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ABSTRACT

Nuclear delivery of the adenoviral genome requires that the capsid cross the limiting membrane of the endocytic compartment
and traverse the cytosol to reach the nucleus. This endosomal escape is initiated upon internalization and involves a highly coor-
dinated process of partial disassembly of the entering capsid to release the membrane lytic internal capsid protein VI. Using
wild-type and protein VI-mutated human adenovirus serotype 5 (HAdV-C5), we show that capsid stability and membrane rup-
ture are major determinants of entry-related sorting of incoming adenovirus virions. Furthermore, by using electron cryomi-
croscopy, as well as penton- and protein VI-specific antibodies, we show that the amphipathic helix of protein VI contributes to
capsid stability by preventing premature disassembly and deployment of pentons and protein VI. Thus, the helix has a dual func-
tion in maintaining the metastable state of the capsid by preventing premature disassembly and mediating efficient membrane
lysis to evade lysosomal targeting. Based on these findings and structural data from cryo-electron microscopy, we suggest a re-
fined disassembly mechanism upon entry.

IMPORTANCE

In this study, we show the intricate connection of adenovirus particle stability and the entry-dependent release of the mem-
brane-lytic capsid protein VI required for endosomal escape. We show that the amphipathic helix of the adenovirus internal pro-
tein VI is required to stabilize pentons in the particle while coinciding with penton release upon entry and that release of protein
VI mediates membrane lysis, thereby preventing lysosomal sorting. We suggest that this dual functionality of protein VI ensures
an optimal disassembly process by balancing the metastable state of the mature adenovirus particle.

denoviruses (AdVs) are nonenveloped, double-stranded

DNA viruses that assemble in the nuclei of productively in-
fected cells and are released at the end of the infection cycle into
the extracellular milieu. Productive infection of new cells requires
that the capsid follow a stepwise disassembly process upon entry
that, if perfectly executed, results in highly efficient genome trans-
fer to the nucleus (1, 2).

The AdV virion is composed of 13 different polypeptides that
form an icosahedral capsid encompassing the genome-containing
viral core. The capsid is mainly composed of trimeric hexons
building up the facets of the capsid. Pentons and fibers are located
at each of the 12 vertices, where they form a pentameric penton
base from which the trimeric fiber molecule elongates (3-5). In
addition the capsid is stabilized via the cement proteins IIla, VI,
VIII, and IX. The capsid encloses the viral core, with the viral
genome organized into chromatin through association with the
major core protein VII and proteins V, X, TP, and IVa2 (3-5).
Following (or concomitant with) capsid assembly, several of the
virion proteins undergo proteolytic processing by the virion-in-
corporated adenoviral proteinase (AVP) (6). This process of virus
maturation is essential to render newly assembled particles infec-
tious (7). The assembly process itself does not require capsid mat-
uration and incorporation of the AVP into the particle (6, 8). The
temperature-sensitive human adenovirus serotype 2 mutant
HAdV-C2-PRO-P137L (also termed ts1) was initially discovered
in a chemical mutagenesis screen for growth-arrested viruses at
the restrictive temperature of 38.5°C compared to the permissive
temperature of 33°C (9). Subsequent analysis showed that the
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phenotype relies on a single point mutation in the AVP (P137L)
that prevents virion incorporation of the AVP (8, 10). Genome-
containing PRO-P137L capsids show a lack of proteolytic matu-
ration, resulting in hyperstable capsids, presumably due to non-
processed interactions between cement proteins and the viral core
(11,12). PRO-P137L particles can be produced and purified to the
same extent as their mature counterparts. In contrast to mature
viruses, PRO-P137L particles show severely reduced infectivity.
While binding and endocytosis are efficient, postentry sorting is
different from that of mature viruses, and PRO-P137L particles
are targeted into lysosomes for degradation (13).

Several studies, mainly performed on human adenovirus sero-
type 5 (HAdV-C5), show that mature virions exit the endocytic
compartment during or shortly after uptake to traverse the cytosol
for efficient nuclear delivery (14-16). This process involves a cap-
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sid-associated membrane-lytic activity absent from PRO-P137L
particles. Initially believed to be a penton, subsequent in vitro
analysis and in vivo observations have identified the internal cap-
sid protein VI as the membrane lytic factor of AdV (17, 18). Un-
processed, i.e., precursor protein VI (pVI) is involved in virus
assembly by translocating the hexon into the nucleus during prog-
eny virion production (19). Upon maturation, protein VI is pro-
cessed by the AVP at both its N and C termini (20). The cleaved
C-terminal peptide serves as a coactivator of the viral protease (20,
21). The N-terminal region of processed protein VI forms an am-
phipathic helix capable of membrane association and lysis in vitro
and in vivo (18, 22, 23). Prior to assembly and in the assembled
virion, the helix is shielded through association with hexons (12,
24). A recent random-mutagenesis approach to the amphipathic
helix performed in the viral backbone of HAdV-C5 showed that it
is indispensable for the viability of the virus (25). It was reported
that partially breaking the N-terminal helix by introducing the
mutation PVI-L40Q reduces membrane lysis and viral infectivity
without affecting thermally induced capsid destabilization. Upon
entry, HAdV-C5-PVI-L40Q virions were found to associate with
the endosomal compartment for prolonged times compared to
wild-type (wt) virions (25). It was shown that in intact virions,
protein VI remains inaccessible to protein VI-specific antibodies
(26). Following uptake into cells, protein VI is liberated and thus
becomes accessible to antibody staining, providing direct evi-
dence for entry-dependent disassembly and protein VI release
(26). A recent study using cellular markers of membrane damage
provided the first experimental system to show in vivo visualiza-
tion of the membrane lysis step of AdV entry, demonstrating that
membrane damage coincided with protein VI deployment from
the AdV capsid (16, 22, 23). The work showed that membrane lysis
and parting of the remaining capsid from the damaged membrane
compartment are separated in time and subcellular space, func-
tionally discriminating between the two events. The entry-associ-
ated sorting of endocytosed capsids and the exact compartment
where and mechanisms by which disassembly, protein VI release,
and membrane lysis and/or separation from the membrane com-
partment occur remain controversial, and it was suggested that
differences in the cell types or the genotypes of the viruses used in
different studies may explain the inconsistencies (27-29).

Cell-based assays suggested that disassembly starts at the cell
surface by mechanical forces executed through differential recep-
tor binding, releasing fiber and inducing conformational changes
in pentons through integrin binding, ultimately allowing protein
VI release, although it remains unclear how disassembly and pro-
tein VI release are linked (1, 2, 30, 31).

Protein VI release from the capsid can be triggered in vitro
through mild heat treatment of purified capsids, which releases
the whole vertex region, including peripentonal hexons, leaving
the remaining capsid intact (18). The combination of crystallog-
raphy and image reconstruction using cryo-electron microscopy
(cryo-EM), has provided a detailed picture of the structural orga-
nization of the viral capsid. A recent detailed mass spectroscopic
(MS) analysis of the AdV capsid confirmed previous estimations
of ~360 copies of protein VI per virion (32). Most tentative allo-
cations based on high-resolution structures place protein VI at the
inner capsid surface under the penton/vertex region, with the N
termini of protein VI contacting peripentonal hexons (5,33), or in
the internal cavity of the hexon trimer (11, 34, 35). Recently, a
large part of the structure of protein VI was assigned using a full-
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particle crystallography approach (36). However, the assigned lo-
cation of protein VI is in disagreement with a cryo-EM-based
high-resolution model that assigns the same density to protein IIla
(34). Based on in vitro disassembly studies and the provisional
structure model, two hypothetical modes of capsid disassembly
and protein VI release have been proposed: starting with penton
and fiber release (as a unit or sequentially), followed by release of
the peripentonal hexons, thus liberating protein VI (12, 37); alter-
natively, initial fiber and penton release also release protein VI,
while capsid disintegration and peripentonal hexon release occur
only after translocation to the nuclear pore (11, 38).

