels of proteins in E. coli host. Here, we demonstrate a novel fusion element, the NT11-tag, which
enhances protein expression. The NT11-tag was derived from the first 11 amino acid residues within the N-terminal N-half
domain of a duplicated carbonic anhydrase (dCA) from Dunaliella species. Previously, we have found that the tag improves
expression of the C-half domain of dCAwhen linked to its N-terminus. To verify its use as a protein production enhancer tag, two
kinds of CAs derived from Hahella chejuensis (Hc-CA) and Thermovibrio ammonifican (Ta-CA) and the yellow fluorescent
protein (YFP) were used as model proteins to measure their increased expression upon fusion with the NT11-tag. The NT11-tag
amplified protein expression in E. coli by 6.9- and 7.6-fold for Ta-CA and YFP, respectively. Moreover, the tag also enhanced the
soluble expression of Hc-CA, Ta-CA, and YFP by 1.7-, 5.0-, and 3.2-fold, respectively. Furthermore, protein yield was increased
without inhibiting protein function. These results indicate that the use of the NT11-tag is a promising method for improving
protein production in E. coli.
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Introduction

The discovery of recombinant DNA technology in the 1970s
initiated the era of recombinant protein expression, which has
been broadly applied in many fields including enzyme assays/
engineering, therapeutics, and agriculture (Jones and
Fayerman 1987). Several host organisms have been used to
express recombinant proteins. Of them, E. coli is the most
widely used expression host because of its rapid growth, high
protein yield, ease of culture, well set-up of gene manipula-
tion, and cost-effectiveness (Demain and Vaishnav 2009).
However, some recombinant genes are poorly expressed and

some proteins, even expressed, become aggregated or insolu-
ble forms. These remain the limitations in using E. coli ex-
pression systems (Peti and Page 2007; Terpe 2006).

Several methods have been used to optimize recombinant
protein production in E. coli. The strategy of using protein fusion
partners has been effective for increasing expression of target
proteins and inhibiting inclusion body formation (Esposito and
Chatterjee 2006). There are many well-known widely used fu-
sion partners: MBP (maltose-binding protein) (Kapust and
Waugh 1999), TrxA (thioredoxin) (Dyson et al. 2004), NusA
(N utilization substance A) (Kohl et al. 2008), GST
(Glutathione-S-transferase) (Hu et al. 2008), and SUMO (small
ubiquitin-related modifier) (Marblestone et al. 2006). Most of
them are 20–300 residues in length and sometimes—according
to the downstream applications—should be removed from the
target protein to prevent interference with the proper structure
and function of the target protein (Ramos et al. 2013). Removal
of the fusion tag can be difficult and could also induce protein
precipitation (Waugh 2011). In addition, short peptide tags have
also been developed to improve recombinant protein expressions
including poly-Lys, poly-Arg (Terpe 2003), Fh8 and histidine
tags (Costa et al. 2013).

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00253-018-09595-w) contains supplementary
material, which is available to authorized users.

* Seung Pil Pack
spack@korea.ac.kr

1 Department of Biotechnology and Bioinformatics, Korea University,
2511 Sejong-Ro, Sejong 30019, South Korea

Applied Microbiology and Biotechnology (2019) 103:2205–2216
https://doi.org/10.1007/s00253-018-09595-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-018-09595-w&domain=pdf
https://doi.org/10.1007/s00253-018-09595-w
mailto:spack@korea.ac.kr


In fact, recombinant protein production is controlled by
many factors, including the cloning vector types (Rosano
and Ceccarelli 2014; Sorensen and Mortensen 2005), in-
teraction of mRNA sequence with the ribosome (Shine
and Dalgarno 1975), codon usage, physiological stress
and cultivation performance (Chou 2007), translation ini-
tiation (Kozak 2005), mRNA stability and initial phase of
elongation (Bivona et al. 2010). The translation initiation
region (TIR) sequence is also one of the important factors
for target protein synthesis because it promotes interaction
with rRNA that initiates translation (Allen et al. 2005).
Specifically, the folding free energy of the region between
− 10 and + 35 has the greatest influences on prokaryotic
translation efficiency. Accordingly, it is required to opti-
mize the nucleotide sequences around the TIR for high-
level protein production.

Previously, we found an interesting result in recombinant
protein expression by designing a chimeric carbonic
anhydrase (CA) based on an internally duplicated CA from
Dunaliella species (Dsp-CA). Although both N-half/C-half
domains of Dsp-CA have structures similar to that of a known
CA (PDB ID: 1y7w), only the C-half domain (GenBank:
MH636012), termed as Dsp-CA-c, exhibited enzymatic activ-
ity, albeit with lower expression. In contrast, the expression
level of N-half domain of Dsp-CA, termed as Dsp-CA-n, was
high. The first ten amino acid residues of Dsp-CA-c were
replaced with the NT11 sequence (VSEPHDYNYEK) of
highly expressed Dsp-CA-n. The resulting Dsp-nCA-c con-
struct (GenBank: MH613347) showed a 2-fold increase in
soluble expression and enzyme activity compared to the
Dsp-CA-c (Ki et al. 2016). These results suggested that
NT11 sequence might work as a protein enhancement tag
for the CAs expressed in E. coli.

