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The potential danger of cross-species viral infection points to the significance of understanding the contributions of nonspecific membrane interactions with the viral envelope compared to receptor-mediated uptake
as a factor in virus internalization and infection. We present a detailed investigation of the interactions of
vaccinia virus particles with lipid bilayers and with epithelial cell membranes using newly developed chromatic
biomimetic membrane assays. This analytical platform comprises vesicular particles containing lipids interspersed within reporter polymer units that emit intense fluorescence following viral interactions with the lipid
domains. The chromatic vesicles were employed as membrane models in cell-free solutions and were also
incorporated into the membranes of epithelial cells, thereby functioning as localized membrane sensors on the
cell surface. These experiments provide important insight into membrane interactions with and fusion of
virions and the kinetic profiles of these processes. In particular, the data emphasize the significance of
cholesterol/sphingomyelin domains (lipid rafts) as a crucial factor promoting bilayer insertion of the viral
particles. Our analysis of virus interactions with polymer-labeled living cells exposed the significant role of the
epidermal growth factor receptor in vaccinia virus infectivity; however, the data also demonstrated the
existence of additional non-receptor-mediated mechanisms contributing to attachment of the virus to the cell
surface and its internalization.
with the cell membrane or whether the process is mediated by
viral envelope proteins. Furthermore, even though it is generally assumed that initial virus binding is mediated through
specific cell surface receptors, it has been reported that IMV
and EEV particles bind to different receptors (44) and that
IMV could recognize several principal receptors (8, 11, 19, 45).
Overall, it is becoming increasingly evident that parallel mechanisms probably exist for recipient cell invasion, allowing VV
to infect a wide range of host cells.
Herein we analyze membrane interactions of VV using a
newly developed biomimetic platform comprising vesicular
particles of lipids and the chromatic lipid-like polymer polydiacetylene (PDA) (35). Figure 1 depicts the principle of the
lipid/PDA vesicle assay for studying membrane interactions.
The mixed vesicles comprise both lipid domains, constituting
the biomimetic membrane platform interspersed within the
PDA matrix that functions as the chromatic reporter for the
biological events occurring within the membrane (25). Interactions of viral particles with the lipid/PDA vesicles induce
chromatic transformations within the polymer matrix, and
analysis of those transformations yield biophysical information
on events occurring within the membrane bilayers.
Conjugated PDA assemblies exhibit unique spectroscopic
properties. PDA vesicular aggregates and films have been previously shown to undergo distinct blue-red colorimetric
changes due to conformational transitions in the conjugated
(ene-yne) polymer backbone, induced by external structural
perturbations (9, 30, 35). The colorimetric transitions of PDA
go hand in hand with unique fluorescence properties: no fluorescence is emitted by the initially polymerized blue-phase
PDA, while the red-phase PDA strongly fluoresces at 560 nm
and at 640 nm (24). The chromatic transformations of PDA

The essential initial step in the viral infection process involves transport of the virus or its genetic components through
the host cell membrane. Membrane interactions and penetration of viral particles are generally complex multistep processes
determined by varied factors and molecular events that have
been elucidated for only a few viral species. Indeed, revealing
the mechanisms of membrane binding by viral particles, bilayer
fusion with the viral coat, and eventual virus internalization
into the host cell is critical for understanding viral infection
and propagation. In particular, determining the contributions
of virus-lipid interactions to cell entry (rather than receptormediated uptake) is essential for gaining insight into the factors affecting cross-species infectivity.
Vaccinia virus (VV) is a member of the Poxviridae family,
which coinfect a wide variety of mammalian cells. The two
infectious forms of vaccinia virions include the intracellular
mature virus (IMV) and the extracellular enveloped virus
(EEV), which are structurally distinct and exhibit different
biological features (1). The IMV is a single-enveloped particle
containing different viral proteins on its membrane (18) and
represents the majority of infectious progeny produced in cells
and responsible for virus proliferation among neighboring
cells. EEV has an additional outer membrane with specific
proteins and corresponds to infecting distant cells (39). The
precise mechanisms of VV entry into host cells have not been
fully determined. Previous studies point to the occurrence of
fusion between VV and the plasma membrane (2, 7, 20); however, it is not clear whether the viral membrane directly fuses
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FIG. 1. Schematic depiction of the chromatic vesicle detection method. (Left) Unperturbed blue (nonfluorescent) vesicles (lipids [beige]; PDA
[blue]); (right) viral particles (IMV) bind to the lipid/PDA vesicle, inducing transformation into the red (fluorescent) polymer phase.

