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Abstract Botulinum neurotoxin type A (BoNT/A) has been
used as an injectable therapeutic agent for the treatment of
some abnormal muscle contractions. In this study, TAT(47–57)

peptide, a cell-penetrating peptide, was fused with the catalyt-
ic domain of BoNT/A for therapeutic purposes. HeLa and
BE(2)-C cell lines were treated separately with purified TAT-
BoNT/A(1–448) recombinant protein, and transduction of pro-
tein was analyzed by western blotting. Also, transcutaneous
delivery through mouse skin surface was evaluated by immu-
nohistochemistry. The in vitro catalytic activity of TAT-BoNT/
A(1–448) was evaluated by HPLC. The presence of recombi-
nant protein was detected in both of the cell lines as well as
mouse skin cryosections after 60 and 120 min of incubation.
The concentration of intracellular proteins was increased over
time. HPLC analysis showed that this fusion protein has a
biological activity 1.5 times as much as the full-length
BoNT/A(1–448) protein. TAT-BoNT/A(1–448) fusion protein is
biologically active and can transmit through living cells
in vitro and in vivo successfully and more effectively com-
pared with BoNT/A(1–448) protein as control.

Keywords Botulinum neurotoxin typeA . Protein
purification .TATpeptide .Fusionprotein .Cell transduction .

Transcutaneous delivery

Introduction

Clostridium botulinum produces a toxin called botulinum neu-
rotoxin type A (BoNT/A) which is composed of three separate
domains containing a binding, a translocating domain, and
one catalytic domain (50 kDa each). The binding domain tar-
gets specific receptors on cholinergic neuron terminals. Then,
the translocating domain helps the toxin into the neuronal cells
via endocytosis (Lacy et al. 1998; Swaminathan and
Eswaramoorthy 2000). After entry, the catalytic domain of
the toxin acts as a zinc-dependent metalloprotease (Schiavo
et al. 1992) and cleaves a protein located in synaptosomal
junctions named SNAP-25 (synaptosomal-associated
protein, 25 kDa) (Gul et al. 2010). This causes a temporary
cessation in release of the stimulatory neurotransmitter medi-
ators, acetylcholine in neuromuscular junctions. Therefore,
the muscle contraction is disrupted. This property of the toxin
is used for the treatment of some muscle disorders such as
strabismus, blepharospasm, spasmodic, torticollis, cervical
dystonia, or face wrinkles induced by aging process
(Dhaked et al. 2010). Two BoNT serotypes (A and B) were
the first toxins licensed as drugs for the treatment of human
diseases. In January 2008, they were approved by the Food
and Drug Administration (FDA) in the USA for clinical pur-
poses (Dhaked et al. 2010). Since this biological drug is ad-
ministered parenteral and injected mostly around the patient’s
face or neck that may make the patients uncomfortable. Also,
the injection is sometimes associated with side effects such as
tenderness, irritation, pain, burning, or numbness around the
injected area. Hence, it is necessary to look for less invasive
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ways for applying this useful drug. Because of the selective
permeability of biological membranes, this toxin cannot freely
transmit through the skin. Among various methods, use of
cell-penetrating peptides (CPPs) is a favorable means to intro-
duce biomolecules (peptides, proteins, or nucleotides) into
cells. CPPs are composed of 3 to 30 peptide residues (De
Coupade et al. 2005) which can freely pass through cell mem-
branes. They can transport other cargoes such as plasmid
DNA, siRNA, oligonucleotide, peptide-nucleic acid (PNA),
peptides, proteins, and liposomes (Veerle and Cornelissen
2010). The conjugate can be in fusion with or non-
covalently attached to cargo molecules.

To determine whether TAT peptide could deliver LC-
BoNT/A through the skin, we constructed a conjugate
(BoNT/A(1–448)) by linking the amino acid sequences of
TAT peptide (residues 47–57) to that of botulinum toxin type
A catalytic domain by means of a hydrophobic linker.
Transcutaneous delivery of purified fusion protein was evalu-
ated in vitro and in vivo. Also, the biological activity of the
chimeric protein was analyzed by HPLC. Our hypothesis was
that the modification could facilitate the penetration of
BoNT/A(1–448) into skin while its proteolytic activity for ther-
apeutic purposes was preserved.

