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We incorporated a previously identified mutation that reduces the fidelity of the DNA polymerase into a human adenovirus vec-
tor. Using this mutator vector, we demonstrate rapid selection of resistance to a neutralizing anti-hexon monoclonal antibody
due to a G434D mutation in hexon that precludes antibody binding. Since mutator adenoviruses can accumulate compound mu-
tations that are unattainable using traditional random mutagenesis techniques, this approach will be valuable to the study of
antivirals and host factor interactions.

Selection for viruses resistant to antivirals, either biological or
chemical, can be a powerful method to elucidate antiviral

mechanisms; moreover, inhibitor studies often provide insight
into the biology of virus infection. Adenoviruses (AdVs) are non-
enveloped, icosahedral viruses that package a single copy of a lin-
ear, nonsegmented, 36-kb double-stranded DNA (dsDNA) ge-
nome. Unlike RNA viruses with low-fidelity RNA-dependent
RNA polymerases, DNA-dependent DNA polymerases like that of
AdV have high fidelity (�g � mutation rate per genome per gen-
eration of �0.003) (1). Thus, the ability of AdVs to evade antivi-
rals through mutation is limited, and there are few reports of AdVs
selected in vitro for antiviral resistance.

Recently, mutants of the human AdV (HAdV) polymerase
were described with reduced replication fidelity using pol-deleted
viruses that were trans-complemented in pol-expressing cell lines
(2). Based on this study, we generated a mutator vector using
homologous recombination in bacteria (recombineering), as pre-
viously described (3), to introduce one of the polymerase muta-
tions, F421Y, into an E1/E3-deleted HAdV-5 genome encoding
enhanced green fluorescent protein (eGFP) in place of E1. This
residue is predicted to be involved in proofreading and increases
the error rate of the adenovirus polymerase to a �g value of �0.4
(2). Upon characterization, we found that concentrated stocks of
purified HAdV-5.polF421Y from two independent preparations
(7.2 � 1012 and 1.0 � 1013 particles/ml) were equivalent in titer to
that of a stock of the parent vector (1.4 � 1013 particles/ml). In
addition, the mutation did not adversely affect the particle/infec-
tious unit (p/iu) ratios of these preparations of HAdV-5.polF421Y
(p/iu � 76 and 40, respectively) compared to that of the parent
vector (p/iu � 241). The HAdV-5.polF421Y vector grew with
wild-type kinetics in a one-step growth curve in 293�5 cells, al-
though more progeny were produced at later time points (Fig. 1).
Thus, the F421Y mutation in the HAdV-5 polymerase is compat-
ible with viral replication and permits high-titer virus production
with no deleterious effect on infectivity.

To determine whether the increased mutation rate of the
HAdV-5.polF421Y vector accelerated viral evolution, we imposed
selective pressure with the neutralizing anti-hexon monoclonal
antibody 9C12 (4–6). We serially passaged HAdV-5.polF421Y for
10 rounds in 293�5 cells to generate diversity in the starting pop-
ulation, purified the virus, incubated it with or without 4.3 �g/ml
9C12 in Dulbecco’s modified Eagle’s medium (DMEM)-10% fetal
bovine serum (FBS) for 45 min at room temperature (RT), and

then added the resulting mixture to 293�5 cells. Under these con-
ditions, the multiplicity of infection (MOI) was �2 in the absence
of 9C12. The cultures were monitored for the development of
complete cytopathic effect, which typically developed 3 to 4 days
postinfection (p.i.) in the antibody-treated well. For subsequent
rounds of selection, we infected at a similar MOI using cell lysates
rather than purifying the virus at each step.

