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The binding of influenza receptor (HA1) to membranes containing different glycosphingolipid receptors was 

investigated. We observed that HA1 preferentially binds to GD1a but the diffusion coefficient of the 

associated complex at lipid bilayer is approximately double that of the complexes formed by HA1 GM1 or 

GM3.  

 Supported lipid membrane models (SLBs) are important biophysical tools to understand protein-

lipid/glycolipid interactions in controlled conditions.1 Although highly stable, they typically exhibit reduced 

lipid lateral mobility, compared to liposomes, due to frictional substrate-membrane interactions.2 

Conversely, microcavity pore supported lipid membranes (MSLBs), offer liposome-like fluidity whilst 

maintaining much of the stability and versatility of SLBs, including the prospect of controlled asymmetric 

lipid leaflet composition inaccessible in liposomes.3  MSLBs are therefore, particularly useful in the study of 

assembly processes at the lipid membrane that require lateral diffusion of constituent elements. This was 

exemplified recently in a study of cholera toxin (CTb)-GM1 recognition at asymmetric and symmetric MSLBs 

containing sphingomyelin and cholesterol.4   

The influenza virus causes human respiratory illness and is responsible for seasonal and unpredictable 

pandemic infections.5 To gain entry to the cytoplasm, influenza A viral protein hemagglutinin (HA) associates 

with sialylated receptors at the extracellular leaflet of the eukaryotic cell membrane.6,7 Glycosphingolipids 

(GSLs) are an important group of hemagglutinin receptors comprised of hydrophobic ceramide backbone 

attached to oligosaccharide head groups.8 Glycan microarrays have revolutionized understanding of HA 

glycan recognition.9,10 However, artificial glycan arrays lack the cell membrane’s fluidity which is intrinsic to 

the surface that HA encounters in-vivo.11 There have been numerous investigations into the role of lipid 

membrane composition on influenza binding, at both cells and membrane models, including at supported 

lipid membrane models applied to HA1-GSL binding.12 For instance, the fusion of the H3N2 virions was 

demonstrated at SLBs comprised of PC/GM3 and H1N1 at liposomes comprised of PC/PE with GD1a as the 
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HA1 receptor.13,14  However, the role of the host cell membrane composition as well its fluidity in promoting 

or inhibiting influenza virus HA -glycan association has not been fully elucidated.15–17 It has been shown, in 

liposomes, for example, that the transmembrane domain of HA partitions selectively to liquid ordered (Lo) 

domains, and in turn manifests clustering and budding of virus,a pathway for viral replication mediated 

potentially, by lipid rafts.17–20.    

Other factors such as acyl chain and sugar head composition, can affect GSL-protein recognition, and thus 

are likely to affect HA binding.21 Simple models that can deconvolute the unit constituents of membrane 

composition in viral and eukaryotic  membranes can yield insights into receptor recognition that may prove 

useful in both advancing fundamental insights and also as biomedically relevant platforms for understanding 

affinities of key components in infection for drug targets. Here, we combine electrochemical impedance 

spectroscopy (EIS) with Fluorescence Lifetime Correlation Spectroscopy (FLCS) to assess the relative affinity 

of HA1 toward different GSLs within different membrane compositions at MSLBs.  This study focuses on the 

monomeric globular head domain, HA1, of influenza HA (noting in its native form it is a homotrimeric 

glycoprotein).22 HA1 contains the sialic acid receptor binding site responsible for cell membrane attachment 

and it is also an important epitope for neutralization antibodies against the influenza virus.23 This analysis 

was carried out at the nanomolar concentration range of HA1.  

 A 1 cm2 gold electrode imprinted with an ordered array of uniform semi-spherical pores of 1 μm diameter 

were prepared by gold electrodeposition following the method previously described (detailed in SI).24,25  To 

enhance bilayer stability, the exterior, top, surface of the arrays was selectively functionalized with a 

monolayer of 6-mercaptohexanol (SI). For FLCS studies, MSLBs were assembled at optically transparent, 

polydimethylsiloxane (PDMS) microcavity arrays as previously reported.24,25 Lipid bilayer was assembled by 

depositing a lipid monolayer at pre-aqueous filled pore arrays by the Langmuir Blodgett deposition, followed 

by vesicle fusion of the proximal monolayer. This approach, reported previously, permits ready preparation 

of asymmetric bilayer compositions.4 In nature, glycosphingolipids are isolated to the outer leaflet of the cell 

membrane, thus, we assembled the GSLs only at the distal leaflet of the MSLBs by incorporating them into 

the liposomes used for the vesicle fusion step (See Fig. S1, SI). Whereas EIS measurements are label-free, for 

FLCS, fluorescently labelled DOPE-ATTO655 (0.01 mol%) was mixed into the lipid bilayer and the influenza 

HA1 was labelled with ATTO532 following the method described in Fig. S2, (SI).     