Materials and methods

Preparation of gene construct

A genomic construct (based on pET28a (+) expression vector)
containing nucleic acid sequence of TAT-BoNT/A(1–448) was
synthesized (GenScript, USA, Inc.) (Amani et al. 2014).
Briefly, the construct was back-translated and optimized based
on the bacterial expression host, Escherichia coli. Two parts
of the fusion protein were linked by a hydrophobic linker
(GSGSGS) and a 6×His-tagged residue was added to carbox-
yl end of the protein to ease detection and purification. Two
restriction enzyme sites were predicted on the 5′ and 3′ ends of
TAT-BoNT/A(1–448) genomic sequence for BamHI and
HindIII enzymes, respectively. Restriction site of EcoRI was
also inserted just upstream of BoNT/A(1–448) sequence. To
ensure that each part of the chimeric protein maintained its
natural structure and biological activity, the primary and sec-
ondary amino acid structure of TAT-BoNT/A(1–448) protein
was studied in silico. Also, the 3-D structure of TAT-BoNT/
A(1–448) protein was predicted by bioinformatics tools.

Expression vector containing nucleic acid sequence of
TAT-BoNT/A(1–448) was cloned into the competent E. coli
BL21 (DE3) (Novagen) as bacterial host. Finally, those
bacterial colonies containing inserted peptide were cultured
in LB broth containing kanamycin (100 μg/ml) to induce
the protein expression.

Protein expression and purification

Five microliters fresh culture of appropriate clone of
E. coli BL21 carrying inserted TAT-BoNT/A(1–448) was
inoculated into 300 ml LB broth plus 100 μg/ml kanamy-
cin and was incubated at 37 °C. Protein expression was
induced by adding 0.5 mM isopropyl-b-D-thiogalactoside
(IPTG) and 20 μM ZnCl2 into the culture medium after
reaching OD600 of about 0.6. Culture was incubated for
20–22 h at 18 °C while shaking at 180 rpm (Farasat et al.
2013; Jensen et al. 2003). The bacterial culture was cen-
trifuged (8000×g for 6 min), and cell pellet was re-
suspended in lysis buffer (5 mM imidazole, 500 mM
NaCl, 10 mM Tris–HCl) for 40 min. The lysed bacteria
underwent sonication for 7 cycles with 45-s intervals on
ice and centrifuged for 20 min at 4400×g. The superna-
tants of each clone were separated on SDS-PAGE and the
bacterial clones with high expression rate were selected.
Metal affinity chromatography was used to purify the
protein.

Since the recombinant protein carried a His-tag (6×His),
the supernatant was collected after sonication and subjected to
nickel-nitrilotriacetic acid (Ni+-NTA) agarose resin (Qiagen)
for purification. Briefly, supernatant was applied on the affin-
ity chromatography and allowed to flow out of the column.
Then, the column was washed with two consecutive washings
(50 mM NaH2PO4 and 300 mM NaCl, pH 8.0) containing 20
and 100 mM imidazole, respectively. The nickel-bound pro-
teins were finally eluted in a buffer containing 250 mM imid-
azole. As imidazole could interfere with protein stability, pu-
rified TAT-BoNT/A(1–448) protein was then transferred to 1 l of
phosphate buffer (150 mMNa2HPO4, pH 7.0, 2 MNaCl) plus
10 % glycerol at 4 °C against three changes (two changes for
1 h and a last change overnight) through cellulose membrane
dialysis tubing with a 10,000 molecular weight cutoff (10 K
MWCO) (Sigma Aldrich, USA) (Held et al. 2010; Sepulveda
et al. 2010).

In parallel, BoNT/A(1–448) protein was cloned and
expressed using the same procedures and the purified protein
was used as a control. In all experiments, purified recombinant
BoNT/A protein was used.

Confirmation of recombinant protein

To confirm the expression of TAT-BoNT/A(1–448) recombinant
protein, western blot analysis was conducted. After SDS-
PAGE proteins were transferred onto the PVDF membrane
using semi-dry blotting system (Bio-Rad, USA). Protein de-
tection was performed by adding HRP-conjugated mouse
anti-His-tag polyclonal IgG (Sigma, dilution 1:1000) for 2 h
at room temperature with gentle shaking. After washing, DAB
substrate (0.06 % in PBS, 10 μl H2O2) was added in the dark
for 1–2 min to develop the specific protein bands.
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Analysis of cell transduction

Purified TAT-BoNT/A(1–448) protein was tested in vitro for the
ability to pass directly through living cultured cells. For this
purpose, a monolayer of HeLa cells was prepared in a six-well
cell plate (Kim et al. 2006) and incubated at 37 °C in a humid-
ified atmosphere containing 5 % CO2 to reach the confluency
of about 80 %. The culture supernatant was replaced with 1 ml
fresh RPMI medium (Gibco, USA), and then the cells were
treated as follows: 3 μM purified TAT-BoNT/A(1–448) protein
was added into two separate wells for 1 and 2 h, respectively;
one well was treated with 3 μM purified LC-BoNT/A protein
for 60 min and one well was left untreated, both as controls.

