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Abstract

The Adenovirus (Ad) genome within the capsid is tightly associated with a virus-encoded,
histone-like core protein—protein VII. Two other Ad core proteins, V and X/, also are
located within the virion and are loosely associated with viral DNA. Core protein VIl remains
associated with the Ad genome during the early phase of infection. It is not known if naked
Ad DNA is packaged into the capsid, as with dsDNA bacteriophage and herpesviruses, fol-
lowed by the encapsidation of viral core proteins, or if a unique packaging mechanism exists
with Ad where a DNA-protein complex is simultaneously packaged into the virion. The latter
model would require an entirely new molecular mechanism for packaging compared to
known viral packaging motors. We characterized a virus with a conditional knockout of core
protein VII. Remarkably, virus particles were assembled efficiently in the absence of protein
VII. No changes in protein composition were evident with VII"virus particles, including the
abundance of core protein V, but changes in the proteolytic processing of some capsid pro-
teins were evident. Virus particles that lack protein VII enter the cell, but incoming virions did
not escape efficiently from endosomes. This greatly diminished all subsequent aspects of
the infectious cycle. These results reveal that the Ad major core protein VIl is not required to
condense viral DNA within the capsid, but rather plays an unexpected role during virus mat-
uration and the early stages of infection. These results establish a new paradigm pertaining
to the Ad assembly mechanism and reveal a new and important role of protein VIl in early
stages of infection.

Author summary

The Ad major core protein VII protects the viral genome from recognition by a cellular
DNA damage response during the early stages of infection and alters cellular chromatin
to block innate signaling mechanisms. The packaging of the Ad genome into the capsid is

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017

1/24


https://doi.org/10.1371/journal.ppat.1006455
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006455&domain=pdf&date_stamp=2017-06-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006455&domain=pdf&date_stamp=2017-06-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006455&domain=pdf&date_stamp=2017-06-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006455&domain=pdf&date_stamp=2017-06-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006455&domain=pdf&date_stamp=2017-06-29
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1006455&domain=pdf&date_stamp=2017-06-29
https://doi.org/10.1371/journal.ppat.1006455
https://doi.org/10.1371/journal.ppat.1006455
http://creativecommons.org/licenses/by/4.0/
http://www.cancer.gov/
http://www.cancer.gov/
https://www.niaid.nih.gov/

@'PLOS | PATHOGENS

Adenovirus core protein VIl functions

Foundation (www.snf.ch/en/Pages/default.aspx)
grant 310030B_160316. The funders had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

thought to follow the paradigm of dsDNA bacteriophage where viral DNA is inserted into
a preassembled capsid using a packaging motor. How this process occurs if Ad packages a
DNA-core protein complex is unknown. We analyzed an Ad mutant that lacks core pro-
tein VII and demonstrated that virus assembly and DNA packaging takes place normally,
but that the mutant is deficient in the maturation of several capsid proteins and displays a
defect in the escape of virions from the endosome. These results have profound implica-
tions for the Ad assembly mechanism and for the role of protein VII during infection.

Introduction

Adenovirus (Ad) infection is generally associated with mild respiratory, ocular, or gastrointes-
tinal diseases, but Ad has been recognized in recent years as a significant pathogen in immuno-
compromised patients and in the young and elderly [1]. Ad replication involves a number of
events that must be temporally and spatially organized within the host cell in order to lead to
optimal productive infection. The 36-kbp Ad genome encodes at least 25 early gene products
and ~15 late gene products. The early viral proteins alter host cell functions to promote an
environment that is conducive to viral replication and to block cellular and host antiviral
responses, as well as for the enzymatic replication of the Ad genome [2]. The late gene prod-
ucts comprise structural components of the capsid, as well as proteins involved in virion
assembly and maturation and viral genome encapsidation [3]. Ad is an excellent example of a
virus that efficiently utilizes limited genetic capacity to maximize viral protein and virion
production.

Viral nucleic acids are sensed following infection by pathogen recognition receptors, and
other cytoplasmic and nuclear effectors, to trigger cellular, antiviral responses [4]. With Ad,
viral infection triggers the cGAS/STING pathway and activation of type I interferon (IFN) sig-
naling [5]. Recent studies have shown that cGAS/STING activation stimulates the TBK1/IRF3
cascade to promote type I IFN production and the activation of IFN-stimulated genes (ISG)
[6]. One such ISG that is known to promote both intrinsic and innate responses to viral infec-
tion is the product of the promyelocytic leukemia (PML) gene [7]. The PML protein nucleates
the formation of PML nuclear bodies (PML-NB) that exert antiviral effects on a wide range of
viruses. Many viruses, including Ad, express proteins that interfere with PML-NB activity. Ad
utilizes different mechanisms to counteract IFN signaling pathways. These include E1A inhibi-
tion of different aspects of IFN signaling [4, 8-10], E1B-55K inhibition of ISG expression and
function [11-13], inhibition of STAT1 phosphorylation and nuclear translocation by the E3-
14.7K protein [14], sequestration of nuclear STAT1 into viral replication centers [15], and Ad
VA RNA-I inactivation of PKR [16].

Viruses with linear, dsDNA genomes, such as Ad, also trigger a cellular DNA damage
response (DDR)[17]. With Ad, the DDR severely inhibits viral DNA replication if unabated
[18]. Ad has evolved two redundant mechanisms to inhibit a DDR, involving the E4-ORF3
protein and the E1B-55K/E4-ORF6 protein complex, to allow efficient Ad DNA replication to
occur. With both mechanisms, Ad proteins target and inhibit the sensors of DNA damage, the
Mrell-Rad50-Nbsl (MRN) complex [18]. Our results support the hypothesis that the major
Ad core protein, protein VII, protects the viral genome from recognition by a DDR during the
early stages of infection until the E1B and E4 gene products are synthesized to counteract this
response [19]. Ad core protein VII also impacts innate cellular signaling mechanisms. A recent
study demonstrated that Ad core protein VII binds to and regulates cellular chromatin and
sequesters immune danger signals to control immune signaling [20].
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The Ad genome within the virion is associated with ~500-800 copies of core protein VII
[21, 22]. Core protein VII condenses DNA in vitro and in vivo and assembles viral DNA into a
nucleosome-like structure [23-28]. It has been widely assumed that protein VII is required to
condense viral DNA within the Ad capsid [29]. Core protein VII remains associated with the
Ad genome during the early phase of virus infection [30-32] and is released from viral DNA
coincident with early gene transcription [31]. Human Ads also encode two other basic core
proteins, proteins V and X/, which are packaged into the virion [33]. Several lines of evidence
suggest that the Ad genome is positioned within the capsid in globular domains [34, 35], but
the structure of the Ad DNA-protein core is unknown [29]. Protein V of the incoming virions
remains in the cytoplasm following escape of the Ad core from the endosome [36]; the fate of
core protein X/p during virus disassembly has not been determined.

The packaging of the Ad genome into the capsid is thought to follow the paradigm of
dsDNA bacteriophage assembly where viral DNA is inserted into a preformed, empty capsid
using a packaging motor [37]. Highly sophisticated studies have been conducted on the assem-
bly of dsDNA bacteriophage [38]. A precursor viral capsid, the prohead, is formed that con-
tains a unique portal vertex through which naked viral DNA is packaged. A portal protein
complex is found at this vertex which associates with a powerful packaging motor, the termi-
nase. The terminase contains a DNA translocation ATPase and a concatamer-resolving endo-
nuclease. The DNA packaging motor uses the hydrolysis of ATP to translocate DNA into the
capsid [39]. Within the capsid, the viral DNA associates with protamines and cations to neu-
tralize the negative charge and allow genome compaction. A key feature of this packaging pro-
cess is that there is a direct electrostatic interaction between the phosphate backbone of naked
viral DNA with the ATPase subunits of the packaging motor to direct DNA packaging in a
stepwise process [40]. An Ad assembly intermediate has been identified that corresponds to a
prohead and several lines of evidence suggest that this virus particle is a precursor for viral
DNA packaging [41, 42]. The Ad IVa2 protein is present at a unique vertex [43] and contains
conserved Walker A and B box motifs that are hallmarks of ATPases. The IVa2 protein binds
ATP in vitro and the Walker A and B box motifs are required for ATP binding and for viral
DNA encapsidation [44]. It is not known if naked Ad DNA is packaged, as with bacteriophage,
followed by the encapsidation of viral core proteins, or if a unique packaging mechanism exists
with Ad where a DNA-protein complex is simultaneously packaged into the capsid [37]. The
latter model would require an entirely new molecular mechanism for viral DNA packaging
compared to known bacteriophage packaging motors. If naked Ad DNA is packaged and core
proteins inserted into the capsid following genome encapsidation, then another packaging
process must be proposed to account for the insertion of core proteins into the capsid. An
alternative view of Ad virion assembly is a concerted model where capsids assemble around a
viral DNA-protein core [45].

Here, we studied the role of the Ad major core protein VII in the viral life cycle. Our results
demonstrate that protein VII is not required for virion assembly or Ad genome packaging, but
rather protein VII plays a critical role in virus escape from the endosome following infection.
Thus, Ad core protein VII plays an unexpected role during early stages of virion entry. These
results establish new paradigms pertaining to the Ad assembly mechanism and the role of core
protein VII during infection.

Results
Conditional expression of Ad5 core protein VII

The Ad5 L2 region (Fig 1A) encodes four viral proteins: penton base (capsid protein III) and
the three core proteins pre-VII, V, and pre-X. The precursors of protein VII (pre-VII) and
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Fig 1. Cre-mediated recombination of the pVIl gene from the Ad5-VII-loxP viral genome. A) Schematic
of the Ad5 L2 coding region. Open reading frames that encode the proteins penton (lll), pVIl, V, and X/ are
depicted in colors. LoxP sites are indicated by upward red arrows. The downward arrow indicates infection of
a Cre recombinase-expressing cell line with Ad5-VII-loxP. Cre-mediated recombination leads to excision of
the pVII gene with the maintenance of a single lox site. (B) Southern blot analysis of total cell DNA isolated
from infections of either 293 cells (-, lanes 2 and 3) or 293 cells expressing Cre recombinase (+, lanes 4 and
5) with the Ad5-VII-loxP virus. Cells were harvested at 48 (lanes 2 and 4) or 72 (lanes 3 and 5) hr post-
infection (hpi) and DNAs were analyzed by Southern blot. U represents intact (unfloxed) pVIl gene and F
represents the recombined (floxed) pVIlI gene. DNA size markers are indicated on the left (lane 1). (C)
Western blot analyses of lysates from 293 cells (—) and 293 cells expressing Cre (+) infected with the Ad5-VII-
loxP virus. Ad5 L2 proteins were detected with specific antibodies as described in Supplemental Information.
Cellular alpha-tubulin (a-tubulin) was used as a loading control.

https://doi.org/10.1371/journal.ppat.1006455.g001

protein X (pre-X) are proteolytically processed by the Ad proteinase AVP to mature forms des-
ignated VII and y, respectively [3]. We wanted to analyze the role of the major Ad core protein
VII in virus assembly and other aspects of the viral life cycle. A traditional approach to analyze
viral mutants is to establish a complementing cell line to allow the propagation of a defective
virus. However, it has been difficult to produce cell lines that efficiently complement the
growth of Ad late protein mutants, for example owing to the high levels of protein expression
that are required for complementation and the potential toxicity of their expression to cells.

