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liposomes and intracellular membranes.

viral pathogenesis.

(Background: Poliovirus induces formation of double-membraned vesicles as the site of viral replication in infected cells.
Results: The membrane-associated protein 3AB alone produces double-membraned liposomes by invagination of purified

Conclusion: A single poliovirus protein produces membrane remodeling similar to the formation of autophagosomes.
Significance: Similar cellular processes are critical for autophagy, multivesicular body formation, unconventional secretion, and

N

J

Infection with many positive-strand RNA viruses dramati-
cally remodels cellular membranes, resulting in the accumula-
tion of double-membraned vesicles that resemble cellular
autophagosomes. In this study, a single protein encoded by
poliovirus, 3AB, is shown to be sufficient to induce the forma-
tion of double-membraned liposomes via the invagination of
single-membraned liposomes. Poliovirus 3AB is a 109-amino
acid protein with a natively unstructured N-terminal domain.
HeLa cells transduced with 3AB protein displayed intracellular
membrane disruption; specifically, the formation of cytoplas-
mic invaginations. The ability of a single viral protein to produce
structures of similar topology to cellular autophagosomes
should facilitate the understanding of both cellular and viral
mechanisms for membrane remodeling.

Positive-strand RNA viruses of eukaryotic cells replicate
their genomes on the surfaces of membranous structures of
disparate origin, ultrastructure, and cellular function within
infected cells. In cells infected with poliovirus (1), rhinovirus
(2), West Nile virus (3), and severe acute respiratory syndrome
coronavirus (4), double-membraned vesicles are formed that
morphologically resemble cellular autophagosomes. During
infection with hepatitis C virus, less ordered “webs” of endo-
plasmic reticulum-derived membranes are formed (5). Electron
tomography of cells infected with Dengue virus revealed both
invaginated membranes and abundant double-membraned
vesicles (6). In cells infected with brome mosaic virus or flock
house virus (7, 8), numerous “spherules” (invaginations of
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membranes that remain open to the cytoplasm) form and
sequester components of the viral RNA replication complex.
What these rearrangements have in common is that viral RNA
replication remains, topologically, on cytoplasm-facing sur-
faces and that the membrane rearrangements can be induced
by viral proteins. The mechanisms by which viral proteins
orchestrate these rearrangements, the specific host proteins
and membranes required, and the purpose of the different ori-
gins and morphologies for the different viruses are topics of
intense investigation.

The membranous vesicles induced during infection with
poliovirus range in diameter from 50 —400 nm (1, 9). The RNA
replication complexes that assemble on their cytoplasmic sur-
faces are composed of multiple nonstructural viral and cellular
proteins (1, 10-15). The similarities of these double-mem-
braned structures with cellular autophagosomes include their
ultrastructure, with two lipid bilayers surrounding a lumen that
can contain cytoplasmic organelles and other cytosolic content
(1,16,17), and their colocalization of posttranslationally lipidated
LC3 and late endosomal LAMP-1 (2, 17, 18). Differences
between the poliovirus-induced vesicles and cellular autopha-
gosomes include the smaller size of the virally induced struc-
tures and their apparent persistence as double-membraned
structures. Cellular autophagosomes “mature” by the acquisi-
tion of degradative machinery via fusion with lysosomes that
cause them to lose their double-membraned character as rap-
idly as 30 min after their formation (reviewed e.g. in Ref. 19).
The subversion of components or sequelae of the autophagy
pathway has also been reported for coxsackievirus (20), foot
and mouth disease virus (21), Dengue virus (6, 22, 23), and
hepatitis C virus (24).

The 2B, 2C, and 3A nonstructural poliovirus proteins and
their stable precursors, 2BC and 3AB, possess an intrinsic
membrane-binding capacity that tethers the RNA replication
components to membranes. The combined expression of 2BC
and 3A in transfected cells has been shown to induce double-
membraned vesicles similar to those induced during poliovirus
infection (17, 18). The contributions of these two proteins, and
host proteins with which they associate, to the formation of
double-membraned structures (25, 26) is of great interest in
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understanding both viral RNA replication and cellular pro-
cesses, such as bona fide autophagy and multivesicular body
formation, that require membrane invagination and fusion. In
transfected cells, expression of 2BC alone is sufficient to induce
the lipidation of autophagy-associated protein LC3 and its
recruitment to membranes as well as the formation of large,
single-membraned vesicles with no visible lumenal contents
(12,17, 18). Belov et al. (27) have presented evidence that, early
in infection, more single-membraned than double-membraned
vesicles are observed and have suggested that these early mem-
branes become double- or multilayered during maturation of
RNA replication complexes. This is also similar to cellular
autophagosomes, in which there is evidence that they invagi-
nate from single-membraned phagaphores derived from the
endoplasmic reticulum (28). The 2BC protein is known to
interact physically with 3A and precursors, such as 3AB (64,
65), which provides the primer (3B) for the initiation of RNA
synthesis. Cells that express 3A show a distinct accumulation of
dilated tubular and swollen membranes (29). However, the role
of 3AB in vesicle formation or membrane ultrastructure has not
been investigated, primarily because of difficulties in its exoge-
nous expression in mammalian cells. Here, we investigate its
interaction with single-membrane liposomes in solution to
examine its role in the unique membrane topology achieved
during viral RNA replication.

