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Design and synthesis of a peptide-PEG transporter tool
for carrying adenovirus vector into cellsq
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Abstract—The adenovirus vector is a promising carrier for the efficient transfer of genes into cells via the coxackie-adenovirus recep-
tor (CAR) and integrins (avb3 and avb5). The clinical use of the adenovirus vector remains problematic however. Successful
administration of this vector is associated with side effects because antibodies to this vector are commonly found throughout the
human body. To make the adenovirus vector practicable for clinical use, it is necessary to design an auxiliary transporter. The pres-
ent study describes the use of Arg-Gly-Asp(RGD)-related peptide, a peptide that binds to integrins, as an auxiliary transporter to
aid efficient transport of adenovirus vector. Furthermore, poly(ethylene glycol) (PEG) was also used as a tool to modify the adeno-
virus such that the risk of side effects incurred during clinical application was reduced. The present study describes the design,
preparation and use of (acetyl-Tyr-Gly-Gly-Arg-Gly-Asp-Thr-Pro-bAla)2Lys-PEG-bAla-Cys-NH2[(Ac-YGGRGDTPbA)2K-PEG-

bAC] as an efficient peptide-PEG transporter tool for carrying adenovirus vector into cells. (Ac-YGGRGDTPbA)2K-PEG-bAC
was coupled with 6-maleimidohexanoic acid N-hydroxysuccinimide ester and the resulting 6-[(Ac-YGGRGDTPbA)2K-PEG-

bAC-succinimido]hexanoic acid N-hydroxysuccinimide ester reacted with adenovirus. The modified adenovirus with the peptide-
PEG hybrid exhibited high gene expression even in a CAR-negative cell line, DC2.4.
� 2004 Elsevier Ltd. All rights reserved.
Gene therapy is a new field of clinical treatment for
intractable diseases. A key aspect of gene therapy, and
a major determinant of its success, lies in the vector used
for transgenesis. Adenovirus vectors (Ad) are widely
used as vectors for gene therapy experiments2 since they
exhibit highly efficient transduction and gene expression.
Ad infection is performed in two steps; firstly Ad binds
to its receptor, coxackie-adenovirus receptor (CAR),3

followed by receptor-mediated endocytosis via avb3
and avb5 integrins.4 Both of these integrins are known
as a receptor of peptides containing the Arg-Gly-Asp
(RGD) sequence. Ad is able to transfer genes efficiently
into both dividing and nondividing cells, but some prob-
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lems remain in terms of its clinical application. Side ef-
fects are common because antibodies to Ad are
commonly found within the human body (Fig. 1).5

Poly(ethylene glycol) (PEG) is a low toxicity polymer and
its hybrid formation (conjugation) with a protein is a
method known to improve certain characteristics of
the chosen protein (such as response to an antibody,
response to enzymatic degradation, solubility to aque-
ous and organic solvents and prolongation of biological
activities). As a result of this newmethodology, the form-
ation of a protein-PEG hybrid has become known as
�pegylation�, a term that is now commonly used. Several
studies have investigated the pegylation of Ad;6 results
demonstrated that pegylated Ad exhibited enhanced cir-
culation and half-life in blood depending on the rate of
pegylation. Transduction by the pegylated Ad was not
disturbed in the presence of its antibody.7 However
the ability of the pegylated Ad to penetrate into cells
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Figure 1. Design of an efficient peptide-PEG transporter tool for carrying adenovirus vector into cells via integrins.
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through the coxackie-adenovirus receptor (CAR) was
reduced by the steric hindrance of the associated
PEG chains. To overcome this problem, an Arg-Gly-
Asp(RGD)-related peptide, Tyr-Gly-Gly-Arg-Gly-Asp-
Thr-Pro (YGGRGDTP),8 was considered as a tool to
allow Ad to penetrate into cells via its receptors (avb3
and avb5 integrins). The peptide was reported to show
good endocytotic ability and RGD sequence in the pep-
tide was reported to be necessary to exhibit this activity.
Since the final synthetic product will be reacted with Ad
by the active ester method, the RGD-related peptide
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Figure 2. Synthetic scheme for the preparation of the PEG-(RGD-peptide)
should not have side chains, which will be acylated by
the active ester method. YGGRGDTP has no such side
chain (Fig. 2).