We established an approach to conditionally knock out the gene encoding pre-VII in the
context of virus infection using the Cre-lox system. An Ad5 infectious clone was generated
with loxP sites flanking the pre-VII coding sequences (Fig 1A; loxP sites at -4 relative to the A
of the ATG and immediately following the pre-VII termination codon; the virus is termed
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Ad5-VII-loxP). Recombinant Ad5-VII-loxP virus stocks were readily established in cells that
do not express Cre recombinase, and the virus replicated with wild-type kinetics as measured
by qPCR. Two independent Ad5-VII-loxP virus stocks were analyzed (isolates 5 and 11).
Ad5-pVII-loxP was used to infect cells that express Cre recombinase, and the efficiency of
excision of pre-VII coding sequences (floxing) was measured by Southern blot (Fig 1B) and
qPCR. Ad5-VII-loxP floxing efficiency was >99% in 293 cells that express Cre recombinase
(lanes 2, 3 vs. 4, 5). We examined pre-VII/VII protein levels following infection of cells that do
or do not express Cre recombinase with Ad5-VII-loxP by Western blot (Fig 1C). Infection of
Cre recombinase-expressing cells with Ad5-pVII-loxP reduced pre-VII/VII protein expression
to barely detectable levels in comparison to infection of parental 293 cells. Equivalent levels of
L2 proteins III and V were detected in cells that do or not express Cre recombinase demon-
strating a specific effect on pre-VII/VII protein expression and not a global deficit in L2 gene
expression. These results establish the utility of using Cre recombinase to direct conditional
pVII/VII protein expression.

Core protein Vll is not required for packaging of the viral genome into the
capsid

We examined the production of virus particles following infection of cells that do or do not
express Cre recombinase with Ad5-VII-loxP. Ad5-VII-loxP virus particles were efficiently pro-
duced in cells that express Cre recombinase, and the virions produced in Cre-expressing or
parental 293 cells banded at the same density in a CsCl equilibrium gradient (1.34 g/cc)(Fig
2A, isolate 5). Virus particles that banded at this density contained the full-length viral genome
and Ad5-VII-loxP particles produced in Cre-expressing cells were floxed >99% (S1A and S1B
Fig). These virus particles were examined by electron microscopy in comparison to wild-type
Ad5 (Fig 2B). Virus particles that contained or lacked protein VII (VII-lox, Cre*, Cre”, respec-
tively) were indistinguishable and had the same morphology and electron density as wild-type
Ads.

We examined virion protein composition by SDS-PAGE and Coomassie blue and silver
staining and by Western blot. The identical pattern of major and minor viral capsid proteins
were observed with the only detectable difference being the lack of protein VII in Ad5-VII-
loxP particles produced in Cre-expressing cells (Figs 2C and S1C). By western blot, all Ad late
major and minor capsid proteins were equally represented in Ad5-VII-loxP particles produced
in Cre-expressing cells compared to parental 293 cells, and in comparison to wild-type Ad5,
with the sole exception of protein VII (Fig 2D). We conclude that Ad5 protein VII is not
required for packaging of the viral genome into the virion and that the loss of protein VII in
the capsid is not compensated by an increase in the levels of core protein V or other capsid
proteins.

We did note an effect on the proteolytic processing of Ad late protein pre-VI when protein
VII was missing (Fig 2D, pre-VI, VI; doublet with VII compared to a single form with WT).
Pre-VI is proteolytically cleaved by AVP at both the N- and C-termini, whereas pre-VIII is
processed at three internal cleavage sites [46]. The processing of proteins pre-VI and pre-VIII
was examined further by western blot using specific antisera (Fig 2E). Ad2 temperature-sensi-
tive mutant ts1 is defective for AVP at the restrictive temperature, accumulates precursor
forms of Ad late proteins, and was used as a control [23]. Ts1 virions contained the unpro-
cessed form of pre-VI (indicated by an asterisk in the top panel; pVI/VI) and pre-VIII
(VIII-C). Mature VI, was observed with wild-type Ad5 virions (indicated by an open circle in
the top panel). Virions that lacked protein VII contained a partially processed form of pre-VI
(termed intermediate VI, iV, [47]; indicated by a bullet in the top panel) that exhibited a faster
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Fig 2. The absence of pVIl does not preclude virus particle assembly and genome packaging. (A) CsCl
equilibrium gradient centrifugation of virus particles isolated from isolated from 293 cells (Cre™) or 293 cells
expressing Cre recombinase (Cre*) infected with the Ad5-VII-loxP virus. Virus particles from both infections
banded on the gradient at 1.34 g/cc, the density of mature Ad5 virions. (B) Electron microscopy images of
negative stained CsCl-purified virions isolated from 293 cells (Cre™) or 293 cells expressing Cre recombinase
(Cre*) infected with wild-type Ad5 (WT) or the Ad5-VII-loxP virus. Bar inset represents 50nm. (C) Coomassie
blue stain analysis of the protein composition of CsCl-purified virions isolated from 293 cells infected with wild-
type Ad5 (WT) or the Ad5-VII-loxP virus (VII*) or 293 cells expressing Cre recombinase (VII7) infected with the
Ad5-VII-loxP virus. Virus particles from the Ad5-VII-loxP-infected cells were harvested 48 and 72 hr post-
infection (hpi). Protein molecular weight markers are indicated on the left. Major Ad capsid proteins are
indicated on the right. (D) Western blot analyses of purified virus particles described in (C). Ad capsid proteins
are indicated on the right. (E) Western blot analysis of purified virus particles described in (C), plus ts1
particles isolated following infection of cells at the restrictive temperature, probed with antibodies directed
against pVI/VI, or C-terminal peptides of pVI (VI-C) or pVIII (VIII-C). The asterisk (*) indicates full-length,
unprocessed pre-VI, the bullet (*) indicates iVI, and the open circle (o) indicates fully processed VI.

https://doi.org/10.1371/journal.ppat.1006455.9002

mobility than #s1 pre-VI and that was processed at the C-terminus (VI-C), but presumably not
cleaved by AVP at the N-terminus. Pre-VIII C-terminal processing in virions that lacked pro-
tein VII occurred normally (VIII-C). The parent Ad5-VII-loxP virions contained both iVI and
mature VI. The basis for this observation is not clear; the genomic pre-VI region was fully
sequenced with both infectious clone isolates of Ad5-VII-loxP and the sequences were wild-

type.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017 6/24


https://doi.org/10.1371/journal.ppat.1006455.g002
https://doi.org/10.1371/journal.ppat.1006455

@'PLOS | PATHOGENS

Adenovirus core protein VIl functions

Virus genomes that lack core protein VIl are defective in early gene
expression and viral DNA replication

We examined the infectivity of virus particles that lack protein VII using a fluorescent focus
assay in HeLa cells and found a >300-fold decrease in infectivity compared to wild-type Ad5
and a >100-fold decrease compared to Ad5-VII-loxP virus grown in 293 cells (Particle:FFU
ratios were 5:1 for Ad5-WT, 13.5:1 for Ad5-VII-loxP grown in 293 cells, and 1820:1 for
Ad5-VII-loxP grown in Cre-expressing cells). We analyzed the formation of viral replication
centers in A549 and HeLa cells at low multiplicity of infection with wild-type Ad5 and
Ad5-VII-loxP virus grown in 293 cells and at high multiplicity of infection with Ad5-VII-loxP
virus grown in 293-Cre cells by immunofluorescence (IF) (Fig 3A, A549 cells, Fig 3B, HeLa
cells). The presence of circular, DBP-positive viral replication centers in the nucleus directly
correlates with active viral DNA replication. Viral replication centers were readily evident in
cells infected at low multiplicity of infection with wild-type Ad5 or the VII* virus. There was a
striking reduction in the number of replication foci observed 24 hours after infection with
virus that lacks protein VII where very few DBP-positive cells were evident even at high multi-
plicity of infection. Further, of the few viral replication centers that were observed following
infection with VII virus particles, all were found to also express protein VII (Fig 3A and 3B)
indicating that these cells were infected with Ad5-VII-loxP virions that had escaped VII floxing
during production. We also used IF to visualize protein VII expression in Cre-expressing cells
infected with Ad5-VII-loxP. Very few Cre-expressing cells exhibited protein VII expression at
late times after infection, whereas the Ad DNA binding protein was readily evident in all
infected cells. Thus, we believe that a small percentage (<1%) of the input Ad5-VII-loxP viral
genomes escaped floxing in Cre recombinase-expressing cells, whereas the majority of the
viral genomes (>99%) were fully floxed. Based on this conclusion, the majority of Ad5-VII-
loxP virus particles produced in Cre-expressing cells should be fully deficient for protein VII,
while a small percentage (<1%) contain the full complement of protein VII and are equivalent
to wild-type Ad5.

The lack of core protein VII in the Ad5 particle could affect virus infectivity at a number of
different steps during the viral life cycle. To determine the basis for the defect observed with
the VII " mutant virus, we examined input viral DNA levels in infected cells at 2 hours post-
infection (2 hpi) and viral DNA replication at 24 hpi by quantitative PCR using total genome
and VII gene-specific primer pairs (Fig 4A). At 2 hpi, the level of VII mutant viral DNA in
total cell lysates was comparable to wild-type Ad5 and the unfloxed Ad5-VII-loxP parent
virus; efficient floxing of the VII mutant stock was verified (2 hpi, VII™, total vVDNA versus
VII" vDNA). At 24 hpi, there was a 4-log decrease in the levels of VII mutant DNA compared
to wild-type Ad5 and a 3-log decrease compared to the unfloxed Ad5-VII-loxP parent virus.
Further, the few genomes that replicated following infection with the VII virions contained an
intact VII reading frame and, thus, represented the low level of unfloxed viral genomes present
in the VII stock (24 hpi, VII7, total vDNA versus VII" vDNA). These results are consistent
with the IF data shown in Fig 3.

We tested if the decrease in viral DNA replication observed with the VII virus resulted
from reduced E1A gene expression, and found that the E1A mRNA levels were strongly
reduced in cells infected with VII virions (Fig 4B). In order to determine if this defect in early
gene expression with the VII mutant virus could be rescued if the E1A proteins were provided
in trans, 293 cells, which constitutively express Ad5 E1A proteins, were infected with Ad5-VII-
loxP produced in 293 cells (VII*) or Cre-expressing cells (VII™)(Fig 4C). RNA levels for Ad
early regions E2a, E2b, and E4 were reduced >100-fold in 293 cells infected with the protein
VII mutant virus in comparison to the VII* virus, indicating no rescue of viral early gene
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Fig 3. Infection of cells with virus particles that lack protein VII. A549 cells (A) or HeLa cells (B) on glass
coverslips were infected with 200 particles/cell wild-type Ad5 or the Ad5-VII-loxP virus grown in 293 cells
(Ad5-VII*), or 2000 particles/cell VII"virus (Ad5-VII7). At 24 hours post-infection, cells were processed for IF
using antibodies directed against protein VII (FITC secondary antibody; left column) and Ad DNA binding
protein (TRITC secondary antibody; center column). Merged images are shown in the right column. The white
bar represents 10uM.

https://doi.org/10.1371/journal.ppat.1006455.9003

expression. Finally, we performed a coinfection experiment with wild-type Ad5 together with
the VII" or VII viruses and examined viral DNA levels by qPCR at early and late times after
infection (S2 Fig). Input levels of the coinfecting viral DNAs were similar early after infection
(WT+VII" vs WT+VII", 3 hpi). Wild-type Ad5 and the VII" virus replicated to similar levels
by late times after infection, whereas the VII mutant virus was significantly reduced (24 hpi).
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Fig 4. Core protein Vll is required for efficient viral early gene expression and DNA replication. (A)
HelLa cells were infected with wild-type Ad5 (WT) and the VII* and VIl viruses, and virus infection (2 hpi) and
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viral DNA replication (24 hpi) was quantified by gPCR. Primer pairs for gPCR hybridized to all three viruses
(Total vDNA) or were specific to the pVIl open reading frame (VIl+ vDNA). (B) HelLa cells were infected with
wild-type Ad5 (WT) and the VII* and VIl viruses and E1a mRNA levels were quantified by RT-qPCR at 2 and
5.5 hr post-infection (hpi). The values were normalized to cellular GAPDH mRNA levels as described in
Materials and methods. (C) The VII* and VIl viruses were used to infect 293 cells and E2a, E2b, and E4
mRNA levels were quantified by RT-qPCR at 5.5 hpi and normalized to cellular GAPDH mRNA levels. Values
are plotted as mean + sd.

https://doi.org/10.1371/journal.ppat.1006455.9004

We conclude that the VII mutant virus is defective in an early step in the infection cycle. Ad5
particles that lack core protein VII show a global defect in early gene expression and viral
DNA replication that cannot be complemented in trans.