Poliovirus 3AB protein is a 109-amino acid protein (Fig. 1A4)
that plays multiple roles during viral infection. It contains a
hydrophobic domain that is responsible for its association with
the outer leaflet of lipid bilayers (25, 30), from which position it
recruits the viral RNA-dependent RNA polymerase 3DP°' and
the multifunctional precursor 3CDP"® to membranes via the
22-amino acid carboxy-terminal 3B portion (25). Viral protein
3AB has also been reported to stimulate the RNA polymerase
activity of 3DP°! (31), bind RNA nonspecifically, and, in com-
plex with 3CD, bind specifically to both the 5’ cloverleaf and the
3’ nontranslated RNA of the poliovirus genome (32-34). Cleav-
age of the membrane-associated 3AB protein or its larger pre-
cursors by the viral protease 3CDP™ yields 3A and 3B (also
called “VPg”), the protein primer for viral RNA replication (35—
37). The NMR structure of the N-terminal 59 amino acids of
3AB revealed that interaction between domains in each monomer
that comprise two short a-helices connected by an a-helical hair-
pin forms a stable, symmetric dimer. The 14 amino acids of the N
termini of both monomers are natively unstructured (38). Such
domains often interact transiently with many partners.

To determine the role of the poliovirus 3AB protein in mem-
brane remodeling, the ultrastructure of liposomes was investi-
gated in the absence and presence of 3AB. In this study, we
show that reconstitution of purified 3AB protein onto synthetic
unilamellar liposomes is sufficient to induce the formation of
double-membraned liposomes via the invagination of the sin-
gle-membraned liposomes. The ability of a single viral protein
to induce a double-membraned topology will inform studies of
other positive-strand RNA viruses that induce membrane rear-
rangements. Furthermore, our understanding of cellular pro-
cesses has often been advanced through virus studies such as,
for example, elucidation of cell entry via coated pits by studies
on Semliki virus entry (39) and multivesicular body formation
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through investigation of HIV budding mechanisms (40, 41). We
propose that cellular processes such as autophagy, multivesicu-
lar body formation, and unconventional secretion may involve
mechanisms similar to that observed in 3AB-mediated lipo-
some remodeling.

EXPERIMENTAL PROCEDURES

Preparation of Synthetic Model Membrane Vesicles—L-a-
phosphatidylcholine and L-a-phosphatidylserine from porcine
brain, L-a-phosphatidylethanolamine from chicken egg, 1,2-di-
oleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein)
(ammonium salt), and 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(cap biotinyl) (sodium salt), L-a-phosphatidyletha-
nolamine-N-(lissaminerhodamine B sulfonyl) (ammonium salt)
from transphosphatidylated chicken egg were purchased from Av-
anti Polar Lipids (Alabaster, AL). Lipids were stored in chloroform
at —20 °C under nitrogen gas, mixed at the indicated molar ratios,
dried under a stream of N, gas, washed three times with pentane,
dried again with N, gas, and dried under a vacuum for a minimum
of 2 h. The lipid films were hydrated to a final concentration of 1
mg/ml in HEPES-buffered saline (50 mm HEPES (pH 7.5), 100 mm
NaCl, and 5 mm MgClL,) for 1 h at 32 °C. The resulting liposomes
were downsized by two cycles of freeze/thaw followed by 11 passes
through a polycarbonate membrane with a pore size of 200 nm.
Vesicles containing biotinylated phosphatidylethanolamine were
purified by binding to a monomeric avidin-functionalized resin
column, washed with HEPES-buffered saline, and then eluted with
free biotin in a method similar to that developed by Peker et al.
(42).

Purification of 3AB Protein—Wild-type Mahoney type 1
poliovirus 3AB was expressed from plasmid pLG-3AB (a gift
from Deborah S. Wuttke, University of Colorado, Boulder, CO)
in Escherichia coli BL21(DE3)pLysS according to a protocol
provided by Oliver C. Richards (Salt Lake City, UT). Cells con-
taining the expression plasmid were grown in M9 minimal
medium at 37 °C to an A, of 0.6 — 0.8. The cells were cooled to
20 °C, and production of the 3AB protein was induced by the
addition of 0.5 mm isopropyl-B-p-thiogalactopyranoside fol-
lowed by incubation for an additional 16 h at 20 °C. The follow-
ing buffers were used to purify the poliovirus 3AB proteins. All
buffers were kept at 4 °C and contained 1 mm EDTA, 1 mm
dithiothreitol, 5% (v/v) glycerol, and the following additional
ingredients. Buffer A contained 100 mm NaCl and 50 mm Tris-
HCI (pH 7.5). Buffer 1A contained 0.5% (v/v) IGEPAL CA-630
(Sigma-Aldrich), 0.5 m NaCl, and 50 mm Tris-HCI (pH 7.5).
Buffer D contained 0.1% IGEPAL CA-630, 20 mm NaCl, and 50
mM Tric-HCI (pH 8.0). Buffer DI contained 0.1% IGEPAL
CA-630, 10 mMm NaCl, and 20 mm Tris-HCI (pH 8.0). Buffer DE
contained 0.1% IGEPAL CA-630, 10 mm NaCl, and 25 mm Tris-
HCI (pH 8.0). Buffer DS contained 0.1% IGEPAL CA-630, 5 mm
NaCl, and 25 mm MOPS (pH 7.0). Buffers S10, S100, and S200
were the same as buffer DS, except they contained 10 mm, 100
mM, and 200 mMm NaCl, respectively. The following procedure
was conducted at 4 °C, unless otherwise noted. The cell pellet
was washed once in a solution that contained 50 mm Tris (pH
7.5) and 100 mm NaCl. The pellet was suspended and brought
to a total volume of 10 ml with buffer A. Cells were lysed by
passing through a French pressure cell four times at 10,000 psi.
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The lysate was centrifuged at 20,000 X g for 15 min. The super-
natant was further centrifuged at 100,000 X g for 1 h. Then the
second pellet was suspended and brought to a total volume of
10 ml in buffer A and washed for 1 h with rotation. The lysate
was centrifuged at 10,000 X g for 1 h. The supernatant (S1) was
saved, and the pellet was suspended in 4.5 ml of buffer 1A and
incubated overnight with rotation. The lysate was centrifuged
at 100,000 X g for 1 h. Again, the supernatant (S2) was saved,
and the pellet was resuspended in buffer 1A and incubated for
2 h on a rotator. The last steps of centrifugation and superna-
tant isolation were repeated again (S3). The three supernatants
were combined and dialyzed twice against 1 liter of buffer D
using a dialysis membrane with a molecular weight cutoff of
3500 Da for 2 h each. The dialysate was diluted to 20 ml with
buffer D, centrifuged at 20,000 X g for 30 min, diluted with 10
ml of buffer DI, and passed over a DEAE-cellulose column
(Pharmacia) equilibrated with buffer DE. The flowthrough and
a wash of 10 ml of buffer DE were collected and concentrated
through a Vivaspin 20 3-kDa molecular weight cutoff poly-
ethersulfone membrane filter (Bioexpress) until the retentate
was 5 ml. The concentrated 3AB solution was diluted with four
volumes of buffer DS and passed over a HiTrap SP FF column
(Pharmacia) equilibrated with S10 buffer. Poliovirus 3AB pro-
tein was eluted with S-200 buffer and stored at —80 °C. For
3AB-proteoliposome reconstitution using the dialysis method,
3AB was purified by the same procedure, except the 0.1%
IGEPAL CA-630 was substituted by 0.8% n-octyl-3-p-gluco-
pyranoside (A.C. Scientific) in all chromatography buffers.