In this study, we investigated whether the NT11 could
function as a protein production enhancement tag for oth-
er CAs. Specifically, we measured the expression of Hc-
CA, a CA from Hahella chejuensis that is highly active in
alkaline conditions but is mostly expressed in an insolu-
ble form (Ki et al. 2013), and Ta-CA, one of the most
thermostable CAs (Di Fiore et a l . 2015) f rom
Thermovibrio ammonificans, which is also poorly
expressed in E. coli host system. Moreover, we tested
YFP (yellow fluorescent protein—a variant of GFP), the
gene codon of which was optimized for mammalian cell
expression and that is expressed in low abundance in
E. coli. In the NT11-tag fusion expression system, the
coding sequence of NT11-tag is located within TIR,
which might affect the expression levels of recombinant
protein via interacting with the ribosomal interaction re-
gion. The resulting recombinant fusion proteins were
assessed for their production yields, native structure, and
function changes compared to their untagged forms to
determine the effects of the NT11-tag.

Material and methods

Strains, plasmids, and reagents

DH5α and BL21 (DE3) Escherichia coli (Agilent
Technologies Inc., Santa Clara, CA, USA) were used as the
host cells for the cloning and expression system, respectively.
The expression vectors were constructed using the plasmids
pET42b(+) and pET22b(+), from Novagen Inc. (Madison,
WI, USA). Antibiotics, isopropyl β-D-thiogalactopyranoside
(IPTG), p-nitrophenyl acetate (p-NPA), phenylmethylsulfonyl
fluoride (PMSF), lysozyme, and DNase were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). EDTA-free prote-
ase inhibitor (Halt Protease Inhibitor Cocktail) and protein
assay reagents were obtained from Thermo Fisher Scientific
Inc. (Rockford, IL, USA). All the reagents used in the exper-
iments were of analytical grade.

Construction of fusion vectors

To investigate the influence of the NT11-tag in protein expres-
sion, model proteins were selected and designed with an
NT11-tag at the N-terminus and a His-tag at the C-terminus
(Fig. 1). The Dsp-short CA-c (termed Dsp-sCA-c) was de-
rived from Dsp-nCA-c, in which the NT11-tag at N-
terminus was deleted. The Hc-CA gene, which was 50% iden-
tical to the other CAs (PDB ID: 1KOP and 1Y7W from
Neisseria gonorrhoeae and Dunaliella salina, respectively),
was amplified by PCR from pET42b-Hc-CA OPT (Ki et al.
2013) using forward and reverse primers. The cDNA se-
quences encoding Ta-CA (PDB ID: 4C3T_A) was synthe-
sized (GenScript, Piscataway, NJ, USA). The cDNA se-
quences encoding Hc-CA and Ta-CA as well as the NT11-
tag were used as templates in overlap extension PCR to obtain
the NT11-Hc-CA (GenBank: MH636008), and NT11-Ta-CA
(GenBank: MH636009) fusion genes. In addition, the cDNA

Fig. 1 Linear diagrams of target proteins with or without the N-terminal
NT11-tag (dark upward diagonal box) and with the C-terminal His-tag
(black box)
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sequence of YFP was amplified by PCR from pcDNA3YFP
that was a gift from Doug Golenbock (Addgene plasmid no.
13033; http://n2t.net/addgene:13033; RRID:Addgene_
13033) and NT11-YFP gene (GenBank: MH636010) was al-
so amplified by PCR using the cDNA sequence of YFP as a
template. All the PCR reactions were carried out in a standard
method for 30 cycles (cycling parameters: denaturation at
94 °C for 30 s, annealing at 64 °C for 60 s, and extension at
72 °C for 60 s), and final extension was carried out at 72 °C for
6 min. The primers used in the PCR reactions are listed in
Table 1. The signal sequences of CAs were removed for max-
imal cytoplasmic expression in E. coli.

Finally, the PCR products were cloned into the T-easy
vector to produce the recombinant plasmids and trans-
formed into DH5α E. coli for amplification. The presence
of the cloned genes was confirmed by automated DNA
sequencing (Cosmogen Tech. Co., Seoul, Korea). The
fragments resulting from digestion of the T-vector with
NdeI/HindIII (Dsp-sCA-c, Hc-CAs, and YFPs) and NdeI/
XhoI (Ta-CAs) were subcloned into the digested pET42b
and pET22b vectors, respectively, to construct the pro-
karyotic expression vectors, pET42b/Dsp-sCA-c,
pET42b/Hc-CA, pET42b/NT11-Hc-CA, pET42b/YFP,
pET42b/NT11-YFP, pET22b/Ta-CA, and pET22b/NT11-
Ta-CA. E. coli BL21 (DE3) was transformed with the
expression vectors, and the transformants were selected
on LB agar plates supplemented with kanamycin (25 μg/
mL) for pET42b vectors or ampicillin (100 μg/mL) for
pET22b vectors.

