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ABSTRACT: Influenza A virus (IAV) binds to sialylated glycans on the cell membrane before endocytosis and fusion. Cell-surface
glycans are highly heterogeneous in length and glycosylation density, which leads to variations in the distance and rigidity with which
IAV is held away from the cell membrane. To gain mechanistic insight into how receptor length and rigidity impact the mechanism
of IAV entry, we employed synthetic DNA−lipids as highly tunable surrogate receptors. We tethered IAV to target membranes with
a panel of DNA−lipids to investigate the effects of the distance and tether flexibility between virions and target membranes on the
kinetics of IAV binding and fusion. Tether length and the presence of a flexible linker led to higher rates of IAV binding, while the
efficiencies of lipid and content mixing were typically lower for longer and more rigid DNA tethers. For all DNA tether
modifications, we found that the rates of IAV lipid and content mixing were unchanged. These results suggest that variations in the
interface between IAV and a target membrane do not significantly impact the rate-limiting step of fusion or the low-pH-triggered
engagement of viral fusion peptides with the target membrane. However, our results imply that the flexibility of the viral receptor is
important for ensuring that hemifusion events are able to successfully proceed to pore formation.

■ INTRODUCTION

Before viral infection can occur, enveloped viruses must
undergo viral membrane fusion, where the viral envelope mixes
with a target membrane, and the viral genome is transferred
into a target cell. The process of bringing two membranes
together to form a hemifusion intermediate, or lipid mixing, is
thermodynamically favored but has a high kinetic barrier.1,2 To
overcome this barrier, viral fusion proteins undergo a large
conformational change and insert a hydrophobic peptide or
loop into the host membrane and then the proteins collapse to
bring the viral and host membranes together.3,4 For this
process to successfully occur, the viral fusion peptide and the
target membrane must be in close physical proximity.
Proteins expressed on the host cell membrane surface act as

viral receptors and provide sustained interaction between the
virus and host membrane. For some viruses like Ebola, human
immunodeficiency virus (HIV), and SARS-CoV-2, the viral
(co-)receptor is extremely specific and can mechanistically play
a role in facilitating viral entry.5−8 For other viruses like
influenza A virus (IAV), the cell-surface receptor that IAV
binds to is not responsible for initiating fusion, so IAV can
bind to a variety of targets on the cell surface. IAV binds to the

outside of a cell through an interaction of its fusion protein,
hemagglutinin (HA), with sialic acid moieties, which are
displayed on many different cell-surface glycans.9,10 At neutral
pH, HA extends roughly 13.5 nm from the IAV envelope.10

Due to the promiscuity of glycan sialylation, HA can bind to a
wide array of glycolipids and glycoproteins that display α2-3
and α2-6 linkages of sialic acid, which leads to variations in the
distance between a bound virion and the cell membrane.11,12

After IAV binding and endocytosis, low pH triggers HA to
undergo a large conformational rearrangement, where its
hydrophobic fusion peptide (HAfp) relocates by 10 nm to
insert into the host membrane.13 Kinetic simulations and
single-virus studies have found that at least three neighboring
HAfps must successfully engage with the target membrane to
initiate a fusion event.14,15 However, because most single-virus
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fusion measurements utilize homogenous sialylated lipids as
viral receptors, there are still unanswered questions about how
variations in the distance and rigidity of the IAV−target
membrane interface affect the mechanism of IAV fusion.
We have previously employed DNA−lipids (Figure S1) as

tunable synthetic receptors for both viral and vesicle fusion.
DNA−lipids can spontaneously insert into viral and model
membranes under aqueous conditions, and complementary
sequences can be easily designed to tether two membranes at a
controlled distance through DNA hybridization.16,17 DNA−
lipids have been successfully utilized as surrogate receptors to
monitor single-virus binding and fusion events.17,18 When IAV
is bound through DNA tethers to target vesicles of various
membrane compositions, in particular varying the mol fraction
of cholesterol, the kinetics of IAV lipid mixing are
indistinguishable from when IAV is bound to the sialic acid
of the ganglioside GD1a, regardless of the number of DNA
tethers.17,18 These results implied that cholesterol-mediated
clustering of sialic acid viral receptors displayed on the target
membrane has no effect on IAV fusion kinetics;19 however,
there was no exploration of how DNA tether sequence and
length affect the viral fusion process.
The effect of DNA tether sequence and orientation has been

explored in both ensemble and single-vesicle measurements of
vesicle fusion, where synthetic surrogates were utilized as
SNARE mimics.20−23 We found that adding a flexible linker to
the membrane-proximal ends of a DNA tether increased the
rate of vesicle tethering and docking, while the kinetics of
vesicle fusion were only minimally impacted by sequence
length and identity.20,21 We hypothesize that similar changes to
the DNA tether sequences used to facilitate IAV fusion could

also affect the processes of IAV binding and virus membrane
fusion.
Here, we create and implement a panel of DNA−lipids with

varying lengths and rigidities as surrogate viral receptors
(Figure 1). We use these DNA tethers to modulate the
interface between IAV and a target membrane to study how
tether length, flexible linker length, and tether rigidity affect the
single-virus kinetics of IAV binding, lipid mixing, and content
mixing. This strategy yields insights into the crucial role of
receptor flexibility in facilitating IAV−membrane fusion.