Reconstitution of Purified Poliovirus 3AB Protein by Con-
trolled Dilution—Two amounts of purified 3AB protein diluted
with buffer S200 to yield final concentrations of 0.38 or 1.52
mM, or S200 buffer alone, were incubated with solutions of lipo-
somes (310 mM final phospholipid concentration in HEPES-
buffered saline) at 37 °C for 15 min. Buffer $S200, containing
0.1% IGEPAL CA-630, made up only 4% (v/v) of the reaction.
The detergent IGEPAL CA-630 was diluted below its critical
micelle concentration (0.005% v/v) to eliminate effects on ves-
icle integrity.

Lipid and Liposome Quantitation by Fluorescence Spectroscopy—
To quantify the amount of lipid-containing structures recov-
ered after purification over a monomeric avidin-functionalized
column, the fluorescence intensity of carboxyfluorescein-PE
was measured using a Gemini XS fluorometer (Molecular
Devices) as follows. First, the lipid mixtures generated upon
hydration at a known concentration of 1 mg/ml were serially
diluted to construct a standard curve. To quantify the amount
of total lipid present in the samples from one of several repeti-
tions of these experiments, serial dilutions of the purified lipo-
some samples were aliquoted into a 384 well plate (Corning).
Upon excitation at 490 nm, the carboxyfluorescein-PE emis-
sion intensity at 515 nm was recorded. To quantify the forma-
tion of topologically closed liposomes, the dye trypan blue
(Merck) diluted in HEPES-buffered saline or buffer alone was
added to the preparations at 0.008% (w/v) and the carboxyfluo-
rescein-PE emission intensity measured. The emission inten-
sity of samples containing trypan blue was expressed as a per-
centage of the fluorescence of the same sample in buffer alone
and referred to as “percent internalized lipid.”
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Quantitation of Liposome-associated 3AB—To quantify the
amount of 3AB associated with liposomes, proteoliposomes
were isolated by ultracentrifugation at 112,000 X g in a Beck-
man TLA 100.2 rotor at 4 °C for 25 min. The pellets were resus-
pended in 600 wl of 1 X Laemmli sample buffer and subjected to
SDS-PAGE through a 15% polyacrylamide gel. Following SDS-
PAGE, samples were transferred to polyvinylidene difluoride
membranes (Millipore). Membranes were blocked by 5% BSA
(w/v) in PBS-T (a PBS solution that contained 0.1% (v/v) Tween
20 (Sigma)) for 30 min at room temperature. Membranes were
then incubated with a 1:30 dilution of anti-3A monoclonal
mouse antibody (29) in 5% BSA in PBS-T for 2 h at room tem-
perature. After incubation, membranes were washed four times
in PBS-T for 5 min each. Membranes were then incubated with
a 1:10,000 dilution of anti-mouse alkaline phosphatase-conju-
gated secondary antibody (Jackson ImmunoResearch Labora-
tories, Inc.) in 5% BSA in PBS-T for 1 h at room temperature.
After incubation, membranes were washed five times in PBS-T
for 5 min each. After washing the blots were incubated with
ECF reagent (Amersham Biosciences) and viewed on a Storm
860 PhosphorImager. Concentration of 3AB protein was deter-
mined by densitometry using ImageQuant software. The 3AB
concentration in the liposome samples was quantified against a
standard curve of 3AB concentration.

Reconstitution of Poliovirus 3AB Protein by Dialysis of Lipid
Detergent-mixed Micelles—Dried lipid films were suspended in
MBS (25 mm MOPS (pH 7.0), 100 mm NaCl, 1 mm EDTA, and 1
mMm DTT) with 1% n-octyl-B-p-glucopyranoside to a final lipid
concentration of 1 mm. The lipid solution was then mixed with
an equal volume of 40 um 3AB (purified in 0.8% n-octyl-B-D-
glucopyranoside) or MBS containing 0.8% n-octyl-B-p-gluco-
pyranoside on ice for 1 h and then dialyzed against MBS using a
3500-Da molecular weight cutoff membrane (Spectrum Labo-
ratory) for up to 4 days. A 333-ul aliquot of the resulting pro-
teoliposome-containing solution was mixed with 666 ul of 60%
sucrose (w/v) in MBS, overlaid first with 2 ml of 20% sucrose in
MBS and then with 1 ml of MBS, and centrifuged at 165,000 X
g for 1 hat4°C. Fractions (500 ul) collected from the 0-20%
interface, the 20—-40% interface, and the 40% sucrose fraction
were analyzed by SDS-PAGE and silver staining.