Expression and purification of recombinant proteins

All recombinant proteins were expressed in BL21 (DE3)
E. coli and purified using nickel immobilized metal affinity
chromatography as described previously (Jo et al. 2014; Ki
et al. 2016; Min et al. 2016). To express Dsp-CAs or YFPs,
BL21 (DE3) E. coli containing the expression vector was
grown to 0.6–0.8 optical density (OD) at 600 using a UV-
Vis spectrophotometer (Mecasys Co Ltd., Daejeon, Korea),
followed by the addition of IPTG to a final concentration of
0.1 mM and incubated overnight at 20 °C. The expression of
Hc-CAs or Ta-CAs was the same as described above except
that the cells were cultured at 37 °C after IPTG addition. The
cell pellet was dissolved in lysate buffer, and cell disruption
was performed by sonication (Branson Digital Sonifier 250,
Connecticut, USA) with an amplitude of 30%, processing
time 5 min, ON time 1 s, OFF time 3 s, and the sample was
kept on ice during sonicating. The proteins were purified
using a HisPur Ni-NTA Superflow Agarose column
(Thermo Fisher Scientific, Rockford, IL, USA), as previously
reported, and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE using 10%
polyacrylamide gels). To compare total expression levels on
SDS-PAGE between the proteins with and without NT11, we
loaded each sample with the same volume (10 μL) from
20 mL of cell lysate recovered from 200 mL culture broths
incubated under the same conditions. In case of soluble frac-
tions, each purified protein pooled in the same volume of
elution buffer and of which 10 μL was used. The proteins

Table 1 Oligonucleotides used
for overlap extension PCR Target genes Forward Primers (5′-3′) Reverse Primers (5′-3′)

Dsp-sCA-c CATATGCACGGTTTCGACTGGCGTGACA
(NdeI)

AAGCTTAGCAGCAGCACCGT
TGTAACCGTA (HindIII)

Hc-CA CATATGTGGGGTTACGATGAGCCGGA
GCGT (NdeI)

AAGCTTGTGCAGGATGATAC
GCGCAT (HindIII)

AAGCTTGTGCAGGATGATAC
GCGCAT (HindIII)

NT11-Hc-CA F1: CATATGGTTTCTGAACCGCACGACTA
CAACTACG (NdeI)

F2: GAACCGCACGACTACAACTA
CGAAAAATGG

F3: AACTACGAAAAATGGGGTTA
CGATGAGCCG

NT11-TaCA F1: CATATGGTTTCTGAACCGCACGACTA
CAAC (NdeI)

CTCGAGCTTCATCACTTTAC
GGGCATTCA (XhoI)

F2: CGCACGACTACAACTACGAA
AAAGGTGGTGGCGCTC

YFP CATATGGTGAGCAAGGGCGAGGAGCT
GT (NdeI)

AAGCTTCTTGTACAGCTCGT
CCATGCCG (HindIII)

NT11-YFP F1: CATATGGTTTCTGAACCGCACGACTA
CAACTACG (NdeI)

F2: CGACTACAACTACGAAAAAG
TGAGCAAGGGCGAG

Underlined regions in the sequences indicate the locations of the cut sites. F1, F2, and F3 are the primers used for
NT11 fusion in overlap extension PCR
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were transferred onto polyvinylidene fluoride (PVDF) micro-
porous membrane (Millipore Cor., Merck, Darmstadt,
Germany) by a semi-dry transfer (HorizBLOT 2 M, Atto
Co., Osaka, Japan). The recombinant proteins with His-tag
on membrane were probed with a mouse monoclonal His-
tag antibody (Millipore Cor., Merck, Darmstadt, Germany)
and IR-dye 800CW-conjugated goat anti-mouse IgG as sec-
ondary antibody. The detection of antibody reactivity was
accomplished by the Odyssey infrared imaging system (LI-
COR Biosciences, Lincoln, NE, USA). Protein concentration
was determined using the Bradford method (Thermo Fisher
Scientific, Rockford, IL, USA).

Native PAGE and SEC

The oligomerization states of proteins were determined by
native PAGE using 10% gels in the absence of reducing agents
or denaturing detergents. Proteins were dissolved in a sample
buffer without heating. For size-exclusion chromatography
(SEC), the purified protein using Ni-NTA was injected onto
a HiLoad 16/600 Superdex 200 pg column (GE Healthcare,
Chicago, IL, USA), by a 500 μL loop at 0.5 mL min−1 using
an ÄKTA Prime Plus FPLC system (GE Healthcare, Chicago,
IL, USA). The mobile phase was 20 mM Tris–SO4, 0.15 M
NaCl, pH 7.6.

Enzyme activity assay

The esterase activity of the CAwas determined spectrophoto-
metrically using p-NPA, a chromogenic substrate at 348 nm
using a standard modification (Verpoorte 1967). The reaction
was initiated by adding 100 μL of freshly prepared 3 mM p-
NPA to 200 μL of 20 mM Tris–SO4 buffer (pH 7.6) contain-
ing CA (catalyzed reaction) or a buffer control (uncatalyzed
reaction) and continuously monitored steadily for 10 min
using a microplate reader (Infinite M200 PRO, TECAN,
Austria). The activity was calculated from the amount of re-
leased p-nitrophenol (p-NP) from p-NPA, and one enzyme
unit is defined as the formation of 1 nmol of p-NP per min.

