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Abstract

Defensins are effectors of the innate immune response with potent antibacterial activity. Their role in antiviral immunity,
particularly for non-enveloped viruses, is poorly understood. We recently found that human alpha-defensins inhibit human
adenovirus (HAdV) by preventing virus uncoating and release of the endosomalytic protein VI during cell entry. Consequently,
AdV remains trapped in the endosomal/lysosomal pathway rather than trafficking to the nucleus. To gain insight into the
mechanism of defensin-mediated neutralization, we analyzed the specificity of the AdV-defensin interaction. Sensitivity to alpha-
defensin neutralization is a common feature of HAdV species A, B1, B2, C, and E, whereas species D and F are resistant. Thousands
of defensin molecules bind with low micromolar affinity to a sensitive serotype, but only a low level of binding is observed to
resistant serotypes. Neutralization is dependent upon a correctly folded defensin molecule, suggesting that specific molecular
interactions occur with the virion. CryoEM structural studies and protein sequence analysis led to a hypothesis that neutralization
determinants are located in a region spanning the fiber and penton base proteins. This model was supported by infectivity
studies using virus chimeras comprised of capsid proteins from sensitive and resistant serotypes. These findings suggest a
mechanism in which defensin binding to critical sites on the AdV capsid prevents vertex removal and thereby blocks subsequent
steps in uncoating that are required for release of protein VI and endosomalysis during infection. In addition to informing the
mechanism of defensin-mediated neutralization of a non-enveloped virus, these studies provide insight into the mechanism of
AdV uncoating and suggest new strategies to disrupt this process and inhibit infection.
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Introduction

Defensins are an evolutionarily conserved family of antimicro-
bial peptides that are an important effector component of the
innate immune response. Humans express two classes of defensins,
o- and B-defensins. There are six human o-defensins (HNP1-4,
HD5, and HD6) and multiple B-defensins, which differ in their
tissue distribution and expression patterns [1,2]. Both o- and B-
defensins are small peptides with three intramolecular disulfide
bonds and are potent antibacterial agents. There is substantial
evidence that a major bactericidal mechanism of defensins is
through membrane disruption [3], and lipid bilayer interactions
are facilitated by their amphipathicity and net positive charge. A
growing body of evidence suggests that certain defensins are also
potent antivirals. For enveloped viruses, direct disruption of the
viral lipid envelope bilayer has been proposed as a mechanism for
neutralization [4]. In addition, several defensins have been shown
to be lectins and to block human immunodeficiency virus and
Herpes simplex virus binding to cellular receptors [5-7].
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Defensins have also been shown to neutralize several non-
enveloped viruses, including human adenovirus (HAdV), human
papillomavirus (HPV), adeno-associated virus (AAV), and poly-
omavirus, despite the absence of a lipid target [8-14]. We have
chosen HAdV as a tractable model system to analyze this process
at the molecular level. AdV is a dsDNA virus with an icosahedral
capsid composed primarily of 240 trimers of hexon. Each of the
twelve icosahedral vertices contains a penton complex comprised
of the non-covalently associated fiber and penton base proteins.
The capsid is stabilized by proteins IIla, VI, VIII, and IX. There
are 52 serotypes of HAdAV divided into 7 species, A-G [15,16].
Three additional types (HAdV-53, -54, and -55) have also recently
been described [17,18]. The mode of cell entry is best understood
for the HAdAV-C serotypes in cultured epithelial cells and is
initiated by a high affinity interaction between the distal knob of
the fiber and one of several cell surface receptors [19].
Internalization via clathrin-mediated endocytosis is triggered by
the interaction between an RGD motif in penton base and cellular
integrin co-receptors [20]. Uncoating, which is the removal of the
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Author Summary

Defensins are effectors of the innate immune response
with antibacterial and antiviral activity. A major bacteri-
cidal mechanism of defensins is membrane disruption;
however, their mechanism against non-enveloped viruses,
such as human adenovirus, is poorly understood. This work
shows that sensitivity of human adenovirus to defensins is
species specific and that neutralization is dependent upon
defensin tertiary structure. A cryoEM structural study of an
adenovirus vector in complex with a neutralizing defensin,
HD5, led to a neutralization model in which defensin binds
to the interface of two capsid proteins, preventing
dissociation of the fiber protein. We propose that binding
at this site blocks downstream uncoating events required
for infection. Infectivity studies using virus chimeras
comprised of capsid proteins from sensitive and resistant
human adenovirus serotypes support this model. This
functional and structural study provides insight into the
mechanism of human adenovirus neutralization by defen-
sins and suggests new strategies to inhibit infection.

protective protein shell from the viral genome, occurs in a stepwise
fashion beginning with dissociation of the fiber from the capsid at
or near the cell surface [21,22]. Additional uncoating events,
including release of the endosomalytic protein VI, occur in the
endosome in response to cellular triggers such as acidification [23].
Upon escape from the early endosome, the partially uncoated
capsid travels along microtubules and docks at the nuclear pore
complex, where the viral genome enters the nucleus [24].

Our previous studies revealed the stage in the virus entry pathway
that is blocked by defensins [13]. We found that the o-defensins
HNP1 and HD5 significantly inhibit HAdV-5 infection at low
micromolar concentrations. Although receptor binding and virus
internalization were unaffected, virus escape from the endosome was
blocked. Moreover, defensin binding stabilized the virus capsid in
thermal denaturation assays. These observations are consistent with a
mechanism by which defensins neutralize AdV infection by blocking
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uncoating and release of the endosomalytic protein VI. We have now
extended these studies to determine the specificity of defensin binding
to HAdV, to approximate the stoichiometry and affinity of this
interaction, and to identify the neutralization determinants on the
virus capsid. These studies not only contribute to an understanding of
the mechanism of defensin-mediated neutralization of non-enveloped
virus infection but also provide insight into the process of HAdV
uncoating during infection.

Results

Sensitivity of HAdV to defensins is species specific

In our previous studies we showed that a small subset of HAdV,
including HAdV-5, -12, and -35 (species C, A, and B2, respectively)
are neutralized by o-defensins [13]; however, the underlying
molecular mechanisms were not delineated. To determine whether
sensitivity to o-defensins is a general property of HAdVs, serotypes
representative of HAdV species A-F were tested for infectivity in the
presence of 15 uM HD5 or HNP1 (Figure 1). Wild type HAdVs
rather than vectors were used for these studies, and infectivity was
assessed by staining for hexon production. We found that each of
HAJdV types belonging to species A, B1, B2, C, and E is sensitive to
HD5. Strikingly, the HAdV-D and I serotypes are completely
resistant to HD5-mediated neutralization and, in most cases,
infection 1s actually enhanced. Serotypes sensitive to HD) are also
generally sensitive to HNP1, although only modest inhibition was
observed for HAdVs-3, -12, -14, and -16. One exception is HAdV-4
(species E), which is moderately sensitive to HD5 but resistant to
HNPI. None of the tested serotypes is sensitive to the B-defensin
HBD2 (data not shown). These studies indicate that sensitivity to o-
defensins is species specific. In addition, particular HAdV serotypes
are not equally sensitive to all defensins, indicating defensin
sequence specificity as well.

