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Transdermal delivery of fusion green fluorescent protein
mediated by covalently associated TD1 peptide
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Abstract; TDI peptide, with the amino acid sequence of ACSSSPSKHCG., has been reported to
have the potential ability to facilitate transdermal delivery of macromolecules such as insulin
through skin. Here we report that TD1-GGS-eGFP (TGFP), or the N-terminal TDI1 modified
green fluorescent protein (GFP), compared to the unmodified GFP, is more capable of
transporting through skin barrier in comparison with the unmodified GFP. This finding may
provide a new way for transdermal drug delivery. It can also offer a new experimental
methodology for the elucidation of the mechanism through which TD1 peptide facilitates
transdermal delivery.
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. barrier of largely impermeable skin. Over the past

0 Introduction . o .
decade, many related innovations in drug delivery
Efficient transdermal delivery of systems have led to the development of various

macromolecules remains problematic because of the novel treatments with existing drugs. Several
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classes of surfactants, fatty acids, fatty esters and
Azone-like compounds have been used as chemical
penetration enhancers (CPEs) for more than 50
years. However, most of these CPEs were found
to suffer from problems such as skin irritation, low
large molecules and

efficiency in delivering

excessive dependence on physical

enhancement-' %), The situation of CPEs research
appears to be in a dilemma.

In contrast, recently several other non-
chemical strategies such as the use of biological
molecules have been developed and are receiving a
lot of attention. The family of protein transduction
domains (PTDs) was known at first for their
remarkable ability to rapidly cross cell membrane
and the wide range for target cells and cargos™ ™.
Most PTDs are protein motifs or sequences found
in naturally occurring proteins. Among the best-
known PTDs are the HIV transcription factor
TAT, the

Drosophila melanogaster homeodomain protein,

Antp peptide derived from the
the herpes simplex virus protein VP22, and the
arginine oligomers®™, In addition to their ability
to transport the cell membrane in mouse tissues

]

such as heart, lung and spleen'®, further study

also reported their outstanding ability to carry

[7,9~13]

compounds into animal skin . The application

of PTDs provides a strong potential for protein

[14.15] [16,17]
b

therapies such as ischemia cancer and
some other diseases.

Conventionally a therapeutical protein and a
transdermal facilitating peptide can be combined
either covalently or non-covalently before being
delivered. Several PTDs, such as YARAUS,
TATY"2), Biotin-r7"** and Antp'™®, etc., have
been conjugated with compounds to facilitate
transdermal delivery. On the other hand, it is also
reported that several arginine-rich intracellular
delivery (AID) peptides not covalently attached to
model proteins can promote the entry of the model
protein into mouse skin in vivo., ) Recent research
by Lopes et al''®. showed that, selected non-
covalently linked PTDs

can be used as a

penetration enhancer, but greater skin penetration
efficiency can be achieved by covalently binding the
PTD to the therapeutic agent.

TD1, an innovative peptide selected by phage
display, has recently been reported as an efficient
non-covalent transdermal drug delivery enhancer
for therapeutic proteins such as insulin®®’'. To
further investigate the transdermal potency of the
covalently conjugated TD1 and cargo protein, we
constructed TDI1-eGFP (TGFP) fusion protein
based on the past research that GFP is a qualified
candidate to be the indicator fused with PTDs?*,
Our results indicated that TDI1 associated with
green fluorescent protein has significant ability to
transport through skin barrier in comparison with
the unmodified GFP.

1 Materials and methods

1.1 Materials

All restriction enzymes, T4 DNA ligase,
dNTPs, Tagq DNA
polynucleotide kinase were from TaKaRa Biotech
Isopropylh-D-thiogalactoside ( IPTG )
was bought from Sigma (USA). The primers were

polymerase and T4
(Japan).

synthesized by Sangon Corp (Shanghai, China).
GFP antibody was from PTGLAB Corp (China),
anti-rabbit IgG and His-tag antibody were from
Genscript Corp (USA) and TDI antibody was
purified from anti-TD1 rabbit serum by Novomed
Corp (Shanghai, China). Centriplus centrifugal
filter devices (10 kD) was from Millipore (USA).
BCA Protein Assay Kit was purchased from
Beyotime (China). DAB kit was from Zhongshan
Goldenbridge Corp (Beijing, China). EZ-ECL kit
was purchased from biological industries (Israel).
1.2 Bacterial strains and plasmids