The CO2 hydration activity of CAwas determined by mon-
itoring the time required for the pH of the reaction mixture to
change from 8.3 to 7.0. Four micrograms of CA (1–3 μL) was
added to 0.6 mL of ice-cold 20 mM Tris–SO4 buffer with
phenol red 0.004% (pH 8.3). The reaction was initiated by
adding 0.4 mL of ice-cold CO2-saturated water. The pH was
monitored every 2 s during the 100-s incubation period. CA
activity is expressed in Wilbur-Anderson unit (WAU) per mg
of protein used (Wilbur and Anderson 1948). WAU is defined
as (t0−t) / t, where t0 and t are recorded as the time required for
the pH to decrease from 8.3 to 7.0 in the buffered control
(uncatalyzed reaction) and CA solution (catalyzed reaction),
respectively.

FACS and fluorescence spectrometry

The E. coli (BL21) expressing Hc-CA was used as a non-
fluorescence control. The culture broths of E. coli (BL21)
expressing YFP, NT11-YFP, and Hc-CA grown under the
same conditions described above were pelleted, washed twice
with PBS (pH 7.4), resuspended in PBS, and then transferred
to a 5-mL round bottom tube, respectively. Fluorescence-
activated cell sorting (FACS) analysis was carried on a
MoFlo™ XDP Cell Sorter (Beckman Coulter, IN, USA).
The events (5 × 104) were counted, but only 80% of the main
population of cells was analyzed. The cells passed through a
488-nm laser beam, and the emission signal was filtered using
a 529 ± 14-nm FL1 band pass filter. The light signals emitted
from the cells were converted to a voltage value; a minimum
voltage value (400 V) was used. The data were analyzed using
the Summit software, version 5.3.

The fluorescence proteins were diluted to 0.01mg/mL in
50 mM Tris–SO4 (pH 7.6), and their fluorescence intensities
were measured using a fluorescence spectrometer (Cary
Eclipse Fluorescence Spectrophotometer, Agilent
Technology, CA, USA). The emission intensity was measured
from 490 to 700 nm for YFP and NT11-YFP at an excitation
wavelength of 400 nm.

RNA secondary structure prediction and analysis

The free energy of mRNA structure with + 200 mRNA se-
quence from transcription mRNA after T7 promoter was ana-
lyzed and compared by mRNA structure analyzer (http://rna.
urmc.rochester.edu/RNAstructureWeb; Bellaousov et al.
2013) in 293.15 or 310.15 K, which is the induction
conditions of Dsp-CAs and YFPs (20 °C), or those of Hc-
CAs and Ta-CAs (37 °C), respectively. We also estimated
ΔGUTR values, which show the ribosome binding ability with
mRNA − 25 of the untranslated region from AUG and + 35
from N-terminus of coding sequences, by UTR designer
(https://sbi.postech.ac.kr/utr_library/; Seo et al. 2013).

Results

Expression and purification of CA

In our previous work, the replacement of the first ten residues
of Dsp-CA-c with NT11 sequence was found to show an
expression enhancement, which also leads to the increase in
the soluble protein yield, enzyme activity, and thermostability
(Ki et al. 2016). We tested whether the NT11 sequence could
act as an additional peptide tag for other CA gene expression
enhancement. Several sequences of α-CAs were investigated
by amino sequence alignment analysis (Fig. S1 of
supplementary materials). We selected Hc-CA (a CA from
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Hahella chejuensis) and Ta-CA (a CA from Thermovibrio
ammonificans) as model target CA proteins. Hc-CA is highly
active in alkaline conditions but is mostly expressed in an
insoluble form (Ki et al. 2013), and Ta-CA is highly thermo-
stable CAs (Di Fiore et al. 2015), but it is also poorly
expressed in E. coli host system. In the sequence alignment
with Dsp-sCa-c (Fig. S2 of supplementary materials), Hc-CA
and Ta-CA showed several regions with high conservation,
including the Zn-binding site and the active site, though their
identity was not high. Dsp-sCA-c and Hc-CA exhibit 22%
identity, Dsp-sCA-c and Ta-CA exhibit 25% identity, and
Hc-CA and Ta-CA exhibit 47% identity.

NT11-tag was fused to the N-termini of Hc-CA and Ta-CA
to form NT11-Hc-CA and NT11-TaCA, respectively. The Ta-
CA genes were inserted into pET22b(+), while all the other
CA genes were inserted into pET42b(+). All constructs were
successfully expressed in BL21 (DE3) E. coli. To determine
the effects of the NT11-tag on the biochemical properties of
CA, cloning and expressing of target genes should follow

almost the same system using Dsp-nCA-c [pET42b(+),
BL21 (DE3)] containing a C-terminal poly His-tag as was
done in the previous study.

The induction conditions were optimized to obtain the
highest protein expression levels. The pellets were dissolved
in lysis buffer (50 mM Tris-sulfate, 300 mM NaCl, and 1%
glycerol, pH 7.6). Protein constructs were purified from the
soluble fraction obtained from sonication and centrifugation
using HisPurTM Nickel resin according to the manufacturer’s
protocol (Thermo Fisher Scientific Inc., Waltham,MA, USA).

At the conditions for optimum protein expression, the yield of
proteins with and without NT11-tag was calculated (Table 2), as
shown in Fig. 2. Under denaturing and reducing conditions, all
the model proteins were observed at a molecular weight identical
to their expected sizes (Table 3). The presence of the NT11-tag
on the proteinmolecular weight was negligible owing to the very
small size of the NT11-tag (1.38 kDa).