■ MATERIALS AND METHODS
Materials. Palmitoyl oleoyl phosphatidylcholine (POPC), dioleoyl

phosphatidylethanolamine (DOPE), and cholesterol (CH) were
purchased from Avanti Polar Lipids (Alabaster, AL). Texas Red-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE), Or-
egon Green-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(OG-DHPE), fatty acid depleted bovine serum albumin (BSA), and
neutrAvidin were purchased from ThermoFisher Scientific (Waltham,
MA). Sepharose CL-4B and disialoganglioside GD1a from bovine
brain (Cer-Glc-Gal(NeuAc)-GalNAc-Gal-NeuAc) were purchased
from Sigma-Aldrich (St. Louis, MO). Organic solvents and buffer
salts were obtained from Fisher Scientific (Pittsburgh, PA) and Sigma-
Aldrich (St. Louis, MO). Polydimethylsiloxane (PDMS) was obtained
from Ellsworth Adhesives (Hayward, CA). Poly(L-lysine)-graft-
poly(ethylene glycol) (PLL-g-PEG) and Poly(L-lysine)-graf t-poly-
(ethylene glycol) biotin (PLL-g-PEG biotin) were purchased from
SuSoS AG (Dübendorf, Switzerland). Influenza A virus (strain X-31,
A/Aichi/68, H3N2) is a BSL-2 agent that was obtained from Charles
River Laboratories (Wilmington, MA). IAV was handled following an
approved administrative biosafety panel protocol at Stanford
University. No other unexpected or unusually high safety hazards
were encountered with this work.

Figure 1. Schematic of IAV−membrane binding and fusion assays with the DNA tethers employed in this study. (A) Single-virus binding assay: A
DNA−lipid displayed on the IAV envelope (red) hybridizes with the complementary sequence displayed on a supported lipid bilayer (gray). (B)
Schematic representation of the DNA tethers used in lipid and content mixing experiments (for full DNA−lipid and DNA oligo sequences, see
Table S1). One end of each DNA tether is target membrane anchored (triangle) and the other is anchored in the IAV envelope (circle). (C)
Single-virus lipid mixing assays: Glass surfaces are functionalized with biotinylated-DNA through PLL-g-PEG biotin/neutrAvidin interaction.
Influenza virions contain two orthogonal sequences of DNA−lipids (green, rainbow). Fixed DNA sequences (green) are used for surface-tethering
virions. Tunable DNA−lipids (rainbow) hybridize with either lipid-labeled vesicles (left, red) or content-labeled vesicles (right, red) to form DNA
tethers of various lengths and rigidities. A single DNA−lipid tether is shown for clarity.
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Buffers. The following buffers were used. HB buffer: 20 mM
HEPES, 150 mM NaCl, pH 7.2. Vesicle buffer: 10 mM NaH2PO4, 90
mM sodium citrate, 150 mM NaCl, pH 7.4. For lipid and content
mixing experiments, fusion buffer: 10 mM NaH2PO4, 90 mM sodium
citrate, 150 mM NaCl, pH 5.1. SRB content buffer: 30 mM
sulforhodamine B (SRB), 10 mM NaH2PO4, 90 mM sodium citrate,
120 mM NaCl, pH 7.4.
Microscopy and Analysis. All epifluorescence micrographs and

videos were acquired with a Nikon Ti-U microscope using a 100× oil
immersion objective, NA = 1.49 (Nikon Instruments, Melville, NY), a
Spectra-X LED Light Engine (Lumencor, Beaverton, OR) as an
excitation light source, and an Andor iXon 897 EMCCD camera
(Andor Technologies, Belfast, U.K.) with 16-bit image settings.
Images were captured with Metamorph software (Molecular Devices,
Sunnyvale, CA). Images were analyzed with FIJI and adapted versions
of previously published MATLAB scripts.17,24

Additional Microscopy Information. Additional excitation/
emission filter wheels were used: Texas Red filter cube (ex = 562/40
nm, bs = 593 nm, em = 624/40 nm) excitation (ex = 560/55 nm) and
emission (em = 645/75 nm); NBD filter cube (ex = 475/35 nm, bs =
509 nm, em = 528/38 nm) (ex = 460/50 nm) and emission (em =
535/50 nm).
DNA−Lipid Synthesis. DNA−lipids (structure shown in Figure

S1) were synthesized using phosphoramidite coupling, as previously
described.20 Critically, the membrane anchor is a saturated dialkyl
glyceryl ether with octadecyl groups, which allows the DNA−lipids to
insert spontaneously into a membrane under aqueous conditions.
DNA−lipids do not partition out of the membrane as it has been
shown for single cholesterol anchored groups.25,26 Specific DNA−
lipids used in this work are described in Table 1 and full sequences are

listed in Table S1. Biotinylated-DNA was synthesized by the PAN
facility at Stanford University and diluted to the desired concentration
in deionized (DI) water. All DNA oligos were stored at −20 °C.
Viral Preparation and DNA−Lipid Incorporation. For binding

experiments, influenza was labeled with TR-DHPE; DNA−lipids were
incorporated into the viral envelope, as previously described.17 Briefly,
a solution of IAV (0.4 mg/mL viral protein concentration) and TR-
DHPE was gently rocked at room temperature for 2 h before pelleting
by centrifugation at 21 130 rcf for 50 min and resuspending in HB
buffer to yield a ∼0.2 mg/mL viral protein concentration solution.
The solution was stored on ice and used or aliquoted and frozen

within 3 days. For lipid and content mixing experiments, unlabeled
IAV was pelleted in HB buffer by centrifugation at 21 130 rcf for 50
min and resuspended in fresh HB buffer for a final viral protein
concentration of 2 mg/mL. For all experiments, DNA−lipids were
incubated with the final virus suspension on ice overnight.