In an attempt to ensure efficient affinity between the
peptide and integrins, a bivalent peptide derivative
through Lys (K) was designed (Fig. 1). In order to prepare
a hybrid of the peptide and PEG, an amino acid type
PEG (aaPEG) was utilized. To introduce the peptide-
PEG hybrid to Ad, a heterofunctional cross-linking
reagent with amine and sulfhydryl reactivity, 6-maleim-
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hybrid used to carry Ad into cells.



Table 1. Synthetic protocol for the solid-phase synthesis of Ac-

YGGRGDTP)2K-PEG-bAC

Step Reagent Volume Period Time

1 20% Piperidine/DMF 5 mL 5 min 1

5 mL 0.5–1 h 1

2 DMF (wash) 5 mL 3 min 5

3 Fmoc-amino acid derivative 0.75 mmol

0.5 M HBTU/HOBt/DMF 1.5 mL 2–4 h

2 M DIEA/NMP 0.75 mL

4 DMF (wash) 5 mL 3 min 5

Figure 3. HPLC profile of synthetic crude (Ac-YGGRGDTPbA)2K-

PEG-bAC-SHS. Column: DAISOPAK SP-120-5-ODS-B (20 · 250

mm). Flow rate: 10 mL/min. Eluent: CH3CN/H2O containing 0.05%

CF3COOH. Gradient: 10:90! 70:30 (60 min). OD at 220 nm.
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Figure 4. Hydrolysis of 6-maleimidohexanoic acid N-hydroxy-

succinimide ester (MHS) in water at pH 7.4.
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idohexanoic acid N-hydroxysuccinimide ester9 (MHS),
was utilized. As a result, Cys was also incorporated in
the hybrid. bAla (bA) was also incorporated into the
hybrid as a spacer. The final hybrid, (acetyl-Tyr-Gly-
Gly-Arg-Gly-Asp-Thr-Pro-bAla)2Lys-PEG-bAla-Cys-
NH2, (Ac-YGGRGDTPbA)2K-PEG-bAC amide, was
thus designed (Fig. 2). The hybrid was synthesized by
manual solid-phase methodology using fluorenylmeth-
oxycarbonylamino acids (Fmoc-amino acids) on Rink
amide resin (0.67 mequiv L/g, PE BioSystems. 370 mg,
0.25 mmol)10 according to the protocol shown in Table
1. The following amino acids were purchased from
Watanabe Chemical Industry Ltd (Japan) and Peptide
Institute Inc. (Japan); Fmoc-Arg(Pbf)-OH (Pbf: 2,2,4,
6,7-pentamethyldihydrobenzofuran-5-sulfonyl), Fmoc-
Cys(Trt)-OH (Trt: trityl), Fmoc-Tyr(But)-OH (But:
tert-butyl), Fmoc-Thr(But)-OH, Fmoc-Asp(OBut)-OH,
Na,Ne-diFmoc-Lys-OH, Fmoc-Gly-OH, Fmoc-bAla-
OH and Fmoc-Pro-OH. Fmoc-aaPEG-OSu (–OSu: N-
hydroxysuccinimide ester) (MW 3400) was purchased
from Shearwater polymers Inc. and MHS was pur-
chased from Dojindo Laboratories, Japan). All of the
above materials were used as supplied without any fur-
ther purification. As described in the protocol (Table
1), Fmoc groups were removed by 20% piperidine/
dimethylformamide (DMF) treatment and coupling
reactions were performed with 0.5 M 2-(1H-benzotriaz-
ole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU)/DMF in the presence of 1-hydroxy-
benzotriazole (HOBt) in N-methylpyrrolidinone
(NMP). Since Fmoc-aaPEG-OSu did not react with