Transduction of Purified 3AB Protein into HeLa Cells—Puri-
fied 3AB was delivered into the cells using PULSin (Polyplus
Transfection). The transduction mixture was incubated with
HeLa cells for 4 h at 37 °C and optimized in this experiment
using Alexa Fluor 488 histone H1 (Invitrogen), which has a
similar molecular weight and charge (21 kDa, pI = 11.5) as 3AB
(12 kDa, pI = 9.1). The recommended condition of (4 ug of
protein plus 3 ul of PULSin)/100,000 cells (43) was optimal for
the nuclear delivery of histone H1, and these conditions were
employed for 3AB transduction.

To facilitate further chemical fixation and sectioning, 1 mil-
lion HeLa cells were seeded in 10-cm tissue culture dishes in
Eagle’s minimal essential medium supplemented with 10% FBS
(EMEM-FBS)* and incubated at 37 °C until 70% confluency.

*The abbreviations used are: EMEM-FBS, Eagle’s minimal essential medium
with 10% FBS; PC, phosphatidylcholine; PE, phosphatidylethanolamine;
PS, phosphatidylserine; cryo-EM, cryoelectron microscopy.
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Prior to protein delivery, cells were washed once and kept in 4.5
ml of EMEM-FBS. Purified 3AB (25 ug) was diluted into 500 ul
of HEPES buffer (pH 7.2) on ice and then mixed with 25 ul of
PULSin reagent. The mixture was incubated for 15 min at room
temperature and then added dropwise into cultured cells to
ensure a homogenized distribution of the 3AB-PULSin com-
plex. The cells were then incubated at 37 °C for up to 2 h. The
medium was then replaced by EMEM-FBS until cells were pro-
cessed for fixation. As a negative control, the same amount of
3AB treated with protease K for 1 h and heat-inactivated at
80 °C for 1 h was delivered into HeLa cells by PULSin reagent in
parallel.

Electron Microscopy—3AB-reconstituted liposomes were
incubated at 37 °C for 20 min to facilitate membrane remodel-
ing and then chilled on ice. For cryoelectron microscopy, 3 ul of
sample was applied to a copper grid coated with continuous
carbon. The grid was then blotted with filter paper (Ted Pella
Inc.) for 3 s and rapidly plunge-frozen by Vitrobot (FEI, Ore-
gon) in liquid ethane. Specimens were examined on a Philips
CM12 transmission electron microscope at 120 keV at a mag-
nification of X28,000 and a defocus range from 1.5~2.5 um
using a Gatan 626 cryoholder (Gatan, Inc., Warrendale, PA).
Images were recorded on Kodak SO163 film, developed in full-
strength Kodak D19 developer for 12 min, and scanned using
Nikon Coolscan 9000 at a pixel size corresponding to 2.3 A on
the specimen.

To collect tilt data, the specimen holder was set to the eucen-
tric height of the stage. A first exposure was taken at 0° tilt and
recorded on a Tietz video and image processing system 1K X 1K
CCD camera at a magnification corresponding to 6.8 A/pixel. If
vesicles were imaged in an intermediate state within the camera
frame, the holder was manually tilted to 30° for a second expo-
sure and 45° for a third exposure. The defocus for the tilted
images was set at —3 to —6 um to ensure good contrast across
the whole image.

For ultrathin cell sectioning, after 2 h incubation with 3AB-
PULSin complex or the negative control complex at 37 °C, cells
were washed once with EMEM-FBS and fixed in 2% glutaralde-
hyde for 10 min at 37 °C before being scraped off the dish. The
cell suspension was transferred to a glass tube and pelleted by
centrifugation at 1000 X g for 5 min. After three rounds of
washing in PBS, pellets were postfixed in 2% osmium tetraoxide
for 2 h at 4 °C, washed three times in PBS, and then dehydrated
through an ascending ethanol series of 50, 70, 95, and 100% (15
min per condition). Subsequently, the cell pellet was trans-
ferred to a glass vial in 100% ethanol, exchanged to propylene
oxide, and incubated for 15 min at room temperature. The dry
pellet was infiltrated with propylene/epon resin mixed at a 1:1
ratio overnight, incubated in 100% epon for 2 h at room tem-
perature, and embedded in fresh epon. After 24 h of curing at
37 °C and then at 55 °C for another 24 h, the solid block was cut
on a microtome (Bausch & Lomb Optical Co.) using a diamond
knife (Microstar). Sections of ~800-nm thickness were stained
with toluidine blue to locate the specimen within the block.
Ultrathin sections (100200 nm) collected on 200-mesh cop-
per grids and stained with 3% aqueous uranyl acetate for 15
min, rinsed in water, stained in Reynold’s lead citrate for 5 min,
rinsed in water, and air-dried.
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RESULTS

Effect of Phospholipid Composition on Liposome Formation,
Topology, and Recruitment of 3AB Protein—To determine the
potential contribution of poliovirus 3AB protein to membrane
rearrangement during poliovirus infection, we developed a syn-
thetic model membrane system. Lipid composition is a major fac-
tor in membrane remodeling because it is the interplay between
lipids and proteins that determines how membranes are shaped.
We began by testing the effect of different lipid compositions on
liposome formation and topology. The major phospholipid com-
ponents of cell membranes include phosphatidylcholine (PC),
phosphatidylethanolamine (PE), and phosphatidylserine (PS).
Membranes containing the polar phospholipid PE are more
fluid and favor the formation of nonlamellar membrane
structures, thereby facilitating the fusion and fission of lipid
vesicles (44, 45). PE is also an important constituent in cell
membranes because it is the predominant phospholipid con-
jugated to LC3, marking an essential step of autophagosome
formation (46). The anionic phospholipid PS is entirely
localized to the inner leaflet of cellular membranes and facil-
itates the membrane association of proteins containing cat-
ionic motifs (47). We systematically prepared a series of mostly
unilamellar (single-membraned) liposomes, ~200 nm in diam-
eter, composed of the following molar ratios of naturally derived
phospholipids (PC:PE:PS): 1:1:1, 3:1:2, 3:2:1, 4:1:1, and 19:1:0. The
last ratio was chosen because it has been used previously to pre-
pare poliovirus 3AB-containing proteoliposomes (25).