We then compared the 9C12 50% inhibitory concentrations
(IC50s) for seven rounds of selection (Fig. 2A and data not shown).
For this assay, cell lysate from each passage was used at a dilution
that produced �80% infection in the absence of 9C12. Lysates
were incubated with increasing concentrations of 9C12 for 45 min
at RT and then added to 293�5 cells in black-wall, clear-bottom
96-well plates. Total eGFP expression in each well was quantified

Received 15 February 2013 Accepted 6 March 2012

Published ahead of print 13 March 2013

Address correspondence to Jason G. Smith, jgsmith2@uw.edu.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00473-13

FIG 1 One-step growth kinetics of HAdV-5.polF421Y is equivalent to that of
the wild type. 293�5 cells were infected with wild-type Ad5.eGFP or HAdV-
5.polF421Y. Infectious titers of combined cell lysate and supernatant were
determined at the indicated times postinfection by flow cytometry for eGFP
expression of serially infected 293�5 cells. Data are the average of two titer
determinations from one time course experiment � standard deviations (SD).
The limit of detection is indicated by the horizontal dotted line.
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24 h p.i. using a Typhoon scanner (GE Healthcare). The IC50 for
the first round of selection was 168 ng/ml (95% confidence inter-
val [CI] � 135 to 210 ng/ml). By the fourth round, this had in-
creased slightly to 256 ng/ml (95% CI � 115 to 568 ng/ml). We
observed no neutralization of virus in the lysates from the fifth and
subsequent rounds of selection. In contrast, HAdV-5.polF421Y
cultured in parallel in the absence of 9C12 selection remained
sensitive to 9C12 after seven rounds of passage (data not shown).
We then repeated this process to select 9C12-resistant viruses us-
ing the wild-type vector, which had also been multiply passaged
on 293�5 cells prior to selection. Through 10 rounds of selection,
we have not observed resistance. Instead, the IC50 was 159 ng/ml
(95% CI � 113 to 224 ng/ml) at round 6 and remained at 158
ng/ml (95% CI � 80 to 310 ng/ml) at round 8 (Fig. 2B). Thus, the
F421Y mutation accelerated HAdV evolution under neutralizing
antibody (NAb) selection.

To identify mutations that confer resistance to 9C12, the hexon
genes were amplified by PCR and sequenced from 20 individual
plaques from the seventh round of 9C12 selection of the HAdV-
5.polF421Y virus. In each case, we also confirmed that the F421Y
mutation in the polymerase was retained. We identified the same
single nonsynonymous base change in hexon genes (G20142A
when numbering the HAdV-5 genome using NCBI ID AC_
000008) in all of the clones, and the change results in a G434D
amino acid change in hypervariable region 7. To exclude the pos-
sibility that unidentified mutations in other parts of the genome
were required for 9C12 resistance, we engineered the hexon
G434D mutation into the wild-type vector by recombineering.
We then compared the 9C12 IC50s of preparations purified
through two sequential CsCl gradients of HAdV-5.polF421Y, a
plaque-purified HAdV-5.polF421Y bearing the G434D hexon
mutation (9R-01), and the wild-type vector engineered with the
G434D mutation (HAdV-5.hexonG434D) (Fig. 2C). The IC50 for
HAdV-5.polF421Y was 31 ng/ml (95% CI � 25 to 38 ng/ml). The
lower IC50 for purified HAdV-5.polF421Y compared to lysates
likely reflects removal of excess hexon from the lysates during
purification. In contrast to HAdV-5.polF421Y, no reduction in
9R-01 or HAdV-5.hexonG434D infection was observed at 9C12
concentrations up to 4.3 �g/ml. Thus, a single mutation in hexon

at position G434 is sufficient to confer resistance to 9C12 neutral-
ization.

9C12-dependent neutralization is dependent upon binding of
the NAb to the viral capsid (4, 6). To determine whether the
G434D mutation alters 9C12 binding, we compared the ability of
9C12 to immunoprecipitate purified HAdV-5.polF421Y, 9R-01,
and HAdV-5.hexonG434D. We incubated 1 �g of each virus with
2.6 �g 9C12 in FAK buffer (6). 9C12 was precipitated with protein
G beads, and bound proteins were probed for penton base by
immunoblot using rabbit antiserum (a kind gift of Glen Nem-
erow, The Scripps Research Institute). 9C12 efficiently immuno-
precipitated HAdV-5.polF421Y but not 9R-01 or HAdV-
5.hexonG434D (Fig. 3A). Thus, the G434D mutation in hexon
disrupts 9C12 binding to the capsid.

