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Total internal reflection microscopy combined with microfluidics and supported bilayers is a powerful,
single particle tracking (SPT) platform for host-pathogen membrane fusion studies. But one major in-
adequacy of this platform has been capturing the complexity of the cell membrane, including membrane
proteins. Because of this, viruses requiring proteinaceous receptors, or other unknown cellular co-factors,
have been precluded from study. Here we describe a general method to integrate proteinaceous receptors
and cellular components into supported bilayers for SPT fusion studies. This method is general to any
enveloped virus-host cell pair, but demonstrated here for feline coronavirus (FCoV). Supported bilayers are
formed from mammalian cell membrane vesicles that express feline aminopeptidase N (the viral receptor)
using a cell blebbing technique. SPT is then used to identify fusion intermediates and measure membrane
fusion kinetics for FCoV. Overall, the fusion results recapitulate what is observed in vivo, that coronavirus
entry requires binding to specific receptors, a low-pH environment, and that membrane fusion is receptor-
and protease-dependent. But this method also provides quantitative kinetic rate parameters for inter-
mediate steps in the coronavirus fusion pathway, which to our knowledge have not been obtained before.
Moreover, the platform offers versatile, precise control over the sequence of triggers for fusion; these
triggers may define the fusion pathway, tissue tropism, and pathogenicity of coronaviruses. Systematically
varying these triggers in this platform provides a new route to study how viruses rapidly adapt to other
hosts, and to identify factors that led to the emergence of zoonotic viruses, such as human SARS-CoV and
the newly emerging human MERS-CoV.
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1. Introduction

Coronaviruses are membrane-enveloped viruses that show a
high degree of adaptability for infecting a wide range of host cells
and different species. It is not well-understood how these viruses
adapt to new hosts, yet they are an increasing concern as a source of
emerging viruses for the human population, including SARS-CoV
and the newly emerging MERS-CoV [1—3]. Both SARS-CoV and
MERS-CoV produce fatal disease in the majority of people who
contract the infection. Quantitative studies of the entry process of
the virus are therefore necessary for understanding the cues that
mitigate host adaptation and for developing strategies to prevent
infection. But accurately establishing the impact of various triggers
on membrane fusion requires experimental techniques capable of
quantifying fusion kinetics to characterize the fusion intermediates,
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the kinetic rate constants for transitional steps, and the fusion
pathway.

A relatively new approach for quantitatively studying viral entry
kinetics is single particle imaging using total internal reflection
fluorescence microscopy (TIRFM) [4]. TIRFM requires that a sup-
ported lipid bilayer (SLB) containing viral receptors is located within
100 nm of an evanescent wave produced by total internal reflection
at the interface between two dissimilar materials. This requirement
is easily achieved by coating the walls of a glass microfluidic channel
with an SLB. SLBs preserve many properties of the cell membrane,
like chemical tunability, lipid diversity, and mobility of its constit-
uents in a planar geometry, but without the experimental compli-
cations imposed by live cells. However, a significant limitation of
this platform has been capturing the complexity of cell membranes,
especially the incorporation of membrane proteins. This limitation
has precluded studies of viruses that use proteinaceous receptors
(like coronaviruses) to date. As such, these platforms have been
limited to the study of a few viruses, such as influenza virus [5—7],
Sindbis virus [8], and vesicular stomatitis virus (VSV) [9], because
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these viruses have either known glycolipid receptors or are known
to interact with specific lipids that are easily incorporated into SLBs.
Herein we describe a method to integrate the proteinaceous re-
ceptor for feline alphacoronavirus WSU 79-1683 (referred to here as
FCoV) into a supported bilayer and measure membrane fusion ki-
netics using single particle tracking. Importantly, this new method
of forming proteinaceous supported bilayers for virus fusion studies
opens single particle fusion assays to any enveloped virus that binds
to proteinaceous receptors.

To initiate infection, coronaviruses typically engage specific
proteinaceous receptors on the surface of host cells. The specificity
of receptor binding is believed to be one of the key factors in the host
range of a given coronavirus [10]. One of the best-characterized
receptors is aminopeptidase N (APN), which is utilized by the ma-
jority of coronaviruses in the alphacoronavirus genus [11—13]. Baby
hamster kidney (BHK) cells are transfected with the feline amino-
peptidase N (fAPN) and encapsulated into vesicles using a cell
blebbing technique [14—18]. These vesicles are then used to form
proteinaceous supported bilayers to which coronavirus can fuse and
be observed at the single particle level using TIRF microscopy. This
method for creating proteoliposomes is in contrast to the usual
approach to incorporate membrane proteins into vesicles, where
proteins are reconstituted into proteoliposomes using detergent.
Detergents solubilize the proteins out of the cell membrane and can
result in loss of native conformation of the proteins. For pathogen-
esis, the conformation of proteins in the membrane and its glyco-
sylation are critical to controlling the host-pathogen interaction. We
show here that fAPN in the supported bilayer made from blebs is
enzymatically active, oriented properly, and competent to bind
FCoV prior to membrane fusion.

Feline coronavirus was chosen for this work because it has a
well-characterized receptor (APN), grows readily in cell culture,
and is not infectious in humans. FCoV, therefore, serves as a safe
and effective model virus to demonstrate the use of the single
particle approach to characterize membrane fusion of a virus
requiring a proteinaceous receptor.

1.1. Membrane-enveloped virus entry via class I fusion proteins

Like influenza virus, many coronaviruses can use the endocytic
pathway to enter cells [19]. Once inside the endosome, the chal-
lenge for viruses is delivering their genetic material across the
membrane and into the cytosol for viral replication. All enveloped
viruses have membrane proteins that facilitate the fusion of their
lipid envelope with the host cell membrane [20]. Coronavirus
particles possess at their surface the spike (S) envelope glycopro-
tein, which is a class I fusion protein [21]. Whereas the structure
and function of the prototypical class I fusion protein, influenza
virus hemagglutinin (HA), is well understood, structure—function
relationships for coronavirus S proteins are not well characterized.
For coronaviruses, the S protein mediates virus entry and de-
termines cell tropism and pathogenesis [22]. Like influenza virus
HA, the coronavirus S protein has two primary functions: 1) it
controls the binding of the virus to a cell membrane receptor, and 2)
it mediates membrane fusion between the viral and host mem-
branes [20]. In general, receptor binding is controlled by the S1
domain of the protein, while membrane fusion is mediated by the
S2 domain. A conformational change in the S2 domain is believed to
drive the viral membrane to fuse with the host membrane. For most
coronaviruses, this conformational change is triggered by the
acidification of the endosome, although pH-independent fusion can
also be observed.