The E. coli strain Rossetta (DE3) was used as
the host strain for the plasmid with E. coli GFP
gene. Plasmid pET-22(+) was used to construct
pET-22b (+) GFP, which overproduced the GFP
and TGFP.
1.3 Plasmid constructions

The GFP clone was kept by our lab. The 5’
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primer (5'-TATACATATG GCTTGTTCTTCTA
GT CCTTCTAAGCATTGCGGTGGTGGCTCTA
TGGTGAGCAAGGGCGAG-3") and 3'primer (5'-
GAGTGCGGCCGCTCTAGATCCGGTGG ATCC
-3") were used to amplify the fusion gene TDI-
GGS-eGFP. Then the gene was cloned into pET-
22b(+) vector, which carries a C-terminal 6 x
histidine-tag for further purification.
1.4 Purification of TGFP

All purification steps were carried out at room
temperature and samples of all fractions were
analyzed by SDS-PAGE. E. coli Rossetta (DE3)/
pET-22b(+) TGFP or GFP was grown in 800 ml
Lauria broth to A600 nm=0. 8 and then induced
with IPTG (1 mmol/L) for 4 h. The cells were
harvested by centrifugation, resuspended in 25 mL
lysis buffer (50 mmol/L. Tris, 50 mmol/L. NaCl,
10 mmol/L (v/v)
pH7.4). The harvested cells were
disrupted with French pressure cell ( Thermo
Spectronic, Rochester, NY) at 20 000 psi (psi=
6.895 kPa). Cell
centrifugation at 18 000 g for 15 min. The

2-mercaptoethanol, 10%
glycerol,

debris was removed by
supernatant (25 mL) was loaded onto a 3 mL Ni*" -
Chelating Sepharose Fast Flow column, mixed
Then the
column was washed with 60 mlL of washing buffer
(50 mmol/L Tris, 50 mmol/L. NaCl, 10 mmol/L
2-mercaptoethanol, 20 mmol/L imidazole, 10%

gently, and incubated for 20 min.

glycerol, pH7.4). Bound proteins were eluted
with 6 mL elution buffer (50 mmol/L Tris, 50
mmol/L. NaCl, 10 mmol/L. 2-mercaptoethanol,
500 mmol/L imidazole, 10% glycerol, pH7.4).
The imidazole was removed via centrifugal filter
devices (10 kD) and the eluted protein was
storaged in storage buffer (50 mmol/L. Tris, 50
mmol/L  NaCl ).

measured with BCA Protein Assay Kit.

Protein concentration was
1.5 Western-blot assay for fusion proteins

5 pg GFP and TGFP were separated by 15%
Tris-Tricine SDS-PAGE. Separated proteins in the
gels were

electrophoretically transferred onto

nitrocellulose membrane at 380 mA for 45 min.

The blotted membrane was blocked with 5% skim
milk in PBS containing 0. 05% Tween 20 (PBS-T
buffer) for 1h. After washing the membrane with
PBS-T, the TDI antibody diluted 1 : 500 and GFP
antibody diluted 1 ¢ 1 000 into 10 mL PBS-T were
added and incubated respectively overnight at 4 °C.
After incubation, the membranes were washed
with PBS-T and incubated with 1 : 2 000 diluted
anti-rabbit Ig secondary antibody. Then the ECL
test was carried on following the manufacturer’s
instruction.
1.6 Spectral measurements

