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In contrast to enveloped viruses, the mechanisms involved in membrane penetration by nonenveloped
viruses are not as well understood. In these studies, we determined the relationship between adenovirus (Ad)
capsid disassembly and the development of membrane lytic activity. Exposure to low pH or heating induced
conformational changes in wild-type Ad but not in temperature-sensitive Ad (#s1) particles that fail to escape
the early endosome. Wild-type Ad but not ts1 particles permeabilized model membranes (liposomes) and
facilitated the cytosolic delivery of a ribotoxin. Alterations in wild-type Ad capsids were associated with the
exposure of a pH-independent membrane lytic factor. Unexpectedly, this factor was identified as protein VI, a
22-kDa cement protein located beneath the peripentonal hexons in the viral capsid. Recombinant protein VI
and preprotein VI, but not a deletion mutant lacking an N-terminal amphipathic a-helix, possessed membrane
Iytic activity similar to partially disassembled virions. A new model of Ad entry is proposed based on our

present observations of capsid disassembly and membrane penetration.

Virus infection of host cells requires that these microbes
gain access to the cytoplasm and/or nucleus to accomplish
subsequent steps in their replication cycle. Situated between
the virus and its final destination are the cell plasma or endo-
somal membranes. While the molecular processes involved in
membrane penetration by enveloped viruses have been ana-
lyzed in some detail, analogous events in cell entry by nonen-
veloped viruses are currently the focus of intense interest.
Studies of several nonenveloped animal viruses such as polio-
virus (17), reovirus (6), and rotavirus (8) have revealed some
general features of membrane penetration by naked viruses.
First, the capsids of nonenveloped virions are assembled as
immature stable structures that are rendered metastable upon
proteolytic processing of capsid proteins (17). During infec-
tion, these mature metastable virions undergo conformational
changes in response to external stimuli, including binding to
cell receptor (46), proteolytic digestion (42, 44), altered diva-
lent cation concentrations (9, 22, 32), or acidification in endo-
somes (8, 30, 37). Conformational changes often expose hy-
drophobic residues that subsequently interact with and
reorganize the membrane bilayer, enabling cytosolic translo-
cation of the viral genome, transcription complex, or partially
disassembled virus capsid.

The relatively large size (90-nm-diameter) and complex ar-
chitecture of adenovirus (Ad), a nonenveloped virus with ico-
sahedral symmetry (T = 25), has hampered a detailed analysis
of its structure, as well as its precise interactions with host cells.
The Ad capsid is composed primarily of 240 homotrimeric
hexon capsomers with 12 penton capsomers located at each of
the 12 fivefold axes of symmetry. Each penton consists of the
homotrimeric fiber protein protruding from the homopentam-
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eric penton base. Other so-called minor capsid components,
including proteins IIla, VI, VIII, and IX, are thought to act
primarily as cement proteins that help to stabilize the viral
particle. While the location in the capsid and precise role in the
Ad life cycle of these capsid components have yet to be fully
elucidated, protein VI was recently shown to act as a shuttling
adaptor for hexon import into the nucleus (53). Ad assembly
occurs in the nucleus following cleavage of preproteins TP,
IITa, VI, VII, VIII, and p by the virally encoded 23K cysteine
protease, a process that may confer a metastable capsid struc-
ture. Subsequent infection of host cells by newly assembled
mature virions is initiated by the binding of the Ad fiber pro-
tein to the coxsackie B and Ad receptor (CAR) (4) or CD46
(12, 27, 34, 41, 54). Interaction of the penton base with a,
integrins triggers virus internalization via clathrin-coated pits
(50).

Internalization of Ad is thought to trigger capsid disassem-
bly, starting with the loss of the fiber protein at the cell surface
(26). Subsequent disassembly of the capsid occurs in endo-
somes and appears to require acidification (14). Acid-induced
conformational changes in the capsid are thought to be re-
quired for membrane penetration, allowing cytosolic translo-
cation of the partially uncoated virion containing the DNA,
core proteins, hexon, and protein VIII (14). However, the
precise relationship between Ad capsid disassembly and the
development of membrane lytic activity has not been estab-
lished.

Further insights into the role of Ad capsid alterations in
membrane penetration have been obtained by analyses of a
temperature-sensitive mutant of Ad type 2 (Ad2), ts1. When
propagated at the nonpermissive temperature, £s1 capsids con-
tain only two to three copies of the 23K protease (compared to
~10 copies in wild-type [WT] virions) (1). This defect results in
the arrest of the capsid in the immature state, containing un-
cleaved preproteins (3, 48). Although #s1 can still bind the
CAR receptor and undergo internalization via «, integrins, this
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mutant virus fails to escape endosomes (13), suggesting a po-
tential link between capsid structural proteins and membrane
penetration.

