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Introduction

Cre recombinase is widely used to manipulate DNA sequences for both in vitro and in vivo
research. Attachment of a trans-activator of transcription (TAT) sequence to Cre allows TAT-
Cre to penetrate the cell membrane, and the addition of a nuclear localization signal (NLS)
helps the enzyme to translocate into the nucleus. Since the yield of recombinant TAT-Cre is
limited by formation of inclusion bodies, we hypothesized that the positively charged
arginine-rich TAT sequence causes the inclusion body formation, whereas its neutralization by
the addition of a negatively charged sequence improves solubility of the protein. To prove
this, we neutralized the positively charged TAT sequence by proximally attaching a negatively
charged poly-glutamate (E12) sequence. We found that the E12 tag improved the solubility
and yield of E12-TAT-NLS-Cre (E12-TAT-Cre) compared with those of TAT-NLS-Cre (TAT-
Cre) when expressed in E. coli. Furthermore, the growth of cells expressing E12-TAT-Cre was
increased compared with that of the cells expressing TAT-Cre. Efficacy of the purified TAT-
Cre was confirmed by a recombination test on a floxed plasmid in a cell-free system and 293
FT cells. Taken together, our results suggest that attachment of the E12 sequence to TAT-Cre
improves its solubility during expression in E. coli (possibly by neutralizing the ionic-charge
effects of the TAT sequence) and consequently increases the yield. This method can be applied
to the production of transducible proteins for research and therapeutic purposes.

Keywords: Cre recombinase, inclusion body, solubility, polyglutamate, trans-activator of
transcription

TAT,; 5, is internalized into the cell through receptor-
independent, lipid raft-dependent micropinocytosis [6].

A cell-penetrating peptide (CPP), also called a protein
transduction domain (PTD) or Trojan peptide, allows for
efficient intracellular delivery of various proteins with rare
toxicity [1]. CPPs are oligopeptides 5 to 30 amino acid
residues long, for example, TAT,; 5, (YGRKKRRQRRR) from
HIV-1, polyarginine 9 (RRRRRRRRR), and penetrating s,
(RQIKIWFQNRRMKWKK) [2-4]. TAT, trans-activator of
transcription, is a basic peptide (arginine and lysine) and
serves as a PTD [5]. The amphipathic and heavily cationic

The cargo, transferred to the cytoplasm by the TAT PTD, is
then translocated into the nucleus because of a nuclear
localization sequence (NLS) from SV-40 large T antigen [7, 8].

Various proteins containing the cationic CPP tag sequence
have been produced in E. coli [8]. Nevertheless, in some
cases, the expression of these proteins in E. coli creates
insoluble protein aggregates known as inclusion bodies in
the cytoplasm or periplasm when the expressed foreign
protein constitutes more than 2% of total cellular protein
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[9]. To produce functionally active proteins, the inclusion
bodies need to be purified, and a cumbersome process is
required to recover a native-like conformation: isolation of
inclusion bodies, solubilization by denaturation with
chaotropic agents, refolding, and purification of the soluble
protein from the refolding reaction [10]. Some amount of
the insoluble protein is correctly refolded, and the degree
of correct folding is dependent upon the nature of the
protein sequence as well as the choice of a refolding
procedure [10, 11]. A surfactant or a high concentration (2
to 8 M) of urea or guanidine hydrochloride as a denaturing
agent is generally added to release the aggregated protein
by recovering its conformation [12—14].

Cre recombinase has been widely employed to induce
site-specific gene recombination or regulate the expression
of a gene of interest in vitro or in vivo [15, 16]. Cre
recognition sites, two loxP sites, each consisting of 34 bp,
flank the targeted site called a “floxed allele”. Cre-mediated
recombination causes fusion of two flanked loxP sites and
releases this DNA part [17]. Furthermore, a floxed reporter
gene such as P-galactosidase or a fluorescent protein in the
cell visually shows the effect of Cre [16, 18]. TAT-fused Cre
has been used to improve penetration of Cre into cells [15,
16, 18].

Previously, the amount of expressed TAT-Cre has been
less than that of nonfused Cre, but the solubility of
nonfused Cre has been relatively higher than that of TAT-
Cre [19]. Judging by these findings, we reasoned that the
heavily cationic TAT could be a cause of the low solubility
of TAT-Cre in E. coli cytosol, whereas neutralization of the
charge by proximal introduction of a negatively charged
amino acid sequence could enhance the solubility.

In this study, we tested whether addition of a negatively
charged poly-glutamate (E12) sequence can improve
solubility of TAT-Cre and the production yield in E. coli.
Once the E12-tagged TAT-Cre was purified and treated
with TEV protease, highly pure and active TAT-Cre was
obtained, and its yield was greater in comparison with the
expression of TAT-Cre alone.