Also, for the first time, we analyzed the entry of TAT-
BoNT/A(1–448) conjugates into the BE(2)-C neuroblastoma
cell line. Like explained for the HeLa cell line, a monolayer
of BE(2)-C cell line was prepared in a 6-well cell plate. After
24 h of incubation, the cell culture supernatant was replaced
with 1 ml DMEM fresh medium (Gibco, USA). Then, the
cells were treated as follows: 3 μM purified TAT-BoNT/A(1–

448) protein was added into three separate wells and incubated
for 30, 60, and 120 min, respectively. One well was treated
with 3 μM of purified LC-BoNT/A for 120 min and one well
was left untreated, both as controls. After the treatments, the
cell culture supernatants (supposedly containing non-
transduced proteins) were collected (Kim et al. 2011). The
treated cells were collected in 20 mM trypsin-EDTA (Gibco,
USA) at 37 °C for 5 min (30 s in case of BE(2)-C cells)
followed by washing with phosphate-buffered saline (PBS).
Harvested cells were lysed with complete Lysis-M kit (Roche,
USA). The same volume of cell lysate and related culture
supernatant from each well was loaded into SDS-PAGE gel
followed by western blot analysis of the cellular protein ex-
tracts (Kim 2003; Ha et al. 2004). Band density was measured
by Quantity One® software (Bio-Rad, USA).

Analysis of animal transcutaneous delivery

To investigate the transduction of TAT-BoNT/A(1–448) recom-
binant protein into epidermal cells of live animals, we applied
certain concentrations of the recombinant protein on the skin
surface of BALB/cmouse. For this purpose, five groups if mice
were selected and housed with a fixed 12 h light/dark cycle
with appropriate access to feed and water. The animal facility
temperature was maintained at 23 °C with 60 % humidity.
Procedures involving animals and their daily maintenance were
in compliance with current international laws and policies (NIH
Guide for the Care and Use of Laboratory Animals, NIH
Publication No. 85-23, 1985, revised 1996). One micromolar
TAT-BoNT/A(1–448) recombinant protein (50 μg) diluted in
100 μl PBS was sprayed topically onto the on 25 cm2 circular
area of mouse skin and allowed for certain period of time (30,
60, and 120 min) to be absorbed. LC-BoNT/A protein (50 μg)

was applied on the skin surface of one group as control. The
in vivo test was conducted in duplicate. The animals were then
humanely sacrificed by cervical dislocation. The treated skins
were removed, frozen, and prepared for histology from each
mouse. The skin cryosections were analyzed with immunohis-
tochemistry using HRP-conjugated anti-6×His-tag anti-mouse
polyclonal antibody (Sigma Aldrich, USA). This antibody vi-
sualizes the protein through the His-tag located at the N-
terminal site of the TAT-BoNT/A(1–448). The antibody recog-
nizes specifically the 6×His-tag fused to either the amino or
carboxyl terminus of targeted proteins in transfected cells.
Peroxidase blocking (with 0.3 % H2O2) and protein blocking
(with 1 % BSA) steps were applied on tissue sections to avoid
non-specific protein signals.

To determine tissue variations we used hematoxylin and
eosin (H&E) staining for skin cryosections exposed to the
recombinant protein compared with the normal (untreated)
mouse skin tissue.

In vitro analysis of TAT-BoNT/A(1–448) enzyme activity
and functional analysis with HPLC

To assess the in vitro protease activity of TAT-BoNT/A(1–448),
we conducted an enzyme assay using TAT-BoNT/A(1–448) and
the natural substrate of BoNT/A toxin, SNAP-25.

A mixture of 200 nM TAT-BoNT/A(1–448) and 1 mM 17-
residue SNAP-25 (187–203) in 50 μl of assay buffer (HEPES
30 mM, 5 mM DTT, 0.25 mM ZnCl2, pH 6.0) was incubated
at 37 °C for 5–260 min. The reaction was stopped with
0.09 ml of 0.7 % trifluoroacetic acid. Proteolytic cleavage of
substrate was then evaluated by reversed-phase HPLC analy-
sis Hi-Pore C18 column, 15 cm×4.6 mm (Supelco). The re-
action products were analyzed at 215 nm with Merit software
(CECIL, Cambridge, UK). Solvent A was 0.1 % TFA and
solvent B was 50 % acetonitrile/ 0.1 % TFA. The column
was equilibrated with 25 % B. After sample injection, the
column was held at 25 % B for 2.5 min, followed by a linear
gradient to 75 % B in 15 min. The kinetic parameters of the
17-residue peptide for TAT-BoNT/A(1–448) and BoNT/Awere
calculated by Lineweaver–Burke plots with peptide concen-
trations ranging from 0.3 to 1.7 mM. The same reaction was
designed and performed with the full-length native botulinum
neurotoxin type A (BoNT/A) as control. Toxin activity was
calculated for both TAT-BoNT/A(1–448) and native BoNT/A.