It is generally believed that all class I fusion proteins follow a
common fusion pathway that has been well-established in the
prototypical class I influenza virus. Class I fusion proteins go

through a multi-step process to achieve a fusion pore that begins
with a fusion protein conformational change triggered by low pH.
During the conformational change the fusion protein unfolds and
thrusts the fusion peptide into the hydrophobic region of the host
membrane. Next, the protein folds back, bringing the anchored
membrane in close contact with the viral membrane until a stalk-
like structure is formed. The stalk structure results from the mix-
ing of the outer leaflet of the host membrane with the viral
membrane, referred to as hemifusion. After a short lag time, the
stalk is converted into a fusion pore through which the viral con-
tents can exit. It may be necessary for multiple fusion proteins to
work in concert to bend the membrane to induce fusion.

Analogous to influenza HA, it is believed that the coronavirus S
protein, undergoes proteolytic cleavage prior to fusion activation
[22]. Proteolytic cleavage is believed to expose specific regions of
the S protein, including the fusion peptide [23]. Because proteolytic
cleavage dictates fusion competency, the availability of proteases in
the extracellular milieu is another key factor in tropism of coro-
navirus. A dramatic example of this is human SARS-CoV. The bound
virus is able to fuse at the cell surface in absence of acidic pH, when
exposed to exogenous proteases [24]. This route of entry may even
be 2 to 3 orders of magnitude more efficient that the endosomal
pathway [24]. In this case, proteolytic cleavage changed the fusion
pathway. By combining single particle fusion with proteinaceous
supported bilayers and microfluidics, the sequence of triggers can
be controlled and the associated fusion pathway and kinetics
quantitatively measured.

2. Materials and methods
2.1. Cells, plasmids, and viruses

Baby hamster kidney-21 (BHK-21) cells, obtained from the American Type
Culture Collection (ATCC, Manassas, VA), were grown and maintained in Dulbecco’s
modified Eagle medium (DMEM, CellGro) supplemented with 10% fetal bovine
serum (Gibco), 100 U/ml penicillin and 10 pg/ml streptomycin (CellGro), 1% HEPES
buffer (CellGro) in a 37 °C, 5% CO, incubator. The pcDNA-fAPN and pCI-neo-hAPN
plasmids were used for transfections of BHK-21 cells. They encode the feline
aminopeptidase N (fAPN) and human aminopeptidase N (hAPN), respectively, and
are generous donations from Kathryn Holmes of the University of Colorado.
pCAGGS-FCoV-1683 S plasmid encodes the S protein of FCoV-1683 [25]. The pCAGGS
vector was used as an empty vector control.

Feline Coronavirus (FCoV) strain WSU 79-1683, also referred to FCoV-1683, was
obtained from the Cornell Animal Health Diagnostic Center (Cornell University,
Ithaca, NY). The virus was grown in canine A-72 cells provided by Dr. Colin Parish
(Baker Institute of Animal Health, Cornell University, Ithaca, NY).

2.2. Preparation of cell blebs

The formation of cell blebs was established in the mid-1970’s [14]. An excellent
review of cell blebbing protocols is available in Ref. [17]. Here, we use a blebbing
procedure published previously by our group [18]. For transfections, 1.5 x 10° cells
were seeded in 10 cm culture dishes, and incubated for 24 h. Transfections were
performed using TurboFect transfection reagent (ThermoScientific) according to
manufacturer’s instructions and using 6 pg of plasmid DNA for each plate. Twenty-
four hours after transfection, cells were washed twice with buffer A (2 mm CaCl,,
10 mm HEPES, 150 mm NaCl at pH 7.4). 3 ml of buffer B (2 mm CaCly, 10 mm HEPES,
25 mwm formaldehyde, 2 mwm dithiothreitol (DTT) and 150 mm NaCl at pH 7.4) was
added to each dish to induce cell blebbing. The dishes were then incubated for 1 h at
37 °C with gentle rocking. After incubation, the cell supernatant, containing de-
tached cell blebs, was decanted into a 15 ml falcon tube and placed on ice for 20 min
to allow any detached cells to settle out. The supernatant was transferred to new test
tube. Blebs were then dialysed using cellulose dialysis tubing (Fischer Scientific), in
two 100 ml volumes of buffer A for 24 h. The size of cell blebs was determined by
dynamic light scattering using a Malvern Zetasizer Nano (Worcestershire, UK). The
sample registered 3 peaks at approximately 38 nm, 106 nm, and 530 nm.

2.3. Preparation of liposomes

The following lipids/materials were used in the experiments: 1-oleoyl-2-
palmitoyl-sn-glycero-3-phosphocholine (POPC), 1-oleoyl-2-palmitoyl-sn-glycero-
3-phosphoethanolamine (POPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
cholesterol, and sphingomyelin. These materials were all purchased from Avanti
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Polar Lipids (Alabaster, AL). Oregon green DHPE purchased from Molecular Probes
(Eugene, OR) was used to label supported bilayers and as a pH sensor to mark
acidification of the bilayer during membrane fusion experiments. Octadecyl
Rhodamine (R18), a red-emitting, lipophilic fluorophore, was used to label cell bleb
membranes and was purchased from Molecular Probes. We also synthesized in
house a green-emitting, lipophilic fluorophore, Rhodamine 110 Octadecyl ester
(R110C18), from Rhodamine 110 Chloride and 1-octadecanol purchased from
Sigma—Aldrich. The synthesis procedure has been published previously [7]. R110C18
was used to label viral membranes during dual-labeling virus fusion experiments.
Sulforhodamine B (SRB), a red-emitting, water-soluble fluorophore purchased from
Molecular Probes was used to label virus interiors.

The liposome formulation used in these studies (BHK-liposome) contained
POPC, POPE, sphingomyelin and cholesterol in the ratio 37.3:34.2:5.7:22.8. This
composition was formulated to match the native lipid content of BHK cells as closely
as possible [26] and primarily used in the formation of bleb-derived supported
bilayers.

To form liposomes, appropriate amounts of each component were mixed in
biotechnology grade chloroform in a scintillation vial. For formulations containing
sphingomyelin, this component was first dissolved in a 4:1 mixture of chlor-
oform:methanol then added to the mixture. The bulk solvent was removed from the
vial under a stream of high purity nitrogen gas and then placed in a desiccator under
vacuum overnight to ensure complete evaporation of all solvent. Phosphate-
buffered saline at pH 7.4 was added to the dried lipid film and gently re-
suspended in a sonication bath (Model # BD2500A-DTH; VWR) for 20 min on the
lowest setting. The final lipid concentration was approximately 2 mg/ml. Liposomes
were then extruded twice through a polycarbonate filter (Whatman Nucleopore)
with pore size 100 nm, and five times through a filter with a pore size of 50 nm. The
average liposome diameter for all formulations ranged between 90 and 100 nm as
determined by dynamic light scattering.