Materials and Methods

Construction of Prokaryotic Plasmids

pETM11 contains the T7 promoter followed by a His tag (H6)
and a TEV protease recognition site (TEV site). The E12
(EEEEEGSEEEEEEE)-encoding oligonucleotides were inserted
between H6 and the TEV site of pETM11 by PCR-based in vitro
mutagenesis. The TAT peptide (GRKKRRQRRRPPAGTSVSL)-
encoding DNA fragment, NLS (KKKRKV)-encoding fragment,
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and the Cre-encoding fragment were assembled at the C terminus
of the TEV site by PCR. We confirmed the correct structure of the
plasmid by sequencing.

Expression and Purification of the Recombinant Protein

Cre expression plasmids, H6-TAT-Cre or H6-E12-TAT-Cre,
were transfected into BL21(DE3) cells, and the latter were grown
overnight in 1 L of the Luria—Bertani (LB) medium supplemented
with 40 ug/ml kanamycin. Expression of recombinant proteins
was induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) at 37°C for 3 h. The cell growth was measured every hour
as optical density at 600 nm (ODyy) for 10 h. The cells were
harvested by centrifugation and were sonicated with lysis buffer
(6 mM imidazole, 500 mM NaCl, 5% of glycerol, 4mM f-
mercaptoethanol, and 20 mM Tris-HCl pH 8.0). The lysates of cells
were centrifuged at 15,000 g for 20 min at 4°C to obtain both the
supernatant and pellet (containing inclusion bodies). Each His-
tagged protein in the supernatant was purified via Ni-NTA
Agarose Beads (Qiagen), which were washed with wash buffer
(20 mM imidazole, 500 mM NaCl, 5% glycerol, 4mM f-
mercaptoethanol, 0.05% of Tween 20, and 20 mM Tris-HC] pH
8.0). His-tagged TAT-Cre and E12-TAT-Cre were eluted with
elution buffer (250 mM imidazole, 500 mM NaCl, 5% of glycerol,
4 mM B-mercaptoethanol, 0.05% of Tween 20, and 20 mM Tris-
HCI pH 8.0). Then, the eluates were first incubated with TEV
protease at 30°C for 1h at pH 8.0 and concentrated with lysis
buffer after precipitation with ammonium sulfate. The reaction
mixture was again subjected to Ni-affinity chromatography. An
eluted second flow-through was dialyzed against dialysis buffer
(500 mM NaCl, 50% of glycerol, and 20 mM Tris-HCI pH 7.5) in
SnakeSkin Dialysis Tubing (Thermo Scientific, USA) at 4°C
overnight. Finally, the TAT-Cre protein was sterilized with a
Costar Spin-X 8160 Centrifuge tube filter (Thermo Scientific).

Coomassie Blue Staining and Western Blot Analyses

After centrifugation at 15,000 g for 10 min, the unpurified
supernatant and pellet (containing inclusion bodies) were obtained
from the cells transformed with the H6-TAT-Cre or H6-E12-TAT-
Cre plasmid. The pellets were washed with 20 mM Tris-HCI (pH
7.5), denatured completely with a 1% SDS solution by heating at
85°C, and sonicated until complete solubilization. The solution of
a pellet in SDS was combined with the supernatant and designated
as “total cellular protein.” The protein levels were measured using
the BCA Protein Assay Reagent (Thermo Scientific). Thirty
micrograms of proteins were separated by SDS-PAGE in a 12% gel
and stained with Coomassie blue or transferred to a polyvinylidene
difluoride (PVDF) membrane. The membrane was blocked with
3% bovine serum albumin (BSA) for 1 h and probed with His
Probe-HRP (1:5000 dilution in 3% bovine serum albumin, Thermo
Scientific) for 1h. A mouse anti-GAPDH antibody (Thermo
Scientific) (1:5000 in Tris-buffered saline containing 0.1% of Tween
20 [TBST]) was incubated with the membrane for 1 h, followed by
incubation with a horseradish peroxidase-conjugated mouse



antibody (1:5000 in TBST, Thermo Scientific) for 1 h. The blots
were developed by means of the Super Signal West Pico
Chemiluminescent Substrate (Pierce).