Vesicle Preparation and DNA−Lipid Incorporation. Large
unilamellar vesicles (LUVs) containing DNA−lipids were created
following established protocols.21 Briefly, lipid mixtures were prepared
in chloroform, gently dried under a stream of argon gas, and the film
was further dried under house vacuum for at least 3 h. Dried lipid
films were resuspended in vesicle buffer or SRB content buffer by
vortexing at a lipid concentration of 0.56 mM, extruded at least 30
times (15 passes on each side) through a 100 nm pore size
membrane, and stored at 4 °C until use. All vesicle solutions were
used within 3 days of extrusion. For binding experiments, DNA−
lipids were added to the vesicles at 0.01 mol % of the total lipid
concentration. For lipid and content mixing experiments, DNA−lipids
were added at 0.05 mol % of the total lipid concentration. For all
experiments, DNA−lipids were incorporated into vesicles overnight at
4 °C. Content-labeled vesicles were purified from free SRB content
buffer on a CL-4B size-exclusion column immediately before use in a
content mixing experiment. After equilibration, content-labeled
vesicles were used within four hours.

Single-Virus Binding Assay. Virus binding assays were
performed using supported lipid bilayers (SLBs) and TR-DHPE
labeled IAV (see Figure 1A). SLBs displaying DNA were created
following established protocols.27 Briefly, LUVs (nominally 50 or 100
nm in diameter, 69.9 POPC: 20 DOPE: 10 CH: 0.1 OG-DHPE)
containing a DNA−lipid sequence were added to a PDMS
microfluidic flow cell, incubated for roughly 15 min, and rinsed
with deionized water (DI) and vesicle buffer to form a uniform SLB.
This SLB was imaged to ensure that it was defect free before adding
TR-DHPE labeled IAV. IAV was allowed to bind with the SLB
through DNA hybridization, extensively rinsed, and imaged using
fluorescence microscopy. The resulting number of bound virions per
microscope field of view (FOV) was quantified through spot analysis
of fluorescence micrographs using custom MATLAB scripts.

Lipid and Content Mixing Assays. The single lipid and content
mixing architectures were prepared, as shown in Figure 1 as previously
described.18 In a microfluidic flow cell (see the Supporting
Information for details), glass slides displaying DNA sequence A
were functionalized, as previously described.18 Next, 5 μL of IAV in
HB buffer (roughly 5.4 nM) displaying sequences A′ (antisense to A)
and a sequence of interest (Tables 1 and S1) were introduced to the
flow cell and tethered to the substrate. After rinsing the flow cell with
vesicle buffer, the surface was further passivated by incubating 10 μL
of bovine serum albumin (BSA, 1 mg/mL) for at least 10 min to
prevent nonspecific binding of added target vesicles. Finally, 2−3 μL
of ∼100 nm diameter vesicles (40 POPC: 20 DOPE: 40 CH)
displaying DNA−lipids and containing content buffer were
introduced (2.8 μM nominal total lipid concentration). Lipid- or
content-labeled vesicles were allowed to bind for 5−10 min to control
surface density and ensure spatial separation between particles. Excess
unbound vesicles and BSA were removed by rinsing the flow cell with
vesicle buffer.

Fluorescence microscopy was used to collect image streams of 1200
frames at a frame rate of 3.47 frames/s (Movies S1 andS2). After the
image stream was started, the pH of the flow cell was rapidly
exchanged from 7.4 to 5.1 using fusion buffer. The exchange time was
calibrated using OG-DHPE vesicles in a separate experiment, as done
previously.17 The time between introduction of low pH to the FOV
and dequenching events was then analyzed using custom MATLAB
scripts.17,24

■ RESULTS AND DISCUSSION

We synthesized a panel of DNA−lipids (Table 1) to test the
effects of tether length, the presence of a flexible linker, and
tether rigidity on the kinetics of IAV fusion. For the remainder
of this manuscript, we use the terms “DNA oligo” or “DNA−

Table 1. Description of DNA−Lipids Used in This Studya

sequence name total number of bases description

A 24 nonspecific hybridization
A′ 24 nonspecific hybridization
B 24 specific overlap
B′ 24 specific overlap
L24B′ 48 linker + specific overlap
L42B′ 66 linker + specific overlap
L72B′ 96 linker + specific overlap
C 48 specific overlap
C′ 48 specific overlap
D 72 specific overlap
D′ 72 specific overlap
E 24 specific overlap
B′L24E′ 72 specific + linker + specific

aAll single-stranded DNA sequences have a lipid at the 5′ end, except
for B′L24E′, which is a DNA oligo with no membrane anchor. See
Table S1 for full sequences. Sequences that start with the same letter
(ex. A/A′) indicate sense−antisense complementarity. The letter L
denotes a flexible polyT or polyC linker followed by the number of nt
in the linker. Nonspecific refers to polyA/polyT complementarity,
whereas specific oligos have nonrepeating sequences, which must
overlap completely with the complementary sequence for binding to
occur.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c03247
Langmuir 2022, 38, 2354−2362