To help clarify the role of capsid disassembly in membrane
penetration, we compared the structural stability of Ad5 and
ts1 particles as a function of pH. We also examined the ability
of these different viruses to disrupt model membranes under
conditions similar to those required to initiate capsid disassem-
bly. These studies demonstrated unambiguously that partial
uncoating of the capsid occurs prior to membrane penetration.
Furthermore, protein VI, an internal capsid protein exposed
during capsid disassembly, exhibits pH-independent mem-
brane lytic activity. An N-terminal domain in protein VI with
predicted amphipathic a-helical structure was also shown to be
required for membrane lytic activity. These findings are dis-
cussed in light of an emerging theme for how nonenveloped
viruses overcome the barrier of the host cell membrane.

MATERIALS AND METHODS

Cell culture and virus propagation. HEK293 and A459 cells were maintained
in Dulbecco’s complete modified Eagle’s medium (DMEM) supplemented with
10 mM HEPES, 2 mM glutamine, 1 mM pyruvate, 0.1 mM nonessential amino
acids, 100 U of penicillin G/ml, 0.3 mg of gentamicin/ml, and 10% fetal bovine
serum. An Ad5 vector containing an enhanced green fluorescent protein expres-
sion cassette was propagated in the HEK293 cells by infection with 200 particles
per cell. Propagation of the Ad temperature-sensitive mutant H2ts1 (hereafter
referred to ts1) (3, 48) in A459 cells was performed at the nonpermissive tem-
perature of 39.5°C. Cells were infected with 200 particles of s1/cell that had been
previously grown at the permissive temperature of 33°C. Infected cells were
harvested after nearly complete cytopathic effect, generally 48 to 60 h postinfec-
tion. Virus was purified by cesium chloride density gradient centrifugation as
previously described (54) and stored at —80°C in 40 mM Tris, 150 mM NaCl,
10% glycerol, and 1 mM MgCl, (pH 8.2).

Analysis of membrane penetration in intact cell cultures. A549 lung epithelial
cells were plated in 96-well plates (catalogue no. 3904; Costar) at a density of
10,000 cells/well for 24 h prior to infection. One hour prior to infection, cells
were washed once with DMEM without cysteine or methionine and supple-
mented with 10 mM HEPES, 2 mM glutamine, and 0.5% bovine serum albumin
(BSA) with penicillin and streptomycin (DMEM—) and incubated in DMEM —
for 1 h at 37°C. The medium was then removed, and cells were incubated with
DMEM — containing 0.1 mg of a-sarcin (Sigma)/ml and various amounts of Ad5
or ts1 particles, ranging from 1 to 1073 pg/ml for 2 h at 37°C. The effect of
endosome acidification on a-sarcin entry was also assessed by infection of cells
with Ad5 in the presence of 0.3 wM bafilomycin Al (Sigma), an inhibitor of
vacuolar H*-ATPase. The cells were then washed once with DMEM— and
incubated with DMEM— containing 0.1 wCi of [**S]L-methionine (Amersham
Biosciences) per well for an additional 2 h at 37°C. The cells were then washed
twice with 100 pl of 20 mM Tris-buffered saline (pH 7.4), incubated with 50 .l
of ice-cold 5% trichloroacetic acid (TCA) at 4°C for 1 h, then centrifuged at
1,000 X g for 15 min at 4°C, and washed twice with cold 100% ethanol. The
pelleted material was then dissolved overnight in 5 pl of 1% sodium dodecyl
sulfate (SDS)-0.1 N NaOH at 4°C on a rotary shaker. The resulting solutions
were neutralized with 1 pl of 0.6 N HCI, and 34 pl of MicroScint 20 liquid
scintillation cocktail (Packard) was added to each well with vortexing. Radioac-
tivity was measured with a Topcount (Packard) 96-well liquid scintillation
counter.

Measurements of Ad capsid stability and disassembly. The thermal stability of
the Ad capsid after exposure to various pH conditions was measured by the
accessibility of the viral DNA to a fluorescent intercalating dye, TOTO-1 (Mo-
lecular Probes), as previously described with minor modifications (31). Briefly,
100 g of Ad5 or ts1/ml was incubated with 60 nM TOTO-1 at various pH values
ranging from 4.5 to 7.5 in buffers containing of 50 mM acetate (pH 4.5 to 5.5),
morpholineethanesulfonic acid (MES) (pH 6.0 to 6.5), or HEPES (pH 7.0 to 8.0)
with 100 mM NaCl. The fluorescence emission of TOTO-1 was monitored as a
function of temperature with an ABI Prism 7900HT real-time PCR machine
(Applied Biosystems) programmed to measure fluorescence (A ., 488; N, 540)
every 2.5°C between 20 and 70°C. Samples were equilibrated at each temperature
for 2 min prior to fluorescence measurement.
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To measure capsid disassembly, Ad5 or #s1 particles were dialyzed against
either 50 mM acetate, 100 mM NaCl (pH 5.0), or 50 mM HEPES-100 mM NaCl
(pH 7.4) as a control. A 0.5-ml aliquot of a 100-p.g/ml solution was then placed
in 1.5-ml microcentrifuge tubes precoated with 3% (wt/vol) BSA and then incu-
bated at various temperatures between 25 and 60°C for 10 min before being
loaded onto a Nycodenz (Sigma) step density gradient consisting of 1 ml of 80%
(wt/vol) Nycodenz and 1.5 ml of 40% Nycodenz gradients prepared in acetate or
HEPES buffers. Gradients were centrifuged in an SW60 rotor for 2 h at 180,000
X g, and the partially disassembled virions were collected from the 40 to 80%
interface and analyzed for protein content by SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Simply Blue staining. Gel images were obtained with
an Alphalmager 2200 (Alpha Innotech), and densitomety was performed with
Scion Image (Scion Corporation). The densities of several Ad capsid protein
bands were normalized to that of the major core antigen, protein VII.