also occur in biological contexts: recent studies have demonstrated that the blue-red and fluorescence transitions can be
induced by amphiphilic and membrane-active molecules in
vesicle assemblies comprising phospholipids incorporated
within the PDA matrixes (22, 27, 37) and in PDA nanopatches
attached to the surfaces of cells (31, 38). In such assemblies,
interactions of biological analytes with the lipid bilayer domains gave rise to blue-red transitions and fluorescence induction from the PDA matrix. Among the important advantages of
the lipid/PDA system for studying membrane processes is the
feasibility of incorporating different lipid constituents in the
vesicles for evaluating the contribution of lipid composition
toward membrane binding and penetration (27).
Here we employ lipid/PDA vesicles and PDA-labeled epithelial cells for a systematic investigation of vaccinia virus
interactions with membranes and to evaluate the significance
of lipid interactions to virus internalization into the host cell.
The results of chromatic analysis, together with the results of
complementary biophysical techniques, demonstrate that interaction and fusion of IMV with plasma membrane lipids is an
important process and possibly critical for viral internalization.
Furthermore, we show that VV insertion into the membrane is
highly dependent upon the presence of sphingomyelin (Sph)/
cholesterol (Chl) domains (lipid rafts) in the cell membrane.
The analysis further examines the role of the epidermal growth
factor (EGF) receptor in promoting viral internalization and
demonstrates that EGF receptor-mediated binding is not exclusive in affecting VV entry.
MATERIALS AND METHODS
Reagents. The diacetylenic monomer 10,12-tricosadiynoic acid was obtained
from GFS Chemicals (Powell, OH). Dimyristoylphosphatidylethanoleamine
(DMPE), Sph, Chl, dimyristoylphosphatidylglycerol (DMPG), dimyristoylphosphatidylcholine (DMPC), and epidermal growth factor (human, recombinant)
were purchased from Sigma-Aldrich. N-(7-Nitro-2,1,3-benzoxadiazol-4-yl) phosphatidylethanolamine (N-NBD-PE), N-(lissamine rhodamine B sulfonyl) phos-

phatidylethanolamine (N-Rh-PE), and N-[[4-(6-phenyl-1,3,5-hexatrienyl)phenyl]
propyl] trimethylammonium-p-toluenesulfonate (TMAP-DPH) were obtained
from Molecular Probes (Eugene, OR).
Cells and virus. CHO cells were maintained in F-12 (Ham) medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 1% penicillin-streptomycin. The vaccinia virus Lister strain was used in all experiments. Viral stocks
were grown and titrated on BSC-1 cells in stationary phase. Forty-eight hours
after infection, the cells were harvested, and a cell pellet was obtained by
centrifugation. The virus was released from the membranes by freeze-thaw cycles
repeated three times followed by probe ultrasonication. This preparation was
frozen at ⫺80°C and used as a crude viral stock. We purified the IMV particles
by the method of Joklik (21). Briefly, the crude stock was resuspended in10 mM
Tris-HCl (pH 9) and passed 20 times through a 23-gauge needle. The nuclei and
cell debris were then removed from the cell extracts by centrifugation (1,000 ⫻
g, 10 min, 20°C), followed by sedimentation (35,000 ⫻ g, 80 min, 20°C) through
sucrose cushion (36% [wt/vol] in 1 mM NaH2PO4, pH 9). The resultant IMV
pellet was further purified by sucrose density gradient velocity sedimentation
in an ultracentrifuge (SW28 rotor). Virus bands were collected, and the virus
was recovered by centrifugation in phosphate-buffered saline (PBS) (107 PFU
per ml).
Lipid/PDA vesicles. 10,12-Tricosadiynoic acid (the diacetylene monomer) was
dissolved in chloroform and filtered through a 0.45-m filter prior to use. Mixtures containing lipids (DMPE, Sph, Chl, DMPG, and DMPC and their combinations) and the diacetylene monomer at molar ratios of 1:1:3 (DMPE/DMPG/
PDA vesicles or Sph/Chl/PDA vesicles) or 2:3 (DMPC/PDA vesicles or Sph/PDA
vesicles) were diluted in chloroform and dried in vacuum. The dry films of
lipid/monomer mixtures were probe sonicated in deionized water at 70°C. The
vesicle solution was then cooled and kept at 4°C overnight. The total lipid
concentration of the DMPE/DMPG/PDA vesicle solution was 7.3 mM, while in
DMPC/PDA, Sph/PDA, and Sph/Chl/PDA vesicles, the lipid concentrations
were all 1 mM.