HAdV neutralization correlates with defensin binding to
the capsid

Neutralization of HAdV by a-defensins is dependent upon
binding to the virus capsid, which can be disrupted in the presence
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Figure 1. Sensitivity to neutralization by alpha-defensins is AdV species specific. HAdVs were incubated with 15 uM HD5 (A) or HNP1 (B)
and assessed for infectivity on A549 cells. Data are the mean of the percent infectivity compared to control cells infected with each virus in the
absence of defensin for at least three independent experiments + SD. The upper limit for quantification of this assay is 200%. Virus serotypes are

grouped by species (A-F).
doi:10.1371/journal.ppat.1000959.g001
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of elevated concentrations of sodium chloride [13]. To perform a
more quantitative assessment of this interaction, increasing
concentrations of HD5 were incubated with Ad5.eGFP to allow
binding, and the virus/HD5 complex was then separated from
unbound HD5 on a nycodenz gradient. Bound defensin was
visualized after SDS-PAGE using a sensitive fluorescent total
protein stain and quantified against a standard curve. These
experiments showed that defensin binding to the HAdV-5 capsid is
saturable, suggesting specificity, and that at saturation approxi-
mately 2750 HD5 molecules are bound to each virus particle (95%
confidence interval = 1603-3919 HD5 molecules) (Figure 2A). In
addition, the Ky, of this interaction is approximately 14.5 uM (95%
confidence interval =2.8-26.2 uM), which correlates reasonably
well with the IG5 of HD5 for HAdV-5 infection (34 uM) [13].
We assessed HD5 binding to additional serotypes after
incubation with 20 uM HD5 (Figure 2B). The sensitive serotype
HAdV-7p bound 69.3%15.9% of the amount of HD5 bound to
HAdV-5 in parallel samples; whereas, the corresponding values for
the resistant serotypes HAdV-19c, -25p, and -5Ip were
32.5%7.5%, 3.3%£5.8%, and 24.6%12.0%, respectively. These
studies demonstrate reduced binding of HD5 to resistant
serotypes, suggesting that binding of a-defensins to species-specific
features on the HAdV capsid correlates with neutralization.

Neutralization by HD5 is dependent upon defensin
tertiary structure

To gain further insight into the defensin-HAdV interaction, we
assessed the requirement for two conserved structural elements on
the anti-AdV activity of HD5. All defensins have three disulfide
bonds (Figure 3A). In addition, all a-defensins possess a conserved
salt bridge, such as that comprised of glutamic acid 14 (14) and
arginine 6 (R6) in HD5, which has been shown to increase
defensin protease resistance [25,26]. The antibacterial properties
of defensins, which are dependent upon protein-lipid interactions,
are not uniformly conformation dependent [27-29]. In some
cases, incorrectly folded analogs are more potent antibacterial
agents than the correctly folded defensin molecule. In contrast,

A 20004

15004

10004

o
=3
=]

—e—

HD5 bound (molecules/virion)

[HDS)(pM)

0 5 10 15 20

Defensin Neutralization of Adenovirus

defensin-related chemokine activity, which relies on protein-
protein interactions, is dependent on defensin conformation
[28]. We hypothesized that the defensin-capsid interaction for
sensitive serotypes would likely be dependent upon defensin
conformation, as this would be more typical for protein-protein
interactions. To test this hypothesis, HD5 derivatives in which the
six cysteines were replaced with L-o-aminobutyric acid (HD5-
Abu), to prevent the formation of disulfide bonds, or containing a
substitution of glutamine for glutamic acid 14 (HD5-E14Q)), to
disrupt the conserved salt bridge, were tested for their activity
against Ad5.eGFP (Figure 3B). Disruption of the R6-E14 salt
bridge had no effect on antiviral activity. In contrast, HD5-Abu
failed to inhibit Ad5.eGFP infection, and no detectable binding of
HD5-Abu was observed upon incubation at 20 uM with HAdV-5
(data not shown). Therefore, HAdV neutralization does not
merely require an amphipathic molecule with a net positive
charge. Rather, specific interactions mediated by the correctly
folded a-defensin molecule are required.

Binding of HD5 to HAdV-5 does not block receptor
interaction

Previously we observed that HD5 enhances binding of HAdV-5
to cells despite an almost complete block to productive infection
[13]. In order to determine the receptor-dependence of this effect,
we pre-incubated cells with recombinant fiber knob from HAdV-5
(OFK) to block receptor (CAR) interactions and measured cell
binding of fluorescently labeled HAdV-5 that was pre-incubated
with or without HD5 or HD5-Abu (Figure 3C). Cells incubated
with fiber knob from HAdV-16 (16FK), which binds CD46, served
as a control. We observed that virus binding to cells was reduced
5.2-fold in the presence of 5FK compared to 16FK. This confirms
the receptor-dependence of the normal interaction of HAdV-5
with cells. Pre-incubation with HD5 increased virus binding to
cells. In this case the presence of 5FK reduced binding 1.6-fold
compared to 16FK, indicating some receptor-dependence of the
virus/cell interaction even in the presence of HD5. Virus pre-
incubated with HD5-Abu was equivalent to virus alone, consistent
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Figure 2. HD5 binding to HAdV. A) HD5 binding to a representative defensin-sensitive serotype (HAdV-5) was quantified by an equilibrium-
binding assay. Data are the mean of the number of HD5 molecules bound per virion at the indicated HD5 concentrations from at least three
independent experiments * SD. Binding curves were fitted using Prism software. B) Binding of HD5 to additional defensin-sensitive (HAdV-7p) and
resistant (HAdV-19c¢, -25p, -51p) serotypes expressed as a percent of HD5 bound to HAdV-5. Data are the mean of two or three independent

experiments £ SD.
doi:10.1371/journal.ppat.1000959.g002
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Figure 3. HD5 antiviral activity is structure dependent. A) Ribbon representation of HD5 (PDB 1ZMP). Three disulfide bonds are numbered,
and the two residues comprising the conserved salt bridge (R6 and E14) are indicated. B) Ad5.eGFP was incubated with 15 uM of each of the
indicated defensins. HD5-Abu is HD5 with the six cysteines replaced with L-a-aminobutyric acid. Data are the mean percent of eGFP positive cells
compared to control cells infected in the absence of defensin for at least three independent experiments = SD. C) Binding of Alexa Fluor 488-labeled
HAdV-5 to cells was assessed after incubation with or without 20 uM HD5 or HD5-Abu and in competition with 100 nM 5FK or 16 FK. Data are the
mean fold increase in geometric mean fluorescence compared to cells alone and are of at least 10,000 cells from each of three independent

experiments =+ SD.
doi:10.1371/journal.ppat.1000959.g003

with the failure of HD5-Abu to bind to virus. These studies
confirm that HD5 binding to HAdV-5 does not completely block
the interaction with CAR receptor.

CryoEM structural analysis of a HAdV-HD5 complex

To obtain structural insight into the mechanism of o-defensin-
mediated neutralization of HAdV infection, we studied a complex
of Ad5.F35 (Ad35F) and HD5 by cryoelectron microscopy
(cryoEM). This chimeric virus construct was chosen because of
its short fiber and the availability of a cryoEM structure of
Ad5.F35 in the absence of defensin for comparison [30,31]. The
sensitivity of Ad5.F35 to HD5 is comparable to that of HAdV-5
and HAdV-35 (data not shown). Ad5.F35 was incubated with a
saturating concentration of HD5 (20 uM) then applied to grids
and flash frozen for cryoEM. A dataset of 2,611 cryoEM particle
mmages of the Ad5.F35+HD5 complex was collected and processed
as performed earlier for Ad5.F35 [31]. The resolution of the
icosahedral portion of the Ad5.F35+HD) reconstruction is
estimated as 12 A by the FSC 0.5 threshold criterion, compared
t0 6.9 A for the Ad5.F35 reconstruction. Both cryoEM structures
are shown filtered to 12 A resolution in Figure 4A. The most
noticeable difference between the two structures is the presence of
more density on top of penton base and around the fiber shaft in
the Ad5.F35+HD5 structure. In addition, while the fiber knob is
visible in the Ad5.F35 structure, it is only weakly reconstructed in
the Ad5.F35+HD5 structure (Figure 4A inset).

