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ABSTRACT

pAdvantage is a rapid cloning system for
generating recombinant adenoviruses. The
system is based on manipulating the full-
length adenovirus genome as a stable
plasmid in E. coli using intron-encoded en-
donucleases. These intron-encoded endonu-
cleases cut their recognition sequences,
which range from 15–39 bp, with high
specificity. Their unusual long homing se-
quence makes them rare-cutting and ideal
for use as cloning sites. We report how
transgenes can easily be cloned directly
into the E1 region of an adenoviral plasmid,
followed by transfection into a mammalian
packaging cell line, to produce homoge-
neous recombinant viruses without the need
for plaque purification.

INTRODUCTION

Adenoviruses are double-stranded
linear DNA viruses with a 36-kb
genome. Several features of adenovirus
have made them a popular choice as a
transgene delivery vehicle for therapeu-
tic applications. They have a broad host
range, can easily be propagated and pu-
rified (4) and have a reasonable cloning
capacity. Up to 7.5 kb of heterologous
sequence can substitute for the E3 and
E1 regions of adenovirus using comple-
mentation in 293 cells (5). Deletions in
E4 together with a complementing
E4/E1 cell line permits the inclusion of
larger inserts up to 10 kb (6).

The most common approach in gen-
erating adenovirus recombinants in-
volves in vivo homologous, intra-
molecular recombination between
overlapping Ad sequences in plasmids
and restriction-cleaved Ad viral DNA
(10). However, problems with this ap-
proach include high background due to
contaminating parental virus, which ne-
cessitates repeated rounds of plaque
purification, and the low efficiency of
in vivo homologous recombination.
Other recombinant adenoviral systems
have been developed to overcome some
of these technical challenges. Several
current methods involve generating re-
combinant adenoviruses utilizing the
rec system in Escherichia coli. (1,6).
The method described in this report uti-
lizes the homing sequence of the in-
tron-encoded endonuclease I-Ceu I as a
cloning site for direct transgene inser-
tion into a viral plasmid.

Intron-encoded endonucleases are
enzymes that are encoded within a
group I intron, which mediates the in-
tron’s transposition (9). The intron-en-
coded endonucleases have an unusual
long homing sequence ranging from

15–39 bp, which makes them rare-cut-
ting and ideal to use as cloning sites.
The intron encoding I-Ceu I is called
CeLSU.5 and is found in the large sub-
unit rRNA gene of Chlamydomonas
eugametos (7,8,11). The encoded pro-
tein I-Ceu I has a 26-bp homing site 5′-
TAACTATAACGGTCCTAAGGTAG-
CGA-3′ in which we report to be a very
good cloning site for the generation of
recombinant adenoviruses.

MATERIALS AND METHODS

Plasmid Constructions

The shuttle plasmid pSV-ICEU I
was constructed within a pBluescript
SK(+) (Stratagene, La Jolla CA, USA)
backbone. The cytomegalovirus (CMV)
promoter, multiple cloning sites and the
bovine growth hormone (BGH)
poly(A) were polymerase chain reac-
tion (PCR)-amplified from pcDNA3
(Invitrogen, Carlsbad, CA, USA) using
the primers: 5′SV-, 5′-TGCACGCGT-
AACTATAACGGTCCTAAGGTAGC-
G A T C G A T T G A C A T T G A TT -
ATTGACTAGTTATTAATAGTAATC-
AATTACG-3′ and 3′SV-, 5′-TGCAC-
GCGTCGCTACCTTAGGACCGTTA-
TAGTTAGCTAGCTCCCCAGCATG-
CCTGCTATTGTCTTCCCAATCCT-
CCCCCTT-3′ with Vent DNA Poly-
merase (New England Biolabs, Beverly
MA, USA) at cycle parameters 1× (4
min at 94°C, 2 min at 45°C and 5 min
at 72°C) and 25× (1 min at 94°C, 2 min
at 55°C and 5 min at 72°C). A 1.2-kb
PCR product was purified from a 1%
agarose gel slice by a QIAEX II Gel
Extraction Kit (Qiagen, Chatsworth,
CA, USA). The purified 1.2-kb PCR
product was digested with MluI and
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cloned into BssHII-digested pBlue-
script SK(+) to generate pSV-ICEU I.
The PCR-amplified portion was se-
quenced on a Model 377 Sequencer
(PE Biosystems, Foster City, CA,
USA) to verify sequence integrity. The
plasmid pSV2-ICEU I (Figure 1B) is
derived from pSV-ICEU I and contains
a mutation (TACGTA to TACCAA)
that eliminates the SnaBI site in the
CMV promoter. This was accom-
plished by replacing a KpnI-NdeI frag-
ment from pSV-ICEU I with a KpnI-
NdeI fragment from the plasmid called
pCMV (Gary White, Genzyme, unpub-
lished), which carries the mutated
SnaBI site within the CMV promoter.