The purity of 3AB is shown by gel electrophoresis in Fig. 1B.
The faint band seen at twice the molecular weight of 3AB is
expected to be the 3AB dimer. This band appears only in sam-
ples from cells expressing 3AB, has a molecular weight consis-
tent with a 3AB dimer, copurifies with the 3AB monomer, and
changes in relative abundance with alterations in denaturation
conditions prior to electrophoresis. As shown schematically in
Fig. 1B, each liposome mixture also contained 5 molar percent
carboxyfluorescein-labeled PE to facilitate liposome quantita-
tion and 0.2 molar percent biotinylated PE to allow liposome
purification over monomeric avidin-functionalized columns.

We first investigated which phospholipid composition was
most suitable for the formation of topologically closed lipo-
somes. Using the dye trypan blue to quench the carboxyfluo-
rescein-labeled lipid in lipid micelles and in the outer leaflet of
the bilayer of liposomes, we measured the percentage of
unquenched, internalized phospholipid (Fig. 1C). If all lipids
hydrated to form single-membraned liposomes, then 50% of the
fluorescent phospholipid would be internalized. The 1:1:1,
3:1:2, and 3:2:1 PC:PE:PS lipid mixtures displayed a substantial
level of internalized fluorescent lipid, 29, 24, and 25%, respec-
tively, indicating that ~58, 48, and 50% of the lipids in the mix-
ture were present in topologically closed liposomes. However,
lipid mixtures composed of 4:1:1 and 19:1:0 PC:PE:PS resulted
in only 19 and 12% internalized lipid, indicating that they were
not optimal for liposome formation under these conditions.

Next, we examined the effect of lipid composition on the
efficiency of 3AB reconstitution into liposomes. We added
increasing concentrations of the purified poliovirus 3AB pro-
tein to the synthetic liposomes and quantified the point of sat-
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FIGURE 1. Synthesis and characterization of synthetic proteoliposomes containing purified poliovirus 3AB protein. A, the sequence of the stable
precursor protein 3AB encoded by poliovirus is shown, with the vertical arrow denoting the GIn/Gly cleavage site between the 3A and 3B proteins. The
unstructured N terminus (30), dimerization interface, and the membrane association domain of 3AB (38) are highlighted by gray shades. B, flow chart of
liposome formation, quantitation, and recruitment of purified 3AB protein. The gel shows the purity of 3AB, and the asterisk marks the dimeric form of 3AB. C,
quantitation of liposome formation from a representative experiment. Five different lipid compositions were tested: 1:1:1, 3:1:2, 3:2:1,4:1:1,and 19:1:0 PC:PE:PS.
Trypan blue was used to quench the fluorescently labeled PE in lipid micelles and in the outer leaflet of the lipid bilayer of liposomes. The remaining,
topologically sequestered fluorescence was quantified to estimate the liposome formation. CF, carboxyfluorescein. D, 3AB reconstitution was quantified by
measuring the amount of 3AB in the lipid bilayer after isolation of proteoliposomes by ultracentrifugation. The amount of lipid was quantified by fluorimetry,
and 3AB protein was quantified by immunoblot analysis and densitometry. £, micrograph of liposomes composed of 3:2:1 PC:PE:PS. Scale bar = 100 nm. F,
representative images of unilamellar (top row), double-membraned (center row), and multilamellar (bottom row) liposomes of different sizes. Liposomes were
composed of 3:2:1 PC:PE:PS. G, affinity-purified liposomes of the indicated compositions were visualized by cryo-EM, and the number of single-, double-, and

multimembraned liposomes was quantified. The asterisk denotes a statistically significant difference.

uration of 3AB incorporation (Fig. 1D). To reconstitute the
detergent-containing 3AB protein without compromising the
integrity of the liposomes, the 3AB protein was diluted below
the critical micellular concentration of the IGEPAL CA-630
detergent. After 3AB-containing proteoliposomes were sepa-
rated from free 3AB protein by ultracentrifugation, SDS-PAGE
analysis of the pellets revealed that 3AB protein reconstituted
most efficiently into liposomes composed of 1:1:1 and 19:1:0
PC:PE:PS lipid ratios, with the other ratios giving intermediate
results (Fig. 1D).

We endeavored to optimize the percentage of the liposome
population that was unilamellar before addition of protein to
simplify the interpretation of any liposome remodeling caused
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by protein association. To this end, we investigated the topol-
ogy of liposomes of lipid compositions 1:1:1, 3:1:2, and 3:2:1 by
cryoelectron microscopy (cryo-EM). Examination of liposome
topology in the resulting populations (Fig. 1, E and F) revealed
that hydration of the lipid films of each mixture resulted in
mostly unilamellar liposomes with a low background of double-
membraned and multilamellar liposomes. We presume that the
remaining lipids form small amorphous aggregates. Quantita-
tion of these results (Fig. 1G) revealed that the 3:2:1 PC:PE:PS
ratio resulted in the highest percentage of single-membraned
vesicles. This ratio, which also displayed an acceptable
amount of 3AB incorporation and most closely resembles
the lipid composition of the mammalian endoplasmic retic-
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FIGURE 2. Effect of 3AB protein reconstitution by controlled dilution into synthetic liposomes. A, cryo-electron micrographs of liposomes lacking 3AB
protein. Arrows indicate vesicles that are enlarged X2.5 in the inset. Scale bar = 200 nm. B, cryo-electron micrographs of reconstituted 3AB proteoliposomes.
Arrows indicate vesicles that are enlarged X2.5 in the inset. C, images of putative intermediates of double-membraned liposome formation after 3AB recon-
stitution. Scale bar = same as the insets in A and B. D, quantitation of the numbers of liposomes of single-, double-, and multilamellar topology in the absence
and presence of 3AB protein is shown. The asterisk denotes a statistically significant difference. E, cumulative frequencies of vesicle diameters for single-,
double-, and multilamellar liposomes reconstituted with buffer alone (V) or with 3AB protein (®) are shown. Significant statistical differences between the
diameters of liposomes and proteoliposomes for single-membraned vesicles (p < 0.1, Kolmogorov-Smirnov test) and multilamellar vesicles were observed.

ulum (55% PC, 30% PE, 5% PS; Ref. 48), was chosen for the
remaining experiments.