2356

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lipid” to describe a single DNA sequence, while the term
“DNA tether” refers to 2−3 complementary DNA oligos or
DNA−lipids that bind through DNA hybridization at the
membrane−IAV interface. For simplicity, complementary
sequences are named using the same letter, (ex. A/A′),
which indicates sense−antisense complementarity (see Table
S1 for full sequences). Some DNA−lipids, DNA oligos, and
DNA tethers contain single-stranded, flexible regions. These
regions are referred to as “linkers” and are comprised of polyT
or polyC sequences. The number of nucleotides (nt) in a
linker is indicated in the sequence name with the letter L
followed by the number of nt (ex. L24 indicates a 24-nt linker).
DNA−lipids were incorporated into the IAV envelope by

incubating virions with an aqueous suspension of DNA−lipids.
When sequence E (Table S1) was incubated with IAV at the
concentrations used in this study, there was a median of 7
DNA−lipids incorporated per virion.18 All DNA−lipids
contained the same lipidic anchor, and as a result, we expected
the extent of DNA−lipid incorporation into the IAV envelope
to be consistent across all DNA sequences, regardless of
sequence identity. For each sequence, the concentration of
DNA−lipids was carefully calibrated by UV absorbance before
addition to IAV or target vesicles to ensure that binding
differences were attributable to the DNA sequence and not to
differences in DNA concentration.
We utilized a single-virus binding assay (Figure 1A) to

quantify the relative availability of various DNA−lipid

sequences that were anchored in the IAV envelope and to
ensure that viral binding was sequence-specific. We created
SLBs that each displayed one of the DNA sequences in a
microfluidic flow cell. Next, we introduced TR-DHPE labeled
IAV that displayed the complementary DNA sequence to the
flow cell. Virions were allowed to bind to the SLB through
DNA hybridization for a set time interval, and the resulting
number of stably bound virions per microscope field of view
(FOV) was quantified through image processing of fluo-
rescence micrographs taken at various positions on the SLB
around the microfluidic flow cell.
We then used single-virus fusion assays to characterize the

impact of tether length on the kinetics of lipid and content
mixing (Figure 1C). Unlabeled virions display two orthogonal
sequences of DNA−lipids: one for surface-tethering IAV (seq.
A) and one with a variable sequence for tethering IAV to a
target vesicle (Tables 1 and S1). Previous work has shown that
increasing the number of DNA−lipids added to the IAV
envelope does not significantly change the rate of lipid
mixing.17 Once virions were surface-tethered to a passivated
glass slide in a microfluidic flow cell through DNA hybrid-
ization (A/A′), target vesicles (with a nominal diameter of 100
nm) displaying the complementary DNA sequence were
introduced and allowed to bind to IAV. For lipid mixing
experiments, vesicles were lipid-labeled with a self-quenched
concentration of TR-DHPE. For content mixing experiments,
vesicles contained a self-quenched concentration of SRB

Figure 2. Contrasting effects of DNA tether length on IAV binding and fusion kinetics. The DNA sequences that comprise each tether are listed in
pairs (membrane anchored−IAV anchored). (A) Tether length increases the number of IAV that bind to an SLB (assay geometry shown in Figure
1A). Values represent the relative number of virions bound per microscope FOV ± standard deviation within sample replicates, where the value for
B−B′ is normalized to 1. (B) Tether length has no effect on the rates of lipid mixing or (C) content mixing (fusion assay geometry shown in Figure
1C). Wait times from pH drop to content mixing for individual fusion events were plotted as cumulative distribution functions (CDFs). For all
DNA tether lengths, the rates of IAV lipid and content mixing are the same within bootstrap resampling error (95% confidence intervals). (D)
Relative efficiencies of lipid mixing and (E) content mixing decrease when IAV is tethered to a target membrane with a 72-nt fully overlapping
DNA tether in comparison to 24 and 48-nt tethers. Lipid and content mixing efficiencies are normalized to the lipid mixing value for the 24-nt
tether to allow for direct comparison, and points represent the average efficiency value ± bootstrap resampling error. Individual CDFs and absolute
efficiencies are reported in Figure S3.
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content buffer (Figure 1C). For both lipid and content mixing
experiments, vesicles, rather than virus, were labeled to avoid
the process of adding a large amount of dye to the virion
envelope or viral contents. The amount of time that vesicles
were allowed to bind was varied for different DNA sequences
to ensure a comparable spatial density and a total number of
vesicles for each experiment. Finally, the buffer was rapidly
exchanged from pH 7.4−5.1 and the fluorescence intensity of
lipid- or content-labeled vesicles was monitored through video
micrographs. To minimize light exposure, we monitored lipid
and content mixing in separate experiments.
Effect of Tether Length. To characterize the role of target