2.4. Fluorescent labeling of cell blebs or viruses

To visualize both the formation of the fAPN-bleb supported bilayer formation
and viral membrane fusion, blebs and viruses were fluorescently labeled. To visu-
alize fusion using a fluorescence dequenching technique, viral membranes must be
labeled with a semi-quenched amount of fluorophores following standard pro-
cedures [27,28]. In these experiments, FCoV was labeled with R110C18 according to
the following general procedure.

24.1. General membrane labeling procedure (single color)

To fluorescently label the bleb membranes for the visualization of bilayer for-
mation and photobleaching experiments (FRAP), blebs were incubated with 1 pl
0.18 mm R18, dissolved in ethanol, for 15 min in a sonicating bath (VWR) on the
lowest setting.

To fluorescently label FCoV membranes for fusion experiments, R110C18, dis-
solved in ethanol, was used. 5 pl of virus solution was diluted with 250 ul of buffer A
and mixed with 3 pl of 2 mm R110C18 for 1 h in a sonicating bath. In this case, it is
desired to label membranes with a quenched amount of R110C18 to trigger
dequenching during membrane fusion. Free R110C18, which did not insert into the
membranes, was removed from the solution by centrifuging (Eppendorf, Centrifuge
5451C, Hauppauge, NY) through a G-25 spin column for 2 min at rate of
3 x 1000 min~". The supernatant containing the purified virus was diluted with
0.8 ml of buffer A and gently vortexed to mix.

2.4.2. General virus interior labeling procedure

For pore formation experiments, 5 pl of virus solution was mixed with 10 pl of
20 mm Sulforhodamine B (SRB) solution and incubated overnight. Excess SRB, which
did not partition into the virus interior, was removed from the solution by centri-
fuging through a using a G-25 spin column for 2 min at rate of 3 x 1000 min~'. The
supernatant was diluted in 0.8 ml of buffer A prior to use.

2.4.3. Feline coronavirus dual-color labeling

For FCoV hemifusion experiments, it was necessary to label the membrane with a
green fluorophore to distinguish it from the red internal flouorophore label. For these
experiments, virus that had been labeled with SRB as described in the previous sec-
tion, was labeled with 3 ul of R110C18 (2 mm). The mixture was sonicated gently for 1 h
and excess dye was removed as previously described using at G-25 spin column.

2.5. Preparation of microfluidic devices and PDMS wells

2.5.1. Preparation of glass surfaces for supported bilayers

Glass microscope coverslips (25 mm x 25 mm; No. 1.5) from VWR were cleaned
in piranha solution consisting of 70% sulfuric acid and 30% hydrogen peroxide. Slides
were immersed in 150 ml of piranha solution for 10 min then rinsed for 30 min with
copious amounts of deionized water with a minimum resistance of 18.2 MQ cm
obtained from a Siemens Purelab Ultra water purification system. Clean slides were
stored under deionized water and dried with a stream of ultra-pure nitrogen gas
prior to use. For bilayer formation, glass surfaces were used either with PDMS wells
or microfluidic devices.

2.5.2. Fabrication of polydimethylsiloxane (PDMS) wells

To form the PDMS wells, a thin sheet of PDMS was made in a Petri dish using
10:1 elastomer/crosslinker mixture of Sylgard 184 (Robert McKeown Company;
Branchburg, NJ). The PDMS was baked for 3 h at 80 °C, cut into small squares
approximately the same size as a coverslip, and a hole punched through each square
to form the wells. PDMS squares were then attached to a clean glass coverslips,
which formed the bottom of the wells. The approximate volume of a well was 100 pl.

2.5.3. Fabrication of microfluidic devices

Microfluidic devices for the fusion experiments were fabricated using soft
lithography. The microchannel pattern was designed using the CAD software pro-
gram L-Edit (Tanner EDA) and a master of the flow pattern was made on a silicon
wafer at Cornell Nanoscale Science and Technology Facility (CNF). Each microfluidic
device contained six channels. The dimensions of each channel are 1 mm wide by
70 um deep with a total length of the channel of 1.5 cm. The spacing between the
centers of each channel is 1 mm. The silicon wafer was coated with P-20 primer in a
spin coater, followed by SPR220 (Megaposit) photo-resist. The wafer was baked for
90 s at 115 °C and then exposed to UV light for 7.5 s in an ABM contact aligner to
pattern the wafer with the flow cell design. Following this step, the wafer was baked
again for 90 s at 115 °C and then developed for 60 s in a Hamatech-Steag Wafer
Processor. The pattern was then etched into the wafer using an Unaxis 770 Deep Si
Etcher. The depth of the channel was determined using a Tencor P10 Profilometer.

Microfluidic devices were formed using PDMS in a molding process. To facilitate
the release of the cured PDMS after molding on the etched silicon master, the master
slide was first coated with Sigmacote (Sigma). A 10:1 (elastomer/crosslinker)
mixture of Sylgard 184 was mixed and then degassed before pouring on the silicon
master slide etched with the flow cell pattern. The PDMS was then baked for 3 h at
80 °C. After baking, PDMS microfluidic devices were peeled off of the wafer, and inlet
and exit ports were punched in each channel of the device. Both the clean glass
coverslip and PDMS mold were treated with oxygen plasma using a Harrick Plasma
Cleaner (Model # PDC-32G; Ithaca, NY) at a pressure of 750 um on the high setting
for 25 s. Gently pressing the surfaces together resulted in a tight bond between the
glass and PDMS and formed the four walls of the microfluidic channel.

2.6. Creating supported bilayers in microfluidic channel

A solution containing a 1:4 dilution fAPN-blebs in buffer A was drawn into the
microchannel at a flow rate of 30 pl/min for 1 min and incubated on the glass surface
for 20 min. The microchannel was then rinsed with buffer A at 100 pl/min for 2 min.
A solution of BHK-liposomes (0.5 mg/ml) was drawn into the microchannel at
100 pl/min for 1 min and incubated for 10 min. To heal any defects in the membrane,
more vesicle solution was drawn into the microchannel at 10 pl/min for 5 min.
Finally, the microchannel was rinsed with buffer A at 100 pl/min for 2 min to remove
any excess liposomes.