VII"viral genomes are functional outside the context of virus infection

Viral DNAs isolated from VII* and VII virus particles were used to transfect cells, and viral
DNA and E1A mRNA levels were analyzed by qPCR and RT-qPCR, respectively. An EGFP
expression vector was used as a transfection control, and equivalent levels of GFP protein
expression was observed in three replicate experiments (Fig 5A). No significant differences
were observed between viral DNAs isolated from VII* (Ad5-WT, VII-lox-293) or VII (VII-
lox-Crel, VII-lox-Cre2) virus particles when viral DNA replication (Fig 5B) or EIA mRNA
levels (Fig 5C) were examined. These results demonstrate that virion DNA in VII particles is
functional when used for transfection, but not in the context of viral infection.

Protein VIl is required for escape of virions from endosomes

We analyzed the subcellular localization of Ad5 particles that contain or lack protein VII by
IF and transmission electron microscopy (TEM). Wild-type Ad5 and Ad-VII-loxP particles
produced in Cre-expressing cells (VII") were prepared containing viral genomes labeled with
the ethynyl-modified nucleoside EAC. Copper-catalyzed azide-alkyne cycloaddition (Click)
reactions allow visualization of single viral genomes within infected cells using Alexa Fluor
488-azide [48]. Cells were infected with EdC-labeled virions, and the major capsid protein
hexon was visualized by IF using a specific antibody and viral genomes were visualized follow-
ing Click reactions (Fig 6). Infections were performed either for 1 hour at 4 C to visualize cell
surface-bound virus (Fig 6A, top row), or for 30 minutes at 37°C, after which unbound virus
was washed away and the incubation was continued at 37 C for 0 minutes, 3 hours, or 5 hours
to visualize internalized virus (Fig 6A and 6B). Virion attachment at the cell surface was readily
detected with wild-type Ad5 using anti-hexon antibody but little viral DNA was evident due to
protection by the intact capsid [49]. Immediately after 37 C infection with wild-type Ad5
(30min + Omin, HAdV-C5_wt), the viral DNA and capsids/capsid remnants were found in
both nuclear and cytoplasmic areas. By 3.5-5.5 hpi (30min + 180min, 30min + 300min), wild-
type Ad5 capsids and viral DNA were concentrated over the nuclear area marked by DAPI
staining. In contrast, the VII mutant virus capsids were largely excluded from within the
nuclear area and concentrated in the perinuclear region with time (Fig 6B, HAdV-C5_AVII).
Due to technical limitations, VII virions were not well detected with EdC within cells,
although these virions contained EdC-labeled genomes, as shown by single virus analyses of
heat-disrupted particles bound on polylysine-coated coverslips (53 Fig). VII viral genomes
that were evident in infected cells were located outside the nuclei. The localization of VII vir-
ions in the perinuclear region is reminiscent of the phenotype observed with ¢s1 virions
defective in AVP activity where virions do not efficiently escape the endosome [50-52]. It is
possible that incoming VII” virion DNA was not well detected since the VII virions did not
open up their capsids, akin to ts1 virions which do not lyse the endosmal membrane [49, 53].
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Fig 5. Transfected VII” virion DNA fosters productive infection. HelLa cells were cotransfected with
purified viral DNAs and an EGFP expression vector. Viral DNAs corresponded to Ad5-WT, Ad5-VII-loxP
grown in 293 cells (VII-lox-293), and two independent preparations of Ad5-VII-loxP grown in 293-Cre cells
(Vll-lox-Cre1 and VlI-lox-Cre2). 48 hours after transfection, the cells were harvested and used for the
preparation of whole cells protein extracts, total cell DNA, and total cell RNA, as described in Materials and
Methods. (A) EGFP Western blot of samples isolated from three independent transfection experiments. Lane
1, untransfected; lanes 2, 6, and 10, cells transfected with Ad5-WT DNA; lanes 3, 7, and 11, cells transfected
with VII* DNA,; lanes 4, 8, and 12, cells transfected with VII"DNA preparation 1; lanes 5, 9, and 13, cells
transfected with VII"DNA preparation 2. (B) Total cellular DNA isolated from these transfections were
digested with Dpnl to cut transfected, input plasmid DNA, and analyzed by qPCR for Ad5 DNA levels using a
primer pair that PCRs across a segment with two Dpnl sites. (C) Total cellular RNA was these transfections
was analyzed for E1a mRNA levels as described in Fig 5B. n = 3 for (B) and (C) and the values are plotted as
mean + sd.

https://doi.org/10.1371/journal.ppat.1006455.9g005

The localization of wild-type Ad5 (VII*) and VII virions was visualized by TEM at different
times after infection (Fig 7). Cells were infected for 1 hour at 37 C, washed, and further incu-
bated for 5 minutes or 4 hours at 37 C. Incoming virions were visualized by TEM in multiple
sections for each condition and scored to be on the plasma membrane, in endosomes, in the
cytosol, and on the nuclear membrane. Representative images are shown in Fig 7A, and the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017 11/24


https://doi.org/10.1371/journal.ppat.1006455.g005
https://doi.org/10.1371/journal.ppat.1006455

@’PLOS | PATHOGENS

Adenovirus core protein VIl functions

>

surface virus

30min +0min

£
ER
S
®
+
£
£
S
)

30min + 300min

HAdV-C5_wt

HAdV-C5_wt

HAdV-C5_wt

HAdV-C5_wt

B ihe;on

30min + Omin

HAdV-C5_AVII

30min + 180min

HAdV-C5_AVII

30min + 300min

HAJV-C5_AVII

Fig 6. Subcellular localization of VII"virus particles analyzed by confocal microscopy. A549 cells were infected with EdC-labeled
(see Supplemental Information) Ad5-WT at 4 C for 1 hour (A, surface virus) or with Ad5-WT (B, HAdV-C5_wt) or VII"virus particles (C,
HAdV-C5_AVII) at 37 C for 30 min. Cells were subsequently incubated for 0 min (30min + Omin), 3 hours (30min + 180min), or 5 hours
(30min + 300min). Cells were processed for IF using antibodies directed against intact or partly fragmented Ad5 capsids (hexon, left
column, white dots) followed by Click reactions to crosslink Alexa Fluor 488-azide to EdC-labeled viral DNA (center column, DNA, white
dots). Panels in the right column represent merged, color images including nuclear DAPI staining. The white bar represents 10uM.

https://doi.org/10.1371/journal.ppat.1006455.9006

data are quantified in Fig 7B. The number of cells (c) and virus particles (v) analyzed for each
condition are indicated in the graphs shown in Fig 7B, left, and these results are normalized to
the total number of particles analyzed under each condition in Fig 7B, right (total set at 1). The
most striking difference between infection with wild-type Ad5 (VII") and VII virions was the
disappearance of virus particles with wild-type Ad5 over time by a factor of ~5 in contrast to a
small decrease in the number of VII virus particles. The second most striking difference
between the VII" and VII virions was the significant clustering of VII virions in cytoplasmic
vesicles. This is most drastically illustrated at the 5.5 hour time point, when 10 wild-type viri-
ons were found in endosomes (vesicle), contrasting to 115 VII virions in vesicles, including
multivesicular eno-lysosomal vesicles. At this time, 5 VII virions were in the cytosol and none
were on the plasma membrane or the nuclear membrane. At this time point, 4 wild-type viri-
ons were still on the nuclear membrane and 3 were in the cytosol, but most particles were dis-
assembled and could not be recognized as virions. These results illustrate that VII virions do
not efficiently escape from endosomes, and that this likely is the reason for the poor localiza-
tion on the nuclear membrane and the greatly reduced nuclear activity (early gene transcrip-
tion, viral DNA replication) of VII virions.

Discussion

The Ad major core protein VII is a histone-like protein that condenses DNA in vitro and in
vivo and assembles viral DNA into a nucleosome-like structure [23-28], although the exact
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glutaraldehyde, and processed for Epon embedding and thin section EM analysis. (A) Representative images of virions in the cytosol or the
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Note the enrichment of VlI-less virions in multi-vesicular structures, and the strong reduction in wild-type virions 300 min post-infection,

indicative of capsid disassembly [49, 88, 89]. The black bar in (A) represents 0.1um.

https://doi.org/10.1371/journal.ppat.1006455.9007

conformation of Ad chromatin within the virion remains elusive [29]. It has been widely

assumed that protein VII is required to condense viral DNA within the capsid [29]. Here, we
show that the opposite is true. Ad core protein VII is not required for virus assembly or pack-
aging of viral DNA into virions. Virus particles that lack protein VII are stable and contain the
normal composition of virion proteins. No change in the amount of core protein V within

VII virus particles was observed (Fig 2). These results have important implications for the Ad
assembly mechanism and for the role of protein VII during infection. Ad genome packaging is
thought to follow the paradigm of dsDNA bacteriophage where viral DNA is inserted into a
preformed empty capsid, the prohead [37]. It was not previously known if Ad packages naked
viral DNA like dsDNA phage and herpesviruses or a DNA-protein complex containing viral
DNA associated with core proteins. It seems very unlikely that Ad evolved a packaging
machinery that could accommodate both mechanisms. The process of packaging naked DNA
as observed with dsDNA phage involves direct interaction of the packaging motor with the
DNA backbone [39], and the interaction of Ad DNA with basic core proteins would seem
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likely to preclude such interaction. Since viral DNA was efficiently encapsidated in the absence
of protein VII, we believe that this strongly supports the model that Ad packages naked DNA,
followed by, or in concert with but separate from, the packaging of core proteins. Ads in the
mammalian Atadenovirus family do not encode core protein V [54] virtually eliminating a
role for this protein in the packaging mechanism. Very little is known about Ad protein X/p
[55], and we have not addressed the potential role of this core protein in the Ad assembly
process.

The virion population from the VII-floxed Ad5 grown in the Cre-expressing cells contained
a small proportion of unfloxed particles which gave rise to protein VII expression and infec-
tion (Fig 3). The particles from the VII-floxed Ad5 entered the cell but were largely defective at
endosomal escape (Figs 6 and 7), which resulted in a dramatic decrease in viral early gene
expression and viral DNA replication (Fig 4). This defect could not be complemented in trans
by coinfection with wild-type Ad5 (S2 Fig). Viral DNA isolated from VII virus particles was
fully functional when delivered by transfection (Fig 5), but not infection.