  We first evaluated the affinity of HA1, using EIS, toward the individual GSLs; GM1, GM3 and GD1a, where 

each was doped at 1 mol% into model DOPC lipid bilayers (the most fluidic membrane) at gold-supported 

MSLBs. Figure 1a shows a representative Nyquist plot obtained from DOPC bilayer containing 1 mol % of 

GM1 at different concentrations of HA1. The relative Faradaic charge transfer resistance (RCT) was obtained 

from the diameter of the semicircle of the Nyquist plot by fitting the experimental data to an equivalent 

circuit model (ECM) (inset, Fig.2a), a heuristic model reported earlier by us for suspended bilayer over 

microcavity pores.4,24 Note that a constant phase element (CPE) was used instead of a pure capacitor to 
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obtain the best fit. The relative change to membrane resistivity (ΔR) after exposure to HA1 was deduced from 

the initial membrane resistivity at 0 nM HA1. As expected HA1 binding increased membrane resistance, due 

to decreased admittance through the interfacial HA layer. This is also reflected in decreased membrane 

capacitance (𝑄) values (cf. Fig. S3a, SI). Decreases to capacitance likely reflect increasing membrane 

thickness and may also reflect convolution of membrane thickness changes with changes to membrane 

roughness (or curvature), that impact the membrane area on HA association. The relative change in charge 

transfer resistance (ΔR) was plotted against HA1 concentration (0 - 100 nM), Fig.1b (filled symbols). From 

Fig.1b it can be seen that by 100 nM saturation binding is reached for each GSL. We fit the experimental 

ΔR data (dashed lines, Fig.2b) to the Hill-Waud binding model (SI) which applies to cooperative protein-

receptor binding (Hill coefficient, 𝑛 dependency, see SI).26  From our fit, the empirical apparent equilibrium 

dissociation constant 𝐾𝐷 values were estimated and indicate that HA1 has highest affinity for GD1a (17.472 

nM, n=2.56) followed by GM3 (23.964 nM, n=1.45 ) with lowest affinity recorded for GM1 (41.39 nM, 

n=1.81) at DOPC membranes (cf. Table S1, SI). These differences in affinity are not surprising given each GSLs 

differs in their oligosaccharide group constitution. GD1a is notably different in that it terminates with two 

sialic acid (n-acetylneuraminic acid) residues compared to one for GM1 and GM3. In addition, the packing 

of the GSLs in the lipid bilayer may play a role in affinity.   GM1 and GM3 are known to pack differently in 

the membrane, e.g., ganglioside aggregation balances hydrogen bond interactions and steric hindrance of 

the headgroups, causing differences to clustering of GSLs depending on the headgroup involved.27,28  The 

differences in packing are likely reflected in the very different magnitudes of ΔR response for the GSLs on 

HA binding. 

Figure 1.  HA1 binding to different GSLs in DOPC MSLBs formed in gold microcavities array. (a) Nyquist plot 

of cavity array before bilayer deposition (open black). EIS data of DOPC bilayer with GM1 (1 mol%) before 

HA1 red and after HA1 incubation (red: 0 nM, blue: 10 nM, pink: 20 nM, green: 40 nM, dark purple: 60 nM, 

light purple: 80 nM and violet: 100nM). Solid lines show the fit using ECM (inset). (b) Relative variation of 

the DOPC bilayer resistivity (ΔR) on HA1 binding to bilayers containing 1 mol% of different glycolipids. The 
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dashed curves were fit to the Hill-Waud model. All the EIS spectra recorded in the presence of 1 mM Fe(CN)6 

3-/4- and 0.1 M KCl at a bias potential of +0.26 V vs. Ag/AgCl (1 M KCl) with an amplitude 10 mV and frequency 

range of 104 to 10-2 Hz.  All the measurements were carried out at 221 °C. The error bars in b, are  SD, and 

the measurements are from triplicate.  

 

Control experiments to evaluate non-specific binding in the absence of GSLs were carried out.  And, as 

expected, no impedence changes were evident on incubation of HA1 across any of the membranes explored 

in the absence of GSL. This observation was further confirmed from fluorescence data (Fig S4, SI).  

Next, the interaction of HA1 with each GSL at DOPC membrane was investigated using fluorescence lifetime 

correlation spectroscopy (FLCS) at PDMS-MSLB platform, to evaluate the lateral diffusivity of fluorescently 

labelled HA1 (HA1-ATTO532).  