Liposome preparation and analysis of membrane disruption. Liposomes com-
posed of bovine liver phosphatidylcholine, bovine liver phosphatidylethano-
lamine, bovine brain phosphatidylserine, and entrapping 100 mM sulforhodam-
ine B (SulfoB; Molecular Probes) were prepared as previously described (5). The
liposomes containing entrapped SulfoB were separated from unentrapped ma-
terial with a Sephadex G-75 column preequilibrated with an elution buffer
consisting of 5 mM HEPES and 150 mM NaCl (pH 7.0). The phospholipid
concentration of the liposomes was determined by a phosphate assay modified
from reference 11.

Ad-mediated membrane disruption was assessed by the dequenching of SulfoB
fluorescence upon its release from the liposomes. Fluorescence intensity was
monitored using a Tecan Genios microplate reader equipped with 535/20 nm
excitation and 585/20 nm emission filters, respectively. Liposomes were diluted to
a final phospholipid concentration of 2 pM in 100 pl of buffer in 96-well plates
(catalogue no. 3904; Costar). Various amounts of virus or recombinant Ad
proteins in 5 mM HEPES (pH 7.0) were added to the liposomal solutions
preequilibrated at 37°C, and the kinetics of membrane disruption were moni-
tored by the increase in SulfoB fluorescence. One hundred percent dye release
was determined by adding Triton X-100 to liposomes at a final concentration of
0.2% (wt/vol). The percentage of SulfoB release was calculated by the equation
% SulfoB released = 100 X [(Feas — Fo)/(Fua0o — Fo)l, where F .. is the
maximum fluorescence intensity measured for each sample, F, is the fluores-
cence intensity in the absence of virus or protein, and F, ¢, is the fluorescence
intensity in the presence of 0.2% Triton X-100.

Electron microscopy. Purified protein VI was mixed with liposomes at a 1:1
weight ratio (0.4 mg/ml of sprotein) in HEPES-buffered saline (pH 7.4) and
incubated at room temperature for 30 min. Copper grids (300 mesh; EM Sci-
ences) were subjected to glow discharge in the presence of butylamine and
immediately floated on the 10 wl of sample for 1 min. The grids were then rinsed
twice with 50 mM HEPES (pH 7.4) before incubation with 2% phosphotungstate
(pH 7.0) for 1 min. Samples were rinsed once with 50 mM HEPES, the excess
solution was removed by being blotted on Whatman paper, and the sample was
then examined with a Phillips CM100 electron microscope (EM) with an accel-
erating voltage of 80 V and a magnification of X21,000.

Immunodepletion analyses. To identify the protein(s) responsible for the
membrane-disrupting activity, Ad5 virions were incubated at 45°C for 10 min,
and the partially disassembled virions were separated from free capsomers with
a Nycodenz step gradient as described above. Isolated disrupted viral particles
and free capsomers were collected and dialyzed against 5 mM HEPES-buffered
saline before membrane-disrupting activity was assessed as described above.
Immunodepletion of membrane lytic activity was performed by incubation of
free capsomers with affinity-purified antibodies directed against the Ad5 penton
base or protein VI in a total volume of 100 wl of PBS at 4°C. After 1 h, 10 ul of
Gammabind Plus resin (Amersham Biosciences) was added, and the samples
were incubated on a rocking plate at 4°C for an additional 4 h. The resin was then
pelleted by centrifugation at 10,000 X g for 2 min, and the amount of membrane
lytic activity remaining in the immunodepleted supernatant was measured by the
liposome-dye release assay as described above.

Sequence analysis and generation of recombinant protein VI molecules. Pre-
diction of protein VI secondary structure was performed with the PSIPRED
program. (18, 25). Identification of potential membrane interacting domains
within protein VI was performed with Membrane Protein Explorer software
employing the hydropathy scale of Wimley and White (52). Helical wheel pro-
jections were made with this software, while an alignment of protein VI se-
quences from different human and nonhuman Ad serotypes was performed with
the ClustalW algorithm.

c¢DNA encoding preprotein VI (pVI), protein VI, and a truncated protein VI
lacking residues 34 to 54 (VIA54) was amplified from pAdeasy-1 (Clontech) by
standard procedures and then cloned into the Ndel and BamHI sites of the
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pET15b expression vector (Novagen, Madison, Wis.) that contains an enteroki-
nase cleavage site positioned between the N-terminal His, tag and the N termi-
nus of the recombinant proteins. The 5’ and 3’ primers, containing an Ndel
restriction site (underlined) and an enterokinase cleavage site (italics) (in the 5’
primers) or a BamHI restriction site (underlined) (in the 3’ primers) were used
as follows: for pVI, 5'-GG AAA TTC CAT ATG GAA GAC ATC AAC and
5'-AA ACC GGA TCC TCA GAA GCA TCG TCG; for protein VI, 5'-GG
AAA TTC CAT ATG GAC GAC GAC GAC AAG GCC TTC AGC TGG GGC
and 5'-AAA GGA TCC TCA CAG ACC CAC GAT GCT; and for VIA54,
5'-AAA CAT ATG GAC GAC GAC GAC AAG TAT GGC AGC AAG GCC
and 5'-AAA GGA TCC TCA CAG ACC CAC GAT GCT.