Preparation of PDA-labeled cells. Cells were harvested by EDTA-PBS treatment and washed in HEPES buffer (20 mM HEPES, 137 mM NaCl, 2.7 mM KCl,
1 mM KH2PO4, 5 mM D-glucose, pH 7.4) by centrifugation at 400 ⫻ g for 7 min.
DMPE/DMPG/PDA vesicles (final lipid concentration of 0.4 mM) were added to
the cells at a density of 1 ⫻ 106 cells per 1 ml buffer and incubated for 30 min with
slow shaking. Following incubation, the cell suspension was irradiated at 254 nm
to achieve polymerization of PDA, which resulted in a blue appearance to the
cell suspension. The vesicle/cell hybrids were washed three times for removal of
nonassociated vesicles and resuspended in the buffer before conducting measurements. All experimental steps were carried out at 25°C. Cell viability after
treatment was not less than 90% as determined by the trypan blue exclusion
assay.
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PDA fluorescence measurements. Steady-state emission spectra were acquired
at 25°C with a FL920 spectrofluorimeter (Edinburgh Co., Edinburgh, United
Kingdom) using excitation at 485 nm and emission at 563 nm. Excitation and
emission slits were both 10 nm. All samples were placed in a quartz cell having
a 0.5-cm optical path length. Light scattering in all samples was confirmed to
account for less than 5% of the fluorescence emission intensity.
Vesicles preincubated in HEPES buffer for 30 min (50/50 [vol/vol]) and irradiated for 10 to 20 seconds at 254 nm to polymerize the polydiacetylene backbone were mixed with VV, and the total volume was adjusted to 1 ml (final
concentrations were 30 M for total lipids and 0.25 ⫻ 106 PFU per ml of VV).
The net fluorescence intensities (accounting for the control fluorescence from
the same volume without VV present) were reported as percentages compared
to the maximal PDA fluorescence, obtained by heating the lipid/PDA vesicles to
produce the highly fluorescent red PDA phase.
In the experiments monitoring EGF hormone effects using PDA-labeled cells,
sample volumes were 1 ml, containing 2 ⫻ 106 cells. The cells, with or without
EGF pretreatment, were mixed with VV at a multiplicity of infection (MOI) of
1 PFU/cell with continous stirring. Parallel fluorescence measurements were
carried out in mock infection conditions.
Fluorescence resonance energy transfer (FRET). Vesicles prepared according
to the procedure described in “Lipid/PDA vesicles” above were additionally
supplemented by N-NBD-PE and N-Rh-PE at a 100:1 (phospholipid:fluorophore) molar ratio. Vesicle solutions containing 30 M total lipids were used in
1 ml buffer. Emission spectra were acquired in 530 nm (for N-NBD-PE) and 585
nm (for N-Rh-PE) (excitation, 469 nm) at 25°C on a FL920 spectrofluorimeter in
the presence of VV at 0.25 ⫻ 106 PFU per ml. The extent of fusion was
determined by the equation (3) % Fusion ⫽ [(Rf ⫺ Ri)/(Rt ⫺ Ri)] ⫻ 100, where
R corresponds to the fluorescence emission of NBD (530 nm)/Rh (585 nm). The
indices i, f, and t correspond to initial, final, and following the addition of 10%
Triton X-100 (a detergent causing maximum dispersion of fluorescence lipid
dyes), respectively.
Steady-state fluorescence anisotropy. The fluorescence probe TMAP-DPH
was added to the polymerized lipid/PDA vesicles, prepared as explained above,
up to a final concentration of 0.1 M (phospholipid:dye ratio of approximately
400:1). The vesicle solutions containing the fluorescent probe were allowed to
equilibrate for around 30 min before the addition of VV (0.25 ⫻ 106 PFU per ml)
or PBS (mock infection). Fluorescence anisotropy was measured at 430 nm
(excitation at 356 nm) on a FL920 spectrofluorimeter and calculated by conventional methodology (28). All experiments were conducted in ratio mode in which
the anisotropy was measured against a control (liposomes with embedded DPH).
Contribution of light scattering to fluorescence intensity was confirmed to be less
than 5%.