Purified Poliovirus 3AB Protein Induces the Formation of
Double-membraned Liposomes—To determine the effects of
the poliovirus 3AB protein on membrane structure, purified
3AB was incubated with synthetic liposomes following con-
trolled dilution. The ultrastructure of liposomes lacking and
containing poliovirus 3AB protein was examined by cryo-EM.
In the absence of 3AB protein, most of the liposomes were
spherical, with an average membrane through which they were
extruded. Strikingly, when the 3AB protein was reconstituted
into liposomes, the percentage of single-membraned liposomes
was reduced from ~60 to 30%, with a concomitant increase in
the percentages of multilamellar, especially double-mem-
braned, liposomes (Fig. 2B). The morphology of the double-
membraned vesicles formed in the absence and presence of
3AB also differed. A substantial number (15%) of the 3AB-con-
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taining liposomes contained a discontinuous inner bilayer (Fig.
2C), suggesting continuity with the outer bilayer. In addition,
we observed that a few vesicles formed horseshoe structures,
potential intermediates in the formation of double-membraned
liposomes by invagination (Fig. 2C). Such putative intermedi-
ates were absent in the liposome population lacking 3AB
protein. The percentages of single-, double-, and multimem-
braned structures observed in liposomes lacking and con-
taining the 3AB protein are quantified in Fig. 2D and argue
that poliovirus 3AB protein can transform membranes from
a single- to a double-membraned topology. This effect was
not observed when the poliovirus polymerase protein 3DP°!
was added to liposomes.

If the double-membraned vesicles were formed by the 3AB-
mediated invagination of single-membraned vesicles, 3AB
incubation should result in a decrease in both the number and
the size of the single-membraned vesicles. To test this hypoth-
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0° 45° 0° 45
FIGURE 3. Tilt series of putative intermediates of double-membraned
vesicles induced by poliovirus 3AB. A, schematic side view of an invaginat-
ing vesicle (left panel). An electron beam coming from above the virtual ves-
icle would generate the two-dimensional projection shown in the 0°imagein
the right panel. Rotation of the model invaginated structure by 30° and 45°
around a horizontal tilt axis is shown. B, schematic side view of a liposome that is
engulfing a second liposome (left panel). The modeled vesicle was rotated 0°,30°,
and 45° around a horizontal axis, and the corresponding two-dimensional pro-
jections are shown in the right panel. C-F, four proteoliposomes that contained
3ABwere rotated 0° and 45° around a tilt axis perpendicular to the electron beam
and imaged by cryo-electron microscopy. Scale bar = 100 nm.

esis, we measured the size distribution of the single-, double-,
and multimembraned liposomes in each population (Fig. 2E). A
comparison of the size distribution data revealed that the sizes
of single-membraned vesicles that had been incubated with
3AB protein spanned a smaller range (49 -232 nm) compared
with liposomes that lacked protein (32—350 nm). The statistical
significance of this effect was shown using the Kolmogorov-
Smirnov test (p < 0.1 as determined by a D-value of 0.17 when
D,_,,=016and D, _ ;5 = 0.21) (49). The decrease of the
population of large single-membraned vesicles upon 3AB incu-
bation was accompanied by the increase in double-membraned
vesicles, arguing that 3AB protein induced the formation of the
new double-membraned structures via the invagination of
larger, single-membraned liposomes.

Topographical Analysis of 3AB Proteoliposomes—An appar-
ently double-membraned vesicle could be generated either
from the invagination of a single-membraned liposome or from
engulfment of a smaller single-membraned liposome by a larger
one, as shown schematically in Fig. 3. To discriminate between
these two scenarios and to further investigate the mechanism of
double membrane formation induced by the 3AB protein, we
examined the detailed ultrastructure of double-membraned
proteoliposomes, focusing on those that contained irregularly
shaped internal bilayers that might represent structural inter-
mediates. Tilt pairs of cryo-EM images were collected, with the
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vitrified 3AB proteoliposomes tilted from 0° to 30° and then to
45°. Depending on whether a liposome contains an invaginated
or a protruding deformation, it will give rise to different projec-
tions in such a tilt series. Some projections will be identical for
the two structures, as shown in the left panels of Fig. 3, A and B.
However, further images in a tilt series will discriminate
between the two structures. For an invaginated deformation,
the inner membrane of a double-membraned vesicle will always
remain contained within the outer membrane (Fig. 34, right
panel). In fact, the inner membrane will appear to transform
into a crescent but still remain bounded by the outer membrane
(Fig. 34). On the other hand, a single-membraned vesicle that is
in the process of engulfing another vesicle will produce a tilt
series of images in which the “inner membrane” can shift out-
side of the outer membrane boundary (Fig. 3B, right panel). The
0° and 45° tilt images of four representative 3AB proteolipo-
somes (Fig. 3, C—E) show that the inner membranes of all four
structures remained confined by the outer membranes. Fur-
thermore, three of the four tilted images reveal a transforma-
tion of the inner membrane into a crescent shape, arguing that
these structures contained invaginations. Such structures are
potential intermediates of double-membrane formation orches-
trated by poliovirus 3AB protein.