Recombinant proteins were expressed in BL21(DE3) cells (Invitrogen, Carls-
bad, Calif.). For expression of pVI and protein VI under conditions that reduce
cell lysis, cells were grown at 37°C in Luria-Bertani broth to an optical density at
600 nm of 1 to 1.2. Cells were then brought to 25°C, the NaCl concentration was
increased to 300 mM, and protein expression was induced by the addition of 0.5
mM IPTG (isopropyl-a-p-thiogalactopyranoside) for 2 h. For expression of
VIAS54 in BL21(DE3) cells, the cells were grown at 37°C in Luria-Bertani broth
to an optical density at 600 nm of 0.8 before 0.5 mM IPTG was added. In all
cases, the cells were induced for 2 h, pelleted, and washed once in PBS. The
pellets were then resuspended in Bugbuster Protein extraction reagent supple-
mented with 20 U of Benzonase (Novagen)/ml, 0.5 mg of lysozyme (Sigma)/ml,
and a protease inhibitor cocktail (catalogue no. P8849; Sigma). After 15 min at
room temperature, the cell debris was pelleted at 16,000 X g for 15 min at 4°C.
Recombinant proteins were purified with nitrilotriacetic acid-Ni>* agarose with
the manufacturer’s protocol (QIAGEN). Hexon was purified from AdS-infected
HEK293 cells as previously described (53).

RESULTS

Low pH destabilizes the Ad5 but not the #s1 capsid. To gain
a better understanding of the role of the Ad capsid in mem-
brane penetration, we compared the ability of WT Ad5 and #s1
particles to facilitate the cytosolic translocation of the ribo-
somal toxin a-sarcin. This approach was previously used to
study membrane penetration by several enveloped (30) and
nonenveloped (8, 9) viruses. Cointernalization of virus parti-
cles and a-sarcin into endosomes allows cytosolic entry of the
toxin upon membrane penetration by the virus. a-Sarcin entry
restricts protein synthesis by specific hydrolysis of rRNA (33),
as measured by reduced incorporation of [**-S]methionine into
newly synthesized proteins. As shown in Fig. 1, AdS particles
caused a dose-dependent increase in membrane penetration,
as indicated by a-sarcin inhibition of protein synthesis. Ap-
proximately 50% inhibition of protein synthesis was observed
at 0.02 pg/ml (~200 particles/cell). The Ad concentration re-
quired for 50% inhibition of protein synthesis was increased 40
fold (~8,000 particles/cell) when cells were treated with bafilo-
mycin Al, an inhibitor of vacuolar H"-ATPase (Fig. 1), sug-
gesting a requirement for endosome acidification in Ad mem-
brane penetration. #s1 particles grown at the nonpermissive
temperature of 39.5°C exhibited a reduced capacity to promote
a-sarcin entry, requiring ~30-fold-higher particle concentra-
tions (~6,000 particles/cell) than AdS. Since fs1 capsids have
significantly reduced membrane lytic activity, we were com-
pelled to investigate whether the structural differences in AdS
and 51 Ad particles might be related to the observed differ-
ences in membrane lytic activity.

Previous studies suggested that the Ad capsid undergoes
partial disassembly prior to membrane disruption (14) and that
Ad membrane penetration occurs from within acidified endo-
somal compartments. Thus, we compared the thermal stability
of AdS to ts1 capsids at various pH values as measured by the
accessibility of Ad DNA to the bis-intercalating dye TOTO-1.
When Ad5 was incubated at pH values ranging from 5.5 to 7.5,
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FIG. 1. Cytosolic translocation of the ribotoxin a-sarcin by AdS or
ts1 particles. Sarcin entry into A549 cells was performed in the pres-
ence of various amounts of Ad5 (4), Ad5 plus 0.3 uM bafilomycin (m)
or ts1 particles (A). Toxin activity was assessed by inhibition of
[>*S]methionine incorporation into cellular proteins. Less than 10%
inhibition of protein synthesis was observed with the highest amount of
AdS in the absence of a-sarcin.

a structural transition in the capsid occurred when these par-
ticles were heated above 42.5°C, as indicated by an increase in
TOTO-1 fluorescence emission (Fig. 2A). At pH values below
5.5, the AdS5 capsid was significantly destabilized, as indicated
by the pronounced increase in TOTO-1 fluorescence occurring
at or below 37.5°C (Fig. 2A). In parallel studies, we observed
that £s1 particles were actually more stable than Ad5 capsids
(Fig. 2B). A small structural transition was observed in the #s1
capsid above 50°C, and the overall fluorescence intensity was
significantly reduced compared to AdS5 (Fig. 2B). Moreover,
reduced pH appeared to have little or no destabilizing effect on
the #s1 capsid.