2.7. Diffusion measurements in supported bilayers

Integrity of bilayers and diffusion of the lipids within it was examined by fluo-
rescence recovery after photobleaching (FRAP). Bilayers were formed following the
above procedures inside PDMS wells. R18 was used to label the bilayer and carry out
the photobleaching experiments. Once formed, bilayers were gently scratched with
a dissection tool to remove a thin section to aid in focusing on the plane of the
bilayer on the microscope. Following this step, the bilayer was rinsed again for 1 min
with buffer A to wash out any lipids removed by scratching. A 20 um diameter spot
in the supported lipid bilayer was bleached with a 4.7 mW 488 nm krypton/argon
laser for 200 ms. The recovery of the intensity of the photobleached spot was
recorded for 15 min at regular intervals. The fluorescence intensity of the bleached
spot was determined after background subtraction and normalization for each im-
age. The recovery data was fit using a Bessel function following the method of
Soumpasis [29]. The diffusion coefficient is then calculated using the following
equation: D = w? /4ty 2, where w is the full width at half-maximum of the Gaussian
profile of the focused beam.

For protein mobility, single particle tracking at 100x magnification was con-
ducted. Fluorescently labeled fAPN-specific antibodies (see next section for antibody
and labeling details) were bound to fAPN in the bilayer and monitored for at least
40 min to determine if any proteins diffused during that time. Fig. S3 summarizes
the protein mobility results.

2.8. Antibody binding to confirm presence and orientation of APN in the supported
bilayer

To confirm that fAPN proteins were incorporated into the supported bilayer and
the active, extracellular end was oriented facing the bulk solution (i.e., not inverted
towards the glass support), the bilayer was incubated with an fAPN-specific anti-
body, RG4 [30] (generously donated by Tsutomu Hohdatsu), which recognizes an
epitope (residues 251—582) [12] located in the C-terminal ectodomain (extracel-
lular-facing domain) of the protein. The bilayer was incubated with 1 pg/ml of a
primary antibody anti-fAPN mouse monoclonal antibody (RG4) for 20 min. The
unbound primary antibody was rinsed and 1 pg/ml of Alexa Fluor 488 conjugated-
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goat anti-mouse IgG secondary antibody was added and incubated for 20 min.
Excess secondary antibody was rinsed and the sample was imaged on an inverted
fluorescence microscope with appropriate filter set, described below.

2.9. Functionality of APN in cell blebs and supported bilayers (APN enzyme activity
assay)

Many cells and species express aminopeptidase N. APN is a membrane-bound
enzyme that cleaves the N-terminal amino acids from bioactive proteins, leading
to their inactivation or degradation [31]. This function is believed to be integral to
several biological processes including antigen processing and presentation, cell
adhesion, tumor cell metastasis, neurotransmitter degradation. APN also serves as a
well-characterized receptor for certain coronaviruses [32], including FCoV-1683 [12]
used in these experiments.

To ensure the APN proteins maintain their native enzymatic functionality in the
supported bilayers, we performed an enzymatic activity assay. In this assay, the
substrate for APN is non-fluorescent until the enzyme cleaves it. Therefore, func-
tionality of APN in blebs or supported bilayers can be verified by detecting fluo-
rescence after introducing the substrate into a cuvette of bleb solution or into a
microfluidic device containing supported bilayers. For these experiments, human
APN (hAPN), instead of feline APN, was expressed in BHK cells and tested for activity.
This change was necessary because there is no activity assay specific for the feline
APN. The control cases are the empty vector blebs or empty vector-SB.

2.9.1. Blebs in solution

Blebs containing human APN (hAPN) were formed as previously described for
fAPN-blebs. The activity of hAPN and empty vector cell blebs in solution was tested
using bulk fluorescence measurements in fluorometer (Photon Technologies Inter-
national Inc) at an excitation/emission of 380/460 nm. The substrate for hAPN,
H-Ala-AMC, was purchased from Bachem. A 50:50 mixture of blebs and H-Ala-AMC
substrate at 270 pm in a 50 mwm Tris buffer at pH 7.4 were mixed in a quartz cuvette
and intensity of the mixture was monitored for 30 min.

2.9.2. Supported lipid bilayer

Bleb-derived supported bilayers containing hAPN were formed in microfluidic
channels as previously described for fAPN-SBs. The substrate, at concentration of
270 pm in 50 mwm Tris buffer at pH 7.4, was drawn into the channel at a flow rate of
100 pl/min for 2 min. The fluorescence intensity of the channel was observed at 10x
magnification at an excitation/emission of 380/455 nm. A control channel con-
taining an empty vector bleb-derived supported bilayer devoid of exogenous APN
proteins was subjected to the same conditions as described above.

Fig. S5 summarizes the enzyme activity assay results. In Fig. S5a, blebs with and
without hAPN were loaded into cuvettes and the fluorescence monitored temporally
using a fluorometer after the substrate was added. The empty vector blebs show no
appreciable fluorescence, while the hAPN blebs continue to increase in signal as
increasing amount of substrate is cleaved during the course of the experiment. In
Fig. S5b, supported bilayers with and without hAPN are loaded into a microfluidic
channels with substrate. The microfluidic device is monitored at specific time points
and the two channels are compared in the inset. In the control case, no fluorescence
is detected above the background, but the hAPN-SB shows significant intensity after
several hours.

2.10. Cleavage of FCoV spike protein by trypsin protease (Western blot)

In order for class I fusion proteins to become fusion-competent, they must first
be activated by proteolytic cleavage, a modification performed by cellular proteases.
There are numerous enzymes capable of proteolytically cleaving the coronavirus
spike protein. These proteases can be found in either the intra- or extra-cellular
environment. For example, cathepsin proteases found in the endosomal compart-
ment are naturally used to breakdown proteins taken up into the lysosome [33].
Once a virus gets endocytosed, cathepsins can also cleave the coronavirus spike
protein [25,34—37]. Trypsin is a common extracellular protease found in the
digestive tract of many vertebrates [38] to break down proteins during digestion
[38]. We show here that trypsin is also capable of cleaving the spike protein of
coronaviruses.

Cleavage likely occurs at two distinct sites for coronavirus S: at the junction of
the S1/S2 domains, as well as within the S2 domain (S2’) [39]. Proteolytic cleavage is
believed to expose specific regions of the S protein, including the fusion peptide [23].
For some coronaviruses, cleavage at S1/S2 is necessary to allow subsequent cleavage
at S2’, and allow the S2 domain to respond a low pH trigger that initiates the
conformational change required for fusion [39]. In other coronaviruses, in particular
alphacoronaviruses, like FCoV-1683, the S1/S2 site does not need to be cleaved. In
these cases, activation is likely mediated solely through the S2’ cleavage site.

