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ABSTRACT 

Most complex signaling events at the plasma membrane (PM) are driven by the 

lateral organization and dynamics of membrane proteins (MPs) and their interaction 

with other membrane-associated components such as lipids, actin cytoskeleton, and 

glycocalyx. Various advanced imaging tools have aided in investigating these 

interactions showing the variety of MPs diffusion modes, defined by constraints 

introduced either by cytoskeleton or extracellular matrix. Although these recent 

discoveries have revolutionized our understanding of the interplay between MPs and 

the cortical cytoskeleton for such constraints, the impact of the glycocalyx on MP 

dynamics is an unexplored question. Here, we investigate the biophysical 

determinants of the glycocalyx-protein interplay by dissecting these complex 

interactions in model membranes with tunable complexity and specificity. We first 

used fluorescence correlation spectroscopy to study the diffusion of the extracellular 

domain of glycoproteins (GlyP-ECD). We observed that GlyP-ECD mobility 

decreases as the absolute molecular weight increases due to glycosylation but is not 

directly correlated with the amino acids weight. We then reconstituted CD44-ECD 

bound to hyaluronic acids (HA) of different sizes in model membranes and analyze 

CD44 diffusion. We observed that increasing HA size leads to a decrease in CD44 

mobility. We lastly reconstituted CD44 together with sphingomyelin (SM), both having 

a binding affinity for HA. CD44 could potentially create a physical barrier for HA to 

bind to SM, which is normally pro-inflammatory. Our data suggest a critical role of the 

glycocalyx components on MP dynamics in the PM and paves the way to a better 

understanding of the glycocalyx-protein dynamics in health and disease. 
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INTRODUCTION 

The plasma membrane (PM) is a complex and dynamic structure continuously 

regulating the spatiotemporal organization of lipids, membrane proteins (MP), actin 

cytoskeleton, glycocalyx, extracellular matrix, and their interaction dynamics. The 

traditional fluid mosaic model1 has profoundly influenced the opinions on the 

structure and dynamics of the PM, mainly suggesting a homogeneous system based 

on free Brownian motion. This model has been modernized to account for further 

observations, especially regarding the raft hypothesis2 and the interactions of 

membrane-associated cytoskeletal components3. Membrane rafts explicitly expand 

the mosaic nature of the membrane to include functionally independent and different 

fluid domains, which are selective in both protein and lipid components, suggesting 

different molecular mobilities in segregated domains. The actin cytoskeleton, on the 

other hand, acts as a physical barrier to MPs and slows down their diffusion. There 

have been additional suggestions for the regulation of MP dynamics, such as specific 

protein-lipid interactions4 and molecular crowding5. Thus, many MPs are not entirely 

in free Brownian motion in the PM, but rather their mobilities are regulated locally6.  

One of the relatively newly emerging membrane-associated components that 

regulates the organization and dynamics of MPs is the glycocalyx. The glycocalyx, a 

dense sugar coat on the cell surface, consists of free glycans, glycolipids, 

glycoproteins, and proteoglycans. It shows a high structural variance aiding specific 

molecular recognition. Therefore, it plays a key role in various cellular activities7 

including host-pathogen interactions8, cell adhesion9, cancer aggregation10, and 

membrane topology11. The glycocalyx components are complex structures, 

assembled by one or multiple monosaccharide units building up to oligosaccharides 

or glycoconjugates by attaching to other molecular species12,13. Carbohydrates are 

crucial constituents of all mammalian membranes, and their synthesis and 

distribution on the membrane must be tightly regulated. Their synthesis takes place in 

different cellular compartments via various pathways14. For instance, while the 

synthesis of glycoproteins is initiated in the endoplasmic reticulum, where 

glycosylation of folded protein occurs and they are further modified in the Golgi 

apparatus, some glycocalyx components (e.g., hyaluronic acid (HA)) are directly 

assembled by MPs (e.g., hyaluronan synthases) at the cell surface. Although these 

syntheses may seem chaotic considering the glycans of different types, quantities, 
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sizes, charges, and rigidity, the biosynthesis is finely controlled by many different 

enzymes. However, these enzymes usually have more than one target molecule, and 

the monosaccharides available for glycan synthesis are affected by the cell's 

metabolism. Thus, different metabolic states (e.g., cancer) alter the biophysical 

properties of the glycocalyx7,10. 

Interestingly, it recently became evident that the glycocalyx can physically influence 

receptor organization15,16 and control the diffusion of receptors via molecular 

crowding17 on the cell surface. In addition to the consensus on the heterogeneous 

mobility and constraints on membrane protein lateral diffusion due to membrane 

rafts, protein-lipid interactions, and cytoskeletal interactions18–20, glycocalyx 

components also have a vital role in limiting protein mobility (i.e., the pericellular coat 

formed by HA bound to CD44)21. These examples show the importance of the 

glycocalyx in regulating membrane protein dynamics. However, biophysical 

frameworks to understand and predict the role of these interactions remain limited. 