Partial disassembly of the Ad5 capsid occurs below pH 5.5.
To more precisely define the structural alterations in the Ad
capsid occurring during exposure to low pH, we examined the
integrity of low-pH or heat-treated Ad capsid proteins, follow-
ing sedimentation on 40 to 80% Nycodenz step gradients.
Proteins associated with the gradient-purified capsids were
quantitated by SDS-PAGE and densitometry. Proteins II
through VII were clearly resolved by SDS-PAGE, with the
exception of the fiber and protein I11a, which comigrated as a
single band (data not shown). AdS particles incubated at pH
7.4 and increasing temperature (>40°C) exhibited a significant
loss of the vertex proteins located at the fivefold axis of sym-
metry, including the penton base, fiber/IIla, and protein VI
(Fig. 3). At pH 5.0, partial disassembly of Ad5 occurred when
the virus was heated above 35°C, in agreement with the TO-
TO-1 accessibility experiments discussed above (Fig. 3A). Ex-
amination of both heat- and low pH-treated Ad capsids by
negative-stain transmission EM confirmed that these treat-
ments dissociated the vertices of the Ad capsid as previously
described (data not shown) (31).

In contrast to Ad5, dissociation of capsid proteins from #s1
particles was substantially reduced. Densitometric analysis in-
dicated that only 10 to 20% remained associated with AdS
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FIG. 2. Analysis of Ad capsid stability as a function of pH and
temperature. The stability of AdS (A) or #s1 particles (B) was assessed
at various pH levels and temperatures by monitoring the accessibility
of the viral DNA to TOTO-1, a bis-intercalating fluorophore.

capsids when heated to 40 to 50°C, while 40 to 95% of these
proteins remained with fs1 particles when heated to even
higher temperatures (Fig. 3B). These findings are consistent
with the prior observation that ts1 capsids have decreased
TOTO-1 accessibility and strongly suggest that disassembly of
this mutant virus is much less efficient than WT Ad5. Of par-
ticular interest, pVI remained almost entirely associated with
the partially disassembled fs1 capsid.

Partially disassembly of the AdS5 capsid is required for mem-
brane disruption. In further studies, we sought to correlate the
observed structural changes in Ad capsids with Ad-mediated
membrane disruption with model membranes (liposomes).
The integrity of liposomal membranes was monitored by the
release of an entrapped fluorescent dye, SulfoB, whose fluo-
rescence emission is insensitive to pH in the range of 4 to 9.
The dye is entrapped at concentrations that result in significant
self-quenching of fluorescence emission. Upon release, the dye
is effectively diluted, allowing fluorescence dequenching.
When Ad5 was incubated with liposomes at 37°C, a saturable
and time-dependent release of SulfoB was observed (Fig. 4A).
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FIG. 3. Examination of thermally induced capsid disassembly. AdS
at pH 7.4 (A and B, solid symbols) or pH 5.0 (A, open symbols) or #s1
particles at pH 7.4 (B, open symbols) were heated to various temper-
atures and then subjected to density gradient centrifugation to sepa-
rate partially disassembled virions from soluble capsomers. Individual
capsid proteins associated with the treated virions were analyzed by
SDS-PAGE and Simply Blue staining and then quantitated by scan-
ning densitometry. Densities were normalized to that of the major core
protein, protein VII.

The initial rate of SulfoB release was pH dependent and cor-
related well with the pH dependence of maximum dye release
(Fig. 4B). Although Ad membrane disruption was observed at
all pH values examined, maximal release occurred near pH 5.0.
By comparison, ts1 produced significantly less membrane-dis-
rupting activity at pH 4.5 to 8 (Fig. 4B).

Unexpectedly, we found that partial disassembly of AdS by
applying heat prior of addition to liposomes generated a mem-
brane lytic activity that was independent of pH (Fig. 4B). Thus,
disassembly of the Ad capsid, either by lowering pH or elevat-
ing temperature, was necessary for membrane disruption. In
contrast, pretreatment of the more stable #s1 virus at 55°C for
10 min produced only a minor increase in membrane disrup-
tion. These findings indicated that the increased structural
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FIG. 4. Ad-mediated disruption of model membranes (liposomes)
containing an entrapped fluorophore. (A) Ad5 particles (75 wg/ml)
were incubated with liposomes (2 wg/ml) at different pH levels, and the
release of SulfoB was monitored over time as described in Materials
and Methods. (B) The amount of SulfoB released from liposomes
incubated with AdS or fs1 particles was measured at different pHs,
following preincubation of virions at 25 or 45°C (for WT) or 55°C (for
ts1).

stability of mutant Ad particles correlated with decreased
membrane lytic activity.