The total yield increase of Dsp-sCA-c was 1.5-fold a little
lower than that of Dsp-nCA-c. Interestingly, the NT11-tag

Table 2 Biochemical properties
of proteins with and without the
NT11-tag

Protein Total protein
yield (mg/L)

Soluble protein
yield (mg/L)

Esterase activity
(U/mg)

CO2 hydration
activity (WAU/mg)

Hc-CA 553.2 ± 99.4 4.2 ± 0.1 71.4 ± 3.8 3916.7 ± 1804.2

NT11-Hc-CA 616.9 ± 128.1 7.3 ± 0.5 106.6 ± 7.4 4958.3 ± 1804.2

Ta-CA 64.76 ± 13.7 6.0 ± 0.1 63.8 ± 5.0 12,169.3 ± 2553.4

NT11-TaCA 449.2 ± 73.6 30.5 ± 0.2 80.9 ± 7.2 9658.4 ± 2253.0

YFP 59.0 ± 10.5 5.1 ± 0.02

NT11-YFP 450.1 ± 78.3 16.3 ± 0.6

Fig. 2 SDS-PAGE analysis of
CAs expressed in E. coli (BL21)
with and without the NT11-tag
and comparison of their total and
soluble protein yields: total
protein yield (a, c) and soluble
protein yield (b, d). M: marker;
lane 1: Dsp-sCA-c; lane 2: NT11-
Dsp-CA-c; lane 3: Hc-CA; lane 4:
NT11-Hc-CA; lane 5: Ta-CA;
lane 6: NT11-TaCA
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significantly enhanced the expression of Ta-CA up to 6.9-fold.
However, the difference in protein yield was not large between
Hc-CAwith and without the tag. To further analyze the effects
of the NT11-tag, the expression levels of soluble proteins were
also measured. Expression of the soluble forms of Dsp-sCA-c,
Hc-CA, and Ta-CA is difficult to detect using small volumes
of culture (2 mL). Thus, 200 mL of culture was used to deter-
mine the soluble protein yields of all proteins. Dsp-sCA-c was
completely insoluble, while Dsp-nCA-c showed a high solu-
ble yield of 21.7 mg/L. The NT11-tag clearly increased the
expression of soluble Dsp-sCA-c in E. coli. Likewise, the
NT11-tag also increased the expression of soluble Hc-CA
and Ta-CA. From the same volume of bacterial culture, the
yield of soluble NT11-Hc-CAwas 1.7-fold higher than that of
untagged Hc-CA, even though the ratio of the soluble to the
insoluble fraction was low compared to a previously reported
value (Min et al. 2016). Probably the difference in expression
vector affected Hc-CA yield, this study used pET42b(+),
while the previous study used the pETDuet vector. Here, the
soluble yield of Ta-CAwas low (approximately 6 mg/L) and
consistent with values reported previously (Jo et al. 2014), it
was about 6 mg/L. However, the soluble expression was
changed up to 5-fold by fusion of the NT11-tag.

Structure of fusion CA

Regarding the native structure of the proteins, native PAGE
analysis revealed that the Hc-CAs primarily exist as
multimeric forms (Fig. 3a). As previously reported, Ta-CA
forms a tetrameric complex that is stabilized by intermolecular
disulfide bonds (James et al. 2014), which inhibits protein
migration in native gels. Under non-denaturing condition,
Ta-CAs could not be visualized using either 10 or 7% native
gels. However, immunoblot analysis of purified Ta-CAs
showed a predominant band indicative of a monomer and
another band indicative of the dimeric form in the presence

of β-mercaptoethanol (Fig. 3b). Furthermore, the oligomeric
states of Ta-CA and NT11-Ta-CA were identical in the ab-
sence of β-mercaptoethanol. In this condition, two types of
monomers were observed: one contains the intramolecular
disulfide bond (between Cys28 and Cys183 in Ta-CA se-
quence) which only partially formed in the structure (James
et al. 2014), while the other does not. Size-exclusion chroma-
tography suggested that the dimeric state is the predominant
form for Ta-CAs (Fig. 3c).

Enzyme activity of CA

To assess whether the NT11-tag interferes with the active site
of CA and alters their enzymatic activities, the activities of the
CAwere measured by esterase and CO2 hydration assays. The
results were analyzed and are shown in Table 2 and Fig. 4.
Approximately, 80% of CO2 hydration activity was retained in
NT11-TaCA. The NT11-tag increased the esterase activity of
Hc-CA and Ta-CA, as well as the hydration reaction of CO2 in
Hc-CA.