In order to identify the binding regions for HD5 on the surface
of Ad5.F35, we performed a difference map analysis using the
available crystal structure of the HAdV-5 hexon (PDB 1P30) [32]
and the co-crystal structure of HAdV-2 penton base bound to a
peptide derived from the N-terminus of fiber (PDB 1X9T) [33].
Difference mapping with the crystal structures was preferable to
direct subtraction of the Ad5.F35 structure from the
Ad5.F35+HD) structure because of ringing in the cryoEM density
maps due to incomplete correction for the contrast transfer
function of the microscope. There are multiple flexible loops with
a total of 51 residues per monomer at the top of hexon (hexon
towers) that are missing from the crystal structure. Density for
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these loops (yellow) is clearly visible in the Ad5.F35 difference map
and nearly identical for each of the four unique hexons within the
icosahedral asymmetric unit (Figure 4B, left panel). The
Ad5.F35+HD5 difference map shows density (red) on the hexon
towers that is attributable to both HD5 and the missing hexon
loops (Figure 4B, middle and right panels). This density is variable
for each unique hexon and greatest above the peripentonal hexon
(position 1). The variability in the Ad5.F35+HD5 difference map
suggests that HDJ interacts with and induces additional
conformational heterogeneity in the flexible loops of hexon.
HD) difference density is also found within the central depression
of the hexon trimers in the same location identified for binding of
Factor X [34,35]. This central depression contains multiple
negatively charged residues that are likely to form a binding site
for the positively charged HD5 molecule.

The difference map analysis reveals multiple binding sites for
HD5 on the penton complex (penton base and fiber). The
Ad5.F35 difference map clearly reveals the flexible RGD loop of
penton base (78 residues) as well as the shaft and knob of fiber
(yellow), which are missing from the penton base/fiber peptide co-
crystal structure (Figure 4C, left panel). The Ad5.F35+HD5
difference map shows significant additional density attributable to
HD5 (red) on top of the penton base and around the fiber shaft
(Figure 4C, middle and right panels). The conformation of the
flexible RGD loop of penton base appears to be perturbed in the
presence of HD5. The position of the fiber knob relative to the
fiber shaft also seems to be modified such that the knob is no
longer reconstructed.

Model for HD5 neutralization of HAdV

The cryoEM analysis of the Ad5.F35+HD5 complex indicates
that HD5 interacts with the exposed surfaces of the three major
capsid proteins: hexon, penton base, and fiber. Previously, we
observed that HD5 does not prevent HAdV-5 from entering host
cells [13,36]. In addition, we observed that HD5 binding stabilizes
the capsid and prevents dissociation of capsid proteins, including
fiber, upon exposure to heat. Therefore, we considered which of
the multiple binding sites visualized by cryoEM might lead to
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AdS5.F35+HDS

Figure 4. CryoEM structures of Ad5.F35 and Ad5.F35+HDS5. A) Reconstructions viewed along icosahedral 2-fold axes and shown radially color-
coded (blue=405 A; cyan=425 A; green =445 A, yellow =465 A; red =485 A). Inset, enlarged views of the vertex regions. B) and C) Ad5.F35 and
Ad5.F35+HD5 difference maps. The density representations of the docked hexon and penton base/fiber complex are in blue, the Ad5.F35 difference
map is in yellow, and the Ad5.F35+HD5 difference map is in red. Two threshold levels are shown for the Ad5.F35+HD5 difference map, one showing
only the strongest density (middle) and a second at just above the noise level (right). Only one threshold level is shown for the Ad5.F35 difference
map at just above the noise level. B) Four unique hexons, numbered 1-4, within the asymmetric unit of the icosahedral capsid. C) Penton base and
fiber viewed at a 45° angle. Scale bars, 100A.

doi:10.1371/journal.ppat.1000959.9g004

@ PLoS Pathogens | www.plospathogens.org 5 June 2010 | Volume 6 | Issue 6 | 1000959



enhanced virion stability. We reasoned that we might find a
negatively charged region of the capsid that was present within the
protein sequences of sensitive serotypes and not present in resistant
serotypes and that was also in the vicinity of HD5 cryoEM
difference density. In particular, we were looking for a possible
binding site for HD5 that might bridge adjacent capsid subunits
and stabilize the capsid. By comparing the N-terminal sequences
of fibers from HAdV types that are either sensitive or resistant to
HD5 we identified one negatively charged region that is present in
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all of the sensitive serotypes (i.e., 18-DTET-21 in HAdV-5; DPFD
in HAdV-12; EDES in HAdV-3; DADN in HAdV-4) (Figure 5A).
In resistant serotypes of species D the corresponding region of the
fiber is non-polar and positively charged (i.e., 18-GYAR-21 in
HAdV-19c). Serotype HAdV-41 is resistant to HDS5, despite
having a single negatively charged residue in this region; however,
it is different from all of the other serotypes we examined in that it
has both a short and a long fiber, which could affect the
mechanism of HDJ5 neutralization. The variable fiber region,

rad¥,
DV VAAN
AVAVAVAY, ¥,

D )

Figure 5. HD5 binding regions on the penton base and fiber. (A) Alignment of the N-terminal sequences of fiber from serotypes that were
studied for defensin sensitivity. Several sequences are representative of multiple serotypes within a species, as indicated. HAdV-F serotypes have a
short (S) and long (L) fiber. No sequence information is available for this region for HAdV-23 and -51. Sequences for defensin-resistant serotypes are in
red and those for defensin-sensitive serotypes are in black. The variable region is in bold with the key residues underlined for HAdV-C and HAdV-D.
Sequences shown correspond to residues 10 to 35 in HAdV-2. B-D) The strongest density in the Ad5.F35+HD5 difference map (black mesh) is shown
together with the Ad5.F35 difference map (colored in gold for the RGD loop of the penton base and green for the fiber shaft). Also shown are the
docked penton base (gold ribbon) and N-terminal fiber peptide (green ribbon) from the HAdV-2 penton crystal structure (PDB 1X9T). The side chains
of fiber residues Asp-18 and Thr-19 (DT of DTET) are shown in a space filling representation. The penton complex is shown in both top (B) and side (C)
views. In (D), the crystal structure of an HD5 monomer (PDB 1ZMP, blue ribbon) is included for scale.

doi:10.1371/journal.ppat.1000959.g005
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which 1s conserved within species but varies between species,
precedes the fiber shaft repeats and directly follows a conserved
motif (FNPVYPY) that binds at the interface of adjacent penton
base monomers [33]. The difference density analysis of
Ad5.F35+HD)5 (Figure 5B and C) suggests a possible explanation
for fiber stabilization by HD), as strong difference density (mesh)
appears to cover the variable fiber sequence (EDES in HAdV-35
or DTET in HAdV-2, partially shown in space filling represen-
tation), effectively pinning the N-terminus of fiber (green ribbon)
against penton base (gold ribbon). Therefore, this variable region
of the fiber may form part of a critical binding site for HD5
neutralization of HAdV. We propose a model for HD5
neutralization of HAdV-5 in which HD5 binds to the interface
of penton base and fiber and prevents fiber dissociation,
consequently blocking downstream uncoating events that are
required for infection.