In this study, we use AdVs with a mutated amphipathic helix or
AdVs that lack protein VI release and show that membrane lysis,
in addition to protein VI release, is required to save viruses from
lysosomal targeting. Furthermore, our data identify a role for the
amphipathic helix in maintaining the metastability of the AdV
capsid by preventing premature penton release and protein VI
exposure. Based on our observations, we suggest a refined model
for the structural changes taking place upon AdV entry.

MATERIALS AND METHODS

Cell culture and transfection. U20S cells (ATCC HTB-96), HEK293 cells
(ATCC CRL-1573), and A549 cells (ATCC CCL-185) were grown in Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen) supplemented
with 10% fetal calf serum (FCS) (Invitrogen), 100 U/ml penicillin, and
100 pg/ml streptomycin (Invitrogen) in a 5% CO, atmosphere at 37°C.
Transfections were done using Lipofectamine 2000 and OptiMEM (Life
Technologies) according to the manufacturer’s instructions.

BAC mutagenesis and virus production and labeling. Bacterial arti-
ficial chromosome (BAC) mutagenesis was used to generate recombinant
adenoviruses following a protocol described previously (26, 39), with the
following modifications: bp 1to 3513 of the HAdV-C5 genome, including
the left inverted terminal repeat (ITR) and the whole E1 region, was re-
placed by a flippase recognition target (FRT) site and maintained asa BAC
to perform lambda red recombination essentially as described in reference
39. Briefly, BAC mutagenesis is achieved by first replacing the target se-
quence in the viral genome with a selectable marker (GalK/Amp) through
homologous recombination. In the second step, the mutated genomic
region is recombined into the viral genome, replacing the marker. Follow-
ing this principle, the L40Q mutation was introduced into the protein VI
open reading frame in pBA5-FRT (39), and the P137L mutation was in-
serted into the viral PRO open reading frame separately. To reconstitute
the left ITR, as well as to introduce a cytomegalovirus (CMV) promoter-
driven green fluorescent protein (GFP) expression cassette, FIp recombi-
nation was used to recombine plasmids pO6-Ad5-CMV-GFP (encoding
the left ITR and CMV-GFP) and modified pBA5-FRT and its mutant
derivatives (carrying most of the genome and the right ITR) to reconsti-
tute GFP expressing HAdV-C5 BAC with E1 and E3 deleted (BxAd5GFP)
and mutants BxAd5GFP-VI-wt and -L40Q and BxAd5GFP-P137L, re-
spectively. Vectors BxAd5GFP, BxAd5GFP-VI-L40Q, and BxAd5GFP-
P137L BAC were digested with a Pacl restriction enzyme to release the
viral genome and transfected into HEK293 cells to reconstitute the recom-
binant viruses. The viruses were amplified in HEK293 cells and purified by
double banding on CsCl gradients, extensively dialyzed against phos-
phate-buffered saline (PBS)-10% glycerol, and stored in aliquots at
—80°C. The viruses were quantified as physical particles per microliter
following a method described previously (40). The concentrated and di-
alyzed viruses were labeled with Alexa 488 dye using a small-scale protein-
labeling kit (Invitrogen) as described previously (16).

Western blotting and Coomassie gels. SDS-PAGE was done using
11% polyacrylamide (40% acrylamide and bis-acrylamide solution;
37.5:1; Bio-Rad) gels and either stained with Coomassie blue or trans-
ferred to nitrocellulose membranes. The membranes were blocked in
Tris-buffered saline (TBS)-0.1% Tween 20 containing 10% dry milk, fol-
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lowed by overnight detection of antigens using primary antibodies diluted
in TBS-0.1% Tween 20 containing 10% dry milk. Primary antibodies were
detected using species-specific horseradish peroxidase (HRP)-conjugated
secondary antibodies (Sigma) at a dilution of 1:5,000. Specific signals were
revealed using the enhanced-chemiluminescence (ECL) detection system
(Pierce).

Immunofluorescence. Cells grown on coverslips were synchronously
infected with virus by prebinding the virus at 4°C for 30 min, followed by
a shift to 37°C. At the indicated time points, the cells were rinsed in PBS,
fixed for 20 min with 4% paraformaldehyde (electron microscopy grade;
Electron Microscopy Sciences) in PBS, and blocked/permeabilized for 5
min with IF buffer (10% FCS in PBS and 0.2% saponin). Primary and
secondary antibodies where applied to the coverslip in IF buffer for 1 h
each. The cells were mounted in mounting medium (Fluorescence
Mounting Medium; Dako) containing 1 pg/ml DAPI (4’,6-diamidino-2-
phenylindole dihydrochloride; Sigma) and analyzed by confocal micros-
copy. The antibodies used in this study were monoclonal antibody (MAb)
9F10 against protein VI (see below), rabbit anti-penton (kindly provided
by G. Nemerow), rat anti-protein VII (kindly provided by K. Nagata),
rabbit anti-Ad5 (kindly provided by R. Iggo), MAb 3C2-2A3 against ga-
lectin 3 (Gal-3) (Sigma), and MAb H4B4 against lamp-2 (Santa Cruz).
The secondary antibodies Alexa 546 (Molecular Probes) and Atto647
(Sigma) were used as recommended by the supplier. Image analysis and
colocalization studies were done in batch analysis using an automated
macro in Image]. Briefly, individual cells were imaged, and for each chan-
nel, a particle analysis was performed and used to create a mask identify-
ing objects (e.g., virus particles or stain for a cellular marker) by using the
size/intensity threshold followed by automatic quantification of colocal-
ization between the channels. Over 500 particles were analyzed for each
time point in at least two independent experiments.

Monoclonal antibody production. Monoclonal antibody generation
against capsid protein VI from HAdV-C5 was done as previously de-
scribed (41). Briefly, 20 g of recombinant purified protein VI was emul-
sified with complete Freund’s adjuvant and injected into each footpad of
the back legs of BALB/c mice (n = 3). Twelve days later, the mice were
boosted with incomplete Freund’s adjuvant, and at day 15, popliteal
lymph nodes were collected and B cells were extracted and fused with the
myeloma partner P3U1 in polyethylene glycol (PEG) 1500 (Roche Diag-
nostic). Hybridomas were grown until confluent and screened by indirect
enzyme-linked immunosorbent assay (ELISA). Nunc MaxiSorp flat 96-
well plates were coated with 0.5 g of recombinant protein VI in carbon-
ate buffer and saturated with 0.2% gelatin. After PBS washes, 50 pl of
hybridoma supernatants was added and incubated for 1 h at 37°C,
washed, and detected with HRP-conjugated secondary anti-mouse 1gG
and IgM antibodies (Jackson ImmunoResearch; 1:5,000). Signals were
revealed using 0.015% ABTS [2,2"-azinobis(3-ethylbenzthiazolinesulfo-
nic acid)[-H,0,, and absorbance was measured at 405 nm after the PBS
washes. Hybridomas, which secreted high levels of specific antibody to
protein VI, were cloned by limiting dilutions and screened by immuno-
fluorescence on infected cells. MAb 9F10-B2 (IgG1) was selected for its
highly specific signal and used as described above. The antibody recog-
nizes mature protein VI and the precursor of protein VI equally well.