Fluorescence quenching. NBD-PE was added to phospholipids in 1 mol%
prior to sonication. The vesicles reacted with VV (0.25 ⫻ 106 PFU per ml) or the
same volume of PBS (mock infection). The fluorescence quenching reaction was
initiated by adding sodium dithionite from a 0.6 M stock solution prepared in 50
mM Tris-base buffer (pH 11) to a final concentration of 10 mM. The decrease in
fluorescence was recorded for 10 min at 25°C using 467-nm excitation and
530-nm emission on a FL920 spectrofluorimeter. The fluorescence decay is
reported as a percentage of the initial fluorescence measured before the addition
of dithionite.
Confocal laser microscopy. CHO cells were seeded on glass coverslips in
24-well plates. Cells were washed out from growth medium and incubated with
HEPES buffer containing DMPE/DMPG/PDA liposomes (final lipid concentration of 0.4 mM) for 30 min under slow shaking. Following incubation, the
vesicle/cell hybrids were washed three times for removal of nonbound vesicles,
incubated for an additional 30 minutes in serum- and phenol red-free medium at
25°C, and irradiated for 20 seconds at 254 nm to induce PDA polymerization.
The cells were infected with VV at an MOI of 10 PFU per cell. All steps were
carried out at 25°C. Fluorescence images of the cells were acquired on a laserscanning confocal microscope Axiovert-100 M (Zeiss, Germany) with a PlanNeofluar 100⫻/1.3 oil objective. Excitation was 488 nm using an argon laser
source. Emitted light was collected through a band-pass 625- to 655-nm filter.

RESULTS
Vaccinia virus interactions with lipid/PDA vesicles. An important question this study aims to address concerns the dependence of membrane interactions of VV upon bilayer
makeup and organization. In that regard, the lipid composition
of the chromatic lipid/PDA vesicle platform can be easily var-
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ied (25). Figures 2 to 5 present experimental results designed
to evaluate the extent of bilayer binding, penetration, and
membrane fusion of vaccinia virus and examine the relationship between these parameters and lipid constituents in the
bilayer. Importantly, the experiments depicted in Fig. 2 to 5
were not designed to address internalization of virions, since
the overall sizes of the viral particles and vesicles are comparable.
Virus-lipid binding. To gain insight into the extent of binding and penetration of the viral envelope into membrane bilayers, we created lipid/PDA vesicles containing different lipid
compositions and examined their chromatic response to the
viral particles (Fig. 2). In the experiment depicted in Fig. 2A,
we measured the intensities of fluorescence emission (excitation at 485 nm, emission at 563 nm) and kinetic profiles of the
fluorescence induced following interactions between VV and
the lipid/PDA vesicles. Figure 2A demonstrates significant differences in the extent and time dependence of the fluorescence
signals induced by the virus within the lipid/PDA vesicles.
Specifically, the highest (and steepest) fluorescence emission
was induced by VV interacting with DMPC/PDA vesicles,
lower fluorescence was apparent after the addition of virus
particles to sphingomyelin/PDA, while the slowest increase in
fluorescence up to a relatively low emission level was observed
in the case of sphingomyelin/cholesterol/PDA (Fig. 2A).
The different fluorescence responses of the lipid/PDA vesicles can be explained according to the model depicted in Fig.
2B. In particular, it should be emphasized that the fluorescence
emission from the PDA matrix is directly related to structural
perturbations of the pendant side chains of the polymer, primarily through surface interactions (13, 40). Specifically, previous studies have shown that a rapid phase transformation of
the conjugated network of polymer can be induced by external
analytes physically bound to the lipid/PDA interface (13). Such
interactions generally give rise to enhanced surface pressures
within the model vesicles, consequently affecting the structural
(and chromatic) transitions. Accordingly, the steep fluorescence increase in the case of the DMPC/PDA vesicles points to
the occurrence of significant binding of the virus particles to
the polymer surface, rather than insertion into the DMPC
domains. On the other hand, affinity and penetration of the
viral envelope into the lipid bilayers, rather than binding the
PDA polymer, are the likely scenario in the case of the sphingomyelin/cholesterol/PDA vesicles, which accounts for the low
fluorescence emission (induced through local perturbations of
polymer domains adjacent to the lipid moieties). Indeed, recent studies have identified vaccinia virus envelope proteins
which specifically target sphingomyelin/cholesterol domains
within the host-cell membrane that promote viral internalization (12).