Figure 2 shows representative autocorrelation function (ACF) data obtained for HA1-ATTO532 after 

incubation with an MSLB of DOPC/GM1 (1 mol%) (blue circles), DOPC/GD1a (1 mol%) (orange circles) and 

DOPC/GM3 (1 mol%) (green circles). Free HA1 (in the absence of bilayer) HA1-ATTO532 (red) and ATTO532 

(black) dye in PBS solution. 

The diffusion coefficients of ATTO532 (Fig.2, black circles) and labelled HA1 (Fig.2, red circles) in PBS solution 

(pH 7.4) (each at 10 nM) were calculated by fitting the ACFs to a 3D model (See SI) as 385 μm2.s-1 and 90 

μm2.s-1 respectively, which indicates a HA1 hydrodynamic radius of approximately 2.4 nm. The lateral 

diffusion coefficient of HA1-ATTO532 at GSL-containing MSLB was obtained by fitting the ACFs to a 2D 

diffusion model (See SI) and was determined as 13 μm2.s-1 for DOPC/GD1a and 5 μm2.s-1 for DOPC/GM1 and 

DOPC/GM3.  The anomalous coefficient () value was obtained as 1 in all cases, indicating Brownian 

diffusion. 

 

Figure 2 FLCS fitted autocorrelation functions (ACFs) obtained for free ATTO532 (black circles) and labelled 

HA1-ATTO532 (red circles) in PBS (pH 7.4). After incubating labelled HA1-ATTO532 to MSLBs comprised of 
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DOPC containing 1 mo%l of GM1 (blue circles), GM3 (green circles) and GD1a (orange circles). The bound 

fraction of HA1 was obtained by fitting the data to a one diffusing component model using 10 nM of 

dye/labelled protein.  

 

The distinction in the lateral diffusion of HA1 bound to GD1a and GM1 or GM3 is notable, given the ceramide 

tails of each glycolipid are analogous, the anticipated 1:1 binding would be expected to yield similar diffusion 

coefficients at a homogenous DOPC bilayer.  The distinction indicates, interestingly, that the radius of the 

final membrane bound HA1-GSL complex is different for GD1a compared to GM1 or GM3. The diffusion value 

was therefore used to estimate the diameter of membrane associated complex, from the Saffman-Delbrük 

(SD) model (SI). Using the SD model, we obtained a radius of  0.30 nm for GD1a, which corresponds well with 

that expected for diffusion of a single GD1a lipid. In contrast, a radius of 7.0 nm for the assembly formed by 

GM1/GM3 binding was estimated. As HA1 is monomeric and presents a single binding site, the differences 

in size/diffusion value cannot be ascribed to multivalency. However, the distinctions may be attributed to 

variation in penetration of HA into the membrane as it accommodates the glycolipid binding, or may be due 

to self-association of glycolipids within the membrane. Although no evidence of lateral aggregation of HA1 

was observed even after prolonged incubation with GSL-containing membrane at saturation coverage of HA1 

as reflected in the homogeneity of the intensity-time traces (Fig. S5, SI).  And, binding of HA1-ATTO532 (10 

nM, 40 nM or 80 nM, see Fig. S5, SI) at the membrane, was found not to influence membrane diffusivity 

significantly.  

 Other parameters such as physical properties of membrane and phase, which are affected by membrane 

composition can influence the lateral organisation of GSLs and their clustering. And there is significant 

evidence that ordered domains and rafts can promote HA-glycan binding.29–31 Furthermore, the lateral 

organization of GSLs can be affected by the membrane composition in purely liquid disordered (Ld) 

membranes which may also influence affinity for HA1.
27,32 We, therefore used the MSLBs to investigate the 

impact of the membrane composition and Lo and Ld phase-separated domains on HA1 binding to GM1. The 

membrane diffusivity for each composition was assessed from the lateral mobility of DOPE-ATTO655 lipid 

tracer in the absence of protein, and the protein diffusivity was determined with HA1-ATTO532 at bilayers 

of DOPC, POPC and DOPC/SM/Chol (4:4:2) (mol/mol/mol) doped with 1 mol% GM1 at the distal leaflet. In 

parallel, the effect of HA1 association was evaluated using EIS at gold arrays. The Faradaic charge transfer 

resistance (𝑅CT) of the aforementioned membranes and their relative change on exposure to HA1 

interactions are shown in Fig.3.  Interestingly, the binding constant, roughly estimated from ΔR at 50% 