Fiber and penton base proteins contain critical
neutralization determinants

The availability of sensitive (e.g., HAdV-5) and resistant (e.g.,
HAdV-19¢c) serotypes provided a means to test this HD5
neutralization model by generating virus chimeras. Initially, virus
chimeras were constructed by replacing the sequences for fiber,
penton base, and hexon in the HAdV-5 genome with the
corresponding sequences from HAdV-19c. Consistent with
previous studies [37,38], the virus chimera containing the
HAdV-19¢ hexon is not viable; however, constructs containing
the HAdV-19c fiber (19cF) or penton base (19cPB) are capable of
replicating. When each of these viruses was tested for sensitivity to
HD5, we found that the 19cF virus is completely resistant to
neutralization (Figure 6). In contrast, the 19cPB virus has an
intermediate phenotype. It is partially neutralized by HD5 but
only at the higher concentration tested (10 pM). Together, these
results indicate that both fiber and penton base are involved in
HD) neutralization.

Based on these results, we created an additional construct in
which only the four residues in the HAdV-5 fiber variable region
(DTET) were replaced by the corresponding residues from HAdV-
19¢ (GYAR). Compared to HAdV-5, the GYAR virus is less
sensitive to 5 uM  HD5. We then combined the GYAR
substitution with the PB substitution in a single construct (PB/
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GYAR). This construct, like 19¢F and wild type HAdV-19c, is
completely resistant to neutralization by HD5. This result confirms
a role for the DTET/GYAR variable fiber region in HD5
neutralization, as the PB/GYAR chimera is even more resistant to
HD5 then 19cPB alone. Additional studies using a higher
concentration of HD5 (20 uM) confirmed the defensin-resistance
of HAdV-19c¢, 19cF, and PB/GYAR (data not shown). Equivalent
results were obtained using a FACS-based assay that requires 100-
fold lower moi, indicating that variations in particle to pfu ratios
among the virus preparations could not account for the differences
in phenotype (data not shown). Studies equivalent to those in
Figure 2B to measure HD5 binding to both 19cF and PB/GYAR
did not detect a reduction in the amount of HD5 bound to these
viruses compared to HAdV-5 (data not shown). Taken together,
these studies demonstrate that HD5-mediated inhibition of HAdV
infection is determined by species-specific sequences in the virus
capsid and that critical neutralizing determinants are found in
both fiber and penton base; however, the lack of reduction in
overall HD5 binding to the resistant chimeric viruses suggests that
additional, non-neutralizing binding determinants remain intact.

Discussion

These studies extend our understanding of the mechanism of a-
defensin-mediated neutralization of HAdV. We observed species-
specific neutralization of HAdVs, which is dependent upon
defensin binding to the virus capsid. Thousands of defensin
molecules bind to each virus particle with an approximate Kp, that
correlates well with the ICsq for virus infection, and antiviral
activity is dependent upon the tertiary structure of a correctly
folded o-defensin molecule. Structural analysis by cryoEM
indicates that defensins bind to all of the exposed major capsid
proteins. Based on sequence analysis and cryoEM studies, we
proposed that potential critical sites for defensin binding are
located at the point of contact between penton base and fiber. The
importance of these sites for defensin neutralization was confirmed
by an analysis of virus chimeras comprised of sequences from
sensitive and resistant HAdV serotypes, indicating that neutrali-
zation determinants are found in both fiber and penton base. In
conjunction with our previous studies, this observation suggests a
model in which defensin binding to these critical neutralization
sites prevents fiber dissociation, thereby blocking subsequent steps
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Figure 6. Neutralization determinants are located in fiber and penton base. A) Schematic of chimeric viruses. Capsid proteins are depicted
in the order in which they are encoded in the virus genome for HAdV-5 (white) and HAdV-19c (grey). The variable residues in fiber (GYAR and DTET)
are indicated for each construct. B) Each of the chimeric viruses was incubated with 5 uM (grey) or 10 uM (black) HD5 and assessed for infectivity on
A549 cells. Data are the mean of the percent infectivity compared to control cells infected with each virus in the absence of defensin for at least three
independent experiments = SD. The upper limit for quantification of this assay is 200%.

doi:10.1371/journal.ppat.1000959.g006
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in HAdV uncoating that are required for release of protein VI,
endosomalysis, and infection.

Differential susceptibility to defensin was previously observed in
studies of cutaneous and genital serotypes of HPV [9], suggesting
that there are specific determinants on the HPV capsid that dictate
defensin neutralization. To investigate whether this is also the case
for HAdV, we tested the sensitivity of representative serotypes
from 6 of the 7 HAdV species to defensins HD5 and HNPI.
Clonsistent with more limited previous studies [12], we found that
sensitivity to defensins is species specific. Because the defensin-
capsid interaction is at least in part based on electrostatic
interactions [13], a simple hypothesis is that defensin sensitivity
would correlate with net hexon charge. However, this is not the
case, even though the major electrostatic property of the AdV is
from hexon [39]. This observation supports a model in which
specific binding determinants dictate defensin sensitivity.

This conclusion is bolstered by the observation that only
correctly folded HD5 has antiviral activity. Previous studies
showed that the chemokine activity of some defensins is dependent
upon defensin conformation [28]. o-defensin inhibition of
bacterial toxins is also significantly reduced in defensin derivatives
that cannot form disulfide bonds, as in the HD5-Abu used here
[29,40]. As HD5-Abu retains the same net positive charge as the
correctly folded HD5, a purely charge-dependent mechanism
cannot explain the neutralizing activity of this antimicrobial
peptide. Similarly, although all natural defensins have a net
positive charge, not all defensins (e.g., HBD-2) neutralize HAdV
infection [8,12,13]. Therefore, these studies support the hypothesis
that the HAdV capsid-defensin interaction is due to specific
recognition of the virus capsid by defensins.

We used an equilibrium-binding assay to measure the affinity
and stoichiometry of the defensin-capsid interaction. We found
that as many as 2750 HD5 molecules are bound to each virus
particle at saturation (V,,,,) with an apparent affinity (Kp) that
approximates the ICs( for infection. The use of surface plasmon
resonance to more accurately measure the capsid-defensin
interaction would have been preferable for these studies; however,
the large mass difference between HD5S (3.6 kDa) and the virus
particle (150 MDa) precludes this approach. Although our analysis
likely approximates the binding parameters of the system, there
are some limitations. First, it is semi-quantitative because of the
methods used to estimate both the number of virus particles in
cach sample and the amount of defensin bound. Second, there is
no estimation of non-specific binding. Nonetheless, the data more
closely fits a specific binding curve.