The process of Ad entry into the cell and escape from the endosome has been elegantly and
extensively studied [56, 57]. Following engagement of Ad5 fiber protein with the primary cox-
sackievirus adenovirus receptor CAR and secondary binding of penton base to cellular avf3/5
integrins, the Ad capsid is internalized by dynamin- and actin-dependent endocytosis into cla-
thrin-coated endosomes. Acidification of the endosome is not required to promote early steps
in virion disassembly. Escape of the partly uncoated Ad particle from the endosome is criti-
cally-dependent on Ad protein VI [58]. An amphipathic helix near the N-terminus of protein
VI binds to the inner surface of the endosomal membrane, induces positive curvature, and
appears to fragment the membrane releasing Ad into the cytoplasm [59]. Protein VI is exposed
from incoming virions by mechanical cues from differential movements of the virion receptors
CAR and integrins [60], and leads to the activation of lysosomal secretion and an increase of
ceramide lipids which is key for the membrane disrupting activity of protein VI [61]. Mem-
brane rupture by protein VI occurs through an amphipathic helix near the N-terminus of pro-
tein VI, and leads to the rupture of the endosomal membrane [59], and the clearance of the
broken vesicles by an autophagic process [62, 63].

The N-terminal 33 amino acids of pre-VI stably bind to the peri-pentonal hexon proteins
on the inner surface of the virion [64, 65]. During Ad assembly, this would orient the configu-
ration of pre-VI within the immature capsid. During virion maturation, AVP cleaves pre-VI at
the C-terminus to release an AVP-activating peptide and after amino acid 33 to release the
remainder of the protein [46]. It is possible, although not very likely, that the failure of capsids
that lack protein VII to escape from endosomes may reflect the lack of N-terminal processing
of pre-VI observed with the VII mutant virus (Fig 2). We note that non-processed pre-VI dis-
plays full membrane lytic activity using in vitro assays [47, 59, 66]. An Ad5 site-specific pre-VI
mutant that has reduced N-terminal processing by AVP only displays an ~4-fold decrease in
infectivity compared to wild-type Ad5 [47]. Thus, the hypothesis that the pVII mutant virus
displays an endosome escape defect due to lack of pre-VI N-terminal processing remains
unlikely.

Perhaps the defect of the protein VII virions relates to physical changes in the Ad capsid
that occur during virion maturation, and such changes are altered in the VII mutant virus
infections. Biophysical analyses of the Ad5 core using wild-type Ad5 and ts1 grown at the
restrictive temperature demonstrated that the Ad core decondenses during proteolytic matura-
tion of the virion resulting in increased internal pressure [67]. This process has been proposed
to facilitate virion disassembly during the early stages of infection [67, 68]. s1 capsids pro-
duced at the restrictive temperature are highly stable compared to wild-type Ad5 and fail to
release capsid vertex proteins even in harsh chemical conditions [69]. Remarkably, the shell of
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ts1 particles is softer than the shell of wild-type virions [69, 70]. Structural studies have shown
that this process relates to altered interactions between core components and the internal faces
of viral vertex proteins [71]. We propose that these changes in the physical structure of the Ad
capsid may not occur properly in the absence of protein VIL Protein VII represents ~10% of
the total mass of the Ad particle, and it is possible that the absence of this protein within the
capsid would reduce the internal capsid pressure. It will be interesting to test this hypothesis
using biophysical approaches. Finally, we cannot exclude the possibility that patches of posi-
tively charged residues on viral proteins in the inner surface of the virion unnaturally interact
with viral DNA in the absence of protein VII and this interferes with virion disassembly and
endosome escape.

VII capsids displayed a pronounced defect in N-terminal pVI processing. AVP proteolyti-
cally cleaves Ad proteins pre-IIla, pre-VI, pre-VII, pre-VIII, pre-X, L1-52/55K, and pre-TP
[46, 72]. Pre-IIla cleavage results in a very minor change in mobility in SDS-PAGE and would
not have been detected in our assays. Pre-VI and pre-VIII C-terminal cleavages, and L1-52/
55K processing, occurred normally with the VII mutant (Fig 2). The effect of protein VII loss
on pre-VI N-terminal cleavage appears to be specific, although reagents are not available to
analyze pre-X processing and pre-TP cleavage was not evaluated. It is not clear how pre-VII/
VII may affect the activity of AVP, but both interact with viral DNA, and our results suggest
that pre-VII/VII influence cleavage events by AVP. AVP slides along DNA within the virion to
locate and process substrates [73, 74]. These results suggest that protein VII may influence this
process and alter AVP activity and/or specificity. Future studies will be required to clarify the
effect of pVII on Ad viron maturation.

In conclusion, Ad core protein VII is not required for virion assembly or viral genome
encapsidation. Thus, pre-VII/VII is not required for condensation of Ad DNA within the cap-
sid. The latter result is unexpected. Relative to the length of the Ad genome, the Ad capsid is
large compared to some other dsDNA viruses. For example, the Ad capsid diameter is 90-100
nm to accommodate a genome of ~36 kbp. The herpes simplex virus capsid is 100-120 nm to
accommodate a genome of ~150 kbp. Similarly, the dsDNA phage T4 capsid is ~85 x 120 nm
to accommodate a genome of ~170 kbp. With herpesviruses and dsDNA phages, naked viral
DNA is highly condensed within the capsid [39]. The relatively large Ad capsid, as well as the
results presented here, suggests that Ad DNA is not as highly condensed within the virion as in
case of herpesviruses or phages, perhaps because of a relatively large virion size:genome size
ratio. Our results also support the conclusion that Ad likely packages naked DNA, like larger
dsDNA viruses. The packaging size limit for Ad5 is ~105% of the full-length genome [75]
showing a restriction to capsid capacity. If viral DNA is packaged separately from core pro-
teins, it is an interesting conundrum how a limit for genome size is imposed if there is still
space within the virion to subsequently package core proteins. Ad core proteins are not found
in empty virions [76], although it is not clear if these capsids are a true assembly intermediate
[37]. Light, intermediate capsids observed with Ad5 #5369 at the restrictive temperature, which
likely do represent a bona fide assembly intermediate, contain part of the Ad genome but lack
core proteins [42], once again indicating the viral DNA encapsidation precedes core protein
insertion. An alternative view of Ad assembly is a concerted mechanism by which the capsid is
assembled around the viral DNA-protein core [45]. Our results are consistent with this mecha-
nism of Ad assembly and show that protein VII is not required if this assembly process occurs.
This study demonstrates that Ad core protein VII plays an entirely unexpected role during Ad
infection, and is required for escape of the virion from the endosome and for full processing of
capsid proteins by AVP. It will prove very interesting to determine how protein pre-VII/VII
affects capsid pressurization during virion maturation, and if changes in this process underlie
the observed phenotype with the VII virions.
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Materials and methods
Cells

HEK-293 (ATCC), HeLa (ATCC), and A549 cells (ATCC) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% bovine calf serum (HyClone), penicillin,
and streptomycin. The Cre66 cell line, a Cre recombinase expressing cell line derived from
HEK-293 cells (a gift from Dr. Stefan Kochaneck, University Ulm, Germany), was maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% Fetalclone III serum
(HyClone), penicillin, streptomycin, and 0.25 mg/ml of Geneticin (Life Technologies). Cre-
expressing A549 cells were produced by lentivirus transduction using Cre-IRES-PuroR and
maintained in the above mentioned medium supplemented with 8 pg/ml puromycin. Cre-
IRES-PuroR was a gift from Darrell Kotton (Addgene plasmid #30205 [77]).

Viruses and infections

Wild-type adenovirus 5 (Ad5-WT) was derived from the plasmid clone pTG3602 [78] by restric-
tion digestion with PacI and transfection of DNA into cells. Ad2ts1 was previously described
[23]. The Ad5-VII-loxP virus was generated in the background of pTG3602 in the following
way. A subgenomic clone of Ad5 from nucleotides (nt) 12,290-22,340 served as an intermediate
vector for the introduction of loxP sites flanking the pVII open reading frame by conventional
PCR cloning. The 5’ loxP site was introduced at nt 15,875, three nucleotides upstream of the
pVII initiation codon and three nucleotides downstream of the protein III (penton) stop codon.
The 3’ loxP site was introduced at nt 16,475, immediately follows the stop codon for pVII. LoxP-
containing Ad DNA was recombined with pTG3602 that had been digested with Pmel and
AsiSI restriction enzymes, as described [78]. Following confirmation of clones by nucleotide
sequence analysis, pTG3602-VII-loxP was digested with Pacl, transfected into HEK-293 cells
(ATCC), and plaque assays performed. Two independent plaques were amplified and the
introduction of the loxP sites was confirmed; these viruses were named Ad5-VII-loxP-5 and
Ad5-VII-loxP-11. Stock lysates were generated, titered by plaque assay, and virus particles puri-
fied using cesium chloride equilibrium gradient centrifugation, as described [79].

Virus infections were performed for 1 h at 37°C, as described [79], unless otherwise noted.
The parental Ad5-VII-loxP-5 and Ad5-VII-loxP-11 viruses were used to infect 293 cells at 5
plaque forming units/cell to yield VII* viruses (VII gene intact) or used to infect Cre66 cells
(Stefan Kochanek, University Ulm, Germany) to yield VII mutant viruses (VII gene deleted)
and harvested 2-3 days after infection when full cytopathic effect was evident. Efficiencies of
recombination (floxing) for VII virus were determined using viral DNA extracted from CsCl-
purified virus particles by qPCR utilizing two sets primer pairs: 1) Ad5 nt 44-63 and 280-261
to amplify Ad5 left-end sequences to quantify total viral DNA, and 2) Ad5 nt 16,155-16,173
and 16,333-16,315 to amplify sequences within the VII reading frame to quantify viral DNAs
with intact VII gene sequences (primer sequences in Supplemental Information). The relative
amount of VII* genomes in the VII virus preparations was calculated as described [80]. Low
molecular Hirt DNA and purified viral DNA also was analyzed by Southern blot following
digestion with Kpnl. Southern blots were probed using a DNA fragment including Ad5 nt
15,658-16,887, as described [79]. HeLa cells (ATCC) were infected with the Ad5-VII-loxP
viruses, VII* or VII~, at 200 virus particles/cell, unless otherwise noted.

Antibodies

The following primary antibodies were rabbit polyclonal unless indicated and were used at the
following dilutions: anti-hexon, mouse monoclonal 9C12 (University of Iowa Developmental
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Studies Hybridoma Bank, 1:100; rabbit anti-pVII/VII, 1:2000 (Dr. Daniel Engel, University of
Virginia); rabbit anti-V, 1:1000 (Dr. David Matthews, University of Bristol); rabbit anti-penton
and rabbit anti-fiber, 1:1000 (Dr. Carl Anderson, Brookhaven National Laboratory); rabbit
anti-IIIa, 1:1000, [81]; rabbit anti-VIII, 1:400 (Drs. Ann Tollefson and William Wold, St. Louis
University); rabbit anti-AVP, 1:500 (Dr. Maxim Balakirev, CEA-Grenoble); rabbit anti-VI,
1:5000 (Dr. Christopher Wiethoff, Loyola University Chicago); rabbit anti-pVI C-terminal
peptide amino acids 240-250, 1:100 and rabbit anti-VIII C-terminal peptide amino acids 214~
227, 1:1000, (Maarit Suomalainen and Urs Greber, University Zurich, Switzerland); rabbit
anti-IVa2 and anti-L1-52/55K 1:1000 [82]; and mouse anti-o-tubulin monoclonal antibody,
Sigma-Aldrich T5192.