Immunodepletion of protein VI from dissociated capsomers
removes membrane lytic activity. Further studies were next
undertaken to determine whether a particular capsid protein in
WT AdS was responsible for pH-independent membrane dis-
ruption. AdS was partially disassembled by being heated to
45°C, and the dissociated capsomers were separated from the
partially uncoated virions on a Nycodenz step gradient. The
top fraction (supernatant) contained the dissociated hexon,
penton base, Ila, fiber, and protein VI. The banded fraction,
composed of partially disassembled virions, was largely de-
pleted of these proteins, although they retained the majority of
the hexon and the core proteins V and VII (Fig. 5A). Incuba-
tion of these different virion fractions with liposomes at 37°C
and pH 7.4 indicated that the membrane lytic activity was
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FIG. 5. Identification of the Ad capsid protein associated with pH-
independent membrane disruption. (A) Immunoblot of partially dis-
assembled Ad5 capsids (lane 1) and the soluble capsomer fraction
(lane 2). Individual Ad proteins were detected with a polyclonal an-
ti-Ad antibody. (B) Liposome disruption by virion (lane 1) and super-
natant fraction (lane 2) was analyzed by the SulfoB release assay.
(C) The supernatant fraction was immunodepleted with a control or
anti-penton base (PB) or protein VI antibodies, followed by immuno-
blot analysis. (D) The supernatant- or PB- or protein VI-depleted
fractions were analyzed for liposome disruption at pH 7.4 by the
SulfoB release assay.

predominantly associated with the free vertex proteins (super-
natant) (Fig. 5B). Somewhat to our surprise, we found that that
protein VI was responsible for the majority of membrane lytic
activity (Fig. 5C) as indicated by immunodepletion with affin-
ity-purified antibodies (Fig. 5D and data not shown).
Recombinant protein VI possesses pH-independent mem-
brane lytic activity. Protein VI has been proposed to be lo-
cated underneath the peripentonal hexons in intact virions,
existing as a trimer of dimers (43). Further analysis of the
primary structure of protein VI revealed that cleavage of pVI
by the virus-encoded 23K protease gives rise to the mature
protein VI containing a predicted N-terminal amphipathic
a-helix (residues 36 to 53) (Fig. 6). This domain is highly
conserved among distinct Ad protein VI molecules from both
human and nonhuman viruses. Importantly, it possesses many
similarities to amphipathic helices of class I viral fusion pep-
tides, with hydrophobic residues being composed of large
bulky aromatic or aliphatic residues and several glycine resi-
dues throughout the helix length. Even in instances where
residues vary among different viral serotypes, the amphipathic
nature and physicochemical properties of the helix are main-
tained. The free energy of partitioning of this helix into the
interfacial region of lipid membranes was calculated using the
Wimley-White hydropathy scale, assuming a helical structure
(52). For Ad5, AG i, ierfaciar 18 —11.1 kecal/mol, with the majority
of helices from different Ad types falling within the range of
—9.1 to —13.3 kcal/mol (Fig. 6). For comparison, the predicted
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Protease l Protease

Alignment of the amphipathic domains
in protein VI of different Ad types

AG, tkeal/mol
Ad5 SWGSLWSGIK----NFGSTVEN -11.1
Ad2 SWGSLWSGIK----NFGSTIEN -10.7
Ad17 NWSSVWSGLK- - --NFGSTLRT _[].0
Ad12 NWNSIWSGLK----NFGSTIKT -10.6
Ad31 NWNSIWSGLK----NFGSTIKT 10.6
Ad41 SWSSLWSGIK----NFGSSIKS “'2

CAV1 NWGGIWSGIK- - - -NFGSNVKN
MAV1 CWGSWWSNLSRLGSSFGSNLKN -13.3
BAV3 NLGSLWSGIR- - - -NVGSALRT 9.1

FIG. 6. Schematic representation of Ad protein VL. Sites for cleavage by the 23K cysteine protease, hexon binding, and nuclear export (NES1)
and import (nuclear localization signal 2 [NLS2]) are indicated. A predicted amphipathic a-helical domain is located between residues 36 to 53.
A helical wheel diagram of this region is shown with the hydrophobic residues in black and the hydrophilic residues in white. An alignment of

protein VI sequences corresponding to the amphipathic helical domain of human and nonhuman Ads is shown. Predicted AG

, values for

interfacia

the partitioning of these domains into lipid membranes are provided for comparison.

AG ieraciar TOT the influenza hemagglutinin fusion peptide is
—7.5 kcal/mol, which is in good agreement with the experi-
mentally observed value of —7.6 kcal/mol (19).