The viral vector pAdvantage was con-
structed in a multi-step manner, as de-
picted in Figure 1A. First, pAd2-ICEU
I was generated from its parent vector
pAd (D. Souza, unpublished). pAd is a
pBr322-backbone-based vector, which
contains Ad2 sequence nucleotides (nt)
1–357 and nt 3328–10685. A polylink-
er containing unique restriction sites
supplants the Ad2 E1 region. An oligo-
nucleotide containing the I-Ceu I
recognition site was cloned into the
SpeI and MluI within pAd polylinker to
generate pAd2-ICEU I.

Second, a SnaBI site was created
just outside the inverted terminal repeat
(ITR) in pAd2-ICEU I by PCR. The
SnaBI recognition site was included
within the 5′ PCR oligonucleotide that
was used to amplify the ITR. The ITR
PCR product was cloned into the
unique EcoRI and SpeI sites of pAd-
ICEU I, replacing the former ITR to
create pAd2-ICEU I-SnaBI.

Third, the vector pAdE4/E3-2.9
(Cathy Sookdeo, Genzyme, unpub-
lished), which contains Ad2 sequence
from nt 23428 to 3′ ITR with a deletion
in E3 from nt 27971–30937, was modi-
fied to create a SnaBI site flanking the
3′ ITR by PCR. The ITR was amplified
with a 5′ oligonucleotide that intro-
duced the SnaBI site. The ITR product
was cloned into the unique SalI and
AvrII sites of pAdE4/E3-2.9, replacing
the existing ITR to create pAdE4/E3-
2.9 SnaBI.

A triple ligation of BamHI-BstBI cut
pAd2-ICEU I- SnaBI vector with a
5.4-kb BamHI-SrfI fragment from
pAdE4/E3-2.9 SnaBI and a 17-kb 
BstBI-SrfI fragment from Ad2 was ex-

ecuted to generate pAdvantage. The liga-
tion was transformed into DH5 com-
petent cells (Life Technologies,
Gaithersburg, MD, USA). Putative re-
combinant clones were screened by
standard mini-prep analysis.

[The pAdvantage vector, the shuttle
vector and any precursor vectors will
be made available to all interested read-
ers after they fill out a standard material
and transfer agreement.]

Preparation of pAdvantage for
Cloning

Five micrograms of pAdvantage were
digested with a total of 30 U (30 µL)
I-Ceu I (New England Biolabs) in 500
µL 1× I-Ceu I buffer at 37°C over 3 h.
Ten units of I-Ceu I were added every
hour to achieve a total of 30 U. Twenty
units (1 µL) alkaline phosphatase
(Boehringer Mannheim GmbH, Mann-
heim, Germany) were then added, and

the reaction was incubated at 37°C for
an additional 20 min. The DNA was
extracted twice with equal volumes of
(25:24:1, vol/vol) phenol:chloroform:
isoamyl alcohol (Life Technologies)
and then precipitated by adding 1/16 vol
of 5 M NaCl and 2 vol of 100% ethanol.
The DNA pellet was resuspended in 20
µL 1× TE (10 mM Tris-HCl, pH 8.0, 1
mM EDTA). Two microliters (0.25 µg )
of vector were used for cloning with
threefold molar excess of insert in a to-
tal volume of 50 µL of 1× T4 ligation
buffer and 1 µL high-concentration T4
ligase (New England Biolabs). The re-
action was incubated at room tempera-
ture for a minimum of 1 h.

Cell Culture Medium and Reagents

The 293 cell line was purchased
from ATCC (Rockville, MD, USA) and
was propagated in Dulbecco’s modified
Eagle medium (DMEM; high glucose)
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Figure 1. Overview of the pAdvantage system. (A) Adenoviral cloning vector pAdvantage. (B) Shuttle vector pSV2-ICEU I. (C) Recombinant adenoviral vector
harboring the CFTR gene with the ∆F508 mutation.



with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin (Life Tech-
nologies).

Viral Packaging in 293 Cells

Twenty micrograms of plasmid DNA
were digested with 5 µL (20 U) SnaBI in
100 µL 1× NEB No. 4 Buffer (New
England Biolabs) at 37°C for 1 h. The
DNA was precipitated with 6 µL 5 M
NaCl and 200 µL ethanol and collected
by microcentrifugation at 14000 rpm in
a Model 5415C Centrifuge (Eppendorf,
Madison, WI, USA) for 10 min. The
293 cells seeded in a 10-cm plate at 2 ×
106 cells per plate were transfected with
SnaBI-digested DNA using the MBS
Mammalian Transfection Kit (Strata-
gene). Plaques were picked 10 days
post-transfection by 10-mm cloning
cylinders in a total volume of 200 µL
DMEM plus 10% FBS per plaque.