An In Vitro Assay for Cre Activity Testing
The  pMSCV-loxP-DsRed-loxP-eGFP-Puro-WPRE
acquired from Addgene (USA) was linearized by HindIII digestion

plasmid

and reacted with TAT-Cre of different concentrations at 37°C for
1h in 50 pl of a reaction solution containing reaction buffer
(33 mM NaCl, 50 mM Tris-HCl, and 10 mM MgCl, pH 7.5) and
300 ng of the linearized plasmid. The solution was heated at 70°C
for 10 min to inactivate the Cre, and the DNA fragments were
isolated from proteins by phenol extraction and EtOH precipitation.
The DNA was analyzed by agarose gel electrophoresis.

A Cell Viability Assay

293FT cells were cultured in high-glucose DMEM supplemented
with 10% of FBS, 1% of a penicillin/streptomycin solution, and 1%
of a solution of non-essential amino acids at 37°C and 5% CO,.
Cell viability was analyzed by the Cell Counting Kit-8 (CCK-8)
assay. 293FT cells were seeded at 10*/well in 96-well plates coated
with a 0.1% gelatin solution and were treated with TAT-Cre at
various concentrations for 24 or 48 h. Next, 10% of the CCK-8
colorimetric solution (relative to total reaction volume) was added
into each well for additional 4 h cultivation in a humidified

TAT-NLS
A ;

TEV protzase
cleavagesite

Poly-glutamate
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incubator. After that, optical density at 450 nm (OD,s) was
measured and normalized to ODgg,.

Fluorescence Imaging

293FT cells at 10°/well were seeded in 12-well plates coated
with a 0.1% gelatin solution and were incubated overnight to
attain 60-70% confluence. The cells were transfected with 300 ng
of the DsRed-floxed plasmid by means of Lipofectamine 3000
(Invitrogen). After 24 h, we treated pre-sterilized TAT-Cre with
the serum-free medium at different doses (0, 1, 2, 4, or 6 uM) for
different periods (0, 4, 6, 8, 12, 24, or 48 h). Cell images were
obtained at ~480 or 580 nm wavelength using a fluorescence
microscope (Olympus, CKX53).

Results

Addition of the Poly-Glutamate Sequence Improves
Expression of the Soluble TAT-Cre Protein in E. coli

To examine the solubility of the TAT-Cre protein,
prokaryotic expression vectors, pETM11-TAT-NLS-Cre as a
control and pETM11-E12-TAT-NLS-Cre, were constructed
in accordance with the scheme in Fig. 1A. Glycine (G) and
serine (S) were added within the E12 domain to prevent
possible steric hindrance caused by successive glutamate

His tag

l 1% Ni-NTA Purification

l TEV Cleavage

TAT-NLS

Cre

Poly-glutamate

His tag

l 2% Ni-NTA Purification

TAT-NLS

Cre

His tag (H6) poly-glutamate (E12) TEV site

TAT NLS

MKHHHHHHPMSEEEEEGSEEEEEEETTENLYFQGAMGAAGRKKRRQRRRPPAGTSVSLKKKRKYV — Cre recombinase

TEV cleavage

Fig. 1. Construction and the amino acid sequence of recombinant H6-E12-TAT-Cre.
(A) A schematic diagram of construction of the recombinant H6-E12-TAT-Cre. (B) The amino acid sequence of poly-glutamate (E12) and TAT-

NLS-Cre cloned into the pETM11 vector, which carries a His tag (H6) and TEV protease cleavage site.
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Table 1. The quantitative analysis of proteins in total cell lysates and soluble and insoluble fractions and solubility of the purified

TAT-Cre.
IPTG induction Sermyls Total protein Soluble protein Insoluble protein Purified TAT-Cre Solubility
(mg/ml) (mg/ml) (mg/ml) (mg/1) (%)
0h TAT-Cre 1052+ 0.9 853+23 13.0+0.7 - 86.8 +0.2
E12-TAT-Cre 116.3 = 3.0* 93.6 £3.1* 19.4 +1.6* - 828+1.6
3h TAT-Cre 70.9 = 7.0* 53.9+6.1" 10517 49 837+ 15
E12-TAT-Cre 107.0 £ 5.2* 92.5+9.4* 7.2 +0.5* 7.9* 92.8 +0.3*

The data are expressed as the mean + SD of three independent experiments.
*p < 0.05 vs. TAT-Cre in same condition, #p < 0.05 vs. 0 h IPTG induction.

residues (Fig. 1B). Several amino acid residues, such as
glycine, methionine (M), and alanine (A), were inserted in
the N-terminal TAT tag to ensure flexibility and prevent
another possible steric hindrance caused by TEV cleavage
(Fig. 1B).