FACS assay. For fluorescence-activated cell sorter (FACS) analysis,
5 X 10" U20S cells were seeded per well of a 24-well plate, transduced
with the GFP-expressing AdV constructs at 100 physical particles per cell
(pp/c), and infected for 3 h at 37°C, followed by removal of viruses that
were not endocytosed by the cell. Cells were harvested 24 h later and
analyzed without fixation and additional staining in PBS containing 2%
FCS, and GFP-specific fluorescence was recorded with a Canto II cytom-
eter (BD Biosciences). Acquisitions were controlled and FACS data were
processed and analyzed with FACS DIVA software (BD Biosciences) ac-
cording to the manufacturer’s instructions.

Sarcin assay. Sarcin assays were performed as described previously
(26) with some minor modifications. A549 cells were seeded at 5 X 10* in
48-well plates (Corning) the day before the experiment. Viruses diluted in
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0.2 mg/ml of the translational inhibitor a-sarcin (Sigma) containing
RPMIst (Roswell Park Memorial Institute starvation medium; Sigma), 10
mM HEPES, pH 7.4, and L-glutamine were preadsorbed for 30 min at
room temperature, followed by 90 min at 37°C. Fresh RPMIst containing
0.4 wCi [**S]methionine/cysteine (L-[**S]methionine/cysteine, 0.10 mCi;
Hartmann Analytic) was added for another 1 h at 37°C. The cells were
washed with PBS; 200 wl lysis buffer containing 1% Triton X-100, 150
mM NaCl, 20 mM Tris-HCI (pH 8) supplemented with Complete pro-
tease inhibitor cocktail (Roche) was added to the cells; and the plate was
stored at —20°C overnight. The lysates were harvested the following day
and clarified by centrifugation at 20,000 X g for 15 min at 4°C. To remove
the residual free L-[*>S]methionine, 100 pl cleared lysates was further
purified with Zeba Desalt Spin Columns (Thermo Scientific). L- [3°S]me-
thionine/cysteine incorporation was measured as counts per minute by
liquid scintillation (200 p.l OptiPhase Supermix Cocktail plus 50 pl puri-
fied lysate) using a MicroBeta counter (PerkinElmer).

Disassembly assay and DMF treatment. Snap-frozen aliquots of
CsCl-purified viruses were subject to 3 or 4 consecutive freeze-thaw cycles
by freezing the viruses at —80°C (freeze) followed by thawing on ice for
~20 min (thaw). Cells were treated with dimethylformamide (DMF) for 3
h, followed by infection with virus diluted in medium containing either
no DMF or 130 mM or 260 mM DMEF for 3 h and then replaced with fresh
medium without DMF. Virus infectivity was scored using FACS analysis
24 h postinfection.

Cryo-electron tomography. Cryo-electron tomography (cryo-ET)
was performed at 300 keV, using a TF30 Polara electron microscope (FEI).
Low-dose, zero-loss images were acquired with SerialEM (42) in energy-
filtered transmission electron microscopy (EFTEM) mode with a Quan-
tum 964 (Gatan) postcolumn energy filter operated with a 20-eV-wide
energy-selecting slit. Images of wt and PVI-L40Q purified particles were
recorded at a nominal magnification of X34,000, sampling the specimens
at a calibrated pixel size of 1.16 nm after binning at a factor of 2. Tomo-
graphic tilt series were collected in 3° increments covering an angular
range from —50° to +54° and —6-pm to —8-pum defocus using SerialEM
(42). The total electron doses for the tilt series were kept between 75 and
85 electrons/A%. Tomographic reconstructions were calculated in IMOD
(43) using weighted back projection (41). The visualization of recon-
structed tomograms was done in Amira 5.4 (Visage Imaging).

Virus particle picking and subtomogram averaging. One hundred
ten wt and 100 PVI-L40Q virus particles were picked from the tomograms
for subtomogram averaging using the 3dmod program from IMOD (41,
43). Subtomogram averaging was then performed using PEET version 1.9
(44), with one particle from each data set as the initial reference for par-
ticle alignment. No symmetry was applied at that stage. Four iterations of
alignment were used to create the initial nonsymmetrized map. Icosahe-
dral symmetry was then applied using Bsoft (45, 46). Finally, an inner
mask was applied to the average, resulting in the final three-dimensional
(3D) reconstruction maps corresponding to the capsid shell. The resolu-
tion of each averaged structure was determined by Fourier shell correla-
tion (FSC), calculated between two maps generated from two indepen-
dent half-sets of the data using a threshold of 0.143 (47), at 4.6-nm and
4.3-nm resolution for the wt and PVI-L40Q structures, respectively.

Difference map calculation and atomic-model fitting. 3D recon-
structions of the PVI-L40Q and wt final symmetrized maps were normal-
ized for difference map analysis using Bsoft (45, 46). Difference mapping
was performed with Chimera (48) and visualized with a threshold set at
1.90 and 1.60° above the mean density for main and subtle difference
analysis, respectively. The atomic model of the Ad5-wt capsid proteins
(Protein Data Bank [PDB] IDs 3IYN and 4CWU) was fitted into the wt
EM density map using Chimera.

Statistical analysis. Unless otherwise indicated, experiments were
done in triplicate, and the error bars represent standard deviations (SD). P
values were calculated using Student’s ¢ test.

Ethics statement. All animal experiments were performed in accor-
dance with institutional guidelines as determined by the Service Commun
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des Animaleries de I'Université Bordeaux (approval number A33-063-
916), which specifically approved the study.