Results

Preparation of gene construct

Figure 1 demonstrates the schematic view of TAT-BoNT/A(1–

448) construct and 3-D view of TAT-BoNT/A chimeric protein.
The arrangement of designed TAT-BoNT/A(1–448) construct is
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presented in Fig. 1a. 3-D model analysis of TAT-BoNT/A(1–

448) protein predicted that this engineered chimeric protein
was composed of three separate parts. TAT peptide(47–57)
and His-tag (6 ×His) both were exposed on the surface of
the chimeric protein and formed two separate parts which
made them reachable for membrane targeting or protein de-
tection, respectively (Fig. 1b). However, BoNT/A(1–448)

which is responsible for protease activity of fusion protein
was the core part of the recombinant protein. Figure 1 dem-
onstrates the schematic view of designing TAT-BoNT/A(1–448)

construct and 3-D view of TAT-BoNT/A chimeric protein. It
does not include the docking data of TAT-BoNT/A with its
substrate. The docking data of the fusion protein were present-
ed in our previous work. The construct was accepted in gene
bank with KF445072 accession number.

Expression and protein purification

Four clones of E. coli BL21(DE3) carried pET28a (+) con-
taining TAT-BoNT/A(1–448) insertion sequence were selected
to induce protein expression. The induction was performed
using 0.5 mM IPTG at 18 °C overnight. Sonication was
followed by high-speed centrifugation, and the supernatant
containing soluble proteins was separated. Electrophoresis
pattern of TAT-BoNT/A(1–448) fusion protein is shown in
Fig. 5. One colony could express recombinant protein proper-
ly (54 kDa) as inclusion body.

Afterward, a large volume of recombinant protein was
expressed in a 300-ml culture of the clone in LB broth con-
taining 100 μg/ml kanamycin and IPTG (0.5 mM) was use as
protein expression inducer. The bacterial culture was incubat-
ed at 18 °C for 20–22 h on a shaker at 150 rpm. Protein

purification was performed using Ni-NTA agarose resin
which specifically binds to the 6×His-tag in the C-terminus
of the protein. Proteins bound to the purification resin were
eluted in buffer containing 250 mM imidazole. According to
Fig. 2, the quantitative protein purity was measured about
90 % after purification using Image LabTM software with
the Gel DocTM system. Also the protein concentration was
measured by NanoDrop 2000 spectrophotmeter (Thermo

Fig. 1 a Schematic view of designed TAT-BoNT/A(1–448) construct
based on pET28a expression vector. The order arrangement of the
chimeric protein is shown on the top of multiple cloning sites. The sites
of restriction enzymes are shown by arrows. b Three-dimensional view of
TAT-BoNT/A chimeric protein. Three different parts of the chimeric
protein have been marked as TAT peptide(1–448) and catalytic domain of

botulinum toxin type A (which are connected by a hydrophobic linker)
and His-tag (6 × His) that is added to the carboxyl end of this
heterogeneous protein to ease detection. Both TAT peptide(47–57) and
His-tag domains made two separated domains from the catalytic
domain of the protein

Fig. 2 Protein purification of TAT-BoNT/A(1–448) fusion protein.
Induction was performed by 0.5 mM IPTG at 18 °C. SDS-PAGE
electrophoresis stained with coomassie blue R250. Lane 1: before
purification. Lane 2: flow. Lanes 3 and 4: washing with binding buffer
containing 20 and 100 mM imidazole, respectively. Lanes 5 and 6:
purified protein (54 kDa) eluted in buffer containing 250 mM imidazole
(protein concentration was 0.5 mg/ml). M: prestained 10–170-kDa
protein ladder (CinnaGen Co.)
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Scientific™, USA) and Bradford method after purification.
The purified protein concentration measured was about
0.5 mg/ml. The presence of TAT-BoNT/A(1–448) protein was
confirmed bymeans of western blotting with HRP-conjugated
anti-6 ×His-tag rabbit anti-mouse monoclonal IgG (Sigma
Aldrich, USA) (Fig. 3.). After purification, we investigated
the entry of TAT-BoNT/A(1–448) protein into living cells over
time in vitro and in vivo as explained bellow.