In case of E12-TAT-Cre protein-expressing cells, there
was a significant increase in the portion of the soluble
protein (from 82.8 + 1.6 to 92.8 + 0.3 mg/ml) and a
reduction in the insoluble-protein amount (from 19.4 + 1.6
to 7.2 = 0.5 mg/ml) after IPTG induction in comparison
with TAT-Cre protein-expressing E. coli. The solubility was
decreased (from 86.8 + 0.2 to 83.7 + 1.5 mg/ml) and total
protein levels were decreased drastically in TAT-Cre
protein—expressing E. coli. In addition, the results of
purification revealed that the amount of soluble TAT-Cre

(~7.9 mg/1) was increased by addition of the E12 domain
when compared to the amount of no E12 TAT-Cre
(~4.9 mg/1; Table 1). The corresponding SDS-PAGE and
western blot data confirmed that the solubility of TAT-Cre
was increased by E12 (Figs. 2A and 2B). These results
suggested that the negatively charged E12 sequence of the
protein successfully neutralized the TAT sequence rich in
positively charged amino acids and subsequently improved
the protein solubility. Moreover, it appears that the
neutralization led to a higher expression level as well as
enhanced solubility of the E12-TAT-Cre protein under the
same IPTG induction conditions (Table 1). The cells
transformed with the E12-less TAT-Cre plasmid were able
to grow up to ODgy, = 8.8. In contrast, the cells transformed
with E12-TAT-Cre plasmid could reach OD;y = 9.6. These
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Fig. 2. Cellular protein expression of H6-TAT-Cre or H6-E12-TAT-Cre after IPTG induction.
(A) His-tagged TAT-Cre with or without E12 in total cellular protein is shown on an SDS-polyacrylamide gel stained with Coomassie blue. This

staining (on a 12% gel after SDS-PAGE) visualized total cellular proteins of soluble and insoluble fractions from E. coli transformed with E12-less
H6-TAT-Cre (44 kDa) or H6-E12-TAT-Cre (46 kDa). (B) His-tagged TAT-Cre with or without E12 was analyzed by western blotting. The His-
tagged proteins were detected by an anti-His tag antibody at the 44 kDa (H6-TAT-Cre) or 46 kDa level (H6-E12-TAT-Cre). GAPDH (35 kDa)

served as a loading control.
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Fig. 3. The growth of E. coli strains expressing a recombinant protein, and purification of the recombinant TAT-Cre protein.
(A) The growth of cells transformed with TAT-Cre or E12-TAT-Cre. The growth was evaluated every hour by measuring absorbance at 600 nm

until the stationary phase. IPTG induction to express TAT-Cre was started after 3 h incubation at 37°C in the exponential phase. (B) Purification of

TAT-Cre by Ni-affinity chromatography. Coomassie blue staining was performed on the lysate of cells subjected to IPTG induction. The cell lysate

(CL) was obtained from H6-E12-TAT-Cre plasmid-transformed E. coli by sonication. The first flow-through (1* FT) did not contain H6-E12-TAT-
Cre because His-tagged proteins bind to the Ni-column while other components in the cell lysate pass through the column. The column was
washed with a buffer containing 30 mM imidazole, and H6-E12-TAT-Cre (46 kDa) was eluted (E) with elution buffer. The eluates were passed

through the column again after treatment with TEV protease, resulting in His-tagged H6-E12 and TAT-Cre (42 kDa). The second flow-through (2™

FT) contained TAT-Cre. M indicates molecular size markers.

results suggested that lower expression levels of E12-less
TAT-Cre may in part result from the inhibition of cell
growth by the positively charged TAT peptide (Fig. 3A).

Purification of TAT-Cre and Measurement of Its Activity

The His-tagged E12-TAT-Cre protein (46 kDa) was
purified via two consecutive Ni-affinity chromatography
steps, and a cleavage reaction by TEV protease was carried
out between the two steps (Fig. 1A). Once the cell lysate
was prepared, it was loaded onto the Ni-NTA affinity
column, and His-tagged proteins bound to the resin in the
column. The His-tagged protein was then eluted by higher
imidazole concentration. The eluate was next treated with
TEV protease, and its recognition/cleavage sequence
located between E12 and TAT was cleaved. The resulting
digestion products were His-tag/E12 and TAT-Cre
recombinase. The resultant product was loaded onto an
additional Ni-NTA column. The TAT-Cre recombinase did
not bind to the Ni-NTA resin owing to the lack of the His
tag, and therefore highly pure TAT-Cre recombinase
(42 kDa) was retrieved by collecting flow-through fractions
during the second Ni-NTA chromatography while His-
tag/E12 was retained within the column (Fig. 3B). Through

this purification scheme, highly pure TAT-Cre was obtained,
and its yield was 7.9 mg/1 of culture, which is significantly
higher than that of the control (4.9 mg/L; Table 1).