Western blot analyses and silver staining of SDS-polyacrylamide gels

Whole cell extracts (WCE) were prepared by washing cells twice with phosphate buffered
saline (PBS) followed by cell resuspension in 2X SB (120mM Tris pH 6.8, 4% sodium dodecyl
sulfate (SDS), and 20% glycerol) and incubation at 100 C for 10 min. Proteins from virus parti-
cles were prepared following ethanol precipitation of CsCl-purified virions [83] by resuspen-
sion in 2X SB and boiling. Protein concentrations were determined using the bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific). Either 15 ug of WCE or 1.3 g of protein
from purified virus particles were separated on 12.5% or 15% SDS-polyacrylamide gels and
transferred overnight to nitrocellulose membranes at 4 C. Membranes were blocked in 3%
bovine serum albumin in TBS (50mM Tris pH 7.5, 150mM NaCl) for 1 hour. Membranes
were treated with primary antibodies for 1 hour at room temperature or overnight at 4 C and
washed 5 times with TBS containing 0.05% Tween20 for 5 min each at room temperature. Sec-
ondary antibodies were diluted 1:5000 in 5% powdered milk in TBS, and membranes were
treated for 1 hour at room temperature followed by washes as described above. Two additional
washes with TBS minus Tween were done before scanning using an Odyssey system (LiCor).
IRDye 800CW-conjugated goat anti-rabbit IgG or IRDye 600CW-conjugated goat anti-mouse
IgG (LiCor) were used as secondary antibodies for Western blots. SDS-polyacrylamide gels of
proteins from particles were stained with silver nitrate using the method of Dr. Darrick Carter
(www.proteinchemist.com).

gPCR and RT-qPCR analyses

At times post-infection indicated in the text, 1-2x10° infected cells were chilled on ice for 10
min, harvested by scraping, washed twice with PBS, and divided for DNA or RNA isolations.
Whole cell DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen). DNAs were
quantified by absorbance at 260,,,. Whole cell RNA was prepared by lysing cells using the
QIAshredder (Qiagen) followed by isolation of RNA by RNeasy Plus Mini Kit (Qiagen).
cDNAs were generated by priming with oligo(dT) (NEB) and reverse transcription using
SuperScript I RT (Invitrogen) following the manufacturer’s instructions. qQPCR was per-
formed using the DyNAmo HS SYBER green qPCR kit (Thermo Scientific) and amplifying
using the 7500 Real Time PCR System (Applied Biosystems). Reactions contained either
approximately 40-80ng of purified DNA or 1/10™ of the cDNA product. Results were analyzed
using the 7300 system software (Applied Biosystems). Primer pairs for quantification of Ad5
DNA, the Ad5 VII gene, and the cellular GAPDH gene are listed in S1 Table. Primer pairs for
cDNA quantification of Ad5 Ela, E2a, E2B, E4, and cellular GAPDH are listed in S1 Table.
Standards for absolute quantification were pTG3602 for Ad5-related sequences and subclones
of GAPDH specific for either cDNA or gene quantifications. Levels of DNA were determined
by dividing the absolute amount of Ad5 DNA by the absolute amount of GAPDH DNA and
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are graphed on a log scale. Relative levels of Ad early transcripts were calculated using the
method of Pfaffl [80] using the absolute amount obtained for viral early transcripts divided by
the absolute amount of GAPDH transcripts.

Immunofluorescence and transmission electron microscopy

For DBP and pVII immunofluorescence microscopy, A549 or HeLa cells grown on glass cov-
erslips were harvested at 24 hours post-infection and processed for immunofluorescence as
described [19] using mouse anti-DBP monoclonal antibodies A6-1 and B6-8 [84] and rabbit
anti-pVII antibody [31]. Images were captured and analyzed using a Zeiss Axiovert 200M digi-
tal deconvolution microscope with AxioVision 4.8.2 SP3 software.

For copper(I)-catalyzed azide alkyne cycloaddition staining and immunofluorescence
microscopy, cells grown on glass coverslips were fixed at the times indicated in the text with
3% paraformaldehyde for 15 min, quenched with 25 mM ammonium chloride, permeabilized
with 0.5% Triton X-100 at room temperature for 5 min, and labeled with mouse anti-hexon
monoclonal antibody 9C12 (University of lowa Developmental Studies Hybridoma Bank) fol-
lowed by anti-mouse AlexaFluor 594-conjugated secondary antibody. Samples were stained
with freshly prepared click staining mix containing 10 uM AlexaFluor 488-azide, 1 mM
CuS0O4, and 10 mM sodium ascorbate in PBS in the presence of 1 mM THPTA, and 10 mM
amino-guanidine (AG), for protection against oxidative damage, at RT for 2 hr in the dark.
Samples were stained with 4’,6-diamidino-2-phenylindole (DAPI, Molecular Probes, Leiden)
for total DNA, embedded in DAKO medium (Dako Schweiz AG, Baar) for imaging by confo-
cal microscopy. Fluorescence images were recorded on Leica SP5 confocal laser scanning
microscope or Zeiss LSM510 Meta confocal system. Images shown represent maximum pro-
jections of confocal stacks.

Samples were processed for transmission electron microscopy (TEM) as previously
described [85-87]. In brief, cells grown on glass coverslips were fixed in 1.5% glutaraldehyde-
2% formaldehyde, 0.1M sodium cacodylate pH 7.4 for 60 min, followed by post-fixation in 1%
0s0, and 1.5% potassium-ferricyanide in deionized water at room temperature for 1 hour,
several washes in in 0.1M sodium cacodylate and contrasting 1% tannic acid in 0.05M sodium
cacodylate, followed by a 5 min incubation in 1% sodium sulfate in 0.05M sodium cacodylate.
The samples were rinsed in deionized water for 5 min, stained with 2% uranyl-acetate over-
night, dehydrated with acetone, embedded in Epon, ultrathin-sectioned, and analyzed in a
Zeiss EM10 equipped with an advanced interline technology CCD camera Erlangshen
ES500W-782 (Gatan GmbH, Munich, Germany). The number of viruses at the plasma mem-
brane, in endosomes, in the cytosol, and at the nuclear membrane was determined by manual
counting.

Transfection of DNAs isolated from virus particles

DNAs from CsCl-purified Ad particles were obtained by ethanol precipitation followed by
digestion with proteinase K in the presence of 0.5% SDS, several phenol/chloroform extrac-
tions, and ethanol precipitation. DNA was isolated from two different VII virus particle
preparations, from VII" virus particles, and from Ad5-WT virus particles. HeLa cells were
transfected with viral DNAs and pcDNA3-EGFP using Lipofectamine 2000 (Invitrogen)
and cells were harvested 48 hours post-transfection. DNAs and RNAs were isolated as
described above. DNAs were digested with DpnlI to fragment input, transfected DNA. DNA
and RNA were quantified by QPCR and RT-qPCR, respectively. Primer pairs for Dpnl-
digested total DNA were Ad5 nt 882-901 and 1052-1033 and primer pairs for cDNA were
within the Ela gene.
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Statistical analysis

All numerical values represent mean + sd. Each experiment was done in three replicates, and a
representative replicate is shown for each blot. Statistical significance of the differences was
calculated using student’s t-test.

Supporting information

S1 Fig. Analysis of viral DNA in virions that lack protein VII and virus coinfections. Viral
DNA was isolated from the virions shown in Fig 2A and analyzed. (A) Viral DNA was ana-
lyzed for floxing efficiency as described in Fig 1B. Lane 1, MW markers. Lanes 2-3, DNA from
two separate virus preparations of Ad5-VII-loxP grown in 293 cells that express Cre recombi-
nase, lanes 4-5, DNA from two separate virus preparations of Ad5-VII-loxP grown in 293
cells, lanes 6-9, quantification standards. U, unfloxed pVII gene; F, floxed pVII gene. (B) Viral
DNAs prepared from purified virions were digested with KpnlI and analyzed by Southern blot
using a whole Ad5 genome probe. Lane 1, markers. Lanes 2-5, Ad5-VII-loxP viruses grown
293 cells that expression Cre recombinase (lanes 2, 3, virus isolates 5 and 11) or 293 cells (lanes
4, 5, virus isolates 5 and 11). U and F correspond to Ad5 left-end Kpnl restriction fragments
that are unfloxed or floxed, respectively. (C) Silver stain analysis of the protein composition of
CsCl-purified virions isolated from 293 cells infected with wild-type Ad5 (WT) or the Ad5-
VII-loxP virus (VII') or 293 cells expressing Cre recombinase (VII") infected with the
Ad5-VII-loxP virus, as described in Fig 2.

(TIF)

S2 Fig. Coinfection of VII-virions with wild-type Ad5 does not rescue the mutant DNA
replication defect. HeLa cells were coinfected with Ad5-WT and Ad5-VII-loxP virus grown
in 293 cells (VII+) or 293-Cre cells (VII-). Viral DNAs were isolated at 3 and 24 hours post-
infection and quantified by qPCR using virus-specific primer pairs (see S1 Table).

(TIF)

S3 Fig. Detection of virus genomes in single virus particles bound on coverslips. EdC-
labeled wild-type (wt) or VII virus particles were incubated at room temperature or 55°C,
respectively, for 10 min in PBS prior to binding to polylysine-coated glass coverslips. The sam-
ples were fixed and stained with 9C12 anti-hexon antibody and anti-mouse AlexaFluor
594-conjugated secondary antibody, followed by Click-reaction with azide-AlexaFluor 488 for
detection of the viral genomes. Imaging of the samples was done with a Leica SP5 confocal
microscope. A. VII virus particles yield lower Click-signal than wild-type particles. Viral DNA
is pseudo-colored green and Hexon red, scale bar = 2 um. At present it is unclear whether the
lower EdC-signal from VII particles is due to lower incorporation of EAC into the viral DNA
or whether the absence of protein VII imposes a conformation on the genome that is not com-
patible with efficient Click-detection. The VII virus particles were heat-disrupted at 55°C
prior to staining, whereas the wild-type particles were only incubated at room temperature,
and this difference explains the apparent separation of DNA and Hexon signals in the VII ™
virus particles. B. The lower DNA signal from VII virus particles is not due to lack of genome
incorporation into VII particles. In both A and B the Click-signal was detected with a sensitive
Hybrid detector (HyD, standard mode), but in B the image acquisition was done with a HyD
gain about two-fold higher than in A, and this yielded a readily detectable DNA signal even for
the VII particles, whereas no signal was detected from control wild-type particles produced in
the absence of EdC labeling.

(TIF)
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S1 Table. Oligonucleotides. The Table lists the oligonucleotides used for PCR, qPCR, and
RT-qPCR.
(DOCX)

Acknowledgments

We thank Drs. Carl Anderson, Maxim Balakirev, Daniel Engel, Arnold Levine, David Mat-
thews, Ann Tollefson, Christopher Wiethoff, and William Wold for generously supplying anti-
bodies, and David Matthews, Carmen San Martin, and Matthew Weitzman for critical review
of the manuscript.

Author Contributions

Conceptualization: Philomena Ostapchuk, Maarit Suomalainen, Yueting Zheng, Urs F.
Greber, Patrick Hearing.

Data curation: Philomena Ostapchuk, Maarit Suomalainen, Yueting Zheng, Karin Boucke,
Patrick Hearing.

Formal analysis: Maarit Suomalainen, Karin Boucke, Urs F.
Greber, Patrick Hearing.

Funding acquisition: Urs F.
Greber, Patrick Hearing.

Investigation: Philomena Ostapchuk, Maarit Suomalainen, Yueting Zheng, Karin Boucke,
Patrick Hearing.

Methodology: Maarit Suomalainen, Yueting Zheng, Karin Boucke, Urs F.
Greber, Patrick Hearing.

Project administration: Urs F.
Greber, Patrick Hearing.

Resources: Philomena Ostapchuk, Maarit Suomalainen, Yueting Zheng.

Supervision: Urs F.
Greber, Patrick Hearing.