Analysis of cell line transduction

To test the delivery of purified TAT-BoNT/A(1–448) protein
directly through living epidermal cell lines, a HeLa cell
culture was used in a six-well cell plate. After treatments
that were performed as described in material and methods
section, the culture supernatants were collected. Cultured
cells were lysed using Lysis-M solution (Roche, Manheim,
Germany) after trypsinization. TAT-BoNT/A(1–448) recombi-
nant protein was detected in HeLa cell extracts through
western blotting using polyclonal HRP-conjugated anti-
His-tag antibody. The density of protein band related to
lysate samples was much more thicker from that of related
supernatant samples; Which indicated that TAT-BoNT/A(1–

448) protein can penetrate into the eukaryotic cells along
different time intervals. As shown in Fig. 4, the band
density of recombinant protein after 2 h was more than
that of 1 h. This can be due to the fact that cell mem-
brane penetration of TAT-BoNT/A(1–448) protein increases
during incubation.

Entry of TAT-BoNT/A(1–448) conjugates into the BE(2)-C
cell line

To assess the ability of TAT-BoNT/A(1–448) recombinant pro-
tein for passing directly through living neuronal cells, six-well
plate culture of BE(2)-C neuroblastoma cell line was treated
with purified protein for various time periods (30, 60, and
120 min). As shown in Fig. 5, the internalized proteins were
traced by HRP-conjugated polyclonal anti-His-tag antibody
and visualized with western blotting. The signs of recombi-
nant protein penetration were observed after 30 min and the
band related to the penetrated TAT-BoNT/A(1–448) into the
cells after 120 min was denser than the one after 60 and
30 min, respectively. This suggested a time-dependent pene-
tration of protein into living cells.

Analysis of animal transcutaneous delivery

We applied 100 μl PBS solution containing 1 μMTAT-BoNT/
A(1–448) recombinant protein on the skin surface of BALB/c
mouse in different time intervals. Figure 6a, b, e, f, i, j, m, n
demonstrated that TAT-BoNT/A(1–448) could penetrate into
epidermal cells after 30 min. While LC-BoNT/A showed no
skin penetration even after 120 min. Protein transduction in-
creased over time, and protein aggregates of 120-min treat-
ment in skin cryosections were increasingly more than those
of 30 and 60 min, respectively. Also, Fig. 6c, d, g, h, k, l, o, p
demonstrates tissue changes before and after treatment with
TAT-BoNT/A(1–448) and LC-BoNT/A compared with the nor-
mal untreated tissue. The results show no signs of alterations
including infiltration of inflammatory cells or tissue damage
even after 120 min of treatment with TAT-BoNT/A(1–448) re-
combinant protein.

Fig. 3 Confirmation of purified TAT-BoNT/A(1–448) recombinant protein
with western blotting. Western blot analysis by mouse anti-6 × His
polyclonal IgG conjugated with HRP. The band of purified protein
(54 kDa) is shown by arrow. Cell extract of E. coli Bl21 (DE3) lacking
pET28a (+) was used as negative control (lane named E. coli). U: before
induction. M: prestained 10–170-kDa protein ladder

Fig. 4 Evaluating of transmembrane delivery of TAT-BoNT/A(1–448)

recombinant protein with western blotting. Anti-His-tag antibody was
detected TAT-BoNT/A(1–448) recombinant protein in HeLa cell lysate
after 60 and 120 min. TAT-BoNT/A (1 h) and (2 h): cell culture treated
with TAT-BoNT/A(1–448) protein after 1 and 2 h, respectively. BoNT: cell
culture treated with LC-BoNT/A protein as control. S: culture
supernatant. L: cell lysate. Neg. Cont.: normal cell culture lysate and
supernatant as negative control
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Fig. 5 Evaluating of transmembrane delivery of TAT-BoNT/A(1–448)

recombinant protein with western blotting. Anti-His-tag antibody detected
TAT-BoNT/A(1–448) recombinant protein in BE(2)-C cell lysate after 30, 60,
and 120 min. Description of columns are as follow. 1: culture supernatant of
untreated cells. 2: culture supernatant of cells treated with LC-BoNT/A. 3:

culture supernatant of cells treated with TAT-BoNT/A(1–448) recombinant
protein after 120 min. 4: cell lysates of untreated cells. 5: cell lysates of
cells treated with LC-BoNT/A. 6, 7, 8: cell lysates of cells treated with
TAT-BoNT/A(1–448) recombinant protein after 30, 60, and 120 min,
respectively. 9: protein size marker. 10: purified TAT-BoNT/A(1–448)