The results of fluorescence anisotropy analysis, depicted in
Fig. 3, also point to the greater affinity of VV to sphingomyelin/
cholesterol domains. The experiments summarized in Fig. 3
show the changes induced by VV in the fluorescence anisotropy of the dye TMAP-DPH (33) incorporated into the lipid/
PDA vesicles. In these experiments, DPH was anchored within
the lipid moieties by the hydrophobic TMAP residue, thus
constituting a sensitive probe for changes in the fluidity within
the lipid bilayer environment (17). In particular, the greater
mobility of the bilayer-embedded DPH dye would produce less
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FIG. 2. VV interactions with chromatic vesicles containing PDA and different lipids. (A) Kinetic dose-response curves of PDA fluorescence,
emitted from vesicles having different lipid compositions after the addition of VV (0.25 ⫻ 106 PFU per ml). The fluorescence values are shown
as percentages of the maximal (max) PDA fluorescence of red-phase PDA. DMPC/PDA (2:3 mol ratio) (empty circles), sphingomyelin/PDA (2:3)
(filled circles), and sphingomyelin/cholesterol/PDA (1:1:3) (squares) are shown. Data points shown are the means ⫾ standard deviations (error
bars) (n ⫽ 4). (B) Schematic models depicting the relationship between bilayer penetration and fluorescence transitions. (Left) Initial unperturbed
vesicle bilayer (lipids [beige]; PDA[blue]). (Middle) Penetration of viral envelope into the lipid bilayer induces local disruption of adjacent polymer
domains and low fluorescence emission. (Right) Binding of viral particles to the vesicle surface induces substantial perturbation of PDA and high
fluorescence.

fluorescence anisotropy, while a more restricted environment
gives rise to higher anisotropy (17).
Indeed, the bar diagram in Fig. 3 demonstrates that VV
interaction with the TMAP-DPH/sphingomyelin/cholesterol/
PDA vesicles gave rise to a significant increase in the DPH
anisotropy. The higher anisotropy of the dye is indicative of a
reduced lipid mobility that can be explained by tight viral
binding onto the lipid bilayers. In contrast to the pronounced
effect of VV on the DPH fluorescence anisotropy in the case of
TMAP-DPH/sphingomyelin/cholesterol/PDA, virus addition
to DMPC/PDA or sphingomyelin/PDA vesicles that further
incorporated TMAP-DPH hardly had an effect, reflecting the
lesser affinity and binding of the viral particles into the lipid
domains in those vesicles.
The fluorescence quenching data depicted in Fig. 4 portray
a similar picture with regard to the relationship between the
lipid composition of the membrane and viral interactions. In

the experiment featured in Fig. 4, we prepared lipid/PDA
vesicles having different lipid compositions that additionally
incorporated the fluorescence dye NBD-PE. This fluorescence
marker is anchored in the lipid bilayer through the PE moiety,
with the NBD protruding at the bilayer surface. This configuration facilitates gradual, time-dependent quenching of the
dye’s fluorescence, occurring for example after dissolving sodium dithionite (a fluorescence quencher) in the aqueous solution containing the vesicles (10). The quenching rate, however, can be affected by masking of the fluorescence dye by
vesicle-bound species, making the NBD-PE system a powerful
probe for evaluation of binding and surface occupation in
vesicle systems (26).
Figure 4 demonstrates a clear dependence of the NBD
quenching rate on the lipid composition of the vesicles when
VV was added prior to the quencher. Specifically, the quenching rates of NBD-PE/DMPC/PDA and NBD-PE/sphingomy-
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FIG. 3. Effect of VV on lipid fluidity. Changes of fluorescence
anisotropy of vesicle-incorporated TMAP-DPH induced by the addition
of VV particles (0.25 ⫻ 106 PFU per ml). Data shown are means ⫾
standard deviations (error bars) of four independent experiments.

elin/PDA were not affected by the preaddition of VV (Fig. 4A
and B). (The insignificant quenching of NBD-PE incorporated
within sphingomyelin/PDA vesicles [Fig. 4B] is probably due to
localization of the dye in the inner leaflet of these vesicles [4]).
However, when VV was added to NBD-PE/sphingomyelin/
cholesterol/PDA vesicles prior to dithionite, the effect on the
quenching rate was significant: very little quenching was apparent after VV addition compared to the quenching rate
recorded when no virus was added (Fig. 4C). The dramatic
inhibition of fluorescence quenching most likely corresponds
to the attachment and insertion of the virus envelope into the
vesicle bilayer, thereby “masking” the NBD from the waterdissolved quencher.