Our binding studies suggest one possible explanation for the
enhancement of infectivity that is commonly observed for resistant
serotypes. We observe specific binding of HD5 to the sensitive
HAdV-5 and HAdV-7 serotypes but only a low level of binding to
the resistant HAdV-19¢, -25p, and -51p. Therefore, both
neutralizing and non-neutralizing binding sites are likely present
on the capsid. Defensin binding to non-neutralizing sites may
neutralize electronegative surface charges and facilitate virus
binding to the cell surface, functionally analogous to the enhancing
effect of polybrene on retrovirus infection [41]. Consistent
with this hypothesis, we showed that receptor-dependent and
-independent binding of HAdV-5 to cells is enhanced by HD35, but
not HD5-Abu, despite a complete block of productive infection.
Moreover, mutation of critical neutralization determinants in the
19cF and PB/GYAR chimeras did not result in a noticeable
reduction in overall HD5 binding. Thus, the capsid-defensin
interaction is complex, and the presence or absence of critical
neutralization determinants dictates the outcome (inhibition or
enhancement).
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The extensive difference density attributable to HD5 in our
cryoEM analysis of Ad5.F35+HD) is consistent with our estimated
stoichiometry. HD5 binding sites were found on all of the major
proteins of the capsid. Our studies do not address a physiologic
role for hexon binding, although this binding may contribute to
enhancement of infection due to charge neutralization. The
accumulation of HD) difference density was not equal among the
four unique hexon positions in the asymmetric unit but rather was
greatest on the peripentonal hexons. Since the possible binding
sites presented by each hexon are equivalent, this may be due to
multimerization of HD) at the vertices, potentially creating
bridges between the peripentonal hexons and the penton base.
In crystal structures, o-defensins form dimers [42,43]; however, it
1s unclear whether or not defensin dimerization plays a physiologic
role. HD5 has been shown to form dimers and tetramers at
concentrations below 5 pM, defensin self-association is greatly
enhanced by binding to target proteins, and mutations that disrupt
the ability of HD5 to form dimers also reduce target protein
binding [40,44]. Therefore, defensin dimerization or multimeriza-
tion may also contribute to AdV binding and antiviral activity.

Similarly, we observed extensive binding of HD5 to the fiber.
The fiber shaft was substantially thicker in the presence of HD5,
and the fiber knob was poorly reconstructed. Either HD5 induces
greater conformational flexibility in the fiber shaft leading to
greater averaging of the fiber knob density, or HD5 affects the
linker region between the shaft and the knob. Both the RGD loops
and the fiber shaft contain multiple negatively charged residues
that might serve as binding sites for the positively charged HD5
molecule. Nonetheless, the capacity of fiber to bind to CAR was
not compromised by HD) binding based on our previous studies
showing HAdV-5 cell entry in the presence of HD5 and the
observed reduction in cell binding of HAdV-5/HD5 in compe-
tition with 5FK [13,36].

Our virus chimera studies support the existence of multiple
binding determinants in the penton complex that are critical for
neutralization. Disruption of a single binding determinant (e.g.
DTET in fiber) is insufficient to completely abrogate neutraliza-
tion. Rather, two or more sites must be simultaneously disrupted,
as in the PB/GYAR chimera, to generate defensin resistance.
Because resistance was also observed in the 19¢F construct, at least
two separate determinants are likely found in fiber. In each case,
disruption of the neutralization sites led not only to resistance, but
also to enhancement of infection. This finding supports the notion
that enhancement and neutralization are competing processes
mediated by defensin binding. Analysis of additional virus
chimeras to map the neutralization determinants may provide a
more detailed description of the binding sites important for
mnhibition and enhancement. They may also help explain the
resistance of HAdV-41 to HD5 despite the presence of one acidic
residue in the identified fiber neutralization determinant of both
the short and long HAdV-41 fibers.

Based on our combined functional and structural studies, we
propose a model for neutralization in which o-defensins bind to
critical capsid determinants at the point of contact between fiber
and penton base, thereby preventing fiber release. One implica-
tion of this model is that fiber dissociation is absolutely required for
subsequent uncoating events. This model cannot distinguish
between the dissociation of fiber and penton base from the capsid
independently or together as a complex. In the first case, defensin
may actively lock the fiber onto the penton base. Alternatively,
HDb5 may obstruct a conformational change in penton base that is
required for its release with fiber still attached. Our studies provide
strong support for a mechanism of neutralization of HAdV-5 by
HD) and, in combination with our previous report demonstrating
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stabilization of HAdV-5, -12, and -35 capsids by HD5 [13],
suggest that other sensitive serotypes are neutralized by HD5 by a
similar mechanism. However, detailed studies of additional
HAdV/defensin combinations may reveal differences in the
mechanisms.

Although the temporal order of uncoating events suggests that
fiber release is a critical step [21,22], no previous example of a
specific inhibitor of this step leading to a block to infection has
been described. Therefore, our studies not only provide insight
into the mechanism of defensin-mediated neutralization of non-
enveloped virus infection but also provide a new rationale for the
design of entry inhibitors. In addition, our results shed further light
on the earliest events of HAdV disassembly occurring during cell
entry. Because other non-enveloped viruses (e.g., HPV) are also
inhibited by defensins, studies of defensin neutralization may also
provide insight into the entry mechanisms of these viruses.

The role of defensins i vivo against adenovirus or other non-
enveloped viruses has not been demonstrated; however, several
observations suggest that the neutralization model studied here
could be relevant for antiviral immunity. HD5 concentration in
the intestinal lumen has been estimated at 14-69 uM (50-250 pg/
ml) [45], which is greater than that required to neutralize HAdV
infection. Many HAdVs, including those that cause respiratory
infections, have been shown to infect and replicate in the bowel
and have been detected upon shedding in the feces. Thus, sensitive
HAdV serotypes may encounter HD5 secreted by Paneth cells
during natural infection. It is intriguing that HAdV-F serotypes,
which cause primarily gastrointestinal infections, are resistant to
HD5. The alpha-defensins of human neutrophils are found at high
concentration in azurophil granules [46,47]. Although measured
at low concentrations in plasma, these molecules can be secreted
or found in phagocytic vacuoles at high local concentrations
(>10 mg/ml) [47-49]. These cells home to the site of infection
where they could encounter HAdV in many tissues, including the
ocular, oral, and pulmonary mucosa. AdVs have also been shown
to interact directly with neutrophils and to be engulfed [50].
Additional studies are required to assess the role of defensins in
antiviral immunity # viwo.

Materials and Methods

Cells, viruses, and peptides

Tissue culture reagents were obtained from Invitrogen (Carls-
bad, CA). Human A549 cells (ATCC) were propagated in DMEM
supplemented with 10% FBS. Stable 293 cells over-expressing the
human B5 integrin subunit (293B5) were created by transfecting
293 cells (ATCC) with the human B5 gene (pCDNA3/f5, a gift
from David Cheresh, University of California, San Diego; San
Diego, CA). Transfected cells were selected for high integrin
expression. Stable 293 cells over-expressing the V-protein of the
paramyxovirus Simian virus 5 (293-SV5/V) were a gift of Kenneth
Mellits (University of Nottingham, Loughborough, UK) [51].