Measurement of Activity of Recombinant TAT-Cre in
Cell-Free System and 293 FT Cells

To confirm the activity of the purified TAT-Cre, an in
vitro recombination assay was performed in a cell-free
system. Plasmid pMSCV-loxP-DsRed-loxP-eGFP-Puro-
WPRE (8.5 kb) was linearized with HindIII (Fig. 4A). The
linearized vector was then used as a substrate of the
purified TAT-Cre recombinase. The result indicated that
the floxed-DsRed gene was recombined by TAT-Cre
recombinase in a dose-dependent manner. Agarose gel
electrophoresis yielded a linearized pMSCV-loxP-eGFP-
Puro-WPRE band (7,788 bp; Fig. 4B) as a recombination
product,
circularized floxed-DsRed (712 bp), was not visible in the
gel owing to the small size. The LoxP-Cre recombination
reaction seemed to be maximized when 40 ng of TAT-Cre
was reacted with 300 ng of the plasmid.

Next, we examined whether the recombinant TAT-Cre is

whereas another reaction product, tiny

functionally active in mammalian cells. Because DsRed is
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Fig. 4. A cell-free assay of Cre recombination activity of recombinant TAT-Cre and the cytotoxicity of TAT-Cre toward 293FT cells.

(A) The scheme of the TAT-Cre activity assay in cell-free system. pMSCV-loxP-DsRed-loxP-eGFP-Puro-WPRE was linearized by digestion with
HindIII and used to assess the recombinase activity of the purified TAT-Cre. (B) The cell-free assay of recombinant TAT-Cre activity. A HindIII-
linearized plasmid was reacted with TAT-Cre at various concentrations. The mixtures were incubated at 37°C for 1 h and heated at 70°C for 10
min to inactivate TAT-Cre. Recombination of plasmid DNA was analyzed by agarose gel electrophoresis. M indicates a 1 kb ladder of markers. (C)
Viability of mammalian 293FT cells exposed to TAT-Cre. The cells were treated with TAT-Cre at various concentrations for 24 h. Cell viability was
measured by the CCK-8 assay after the incubation. The results were expressed as a percentage relative to the vehicle treatment control. The data

are expressed as mean * SD; *p < 0.05 as compared with 50% glycerol treatment control (1 = 3).

flanked with loxP in the pMSCV-loxP-DsRed-loxP-eGFP-
Puro-WPRE plasmid, active TAT-Cre can remove DsRed
and generate pMSCV-loxP-eGFP-Puro-WPRE via site-
specific recombination. 293FT cells were transfected with
pMSCV-loxP-DsRed-loxP-eGFP-Puro-WPRE, the
transfected cells started expressing only red fluorescent
protein (RFP) because of the proximal promoter when the
recombinase treatment was not performed. Without the
recombination event, the started
upstream of DsRed, and the translation from the transcript
stopped before enhanced green fluorescent protein (eGFP)
because there is a stop codon immediately after the DsRFP
open reading frame. In contrast, when the recombinase
treatment was applied, our enzyme recognized two loxP
sites in the vector and removed the DsRed sequence,
thereby enabling the expression of eGFP. We tested the
TAT-Cre-mediated recombination activity in 293FT cells

and

transcription was

J. Microbiol. Biotechnol.

and cytotoxicity of TAT-Cre, and the assay was performed
at various doses and periods of TAT-Cre treatment (Figs.
4C and 5). Noticeable cytotoxicity of TAT-Cre at 4 or 6 uM
was observed after 24 h incubation (Fig.4C). When we
treated the transfected cells with Cre-TAT, the green
fluorescence signal resulting from eGFP expression (an
outcome of TAT-Cre activity) emerged 12 h after TAT-Cre
addition, whereas the red fluorescence signal from the
DsRed expression persisted throughout the 12 h period
shortly after transfection (data not shown). When TAT-Cre
was incubated for 48 h, the green fluorescence increased,
and the signal was proportional to the concentration of
TAT-Cre during the treatment. On the other hand, the red
fluorescence diminished after the 48 h treatment, and the
signal was inversely proportional to the concentration of
TAT-Cre during the treatment, indicating that the in vivo
recombination event was successful and was time- and
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293FT cells were transfected with pMSCV-loxP-DsRed-loxP-eGFP-Puro-WPRE via Lipofectamine 3000 for 24 h. The TAT-Cre protein was then
administered at various concentrations, and the cells were incubated at 37°C and 5% CO, for 24 or 48 h. The images were taken under a

fluorescence microscope.

dose-dependent (Fig. 5). These results suggested that the
addition of the poly-glutamate tag to TAT-Cre for
expression in E. coli and purification did not impede either
the activities of the TAT and NLS signals or that of Cre
recombination.