Validation: Maarit Suomalainen, Yueting Zheng, Karin Boucke, Urs F.
Greber, Patrick Hearing.

Visualization: Philomena Ostapchuk, Maarit Suomalainen, Urs F.
Greber, Patrick Hearing.

Writing - original draft: Patrick Hearing.

Writing - review & editing: Maarit Suomalainen, Yueting Zheng, Urs F.
Greber, Patrick Hearing.

References

1. Echavarria M. Adenoviruses in immunocompromised hosts. (2008) Clin Microbiol Revi 21:704-715.
https://doi.org/10.1128/CMR.00052-07 PMID: 18854488

2. Berk AJ. (2005) Recent lessons in gene expression, cell cycle control, and cell biology from adenovirus.
Oncogene 24:7673-7685. https://doi.org/10.1038/sj.onc.1209040 PMID: 16299528

3. Nemerow GR, Stewart PL, Reddy VS. (2012) Structure of human adenovirus. Curr Opin Virol 2:115—
121. https://doi.org/10.1016/j.coviro.2011.12.008 PMID: 22482707

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017 20/24


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006455.s004
https://doi.org/10.1128/CMR.00052-07
http://www.ncbi.nlm.nih.gov/pubmed/18854488
https://doi.org/10.1038/sj.onc.1209040
http://www.ncbi.nlm.nih.gov/pubmed/16299528
https://doi.org/10.1016/j.coviro.2011.12.008
http://www.ncbi.nlm.nih.gov/pubmed/22482707
https://doi.org/10.1371/journal.ppat.1006455

@’PLOS | PATHOGENS

Adenovirus core protein VIl functions

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Hendrickx R, Stichling N, Koelen J, Kuryk L, Lipiec A, Greber UF. (2014) Innate immunity to adenovirus.
Hum Gene Ther 25:265-284. https://doi.org/10.1089/hum.2014.001 PMID: 24512150

Lam E, Stein S, Falck-Pedersen E. (2014) Adenovirus detection by the cGAS/STING/TBK1 DNA sens-
ing cascade. J Virol 88:974-981. https://doi.org/10.1128/JV1.02702-13 PMID: 24198409

Lam E, Falck-Pedersen E. (2014) Unabated adenovirus replication following activation of the cGAS/
STING-dependent antiviral response in human cells. J Virol 88:14426—14439. https://doi.org/10.1128/
JVI1.02608-14 PMID: 25297994

Geoffroy MC, Chelbi-Alix MK. (2011) Role of promyelocytic leukemia protein in host antiviral defense. J
Interferon Cytokine Res 31:145-158. https://doi.org/10.1089/jir.2010.0111 PMID: 21198351

Fonseca GJ, Cohen MJ, Nichols AC, Barrett JW, Mymryk JS. (2013) Viral retasking of hBre1/RNF20 to
recruit hPaf1 for transcriptional activation. PLoS Path 9:61003411. https://doi.org/10.1371/journal.ppat.
1003411 PMID: 23785282

Fonseca GJ, Thillainadesan G, Yousef AF, Ablack JN, Mossman KL, Torchia J, et al. (2012) Adenovirus
evasion of interferon-mediated innate immunity by direct antagonism of a cellular histone posttransla-
tional modification. Cell Host Microbe 11:597—606. https://doi.org/10.1016/j.chom.2012.05.005 PMID:
22704620

Olanubi O, Frost JR, Radko S, Pelka P. (2017) Suppression of type | interferon signaling by E1A via
RuvBL1/Pontin. J Virol 91: pii: €02484-16. https://doi.org/10.1128/JV1.02484-16 PMID: 28122980;

Chahal JS, Gallagher C, DeHart CJ, Flint SJ. (2013) The repression domain of the E1B 55-kilodalton
protein participates in countering interferon-induced inhibition of adenovirus replication. J Virol
87:4432-4444. https://doi.org/10.1128/JVI1.03387-12 PMID: 23388716

Chahal JS, Qi J, Flint SJ. (2012) The human adenovirus type 5 E1B 55 kDa protein obstructs inhibition
of viral replication by type | interferon in normal human cells. PLoS Path 8:€1002853. https://doi.org/10.
1371/journal.ppat.100285 PMID: 22912576

Schreiner S, Wimmer P, Sirma H, Everett RD, Blanchette P, Groitl P, et al. (2010) Proteasome-depen-
dent degradation of Daxx by the viral E1B-55K protein in human adenovirus-infected cells. J Virol
84:7029-7038. https://doi.org/10.1128/JVI1.00074-10 PMID: 20484509

Spurrell E, Gangeswaran R, Wang P, Cao F, Gao D, Feng B, et al. (2014) STAT1 interaction with E3-
14.7K in monocytes affects the efficacy of oncolytic adenovirus. J Virol 88:2291-300. https://doi.org/
10.1128/JV1.02829-13 PMID: 24335311

Sohn SY, Hearing P. (2011) Adenovirus sequesters phosphorylated STAT1 at viral replication centers
and inhibits STAT dephosphorylation. J Virol 5:7555—-62. https://doi.org/10.1128/JV1.00513-11 PMID:
21593149

Kitajewski J, Schneider RJ, Safer B, Munemitsu SM, Samuel CE, Thimmappaya B, et al. (1986) Adeno-
virus VAI RNA antagonizes the antiviral action of interferon by preventing activation of the interferon-
induced elF-2 alpha kinase. Cell 45:195-200. PMID: 3698097

Xiaofei E, Kowalik TF. (2014) The DNA damage response induced by infection with human cytomegalo-
virus and other viruses. Viruses 6:2155-2185. https://doi.org/10.3390/v6052155 PMID: 24859341

Weitzman MD, Ornelles DA. (2005) Inactivating intracellular antiviral responses during adenovirus
infection. Oncogene 24:7686—7696. https://doi.org/10.1038/sj.onc.1209063 PMID: 16299529

Karen KA, Hearing P. (2011) Adenovirus core protein VIl protects the viral genome from a DNA damage
response at early times after infection. J Virol 85:4135-4142. https://doi.org/10.1128/JVI1.02540-10
PMID: 21345950

Avgousti DC, Herrmann C, Kulej K, Pancholi NJ, Sekulic N, Petrescu J, et al. (2016) A core viral protein
binds host nucleosomes to sequester immune danger signals. Nature 535:173-177. https://doi.org/10.
1038/nature18317 PMID: 27362237

Benevento M, Di Palma S, Snijder J, Moyer CL, Reddy VS, Nemerow GR, et al. (2014) Adenovirus com-
position, proteolysis, and disassembly studied by in-depth qualitative and quantitative proteomics. J
Biol Chem 289:11421-11430. https://doi.org/10.1074/jbc.M113.537498 PMID: 24591515

van Oostrum J, Burnett RM. (1985) Molecular composition of the adenovirus type 2 virion. J Virol
56:439-448. PMID: 4057357

Chatterjee PK, Yang UC, Flint SJ. (1986) Comparison of the interactions of the adenovirus type 2 major
core protein and its precursor with DNA. Nucl Acids Res 14:2721-2735. PMID: 3960731

Corden J, Engelking HM, Pearson GD. (1976) Chromatin-like organization of the adenovirus chromo-
some. Proc Natl Acad Sci USA 73:401-404. PMID: 1061143

Johnson JS, Osheim YN, Xue Y, Emanuel MR, Lewis PW, Bankovich A, et al. (2004) Adenovirus pro-
tein VIl condenses DNA, represses transcription, and associates with transcriptional activator E1A. J
Virol 78:6459-6468. https://doi.org/10.1128/JV1.78.12.6459-6468.2004 PMID: 15163739

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017 21/24


https://doi.org/10.1089/hum.2014.001
http://www.ncbi.nlm.nih.gov/pubmed/24512150
https://doi.org/10.1128/JVI.02702-13
http://www.ncbi.nlm.nih.gov/pubmed/24198409
https://doi.org/10.1128/JVI.02608-14
https://doi.org/10.1128/JVI.02608-14
http://www.ncbi.nlm.nih.gov/pubmed/25297994
https://doi.org/10.1089/jir.2010.0111
http://www.ncbi.nlm.nih.gov/pubmed/21198351
https://doi.org/10.1371/journal.ppat.1003411
https://doi.org/10.1371/journal.ppat.1003411
http://www.ncbi.nlm.nih.gov/pubmed/23785282
https://doi.org/10.1016/j.chom.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22704620
https://doi.org/10.1128/JVI.02484-16
http://www.ncbi.nlm.nih.gov/pubmed/28122980
https://doi.org/10.1128/JVI.03387-12
http://www.ncbi.nlm.nih.gov/pubmed/23388716
https://doi.org/10.1371/journal.ppat.100285
https://doi.org/10.1371/journal.ppat.100285
http://www.ncbi.nlm.nih.gov/pubmed/22912576
https://doi.org/10.1128/JVI.00074-10
http://www.ncbi.nlm.nih.gov/pubmed/20484509
https://doi.org/10.1128/JVI.02829-13
https://doi.org/10.1128/JVI.02829-13
http://www.ncbi.nlm.nih.gov/pubmed/24335311
https://doi.org/10.1128/JVI.00513-11
http://www.ncbi.nlm.nih.gov/pubmed/21593149
http://www.ncbi.nlm.nih.gov/pubmed/3698097
https://doi.org/10.3390/v6052155
http://www.ncbi.nlm.nih.gov/pubmed/24859341
https://doi.org/10.1038/sj.onc.1209063
http://www.ncbi.nlm.nih.gov/pubmed/16299529
https://doi.org/10.1128/JVI.02540-10
http://www.ncbi.nlm.nih.gov/pubmed/21345950
https://doi.org/10.1038/nature18317
https://doi.org/10.1038/nature18317
http://www.ncbi.nlm.nih.gov/pubmed/27362237
https://doi.org/10.1074/jbc.M113.537498
http://www.ncbi.nlm.nih.gov/pubmed/24591515
http://www.ncbi.nlm.nih.gov/pubmed/4057357
http://www.ncbi.nlm.nih.gov/pubmed/3960731
http://www.ncbi.nlm.nih.gov/pubmed/1061143
https://doi.org/10.1128/JVI.78.12.6459-6468.2004
http://www.ncbi.nlm.nih.gov/pubmed/15163739
https://doi.org/10.1371/journal.ppat.1006455

@’PLOS | PATHOGENS

Adenovirus core protein VIl functions

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Mirza MA, Weber J. (1982) Structure of adenovirus chromatin. Biochim Biophys Acta 696:76—-86.
PMID: 7082670

Vayda ME, Flint SJ. (1987) Isolation and characterization of adenovirus core nucleoprotein subunits. J
Virol 61:3335-3339. PMID: 3625842

Vayda ME, Rogers AE, Flint SJ. (1983) The structure of nucleoprotein cores released from adenovir-
ions. Nucl Acids Res 11:441-60. PMID: 6828374

Perez-Berna AJ, Marion S, Chichon FJ, Fernandez JJ, Winkler DC, Carrascosa JL, et al. (2015) Distri-
bution of DNA-condensing protein complexes in the adenovirus core. Nucl Acids Res 43:4274-4283.
https://doi.org/10.1093/nar/gkv187 PMID: 25820430

Chatterjee PK, Vayda ME, Flint SJ. Adenoviral protein VIl packages intracellular viral DNA throughout
the early phase of infection. (1986) EMBO J 5:1633—1644. PMID: 3743550

Chen J, Morral N, Engel DA. (2007) Transcription releases protein VIl from adenovirus chromatin. Virol
369:411-422. https://doi.org/10.1016/j.virol.2007.08.012 PMID: 17888479