HAdV-2p, -3p, -4p, -11p, -12p, -25p, -35p, -37p, -41p, and -51p
were from ATCC. HAdV-7p and -14p were gifts of David
Metzgar (Naval Health Research Center, San Diego, CA). HAdV-
16p and -23p were gifts of Adriana Kajon (Lovelace Respiratory
Research Institute, Albuquerque, NM). HAdV-19¢c was a gift of
James Chodosh (Harvard Medical School, Boston, MA) [52]. The
replication-defective HAdV-5 vector used in these studies
(Ad5.eGFP) is E1/E3-deleted and contains a CMV promoter-
driven enhanced green fluorescent protein (eGFP) reporter gene
cassette. Ad5.F35 was constructed by replacing the entire fiber
gene from a HAdV-5-based vector expressing B-galactosidase with
that of HAdAV-35p [53].
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Virus chimeras were created by replacing the entire open
reading frames of the HAdV-5 penton base or fiber with that of
HAdV-19¢ by recombineering [54] in a BAC construct (pAd5-
GIPnl) containing the entire genome of an E1/E3-deleted
HAdV-5 vector expressing eGFP [55]. The GYAR and PB/
GYAR constructs were created by replacing the codons for DTET
in the HAdV-5 fiber gene with those for GYAR from HAdV-19c
in the original pAd5-GFPnl plasmid or in the previously
constructed PB chimera plasmid, respectively. The fidelity of the
chimera constructs was verified by sequencing the recombineered
region and by restriction digest. To generate virus, 29385 cells
were transfected with the large Pac I restriction fragment of these
BACG:s. Transfected cells were cultured until visible plaques formed.
The identity of the final virus stock was confirmed by restriction
digest. PCR was used to verify purity and absence of cross-
contamination. The GYAR substitution in the fiber protein was
confirmed by sequencing a PCR product from the final virus stock.

All wild type viruses were propagated in 29335 or A549 cells
except for HAdV-41p, which was propagated in 293-SV5/V. All
AdV vectors were propagated in 293B5 cells. Cultures were
infected with 300 particles/cell of purified viruses or from cleared
lysates of original virus stocks. When complete cytopathic effect
was observed, cells were harvested and concentrated by low speed
centrifugation. For some serotypes, virus was precipitated from
supernatant using 8% PEG [56]. Cell pellets were disrupted by
three cycles of freezing and thawing. Mature virus was purified
from the cleared lysate or PEG precipitate by two consecutive
rounds of centrifugation [2-3 h at 111,000xg (avg.)] through
continuous 15% to 40% CsCl gradients, dialyzed against three
changes of A195 buffer [57], flash frozen in liquid nitrogen, and
stored at —80°C.

Synthetic HNP1, HBD2, and HD5 were obtained from
Peptides International, Inc. (Louisville, KY). HD5 derivatives
containing the E14Q) substitution or L-a-aminobutyric acid in
place of cysteine were produced by solid phase chemical synthesis
as described [25,58]. The ribbon representation of HD5 (PDB
1ZMP) was generated with PyMOL [59]

Infection assay

Prior to use in this assay, each virus stock was titrated on A549
cells. A virus concentration was chosen to produce 50-70%
maximal signal in the absence of defensin as described below. To
measure the effect of defensins on infectivity, purified virus was
incubated with HD5 or HNPI1 for 1 h on ice in serum-free
DMEM (SFM). Confluent A549 cells in black wall, clear bottom
96-well plates were washed twice with SFM, and virus/defensin
mixtures were added in a final volume of 35 pl/well. In parallel,
wells were infected with two-fold serial dilutions of each virus to
establish a standard curve for quantification with an upper limit of
200%. After 2 h, wells were washed twice and replaced with
DMEM/10% FBS. Samples were incubated for approximately
48 h, fixed with paraformaldehyde, permeabilized in 20 mM
glycine/0.5% Triton X-100 in PBS, and stained with an anti-
hexon primary antibody (8C4, Fitzgerald Industries International,
Acton, MA) and an Alexa Fluor 488-conjugated anti-mouse
secondary antibody (Invitrogen, Carlsbad, CA). Plates were
scanned for Alexa Fluor 488 signal using a Typhoon Trio variable
mode imager (GE Healthcare, Piscataway, NJ). Total well
fluorescence above background was quantified with Image]
software [60]. For each virus, samples were quantified by
nonlinear regression against the standard curve using Prism
software (GraphPad Software, Inc., La Jolla, CA).

To test the activity of HD5 derivates, Ad5.eGFP was incubated
with 15 uM of HD5, HD5-Abu, or HD5-E14Q), Infectivity was
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assessed by enumerating eGFP-positive cells by flow cytometry as
described [13].

Virus-defensin binding assay

To measure HD5 binding to HAAV-5 and -51, HD35 was serially
diluted in PBS and mixed with 5 ug purified virus. After 1 h
incubation on ice, one half of each sample was separated by
ultracentrifugation [209,000xg (avg) for 2 hrs at 4°C] on a
discontinuous gradient consisting of 300 ul of 30% nycodenz and
200 ul of 80% nycodenz in 50 mM NaCl, 20 mM HEPES pH 7.4
using an SW55ti rotor with adaptors (Beckman Coulter, Inc.). The
visible virus band was collected. The other half of each sample was
used to make a standard curve for quantification. All samples were
boiled in reducing loading buffer and separated using a 16%
PAGEgel (Expedeon, Inc., San Diego, CA) or 10-20% Tris-Tricine
gel (Bio-Rad, Hercules, CA). The gels were stained with Deep Purple
(GE Healthcare) and imaged on a Typhoon Trio. Virus bands were
quantified using ImageQuant N'T software (GE Healthcare). The
amount of HD5 in each sample was normalized to protein V and
hexon. The amount of HD5 in the centrifuged samples was then
quantified against the standard curve using Prism software. Affinity
and stoichiometry were estimated from the average data of at least
three independent experiments using Prism software.

Fiber knob competition assay
Recombinant HAdV-5 fiber knob (5FK) comprising residues 387

581 of the HAdV-5 fiber and HAdV-16 fiber knob (16FK)
comprising residues 151-353 of the HAdV-16 fiber, each containing
an N-terminal hexahistidine tag, were expressed in BL21(DE3) cells
(Invitrogen, Carlshad, CA) and purified using TALON Metal Affinity
Resin (Clontech, Palo Alto, CA) as previously described [61,62].
Alexa Fluor 448 labeled-Ad5.eGFP [13] (4.2x10° particles/sample)
was incubated with or without 20 pM HD5 or HD5-Abu for 45 min
onice. In parallel, 1 x10° A549 cells in PBS+0.2% sodium azide were
incubated with or without 200 nM 5FK or 16FK for 45 min on ice.
The virus/defensin mixtures were combined with the cell/FK
mixtures (final volume 100 pl/sample) and incubated for 45 min on
ice. Samples were washed 2 times with cold PBS+1% FBS, fixed with
1% paraformaldehyde, and analyzed by flow cytometry for Alexa
Fluor 488.

CryoEM and image processing

Purified Ad5.F35 (160 pg/ml) was combined with HD5
(20 uM) and incubated for 45 min on ice. CryoEM grids were
produced with an FEI Vitrobot. Electron micrographs were
collected on an FEI Polara microscope (300 kV, FEG) operated at
300kV with the grids at liquid nitrogen temperature using the
SAM semi-automatic data collection routine [63]. The defocus
values of the micrographs ranged from 0.5 pm to 4 um. The
absolute magnification of the digital micrographs collected on a
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Gatan UltraScan 4000 (4000x4000 pixel) CCD camera was
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scale. Individual particle images were selected from micrographs
with in-house scripts and computationally binned to produce
particle image stacks with various pixel sizes suitable for image
processing (4.8 A, 2.4 A, and 1.6 A). Particle images with a pixel
size of 4.8 A were used for initial CTF parameter determination
with CTFFIND3 [64] and orientational parameter determination
with FREALIGN [65]. A cryoEM structure of Ad5.F35 [31] was
used as the starting three-dimensional model for FREALIGN
refinement. Intermediate refinement rounds were performed using
particle images with a 2.4 A pixel and the final rounds of
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pixel. Magnification refinement for the previously acquired
Ad5.F35 and the new Ad5.F35+HD5 cryoEM particle images
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Separate three-dimensional structures were generated for Ad5.F35
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Ad5.F35 and Ad5.F35+HD5 reconstructions were sharpened with
a temperature factor of B=—450 A?> and filtered to 12 A
resolution with cosine edge filtering using the BFACTOR
program (http://emlab.rose2.brandeis.edu/software).