The main reason for this limitation is the complexity of the PM and the glycocalyx 

components, and the very fast (milliseconds) temporal and small (nanometers) 

spatial scales of above-mentioned interactions. Thus, it is essential to elucidate the 

biophysical determinants (e.g., size, charge, and structure) of the glycocalyx-protein 

interactions by tuning the glycocalyx composition and biophysical properties in well-

defined synthetic model systems. 

Model membranes are widely used to mimic the PM and balance controllable 

complexity and specificity with the highest physiological relevance22. One such 

example are Giant unilamellar vesicles (GUVs), cell sized free standing lipid vesicles. 

GUVs can be reconstituted with cell surface proteins. Moreover, fluorescence probes 

attached to the proteins can be used for dynamics studies via fluorescence 

correlation spectroscopy (FCS). FCS is a technique to measure the diffusion 

coefficients of proteins from obtained intensity fluctuations in the focal volume. We 

recently published a robust method to prepare proteinated GUVs and measure their 

mobility23. GUVs are composed of phospholipids and nickelated lipids that can be 

functionalized with Histidine (His)-tagged proteins via nickel/His-tag binding. This 

approach is useful as synthetic biology toolbox for elucidating the effect of glycans on 

surface proteins. 
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Here, we first used the reconstitution approach to functionalize GUVs with highly 

glycosylated receptors in the absence of intracellular and transmembrane domains 

but present extracellular domain (ECD), where the glycosylation takes place. We 

found that glycoprotein diffusion decreases as the absolute molecular weight 

increases but is not correlated with the predicted amino acids weight (PMWaa) based 

on the amino acid sequences. We then mimicked the glycocalyx-protein interactions 

by functionalizing GUVs with CD44 attached to HA of different sizes. We found that 

CD44 diffusion decreases with increasing HA sizes. Finally, we checked the impact 

of HA on sphingomyelin (SM) dynamics in the presence and absence of CD44. We 

observed that although HA decreases the diffusion of SM but not DPPE, as CD44 

was introduced, SM diffusion was not affected by HA anymore except for the ultra-

small HA. Our data suggest a crucial role of the glycocalyx components on MP 

dynamics in health and disease, and the synthetic toolbox used here can be 

extended for other interesting questions in the field.  

 

MATERIALS AND METHODS 

Lipids, proteins, carbohydrates, and fluorescent dyes 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-

glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (18:1 

DGS-NTA(Ni)) (shortly called DOGS NTA) were purchased from Avanti Polar Lipids. 

All lipid stock solutions (in chloroform) were stored under a stream of nitrogen in a 

glass at -20 °C. 

His-tagged recombinant proteins of cluster of differentiation (CD) 44 (Cat.# 12211-

H08H; UniProtKB-P16070, Met 1-Pro 220; molecular weight (MW): 43 kDA, PMWaa: 

23.4 kDA), CD34 (Cat.# 10103-H08H; NCBI-NP_001020280.1, Met 1-Thr 290; MW: 

40 kDA, PMWaa: 29 kDA), and Integrin alpha 5 beta 1 (Integrin) (Cat.# CT014-

H2508H; ITGA5, UniProtKB-P08648, Met 1-Tyr 995; ITGB1, UniProtKB-P05556-1, 

Met 1-Asp 728; MW: 260 kDA, PMWaa: 192 kDA) were obtained from SinoBiological, 

and Podocalyxin (PODXL) (Cat.# 1658-PD; NCBI-AAB61574.1, Ser 23-Arg 427; MW: 

165 kDA, PMWaa: 43 kDA) and PODXL2 (Cat.# 1524-EG; UniProtKB-Q9NZ53, Gly 

33-Thr 500; MW: 110 kDA, PMWaa: 52 kDA) were obtained from R&D Systems. 
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Given MWs are based on SDS-PAGE under reducing conditions, and their PMWaa 

are from amino acids sequences.  

The different sizes of Hyaluronic acid (HA) were obtained from R&D System: ultra-

low MW (Cat.# GLR003, 4.6 kDA), low MW (Cat.# GLR001, 37 kDa), medium MW 

(Cat.# GLR004, 229 kDa), and high MW (Cat.# GLR002, 1510 kDa).  

Note that purchased CD44 from SinoBiological includes four HA binding domain 

(HABD) (Arg41, Arg78, Tyr79, and Tyr105), important for its conformational switching 

to bind HA24. 

Abberior STAR Red-1,2-Dipalmitoyl-sn-glycero-3-phosphatidylethanolamine (AbStR-

DPPE) and -sphingomyelin (AbStR-SM) were purchased from Abberior GmbH to 

label the membrane. Alexa Fluor 488 NHS Ester (A488) was obtained from Thermo 

Fisher for protein labeling.  