RESULTS

A recombinant virus with a mutated amphipathic helix of pro-
tein VI (PVI-L40Q) or a mutated proteinase (PRO-P137L) has
reduced transduction efficiency and is impaired in membrane
lysis. Adenovirus membrane penetration and escape from the en-
docytic compartment are required for cytosolic accumulation and
nuclear transport of the capsid. A mutagenesis screen within the
amphipathic helix of membrane-lytic internal capsid protein VI
determined that the mutation PVI-L40Q functionally impairs
membrane lysis and impairs infectivity (25). We confirmed a re-
duced membrane association for PVI-L40Q compared to the wild
type by transfection assays using traceable fusion proteins (un-
published observation). To further analyze the effect of the PVI-
L40Q mutation in the viral context, the mutation was next intro-
duced into the protein VI open reading frame in the context of a
first-generation HAdV-C5 GFP-expressing vector using recom-
bineering (39). For comparison, we also constructed a virus that
lacks protein VI release upon entry. For that purpose, we intro-
duced the P137L mutation into the viral proteinase gene, which
was described as the PRO-P137L-associated mutation in
HAdV-C2 (8, 10). The resulting GFP-expressing mutant was
called HAdV-C5-GFP-PRO-P137L. Both mutant viruses could be
reconstituted following Pacl release from the BAC and transfec-
tion into HEK293 cells at 37°C and 33°C, respectively. CsCl-puri-
fied particles, propagated at 37°C or at 38.5°C for HAdV-C5-GFP-
PRO-P137L, were analyzed by Coomassie gel analysis and
anti-protein VI Western blotting (Fig. 1A, left). This analysis
showed the presence of all the capsid proteins and confirmed the
temperature-dependent maturation defect of capsid precursor
proteins pIIIA, pVI, pVIIL, and pVIII for the newly generated
HAdV-C5-GFP-PRO-P137L when grown at the nonpermissive
temperature (Fig. 1A, right). Next, the relative infection efficien-
cies of the three viruses were determined using GFP expression in
transduced cells as the readout. Cells were transduced at 100 pp/c.
The transduction efficiency was determined by FACS analysis and
normalized for the wt virus (Fig. 1B). This analysis revealed an
~5-fold-reduced transduction efficiency for HAdV-C5-GFP-
PVI-L40Q and over 70-fold-reduced transduction efficiency for
HAdV-C5-GFP-PRO-P137L grown at the nonpermissive temper-
ature. Next, the membrane-lytic capacity upon entry of the three
viruses was determined. Cells were incubated with 150, 1,500, or
15,000 pp/c in the presence of the non-cell-permeable translation
inhibitor a-sarcin (18, 26). The release of a-sarcin into the cytosol
following endocytic uptake is entirely dependent on the mem-
brane-lytic activity of the virus. Reduction of translational effi-
ciency in the cells by a-sarcin was measured by the level of *°S
incorporation (Fig. 1C). The results showed that HAdV-C5-
GFP-wt particles inhibited translation in a dose-dependent man-
ner, while the PRO-P137L control virus lacked translation inhibi-
tion even at the highest particle concentration. In contrast, at
1,500 pp/c, HAdV-C5-GFP-PVI-L40Q showed ~4-fold-dimin-
ished membrane lysis capacity compared to the wt virus, which is
in agreement with the observed 5-fold-reduced infectivity. This anal-
ysis confirmed that membrane lysis is the principal defect associated
with the PVI-L40Q mutant virus, as previously suggested (25). In
summary, the data showed that efficient membrane lysis is linked to
transduction efficiency and that the mutation responsible for the
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PRO-P137L phenotype can be transferred to the HAdV-C5 back-
ground, and this also prevented entry-associated membrane lysis.

HAdV-C5-GFP-PVI-L40Q virions are targeted to lysosomes.
We previously showed that protein VI release upon entry into cells
can be visualized by antibody staining, because the antibody
epitope remains hidden prior to capsid disassembly (26). Like-
wise, we showed that cytoplasmic Gal-3, a galactose binding lectin
that binds galactosyl residues exposed to the cytoplasm upon
membrane damage (49), can be used to monitor AdV-induced
membrane damage in living and fixed cells via Gal-3 accumula-
tion at damaged membranes (16, 23). Using these approaches, we
quantified protein VI release and induced membrane damage
over time for all three viruses. Cells were infected with Alexa 488-
labeled wt, PRO-P137L, or PVI-L40Q viruses and fixed at differ-
ent time points postinfection, followed by staining for protein VI
(Fig. 2A, top) or Gal-3 (Fig. 2A, middle), respectively, and ana-
lyzed using quantitative image analysis. The results were normal-
ized by background subtraction and are depicted in Fig. 2A. Re-
lease of protein VI from wt viruses was fast and efficient, with a
maximum at 20 min postinfection. In contrast, no VI release was
detected for the PRO-P137L virus. Protein VI release from the
PVI-L40Q mutant virus followed the wt kinetics, although with
somewhat reduced efficiency (Fig. 2A, top). Detection of Gal-3
punctae in fixed cells relies on the preservation of membrane dam-
age, which was technically difficult. The analysis showed a rapid
association of wt virus with the Gal-3 signal essentially following
the kinetics of protein VI release. In contrast, PRO-P137L viruses
remained Gal-3 negative, coinciding with the absence of protein
VI release. The PVI-L40Q virus showed reduced and delayed for-
mation of Gal-3 punctae compared to the wt virus, which is in
sharp contrast to its protein VI release kinetics (Fig. 2A, middle).
We confirmed the data obtained for membrane lysis using in vivo
imaging analysis of A488 virus-infected galectin 3-mCherry-ex-
pressing cells, as previously described (50). Previous reports
showed that HAdV-C2-PRO-P137L is sorted into lysosomes (13).
Therefore, we also quantified the association of the different vi-
ruses with the lysosomal marker lamp-2 (51). Quantification of
the association of the different viruses with the lysosome marker
lamp-2 showed rapid association of PRO-P137L and PVI-L40Q
viruses with lamp-2 (Fig. 2A, bottom). Wt viruses, in contrast, did
not efficiently associate with lamp-2, suggesting early and rapid
escape prior to sorting into lysosomes.

The analysis also confirmed that several clusters of PRO-P137L
and PVI-L40Q viruses, which we observed in fixed cells (see be-
low) or in vivo (data not shown), colocalized with lysosomes. Rep-
resentative images of all three viruses at 60 min post-temperature
shift are shown in Fig. 2B. While the wt viruses are largely sepa-
rated from the lamp-2 stain (Fig. 2B, top), the PRO-P137L virus
fully (Fig. 2B, middle) and the PVI-L40Q virus partly (Fig. 2B,
bottom) colocalize with the lamp-2 stain. In summary, the data
suggested that membrane lysis via the amphipathic helix of pro-
tein VIis an important step to avoid capsid sorting into lysosomes
or to escape from the lysosomal compartment, while protein VI
release alone is not sufficient to rescue the virus from lysosomal
sorting.