Fig. 6 In vivo analysis of transduction of TAT-BoNT/A(1–448) protein
through mouse skin. a, b, e, f, i, j, m, n Immunohistochemistry staining of
mouse skin cryosections. c, d, g, h, k, l, o, p Hematoxylin-eosin staining of
mouse skin cryosections. a–dUntreated normal mouse skin. e–hMouse skin
treated with LC-BoNT/A as control. i–lMouse skin treated with TAT-BoNT/

A(1–448) protein for 60min.m–pMouse skin treatedwith TAT-BoNT/A(1–448)

protein for 120 min. ×40 and ×10 magnitudes are presented for each view.
The arrow shows some points that TAT-BoNT/A(1-448) stained with anti-
6×His-tag antimouse polyclonal antibody and it penetrate into penetrate into
epidermal cells
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Overall, the penetration of TAT-BoNT/A fusion protein
was evaluated by western blotting in cultured cell lines after
2 h. Also, the entry of protein into mouse skin was followed
up by immunohistochemistry for 60 and 120 min. After this
time, no significant histological changes were observed in
tissue section treated with TAT-BoNT/A(1–448) (H&E staining)
in comparison with normal untreated skin (Fig. 6).

In vitro analysis of TAT-BoNT/A(1–448) enzyme activity

We conducted an enzyme assay using TAT-BoNT/A(1–448) and
the natural substrate of BoNT/A toxin, SNAP-25 to assess the
in vitro protease activity of TAT-BoNT/A(1–448) recombinant
protein. After incubation in a 50-μl assay volume at 37 °C for
20 and 260 min, the fractions related to fragmented substrate
were detected with HPLC (Fig. 7). By reducing the peak area
of substrate in HPLC chromatograms, the peak area of cleav-
age fragments of substrate were growing by increasing the
reaction time. As a control, the enzymatic activity of the
full-length BoNT/A toxin was calculated under the same con-
dition using 1.7 mM substrate (Fig. 8). Figure 9 depicted the
Lineweaver–Burke plots of the 17-residue peptide (187–203)
for TAT-BoNT/A(1–448) with concentrations ranging from 0.3
to 1.7 mM. In contrast to TAT-BoNT/A(1–448), the full-length
BoNT/A toxin showed no enzymatic activity in substrate con-
centrations less than 1.7 mM at an assay time less than

260 min. However, the recombinant protein had protease ac-
tivity on substrate concentration of 0.3 mM at assay time as
low as 20 min. Proteolytic activity of both TAT-BoNT/A and
BoNT/A had positive correlation with the amount of the sub-
strate (0.3–1.7 mM) in the reaction mixture.

The calculated initial activity of TAT-BoNT/A(1–448) re-
combinant protein was ∼6 μM/min while the activity of the
full-length BoNT/A toxin was 1.3 μM/min. Other kinetic pa-
rameters (Km and kcat) are shown beside the plot. Km and kcat
related to full-length BoNT/Awas ∼4 μM and 0.9 s−1, respec-
tively. These data correspondedwith other similar studies con-
ducted on LC- BoNT/A and BoNT/A (Gul et al. 2010). The
results of calculating the kinetic parameters of TAT-BoNT/
A(1–448) recombinant protein in comparison with the full-
length BoNT/A are summarized in Table 1.

Discussion

Because of the highmolecular weight of BoNT/A toxin, intact
skin is impermeable to direct penetration of this macromole-
cule. However, Carmichael et al. (2010) used the first trans-
dermal delivery system of BoNT/A to reduce plasma extra
vacation (PE), a critical component of the inflammatory re-
sponse. They found that effective transdermal delivery of
BoNT/A through intact skin could be facilitated by co-

Fig. 7 In vivo analysis of TAT-BoNT/A(1–448) proteolysis activity on 17-
residue SNAP-25 (1 mM) by HPLC. Chromatogram of reaction mixture
a before enzyme assay and b after 20 min and c after 260 min of
incubation at 37 °C. The peak area related to intact substrate is shown

in boxes. The first three peaks represent the solvent front (<4 min) and
reduced DTT (7 min) in the reaction mixture. The sequence of substrate
and the products were determined by MS–MS and are shown in the
panels

Appl Microbiol Biotechnol (2016) 100:2785–2795 2791

Author's personal copy



administration of a short synthetic peptide (TD-1) and
BoNT/A to the mouse hind paw.