Discussion

Protein delivery rather than delivery of a genetic
material is considered a safer and useful delivery approach
owing to lower toxicity and more efficient transduction. A
CPP allows for protein delivery into cells with high
efficiency, and CPP-fused proteins have been employed for
therapeutic purposes or protein delivery and in some cases
have been commercialized [20, 21]. Among CPPs, the TAT
peptide has been utilized for protein delivery owing to its
ability to penetrate the plasma membrane of all types of
mammalian cells except Caco-2 and MDCK cells [22].
Together with an NLS, a cargo protein can be delivered to
the nucleus via nuclear pores [23]. A significant amount of
a TAT-fused protein expressed in E. coli or other bacterial
hosts is often destined to inclusion bodies [19]. Researchers

have been trying to decrease the amounts of recombinant
proteins accumulated in inclusion bodies by various
methods including optimization of the incubation
temperature and induction conditions [24-26]. In the
present study, to overcome the accumulation of a
recombinant TAT-Cre protein in inclusion bodies, we
attached a negatively charged peptide tag near the
positively charged TAT sequence to improve the solubility
of the cargo protein in an E. coli expression system. We
demonstrated that neutralization of the positively charged
TAT and of the highly cationic NLS by poly-glutamate
(E12) diminished the accumulation of the recombinant
protein in inclusion bodies and increased solubility.

We found that TAT-Cre expression increased the amounts
of total protein and soluble protein and reduced the
quantity of insoluble protein (Table 1). The reason for the
greater amount of total protein could be the increased
growth biomass of E12-TAT-Cre-expressing E. coli (Fig. 3A).
This phenomenon is possibly due to a reduction in toxicity
that could be related to the highly cationic nature of TAT
and NLS amino acid sequences. Indeed, addition of TAT to
Cre decreased the solubility and the specific activity of

January 2020 | Vol. 30 | No. 1



116  Kimetal

purified fusion protein even with increased yield [19]. In
our study, the addition of NLS which has basic properties
could contribute to reduction of soluble proteins in cell
extracts. In contrast to another report suggesting that
expression of a regular TAT-Cre protein increases
accumulation of Cre in inclusion bodies [27], we noted
substantial expression of soluble recombinant TAT-Cre in
E. coli. Addition of the E12 domain further improved the
solubility and yield of the recombinant TAT-Cre. Whether
this strategy is applicable to other proteins should be
examined later.

Although the TAT peptide is less toxic than amphipathic
CPPs, our findings indicate that TAT-Cre is cytotoxic at
higher concentrations (Fig. 4C). However, this problem is
due to the toxicity of Cre, not TAT. Prolonged Cre
expression has cardiotoxicity, and Cre alone can be
cytotoxic when its expression is high enough to affect cell
physiology [28]. Because attachment of the TAT peptide to
a protein of interest allows for efficient delivery into cells,
this strategy has been applied to
neurotoxicity in a mouse model of Parkinson’s disease [29],
stimulation of pancreatic p-cell differentiation [30], and
immunotherapy [31]. Therefore, arginine-rich CPPs including
TAT have a broader range of applications for research and
therapeutic purposes.

Once the E12 sequence together with the His tag is
removed by TEV protease during the purification process,
the resulting TAT sequence is fully exposed and functional
as evidenced by our cell-based assays. We noticed that
TAT-Cre recombinase activity in a cell-free system did not

alleviation of

perform complete recombination (Fig. 4B). This phenomenon
can be due to reversible Cre recombination as evidenced by
other reports [27, 32]. In contrast, the recombination was
carried out by the enzyme completely in a dose- and time-
dependent manner when we assessed the activity in
mammalian cells carrying a floxed allele (Fig. 5). When
lethality is caused by a tissue-specific gene knockout after
Cre-loxP recombination in genetically modified floxed mice,
TAT-Cre can be employed for subsequent investigation of
the mechanism. To prevent the above lethality, a
tamoxifen-inducible Cre system has been devised [33, 34].
Another purpose of the inducible system is prevention of
the chronic effects of gene deletion during the embryonic
period. Nonetheless, administration of tamoxifen causes
adverse effects in addition to induction of Cre. Application
of TAT-Cre can prevent this toxicity, and manipulation of
primary cells isolated from floxed mice can help to
elucidate the underlying mechanism in depth.