We used trypsin as a means to activate FCoV-1683 S. To confirm that trypsin can
proteolytically cleave FCoV-1683 S in an appropriate manner, FCoV-1683 viral sus-
pensions were ultracentrifuged at 42,000 rpm in a TLA 55 rotor using an Optima Max-E
ultracentrifuge (Beckman Coulter) for 2 h at 4 °C. The viral pellets were resuspended in
50 ul of PBS (non-treated sample), or PBS containing 3 pg/ml of 1-1-Tosylamide-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin (ThermoScientific) (trypsin

treatment), or MES buffer pH 5.0 supplemented with 2.5 mm EDTA and 2 mm DTT and
containing 0.5 pM Cathepsin B (Calbiochem). The samples were incubated at 37 °C for
1 h, except the cathepsin-treated sample which was incubated for 15 min at 37 °C. All
samples were then subjected to treatment with the deglycosylating enzyme PNGase F
(New England Biolabs), using 2500 units and supplied buffer at 37 °C for 16 h. This was
done to avoid having differentially glycosylated species of S protein. LDS loading buffer
(Invitrogen) with DTT (50 mm final) was added to samples, and were subjected to 5 min
95 °C incubation for denaturation. The samples were then analyzed by Western blot
using FCoV-S-specific mouse mAb 22G6.4, provided by Dr. Ed Dubovi (Animal Health
Diagnostic Center, New York State College of Veterinary Medicine, Cornell University)
followed by incubation with HRP-conjugated goat anti-mouse IgG (AbCam).

As shown in Fig. S6, cathepsin B and trypsin treatment yield major cleavage
products at approximately 100 kDa, while in the non-treated sample, the majority of
S protein migrated as a single band around 200 kDa, indicating little cleavage event
occurred without protease treatment. These results show that trypsin cleaves FCoV
1683 S in a similar way as does cathepsin B, and are consistent with published re-
sults for this virus cleaved with cathepsin B [25].

2.11. TIRF microscope configuration

Membrane fusion assays were conducted with total internal reflection fluores-
cence (TIRF) microscopy using an inverted Zeiss Axio Observer.Z1 with a o Plan-
Apochromat 100x oil objective with a numerical aperture (NA) of 1.46. Index-
matching liquid (Carl Zeiss, Inc.) was used to couple the glass coverslip of the
microfluidic device to the objective. In this setup, two lasers can be used simulta-
neously to excite different color fluorophores; we used 561 nm and 488 nm exci-
tation wavelengths from solid-state lasers. These were coupled into the optical
pathway of the microscope using a Laser TIRF 3 slider (Carl Zeiss, Inc.), which
controlled the angles of incidence. Exceeding the critical angle for glass/water
interface (~62°) ensured total internal reflection of the lasers and created evanes-
cent waves about 100 nm thick. At this thickness, the evanescent waves excited
fluorophores positioned within the supported bilayer, or virions labeled R18. The
excitation laser light was band-pass filtered through a Semrock 74 HE GFP/mRFP
filter cube, and then combined with a dichroic mirror before being focused on the
outer edge of the back aperture of the objective. The fluorescence emission signal
was filtered through a 525/31 and 616/57 nm dual band-pass emission filter and
then sent to an electron multiplying CCD camera (Hamamatsu ImageEM C9100-13,
Bridgewater, NJ).

2.12. Data analysis

2.12.1. Image processing

The images acquired during the membrane fusion assays were analyzed using
both Image] (NIH) and MATLAB (Mathworks). Fusing particles were manually
selected in Image] and the fluorescence intensity in a 4 x 4 pixel region around each
particle was collected as a function of time. In videos where background noise was
high due to a large amount of fusion events, a rolling ball background subtraction
algorithm was applied to all of the images to remove excess background noise as the
fluorophores diffused into the membrane after hemifusion. The rolling ball algo-
rithm determines the local background for every pixel by averaging over a large
circular region around the pixel. This background value is then subtracted from the
original image. The fluorescence trajectories for the particles were then imported to
MATLAB (Mathworks) for further analysis. A code written in MATLAB determined
the onset time of the dequenching ‘spike’ for each particle by finding the time of the
maximum intensity in each particle trajectory.

Supplementary data related to this article can be found online at http://dx.doi.
org/10.1016/j.biomaterials.2013.06.034.

2.12.2. Statistical accuracy of fusion kinetics

The accuracy with which N and ky can be determined depends on both the
number of experimental observations and the number of steps in the process [40].
To accurately estimate N from a gamma distribution a minimum number of a fusion
events must occur for statistical significance. For example, to distinguish a 2-step
process from a 3-step process i.e., N = 2 from N = 3, a minimum of 50 fusion
events must be observed [40]. The number of fusion events that occurred during
each experiment reported here varied from 70 to 120.

3. Results and discussion

3.1. Proteinaceous supported bilayer formation from cell blebs
expressing APN protein

Pure liposome solutions, prepared as described in the Methods
section, self-assemble on glass to form supported bilayers via
vesicle fusion [41,42]. Proteoliposomes, on the other hand, gener-
ally do not readily form supported bilayers on their own. We
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discovered that proteoliposomes derived from cell blebs could be
induced to form supported bilayers with the addition of pure li-
posomes [18]. We describe this self-assembly process here in the
context of forming fAPN-supported bilayers (fAPN-SB) as substrates
for FCoV fusion studies. The process is illustrated in Fig. 1 (top) and
begins with the formation of cell blebs containing fAPN. The
detailed procedure for forming cell blebs containing fAPN from
BHK cells can be found in the Methods section. fAPN blebs are then
used to form proteinaceous supported bilayers, as will be described
in detail next. Once the proteinaceous supported bilayer is formed,
FCoV binds to fAPN, localizing the virus within the evanescent wave
and enabling single particle fusion experiments that will be
described in a later section.

To visualize the formation of the supported bilayer from fAPN-
blebs derived from BHK cells, the bleb membranes were labeled
with a lipophilic fluorophore, Octadecyl Rhodamine (R18) (see
Methods section). A small aliquot of the labeled bleb solution was
added to a PDMS well and incubated for 10 min at room temper-
ature. During this time, blebs contact and adsorb to the glass sur-
face. Excess blebs that did not adsorb to the glass surface were
removed by gently rinsing the well with buffer A (2 mm CaCly,
10 mm HEPES, 150 mM NaCl at pH 7.4). At this stage, the adsorbed
intact blebs stick to the glass surface as intact proteoliposomes, as
seen in Fig. 1, t = 0 image, as punctuate spots.