To substantiate the role of protein VI in membrane disrup-
tion and to identify its putative membrane-reactive domain, we
generated recombinant forms of protein VI containing an N-
terminal Hisy tag. Both the mature and preprotein forms of
protein VI were capable of disrupting liposomal membranes in
a pH-independent manner, similar to heated virions (Fig. 7B).
The membrane lytic activity occurred with or without removal
of the Hisy tag (data not shown). In contrast, deletion of the
amphipathic sequence from protein VI (VIA54) resulted in the
complete loss of membrane lytic activity at pH values above 5,
similar to that observed with an irrelevant protein (BSA) (Fig.
7B). Since no other amphipathic sequences are predicted to be
present in protein VIA54, we concluded that the membrane-
disrupting activity occurring below pH 5.0 was due to a pH-
dependent conformational change in the protein that exposes
a hydrophobic surface, capable of interacting nonspecifically
with the lipid membrane. To gain further insights into the
mechanism of protein VI membrane disruption, we examined
the morphological changes in the lipid membranes, following
incubation with this protein by EM. Untreated liposomes
ranged in size from 200 to 500 nm (Fig. 7Ci). In striking
contrast, liposomes treated with a weight equivalent of protein
VI resulted in vesicles or membrane fragments reduced in size
to 20 to 100 nm in diameter (Fig. 7Cii). While the exact mech-
anism responsible for this membrane alteration remains to be
determined, the dramatic change in membrane morphology is
likely associated with the ability of Ad particles to disrupt
endosomes.

DISCUSSION

Uncoating of nonenveloped viruses, and Ad in particular, is
triggered by a variety of environmental stimuli that initiate
penetration of endocytic vesicles. While endosomal acidifica-
tion has previously been observed to promote Ad infection
(37), the relationship between uncoating and membrane pen-
etration has been largely unexplored. Here, we demonstrate
that reduced pH destabilizes the Ad capsid, resulting in disso-
ciation of proteins from the capsid vertex. The pH-dependent
capsid disassembly liberates protein VI, and this promotes
membrane disruption. Membrane disruption is also dependent
upon exposure of a predicted N-terminal amphipathic a-helix
in protein VI that is presumably buried within a hexon-protein
VI interface. Consistent with this cell entry model, the #s1
mutant virus, which fails to undergo significant capsid destabi-
lization at low pH as measured by increased accessibility of the
viral DNA to the dye TOTO-1 and does not release preprotein
VI from the capsid upon disassembly, also fails to escape
endosomes (13) or to deliver a ribotoxin into the cytoplasm of
host cells (Fig. 1).

Earlier studies had investigated the kinetics of Ad uncoating
by coimmunoprecipitating capsid proteins from infected cells
with anti-hexon antibodies (14). These studies reported that
during the first 15 min after synchronous Ad internalization,
the fiber, penton base, and proteins I11a, VI, VIII, and IX were
lost from the capsid. This observation is consistent with our
data, showing that low pH destabilizes the Ad5 capsid. How-
ever, a more precise molecular description of Ad capsid dis-
assembly and its role in virus entry has been lacking. It was
recently reported that the thermally induced disassembly of
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FIG. 7. Analysis of the membrane lytic activity recombinant pro-
tein VI molecules. (A) SDS-PAGE of recombinant preprotein VI,
protein VI, and a truncated protein VI (VIA54), following purification
on nitriloacetic acid-Ni?* agarose columns. (B) Liposome disruption
by equivalent amount of pVI ¢, VI m, VIA54 A, or BSA @ as a control
was assessed at various pH levels by SulfoB release. (C) EMs of
untreated liposomes (i) or liposomes treated with an equivalent weight
of protein VI at pH 7.4 (ii) obtained at a magnification of X21,000
after being negatively stained with 2% phosphotungstate. Bar, 500 nm.

Ad5 corresponded to a partial loss of protein tertiary structure,
as measured by changes in intrinsic tryptophan fluorescence
(31). Since ~70% of tryptophan residues of all Ad proteins are
present in the hexon protein, this observation suggests that
subtle changes in the hexon tertiary structure occur during
capsid disassembly.

The availability of a mutant Ad that is capable of binding
and internalization but not membrane penetration provided a
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useful tool to investigate the link between virus uncoating and
membrane penetration. Of particular interest was the fact that
several of the preproteins present in the 51 capsid are associ-
ated with hexon-including proteins IIIa, VI, and VIII. Since
capsid disassembly corresponds with minor alterations in
hexon tertiary structure, the enhanced stability of the #s1 capsid
may be related to altered protein interactions between hexon
and preproteins compared to WT Ad. Additional insight into
this pH-induced capsid instability may eventually be gained by
a detailed structural analysis of Ad5 and #s1 capsids.

Previous studies demonstrated the pH dependence of Ad-
mediated disruption of cell membranes (37, 38), purified cell
membrane preparations (35), or liposomes (5). Maximal mem-
brane lytic activity was generally observed between pH 5 and 6;
however, the precise role of low pH in membrane disruption
was not addressed. By comparing the membrane-disrupting
activity of AdS and #s1 particles, we showed that the low pH
dependence of Ad membrane disruption was related to disas-
sembly of the capsid rather than a direct requirement for
membrane lytic activity. In fact, protein VI-mediated disrup-
tion of model membranes was observed to be pH independent.
Furthermore, dissociation of protein VI from the capsid ap-
pears to be a requirement for efficient membrane disruption,
since disassembly of the #s1 capsid at elevated temperatures
failed to dissociate preprotein VI or to generate significant
membrane lytic activity.