Biochemical properties of YFP and NT11-YFP

YFP gene from mammalian expression vector pcDNA3YFP
was inserted into E. coli expression vector, pET42b. In fact,
the gene codon of YFP used here was not optimized for E. coli
but optimized for mammalian cell expression. As expected,
YFP in pET42b exhibited a relatively low expression level
compared to YFP whose gene codon had been optimized for
E. coli expression. We tested whether NT11 could increase the
expression level of non-optimized YFP gene in E. coli by
fusing NT11 to the YFP. FACS cytometry analysis of YFP
and NT11-YFP recombinant E. coli indicated a higher fluo-
rescent signal for NT11-YFP than YFP. The data displayed
that small amount of YFP recombinant E. coli cells were in-
duced and produced a small amount of YFP protein, while the

Table 3 Properties of the target
proteins (NT11-tagged or not)
used in this study

MW
(kDa)

pI Net charge at
pH 7.6

GRAVY mRNA free
energy

ΔGUTR Expression
level

Dsp-sCA-c 30.3 5.21 − 15.4 − 0.293 − 71.5 − 5.69 191,671.66

Dsp-nCA-c 31.54 5.08 − 17.4 − 0.358 − 70.4 − 8.89 1,147,732.83

Hc-CA 26.32 6.37 − 8.2 − 0.585 − 60.2 − 7.44 510,075.53

NT11-Hc-CA 27.69 6.25 − 10.2 − 0.647 − 51.7 − 8.89 1,147,732.83

Ta-CA 27 9.21 5.5 − 0.588 − 61 − 4.39 92,637.48

NT11-TaCA 28 8.71 3.5 − 0.65 − 56.9 − 8.89 1,147,732.83

YFP 28.79 6.66 − 6.4 − 0.517 − 101.7 − 4.34 90,082.76

NT11-YFP 30.7 6.38 − 8.3 − 0.59 − 87.2 − 8.89 1,147,732.83

The mRNA free energy was analyzed by mRNA structure analyzer (http://rna.urmc.rochester.edu/
RNAstructureWeb). ΔGUTR and expression level were calculated by UTR Designer (https://sbi.postech.ac.kr/
utr_library/) for reverse engineering

MW molecular weight, pI isoelectric point, GRAVY grand average of hydrophathy

2210 Appl Microbiol Biotechnol (2019) 103:2205–2216

http://rna.urmc.rochester.edu/RNAstructureWeb
http://rna.urmc.rochester.edu/RNAstructureWeb
https://sbi.postech.ac.kr/utr_library
https://sbi.postech.ac.kr/utr_library


others were not and only produced non-fluorescent proteins,
like in the control sample (Fig. 5a). Interestingly, we found
that the total protein expression of NT11-YFP was significant-
ly amplified up to 7.6-fold compared to that of YFP (Fig. 5b–
d). Accordingly, the NT11-YFP had a 3.2-fold higher soluble
protein yield than that of YFP under the same conditions.

Regarding the native structures of the proteins, YFP with
and without the NT11-tag were both dimeric and exhibited no
substantial change in size (Fig. 5e). Moreover, they displayed
the same fluorescence emission spectra with the peak at
530 nm by scanning range from 490 to 700 nm at an excitation
wavelength of 400 nm (Fig. 5f).

Fig. 4 Effect of the NT11-tag on
the enzyme activity of CA. a
Esterase activity. b CO2 hydration

Fig. 3 Analysis of protein
structure. a Native PAGE of Hc-
CA protein using a 10% gel (M:
marker, lane 1: Hc-CA, lane 2:
NT11-Hc-CA). b
Immunoblotting of Ta-CAwith
His-tag antibody. The
intrasubunit disulfide bond was
formed in monomer 1, but not in
monomer 2. Lanes 1 and 2: Ta-
CA and NT11-Ta-CA in the
presence of β-mercaptoethanol
(MeSH). Lanes 3 and 4: Ta-CA
and NT11-Ta-CA in the absence
of β-mercaptoethanol (No
MeSH). c Size-exclusion
chromatography for the
multimerized form of Ta-CAwith
and without the NT11-tag
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Discussion

In previous work, we designed a chimeric CA by replacing the
first ten amino acid residues of active Dsp-CA-c with the
NT11 sequence (VSEPHDYNYEK) of Dsp-CA-n. The
resulting Dsp-nCA-c construct showed a 2-fold increase in
protein expression and enzyme activity compared to the
Dsp-CA-c (Ki et al. 2016). From the results, we initiated this
study to investigate whether the NT11 could function as a
protein production enhancement tag for the other CAs
expressed in E. coli.

To develop an efficient enzymatic carbon sequestration
process, CAs, in particular highly active and stable at high
pH and temperatures, have been considered as prominent
biocatalysts. Therefore, the recombinant production of such
CAs in large quantities should be achieved. Among the
CAs, Hc-CAwas reported as highly active in alkaline condi-
tions (Ki et al. 2013), whereas Ta-CA exhibited high thermo-
stability and activity, making them ideal biocatalysts (Di Fiore
et al. 2015; James et al. 2014). Hc-CA and Ta-CAwere both
chosen as model proteins in this study since both CAs are

expressed poorly with a low yield in E. coli. Meanwhile, as
another model protein, we selected YFP originated from
mammalian expression vector, pcDNA3YFP. The YFP cloned
into pET42b shows low expression level in E. coli, since its
codon is not optimized for E. coli. We tested whether NT11
could increase the expression level of non-optimized YFP
gene by fusing NT11 to the YFP.

To improve the expression levels of the target proteins, we
focused on the − 10 to + 35 region in the bacterial ribosomal
binding region. As observed for the chimeric protein, Dsp-
nCA-c, the nucleotide segments that encode for the initial 11
amino acid residues could contribute to their high expression
levels. Removal of the NT11-tag from Dsp-nCA-c (resulting
in Dsp-sCA-c) decreased the protein yield from 185 to
120.7 mg/L, and all protein of Dsp-sCA-c was insoluble.