Viral fusion with lipid bilayers. To complement the data in
Fig. 2 to 4 indicating a preferred binding and insertion of the
viral particles into lipid bilayers comprising sphingomyelin and
cholesterol, we further carried out fluorescence resonance energy transfer experiments designed to evaluate the degree of
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FIG. 5. FRET analysis of fusion between vaccinia virus envelope
and lipid/PDA vesicles. Lipid/PDA vesicles (the specific lipid composition is indicated below each bar) supplemented by N-NBD-PE and
N-Rh-PE at a 100:1 (phospholipid:fluorophore) molar ratio were incubated with VV (0.25 ⫻ 106 PFU per ml) at 25°C for 20 min. Data are
shown as mean values ⫾ standard deviations (error bars) (n ⫽ 4).
Energy transfer between donor and acceptor is reduced if significant
fusion occurs between the vesicles containing the fluorescence dyes
and unlabeled virus envelope.

insertion and fusion between the viral envelope and the lipid/
PDA vesicles (Fig. 5). In the FRET experiments, we prepared
vesicles comprising PDA, different lipids (DMPC, sphingomyelin, or sphingomyelin/cholesterol), and fluorescent dyes: phospholipids displaying the fluorescence energy donor N-NBD-PE
and also lipids onto which the fluorescence acceptor N-Rh-PE
was attached (42). FRET analysis measures the energy transfer
between donor and acceptor. In the case of the intact and
isolated vesicles in aqueous solutions, high-energy transfer is
recorded due to the relative close proximity between the donor
and acceptor molecules. However, if the fluorescently labeled
vesicles undergo fusion with unlabeled species (other vesicles,
cell membrane, or viral envelope), the donor and acceptor
compounds are dispersed within the fused particles, resulting
in reduced energy transfer due to the greater average distance between the fluorescent markers. Specifically, the extent of fusion between the N-NBD-PE/N-Rh-PE/lipid/PDA
vesicles and the virus particles can be calculated (as per-

FIG. 4. Effects of VV interactions on the fluorescence quenching of vesicle-incorporated NBD-PE. Quenching rates of NBD-PE by sodium
dithionite and the effect of vaccinia virus added prior to the quencher are shown. Solid curves, NBD quenching in the control vesicle solutions
(without the addition of virus); broken curves, decay of fluorescence in the presence of vaccinia virus (0.25 ⫻ 106 PFU per ml). DMPC/PDA (A),
sphingomyelin/PDA (B), and sphingomyelin/cholesterol/PDA (C) vesicles were used.
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FIG. 6. Confocal fluorescence microscopy of VV interactions with the membranes of PDA-labeled cells. Fluorescence microscopy images
(excitation 485 nm, emission 625 to 655 nm) were recorded at different time intervals (5 min [A], 20 min [B], and 30 min [C]) after the PDA-labeled
CHO cells were mixed with vaccinia virus particles at 25°C (MOI of 10 PFU per cell). (D) Transmission image of the same cells.

centages) from the ratios of the fluorescence peaks of the
donor and acceptor (3).
Similar to the data depicted in Fig. 2 to 4, the FRET data
showed significant dependence upon the lipid composition of
the vesicles. In particular, the low fusion recorded following
the addition of VV to the DMPC/PDA vesicles (less than 10%
[Fig. 5]) stands in contrast to the situation encountered in
sphingomyelin/PDA vesicles (approximately 25% fusion) and
in sphingomyelin/cholesterol/PDA vesicles (around 30%). This
result corroborates the primary roles of sphingomyelin and
particularly sphingomyelin/cholesterol domains in promoting
VV-vesicle fusion (12). The fluorescence data depicted in Fig.
5 are consistent with the interpretation of the chromatic and
analytical data in Fig. 2 to 4; binding and penetration of the
virus particles into the sphingomyelin/cholesterol domains can
explain the higher degree of fusion apparent in the FRET
experiments. In contrast, less interaction of VV with the phospholipids encountered in the DMPC/PDA vesicles is not expected to produce significant lipid fusion as is shown in Fig. 5.
Vaccinia virus interactions with PDA-labeled CHO cells.
While Fig. 2 to 5 feature experiments designed to probe viral
interactions with model vesicle systems, we further investigated
the effects of virus binding to the plasma membrane of living
cells using PDA-labeled CHO cells (Fig. 6 and 7). This analysis
was based on the recent discovery that PDA nanopatches can
be incorporated into the plasma membranes of live cells,
thereby allowing real-time spectroscopy and microscopy analysis of membrane processes in the actual membrane environment (31, 38). Particularly important in the context of this
study, PDA-labeled cells provide useful information on local
structural perturbations within the cell membrane.