An unanticipated finding was the identification of protein VI
as the membrane lytic protein for Ad, since previous reports
suggested that the penton base mediates membrane penetra-
tion (36, 39, 40). The interpretation of the data from these
earlier studies may have been confounded by the fact that the
penton base also mediates Ad internalization via interaction
with «, integrins (50). Thus, the observed inhibitory effects of
anti-penton base antiserum may have been incorrectly attrib-
uted to the ability to restrict membrane disruption rather than
to limit virus internalization. Alternatively, penton base inter-
action with integrin o5 may serve to promote virus capsid
disassembly in the low-pH environment of the endosome
rather than having a direct role in membrane disruption (49).
Intact Ad particles (but not purified recombinant penton base)
were shown to permeabilize cell membranes (49). Greber and
coworkers also reported that protein VI is degraded during Ad
entry into the cytosol, suggesting that its release from the
capsid is accompanied by digestion by host cell enzymes or the
Ad protease (13, 14). Protein VI degradation was reportedly
inhibited by integrin antagonists (e.g., RGD peptides), consis-
tent with the notion that integrin binding to the penton base
facilitates capsid disassembly and subsequent release of pro-
tein VL.

The identification of protein VI as a membrane lytic factor
adds to its expanding functional repertoire in the Ad life cycle,
including facilitating hexon nuclear import (53), stimulating
23K protease activity during Ad assembly (21), and providing
structural stability to the inner capsid (43). A full understand-
ing of protein VI functions will undoubtedly require increased
knowledge of its structure and precise location in the capsid.
Unfortunately, little structural information on protein VI is
currently available. Different images generated from the elec-
tron density of the Ad capsid obtained by cryo-EM and the
crystal structure of the hexon protein have been used to ten-
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FIG. 8. Hypothetical model of Ad-mediated endosomal membrane
disruption. (Top) Penton base binding to «, integrins triggers Ad
uptake into endosomes, coincident with the loss of the fiber protein.
(Middle) Endosome acidification induces partial disassembly of the
capsid, resulting in the removal of the peripentonal hexons, penton
base, IIla, and VI. (Bottom) Protein VI dissociates from peripentonal
hexons and associates with the endosome, resulting in membrane dis-
ruption and release of partially disassembled particles into the cyto-
plasm.

tatively assign the location of protein VI to a region beneath
the peripentonal hexons (43). This observation, along with
limited biochemical data (47), suggests that protein VI exists as
a trimer of dimers (43) with a stoichiometry of 360 monomers
per virion (30 per vertex region). Amino acid residues 48 to 74
and 235 to 239 in protein VI have been identified as necessary
for binding to the hexon (23, 24).

The N terminus of the mature protein VI is predicted to
contain a four-helix bundle, while the majority of the remain-
ing protein is predicted to be largely unstructured. The first
helix appears to be responsible for pH-independent membrane
disruption, since its deletion substantially reduced activity. Al-
though the nature of the interaction between protein VI and
lipid membranes remains to be determined, two possibilities
exist. The helix either could lie relatively parallel to the lipid
bilayer in the interfacial region, as observed for fusion peptides
of the influenza hemagglutinin (15), or could span the lipid
bilayer. In the latter case, this might lead to the formation of
pore structures. Given that both the preprotein and protein VI
possess identical membrane lytic activity, we propose that the
former case is more likely, since the thermodynamic penalty
for translocating the N-terminal 33 residues proximal to the
amphipathic helix through the lipid bilayer would likely be a
significant barrier to pore formation.
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Ad entry bears similarities with entry by other nonenveloped
viruses. In general, the assembly of immature virions is accom-
panied by a transition to a metastable state by proteolytic
processing of the capsid, by either autocatalysis (e.g., poliovi-
rus) (2, 16) or endogenous host proteases (e.g., reovirus and
rotavirus) (7, 10, 20, 28). In the case of Ad, immature particles
(e.g., ts1) are initially formed as stable particles that are ren-
dered metastable by cleavage of proteins IlIa, VI, VII, VIII,
and p. Proteolytic cleavage of Ad preprotein VI by the 23K
protease results in the generation of an N-terminal amphi-
pathic helix in the mature form of the protein. Upon subse-
quent infection by these newly formed viral particles, an envi-
ronmental stimulus triggers a conformational change in the
capsid, resulting in release of capsid components and mem-
brane penetration (e.g., poliovirus, reovirus) (7, 17, 29, 44-46,
51). Ad possesses similarities with these schemes in that the
reduced endosomal pH triggers a conformational change in
the capsid. This conformational change results in release of
peripentonal proteins and exposure of protein VI, which can
mediate membrane disruption. Generally, the membrane lytic
factor of nonenveloped viruses is also shielded from the exter-
nal environment, perhaps to avoid nonproductive interactions
with membranes at the wrong time and place. Based on our
present findings as well as previous studies, we propose a new
scheme for Ad-mediated membrane penetration (Fig. 8).
While further studies are needed to test this scheme, the iden-
tification of protein VI as a key membrane lytic factor fills an
important gap in our understanding of cell entry by this com-
plex viral pathogen.
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