Difference mapping was performed by docking the HAdV-5
hexon (PDB 1P30) and HAdV-2 penton base/fiber N-terminal
peptide crystal structure coordinates (1X9T) [33] within one facet
of each reconstruction. The docked coordinates were converted to
a density map with the pdb2mrc routine of EMAN v1.7 [67],
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Ad5.F35 and Ad5.F35+HD5 reconstructions.

Acknowledgments

We would like to thank Tina-Marie Mullen, Lars Pache, Ron
Nepomuceno, and Weiping Wang for contributing purified reagents.

Author Contributions

Conceived and designed the experiments: JGS GRN PLS. Performed the
experiments: JGS MS SL. Analyzed the data: JGS MS GRN PLS.

Contributed reagents/materials/analysis tools: WL. Wrote the paper: JGS
GRN PLS.

7. Yasin B, Wang W, Pang M, Cheshenko N, Hong T} et al. (2004) Theta defensins
protect cells from infection by herpes simplex virus by inhibiting viral adhesion
and entry. J Virol 78: 5147-5156.

8. Bastian A, Schafer H (2001) Human alpha-defensin 1 (HNP-1) inhibits
adenoviral infection in vitro. Regul Pept 101: 157-161.

9. Buck CB, Day PM, Thompson CD, Lubkowski J, Lu W, et al. (2006) Human
alpha-defensins block papillomavirus infection. Proc Natl Acad Sci U S A 103:
1516-1521.

. Dugan AS, Maginnis MS, Jordan JA, Gasparovic ML, Manley K, et al. (2008)
Human alpha-defensins inhibit BK virus infection by aggregating virions and
blocking binding to host cells. J Biol Chem 283: 31125-31132.

11. Gropp R, Frye M, Wagner TO, Bargon J (1999) Epithelial defensins impair

adenoviral infection: implication for adenovirus-mediated gene therapy. Hum
Gene Ther 10: 957-964.

June 2010 | Volume 6 | Issue 6 | 1000959



21.

22.

23.

24.

26.

27.

31.

33.

34.

36.

37.

. Harvey SA, Romanowski EG, Yates KA, Gordon Y] (2005) Adenovirus-directed

ocular innate immunity: the role of conjunctival defensin-like chemokines (IP-10,
I-TAC) and phagocytic human defensin-alpha. Invest Ophthalmol Vis Sci 46:
3657-3665.

Smith JG, Nemerow GR (2008) Mechanism of adenovirus neutralization by
human alpha-defensins. Cell Host Microbe 3: 11-19.

. Virella-Lowell I, Poirier A, Chesnut KA, Brantly M, Flotte TR (2000) Inhibition

of recombinant adeno-associated virus (rAAV) transduction by bronchial
secretions from cystic fibrosis patients. Gene Ther 7: 1783-1789.

. Benko M, Harrach B, Both GW, Russell WC, Adair BM, et al. (2005) Family

Adenoviridae. In: Fauquet CM, Mayo MA, Maniloff ], Desselberger U, Ball LA,
eds. Virus Taxonomy VIIIth Report of the International Committee on
Taxonomy of Viruses. New York: Elsevier. pp 213-228.

. Jones MS, 2nd, Harrach B, Ganac RD, Gozum MM, Dela Cruz WP, et al.

(2007) New adenovirus species found in a patient presenting with gastroenteritis.
J Virol 81: 5978-5984.

. Walsh MP, Chintakuntlawar A, Robinson CM, Madisch I, Harrach B, et al.

(2009) Evidence of molecular evolution driven by recombination events
influencing tropism in a novel human adenovirus that causes epidemic
keratoconjunctivitis. PLoS One 4: €5635.

. Walsh MP, Seto J, Jones MS, Chodosh J, Xu W, et al. (2010) Computational

analysis identifies human adenovirus type 55 as a re-emergent acute respiratory

disease pathogen. J Clin Microbiol 48: 991-993.

. Arnberg N (2009) Adenovirus receptors: implications for tropism, treatment and

targeting. Rev Med Virol 19: 165-178.

Stewart PL, Nemerow GR (2007) Cell integrins: commonly used receptors for
diverse viral pathogens. Trends Microbiol 15: 500-507.

Greber UF, Willetts M, Webster P, Helenius A (1993) Stepwise dismantling of
adenovirus 2 during entry into cells. Cell 75: 477-486.

Nakano MY, Boucke K, Suomalainen M, Stidwill RP, Greber UF (2000) The
first step of adenovirus type 2 disassembly occurs at the cell surface,
independently of endocytosis and escape to the cytosol. J Virol 74: 7085-7095.
Wiethoff CM, Wodrich H, Gerace L, Nemerow GR (2005) Adenovirus protein
VI mediates membrane disruption following capsid disassembly. J Virol 79:
1992-2000.

Leopold PL, Crystal RG (2007) Intracellular trafficking of adenovirus: many
means to many ends. Adv Drug Deliv Rev 59: 810-821.

. Rajabi M, de Leeuw E, Pazgier M, Li J, Lubkowski J, et al. (2008) The conserved

salt bridge in human alpha-defensin 5 is required for its precursor processing and
proteolytic stability. J Biol Chem 283: 21509-21518.

Wu Z, Li X, de Leeuw E, Ericksen B, Lu W (2005) Why is the Arg5-Glul3 salt
bridge conserved in mammalian alpha-defensins? J Biol Chem 280:
43039-43047.

Maemoto A, Qu X, Rosengren KJ, Tanabe H, Henschen-Edman A, et al.
(2004) Functional analysis of the alpha-defensin disulfide array in mouse
cryptdin-4. J Biol Chem 279: 44188-44196.

. Wu Z, Hoover DM, Yang D, Boulegue C, Santamaria F, et al. (2003)

Engineering disulfide bridges to dissect antimicrobial and chemotactic activities
of human beta-defensin 3. Proc Natl Acad Sci U S A 100: 8880-8885.

. Wei G, de Leeuw E, Pazgier M, Yuan W, Zou G, et al. (2009) Through the

looking glass, mechanistic insights from enantiomeric human defensins. J Biol
Chem 284: 29180-29192.

Saban SD, Nepomuceno RR, Gritton LD, Nemerow GR, Stewart PL (2005)
CryoEM structure at 9A resolution of an adenovirus vector targeted to
hematopoietic cells. ] Mol Biol 349: 526-537.

Saban SD, Silvestry M, Nemerow GR, Stewart PL (2006) Visualization of alpha-
helices in a 6-angstrom resolution cryoelectron microscopy structure of
adenovirus allows refinement of capsid protein assignments. J Virol 80:

12049-12059.