In this study, the TAT peptide (residues 47–57) was directly
fused to LC-BoNT-A (residues 1–448) to form a single recom-
binant protein. Designing a fusion protein may require some
structural modifications and requires a lower doses upon ad-
ministration for non-covalent binding (Kamei et al. 2008) and

has the advantage of being safer in administration and is more
economical. According to some studies (Thomas et al. 2010;
Amani et al. 2014), 1:1 ratio covalent cargo–CPP complexes
could be more dependent on free CPP properties than non-
covalent CPP-cargo complexes. Electron microscope images
of fluorescently labeled transporters have been shown that
these recombinant proteins are in intimate contact with cell
membrane and directly transfer through intact cutaneous bar-
rier (Rothbard et al. 2000).

TAT-BoNT/A(1–448) protein is very hydrophobic (the
charge of both BoNT/A light chain and TAT(47–57) peptide is
highly positive with PI of 9.2) (Amani et al. 2014). This re-
combinant protein expresses as inclusion body when induced
with 1 mM IPTG and incubated at 37 °C (Jensen et al. 2003;
Ahmed and Smith 2000). Therefore, it is necessary to use

Fig. 8 In vivo analysis of proteolysis activity of the full-length native
BoNT/A on 17-residue SNAP-25 (1.7 mM) by HPLC. Chromatogram of
reaction mixture a before enzyme assay and b after 20 min and c after
260 min of incubation at 37 °C. The peak area related to intact substrate is

shown in boxes. The first three peaks represent the solvent front (<4 min)
and reduced DTT (7 min) in the reaction mixture. The sequence of
substrate and the products were determined by MS–MS and are shown
in the panels

Fig. 9 Lineweaver-Burk plots for TAT-BoNT/A(1–448) recombinant
protein hydrolyses of 17-residue SNAP-25. In the plot, 1/[s] is the
reciprocal of the substrate concentration (in mM−1) and l/v is the
reciprocal of the initial hydrolysis rate (in mM−1/min). The kinetic
parameters (Km and kcat) obtained from this experiment are shown next
to the plot

Table 1 Kinetic parameters of TAT-BoNT/A(1–448) recombinant
protein in comparison with the full-length BoNT/A

Km (μM) Activity
(μM/min)

kcat (s
−1) The catalytic

efficiency
(kcat/Km),
(μM−1/s−1)

TAT-BoNT/A(1–448) 2.8 6 8 2.8

LC-BoNT/A 4 4 0.9 0.2
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solubilizing agents such as urea, arginine, glycerol or surfac-
tants such as Tween-20 in order to reduce protein aggregation
during purification (Lee et al. 2006). Despite the high expres-
sion level of recombinant proteins in form of inclusion body,
proteins should become unfolded. This may decrease the bio-
logical activity during the refolding into native conformation
(e.g., use of urea gradient). Also, protein refolding process is
time consuming and uneconomical, especially in case of
large-scale protein production. Therefore, it is necessary to
apply a reliable and cost-effective way for production of re-
combinant proteins with a structure more similar to the native
protein. In this study, the abovementioned concern was ad-
dressed through induction of protein expression with low
levels of IPTG (0.5 mM) and incubation of bacterial culture
at low temperatures (18 °C) (Moe et al. 2009). These condi-
tions make bacterial cells express the protein gradually
avoiding formation of inclusion bodies. Zinc ion (ZnCl2)
was added to the bacterial cell culture, because it plays an
important role in the maintenance of physical structure and
biological activity (Lacy and Stevens 1999). Using low tem-
perature for expression and purification using traditional col-
umn chromatography methods, we obtained a noticeable
quantity of TAT-BoNT/A(1–448) recombinant protein.

Protein transduction domains (PTD) are short hydrophobic
cationic peptides which have the ability to pass through mem-
branes of living cells by interaction with phospholipid bilayer
(Pooga et al. 1998; Soomets et al. 2000). Internalization oc-
curs through different, yet unknown, mechanisms and de-
pends on both the type of peptide and the cell culture model.
Distinct cellular distribution patterns of common investigated
CPPs may offer a potential for localized epithelial delivery
and they lack the ability for systemic drug delivery across
epithelial layer. Also, there is evidence that upon injection,
the BoNT/A protein does not diffuse beyond 2 cm, exerting
its paralyzing activity around the injection site with very lim-
ited spreading (Trehin et al. 2004; Costa et al. 2012). In this
study, we sprayed TAT-BoNT/A solution directly on mouse
skin and as expected the diffusion of protein was much less
than when it was administered as an injectable drug. Also,
there is a miniscule potential of systemic spread of TAT-
BoNT/A through skin.