By engineering a mutation in the DNA polymerase of HAdV-5,
we have shown that the virus is able to rapidly evolve resistance to
a potent anti-hexon NAb. In contrast, under these experimental
conditions, wild-type HAdV was unable to evolve resistance even
after prolonged passage under selective pressure. This is particu-
larly striking because antibody resistance was conferred by a single
nonsynonymous base change in hexon, underscoring the high fi-
delity of the HAdV polymerase. In a similar effort to evolve
HAdV-5 isolates resistant to the polymerase inhibitor cidofovir,
Gordon et al. reported that 16 to 22 passages in increasing con-
centrations of cidofovir were required to generate resistant viruses

FIG 2 HAdV-5.polF421Y evolved resistance to 9C12 neutralizing antibody. The 9C12 IC50s were determined on 293�5 cells of lysates from cells infected with
HAdV-5.polF421Y after the indicated rounds of 9C12 selection (A); purified HAdV-5.polF421Y, a plaque-purified HAdV-5.polF421Y bearing the G434D hexon
mutation (9R-01), and wild-type vector engineered with the G434D mutation (HAdV-5.hexonG434D) (B); or lysates from cells infected with wild-type
Ad5.eGFP after the indicated rounds of 9C12 selection (C). Data are the mean percentages of control infection from three independent experiments � SD.

FIG 3 The hexon G434D mutation abrogates 9C12 binding. Wild-type, 9R-
01, or HAdV-5.hexonG434D (G434D) viruses were immunoprecipitated with
equal amounts of 9C12 or control IgG. Bound viruses (top) or input samples
(bottom) were probed for penton base. Molecular mass markers are indicated
in kDa on the left.
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with a 6-fold increase in IC50 (7, 8). As in our study, a single
nonsynonymous base change was sufficient to confer resistance.
Thus, the rapid isolation of 9C12-resistant virus after 5 passages of
HAdV-5.polF421Y is contrasted by the prolonged passaging re-
quired to generate resistance to two classes of antivirals using
HAdV-5 or HAdV-5-based vectors bearing a wild-type poly-
merase.

AdV elicits a potent humoral immune response, primarily di-
rected against hexon, although antibodies against fiber and pen-
ton base can also be neutralizing (9). Reported efforts to identify
epitopes rely primarily on the construction of chimeric viruses
(10–12), the interrogation of overlapping peptide libraries or cap-
sid protein fragments (13–15), phage display (16, 17), or struc-
tural studies of HAdV/antibody complexes (6, 18). These ap-
proaches are complex and, in the case of peptide libraries, limited
to linear epitopes. Our approach using directed evolution of resis-
tant viruses is a technically less demanding alternative method to
identify neutralizing antibody epitopes and could be similarly ap-
plied to the identification of binding sites for other antivirals.

In other viral systems, biological functions of viral gene prod-
ucts and targets of antivirals have been identified or verified by
studies of naturally arising or intentionally evolved resistant vi-
ruses. Our study supports a straightforward mechanism by which
the G434D mutation abrogates 9C12 binding to the capsid, which
is required for neutralization. In the original publication describ-
ing 9C12, the epitope was believed to involve the hexon DE1 and
FG1 loops and to be centered on residues 178 and 179 in the DE1
loop (6). In a more recent high-resolution structure of HAdV-5
hexon (Protein Data Bank [PDB] 1VSZ [19]), G434 is located in
the FG1 loop and protrudes into the space occupied by the 9C12
density in the cryoelectron microscopy (cryoEM) structure of the
9C12/HAdV-5 complex (Fig. 4) (6). Thus, G434 and additional
residues in the DE1 loop likely comprise the 9C12 epitope.

As HAdV infection causes significant morbidity affecting mul-
tiple organ systems and can be fatal in immunocompromised pa-
tients, specific antivirals are needed. pol is highly conserved among
AdVs from diverse species, and the sequences surrounding F421Y
are almost completely conserved (data not shown). Therefore,
creating mutator AdVs may be a general approach to elucidate

mechanisms of novel antivirals by studying the phenotypes of re-
sistant viruses. As previously discussed, this approach may also be
used to develop gene therapy vectors with altered tropisms or to
select mutants with expanded host ranges (2).
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