When the NT11-tag was introduced to the model proteins,
the total expression levels of all model proteins were in-
creased. The NT11-tag not only enhanced expression of the
α-type CA, such as Dsp-sCA-c, Hc-CA, and Ta-CA, but also
that of YFP. Since the NT11-tag would not disrupt the native
structure or soluble enzyme activity, there might be no need

Fig. 5 Biochemical properties of YFP and NT11-YFP. a Expression
levels of YFP and NT11-YFP in E. coli as assessed by FACS. Black:
control (Hc-CA recombinant E. coli cells); Orange: YFP recombinant
E. coli cells; Green: NT11-YFP recombinant E. coli cells. SDS-PAGE
analysis of YFP expression in E. coli (BL21): b total protein and c

purified-soluble protein (M: marker; lane 1: YFP; lane 2: NT11-YFP).
d Comparison of YFP and NT11-YFP protein yields. e Native PAGE of
YFP and NT11-YFP using a 10% gel (M: marker; lane 1: YFP; lane 2:
NT11-YFP). f Spectroscopic intensity measurements of YFP (black line)
and NT11-YFP (green line) in 50 mM Tris–HCl, 150 mM NaCl, pH 8.0

2212 Appl Microbiol Biotechnol (2019) 103:2205–2216



for cleavage of the tag. The SDS-PAGE, native PAGE, im-
mune-blotting, and SEC results indicated that a negligible
difference between the structures of the proteins with and
without the NT11-tag. Moreover, the fluorescence intensity
of NT11-YFP was consistent with that of the untagged YFP.
These data confirmed that the NT11-tag does not have any
severe effect on YFP structure. In short, the structures of the
model proteins might not be altered by the NT11-tag.

The expression levels of Ta-CA and YFP were amplified
6.9- and 7.6-fold by inclusion of the NT11-tag. These data
suggest that the NT11-tag can be used to produce large
amounts of protein. This is especially useful for production
of proteins needed for industrial applications and structural
analyses, such as nuclear magnetic resonance (NMR) and X-
ray crystallography, which often require high concentrations
of protein (Christendat et al. 2000; Yee et al. 2003). In addi-
tion, the soluble expression levels were also increased. Even
though some proteins might be insoluble forms, the large
amount of the expressed proteins has advantages in the
refolding process. There are several refolding strategies, such
as dialysis (Tsumoto et al. 2003; Umetsu et al. 2003), addition
of amino acids (Kudou et al. 2011; Ohtake et al. 2011; Reddy
et al. 2005), glycerol (Kohyama et al. 2010; Timasheff 2002),
or cyclodextrins (Sharma and Sharma 2001; Vandevenne et al.
2011) and use of microfluidic chips (Yamaguchi et al. 2010).

Recently, a quantitative prediction method such as UTR
Designer can be used to optimize the nucleotide sequences
around the TIR for high-level protein production based on
the calculated ΔGUTR value (Seo et al. 2013). Therefore, at
the nucleotide level, the ΔGUTR values of all the fusion pro-
teins calculated by UTR designer were − 8.89 (Table 3.). This
value suggests that the secondary structure of the mRNA has
higher flexibility and could interact more readily with the
ribosome during translation initiation and extension. Also, it
is worth noting that the shift in theΔGUTR value caused by the
addition of the NT11-tag might be related with whether this
strategy should be used for enhancing both the total yields of

proteins. As observed for Dsp-sCA-c, Ta-CA, and YFP, the
shifts in theΔGUTR value were 3.2, 4.5, and 4.55, respectively
(Table 3), which may be involved in such significantly im-
proved total and yields of NT11-tagged proteins. In contrast,
the shift in the ΔGUTR value for Hc-CA (1.45) caused by the
addition of the tag was insufficient, not inducing a remarkable
increase in expression of NT11-Hc-CA.

The NT11 tag also enhanced the soluble expression of Hc-
CA, Ta-CA, and YFP by 1.7-, 5.0-, and 3.2-fold, respectively.
The sequence contains nine hydrophilic amino acids.
Considering the low pI (4.42) and grand average of hydropa-
thy (GRAVY) value (− 1.99), the NT11 tag is an acidic pep-
tide. It is possible that the formation of a large net-negative
charge around the tag increases electrostatic repulsion,
resulting in inhibition of protein aggregation (Su et al. 2007;
Zhang et al. 2004). In addition, the GRAVYvalues of all target
proteins would become more negative, indicating higher hy-
drophilicity. In addition, the mRNA free energy of Dsp-nCA-
c, NT11-Hc-CA, NT11-TaCA, and NT11-YFP systems are −
70.4, − 51.7, − 56.9 and − 87.2, respectively (Table 3), indi-
cating that the mRNA structure of NT11-tagged proteins is
more unstable than the NT11-untagged ones. This means that
the transcript of NT11-tagged genes could be more linearized
form, which is favorable for subsequent protein translation
(Kudla et al. 2009). However, further researches are required
to reveal how the NT11-tag promotes the soluble fraction in
the expression of fusion protein in E. coli.