Liposome Formation in the Presence of Viral Protein 3AB—
Although 3AB induction of double-membraned liposomes
from preformed liposomes was quite evident, the amount of
3AB protein present, approximately one protein for every 100
lipid molecules (Fig. 1D) was limited by the dilution method
used. To increase the ratio of 3AB protein to lipid and, thus,
perhaps, to increase the efficiency of double-membraned vesi-
cle formation, we reconstituted 3AB proteoliposomes by
directly mixing detergent-suspended 3AB with mixed micelles
of lipid and detergent at a protein-to-lipid ratio of 1:25, fol-
lowed by removal of the B-octylglucoside detergent by dialysis.
Sucrose gradient fractionation and SDS-PAGE analysis of the
resulting protein-lipid mixtures (Fig. 4, A and B) showed that
although 3AB in the absence of lipid remained in the 40%
sucrose fraction, a majority of the protein comigrated with lip-
ids following reconstitution, localizing primarily at the 20 —40%
sucrose interface. Given that 3AB associated efficiently with
lipids (Fig. 4B), it was likely that, if liposomes were present, they
would contain 3AB. Electron microscopy confirmed that lipo-
somes were observed in the absence (Fig. 4C) or presence (D
and E) of 3AB protein. Most liposomes generated upon dialysis
in the absence of protein were single-membraned and ranged
from 21-352 nm in diameter (Fig. 4C). A likely explanation for
the larger sizes of unilamellar membranes obtained is that, in
contrast to Fig. 2, liposome formation by the dialysis method
began with lipid micelles instead of the stacked lipid films
formed during lipid hydration and extrusion. Liposomes
formed in the presence of 3AB were smaller and displayed a
more restricted size range, from 18 -130 nm in diameter (Fig.
4D). The relative amounts of double-membraned liposomes
were greatly increased in the presence of 3AB, as were the
amounts of more complex, multilamellar structures (Fig. 4E).
The changes in morphology upon liposome formation in the
presence of 3AB are quantified in Fig. 4F, and the changes in
vesicle diameter of the unilamellar, double-membraned and
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FIGURE 4. Effect of 3AB protein on reconstitution of synthetic liposomes by direct mixing and dialysis. A, following dialysis, 3AB-containing proteolipo-
somes were fractionated by ultracentrifugation through discontinuous sucrose gradients. The arrowhead denotes the position of liposomes in the gradient at
the 20-40% sucrose interface. B, fractions obtained from the indicated sucrose gradient position were analyzed by SDS-PAGE and silver staining to detect
poliovirus 3AB. M designates molecular weight markers. C, cryo-electron micrograph of liposomes lacking 3AB protein displaying single-membraned lipo-
somes of various sizes. Scale bar = 100 nm for C and D. D, cryo-electron micrograph of reconstituted 3AB-containing proteoliposomes. Selected double-
membraned vesicles from this image (arrows) are enlarged 2-fold in the right panel. E, additional images of double-membraned vesicles and more complex
structures after reconstitution in the presence of 3AB. White dots mark the presumed directionality of the membrane invagination. Scale bar = 50 nm. F, frequencies
of different membrane topologies formed in the absence (white bar) and presence (gray bar) of 3AB protein. The asterisk denotes a statistically significant difference.
G, cumulative frequency plot of vesicle diameters for liposomes alone (V) or proteoliposomes containing purified 3AB protein (@) as visualized by cryo-electron
microscopy. Data show significant statistical differences for single-, double-, and multimembraned vesicles (p < 0.1, Kolmogorov-Smirnov test).

multilamellar liposomes are shown in G. Liposome formation The Effect of 3AB Transduction on Intracellular Membranes—
in the presence of 3AB reduced the size and frequency of unila-  To investigate the effect of 3AB protein in mammalian cells, we
mellar samples and increased the size and frequency of more transduced purified 3AB protein directly rather than the more
complex structures. Unlike the experiments shown in Fig. 2,in  toxic procedure of expressing 3AB from plasmids. Direct trans-
which 3AB protein was added to preformed liposomes, these duction was accomplished using a protein transduction reagent
changes argue that poliovirus 3AB protein induces the forma- (PULSin; Polyplus Transfection) we have used previously to
tion of double-membraned vesicles de novo, at least in part by  introduce poliovirus 3D polymerase directly into cells (50). As a
stabilizing increased membrane curvature. control mock transduction, heat-inactivated 3AB was trans-
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FIGURE 5. Effect of transducing purified 3AB protein into human cells in
tissue culture. Shown are cytoplasmic (A) and perinuclear regions (B) of HeLa
cells transduced with inactivated 3AB protein and cytoplasmic (C) and peri-
nuclear regions (D) of HeLa cells transduced with purified 3AB protein. The
presence of 3AB caused the numbers of observed cytoplasmic inclusions to
increase significantly (p = 0.008) from 1.2 (*+ 1.3) to 3.1 (= 2.3) invaginations/
field. White arrows mark cytoplasmic inclusions. N, nucleus; M, representative
mitochondrion. Scale bars = 500 nm.

duced into HeLa cells using PULSin. To investigate the effect of
3AB on intracellular membranes, ultrathin sectioning was per-
formed on fixed HeLa cells that had been incubated for 2 h at
37 °C in the presence or absence of 3AB protein or inactivated
3AB protein. In mock-transduced cells, vesicular structures
near the plasma membrane (Fig. 54) or nucleus (B) that con-
tained cytoplasm inclusions were occasionally observed. Upon
3AB transduction, however (Fig. 5, C and D), the frequency of
such cytoplasmic invaginations increased significantly. This
effect was quantitated by an increase in the number of observed
cytoplasmic inclusions from 1.2 (* 1.3) invaginations/field in
mock-transduced cells to 3.1 (= 2.3) invaginations/field in
3AB-transduced cells, with significance confirmed by a p value
of 0.008.