membrane proximity in the mechanism of IAV fusion, we
synthesized pairs of DNA−lipids that would hybridize to form
fully overlapping tethers with 24-nt (B−B′), 48-nt (C−C′),
and 72-nt (D−D′, see Table S1 for full sequences). We first
compared the availability of IAV-anchored DNA oligos and the
rate of IAV binding by using the single-virus binding assay
(assay geometry shown in Figure 1A). Nonspecific binding was
found to be negligible when IAV was introduced to an SLB
that displayed no DNA and no sialic acid. For all sequences,
the number of IAV bound was dramatically higher than
nonspecific binding. Increasing the length of the DNA tether
increases the relative number of virions that bind to an SLB
over a standardized time interval.
By contrast, when vesicles are bound instead of a virus,

increasing tether length did not lead to a significant change in

the number of vesicles that bind to an SLB (Figure S2), which
suggests that when DNA lipids are anchored in the IAV
envelope, the viral glycoprotein bulk decreases the availability
of shorter DNA sequences.
Next, we tethered target vesicles to IAV using the fully

overlapping DNA tethers to observe single-virus fusion kinetics
(assay geometry shown in Figure 1C). The wait times from pH
drop to lipid or content mixing for individual fusion events
were extracted and plotted in cumulative distribution functions
(CDFs, Figure 2B,C, traces expanded in Figure S3).
Surprisingly, increasing the tether length had no effect on
either the rates of IAV lipid or content mixing. However, we
observed a slight decrease in the efficiencies of lipid and
content mixing for the 72-nt tether (Figure 2D,E) in
comparison to the 24 and 48-nt tethers. Efficiency is calculated
as the number of fusion events observed over the total number
of particles analyzed. Relative efficiency is used throughout the
text to more easily examine trends observed between different
DNA−lipid sequences. Absolute efficiencies of lipid and
content mixing are reported in the Supporting Information.
While tether length increased binding and decreased fusion
efficiencies, all three tether lengths led to the same rates of lipid
and content mixing, which implies that increasing tether length
up to the distances studied here does not alter the IAV−
membrane interface in a manner that changes the rate-limiting
step of fusion.

Figure 3. Adding a flexible linker to the IAV-proximal end of a DNA tether increases viral binding and content mixing efficiency but has no effect
on the lipid mixing efficiency or the rates of lipid and content mixing. (A) Flexible linker increases the number of IAV that bind to an SLB when the
tethered sequence is anchored in the IAV envelope (assay geometry shown in Figure 1A). Values represent the relative number of virions bound
per microscope FOV ± standard deviation within sample replicates, where the value for B−B′ is normalized to 1. (B) Presence of a flexible linker
has no significant effect on the rates of lipid mixing or (C) content mixing (assay geometry shown in Figure 1C). Wait times from pH drop to
content mixing for individual fusion events were plotted as cumulative distribution functions (CDFs). In the presence and absence of a flexible
linker, the rates of IAV lipid and content mixing are the same within bootstrap resampling error (95% confidence intervals). (D) Flexible linker has
no effect on the efficiency of lipid mixing, while (E) it leads to a two-fold increase in the content mixing efficiency. Both lipid and content mixing
values are normalized to the lipid mixing efficiency for the 24-nt tether with no linker, and points represent the average efficiency value ± bootstrap
resampling error. Individual CDFs and absolute efficiencies are reported in Figure S4.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c03247
Langmuir 2022, 38, 2354−2362

2358

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03247?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03247?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03247?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c03247/suppl_file/la1c03247_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c03247?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c03247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


It is relevant to compare the tether heights with the distance
that HA extends from the IAV membrane at neutral and low
pH. In comparison to HA, which extends roughly 13.5 nm
from the IAV envelope at neutral pH, the double-helical 24-nt
tether is slightly shorter (8 nm), the 48-nt tether is of a
comparable height (16 nm), and the 72-nt tether is
significantly longer (24 nm).28 Interestingly, the calculated
tether distance for the 72-nt tether is greater than the total
extension of HA at low pH, while the 24-nt tether is shorter
than the height of HA at neutral pH.
The observation that IAV binding and fusion occur with

DNA tethers of lengths 8, 16, and 24 nm suggests that DNA−
lipid-mediated binding is not constrained by the height of HA
and that the presence of DNA tethers does not limit the ability
of viral HA to contact the membrane. The change in fusion
efficiencies as a result of tether length suggests that a later step
in the fusion process, such as the depth or the orientation of
HAfps after the initial process of HA engagement, may be
affected by the height and presence of the DNA tethers.
One critical difference between tethering IAV to a target

membrane via DNA hybridization as opposed to a sialic acid
containing moiety is that the surrogate receptor does not have
a direct interaction with HA. Additionally, our experiments
take place in buffer conditions at which the DNA hybridization
process is essentially irreversible, whereas the HA−sialic acid
interaction is reversible and relatively weak (∼mM dissociation
constant).29 These differences may explain why the 24 and 72-
nt tethers were still able to stably bind and facilitate IAV
fusion; the DNA tethers are mobile within both membranes
and can shift away from the site of HA engagement. This is
supported by previous variable incidence angle-fluorescence
interference contrast (VIA-FLIC) microscopy measurements,
which found that DNA tethers of various lengths can
spontaneously reorganize to alter the height of the junction
between two membranes.27 While these explanations remain
speculative, it is possible that molecular dynamics simulations
or electron microscopy could visualize the orientation of DNA
lipids during the fusion process to further elucidate this point.
Effect of a Flexible Linker. Next, we sought to study the