bAla-Cys(Trt)-Rink amide resin, HBTU, HOBt and
diisopropylethylamine (DIEA) were added to the reac-
tion mixture. The reaction did not proceed without the
addition of HBTU, HOBt and DIEA. Since the depro-
tection reaction of the Fmoc group decreased in rate
after the introduction of Fmoc-aaPEG, the following
deprotection procedure was performed for 1 h. After
the introduction of Lys, the amount of each added
reagent was doubled, and each step involving the intro-
duction of Fmoc-amino acid was performed using a
double coupling reaction. The amino group of the N-
terminal Tyr was acetylated with acetic anhydride.
The synthetic (Ac-Tyr(But)-Gly-Gly-Arg(Pbf)-Gly-Asp-
(OBut)-Thr(But)-Pro-bAla)2Lys-aaPEG-bAla-Cys(Trt)-
Rink amide resin was then treated with a mixture of
trifluoroacetic acid (TFA)/H2O/triisopropylsilane (TIPS)
(95:2.5:2.5), and the resulting crude peptide-PEG hy-
brid, (Ac-YGGRGDTPbA)2K-PEG-bAC, 462 mg), was
purified by HPLC (Fig. 3). The purified hybrid (55 mg,
10 mmol)11 dissolved in PBS (pH 7.4, 1 mL), and the
heterofunctional cross-linkage reagent (MHS 3.1 mg,
10 mmol) dissolved in dimethylsulfoxide (DMSO,
0.1 mL), were combined and the mixture stirred for
0.5 h. Since the product of this reaction, [(Ac-YGGR-
GDTPbA)2K-PEG-bAC-SHS)] (SHS: 6-succimidohexa-
noic acid N-hydroxysuccinimide ester) was easily
hydrolyzed in water, the reaction mixture was frozen
immediately and kept in a freezer to await the next reac-
tion step. Purification of the reaction product by HPLC
was attempted, but was not successful since the N-
hydroxysuccinimide ester portion of the product hydro-
lysed easily in the presence of water. We observed that
50% of MHS was hydrolyzed at pH 7.4 after 1.5 h at
room temperature (Fig. 4). Ad, which has luciferase
expression ability, was modified with (Ac-YGGR-
GDTPbA)2K-PEG-bAC-SHS solution at 37 �C for
45 min with gentle stirring and the transduction effi-
ciency of the resulting modified Ad (RGDpep-PEG-
Ad) via receptor-mediated endocytosis was examined
with A549 (CAR + and integrins-positive) and DC2.4
(CAR � and integrins-positive) cell lines using a Lucif-
erase Assay System Kit (Promege, USA) and a Microlu-
mat Plus LB 96 instrument (Perkin–Elmer, USA), after
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Figure 5. Transduction efficiency of RGDpep-PEG-Ad into DC2.4

(CAR �) cells and A549 (CAR +) cells. (A) DC2.4 cells (2 · 1010 cells)
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represents mean ± SD (n = 3).
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cells were first lysed with Luciferase Cell Culture Lysis
Reagent (Promega, USA). Luciferase activity was
described as relative light unit per well (RLU/well).
We thus measured the luciferase activity of cells trans-
ducted with Ad, PEG-Ad7 RGDpep-PEG-Ad, as shown
in Figure 5. A549 cells that had been infected with Ad or
RGDpep-PEG-Ad exhibited luciferase activity in simi-
lar proportions. On the other hand, the luciferase activ-
ity of DC2.4 cells that had been infected with Ad was
much lower than that of DC2.4 cells that had been in-
fected with RGDpep-PEG-Ad. Furthermore, infection
of cells with RGDpep-PEG-Ad was not blocked in the
presence of an antibody to Ad (data is not shown).
These results indicate that RGDpep-PEG-Ad could be
transducted into cells via the integrins and was protected
from the antibody by its pegylated structure.

In summary, we designed and prepared (Ac-
YGGRGDTPbA)2K-PEG-bAC as an efficient auxiliary
transporter tool for carrying Ad into cells. Although
(Ac-YGGRGDTPbA)2K-PEG-bAC-SHS could not be
purified by HPLC owing to its instability in water,
quality of this tool when constructed in situ was still
sufficient to modify Ad. Various active esters of
6-maleimidohexanoic acid are presently being examined
in order to obtain a stable 6-[(Ac-YGGRGDTPbA)2K-
PEG-bAC-succinimido]hexanoic acid active ester in
water.

Recently, Ogawara et al.12 reported a procedure that
modified Ad in two steps, using PEG and cyclic RGD
peptide. These authors prepared PEG-Ad and then
combined cyclic RGD peptide (Ansynth, Netherlands)
with the pegylated Ad. Our own future studies will
investigate peptide-PEG transporters, which can modify
Ad in just one step.
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