Labeling of CHO cells with DMPE/DMPG/PDA vesicles
(1:1:3 mol ratio) was achieved through incubating the lipid/
PDA vesicles with the cells in HEPES buffer for 30 min. The
choice of this particular phospholipid composition yielded an
optimal coverage of the CHO surfaces with PDA patches.
Microscopy analysis (data not shown) confirmed that the CHO
cells maintained their normal shape following PDA treatment
and that their viability was not adversely affected through the
duration of the experiment. Microscopy experiments further
detected (data not shown) cytopathological consequences of
virus-infected PDA-labeled cells that were identical to those of
unlabeled cells, indicating the minimal perturbation to the cell
by PDA labeling.

Confocal laser microscopy. PDA-labeled cells were employed for investigating the surface localization and progression of VV attachment to the CHO cell membrane using confocal fluorescence microscopy (excitation 485 nm, emission 625
to 655 nm [Fig. 6]). The microscopy images correspond to a
single slice in the horizontal monolayer plan extracted from the
cell assembly. Accordingly, the fluorescent PDA nanopatches
appear on the cell borders, due to PDA localization at the cell
membrane. The important observation apparent from the microscopy images in Fig. 6 is that viral attachment to the membrane is a gradual rather than instantaneous process. Specifically, Fig. 6A shows that hardly any fluorescence was emitted
from the membrane-incorporated PDA patches a short time
after virus addition, indicating that no significant bilayer perturbation took place at that stage. However, fluorescent PDA
domains clearly appeared within the same cell membrane 20
min after the viral particles and cells were mixed (Fig. 6B),
becoming more abundant and intense 30 min after virus addition (Fig. 6C). The PDA fluorescence intensities of the PDA

FIG. 7. Role of the EGF receptor in viral binding. Fluorescence of
PDA-labeled cells incubated with VV at a low MOI (1 PFU per cell)
without EGF treatment (empty bars) and after receptor saturation by
EGF (2 g/ml) (filled bars). Net fluorescence values, after subtraction
of background emission (induced by mock infection), are shown.
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patches remained approximately constant beyond the 30-min
period (data not shown).
Significance of EGF receptor-mediated viral uptake. To further elucidate the mechanism of viral attachment to the cell
surface and the significance of lipid binding compared to receptor-mediated membrane insertion, we examined the role of
the epidermal growth factor receptor as a target for virus
binding (Fig. 7). The important contribution of the EGF receptor to viral entry and for propagation of VV infection has
been previously reported (23); however, several studies indicated that this receptor is not an essential determinant in the
infection pathway (15, 41).
Figure 7 depicts the net fluorescence emission induced by
VV interactions (at a low MOI of 1 PFU per cell) in PDAlabeled CHO cells without receptor saturation by the EGF
hormone and following receptor saturation (2 g/ml EGF hormone) (32). The fluorescence emission recorded in Fig. 7 corresponds to the chromatic transformations of the PDA nanopatches, induced by viral particles interacting with the cell
membrane. Two important observations in Fig. 7 should be
emphasized. First, the addition of the EGF hormone clearly
attenuated the fluorescence signal from the membrane-incorporated PDA patches (Fig. 7). This result indicates that the
EGF hormone reduces membrane binding of the vaccinia virus
particles through blocking the receptor sites. However, Fig. 7
also demonstrates that even when the EGF receptor was saturated with the hormone, viral binding to the cell membrane
still occurred (giving rise to the net PDA fluorescence). Overall, the data presented in Fig. 7 suggest that membrane binding
that is not receptor mediated might still play a role in VV
internalization and propagation.
DISCUSSION
Deciphering the mechanisms by which viruses gain entry
into the host cell is critical for understanding the infection
process and development of therapeutic solutions. The objective of this study was to evaluate the lipid bilayer interactions
of vaccinia virus and their significance within the complex viral
infection process. In particular, elucidating the initial steps of
viral entry prior to internalization of the viral particles into the
host cells would make a significant contribution to understanding the entire infection cascade.
The analysis employed new chromatic vesicles and cell assays and specifically focused on the kinetics of viral attachment
to the cell surface, the dependence of virus interactions with
the cell membrane upon lipid composition, and the contributions of non-receptor-mediated pathways to virus infection.