Walkiewicz MP, Morral N, Engel DA. (2009) Accurate single-day titration of adenovirus vectors based
on equivalence of protein VIl nuclear dots and infectious particles. J Virol Methods 159:251-258.
https://doi.org/10.1016/j.jviromet.2009.04.010 PMID: 19406166

Giberson AN, Davidson AR, Parks RJ. (2012) Chromatin structure of adenovirus DNA throughout infec-
tion. Nucl Acids Res 40:2369-2376. https://doi.org/10.1093/nar/gkr1076 PMID: 22116065

Brown DT, Westphal M, Burlingham BT, Winterhoff U, Doerfler W. (1975) Structure and composition of
the adenovirus type 2 core. J Virol 16:366-387. PMID: 1152144

Newcomb WW, Boring JW, Brown JC. (1984) lon etching of human adenovirus 2: structure of the core.
J Virol 51:52-56. PMID: 6726895

Puntener D, Engelke MF, Ruzsics Z, Strunze S, Wilhelm C, Greber UF. (2011) Stepwise loss of fluores-
cent core protein V from human adenovirus during entry into cells. J Virol 85:481-496. https://doi.org/
10.1128/JVI1.01571-10 PMID: 21047958

Ostapchuk P, Hearing P. (2005) Control of adenovirus packaging. J Cell Biochem 96(1):25-35. https://
doi.org/10.1002/jcb.20523 PMID: 15988756

Smith DE. (2011) Single-molecule studies of viral DNA packaging. Curr Opin Virol 1:134—141. hitps://
doi.org/10.1016/j.coviro.2011.05.023 PMID: 22440623

Guo P, Zhao Z, Haak J, Wang S, Wu D, Meng B, et al. (2014) Common mechanisms of DNA transloca-
tion motors in bacteria and viruses using one-way revolution mechanism without rotation. Biotech Adv
32:853-872. https://doi.org/10.1016/j.biotechadv.2014.01.006 PMID: 24913057

Moffitt JR, Chemla YR, Aathavan K, Grimes S, Jardine PJ, Anderson DL, et al. (2009) Intersubunit coor-
dination in a homomeric ring ATPase. Nature 457:446-450. https://doi.org/10.1038/nature07637
PMID: 19129763

Gustin KE, Imperiale MJ. (1998) Encapsidation of viral DNA requires the adenovirus L1 52/55-kilodalton
protein. J Virol 72:7860-7870. PMID: 9733823

Hasson TB, Soloway PD, Ornelles DA, Doerfler W, Shenk T. (1989) Adenovirus L1 52- and 55-kilodal-
ton proteins are required for assembly of virions. J Virol 63:3612-3621. PMID: 2760976

Christensen JB, Byrd SA, Walker AK, Strahler JR, Andrews PC, Imperiale MJ. (2008) Presence of the
adenovirus Va2 protein at a single vertex of the mature virion. J Virol 82:9086-9093. https://doi.org/10.
1128/JV1.01024-08 PMID: 18614642

Ostapchuk P, Hearing P. (2008) Adenovirus IVa2 protein binds ATP. J Virol 82:10290-10294. https:/
doi.org/10.1128/JV1.00882-08 PMID: 18667504

San Martin C. Latest insights on adenovirus structure and assembly. (2012) Viruses 4:847-877.
https://doi.org/10.3390/v4050847 PMID: 22754652

Mangel WF, San Martin C. (2014) Structure, function and dynamics in adenovirus maturation. Viruses
6:4536—4570. https://doi.org/10.3390/v6114536 PMID: 25421887

Moyer CL, Besser ES, Nemerow GR. (2016) A single maturation cleavage site in adenovirus impacts
cell entry and capsid assembly. J Virol 90:521-532. https://doi.org/10.1128/JV1.02014-15 PMID:
26491163

Wang IH, Suomalainen M, Andriasyan V, Kilcher S, Mercer J, Neef A, et al. (2013) Tracking viral
genomes in host cells at single-molecule resolution. Cell Host Microbe 14:468—480. https://doi.org/10.
1016/j.chom.2013.09.004 PMID: 24139403

Suomalainen M, Luisoni S, Boucke K, Bianchi S, Engel DA, Greber UF. (2013) A direct and versatile
assay measuring membrane penetration of adenovirus in single cells. J Virol 87:12367-12379. https://
doi.org/10.1128/JV1.01833-13 PMID: 24027314

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017 22/24


http://www.ncbi.nlm.nih.gov/pubmed/7082670
http://www.ncbi.nlm.nih.gov/pubmed/3625842
http://www.ncbi.nlm.nih.gov/pubmed/6828374
https://doi.org/10.1093/nar/gkv187
http://www.ncbi.nlm.nih.gov/pubmed/25820430
http://www.ncbi.nlm.nih.gov/pubmed/3743550
https://doi.org/10.1016/j.virol.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17888479
https://doi.org/10.1016/j.jviromet.2009.04.010
http://www.ncbi.nlm.nih.gov/pubmed/19406166
https://doi.org/10.1093/nar/gkr1076
http://www.ncbi.nlm.nih.gov/pubmed/22116065
http://www.ncbi.nlm.nih.gov/pubmed/1152144
http://www.ncbi.nlm.nih.gov/pubmed/6726895
https://doi.org/10.1128/JVI.01571-10
https://doi.org/10.1128/JVI.01571-10
http://www.ncbi.nlm.nih.gov/pubmed/21047958
https://doi.org/10.1002/jcb.20523
https://doi.org/10.1002/jcb.20523
http://www.ncbi.nlm.nih.gov/pubmed/15988756
https://doi.org/10.1016/j.coviro.2011.05.023
https://doi.org/10.1016/j.coviro.2011.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22440623
https://doi.org/10.1016/j.biotechadv.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24913057
https://doi.org/10.1038/nature07637
http://www.ncbi.nlm.nih.gov/pubmed/19129763
http://www.ncbi.nlm.nih.gov/pubmed/9733823
http://www.ncbi.nlm.nih.gov/pubmed/2760976
https://doi.org/10.1128/JVI.01024-08
https://doi.org/10.1128/JVI.01024-08
http://www.ncbi.nlm.nih.gov/pubmed/18614642
https://doi.org/10.1128/JVI.00882-08
https://doi.org/10.1128/JVI.00882-08
http://www.ncbi.nlm.nih.gov/pubmed/18667504
https://doi.org/10.3390/v4050847
http://www.ncbi.nlm.nih.gov/pubmed/22754652
https://doi.org/10.3390/v6114536
http://www.ncbi.nlm.nih.gov/pubmed/25421887
https://doi.org/10.1128/JVI.02014-15
http://www.ncbi.nlm.nih.gov/pubmed/26491163
https://doi.org/10.1016/j.chom.2013.09.004
https://doi.org/10.1016/j.chom.2013.09.004
http://www.ncbi.nlm.nih.gov/pubmed/24139403
https://doi.org/10.1128/JVI.01833-13
https://doi.org/10.1128/JVI.01833-13
http://www.ncbi.nlm.nih.gov/pubmed/24027314
https://doi.org/10.1371/journal.ppat.1006455

@’PLOS | PATHOGENS

Adenovirus core protein VIl functions

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Greber UF, Webster P, Weber J, Helenius A. (1996) The role of the adenovirus protease on virus entry
into cells. EMBO J 15:1766-1777. PMID: 8617221

Imelli N, Ruzsics Z, Puntener D, Gastaldelli M, Greber UF. (2009) Genetic reconstitution of the human
adenovirus type 2 temperature-sensitive 1 mutant defective in endosomal escape. Virol 6:174. https:/
doi.org/10.1186/1743-422X-6-174 PMID: 19860872

Nakano MY, Greber UF. (2000) Quantitative microscopy of fluorescent adenovirus entry. J Struct Biol
129:57-68. https://doi.org/10.1006/jsbi.1999.4201 PMID: 10675297

Meier O, Boucke K, Hammer SV, Keller S, Stidwill RP, Hemmi S, et al. (2002) Adenovirus triggers
macropinocytosis and endosomal leakage together with its clathrin-mediated uptake. J Cell Biol
158:1119-31. https://doi.org/10.1083/jcb.200112067 PMID: 12221069

Vrati S, Brookes DE, Strike P, Khatri A, Boyle DB, Both GW. (1996) Unique genome arrangement of an
ovine adenovirus: identification of new proteins and proteinase cleavage sites. Virol 220:186—199.
https://doi.org/10.1006/viro.1996.0299 PMID: 8659111

Anderson CW, Young ME, Flint SJ. (1989) Characterization of the adenovirus 2 virion protein, mu. Virol
172:506-512. PMID: 2800334

Greber UF. (2016) Virus and host mechanics support membrane penetration and cell entry. J Virol
90:3802-3805. https://doi.org/10.1128/JVI.02568-15 PMID: 26842477

Yamauchi Y, Greber UF. (2016) Principles of virus uncoating: cues and the snooker call. Traffic
17:569-592. https://doi.org/10.1111/tra.12387 PMID: 26875443

Wiethoff CM, Nemerow GR. (2015) Adenovirus membrane penetration: Tickling the tail of a sleeping
dragon. Virol 479-480:591-599. https://doi.org/10.1016/j.virol.2015.03.006 PMID: 25798531

Maier O, Galan DL, Wodrich H, Wiethoff CM. (2010) An N-terminal domain of adenovirus protein VI
fragments membranes by inducing positive membrane curvature. Virol 402:11-19. https://doi.org/10.
1016/j.virol.2010.03.043 PMID: 20409568

Burckhardt CJ, Suomalainen M, Schoenenberger P, Boucke K, Hemmi S, Greber UF. (2011) Drifting
motions of the adenovirus receptor CAR and immobile integrins initiate virus uncoating and membrane
lytic protein exposure. Cell Host Microbe 10:105—117. https://doi.org/10.1016/j.chom.2011.07.006
PMID: 21843868

Luisoni S, Suomalainen M, Boucke K, Tanner LB, Wenk MR, Guan XL, et al. (2015) Co-option of mem-
brane wounding enables virus penetration into cells. Cell Host Microbe 18:75-85. https://doi.org/10.
1016/j.chom.2015.06.006 PMID: 26159720

Luisoni S, Bauer M, Prasad V, Boucke K, Papadopoulos C, Meyer H, et al. (2016) Endosomophagy
clears disrupted early endosomes but not virus particles during virus entry into cells. Matters 2016:1-9.
https://doi.org/10.19185/matters.201606000013

Luisoni S, Greber UF. (2016) Biology of adenovirus cell entry—receptors, pathways, mechanisms. in
Adenoviral Vectors for Gene Therapy, 2nd ed. Curiel D, editor. Academic Press, Elsevier, London, UK

Reddy VS, Nemerow GR. (2014) Structures and organization of adenovirus cement proteins provide
insights into the role of capsid maturation in virus entry and infection. Proc Natl Acad Sci USA
111:11715-11720. https://doi.org/10.1073/pnas.1408462111 PMID: 25071205

Snijder J, Benevento M, Moyer CL, Reddy V, Nemerow GR, Heck AJ. (2014) The cleaved N-terminus
of pVI binds peripentonal hexons in mature adenovirus. J Mol Biol 426:1971-1979. https://doi.org/10.
1016/j.jmb.2014.02.022 PMID: 24613303

Wiethoff CM, Wodrich H, Gerace L, Nemerow GR. (2005) Adenovirus protein VI mediates membrane
disruption following capsid disassembly. J Virol 79:1992-2000. https://doi.org/10.1128/JV1.79.4.1992-
2000.2005 PMID: 15681401

Ortega-Esteban A, Condezo GN, Perez-Berna AJ, Chillon M, Flint SJ, Reguera D, et al. (2015)