To induce the formation of a supported bilayer from the adsor-
bed blebs, we formulated liposomes to match closely the BHK
endosomal membrane composition [26] (referred to as BHK-
liposome) and added this solution to the PDMS well containing
the adsorbed blebs. In this experiment, the BHK-liposomes are
devoid of fluorophore labels. This labeling scheme assists in
observing the formation of the supported bilayer as the initially
punctuate blebs rupture and the R18 disperses throughout the
newly-formed planar bilayer (Fig. 1, bottom image series). Note that
as the R18 spreads in the bilayer and gets diluted with the unla-
beled BHK lipids, the fluorescence signal increases due to fluo-
rophore dequenching.

Bilayer formation is verified by fluorescence recovery after
photobleaching (FRAP). In this technique, a laser beam is used to
photobleach a 20 pm diameter spot in the newly-formed fluo-
rescently-labeled (R18) supported bilayer. The recovery of the
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fluorescence in this photobleached area is used to determine the 2D
mobility of R18 embedded in the planar supported bilayer, which in
turn, verifies that the R18 is no longer confined to discrete bleb
vesicles adsorbed to the glass surface, but freely moving
throughout a 2D bilayer plane. FRAP interrogates a macroscale area
(~microns) and thus is useful for characterizing how well the
bilayer has formed over this length scale. Note that the largest
population of blebs is on the order of 500 nm in diameter (Fig. S1),
so if the blebs have not ruptured into a contiguous planar bilayer,
then the fluorescence will not be able to recover after the sample is
photobleached. This lack of recovery was confirmed by preparing
samples containing only adsorbed cell blebs (no addition of BHK-
liposomes). Photobleached spots did not recover on these samples.

For mobile samples, we obtain two quantitative measurements
from these experiments: the mobile fraction and the 2D diffusion
coefficient. Samples were prepared on glass surfaces in PDMS wells,
as described above. Fig. 2 is a typical fluorescence recovery of R18 in
a fAPN-SBs. From this plot, the recovery is nearly restored to 100%,
indicating that the mobile fraction of R18 in the fAPN-SB is quite
high. The reported diffusion coefficient, averaged over several,
similarly-prepared samples, is 0.35 + 0.005 um?/s. Mobile fraction
and diffusion coefficient values compare well with a control bilayer
made of only R18-labeled BHK-liposomes (see Supplementary
Information for data, Fig. S2).

Note that the recovery curve is smooth and fits well to the 2D
diffusion model (black line). Irregular recovery could indicate either
disconnected, isolated, bilayer patches that did not heal to form a
contiguous film over this length scale, or the presence of lipid
microdomain formation. This data indicates that the bilayer has a
relatively uniform distribution and is contiguous. Other possibil-
ities for the structure of the bilayer include partial bleb rupture
(such as only the outer leaflet fusing to the BHK-liposomes).
However, because the diffusion coefficients and mobile fractions
in the pure BHK-liposome SLB and fAPN-SB bilayers are compara-
ble, this structure can be ruled out by the following argument. If the
blebs were only partially fused, then the R18 trapped in the inner
leaflet could not readily exchange with the surrounding lipids after
being photobleached. This behavior would manifest as a slower
recovery and reduced mobile fraction, relative to the pure BHK-
liposome case, over the same timescale of recovery experiment.

BHK
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Fig. 1. (Top) Illustration of the formation of a fAPN-bleb supported bilayer from cell blebs derived from BHK cells. (Bottom) Fluorescence images of fAPN-SB formation, corre-
sponding to the above cartoon. (Left, t = 0) fAPN-blebs containing R18 adsorbed to glass substrate. Note that some larger blebs dominate the signal, but many smaller blebs are
adsorbed as well. (Middle images) ~100 s after the addition of BHK-liposome solution to adsorbed blebs. Note that the BHK-liposome solution is devoid of fluorescent label, thus all
signal comes from release of R18 initially confined to the bleb vesicle before rupture. (Right, t = 300 s) Continuous supported bilayer observed 300 s after the addition of liposomes.
These images are all taken under 40x magnification. The dark lines in each image are scratches intentionally made with a dissection tool that is used to find the focal plane of the
bilayer. The continuous focus of this line throughout the rupture process indicates that the focal plane not change and that the uniform distribution of fluorescence at t = 300 s is
due to mobility of fluorophores redistributed throughout the newly-formed planar bilayer.
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Fig. 2. fAPN supported bilayer characterization and mobility. R18 fluorescence re-
covery after photobleaching in a fAPN supported bilayer (similar to t = 300 s in Fig. 1).
The images correspond to the times for each color-coded arrow on the plot. The data
are fit to curve (black line) to obtain the diffusion coefficient. At t = 0, the bilayer was
bleached with a 561 nm laser beam. The diameter of the bleached area is ~20 pm. The
reported diffusion coefficient on the plots is averaged from several experiments. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Once the bilayer was formed, we verified that the fAPN proteins
were incorporated into the supported bilayer and the active,
extracellular end was oriented facing the bulk solution (i.e., not
inverted towards the glass support) by labeling with a fAPN-
specific antibody against the extracellular portion of the protein.
Details of these experiments and controls are provided in the
Methods section (Fig. S4) and confirm that fAPN is in the bilayer and
oriented properly. Next, we tested APN activity in the blebs and
support bilayers using an enzyme activity assay (see Methods sec-
tion). Fig. S5 summarizes the enzyme activity assay, and the results
show that APN is enzymatically active in the supported bilayer
derived from cell blebs.

Taken together, the antibody binding assay and the enzymatic
assay results corroborate that APN protein is functional and
maintains its native activity and orientation in the supported
bilayer. We note that while the R18 and lipids are mobile in the
fAPN-SB (Fig. 2), the proteins do not appear to be mobile to the
same extent (Fig. S3). Because APN is the binding receptor for the
virus, immobility will reduce the strength of binding (avidity) of the
virus to the supported bilayer. However, as long as one receptor
bond in able to hold the virus in close proximity to the supported
bilayer (and within the evanescent field) prior to fusion initiation,
we can still track individual virus fusion events using TIRFM, as will
be shown in the next section.

3.2. Coronavirus binding to fAPN-SBs

We coated microfluidic channels with supported bilayers devoid
of, or containing, fAPN. To make the bilayers, either empty-vector
blebs or fAPN blebs were used, following the procedure described
above for PDMS wells, but modified slightly to be compatible with a
microfluidic device. A description of this procedure is in the
Methods section.