Premature protein VI release contributes to HAdV-C5-GFP-
PVI-L40Q lysosome targeting. Our analysis showed that the PVI-
L40Q mutant virus, like the PRO-P137L mutant virus, was sorted
into lysosomes. In contrast, the PVI-L40Q virus had only 5-fold-
reduced infectivity compared to ~70-fold for the PRO-P137L vi-
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FIG 1 Transduction efficiencies and membrane lysis of adenovirus mutants. (A) (Left, top) Coomassie gel of purified GFP-expressing adenoviruses as indicated
above the lanes. The corresponding viral proteins are identified on the right. (Left, bottom) Western blot using antibodies against protein VI of the same viruses.
Note the size shift of the VI signal for the PRO-P137L virus. (Right) Side-by-side comparison of wt virus and PRO-P137L (grown at the nonpermissive
temperature) showing the selective migration differences of unprocessed precursor capsid proteins. Unprocessed precursor capsid proteins are labeled and
indicated by arrows in gray and mature capsid proteins in black. (B) Relative transduction efficiency of the wt virus compared to the PRO-P137L and PVI-L40Q
mutant virus. Cells were transduced with GFP-expressing viruses at 100 pp/c, and the transduction efficiency was normalized to 1 for the wt virus for comparison.
(C) Membrane lysis assay. For each virus, cells were incubated with three different particle amounts (the x axis represents pp/c) in the presence of the
membrane-impermeable translation inhibitor a-sarcin. **S incorporation was measured and plotted against the incorporation efficiency in the presence of
a-sarcin alone, arbitrarily set as a 100% incorporation rate. The shorter bars correspond to translational inhibition due to a-sarcin uptake following membrane
lysis. The error bars correspond to SD for the results of two individual experiments, each performed in triplicate.
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rus. We next asked whether this increased infectivity is because
some PVI-L40Q virus escapes from lysosomes or if a subpopula-
tion escapes from the endosomal compartment prior to lysosomal
sorting. We switched to antibody detection of unlabeled viruses as
the detection method to confirm cluster formation with labeled
virus and the association with lysosomes. Using this method, we
observed that virus-specific signals were either small, likely repre-
senting single viral particles, or larger, likely reflecting damaged
particles or clusters of several viruses (Fig. 3A). We noticed that
large signals were more common in cells infected with the PVI-
L40Q virus and also at earlier time points. We next quantified the
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virus signals over time in infected cells, classifying virus signals by
using a size cutoff at 1 wm (<1 pm, small; >1 pm, large). Larger
virus signals appeared more often and earlier in PVI-L40Q-in-
fected cells and were present even at 5 min post-temperature shift.
In contrast, in PRO-P137L- or wt-infected cells only, they ap-
peared at later time points and to a lesser extent (Fig. 3B). We next
repeated the kinetic analysis of lysosome accumulation by sepa-
rately analyzing PVI-L40Q large and small signals (Fig. 3C). This
analysis showed that large PVI-L40Q signals rapidly accumulated
in lysosomes, similar to those of PRO-P137L, while small signals
more closely followed the kinetics of the wt particles. We then
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FIG 2 Quantitative analysis of protein VI release, membrane lysis, and lysosome association during virus entry. (A) (Top) Quantification of protein VI release
over time. Cells were infected with Alexa 488-labeled wt virus (black circles), PVI-L40Q virus (open circles), or PRO-P137L virus (black triangles), and protein
VI-positive viruses were identified by antibody staining at the indicated time points. The error bars indicate cell-to-cell variations (n = 100 particles). (Middle)
Quantification of galectin 3 association of viruses over time. Cells were infected with Alexa 488-labeled viruses as for the top graph, fixed, and stained for
endogenous galectin 3 at the indicated time points. The error bars indicate cell-to-cell variations (n = 100 particles). (Bottom) Quantification of virus association
with lamp-2. Cells were infected with Alexa 488-labeled virus as for the top graph, and association of virus with lamp-2 was quantified at each time point. The
error bars indicate cell-to-cell variations (n = 100 particles). (B) Immunofluorescence analysis of virus association with lamp-2. Cells were infected with Alexa
488-labeled wt virus (top), PRO-P137L virus (middle), and PVI-L40Q virus (bottom) for 1 h and stained for lamp-2 association. Viruses are depicted in green,
lamp-2 in red, and the DAPI signal in gray. Enlargements of the dashed boxes are depicted on the right. Clusters of virus colocalizing with lamp-2 appear yellow

and are indicated by arrows. Scale bars, 10 pm.

repeated the experiment and stained for protein VI. The analysis
shown in Fig. 3D indicated that the vast majority of large signals
were positive for protein VI even at the earliest time point mea-
sured (5 min postinfection). In contrast, small signals showed
maximum protein VI release at 20 min postinfection, similar to
the wild type but without the subsequent drop. These data sug-
gested that premature protein VI exposure contributes to lyso-
somal sorting. Whether the large, protein VI-positive signals rep-
resent clusters of viral particles or damaged particles displaying
additional epitopes for antibody recognition remains to be deter-
mined. In contrast, small PVI-L40Q signals represent particles
that release protein VI with wt kinetics and did not associate with
lysosomes. This suggests that a subpopulation of PVI-L40Q virus
may escape from the endosomal compartment with wt kinetics,
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which could explain the remaining infectivity. We tested this hy-
pothesis, assuming that similar endosomal-escape kinetics be-
tween wt and PVI-L40Q virus should result in similar nuclear
arrival of the genome, differing only in the overall amount, while
escape from the lysosomal compartment would delay nuclear ge-
nome arrival. We next quantified protein VII dots in the nucleus over
time (Fig. 3E). Protein VII is a genome-bound viral histone-like pro-
tein that becomes accessible to antibody staininig only once the ge-
nome has reached the nucleus. The results showed that wt and PVI-
L40Q genomes arrived in the nucleus at similar times (Fig. 3E), while
no PRO-P137L genomes could be detected (data not shown), sug-
gesting early endosomal escape for some PVI-L40Q virus.

The PVI-L40Q mutation, in contrast to the PRO-P137L mu-
tation, destabilizes the AdV capsid. The exact location of protein
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FIG 3 Differential sorting of PVI-L40Q mutant virus into lysosomes. (A) Sorting of PVI-L40Q mutant virus into lysosomes. Cells were infected with unlabeled
PVI-L40Q mutant virus and fixed at 60 min postinfection, followed by antibody detection of virus particles. Enlarged details from the dashed box are shown on
the right, with the virus signal (top; green), antibody detection of lamp-2 (middle; red), and merged image (bottom). The white arrows indicate lamp-2-free
viruses (small particles), and the orange arrows indicate virus associated with lamp-2 (large particles). (B) Particle detection by size. Cells were infected with
unlabeled wt, PVI-L40Q, or PRO-P137L virus and fixed at the indicated times, and particles were detected using anti-Ad5 antibodies. The signals were quantified
and scored according to size using the indicated cutoffs and are displayed as percentages of the total. The error bars indicate cell-to-cell variation. (C) PVI-L40Q
mutant virus lamp-2 association by size. Infections were carried out as for panel B. Virus was detected using antibodies against Ad5 and lamp-2, and lamp-2-
positive viruses were plotted over time. The black circles represent wt and the black triangles PRO-P137L virus. The open circles represent PVI-L40Q mutant
viruses below the size cutoff (as in panel B) and the open triangles viruses above the size cutoff. (D) PVI-L40Q mutant virus protein VI association by size. The
experiment was performed as for panel C. Virus was detected using antibodies against Ad5 and protein VI, and protein VI-positive viruses were plotted over time.
The symbols are as in panel C. (E) Nuclear accumulation of protein VII dots. Cells were infected as for panel B, fixed at the indicated times, and stained with
antibodies against protein VII. The distribution of protein VII signals per nucleus is shown as box-and-whisker plots (minimum to maximum). Shown are cells
infected with the wt virus (left) and with the PVI-L40Q mutant virus (right).