The fluorescence measurements were made
Series2  Luminescence

with a  Spectronic

Rochester,
NY). 5 pmol/L GFP and TGFP were excited at an

EX wavelength of 488 nm. Scanning range was set

Spectrometer ( Thermo Spectronic,

from 450.0 nm to 650.0 nm. The manufacture’s

instructions were followed for all assay
procedures.
1.7 The fluorescent microscopy of skin sections
The exposed abdominal skins of rats were
treated with GFP (100 pg) and TGFP (100 pg)
with or without TD1 (500 pg). The incubation
time was set to 30 min. After treatment, the skin
was carefully cleaned with 70% isopropyl alcohol,
ice-cold 4%

paraformaldehyde overnight. After washing, skin

harvested and fixed with

samples were immersed in 4. 5% sucrose for 24 h
dehydrated in 30%

Floating horizontal and

and then sucrose  till

deposition, vertical
sections with a thickness of 20 ym were obtained
on a freezing microtome (LEICA). We took 10
vertical sections from each skin sample and the
horizontal sections were taken from 0~200 pm for
every 20 pm. Fluorescence photomicrographs of
the sections were obtained with OLYMPUS IX-70
microscope using a filter set having excitation and
emission wavelength at 490~495 nm and 520~530
nm and ZEISS LLSM-510 Confocal Laser Scanning
Microscope with 488 nm excitation wavelength.
All the photos were taken with exactly the same

setting.
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1.8 The immunohistochemical analysis of skin

section

The skin sections were obtained as mentioned
above and mounted on poly-L-lysine-coated slides.
The sections were immersed into 0. 25% Triton X-
100 at 37 °C for 15 min and washed with PBS-T
buffer (10 mmol/L PBS, 0.1% Tween200), then
3% BSA diluted in PBS-T was used to block
nonspecific binding at 37 °C for 1 h. After
incubation, anti-histag antibody diluted in 1 200
PBS-T was added at 4 °C for 24 h and then washed
with PBS-T buffer. The sections were then
incubated with anti-rabbit Ig secondary antibody
diluted 1 ¢ 500 in PBS-T at 37 °C for 1 h. The
immunostaining with DAB kit was performed
following protocols suggested by the
manufacturer. After immunostaining the sections
were dried at 25 ‘C and enveloped with 10 mL
VECTASHIELD Mounting Medium. Fluorescence
photomicrographs of the sections were obtained

with OLYMPUS IX-70 microscope.

2 Results

2.1 Characterization of fusion proteins

The GFP gene and TD1-GGS-eGFP gene were
inserted into the multiple cloning site between the
T7 promoter and T7 terminator of the expression
vector of pET-22b (+) and expressed in E. coli
respectively. After the induction with 1 mmol/L
IPTG in 37 °C for 4 h, cells were harvested and
PAGE was

As shown in

inducted proteins were purified.
performed with purified proteins.
Fig. 1(a), the two proteins appear to be in the size
calculated from the nucleotide sequence ( GFP
Mr=29 371. 09 Da and TGFP Mr=230 416. 26 Da)
respectively.

The presence of GFP and TDI1 peptide
domains in TGFP was further demonstrated with
Western-blot with GFP antibody and TD1 antibody
(Fig. 1 (b)) respectively, which indicated the
structure of fusion protein was as planned.

2.2 Spectral properties of TGFP

When the excitation wavelength was set to
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(a) SDS-PAGE analysis o[ (iFP and TGFP
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(b) Western-blot of for GFP and TGEFP using
anti-GFP and anti-TD1 antibodics

Fig. 1 Identification of fusion proteins

488 nm, both purified GFP and purified TGFP
emitted the same green color. Moreover, the two
had  almost overlapped

proteins completely

emission spectrums ( Fig. 2), suggesting that

TGFP could be useful in the transdermal assays.
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Fig. 2 Spectroscopic analyses of His-tagged E. coli
GFP and TGFP emission spectrums

with an exciting wavelength of 488 nm

2.3 Transdermal assay for fusion proteins

Based on that GFP and TGFP have similar
spectral properties, we treated the abdominal skin
of rats as mentioned above and investigated the
skin sections under Fluorescent Microscopy. Fig. 3
shows that the skin sections treated with TGFP
have a much stronger fluorescence than the control
sections treated by GFP, which indicates that the

fusion proteins may have stronger transdermal
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(a) The Fluorescent Microscopy of vertical slices;
(b) The Fluorescent Microscopy of horizontal slices;
(¢) Confocal Laser Scanning Microscopy of skin sections, 11 photograghs
were taken automatically from 0~200 pm for every 20 pm;
(D Confocal Laser Scanning Microscopy of GFP,
@ Confocal Laser Scanning Microscopy of TGFP;
(d) The immunohistochemical staining Microscope of skin section
100 pg GFP and TGEP were incubated
with the abdominal skin of rats respectively