DISCUSSION

In this study, we show that purified poliovirus 3AB protein
reconstituted into synthetic lipid bilayers is sufficient to induce
the formation of double-membraned vesicles independent of
any additional viral or host proteins. Upon incubation of puri-
fied 3AB protein with single-membraned liposomes, ultra-
structural analysis revealed a decrease in both the average ves-
icle size and the number of single-membraned liposomes that
was concomitant with the increase in double-membraned ves-
icles. We conclude that the 3AB protein induces the formation
of double-membraned structures via the invagination of larger
single-membraned liposomes. Topological analysis revealed
that putative structural intermediates resembled invaginating
vesicles, supporting this hypothesis. This process resembles the
invagination of small vesicles into liposomes demonstrated for
the ESCRT I and II complexes, which comprise seven different
proteins (66) and whose three-dimensional structure reveals a
curved complex (51). Subsequent vesicle scission requires an
additional multisubunit complex, ESCRT III. This work reports
for the first time that a single protein induces the formation of
membrane invaginations or double-membraned vesicles.

Fig. 6 details two hypotheses for how a small protein such as
3AB could induce the formation of a double-membraned vesi-
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cle. The 3AB protein is known to insert into the outer leaflet of
the bilayer in a wedge-like fashion (25). It has been shown that
partial membrane insertion of proteins displaces lipids in only
the outer leaflet of the bilayer, thereby generating a localized
positive membrane curvature (53-55). Such a localized defor-
mation of the membrane can produce lateral crowding in the
outer leaflet that will change the curvature of membranes to com-
pensate for the resulting asymmetry of surface density (reviewed in
Ref. 54). The resulting lipid crowding in the outer leaflet can be
relieved by invagination (Fig. 6). Invagination relies on the neck of
the invaginating membrane being transiently stabilized by interac-
tions. Such interactions could be between the previously unstruc-
tured amino-terminal sequences of 3AB and either phospholipid
headgroups (Fig. 6A) or other 3AB molecules (B). Lipids would
then flow into the growing, invaginating membrane, whereas
protein would be excluded because of the high surface pressure
on the neck of the invaginating membrane. In line with either
mechanism, it has been well documented that unstructured
protein domains can become ordered upon either phospholipid
or protein binding (reviewed in Refs. 53, 56, and 57). Thus, we
suggest that the initially unstructured amino-terminal domain
of 3AB plays a role in stabilizing intermediates in membrane
invagination. Supporting the hypothesis that the amino-termi-
nal sequences of 3AB protein play a direct role in vesicle forma-
tion, a mutant poliovirus that contained an insertion of a serine
residue between Thr-14 and Ser-15 of the 3A sequence was
shown to induce double-membraned vesicles with larger diam-
eters than the wild type (58). In the proposed models, stabiliza-
tion of membrane apposition in close proximity can, further-
more, reduce the thermodynamic barrier for spontaneous
membrane fusion, facilitating the closure of these double-
membraned structures.

Although we show here that poliovirus protein 3AB is suffi-
cient to induce the formation of double-membraned liposomes,
previous studies suggest joint participation with the 2BC pro-
tein in mammalian cells (17, 18). Isolated 2BC expression in
tissue culture cells has been shown to lead to the accumulation
of single-membraned vesicles, which are likely intermediates in
poliovirus-induced double membrane formation (12, 27). It is
plausible that, in infected and transfected cells, the 2BC protein
generates single-membraned vesicles and recruits 3A, 3AB, or a
larger precursor for membrane insertion and rearrangement.

A principal requirement of both autophagosome and polio-
virus-induced double membrane formation is membrane
deformation to induce membrane curvature. To date, experi-
mental evidence has suggested several possible candidates that
may drive the curvature of preautophagosome isolation mem-
branes: lipidated LC3 protein, which can, in isolation, induce
membrane fusion (61, 62); the Atgl6L complex required for
isolation membrane elongation; and the BAR domain-contain-
ing protein BIF-1 (63) (reviewed in Ref. 59). Perhaps the strong-
est candidate is the Atgl7-Atg31-Atg29 complex, whose
recently solved structure displays a curved double crescent that
preferentially binds membranes with a distinct curvature (60).
This complex is tethered to membranes by Atgl, whose mam-
malian homolog ULK1 is predicted to contain a long, intrinsi-
cally disordered domain (52). Given the ability of 3AB to trans-
form single-membraned liposomes into double membranes via
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FIGURE 6. Two hypotheses for the formation of double-membraned vesicles induced by poliovirus 3AB. The 3AB integral membrane protein inserts into
the outer leaflet of the bilayer in a wedge-like fashion, with the N- and C-terminal domains both protruding from the cytoplasmic surface (25, 30). To promote
membrane invagination, we propose that the 3AB protein dimers displace lipids in the outer leaflet, generating a localized deformation of the bilayer. This
localized deformation leads to lateral crowding and an imbalance in the leaflets of the bilayer, stabilizing the curvature required for invagination. As more 3AB
molecules associate with the vesicle surface, lateral crowding and stress increase until the protein-sparse region collapses inward. The neck of the invaginating
structure is stabilized by interactions between the unstructured domains of 3AB either with (A) the negatively charged phospholipid head groups (A) or the
unstructured domains of 3AB dimers (B) on opposite sides of the neck. It is likely that this close opposition, together with the membrane disruption, promotes
fusion. Note that most 3AB molecules remain on the outside of the vesicle, as expected for the participation of 3AB in viral RNA replication. Random coil,
unstructured N-terminal domain; blue oval, dimerization domain; orange crescent, hydrophobic domain; blue circle, C-terminal 3B domain.
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