In this study, we report that the addition of a

J. Microbiol. Biotechnol.

polyglutamate domain to TAT-Cre and expression in E. coli
improves the solubility and yield of the produced
recombinant protein. Moreover, we found that the growth
rate of E. coli expressing E12-TAT-Cre is increased by
neutralization of the positive charges of the TAT and NLS
sequences. We confirmed that the resulting TAT-Cre is
functional in cells and cell-free systems. These results
suggest that addition of a polyglutamate domain is a novel
way to improve expression and purification of a TAT-fused
protein of interest.

Acknowledgment

This research was supported by the Gachon University
research fund of 2019 (GCU-2019-0315) and the Bio &
Medical Technology Development Program through the
National Research Foundation of Korea (NRF), funded by
the Korean government (MSIP) (NRF-2014M3A9B6069338,
2018M3A9F3020970) to T.S.P.

Conflict of Interest

The authors have no financial conflicts of interest to
declare.

Reference

1. Radis-Baptista G, Campelo IS, Morlighem JRL, Melo LM,
Freitas VJF. 2017. Cell-penetrating peptides (CPPs): From
delivery of nucleic acids and antigens to transduction of
engineered nucleases for application in transgenesis. J.
Biotechnol. 252: 15-26.

2. Do Kwon Y, Oh SK, Kim HS, Ku SY, Kim SH, Choi YM, et al.
2005. Cellular manipulation of human embryonic stem cells
by TAT-PDX1 protein transduction. Mol. Ther. 12: 28-32.

3. Yang WC, Welsh JP, Lee ], Cooke JP, Swartz JR. 2011.
Solubility partner IF2 Domain I enables high yield synthesis
of transducible transcription factors in Escherichia coli.
Protein Expres. Purif. 80: 145-151.

4. Xia H, Gao X, Gu G, Liu Z, Hu Q, Tu Y, et al. 2012.
Penetratin-functionalized PEG-PLA nanoparticles for brain
drug delivery. Int. . Pharm. 436: 840-850.

5. Frankel AD, Pabo CO. 1988. Cellular uptake of the tat protein
from human immunodeficiency virus. Cell 55: 1189-1193.

6. Wadia JS, Stan RV, Dowdy SF. 2004. Transducible TAT-HA
fusogenic peptide enhances escape of TAT-fusion proteins
after lipid raft macropinocytosis. Nat. Med. 10: 310-315.

7. Kosugi S, Hasebe M, Matsumura N, Takashima H,
Miyamoto-Sato E, Tomita M, et al. 2009. Six classes of
nuclear localization signals specific to different binding
grooves of importin alpha. J. Biol. Chem. 284: 478-485.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Peitz M, Pfannkuche K, Rajewsky K, Edenhofer F. 2002.

Ability of the hydrophobic FGF and basic TAT peptides to
promote cellular uptake of recombinant Cre recombinase: a
tool for efficient genetic engineering of mammalian genomes.
Proc. Natl. Acad. Sci. USA 99: 4489-4494.

. Mitraki A, Fane B, Haase-Pettingell C, Sturtevant ], King J.

1991. Global suppression of protein folding defects and
inclusion body formation. Science 253: 54-58.

Patra AK, Mukhopadhyay R, Mukhija R, Krishnan A, Garg
LC, Panda AK. 2000. Optimization of Inclusion Body
Solubilization and Renaturation of Recombinant Human
Growth Hormone from Escherichia coli. Protein Expres.
Purif. 18: 182-192.

Singh SM, Panda AK. 2005. Solubilization and refolding of
bacterial inclusion body proteins. ]. Biosci. Bioeng. 99: 303-310.
Chumanov RS, Burgess RR. 2010. Expression, purification,
and refolding of active Nrf2 transcription factor fused to
protein transduction TAT tag. Protein Expres Purif. 74: 280-288.

Singh A, Upadhyay V, Upadhyay AK, Singh SM, Panda AK.
2015. Protein recovery from inclusion bodies of Escherichia
coli using mild solubilization process. Microb. Cell Fact. 14: 41.
He C, Ohnishi K. 2017. Efficient renaturation of inclusion
body proteins denatured by SDS. Biochem. Biophys. Res.
Commun. 490: 1250-1253.

Kang Q, Sun Z, Zou Z, Wang M, Li Q, Hu X, Li N. 2018.
Cell-penetrating peptide-driven Cre recombination in porcine
primary cells and generation of marker-free pigs. PLoS One
13: e0190690.

Zou Z, Sun Z, Li P, Feng T, Wu S. 2016. Cre fused with
RVG peptide mediates targeted genome editing in mouse
brain cells in vivo. Int. . Mol. Sci. 17(12).pii: E2104

Sauer B. 1994. Site-specific recombination: developments
and applications. Curr. Opin. Biotechnol. 5: 521-527.