Mechanics of viral chromatin reveals the pressurization of human adenovirus. ACS Nano 9:10826—
10833. https://doi.org/10.1021/acsnano.5b03417 PMID: 26491879

Ortega-Esteban A, Bodensiek K, San Martin C, Suomalainen M, Greber UF, de Pablo PJ, et al. (2015)
Fluorescence tracking of genome release during mechanical unpacking of single viruses. ACS Nano
9:10571-10579. https://doi.org/10.1021/acsnano.5b03020 PMID: 26381363

Perez-Berna AJ, Ortega-Esteban A, Menendez-Conejero R, Winkler DC, Menendez M, Steven AC,

et al. (2012) The role of capsid maturation on adenovirus priming for sequential uncoating. J Biol Chem
287:31582-31595. https://doi.org/10.1074/jbc.M112.389957 PMID: 22791715

Ortega-Esteban A, Perez-Berna AJ, Menendez-Conejero R, Flint SJ, San Martin C, de Pablo PJ.
(2013) Monitoring dynamics of human adenovirus disassembly induced by mechanical fatigue. Sci Rep
3:1434. https://doi.org/10.1038/srep01434 PMID: 23486377

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017 23/24


http://www.ncbi.nlm.nih.gov/pubmed/8617221
https://doi.org/10.1186/1743-422X-6-174
https://doi.org/10.1186/1743-422X-6-174
http://www.ncbi.nlm.nih.gov/pubmed/19860872
https://doi.org/10.1006/jsbi.1999.4201
http://www.ncbi.nlm.nih.gov/pubmed/10675297
https://doi.org/10.1083/jcb.200112067
http://www.ncbi.nlm.nih.gov/pubmed/12221069
https://doi.org/10.1006/viro.1996.0299
http://www.ncbi.nlm.nih.gov/pubmed/8659111
http://www.ncbi.nlm.nih.gov/pubmed/2800334
https://doi.org/10.1128/JVI.02568-15
http://www.ncbi.nlm.nih.gov/pubmed/26842477
https://doi.org/10.1111/tra.12387
http://www.ncbi.nlm.nih.gov/pubmed/26875443
https://doi.org/10.1016/j.virol.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25798531
https://doi.org/10.1016/j.virol.2010.03.043
https://doi.org/10.1016/j.virol.2010.03.043
http://www.ncbi.nlm.nih.gov/pubmed/20409568
https://doi.org/10.1016/j.chom.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21843868
https://doi.org/10.1016/j.chom.2015.06.006
https://doi.org/10.1016/j.chom.2015.06.006
http://www.ncbi.nlm.nih.gov/pubmed/26159720
https://doi.org/10.19185/matters.201606000013
https://doi.org/10.1073/pnas.1408462111
http://www.ncbi.nlm.nih.gov/pubmed/25071205
https://doi.org/10.1016/j.jmb.2014.02.022
https://doi.org/10.1016/j.jmb.2014.02.022
http://www.ncbi.nlm.nih.gov/pubmed/24613303
https://doi.org/10.1128/JVI.79.4.1992-2000.2005
https://doi.org/10.1128/JVI.79.4.1992-2000.2005
http://www.ncbi.nlm.nih.gov/pubmed/15681401
https://doi.org/10.1021/acsnano.5b03417
http://www.ncbi.nlm.nih.gov/pubmed/26491879
https://doi.org/10.1021/acsnano.5b03020
http://www.ncbi.nlm.nih.gov/pubmed/26381363
https://doi.org/10.1074/jbc.M112.389957
http://www.ncbi.nlm.nih.gov/pubmed/22791715
https://doi.org/10.1038/srep01434
http://www.ncbi.nlm.nih.gov/pubmed/23486377
https://doi.org/10.1371/journal.ppat.1006455

@’PLOS | PATHOGENS

Adenovirus core protein VIl functions

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Silvestry M, Lindert S, Smith JG, Maier O, Wiethoff CM, Nemerow GR, et al. (2009) Cryo-electron
microscopy structure of adenovirus type 2 temperature-sensitive mutant 1 reveals insight into the cell
entry defect. J Virol 83:7375-7383. https://doi.org/10.1128/JVI1.00331-09 PMID: 19458007

Perez-Berna AJ, Mangel WF, McGrath WJ, Graziano V, Flint J, San Martin C. (2014) Processing of the
11 52/55k protein by the adenovirus protease: a new substrate and new insights into virion maturation. J
Virol 88:1513—-1524. https://doi.org/10.1128/JV1.02884-13 PMID: 24227847

Blainey PC, Graziano V, Perez-Berna AJ, McGrath WJ, Flint SJ, San Martin C, et al. (2013) Regulation
of a viral proteinase by a peptide and DNA in one-dimensional space: IV. viral proteinase slides along
DNA to locate and process its substrates. J Biol Chem 288:2092—2102. https://doi.org/10.1074/jbc.
M112.407460 PMID: 23043138

Graziano V, McGrath WJ, Suomalainen M, Greber UF, Freimuth P, Blainey PC, et al. (2013) Regulation
of a viral proteinase by a peptide and DNA in one-dimensional space: . binding to DNA AND to hexon of
the precursor to protein VI, pVI, of human adenovirus. J Biol Chem 288:2059-2067. https://doi.org/10.
1074/jbc.M112.377150 PMID: 23043136

Bett AJ, Prevec L, Graham FL. (1993) Packaging capacity and stability of human adenovirus type 5 vec-
tors. J Virol 67:5911-21. PMID: 8371349

Sutjipto S, Ravindran S, Cornell D, Liu YH, Horn M, Schluep T, et al. (2005) Characterization of empty
capsids from a conditionally replicating adenovirus for gene therapy. Hum Gene Ther 6:109-125.
https://doi.org/10.1089/hum.2005.16.109 PMID: 15703494

Somers A, Jean JC, Sommer CA, Omari A, Ford CC, Mills JA, et al. (2010) Generation of transgene-
free lung disease-specific human induced pluripotent stem cells using a single excisable lentiviral stem
cell cassette. Stem Cells 28:1728-1740. https://doi.org/10.1002/stem.495 PMID: 20715179

Chartier C, Degryse E, Gantzer M, Dieterle A, Pavirani A, Mehtali M. (1996) Efficient generation of
recombinant adenovirus vectors by homologous recombination in Escherichia coli. J Virol 70:4805—
4810. PMID: 8676512

Ostapchuk P, Hearing P. (2001) Pseudopackaging of adenovirus type 5 genomes into capsids contain-
ing the hexon proteins of adenovirus serotypes B, D, or E. J Virol 75:45-51. https://doi.org/10.1128/
JVI.75.1.45-51.2001 PMID: 11119572

Pfaffl MW. (2001) A new mathematical model for relative quantification in real-time RT-PCR. Nucl Acids
Res 29: e45. PMID: 11328886

Ma H-C, Hearing P. (2011) Adenovirus structural protein llla is involved in the serotype specificity of
viral DNA packaging. J Virol 85:7849-7855. https://doi.org/10.1128/JVI.00467-11 PMID: 21632753

Ostapchuk P, Yang J, Auffarth E, Hearing P. (2005) Functional interaction of the adenovirus Va2 pro-
tein with adenovirus type 5 packaging sequences. J Virol 79:2831-2838. https://doi.org/10.1128/JVI.
79.5.2831-2838.2005 PMID: 15709002

Ostapchuk P, Aimond M, Hearing P. (2011) Characterization of empty adenovirus particles assembled
in the absence of a functional adenovirus Va2 protein. J Virol 85(11):5524-5531. https://doi.org/10.
1128/JV1.02538-10 PMID: 21450831

Reich NC, Sarnow P, Duprey E, Levine AJ. (1983) Monoclonal antibodies which recognize native and
denatured forms of the adenovirus DNA-binding protein. Virol 128:480-484. PMID: 6310869.

Gastaldelli M, Imelli N, Boucke K, Amstutz B, Meier O, Greber UF. (2008) Infectious adenovirus type 2
transport through early but not late endosomes. Traffic 9:2265-2278. https://doi.org/10.1111/j.1600-
0854.2008.00835.x PMID: 18980614.

Lutschg V, Boucke K, Hemmi S, Greber UF. (2011) Chemotactic antiviral cytokines promote infectious
apical entry of human adenovirus into polarized epithelial cells. Nat Commun 2:391. https://doi.org/10.
1038/ncomms1391 PMID: 21750545.

Simionescu N, Simionescu M. (1976) Galloylglucoses of low molecular weight as mordant in electron
microscopy. |l. The moiety and functional groups possibly involved in the mordanting effect. J Cell Biol
70:622—633. PMID: 783173

Greber UF, Willetts M, Webster P, Helenius A. Stepwise dismantling of adenovirus 2 during entry into
cells. Cell. 1993; 75(3):477-86. PMID: 8221887.

Strunze S, Engelke MF, Wang IH, Puntener D, Boucke K, Schleich S, et al. (2011) Kinesin-1-mediated
capsid disassembly and disruption of the nuclear pore complex promote virus infection. Cell Host
Microbe 10:210-223. https://doi.org/10.1016/j.chom.2011.08.010 PMID: 21925109.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006455 June 19,2017 24/24


https://doi.org/10.1128/JVI.00331-09
http://www.ncbi.nlm.nih.gov/pubmed/19458007
https://doi.org/10.1128/JVI.02884-13
http://www.ncbi.nlm.nih.gov/pubmed/24227847
https://doi.org/10.1074/jbc.M112.407460
https://doi.org/10.1074/jbc.M112.407460
http://www.ncbi.nlm.nih.gov/pubmed/23043138
https://doi.org/10.1074/jbc.M112.377150
https://doi.org/10.1074/jbc.M112.377150
http://www.ncbi.nlm.nih.gov/pubmed/23043136
http://www.ncbi.nlm.nih.gov/pubmed/8371349
https://doi.org/10.1089/hum.2005.16.109
http://www.ncbi.nlm.nih.gov/pubmed/15703494
https://doi.org/10.1002/stem.495
http://www.ncbi.nlm.nih.gov/pubmed/20715179
http://www.ncbi.nlm.nih.gov/pubmed/8676512
https://doi.org/10.1128/JVI.75.1.45-51.2001
https://doi.org/10.1128/JVI.75.1.45-51.2001
http://www.ncbi.nlm.nih.gov/pubmed/11119572
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1128/JVI.00467-11
http://www.ncbi.nlm.nih.gov/pubmed/21632753
https://doi.org/10.1128/JVI.79.5.2831-2838.2005
https://doi.org/10.1128/JVI.79.5.2831-2838.2005
http://www.ncbi.nlm.nih.gov/pubmed/15709002
https://doi.org/10.1128/JVI.02538-10
https://doi.org/10.1128/JVI.02538-10
http://www.ncbi.nlm.nih.gov/pubmed/21450831
http://www.ncbi.nlm.nih.gov/pubmed/6310869
https://doi.org/10.1111/j.1600-0854.2008.00835.x
https://doi.org/10.1111/j.1600-0854.2008.00835.x
http://www.ncbi.nlm.nih.gov/pubmed/18980614
https://doi.org/10.1038/ncomms1391
https://doi.org/10.1038/ncomms1391
http://www.ncbi.nlm.nih.gov/pubmed/21750545
http://www.ncbi.nlm.nih.gov/pubmed/783173
http://www.ncbi.nlm.nih.gov/pubmed/8221887
https://doi.org/10.1016/j.chom.2011.08.010
http://www.ncbi.nlm.nih.gov/pubmed/21925109
https://doi.org/10.1371/journal.ppat.1006455