VIin the entering particle and the spatiotemporal organization of ~ with the GFP-expressing PVI-L40Q virus, we noticed that the in-
disassembly events necessary for entry and endosomal escape are  fectivity of the virus preparation was sensitive to repeated freeze-
currently under debate. Premature disassembly and exposure of  thaw cycles, unlike preparations containing wt or PRO-P137L
protein VI, e.g., through mild heat treatment of the particle, ren-  virus (Fig. 4A). This sensitivity was more pronounced upon long-
der particles noninfectious, as we have observed for some PVI-  term storage of the virus preparations at —80°C, because freshly
L40Q viruses. When we performed transduction experiments made PVI-L40Q virus was not sensitive (Fig. 4A). Likewise, when
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FIG 4 Altered capsid stability for Ad-PVI-L40Q. (A) Freeze-thaw (FT) sensitivity. Aliquoted virus was used in transduction assays and refrozen as indicated
below the bars. Transduction efficiency was normalized to the efficiency after the first thaw (100%). Two independent virus preparations were used. Only the
PVI-L40Q preparation from 2012, which had been in storage for 2 years at —80°C, was sensitive to repeated freeze-thaw cycles. Error bars represent the mean for
one representative experiment performed in triplicate. (B) Solvent sensitivity. Viruses, as indicated below the bars, were incubated with DMF at the indicated
concentrations, and the relative transduction efficiency was compared to that of the wt virus in DMEM only (100%). Note that both PVI-L40Q preparations were
sensitive to DMF treatment. Error bars represent the mean for one representative experiment performed in duplicate. (C) Penton association upon repeated
freeze-thaw cycles. Viruses, as indicated below the bars, were subjected to one or three repeated freeze-thaw cycles and incubated with cells at 4°C for 30 min,
followed by fixation and antibody staining for pentons. The percentages of penton-positive particles are indicated. Note the loss of penton association for the
PVI-L40Q virus upon repeated freeze-thaw treatment. Error bars represent cell-to-cell variation. (D) As for C, comparing 2012 PVI-L40Q particles bound to cells
after one (top) or three (bottom) freeze-thaw cycles. Details of the boxed areas, with viruses in green, penton antibody staining in red, and the overlaid images,
are shown on the right. Penton-positive particles are indicated by solid arrows, and particles lacking penton staining are indicated by open arrows. (E) Premature
protein VI exposure. Cells were incubated with unlabeled PVI-L40Q mutant virus (1 thaw) at 4°C and fixed, followed by immunofluorescence detection of virus
particles and protein VI. Enlarged details from the dashed box are shown on the right, with the virus signal (top; green), immunofluorescence of protein VI
(middle; red), and merged images (bottom). Viruses positive for protein VI appear yellow. Similar results were obtained for both PVI-L40Q virus preparations.
Scale bars, 10 pm.

we tried to test virus infectivity in the presence of drugs, we no-
ticed that the PVI-L40Q virus was sensitive to the addition of the
vehicle DMF compared to the wt or PRO-P137L counterparts,
preventing such an approach (Fig. 4B). We reasoned that DMF
destabilizes hydrophobic interactions and thus could interfere
with molecular interactions of the amphipathic helix inside the
viral capsid. In turn, this suggested a role for the amphipathic helix
in capsid stabilization prior to deployment. To investigate this
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hypothesis, we decided to determine capsid integrity by staining
Alexa 488-labeled viruses bound to cells at 4°C for penton associ-
ation. Pentons are located at the vertices of the AdV capsid, and
vertex removal is thought to occur during partial disassembly and
protein VI exposure (18). Neither the wt nor the PRO-P137L virus
showed a difference in penton association with the capsid after
one or three freeze-thaw cycles when bound to cells in the cold
(Fig. 4C). On the other hand, the VI-L40Q mutant virus (after
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extended storage at —80°C) lost significant amounts of penton
association between one and three freeze-thaw cycles when bound
to cells at 4°C (Fig. 4C). This result was supported by our obser-
vation that fewer particles of the latter virus bound to the cell after
three freeze-thaw cycles (presumably because fiber is also re-
moved), with more penton-free capsids, as well as capsid-free
penton signals, associated with the cells (Fig. 4D). Using unlabeled
viruses and staining for protein VI as a marker for premature
disassembly, we saw that a single thaw of PVI-L40Q viruses (but
none of the other viruses) was sufficient to render some particles
positive for protein VI, confirming that the virus had decreased
stability and could already expose protein VI upon cell surface
binding at 4°C (Fig. 4E). In summary the data suggest that pentons
are less tightly associated with the viral capsid in PVI-L40Q vi-
ruses, e.g., compared to the wt virus, which can be revealed by
exposing the mutant virus to repeated freeze-thaw cycles and by
sensitivity to DMF treatment.

Freeze-thaw treatment of Alexa 488-labeled PVI-L40Q virus
removes most pentons, but not entire vertices. Our data implied
a destabilizing effect on the AdV capsid if the amphipathic helix of
protein VI was weakened, resulting in premature penton, protein
VI, and/or vertex separation from the capsid. To further under-
stand the structural differences between the wt and the PVI-L40Q
viruses, we performed cryo-ET on the same batch of purified Al-
exa 488-labeled particles used in the infection assays after freeze-
thaw cycle treatment. Initial observations of the purified particles
in cryo-ET revealed that the PVI-L40Q particles were not disas-
sembled (Fig. 5A and B). We then calculated a 3D average of the
virus capsid by computationally extracting and averaging individ-
ual capsids from the tomograms, a process termed subvolume
averaging (52) (Fig. 5). Icosahedral symmetry was applied to the
two capsid averages to create the final reconstructions of wt and
PVI-L40Q capsids. This allowed us to analyze the main differences
between the two virus capsid types (Fig. 5C and E versus D and F).
The PVI-L40Q density map clearly showed that the pentons of the
capsids were missing from the capsid shell (Fig. 5D and F). Inter-
estingly, only the penton bases of the capsid were missing; all
peripentonal hexons were still present. In addition, weak densities
on the 5-fold axes of the PVI-L40Q virus were detectable. This is
likely caused by a minority of pentons remaining in the capsids
that contributed to the average structure (Fig. 5F, insets). This
result is consistent with the decrease in infectivity of the mutant
and the loss of pentons in the cell binding studies (Fig. 4). How-
ever, we noted that the freeze-thaw treatment did not quantita-
tively release the pentons from unlabeled PVI-L40Q viruses, sug-
gesting that the labeling procedure might introduce an additional
destabilizing force that facilitates penton release.

To further analyze the structural differences between wt and
PVI-L40Q viruses, we calculated a difference map (Fig. 5G and H)
between the respective subtomogram-averaged structures (Fig.
5C and D). This confirmed that the differences are limited to the
vertex positions. The comparison indicates that there are also
missing densities in the PVI-L40Q capsids in the peripentonal area
on the inside of the capsid shell. At a lower surface-rendering
threshold level (1.6 o), the missing densities are visible as a star-
fish-shaped density. At a higher threshold level (1.9 o), these miss-
ing densities appear as isolated densities. Next, we fitted both the
previously published Ad5-wt atomic structure (34) (Fig. 6A to D)
and the newly assigned structure of the adenovirus capsid cement
protein from a recent X-ray crystallography study (36) (Fig. 6E to
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FIG 5 Cryo-ET and 3D reconstructions from subtomogram averaging of
freeze-thaw-treated wt and PVI-L40Q mutant adenoviruses reveals loss of
pentons. (A and B) Computational slices through a tomogram of frozen, hy-
drated preparations of freeze-thaw-treated (three times) Alexa 488-labeled wt
viruses (A) and PVI-L40Q mutant viruses (B). Particles are intact, showing no
apparent disruption. Scale bar, 100 nm. (C and D) Subtomogram averages of
wt (C) (gray) and PVI-L40Q (D) (blue). The isosurface threshold was set 1.90
above the mean density. The corners of the red triangles indicate the positions
of 3 of the 12 vertices, which are also indicated by the arrows. (E and F) Same
reconstruction as in panels C and D, but viewed as a central section. The red
arrows indicate the vertex positions of the capsid, revealing the absence of
penton bases in the mutant capsid (F). The insets show the central slice of the
subvolume-averaged density map in grayscale. Higher density is shown in
black. The electron density in light gray indicates the presence of fiber proteins
in the wt average (E, black arrow) and few remaining penton bases in the
PVI-L40Q virus (F, black arrow). (G and H) Difference maps (red) calculated
between the wt and PVI-L40Q average superimposed on the PVI-L40Q aver-
age (blue) as seen from the outside (G) and as a cut open view into the inside of
the capsid (H). The capsid reconstructions and difference maps are shown at
the same threshold (1.90). The main difference is the loss of the penton base
proteins, with starfish-shaped rearrangements of the peripentonal proteins
located on the inner side of the capsid shell.
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FIG 6 Difference maps between wt and PVI-L40Q mutant adenoviruses identify structural differences in the vertex region. Shown are difference maps (red)
between the wt and the PVI-L40Q mutant superimposed onto the wt average (light gray). The isosurface threshold was set 1.9 above the mean density. The two
most recent, and contradictory, atomic models of wt capsid proteins (PDB 3IYN and 4CWU) were fitted into the wt subtomogram average map (A to D and E
to H, respectively). Only penton proteins (red) and peripentonal cement proteins located inside the virion are displayed as ribbons: I1la (green), V (yellow), and
VI (blue). The positions of the peripentonal hexons are indicated by the numbers 1 to 5 in panel A. The superimposed maps are viewed from the outside, with
a transparent surface rendering (A and E) or sliced through (B and F) or inside (C and G) the capsid vertex region, as indicated by the pictogram scheme in the
middle of each column. (C and G) The difference map shown at a lower threshold of 1.60 (lighter red) indicates that the structural differences between the wt and
PVI-L40Q affects the whole peripentonal area (starfish-like density), with a maximum difference in the peripentonal hexons inner cavity (arrow). (D and H)
Direct comparison between the locations of the atomic models and the difference map shows that the difference map includes part of V and is tightly associated