We prepared two suspensions of FCoV virus. The first was
treated with the protease, trypsin, (2.5 pg/ml) for 15 min at 37 °C
prior to fluorescence labeling, and the second suspension was left
untreated. Fig. S6 demonstrates, by Western blot analysis, that
trypsin treatment of FCoV-1683 virions results in proper cleavage

activation of the S protein. This cleavage step is necessary to prime
the S protein for the fusion assay that will be carried out following
virus binding.

Next, suspensions of fluorescently-labeled, trypsin-treated FCoV
were sent through the channels and incubated for 20 min. During
this time, virus bound to the fAPN in the supported bilayer, but
virus introduced to the channels containing empty-vector-SBs
showed no visible binding (Fig. 3). Comparing these results em-
phasizes the requirement that the supported bilayer contain fAPN
to localize the virus at the bilayer surface.

3.3. pH-triggered fusion

To monitor and distinguish the intermediate steps in the fusion
pathway from each other in the single particle fusion assay, we use a
dual-color labeling scheme (Fig. 4), as described in the Methods
section. Here, the viral membrane is labeled with a green-emitting,
lipophilic fluorophore (R110C18), and the internal contents are
labeled with a red-emitting fluorophore (SRB). With this scheme,
hemifusion of the outer leaflets is marked by fluorescence
dequenching of R110C18 when the outer leaflets mix. Pore formation
is marked by a drop in SRB fluorescence at the fusion site, indicating
release of the internal contents. These colors are co-localized in one
particle by simultaneous monitoring of both emission wavelengths
using TIRFM. In this way, three important time intervals can be ob-
tained for each individual particle: 1) the time for the onset of
hemifusion; 2) the lag time between hemifusion and pore forma-
tion; and 3) the time when the internal contents is released.

In our assay, membrane fusion between bound trypsin-treated
FCoV and supported bilayers is primarily initiated with acidic
buffer, although on occasion, some cleaved viruses spontaneously
fuse prior to acidification. To test the influence of triggering pH on

Empty-SB

Fig. 3. A comparison of FCoV binding to (top) empty vector-SB and (bottom) fAPN-SB.
The fAPN-SB exhibits specific binding of the virus. Note that due to the random
intercalation of R18 in the viral membranes, fluorescence quenching varies among the
virions, so some viruses are dimmer than others in this image.



D.A. Costello et al. / Biomaterials 34 (2013) 7895—7904 7901

Spike (S)
%

Corona
virus
(| i
fAPN binding
pH |
<— —>

Green membrane label

IS

Red internal label

Fig. 4. Dual-labeling scheme of coronavirus for single particle fusion experiments that
facilitate the capture of intermediate states. The viral membrane is labeled with a
green-emitting, lipophilic fluorophore. The viral contents are labeled with a red-
emitting fluorophore. The two leaflets of the membranes are distinguished by the
thin white line. (top) Spike proteins bind to fAPN (purple) present in the supported
bilayer (gray). (middle) A drop in pH triggers hemifusion between the viral membrane
and supported bilayer, leading to the mixing of the outer leaflets of each and the
formation of a stalk. (bottom) Collapse of the stalk into a fusion pore, which results in
the release of viral contents. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

fusion kinetics, buffer solutions (150 mm NaCl, 1.5 mm MES, 5 mm
citric acid) pre-calibrated over a range of acidic pH values (up to pH
7.0) were used. Each solution was sent through a microfluidic
channel at a flow rate of 100 pl/min for 2 min to acidify the system.
The time at which acidification of the flow cell occurred was
marked by an obvious decrease in fluorescence of the pH-sensitive
fluorophore, Oregon green DHPE, present in the supported bilayers
for this purpose. TIRFM images were collected at an interval of
100 ms for three or 4 min. A series of images of a single virion
undergoing hemifusion triggered at pH 5.3 is provided in Fig. 5a.
The dequenching spike is traced in the plot beneath the images. The
time at which the onset of hemifusion occurs (following acidifica-
tion at t = 0) is declared as the start of the dequenching spike for
each individual virus fusion event in the field of view.

A cumulative distribution curve for each triggering pH was
generated by plotting the frequency of hemifusion events as a
function of the times of the onset of each hemifusion event. For a
given triggering pH, a curve (like in Fig. 5b) is then fit with a cu-
mulative gamma distribution (equation (1)) to estimate the kinetic
parameters:

t
N1
T(N)

pu = e kutde (1)

where ky is the hemifusion rate constant, t is time, and N is an
additional fit parameter, often correlated to the number of steps or
the number of fusion proteins that act together to initiate fusion [5].

A gamma distribution is commonly used to fit single particle
kinetics of membrane-enveloped viral fusion because individual
fusion events occur independently of each other. The gamma dis-
tribution describes a multistep reaction scheme, where each step is
a stochastic Poisson process with a rate constant k. This model has
been used to analyze the kinetics of single particle influenza fusion
[5,7], and because of the similarity between the class I fusion pro-
teins of HA and S, this model is used to analyze coronavirus fusion
here. The probability distribution was fit to our data using a non-
linear least squares fitting algorithm.

Fig. 5c—d summarizes the hemifusion kinetic parameters ob-
tained for trypsin-treated FCoV over a range of triggering pH: 4.0 to
6.0. We note that at pH'’s above 6.0, the number of fusing particles
was too low to obtain statistically significant kinetic parameters.
The data presented here (pH 4.0—6.0) corresponds to experiments
where at least 50 fusion events occurred. What is clear from this
data is that FCoV-1683 S cleaved with trypsin requires at least a
mildly an acidic environment to fuse, but the rate dependence on
pH is negligible. This may indicate that there is a mildly acidic pH
threshold at which FCoV-1683 S becomes fusogenically active. As
such, we show here that acidic pH may be considered as a subtle
trigger for fusion, along with the better characterized triggers of
receptor binding and proteolytic processing of S.

A second finding from these experiments is that trypsin can
substitute for cathepsins in activating membrane fusion. In the
absence of trypsin treatment, the total number of fusion events is
less than 10% of the number of events that occur with treatment,
post acidification (data not shown).

A third finding is that protease activation can occur before the
virus binds the APN receptor, in contrast to the situation with SARS-
CoV where the virus must first be bound to the receptor before
cleavage. It is interesting to note that FCoV-1683 is one of the
coronaviruses that does not need to be cleaved at the S1/S2 junc-
tion, and so this result highlights that there may be differences in
receptor priming of fusion, depending on how individual corona-
viruses are proteolytically activated.