effect of adding a single-stranded linker of varying lengths to
increase the flexibility of the DNA tether. We added a single-
stranded DNA linker of 24-nt (L24B′), 42-nt (L42B′), and 72-
nt (L72B′) to the 5′ end (next to the lipid anchor) of the B′
sequence. We introduced these DNA−lipids to the IAV
envelope and then created SLBs that displayed a DNA
sequence that was complementary to the fully overlapping
region of the IAV-anchored sequence.
When the linker DNA oligo was incorporated into the IAV

envelope, increasing the length of the flexible linker led to an
increase in the number of IAVs bound within a given time
interval as the linker length was extended from zero to 24−42-
nt; however, between 42 and 72-nt, there was a limited
increase in binding. When the linker oligo was anchored in the
SLB, IAV binding was lower than all other permutations in
which the linker was IAV-proximal (Figure 3A).
We then took the longest linker sequence, L72B′, and

utilized it in the single-virus fusion assays to understand how
the presence of a flexible linker would affect the kinetics of
lipid and content mixing. When we plotted the wait times to
lipid and content mixing for individual fusion events in CDFs
and compared for each DNA tether, the rates of lipid and
content mixing were unchanged in the presence of a flexible
linker (Figure 3B,C, traces expanded in Figure S4). Both DNA

tethers also led to comparable lipid mixing efficiencies (Figure
3D), but the presence of a flexible linker led to a two-fold
increase in the content mixing efficiency (Figure 3E).
The overall increase in IAV binding due to the presence of a

flexible linker is generally consistent with previous work on
DNA-mediated vesicle-vesicle binding.30 IAV binding only
increased when the linker was located at the IAV-proximal end
of the DNA tether, whereas binding decreased when the linker
was located at the membrane-proximal end of the tether. When
vesicles are tethered to an SLB, the addition of a flexible linker
on the vesicle-proximal end of the DNA tether does not lead to
a significant difference in the extent of binding (Figure S5). As
a result, we hypothesize that the flexible linker may allow for
the overlapping sequence to extend away from the crowded
IAV−membrane surface when it is anchored in the viral
envelope while offering no additional flexibility when the linker
is anchored in the target membrane.
If we assume that the maximal length of the flexible linker is

comparable to a double-stranded DNA helix, then we can
crudely approximate that the 42-nt linker could extend up to
∼14 nm, which is similar to the length that HA extends from
the IAV envelope at neutral pH.10 The presence of this linker
would enable the overlapping portion of the DNA−lipid to
extend beyond HA and increase its availability for hybrid-
ization. Consequently, it appears that once the maximal
extension of the linker approaches the height of HA, further
increasing the linker length does not result in significantly
higher levels of IAV binding (Figure 3A).
The addition of a flexible linker on the IAV-proximal end of

the DNA tether did not lead to any significant changes in the
rates of lipid or content mixing, which indicates that there was
no perturbation to the rate-limiting step of lipid mixing, or the
timescale of low-pH-triggered engagement of HAfp with the
target membrane. However, we did observe that the presence
of a 72-nt linker roughly doubled the content mixing efficiency,
which suggests that IAVs bound through a rigid tether are less
likely to proceed from hemifusion to pore formation.
The decrease in productive pore formation with rigid linkers

may be related to HAfp engagement within the target
membrane. NMR studies have shown that mutations to the
IAV HAfp can affect the depth and angle of HAfp engagement
with a target membrane at low pH, which can subsequently
eliminate IAV fusion activity.31,32 It is not fully understood
why some mutations lead to a stalled hemifusion intermediate,
but it has been observed that WT HAfp adopts a 105° angle
within the bilayer, and mutations that adopt shallower angles
either result in leaky fusion or no fusion.33 Our data in
conjunction with previous work suggest that the presence of a
flexible linker enables the HAfp to more often sample an
orientation within the target membrane that allows for the
successful progression from hemifusion to pore formation, in
comparison to a rigid, fully overlapping tether with no flexible
linker.

Rigidity of Tether. Finally, we sought to understand the
effect of tether rigidity on the kinetics of IAV fusion. Single-
stranded DNAs require significantly less energy to bend
relative to double-stranded helices,34 so we hypothesized that
adding a flexible hinge to the middle of a DNA tether would
enable the tethers to more easily contract at the IAV−target
membrane interface during the process of lipid mixing.
To create a flexible hinge in the middle of a 72-nt tether, we

designed three DNAs that would hybridize to form two 24-nt,
fully overlapping regions at the IAV and target membrane-
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proximal ends, while leaving a flexible 24-nt linker in the
middle of the tether (B−B′L24E′−E, Figure 1C). We
incubated target vesicles with sequence E and a three-fold
excess of the DNA oligo with sequence B′L24E′. Excess free
DNA was purified away from vesicle solutions on a size-
exclusion column. When these vesicles were introduced to an
SLB or tethered IAV that displayed sequence B, the vesicles
were able to bind through DNA hybridization (Figure S6).
We compared the flexible hinge tether (B−B′L24E′−E)