with VI (H).

H) into the wt map and overlaid it with the difference map. The
location of the starfish-shaped missing densities matches the inner
cavity of the peripentonal hexons (Fig. 6C and G). Various sug-
gestions for the location of VI have been put forward in recent
years (11, 34, 53, 54), and there remains ambiguity in the locations
of atleast the recently unassigned parts of protein VI (residues 158
to 250) (55, 56). The difference density was observed between the
location of the previously described protein IIla (Fig. 6A to D,
green), making it a possible location of VI, as VI had not been
assigned in this atomic model (34). This location in the difference
map is also close to the location where Reddy and Nemerow (36)
assigned parts of proteins VI (called I1Ia in reference 34) (Fig. 6H,
blue) and V (Fig. 6G, yellow). Thus, the position of the density lost
in the PVI-L40Q capsids could correspond to the remaining un-
mapped residues of VI and/or a rearrangement of the peripen-
tonal cement proteins upon penton removal.

Penton release coincides with protein VI exposure in vivo.
Our results suggested that in the in vivo situation, penton release is
linked to protein VI. When we avoided repeated freeze-thaw cy-
cles and compared the dynamic dissociation of pentons from Al-
exa 488-labeled capsids following synchronized infections, we ob-
served a time-dependent efficient separation of pentons from
entering wt capsids (Fig. 7), which coincided with the appearance
of protein VI (see below). In contrast, pentons from PRO-P137L
and PVI-L40Q viruses remained largely associated with the capsid
upon entry, likely reflecting lack of disassembly (PRO-P137L) and
absence or delayed membrane lysis (PVI-L40Q) (Fig. 7A and B
shows the quantification).

To investigate the observed penton deployment difference in
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vivo, we used antibody detection to identify penton and protein VI
association with incoming Alexa 488-labeled viral particles. The
data in Fig. 8 depict a representative cell at 20 min postinfection
with wt (left) and PVI-L40Q (right) virus. As shown in Fig. 8,
bottom, at 20 min postinfection, most wt particles appeared pos-
itive for either protein VI or pentons. However, we also observed
several particles that were double positive for pentons and protein
VI, suggesting codeployment of both proteins. Penton/VI-posi-
tive particles were more abundant but not restricted to PVI-L40Q
virus-infected cells, confirming that membrane lysis is needed for
separation of the penton and protein VI (Fig. 8, bottom). In ad-
dition, we observed occasional capsid-free penton/VI staining for
both viruses, suggesting that the penton and protein VI can form
a complex that exists independently of viral capsids upon produc-
tive entry, which would be in agreement with codeployment from
the capsid (Fig. 8, bottom).

DISCUSSION

To reach the cytosolic compartment following endosomal uptake,
AdVs follow a set of coordinated entry-associated sorting steps
until virus-induced membrane lysis and endosomal escape end
the sorting process. To accomplish the sorting, the AdV capsid has
to undergo sequential disassembly steps culminating in the de-
ployment of the membrane-lytic internal capsid protein VI. In an
excellent recent review, Leopold and Crystal pointed out that AdV
postentry sorting steps can be influenced by several factors, such
as the viral genotype or the metabolic state and cell type (15).
Thus, the complexity of experimental systems described in the
literature make general assumptions about AdV sorting difficult.
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FIG 7 Entry-dependent penton release. (A) Cells were infected with Alexa 488-labeled VI-L40Q viruses (top row), PRO-P137L viruses (middle row), and wt
viruses (bottom row); fixed after 5 min (left column) or 20 min (right column); and stained for pentons using specific antibodies. Viruses are depicted in green
and penton antibody stain in red. The dashed boxes in each panel are enlarged on the right, depicting virus, pentons, and a merged image. Note that separation
of the penton and virus signal for the wt virus occurs at 20 min, but not for the PRO-P137L or the L40Q virus. (B) The experiment was performed as for panel
A. Cells were infected with Alexa 488-labeled wt virus (black circles), PVI-L40Q virus (open circles), or PRO-P137L virus (black triangles). Antibody staining was
quantified at 5 min, 20 min, and 60 min postinfection, and penton-positive virions were plotted for each virus. The error bars are cell-to-cell variations (1 > 100
virus particles). Scale bars, 10 pm.

Here, we followed a different approach by keeping the same cel-  L40Q) in comparison to the wild type. We used time course anal-
lular context and the same genetic background of the virion ysis to study the fates of the capsid proteins VI and penton using
(HAdAV-C5-GFP). We compared parameters of stability and en-  specific antibodies. Our analysis identified capsid stability and
dosomolysis by using a hyperstable mutant virus (PRO-P137L) membrane lysis as two essential factors that affect postentry sort-
and a mutant virus with reduced membrane-lytic activity (PVI-  ing of AdVs. We showed that wt virions rapidly deploy protein VI;
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FIG 8 Analysis of codeployment of pentons and protein VI from entering virus particles. Shown is immunofluorescence analysis of virus association with capsid
protein VI and pentons. Cells were infected with Alexa 488-labeled wt virus (left) and PVI-L40Q virus (right) for 20 min and stained for capsid protein VI and
penton association. Viruses are depicted in green, pentons in red, protein VIin light blue, and the DAPI signal in gray. Enlargements of the dashed boxes showing
pairs of associations are depicted below. Viruses positive for pentons are indicated by small arrows, and viruses positive for protein VI are indicated by large
arrows. In the bottom images, double-positive viruses are indicated with two white stars, protein VI-positive viruses with one white star, and penton/protein VI

signal without viruses by two yellow stars. Scale bars, 10 pm.