3.4. Fusion pore formation

The lag time between the onset of hemifusion and pore forma-
tion can be determined from the relative time stamps of the onset of
hemifusion dequenching and the onset of the release of fluo-
rophores initially inside the virion. In Fig. 6, a series of images of a
dual-labeled, trypsin-treated FCoV fusing to the supported bilayer is
shown in Fig. 6a, with the intensity quantified in Fig. 6b. The initi-
ating pH in this experiment was 4.5. In Fig. 6b it is straightforward to
determine the lag time as a difference between the dequenching
spike of the green label and the drop in fluorescence of the red label.
Lag times for the virions in this sample are cataloged and plotted in
the bar graph in Fig. 6c¢. Fitting this histogram with an exponential
decay, we determine that the rate constant for the formation of the
pore is 0.07 & 0.01 s~ . Pore formation was also conducted with an
initiating pH of 5.0. Here the rate constant for the formation of the
pore is ~0.09 s~ 1. For both initiating pH’s, the transition to pore
formation histogram fit best to a one-step process.

These experiments reveal that FCoV exhibits a distinct hemi-
fusion event before the release of internal label, which supports that
coronavirus, like influenza, proceeds to pore formation via a stalk
intermediate. No release of internal red label was observed prior to
hemifusion of dual-labeled virions.

3.5. Comparison between class I fusion proteins, HA and S

With our results, it is now also possible to compare the fusion
kinetics obtained for CoV S with the prototypical protein of this
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Fig. 5. Coronavirus hemifusion kinetics after pretreatment with trypsin. (a) Images of a single coronavirus hemifusion dequenching event. The system was acidified at t = 0 to pH
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(a) are cataloged and plotted as a cumulative distribution function and fit with equation (1) for several pH values. (c) Hemifusion rate constants over a range of pH. (d) The
corresponding number of spike proteins, N, determined from the statistical analysis of data. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

class, influenza HA. In our previous single particle kinetics studies
of influenza X-31 HA membrane fusion [7], we found hemifusion
and pore formation rate constants at pH 4.5 of ky ~ 0.2 s™! and
kpore ~ 0.08 s respectively. Here, for FCoV S at the same pH, we
obtain ky ~ 0.05 s~! and kpore ~ 0.07 s~1, respectively. One main
difference we observe between HA and S is the pH-dependence of
the hemifusion rate constant. FCoV-1683 S apparently requires an
acidic environment to fuse, but the rate dependence on pH is
negligible. Influenza, on the other hand, exhibits pH-dependent ky
[5,7]. However, the pore formation kinetics for both viruses is
approximately the same. This result is not surprising because the
pore formation step is not believed to be pH dependent [43,44], but
controlled to some extent by the physico-chemical properties (e.g.,
lipid composition, protein content, cholesterol quantity, etc.) of the
membranes involved in fusion. Since cell blebs can be made from
various cell types, the method presented here for forming sup-
ported bilayers from blebs also provides a new way to interrogate
the impact of cell membrane type on viral fusion kinetics.

A second difference between influenza HA and FCoV S is the
value of N obtained from the kinetic analysis. N represents the
number of steps in a multi-step scheme convoluted into a gamma
distribution. In the case of influenza, N has been interpreted as the
number of HA proteins that work in parallel to induce hemifusion
[5,7]. For influenza, N varies depending on the pH, but within the
range of pH 4.0 to 6.0 is ~3 using the same experimental acidifi-
cation conditions employed in these studies. In the case of FCoV S, if
this interpretation was used, our data indicates that on average 12

S proteins are required to induce hemifusion across the same pH
range. For this interpretation, a single S protein appears to have
more energy stored within it to induce fusion compared to HA. An
alternative interpretation is that N in this case simply means that
~1 step is dominating the kinetics, and that step apparently does
not vary much with pH. Future experiments are required to shed
more light on the mechanism of FCoV fusion and provide a
conclusive interpretation of this parameter. Such studies are now
ongoing in our laboratory.

3.6. Implications of this work

The formation of proteinaceous supported bilayers using the cell
blebbing technique opens the possibility for quantitative charac-
terization of membrane fusion kinetics of any enveloped virus that
binds to membrane proteins in the host membrane (beyond coro-
naviruses) and also enables studies of unknown viral receptors in
the cell membrane. Because supported bilayers can be made from
many cell types [14,17], this method can be used to obtain Kinetics
of virus fusion as it depends on the kind of cell membrane host. In
particular, for the many viruses that engage multiple receptors or
co-receptors, this method allows the role of individual receptors to
be defined in the context of the fusion event. Through biochemical
means, proteins can be expressed or suppressed in the plasma
cell membrane. Thus, supported bilayers can be tailor-made
for fundamental studies of specific host-pathogen interactions
that mitigate infection. In addition, by the incorporation of
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Fig. 6. (a) A single, dual-labeled coronavirus fusion event at pH 4.5. Green and red channel images of this virion undergoing hemifusion (green) and then pore formation (red). The
arrows denote the virion being analyzed, which has both labels co-localized in one particle. In the red channel, a second particle is visible; however, during this span of time, it does
not fuse. (b) The corresponding fluorescence intensity traces of the virion in (a). The lag time between hemifusion and pore formation for this virion is denoted by the black double-
ended arrow. (c) Pore formation statistics at pH 4.5 taken from single particle fusion events, like those in (b). The bar graph shows the distribution of lag times between the
hemifusion spike and the release of internal fluorescence for each dual-labeled fusing virus. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

pseudoparticles [9], the method may be expanded to study viruses
of high biomedical importance that require enhanced biosafety
procedures (BSL-3 and BSL-4).

4. Conclusions

In this work, we obtain the membrane fusion kinetics of a less-
studied, but clinically important, class I fusion protein: coronavi-
rus S. Overall, the fusion results here recapitulate what is observed
in vivo, that coronavirus entry requires binding to specific receptors
and that membrane fusion is both receptor- and protease-
dependent. These results indicate that the in vitro method
described here is a suitable substitute for studying fusion in vivo, but
our method of creating and combining proteinaceous bilayers with
single particle tracking, now provides a convenient way to obtain
quantitative kinetic rate parameters for intermediate steps in the
coronavirus fusion pathway, which to our knowledge have not been
obtained before. The single particle approach combined with
microfluidics offers versatile control over the sequence of triggers of
binding, protease exposure, and acidification. Control of the
sequence of these triggers is important, as the order may define the
fusion pathway, tissue tropism, and pathogenicity of coronaviruses.
Systematically varying these complex triggers using this platform
provides a new way to study this virus’s ability to rapidly adapt to
other hosts. Versatile platforms are of critical importance to
providing data that can be leveraged to limit the infection of the
human population, especially in light of the recently-emerging
strain of MERS-CoV.
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