with a fully overlapping, rigid tether (D−D′) of the same total
length (72-nt) using the single-virus fusion assays. The wait
times from pH drop to lipid or content mixing for individual
fusion events for each DNA tether were extracted and plotted
in CDFs and compared (Figure S7). Similar to other DNA
tether modifications, the existence of a flexible hinge to the
middle of the DNA tether did not lead to a significant
difference in the rates of lipid mixing (Figure 4A) or content
mixing (Figure 4B). However, the efficiency of both fusion
processes was enhanced by the presence of the flexible hinge,
where lipid mixing efficiency displayed a three-fold increase
(Figure 4C) and content mixing efficiency displayed a two-fold
increase (Figure 4D).
As in other tether perturbations, the rates of lipid and

content mixing were unchanged by tether rigidity. The
consistency of fusion rates supports the theory that tether
rigidity does not affect the rate-limiting step of fusion or
successful insertion of a critical number of neighboring HAfp
into the target membrane. In contrast to the IAV-proximal
linker, the presence of a flexible hinge increased the efficiencies
of both lipid mixing and content mixing, rather than just the

efficiency of content mixing. One explanation for the increase
in lipid mixing efficiency is that positioning the flexible hinge in
the middle of the DNA tether rather than at the IAV-proximal
end may enable HAfps to obtain a favorable orientation within
the target membrane that increases the fraction of hemifusion
and full fusion events.

■ CONCLUSIONS

We have tethered IAV to target membranes using DNA−lipids
of different lengths and rigidities to understand how
modulating physical properties of the virus-target membrane
interface affects the mechanism of IAV−membrane fusion. We
show that altering the membrane−IAV distance and tether
rigidity does not impact the rate-limiting step of lipid and
content mixing, whereas the efficiencies of lipid and content
mixing are sensitive to tether flexibility. These results imply
that despite the receptor heterogeneity of cell-surface glycans,
HAfps can still productively engage with a target membrane
across a large range of distances and that the efficacy of IAV
fusion is enhanced by receptor flexibility. This work has
implications for how the rigidity and distance between
biological interfaces impact other membrane fusion processes
and downstream signaling.35−38 While our DNA tethering
methodology yields several mechanistic insights into the role of
viral receptor length and flexibility in IAV fusion, direct
visualization of the membrane interface would further elucidate
the role of tether mobility in the mechanism of IAV fusion.

Figure 4. Tether rigidity decreases fusion efficiency but has no effect on the rates of lipid mixing and content mixing. (A) Increasing the flexibility
of the middle of the tether has no effect on the rates of lipid mixing or (B) content mixing (assay geometry shown in Figure 1C). Wait times from
pH drop to content mixing for individual fusion events were plotted as cumulative distribution functions (CDFs). For both tether rigidities, the
rates of IAV lipid and content mixing are the same within bootstrap resampling error (95% confidence intervals). (C) Flexible hinge increased the
lipid mixing efficiency by three-fold and (D) increased the content mixing by two-fold. Lipid and content mixing efficiencies are normalized to the
lipid mixing efficiency of D−D′, and points represent the average efficiency value ± bootstrap resampling error. Individual CDFs and absolute
efficiencies are reported in Figure S7.
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Table S1. DNA-lipid sequences. 

Name DNA sequence (5'-3') 

A Biotin-TTT TTT TTT TTT TTT TTT TTT TTT 

A' Lipid-AAA AAA AAA AAA AAA AAA AAA AAA 

B Lipid-TAG TAT TCA ACA TTT CCG TGT CGA 

B' Lipid-TCG ACA CGG AAA TGT TGA ATA CTA 

L24B' Lipid-CCC CCC CCC CCC CCC CCC CCC CCC TCG ACA CGG AAA TGT TGA 
ATA CTA 

L42B' Lipid-CCC CCC CCC CCC CCC CCC CCC CCC CCC  CCC CCC CCC CCC CCC 
CCC CCC TCG ACA CGG AAA TGT TGA ATA CTA 

L72B' Lipid-CCC CCC CCC CCC CCC CCC CCC CCC CCC  CCC CCC CCC CCC CCC 
CCC CCC CCC CCC CCC CCC CCC CCC CCC CCC TCG ACA CGG AAA TGT 
TGA ATA CTA 

C TTG AGA TCT TCC ATA TGC TGA GAG GGA TTG TGT CGA GAT AAG GCT 
GTG 

C' CAC AGC CTT ATC TCG ACA CAA TCC CTC TCA GCA TAT GGA AGA TCT 
CAA 

D TTG AGA TCT TCC ATA TGC TGA GAG GGA TTG TGT CGA GAT AAG GCT 
GTG GTG GTA TTG CGC TAT GAG TAC TAA 

D' TTA GTA CTC ATA GCG CAA TAC CAC CAC AGC CTT ATC TCG ACA CAA 
TCC CTC TCA GCA TAT GGA AGA TCT CAA 

B'L24E' ACG CCT ATT GTT AAA GTG TGT CCT CCC CCC CCC CCC CCC CCC CCC 
CCC TCG ACA CGG AAA TGT TGA ATA CTA 
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Figure S1. Structure of DNA-lipid conjugates as previously published.1  