Together with this information, what make this technology
so attractive are the high rate of uptake, the ability of carrying
therapeutically useful amount of drug, and the depth of skin
penetration (Rothbard et al. 2000). On the other hand, among
different CPPs, those with moderate cell uptake such as TAT
peptide(47–57), are more desirable than those with high trans-
portation rate (e.g., transport and penetrate in) for carrying
molecules into biological membranes, because the former en-
ter cells trough endocytosis and therefore do not disrupt the
cell membrane integrity (Mueller et al. 2008). In this study, the
cell membrane transduction of TAT-BoNT/A(1–448) recombi-
nant protein was tested in vitro and in vivo in comparison with

the full-length BoNT/A. As shown by Jeong et al. (2008), the
intracellular concentration of Tat-CK (human brain creatine
kinase) fusion protein gradually increased with increasing in-
cubation periods which is in consistent with our results both in
cell culture (eukaryotic epithelial and neuronal cells) and
mouse skin. Here, we have introduced the TAT peptide as a
cell-penetrating peptide which facilitates the transport across
the cutaneous barrier when applied topically to mouse skin.
The results of similar studies demonstrated that the properties
of the transporter were not adversely affected by the addition
of the protein cargo (Rothbard et al. 2000).

Activity of the purified TAT-BoNT/A recombinant protein
was calculated to be approximately 6-fold greater than that of
the native toxin, fulfilling our goal of providing very active,
highly pure recombinant protein. Like the full-length BoNT/A
which has been shown in other studies to be stable for several
hours under assay conditions (Schmidt and Bostian 1995), the
TAT-BoNT/A recombinant protein has proteolytic activity for
more than 4 h (260 min) during essay time as well. The full-
length BoNT/A showed a lower activity rate in this study than
what was tested in other studies. However, Schmidt and
Bastian et al. have shown that BSA enhanced the initial rate
of hydrolysis of 17-residue SNAP-25 by full-length BoNT/A
mediated (Schmidt and Bostian 1997). However, we decided
not to use any enzyme stimulator to simulate the natural con-
dition for enzyme activity. There is a large body of evidence
indicating the crucial role of DTT and ZnCl2 inactivity en-
hancement of this Zn-metalloprotease (10–20 %) (Rawat
et al. 2008). Hence, we added low concentrations of DTT
and ZnCl2 to the assay buffer (30 mM HEPES) to facilitate
proteolytic activity of the enzyme. The amount of calculated
kcat for TAT-BoNT/A(1–448) was about 8 times as much as the
full-length BoNT/A while the Km value of BoNT/A was af-
fected to a somewhat lesser degree and was decreased by a
factor of 1.4. One possible reason could be that in the form of
light chain alone, the active site of the BoNT/A is more ac-
cessible to the substrate because of the lack of structural inter-
actions made by two other toxin domains. Also, the catalytic
efficiency of TAT-BoNT/A(1–448), calculated as kcat/Km

(2.8 μM−1/s−1) is ∼14-fold higher than that of its full-length
version, BoNT/A, in this study (0.2 μM−1/s−1).

According to the literature, Km reflects binding affinity be-
tween substrate and enzyme, while the catalytic rate constant,
kcat, defines the capability of enzyme catalytic site for
converting the maximum number of substrate molecules to
product per unit of time (a turnover rate) (Wang and Liang
1994; Schmidt and Bostian 1997). So, it can be concluded that
with the lower amounts of kcat, less amounts of enzyme is
needed for substrate hydrolysis over a time unit. It is an ad-
vantage because the administration of lower drug in further
clinical applications can be safer and causes less possible un-
expected effects. The data resulted from this study indicates
that fusion of LC-BoNT/A to TATallowed internalization into
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living cells effectively with no further cell membrane manip-
ulation. We demonstrated that TAT-BoNT/A(1–448) recombi-
nant protein can freely penetrate both into the cultured eukary-
otic epithelial (Whelan et al. 1992), neuronal [BE(2)-C] cell
lines, and mouse skin (in vivo). Also, making a LC-BoNT/A
conjugate increased the potential for proteolytic activity com-
pared to full-length BoNT/A. Peptide-mediated delivery of
BoNT/A is an easy and non-invasive way of administering
the drug that may prove to be useful for therapeutic purposes
in clinical practices.
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