lyse the membranes, as shown by galectin 3 recruitment; and pre-
vent association with lysosomes, presumably via efficient endo-
somal escape, supported by in vivo imaging (16, 23). In contrast,
the hyperstable PRO-P137L virions do not deploy protein VI and
consequently do not induce membrane lysis and were rapidly and
efficiently sorted into lysosomes, preventing the virions from be-
ing infectious. The PVI-L40Q virions, on the other hand, are less
stable, and a fraction deployed protein VI prematurely, thereby
also failing to escape from the endocytic compartment. In their
initial study of the PVI-L40Q mutant virus, Moyer et al. (25) ob-
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served a prolonged association of the virions with the endosomal
compartment but did not study their destiny. Surprisingly, we
observed that part of the PVI-L40Q virions associate with lyso-
somal markers with initial kinetics similar to those of the PRO-
P137L virions, suggesting rapid lysosomal sorting despite efficient
disassembly and protein VI release. In contrast, we also detected a
fraction of viruses that escape from lysosome association, presum-
ably also escaping from the endosomal compartment. Conse-
quently, the PVI-L40Q virions retained infectivity at ~20% com-
pared to the wt, unlike the PRO-P137L virions, which do not
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disassemble. In living cells, PVI-L40Q virions appear in large clus-
ters reminiscent of PRO-P137L lysosome clusters, but galectin
3-positive structures are also present, suggesting some membrane
lysis has occurred (unpublished observation). How the PVI-L40Q
virus is capable of partially escaping from the endosomal com-
partment remains to be determined. One possibility is that accu-
mulations of PVI-L40Q result in high local concentrations to
overcome the reduced lytic activity. A mechanism of escape from
lysosomes instead of early endosomal structures, as suggested for
subgroup B viruses (27, 28), appears less likely, as we show that
genomes from PVI-L40Q viruses are delivered to the nucleus with
kinetics similar to those of the wt virus, although at reduced effi-
ciency.

Our analysis revealed a second property of the PVI-L40Q mu-
tant that may provide insight into how protein VI is released dur-
ing entry. Repeated freeze-thawing of highly purified virions
stored for extended periods at —80°C reduced virus infectivity,
which did not occur with either wt or PRO-P137L virions. Subse-
quent cryo-ET analysis of Alexa 488-labeled PVI-L40Q virions
showed that they had quantitatively lost pentons and potentially
other vertex-associated proteins upon freeze-thaw (see below).
Previous studies have not observed any stability differences be-
tween wt and PVI-L40Q virions when the particles were exposed
to sequential temperature rises (25). This discrepancy may be ex-
plained by the fact that, in contrast to temperature-induced dis-
assembly, freeze-thaw cycles in combination with chemical label-
ing via primary amines induce dehydration of and mechanical
stress on the virion particle, which can render virion components
more sensitive and weaken hydrophobic interactions (57). How-
ever, mild physical stress was shown to also be able to sequentially
remove pentons from wild-type virions without affecting the peri-
pentonal hexons (38).

In addition to the density assigned to the penton in the freeze-
thaw-treated PVI-L40Q capsid, additional densities are missing
below the penton compared to the wt. These densities form a
starfish-shaped radial density most likely indicative of a rear-
rangement of the peripentonal-hexon cement proteins. It may
also indicate the location of full-length protein VI inside the cap-
sid. Though the cryo-ET averages are informative in respect to the
locations of the densities, the comparatively low resolution does
not allow an exact description (e.g., specific secondary-structure
elements) of the volume difference. Protein VI has been recently
quantified using mass spectrometry and was estimated to be pres-
ent at ~360 copies per virion (32). This count is compatible with
the possibility that the starfish-shaped density is protein VI, as-
suming 30 units per vertex organized into five bundles. Addition-
ally, the cleaved N terminus of protein VI has been mapped to
associate with the five peripentonal hexons, suggesting that the
radial symmetry could initially extend to the peripentonal hexons
stabilizing the capsid (53). Processing by the adenoviral proteinase
would then weaken the interaction between protein VI and the
peripentonal hexons and create a deployable penton-protein VI
entity. This entity would sit at the vertex, similar to a “champagne
cork,” where the wider base of the cork would be protein VI,
holding the structure in place by interactions of the amphipathic
helix with peripentonal hexons. Release of the putative penton-
protein VI entity (possibly containing additional capsid proteins,
such as IITa) would follow the principle of opening a champagne
bottle, leaving the vertex uncovered. In fact, we observed such
penton-protein VI entities upon infection of cells using dual-an-
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tibody stain, confirming previous reports of sequential penton
separation from the capsid (1). In such a scenario, the introduc-
tion of the PVI-L40Q mutation would weaken the interactions
that hold the entity in place, opening it to structural alterations
(e.g., via freeze-thaw or labeling procedures) that result in prema-
ture penton-protein VI release. Such a scenario would be consis-
tent with all our accumulated data and most of the literature,
including the recent partial structure assignment of protein VI
inside the capsid. It would provide an elegant method of protein
VIdeployment by assigning dual functionality to the amphipathic
helix in maintaining metastability of the capsid and providing
membrane-lytic activity upon deployment. A role for the penton,
in addition to protein VI, in the membrane lysis step is also sug-
gested in the literature. Long before the discovery of protein VI as
the AdV membrane-lytic factor, it was clear that AdVs possessed a
membrane-destabilizing activity (58, 59) that could be blocked by
mild heat treatment of AdV particles at 45°C (60), reminiscent of
premature vertex dissociation and protein VI exposure. Antibody
inhibition studies suggested that the penton provides the mem-
brane-lytic function following uptake into the endocytic compart-
ment (17). This was corroborated by in vitro studies exposing AdV
to mild acidic treatment, showing association of the penton
and/or the vertex region with Triton X114, suggesting a pH-de-
pendent deployment of an amphiphilic virion property believed
to be the penton (61). Interestingly, the EM images provided in
the study do not suggest removal of peripentonal hexons and,
rather, are in agreement with our champagne cork model (61).
Selective antibody depletion experiments and in vitro permeabili-
zation studies showed that the membrane-lytic activity is in fact
encoded by the N-terminal amphipathic helix of protein VI rather
than the penton (18, 62) (22, 25). Our direct observations confirm
that the kinetics of protein VI deployment from wt virions coin-
cides with galectin 3 recruitment to virions, reminiscent of mem-
brane lysis. Moreover, the observation that pentons and protein
VI can be found either in close association with virions or inde-
pendent of viral particles suggests that both proteins could be
released in a joint manner in the context of AdV entry.

In summary, our data suggest that the timed release of a pen-
ton-protein VI entity, in combination with membrane lysis, de-
termines the postentry sorting of the entering virions and prevents
their lysosomal degradation. Thus, differences in capsid stability
may be the primary determinant of entry-associated sorting for all
AdVs, allowing endosomal escape in very early endocytic com-
partments (as observed for species C AdVs) or after prolonged
sorting from the late endosomal/lysosomal compartment, as was
suggested for species B viruses (28, 63). In contrast, premature
protein VI release (e.g., PVI-L40Q) or failure to release protein VI
atall (PRO-P137L) would result in noninfectious virions. Chang-
ing the entry-associated sorting of AdVs is of great pharmacolog-
ical interest, e.g., to increase the efficiency of vaccines or to de-
crease the toxicity of gene therapy vectors. While previous studies
have assessed changing genotypes or producing hybrid vectors to
optimize sorting for entry of recombinant particles, our data pro-
vide compelling evidence that modulating the sorting of incoming
AdV particles can be achieved within the same AdV genotype by
altering its stability based on structure-function information. We
conclude that AdVs tolerate a range of different states of metasta-
bility that are compatible with infectivity but would result in dif-
ferential sorting and, hence, the compartment from which the
bulk of the virions escape or where they end up, which may pro-
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vide additional means to increase the utility of clinically relevant
AdV vectors currently in use.
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