 

 

Figure S2.  DNA tether length increases the number of IAV that bind to a SLB but has no effect 
on the extent of vesicle binding.  
The DNA sequences that comprise each tether are listed in pairs (bilayer anchored-IAV or vesicle 
anchored). A) As in Fig. 2A, increasing DNA tether length increases the extent of IAV binding to 
a supported lipid bilayer (SLB, 69.9 POPC: 20 DOPE: 10 CH: 0.1 OG-DHPE). Values represent 
the relative number of virions bound per microscope field of view (FOV) ± standard deviation 
within sample replicates, where the value for B-Bʹ is normalized to 1. B) In contrast, increasing 
DNA tether length does not significantly change the number of vesicles (99 POPC: 1 TR-DHPE) 
that bind to a SLB. Values represent the relative number of vesicles bound per microscope FOV ± 
standard deviation within sample replicates, where the value for B-Bʹ is normalized to 1. 
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Figure S3. Individual CDFs for IAV lipid and content mixing (merged in Figure 2BC).  
As in Figure 2, wait times from pH drop to lipid or content mixing for individual content mixing 
events are plotted as CDFs. Dashed lines represent bootstrap resampling error (95% confidence 
intervals). Efficiencies were calculated by dividing the number of vesicles that underwent 
dequenching by the total number of vesicles bound. Absolute lipid mixing efficiencies: B-B': 
250/740 (33%), C-C': 276/705 (39%), D-D': 169/633 (27%). Absolute content mixing efficiencies: 
B-B': 107/3755 (2.8%), C-C': 191/4851 (3.9%), D-D': 185/9296 (1.9%). Kinetic data for each 
DNA tether were compiled from at least two different independent viral preparations. 
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Figure S4. Individual CDFs for IAV lipid and content mixing (merged in Figure 3BC).  
As in Figure 3, wait times from pH drop to lipid or content mixing for individual content mixing 
events are plotted as CDFs. Dashed lines represent bootstrap resampling error (95% confidence 
intervals). Absolute lipid mixing efficiencies: B-B': 250/740 (34%), B-L72B': 281/776 (36%). 
Absolute content mixing efficiencies: B-B': 107/3755 (2.8%), B-L72B': 254/4399 (5.8%). Kinetic 
data for each DNA tether were compiled from at least two different independent viral preparations. 
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Figure S5. The addition of a flexible linker to DNA tethers only increases viral binding when the 
linker is IAV-proximal. 
The DNA sequences that comprise each tether are listed in pairs (bilayer anchored - IAV or vesicle 
anchored). A) As in Fig. 3A, adding a linker to the IAV-proximal end of a DNA tether increases 
the extent of viral binding, while adding a linker to the bilayer-proximal end of a DNA tether 
decreases IAV binding. Values represent the relative number of virions bound per microscope 
FOV ± standard deviation within sample replicates, where the value for B-B' is normalized to 1. 
B) Adding a linker to the vesicle-proximal end of a DNA tether has no effect on vesicle (99 POPC: 
1 TR-DHPE) binding. As in IAV binding, adding a linker to the bilayer-proximal end of a DNA 
tether decreases vesicle binding. Values represent the relative number of vesicles bound per 
microscope FOV ± standard deviation within sample replicates, where the value for B-B' is 
normalized to 1. 
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Figure S6. DNA oligo (B'L24E') binds specifically to vesicle-anchored (B) and bilayer-anchored 
(E) DNA-lipids to form a DNA tether with a flexible hinge. Excess DNA must be filtered away 
from vesicles (99 POPC: 1 TR-DHPE) on a size exclusion column (SEC) prior to binding, 
otherwise only minimal binding is observed. 
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Figure S7. Individual CDFs for IAV lipid and content mixing (merged in Figure 4AB).  
As in Figure 4, wait times from pH drop to lipid or content mixing for individual content mixing 
events are plotted as CDFs. Dashed lines represent bootstrap resampling error (95% confidence 
intervals). Absolute lipid mixing efficiencies: B-B'L24E'-E: 213/763, D-D': 169/633 (27%). 
Absolute content mixing efficiencies: B-B'L24E'-E: 98/2542 (3.8%), D-D': 185/9298 (1.9%). 
Kinetic data for each DNA tether were compiled from at least two different independent viral 
preparations. 
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Supporting Movie Information  

 

Movie S1. A representative video micrograph of lipid mixing of Texas-Red labeled vesicles bound 
to surface-tethered influenza A virions (unlabeled). The frame rate has been sped up 15X to 
facilitate viewing. The total real time of the movie is 340 sec. The pH of the system is lowered 
from 7.4 to 5.1 at frame 1.  

 

Movie S2. A representative video micrograph of content mixing of SRB content-labeled vesicles 
bound to surface-tethered influenza A virions (unlabeled). The frame rate has been sped up 15X 
to facilitate viewing. The total real time of the movie is 340 sec. The pH of the system is lowered 
from 7.4 to 5.1 at frame 1.  
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