Isolation of Viral DNA

Six-well plates were seeded with the
293 cells at a density of 2.5 × 105 cells
per well. The cells were infected the
next day with 100 µL putative recombi-

nant viral plaque. When cytopathic ef-
fect (CPE) was visible (generally about
3–5 days post-infection), cells and su-
pernatant were harvested. The super-
natant was saved as a source of virus,
while the cells were pelleted and resus-
pended in 650 µL Hirt lysis buffer (10
mM Tris-HCl, pH 7.5, 10 mM EDTA,
0.6% sodium dodecyl sulfate [SDS]).
One hundred and sixty three microliters
of 5 M NaCl were then added, and sam-
ples were incubated at -20°C for 10
min. Cellular debris was pelleted at
room temperature by microcentrifu-
gation at 14 000 rpm as above for 15
min. The lysate was transferred, leav-
ing cellular debris behind, and was in-
cubated at 37°C for 1 h with proteinase
K (Life Technologies) at a final con-
centration of 200 µg/mL. Samples were
extracted once with an equal volume of
(25:24:1, vol/vol) phenol:chloroform:
isoamyl alcohol, and the DNA was pre-
cipitated with the addition of 2 vol of
100% ethanol. DNA pellets were resus-
pended in 50 µL of 1× TE, and 5 µL
were used for restriction analysis.

Note: For 10-cm plates, cells were
seeded at a density of 1 × 106 per plate,
and the reagent amounts were doubled.

Figure 3. In vitro phosphorylation of CFTR.
Lysates were prepared from 293 cells infected
with Ad2CMVCFTR ∆F508 ∆E3-2.9 at MOI =
10 (lanes 1 and 2) or with Ad2 CFTR 16 at MOI =
10 (lanes 3 and 4) or mock-infected (lanes 5 and
6). Cells were treated with either 5 mM sodium
butyrate or 1× PBS for 72 h before lysis. The cat-
alytic subunit of protein kinase A and [γ-32P]ATP
were used to phosphorylate immunoprecipitates
obtained using MAb 24-1. kd = kilodalton

Figure 2. Restriction analysis of recombinant
Ad2CMVCFTR ∆∆F508 ∆∆E3-2.9 Hirt DNA.
Lane 1 is 1-kb plus marker (1 µg; Life Technolo-
gies) Lane 2 is Ad2 ∆E1∆E3-2.9 Hirt DNA
BamHI-digested. Lane 3 is Ad2CMVCFTR
∆F508 ∆E3-2.9 Hirt DNA BamHI-digested. Lane
4 is Ad2 ∆E1∆E3-2.9 Hirt DNA PshAI-digested.
Lane 5 is Ad2CMVCFTR ∆F508 ∆E3-2.9 Hirt
DNA PshAI-digested. Lane 6 is 1-kb plus marker
(1 µg; Life Technologies).
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RESULTS AND DISCUSSION

Design of Cloning Vectors for
Recombinant Adenovirus
Construction

The adenoviral vector and shuttle
vector were constructed in a stepwise
manner (Figure 1, A and B) as de-
scribed in Materials and Methods. This

quick cloning system involves three
steps. (i) The transgene is cloned into
the shuttle vector pSV2-ICEU I. (ii) It
is then subcloned from pSV2-ICEU I
by I-Ceu I digestion into the I-Ceu I site
of the viral vector pAdvantage. (iii) The
pAdvantage-based recombinant adenovi-
ral vector is cleaved with SnaBI to ex-
pose the inverted terminal repeats and
is then transfected into 293 cells for

generation of virus. Viral plaques are
visible within seven to ten days. The to-
tal time to generate a recombinant virus
is about three weeks.

Generation of Recombinant
Adenovirus Ad2 CMV CFTR
∆∆F508 ∆∆E3-2.9

To test the efficiency of the system, a
cystic fibrosis transmembrane conduc-
tance regulator (CFTR) ∆F508 recom-
binant adenovirus was generated. Since
the CFTR gene is 4.5 kb in size, it was
chosen as a practical virus to make,
demonstrating the flexibility of the sys-
tem to accommodate large inserts. A
CFTR gene containing the ∆F508 muta-
tion was cloned into the XbaI-ApaI sites
of pSV2-ICEU I as a 4.5-kb SpeI-ApaI
fragment from pCMVCFTR 936c
∆F508 (D. Souza, unpublished). The
gene was then subcloned into pAdvan-
tage to generate pAdvantage-CFTR 508
(Figure 1C). One out of sixteen putative
pAdvantage-CFTR 508 recombinant
colonies screened were positive for
transgene insertion, resulting in a 6%
cloning efficiency. The clone appeared
to be stable in E. coli, as no rearrange-
ments were detected by restriction
analysis (data not shown). The low effi-
ciency for this cloning was a result of
either a poorly dephosphorylated vector
or uncut vector background. The
method for preparing the viral vector
has been improved since this construct
was made. To date, based on five inde-
pendent experiments, we achieve a 53%
cloning efficiency. The method for
preparing the viral vector stated in Ma-
terials and Methods is current.