Importantly, this work has focused on bilayer interactions of
VV, rather than viral internalization or the entire infection
process. Indeed, the high ratio between viral particles and PFU
of approximately 50:1 (44) suggests that membrane binding by
itself does not guarantee viral internalization and eventual
infectivity.
An important goal in this study has been to understand the
mechanisms of non-receptor-mediated internalization of VV
and the dependence of viral binding and membrane insertion
upon lipid composition of the bilayer. Previous studies suggested that the penetration of VV into host cells involves more
than one mechanism (12, 14, 19), a hypothesis that is sup-
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ported by the complexity of the VV particle, which displays
more than 30 different polypeptides on its envelope (29). The
experimental data summarized in Fig. 2 to 5 emphasized the
pronounced effects of lipid composition on binding, insertion,
and fusion of the viral envelope to the cell membrane. Fluorescence emission from lipid/PDA vesicles shown in Fig. 2
indicates that sphingomyelin/cholesterol domains promoted
binding and insertion of the viral envelope into the membrane,
while VV exhibited much lower affinity to DMPC. This result
echoes several reports pointing to the prominent roles of membrane domains rich in sphingomyelin/cholesterol, also known
as “lipid rafts,” in VV internalization (12). Lipid rafts have
been proposed to constitute important mediators for membrane binding and internalization in other virus species as well
(5, 34, 43).
Experiments utilizing complementary bioanalytical methods
(Fig. 3 to 5) corroborated the results of the chromatic lipid/
PDA vesicle assay and provided further insight into viral interactions and fusion with the lipid bilayer. Specifically, fluorescence anisotropy (Fig. 3) and fluorescence quenching (Fig.
4) analyses confirmed that sphingomyelin/cholesterol domains
promoted VV binding to the bilayer. Similarly, FRET analysis
pointed to significantly higher fusion between the virions and
lipid bilayers containing sphingomyelin/cholesterol domains
(Fig. 5). In all experiments, significant differences were observed between viral binding to DMPC compared to sphingomyelin/cholesterol.
Indeed, the significance of cholesterol in promoting viral
binding and insertion into the lipid bilayer is apparent in Fig.
2 to 5. These results reflect the observations that cholesterol is
the core constituent of lipid rafts (6) and the adverse effects of
cholesterol depletion on such rafts (16, 36). Overall, the experimental results depicted in Fig. 2 to 5 provide evidence for
the dependence of VV binding, insertion, and membrane fusion upon lipid composition, particularly the presence of sphingomyelin/cholesterol domains within the bilayer. The data further suggest that IMV binding and insertion into the lipid rafts
are initial steps in the fusion process.
CHO cells labeled with lipid/PDA patches yielded additional
insight into the time dependence and structural consequences
of viral binding to the cell surface. The experiments in which
we employed the PDA-labeled cells were aimed at probing the
kinetics of viral binding to the cell membrane (Fig. 6) and the
putative effect of the EGF receptor upon viral binding (Fig. 7).
Specifically, confocal microscopy revealed that viral binding
progressed slowly, with maximal membrane binding occurring
after approximately 30 min (Fig. 6). Analysis of fluorescence
emission from PDA-labeled cells pretreated with EGF hormone (Fig. 7) revealed that VV binding to the host cell membrane depends to a large extent upon EGF receptor-mediated
pathways. However, the experimental results also showed that
host infection does not occur solely through binding to EGF
receptors on the cell surface but is also promoted through
additional (or simultaneous) routes involving lipid bilayer
binding. Importantly, our data also demonstrate that VV surface penetration occurs at a temperature of 25°C, not only at
the previously studied 37°C (12). Overall, the data recorded in
real cell-membrane environments rather than model lipid bilayers add a key dimension to the study, complementing the
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vesicle analysis and connecting it to virus-membrane binding
processes in actual cellular environments.
In conclusion, this study provides a comprehensive analysis
of VV interactions with the plasma membrane and the factors
affecting viral attachment, fusion, and internalization. The experiments yielded information on the binding events, their
kinetic profiles, and structural consequences. In particular, the
chromatic vesicle and cell assays indicate that viral binding to
the membrane bilayer is a pronounced event in the infection
cascade, promoted by different lipid constituents within the cell
membrane, and is also affected by putative receptor molecules
embedded in the cell surface. Furthermore, this study demonstrates the potential use of the new PDA platform for studying
viral infections. Overall, this work points to the existence of
different pathways for viral binding and penetration into host
cell targets, underlying possible mechanisms for cross-species
infections.
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