Jo D, Nashabi A, Doxsee C, Lin Q, Unutmaz D, Chen ]J,
Ruley HE. 2001. Epigenetic regulation of gene structure and
function with a cell-permeable Cre recombinase. Nat.
Biotechnol. 19: 929-933.

Lin Q, Jo D, Gebre-Amlak KD, Ruley HE. 2004. Enhanced
cell-permeant Cre protein for site-specific recombination in
cultured cells. BMC Biotechnol. 4: 25.

Ryder E, Doe B, Gleeson D, Houghton R, Dalvi P, Grau E, et
al. 2014. Rapid conversion of EUCOMM/KOMP-CSD alleles
in mouse embryos using a cell-permeable Cre recombinase.
Transgenic Res. 23: 177-185.

Hiromura M, Okada F, Obata T, Auguin D, Shibata T,
Roumestand C, Noguchi M. 2004. Inhibition of Akt kinase
activity by a peptide spanning the beta A strand of the
proto-oncogene TCL1. J. Biol. Chem. 279: 53407-53418.

Violini S, Sharma V, Prior JL, Dyszlewski M, Piwnica-
Worms D. 2002. Evidence for a plasma membrane-mediated

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Cre Recombinase with Polyglutamate Tag 117

permeability barrier to Tat basic domain in well-differentiated
epithelial cells: lack of correlation with heparan sulfate.
Biochemistry 41: 12652-12661.

Lange A, Mills RE, Lange CJ, Stewart M, Devine SE, Corbett
AH. 2007. Classical nuclear localization signals: definition,
function, and interaction with importin alpha. J. Biol. Chem.
282: 5101-5105.

Kim SJ, Ha GS, Lee G, Lim SI, Lee CM, Yang YH, et al.
2018. Enhanced expression of soluble antibody fragments by
low-temperature and overdosing with a nitrogen source.
Enzyme Microb. Technol. 115: 9-15.

Martinez-Alonso M, Garcia-Fruitos E, Villaverde A. 2008.
Yield, solubility and conformational quality of soluble
proteins are not simultaneously favored in recombinant
Escherichia coli. Biotechnol. Bioeng. 101: 1353-1358.

Rizkia PR, Silaban S, Hasan K, Kamara DS, Subroto T,
2015. Effect of
concentration on

Soemitro S, et al Isopropyl-p-D-

thiogalactopyranoside prethrombin-2
recombinan gene expression in Escherichia Coli ER2566.
Procedia Chem. 17: 118-124.

Lyu SK, Kwon H. 2015. Preparation of cell-permeable Cre
recombinase by expressed protein ligation. BMIC Biotechnol. 15: 7.
Pugach EK, Richmond PA, Azofeifa JG, Dowell RD,
Leinwand LA. 2015. Prolonged Cre expression driven by the
alpha-myosin heavy chain promoter can be cardiotoxic. J.
Mol. Cell Cardiol. 86: 54-61.

Eum WS, Shin M]J, Lee CH, Yeo H]J, Yeo EJ, Choi Y], et al.
2019. Neuroprotective effects of Tat-ATOX1 protein against
MPP(+)-induced SH-SY5Y cell deaths and in MPTP-induced
mouse model of Parkinson’s disease. Biochimie 156: 158-168.

Vargas N, Alvarez-Cubela S, Giraldo JA, Nieto M, Fort NM,
Cechin S, et al. 2011. TAT-mediated transduction of MafA
protein in utero results in enhanced pancreatic insulin
expression and changes in islet morphology. PLoS One 6: €22364.
Zhao B, Wang Y, Zhang Y, Li Y, Zhang X, Xu Y, et al. 2013.
TAT-mediated gp96 transduction to APCs enhances gp96-
induced antiviral and antitumor T cell responses. Vaccine 31:
545-552.

Oberdoerffer P, Otipoby KL, Maruyama M, Rajewsky K. 2003.
Unidirectional Cre-mediated genetic inversion in mice using
the mutant loxP pair lox66/10x71. Nucleic Acids Res. 31: e140.

Assali DR, Hsu CT, Gunapala KM, Aguayo A, McBurney M,
Steele AD. 2018. Food anticipatory activity on a calorie-
restricted diet is independent of Sirtl. PLoS One 13: €0199586.
Li Y, Schang G, Wang Y, Zhou X, Levasseur A, Boyer A, et
al. 2018. Conditional Deletion of FOXL2 and SMAD4 in
Gonadotropes of adult mice causes isolated FSH deficiency.
Endocrinology 159: 2641-2655.

January 2020 | Vol. 30 | No. 1