. Rux JJ, Kuser PR, Burnett RM (2003) Structural and phylogenetic analysis of

adenovirus hexons by use of high-resolution x-ray crystallographic, molecular
modeling, and sequence-based methods. J Virol 77: 9553-9566.

Zubieta C, Schoechn G, Chroboczek J, Cusack S (2005) The structure of the
human adenovirus 2 penton. Mol Cell 17: 121-135.

Kalyuzhniy O, Di Paolo NC, Silvestry M, Hofherr SE, Barry MA, et al. (2008)
Adenovirus serotype 5 hexon is critical for virus infection of hepatocytes in vivo.
Proc Natl Acad Sci U S A 105: 5483-5488.

. Waddington SN, McVey JH, Bhella D, Parker AL, Barker K, et al. (2008)

Adenovirus serotype 5 hexon mediates liver gene transfer. Cell 132: 397-409.
Nguyen EK, Nemerow GR, Smith JG (2010) Direct evidence from single-cell
analysis that human alpha-defensins block adenovirus uncoating to neutralize
nnfection. J Virol 84: 4041-4049.

Roy S, Clawson DS, Calcedo R, Lebherz C, Sanmiguel J, et al. (2005) Use of
chimeric adenoviral vectors to assess capsid neutralization determinants.

Virology 333: 207-214.

@ PLoS Pathogens | www.plospathogens.org

1

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

50.

52.

53.

54.

59.

60.

61.

63.

64.

66.

67.

Defensin Neutralization of Adenovirus

Youil R, Toner TJ, Su Q, Chen M, Tang A, et al. (2002) Hexon gene switch
strategy for the generation of chimeric recombinant adenovirus. Hum Gene
Ther 13: 311-320.

Konz JO, Livingood RC, Bett AJ, Goerke AR, Laska ME, et al. (2005) Serotype
specificity of adenovirus purification using anion-exchange chromatography.
Hum Gene Ther 16: 1346-1353.

Lehrer RI, Jung G, Ruchala P, Wang W, Micewicz ED, et al. (2009) Human
alpha-defensins inhibit hemolysis mediated by cholesterol-dependent cytolysins.
Infect Immun 77: 4028-4040.

Manning JS, Hackett AJ, Darby NB, Jr. (1971) Effect of polycations on
sensitivity of BALD-3T3 cells to murine leukemia and sarcoma virus infectivity.
Appl Microbiol 22: 1162-1163.

Hill CP, Yee ], Selsted ME, Eisenberg D (1991) Crystal structure of defensin
HNP-3, an amphiphilic dimer: mechanisms of membrane permeabilization.
Science 251: 1481-1485.

Szyk A, Wu Z, Tucker K, Yang D, Lu W, et al. (2006) Crystal structures of
human alpha-defensins HNP4, HD5, and HD6. Protein Sci 15: 2749-2760.
Lehrer RI, Jung G, Ruchala P, Andre S, Gabius HJ, et al. (2009) Multivalent
binding of carbohydrates by the human alpha-defensin, HD5. J Immunol 183:
480-490.

Ghosh D, Porter E, Shen B, Lee SK, Wilk D, et al. (2002) Paneth cell trypsin is
the processing enzyme for human defensin-5. Nat Immunol 3: 583-590.

Ganz T, Selsted ME, Szklarek D, Harwig SS, Daher K, et al. (1985) Defensins.
Natural peptide antibiotics of human neutrophils. J Clin Invest 76: 1427-1435.
Ganz T (2003) Defensins: antimicrobial peptides of innate immunity. Nat Rev
Immunol 3: 710-720.

Ganz T (1987) Extracellular release of antimicrobial defensins by human
polymorphonuclear leukocytes. Infect Immun 55: 568-571.

Faurschou M, Sorensen OE, Johnsen AH, Askaa ], Borregaard N (2002)
Defensin-rich granules of human neutrophils: characterization of secretory
properties. Biochim Biophys Acta 1591: 29-35.

Cotter MJ, Zaiss AK, Muruve DA (2005) Neutrophils interact with adenovirus
vectors via Fe receptors and complement receptor 1. J Virol 79: 14622-14631.
Sherwood V, Burgert HG, Chen YH, Sanghera S, Katafigiotis S, et al. (2007)
Improved growth of enteric adenovirus type 40 in a modified cell line that can
no longer respond to interferon stimulation. J Gen Virol 88: 71-76.

Robinson CM, Shariati F, Zaitshik J, Gillaspy AF, Dyer DW, et al. (2009)
Human adenovirus type 19: Genomic and bioinformatics analysis of a
keratoconjunctivitis isolate. Virus Res 139: 122-126.

Smith TA, Idamakanti N, Rollence ML, Marshall-Neff J, Kim J, et al. (2003)
Adenovirus serotype 5 fiber shaft influences in vivo gene transfer in mice. Hum
Gene Ther 14: 777-787.

Warming S, Costantino N, Court DL, Jenkins NA, Copeland NG (2005) Simple
and highly efficient BAC recombineering using galK selection. Nucleic Acids
Res 33: e36.

. Wodrich H, Henaff D, Jammart B, Segura-Morales C, Seelmeir S, et al. (2010)

A Capsid-Encoded PPxY-Motif Facilitates Adenovirus Entry. PLoS Pathog 6:
¢1000808.

. Cauthen AN, Welton AR, Spindler KR (2007) Construction of mouse

adenovirus type 1 mutants. Methods Mol Med 130: 41-59.

. Evans RK, Nawrocki DK, Isopi LA, Williams DM, Casimiro DR, et al. (2004)

Development of stable liquid formulations for adenovirus-based vaccines.
J Pharm Sci 93: 2458-2475.

. de Leeuw E, Burks SR, Li X, Kao JP, Lu W (2007) Structure-dependent

functional properties of human defensin 5. FEBS Lett 581: 515-520.

DeLano WL (2008) The PyMOL Molecular Graphics System. Palo Alto, CA, USA:
DeLano Scientific LLC. pp. http://www.pymol.org.

Rasband WS (1997-2009) Image]. Bethesda, MD: U.S. National Institutes of
Health. pp. http://rsb.info.nih.gov/ij/.

Nepomuceno RR, Pache L, Nemerow GR (2007) Enhancement of gene transfer
to human myeloid cells by adenovirus-fiber complexes. Mol Ther 15: 571-578.

52. Henry L], Xia D, Wilke ME, Deisenhofer J, Gerard RD (1994) Characterization

of the knob domain of the adenovirus type 5 fiber protein expressed in
Escherichia coli. J Virol 68: 5239-5246.

Shi J, Williams DR, Stewart PL (2008) A Script-Assisted Microscopy (SAM)
package to improve data acquisition rates on FEI Tecnai electron microscopes
equipped with Gatan CCD cameras. J Struct Biol 164: 166-169.

Mindell JA, Grigorieff N (2003) Accurate determination of local defocus and
specimen tilt in electron microscopy. J Struct Biol 142: 334-347.

Grigorieff N (2007) FREALIGN: high-resolution refinement of single particle
structures. J Struct Biol 157: 117-125.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, et al.
(2004) UCSF Chimera—a visualization system for exploratory research and
analysis. J] Comput Chem 25: 1605-1612.

Ludtke SJ, Baldwin PR, Chiu W (1999) EMAN: semiautomated software for
high-resolution single-particle reconstructions. J Struct Biol 128: 82-97.

June 2010 | Volume 6 | Issue 6 | 1000959