saturation, is essentially unchanged by membrane composition. Whereas in contrast, the relative magnitude 

of membrane resistance change varies widely with composition on association with HA1 (Fig. 3). ΔR is most 

pronounced for DOPC MSLB, compared with POPC, and HA1 exerted least impact on the resistance of the 
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ternary DOPC/SM/Chol membrane. For instance, at a fixed concentration of HA1 (100 nM), corresponding to 

saturation binding, the ΔR obtained for DOPC (ΔRDOPC = 1.9 kΩ) shows respectively 2 and 10 fold greater 

resistivity change compared to POPC membranes (ΔRPOPC = 0.9 kΩ) and DOPC/SM/Chol (ΔR = 0.2 kΩ) 

membrane.  This is attributed to the much tighter packing of cholesterol-containing membranes. The 

diffusivity data for labelled DOPE from FLCS (Table S2) in the absence of HA1 and for bound labelled HA1 are 

given in (Figure 4b, Table S2). 

 

Figure 3 Representative resistance changes on HA1 binding to GM1 (1mol%) at MSLBs of different lipid 

compositions. The addition of sphingomyelin and cholesterol reduces the clustering of Influenza receptor in 

comparison to the highly fluidic DOPC lipid bilayer. The asymmetric lipid bilayers are comprised of a DOPC 

layer (proximal leaflet) and DOPC/SM/Chol (4:4:2) (distal leaflet). 

 

In the absence of HA1, the lateral diffusion of labelled DOPE-ATTO655 was recorded as 10 µm2.s-1 for DOPC, 

consistent with previous reports,3 6.0 µm2.s-1 for POPC and 3.5 µm2.s-1 for DOPC/SM/Chol (4:4:2) membrane.  

The presence of 1 mol% GM1 at the distal leaflet did not affect measured fluidity. As expected, the data 

confirms membrane fluidity decreases in the order; DOPC > POPC > DOPC/SM/Chol (4:4:2), attributed in the 

latter case to mixed domain formation.33 Within experimental error, the diffusivity of the lipid marker did 

not change upon HA1-ATTO532 (10 nM) incubation irrespective of membrane composition. For the ternary 

DOPC/SM/Chol (4:4:2) composition, the diffusivity of the ordered lipid regions was obtained separately by 

measuring the lateral diffusion of labelled sphingomyelin (SM-ATTO647n), as 2.5 µm2.s-1, which is 3.5-fold 

lower than its diffusivity in DOPC membranes, 8.8 µm2.s-1 (Fig. S6, SI). 
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The lateral diffusion of membrane bound HA1-ATTO532 is influenced profoundly by membrane composition 

and found to be 5.0 µm2.s-1 for DOPC, 3.3 µm2.s-1 for POPC and 1.6 µm2.s-1 for ternary lipid bilayers.  

 

Figure 4 – a) Normalized autocorrelation function of HA1-ATTO532 obtained from MSLBs of DOPC (green), 

POPC (red) and DOPC/SM/Chol (black). All lipid bilayers contain GM1 (1 mol%) in the distal lipid leaflet. (b) 

Illustrates corresponding fluorescence intensity time trace of labelled HA1 at designated bilayer composition.  

 

Notably, for DOPC and POPC the diffusion coefficient is roughly half that of the lipid label. Whereas for the 

ternary composition, the diffusion rate is lower than half, which suggests an association with ordered 

domains, consistent with previous report.34 The number of labelled HA1 molecules in the confocal volume 

may indicate that HA1 has a higher preference to bind to GM1 in more fluidic membranes but based on EIS 

data the difference is not dramatic (Figure 4b, Table S2). It is worth mentioning that the curvature, as well 

as thermal fluctuation of membrane lipid, may affect the diffusivity of proteins, as observed in a previous 

study.35 

Our results from EIS as well as FLCS revealed that HA1 has an important predilection for binding GSLs in more 

fluidic membranes.   

In summary, the affinity of three prevalent glycosphingolipids for influenza subunit HA1 were compared. 

GD1a showed highest affinity at DOPC bilayers, but diffusivity of the resulting GSL-HA1 complex was roughly 

half of that GM1 and GM3- HA1 complexes indicating surprising differences in the assembly dimensions or 

associated HA1 penetration into the lipid bilayer. The affinity of HA1 for GM1 appears unaffected by bilayer 

composition. But the lower mobility of bound HA1 in SM/Chol membranes suggests association with Lo 

domains.  Overall, the data demonstrates that MSLBs are versatile platform for modelling unit steps in viral-
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membrane interactions. These studies will next be extended to multivalent HA subtypes and related viral 

models. 
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