Fig.3 Transdermal effect of fusion proteins (Bar=100 pm)

ability than control proteins. We further utilized
the immunohistochemical staining to confirm our
fluorescence microscopic data. As shown in Fig. 3
(d), the brown staining spots were found in
TGFP-treated skin but not GFP-treated skin,
indicating that the fusion proteins have the
transdermal ability due to the presence of TDI1
peptide domain.
2.4 The competitive inhibiting effect of TD1

peptide to fusion proteins

In order to further investigate the transdermal
mechanism of fusion proteins, we applied TDI1
peptide to inhibit the transdermal ability of TGFP.
As shown in Fig. 4, co-treatment of TD1 peptide
with TGFP results in significant reduction of the
ability of TGFP to penetrate skin while TD1 and
GFP co-treatment did not significantly change the
transdermal ability of GFP.

3 Discussion

Skin, as one of the most important organ of

human body, is composed of ceramides,
cholesterol and free fatty acids, which constitute a
tight barrier to both microbial infection and
therapeutic agents''*). As mentioned earlier, many
PTDs were reported to be able to facilitate proteins
to penetrate animal skin both in a covalent and
non-covalent manner. A recent study has shown
that PTDs had a better efficiency to -carry
covalently conjugated compounds and penetrate the

181 In our current study, we showed

that TD1, like YARA and WLR, has better ability

to facilitate transdermal peptide delivery when

skin in vivo

conjugated with cargo protein (GFP) covalently
than non-covalently. As indicated in Fig. 3, the
TGFP treated skin samples display much stronger
fluorescence than the control samples treated by
GFP without TD1. And the immunohistochemical
staining confirms the result from another aspect.
Through this study we provide a simple and useful
strategy for the application and delivery of
vaccines, new drugs and protein therapies.

Even though the skin penetration mediated by
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S Grp—1D1

TGEP-TD

GFP-TDI

TGFP-TT

(a) The Fluorescent Microscopy of vertical slices;

(b) The Fluorescent Microscopy of horizontal slices
in the depth of 100 pm
Fig. 4 The competitive inhibiting effect of TD1
peptide to fusion proteins (Bar=100 pm)

PTDs has been

[12.13.19.23]

different reported in the

literature , the exact mechanism remains
unknown. Due to their difference in composition,
the mechanism for PTDs to penetrate in the skin is
likely different from that of cellular membrane
penetration. Some PTDs are reported to interact
with lipids™®’, which facilitate them to transport
across the skin. The transdermal mechanism of
TD1 is also uncertain, Past research proposed that
the TD1 and insulin non-covalently mixture is
penetration

likely to follicular

[21]

apply the

pathway'*". In our research, as revealed in Fig. 4,

we found that high concentration TD1 peptide has

a significant competitive inhibiting effect on

TGFP, which indicates that the TGFP and TD1
may share the same path way to travel through
skin barrier. One of the possible reasons for TD1
to facilitate insulin delivery into the skin following
a non-covalent manner but the mixture of TD1 and
GFP to have little transdermal ability may be due
to the difference in cargo molecular weights.
Previous research demonstrated that the drug size
is crucial in the delivery of therapeutic molecules
mediated by CPEs™*”, Insulin (5.7 kD) is much
smaller than GFP (30 kD), therefore insulin may

¢

pass through the “channel” more easily and
quickly. Though GFP barely has any transdermal
ability, the covalent attachment of TD1 and GFP
appears to make the fusion proteins have a much

better chance to be brought across the skin tissues.

4 Conclusion

In summary, we conclude that as a potential
enhancer, TDI1 has

transdermal efficiency non-covalently and maybe

transdermal considerable

covalently (further investigation needed) when the
cargo is small. However, when the cargo is big to
a certain degree, a covalent association between
TD1 and therapeutic proteins might be crucial to
overcome the skin barrier. The exact mechanism
underlying this effect is to be further investigated

in future.
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