A major disadvantage for using expression enhancement
tags is that they can interfere with the structure of the target
protein, causing unexpected effects on oligomerization.
Therefore, they should be removed for structural and function-
al applications (Waugh 2005; Young et al. 2012). Tag removal
has some drawbacks (Butt et al. 2005; Esposito and Chatterjee
2006; Li 2011; Waugh 2011), particularly resulting in de-
creased protein yield because of precipitation and aggregation
after cleavage. Regarding the esterase activity of Hc-CAs and
Ta-CAs, both displayed values consistent with previous

Table 4 Properties of NT11 compared to other expression-enhancing fusion partners

Tag Tag size (aa) pI MW tag (kDa) GRAVY Model proteins References

MBP 396 4.82 43 − 0.415 UCP1 Douette et al. (2005)

GST 211 6.51 26 − 0.369 GFP Tessema et al. (2006)

SUMO ~ 100 4.96 11 − 0.978 GFP, MMP13, GDF8 Marblestone et al. (2006)

mysB 124 3.36 14 − 0.831 EK, GFP Su et al. (2007)

NusA 495 4.26 55 − 0.278 RVS167, SPO14, YPK1, YPK2,
Frutalin and CP12

Costa et al. (2013)

Fh8 69 5.7 8 − 0.773 RVS167, SPO14, YPK1, YPK2,
Frutalin and CP12

Costa et al. (2013)

Poly-Arg 6 13.2 0.96 − 4.5 BPTI-22 Kato et al. (2007)

Poly-Lys 5 11.4 0.66 − 3.9 BPTI-22 Kato et al. (2007)

NT11 11 4.42 1.38 − 1.99 CAs, YFP This study
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reports (Jo et al. 2014; Ki et al. 2013). Interestingly, the NT11-
tag not only retained but also increased esterase activity of the
model proteins. Owing to its small size, the tag did not inter-
fere with passenger proteins, since there was no effect on the
active sites containing zinc ions. Similarly, the CO2 hydration
ability of NT11-tagged proteins was negligibly different com-
pared to that of their non-tagged counterparts. Ta-CA is an
excellent candidate for CO2 capture at the industrial scale
because of its high activity and thermostability (James et al.
2014; Jo et al. 2014). In such view point, NT11-Ta-CA could
be a promising choice for use in enzymatic CO2 capture pro-
cess development owing to its high expression, CO2 hydration
activity, and thermostability.

Up to now, a wide variety of protein expression tags have
been used, such as MBP, GST, SUMO, mysB, and NusA.
Most of them are larger than the NT11-tag in size, and their
GRAVY value is higher than that of NT11-tag (Table 4).
Among the fusion partners reported by Su’s group (Su et al.
2007), msyB (a 14 kDa acidic protein from E. coli) was com-
parable to the well-known, 55 kDa, acidic solubility enhancer,
NusA (Costa et al. 2014). By fusing the partners to two target
proteins (enterokinase EK and GFP), the acidity was found to
greatly contribute to the enhancement of fusion protein solu-
bility (Su et al. 2007). Nonetheless, the retention of native
structure and function were not measured in that study. In
addition, both model proteins were acidic, whereas our study
applied an acidic fusion partner (the NT11-tag) to both acidic
proteins (Dsp-sCA-c, Hc-CA, and YFP) and also a basic pro-
tein (Ta-CA). It has also been reported that EspA (20.6 kDa
E. coli secreted protein A) is an effective fusion partner be-
cause owing to the high affinity between EspA and EspA-
specific monoclonal antibody, this tag is convenient for pro-
tein purification. Nevertheless, it must be removed from the
protein by enterokinase, because of its size and high immuno-
genic property. While EspA can increase the solubility of GFP
from 40 to 90% (Cheng et al. 2010), the NT11-tag increased
expression of YFP by 760%.

Short peptide tags have also been reported, such as poly-
Lys, poly-Arg, Fh8, and H tag. In comparison, the size and
GRAVYvalue of the NT11-tag are less than those of the Fh8
tag (8 kDa, − 0.773, respectively) (Costa et al. 2013). Based
on its size, Fh8 can lead to an overoptimistic assessment in its
effect on soluble protein expression. The NT11, acidic short
peptide tag, shows higher GRAVY value than poly-Arg and
poly-Lys, though their sizes are similar one another.
Interestingly, poly-Lys and poly-Arg tags have also been re-
ported to function as protein solubility enhancement factors
for insoluble proteins (Kato et al. 2007); however, they are
basic peptides and also their influence on protein activity has
not been fully investigated. Further comparative studies could
be interesting, in particular, to reveal how each short tag pro-
motes the soluble fraction in the expression of fusion protein
in E. coli.

In conclusion, we investigated NT11 as an effective fusion
partner for improving total protein expression yields of recom-
binant proteins in E. coli. The NT11-tag with 11 amino acids
possesses an appropriate acidity, and not only enhances pro-
tein expression but also maintains the structural stability and
enzyme activity of the proteins without cleavage. The enzyme
activity of the NT11-tag fused CAs was increased slightly.
The native structure and function of the fusion proteins were
carefully evaluated. The NT11-tag on model CAs did not
cause a severe change in conformation or enzyme activity
and had no effect on the fluorescence intensity of YFP.
Owing to its small size and lack of influence on the biochem-
ical properties of the target proteins, the tag can remain on the
proteins in further experiments. The NT11-tag is an ideal can-
didate for enhancing recombinant protein expression in
E. coli.
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