DNA from 1 L of a pAdvantage-
CFTR 508 culture was isolated using
the QIAfilter Plasmid Mega Kit and
QIAGEN-tip 2500 (Qiagen). Twenty
micrograms of DNA were digested
with SnaBI and then transfected into
293 cells. At day seven, one plaque was
picked to infect a single well from a 6-
well plate. When most of the cells had
rounded and detached from the plate
(see Materials and Methods), cells were
harvested for Hirt analysis.

Since the virus is cloned, it is not
necessary to pick isolated plaques. The
whole viral population should be ho-
mogeneous, and, therefore, the entire
plate can be harvested. However, we



Research Reports

have found that we obtain confirmation
of viral identity and virus expansion
quicker if the first visible plaque is
picked and used to infect a small popu-
lation of cells (6-well seeded at 2.5 ×
105 cells per well) rather than wait for
the entire plate to develop CPE.

Structure of Ad2CMVCFTR ∆F508
∆E3-2.9 was confirmed by restriction
analysis of Hirt DNA (Figure 2). Lanes
2 and 3 represent parental virus
Ad2∆E1∆E3-2.9 (pAdvantage) and
Ad2CMVCFTR ∆F508 ∆E3-2.9 Hirt
DNA digested with BamHI, respective-
ly. As observed, fragments at 11.4, 7.8,
6.2 and 4.7 kb were detected for
Ad2∆E1∆E3-2.9, and additional bands
characteristic of CFTR at 2.5, 1.5 and
1.1 kb were detected for Ad2CMV-
CFTR ∆F508 ∆E3-2.9. Lanes 4 and 5
represent parental virus Ad2∆E1∆E3-
2.9 and Ad2CMVCFTR ∆F508 ∆E3-
2.9 Hirt DNA digested with PshAI, re-
spectively. As observed, fragments at
27 and 3.0 kb were detected for
Ad2∆E1∆E3-2.9, while fragments at
27 and 8.7 kb were detected for Ad2-
CMVCFTR ∆F508 ∆E3-2.9. Based on
the BamHI and PshAI diagnostic diges-
tions, the CFTR recombinant virus gen-
erated appears to contain the correct ge-
nomic structure and is free from
parental virus contamination.

Expression of Recombinant
Adenovirus Ad2CMVCFTR
∆∆F508 ∆∆E3-2.9

We next wanted to demonstrate
transgene expression from Ad2CMV-
CFTR ∆F508∆E3-2.9 generated with
the pAdvantage system. For this purpose,
293 cells were infected with Ad2-
CMVCFTR∆F508∆E3-2.9 or Ad2 
CFTR-16 at a multiplicity of infection
(MOI) of 10. Sodium butyrate was
added to the media at a final concentra-
tion of 5 mM to enhance transcription
and thus facilitate detection of ∆F508
CFTR. Cells were harvested 72 h post-
infection to determine CFTR produc-
tion by in vitro phosphorylation assay
as previously described (2). Lanes 3
and 4 in Figure 3 indicate the character-
istic band C observed for the mature
form of CFTR, while lanes 1 and 2
show only band B form, which is con-
sistent with the ∆F508 mutation (3).

Second Generation pAdvantage
Vectors

The system is limited to expression
cassettes that do not contain a SnaBI.
At the time the system was designed,
we were concerned with the affect that
DNA bases that flank the viral ITR’s
had on viral DNA replication. Upon
consulting the literature, we decided
that the first generation viral vector
should contain a restriction endonucle-
ase recognition site that leaves the min-
imum number of bases that flank the
viral ITR’s after enzyme excision of vi-
ral DNA from plasmid backbone to
minimize possible inhibition of viral
DNA replication. Subsequent viral vec-
tors would address the tolerance of ad-
ditional flanking DNA bases on viral
DNA replication.

We are currently testing whether an
18-bp recognition site for the restriction
encoded endonuclease I-Ppo I would
prove fruitful, thus allowing all vectors
to be released. With the current pAdvan-
tage vector presented in this manuscript,
most expression cassettes can be re-
leased. Site-directed mutagenesis can
remedy gene cassettes that contain a
SnaBI site. We are also working on a
second-generation pAdvantage vector that
will allow for transgene insertion not
only in the E1 region but in the E3 and
E4 regions as well. We are screening
other commercial intron-encoded en-
donucleases that will serve as effective
enzymes for the manipulation of full-
length adenovirus genome in E. coli.
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