Protein labeling  

The proteins were dissolved in phosphate-buffered saline (PBS) to a concentration of 

1 mg/mL and 100 Mm NaHCO3 solution in water (pH 8.5) was added for each 50 μL 

protein solution. The volume of A488 dye solution which was dissolved in DMSO was 

calculated based on the formula: 

𝑉𝑑 =  
𝐶𝑝𝑥𝑉𝑝

𝑀𝑊𝑝
 𝑥 𝑀𝐸 𝑥 

𝑀𝑊𝑑

𝐶𝑑
; 

Cp–protein concentration (fixed to 1 mg/mL), Vp–volume of protein to label (fixed to 

50 μL), MWp–protein molecular weight, ME–molar excess (number of dye molecules 

per protein molecule, fixed to 8), MWd–dye (A448) molecular weight (643.4 g/mol), 

Cd–concentration of dye solution (fixed to 1 mg/mL), and Vd–the volume of the dye 

solution. After adding the dye solution to protein solution, it was incubated for 1 hour 

at RT with continuous stirring at 300 rpm. Purification was performed using spin 

columns (7 kDa exclusion limit, 0.5 mL Zeba spin desalting columns, ThermoFisher 

Scientific). The final protein concentration (Cp final) was measured by nanodrop 

(analyzed by NanoDrop 2000) using extinction coefficients of proteins estimated from 

ProtParam-Expasy based on amino acid sequences (Supp. Info. 1). The degree of 

labeling was calculated considering the maximal absorbance of dye and its molar 

extinction for each protein. Details of protein labeling is in Supp. Table 1.  
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Preparation of biomimetic membranes 

Electroformation method was used for GUVs production. A lipid mixture of 1 mg/mL 

POPC with 1% mol of DOGS NTA was dissolved in chloroform. 5 μL of lipid mixture 

was spread on platinum wires and dried under a stream of nitrogen. It was then 

placed into 370 μL 300 mM sucrose solution in a custom-build, Teflon-coated 

electroformation chamber. 10 Hz AC field (2V) was applied for GUVs production 

(DG822, Rigol) for 1 hour followed with 2 Hz for 30 mins for GUVs release at RT.  

GUVs were labeled and incubated for 30 mins by adding AbStR-DPPE or AbStR-SM  

as a membrane dye and A488-labeled proteins for histidine-nickel coupling to a final 

concentration of 100 ng/mL and 5-10 μg/mL (around equal moles), respectively. 

GUVs were washed once with their 3-fold volume of PBS to reduce the background 

signal by unbound dye. GUVs sink to the bottom of the tube after 30 mins due to the 

density difference between sucrose and PBS. An initial volume of GUVs can then be 

taken with cut pipette tips to reduce shear stress and used for measurements. For 

HA experiments, an extra washing step was performed after 30 mins HA incubation 

(10 μg/mL, the same for all HA).  

Confocal imaging and FCS were performed in Ibidi 8-well glass-bottom chambers 

(#1.5H). To prevent bursting and immobilize GUVs, the chambers were coated with 

bovine serum albumin (BSA) (Sigma-Aldrich, 3 mg/mL in PBS) for 1 h and washed 3 

times with PBS. 

Confocal imaging and FCS measurements 

A Zeiss LSM 980 confocal laser scanning microscope equipped with a 40x 1.2 water-

immersion objective was used for imaging and FCS experiments. Green and far-red 

fluorescence were excited with 488 nm and 639 nm lasers and their fluorescent 

emission collected in two channels within the spectral windows of 499–561 nm and 

641–694 nm, respectively. The pinhole parameter was set to 1 Airy Unit. The 

dynamic range was automated, with four times line averaging. The confocal image 

was taken by positioning the focal plane at the GUV equatorial plane. 

For FCS measurements, the calibration of the pinhole position and the correction 

collar of the objective for FCS was performed before the measurement using Alexa 

488 solution (5 ng/mL) in water in the same Ibidi chamber as the samples. Green and 



10 

 

far-red fluorescence were excited with 488 nm and 639 nm lasers and their 

fluorescent emission collected in two channels within the spectral windows of 499–

597 nm and 641–694 nm, respectively. The pinhole parameter was set to 1 Airy Unit. 

The focal plane was roughly positioned at the bottom of GUVs, and z-scan was 

performed in the range of 3 μm with 0.5 μm intervals. The position for the highest 

intensity overlap between two channels was chosen to obtain 5 seconds FCS curves 

with 6 repetitions with low laser power. The obtained correlation curves were fit and 

analyzed by FoCuS-point software25. The data was visualized and statistically 

analyzed by GraphPad Prism 9. 

 

RESULTS AND DISCUSSION 

We utilized GUVs as a biomimetic membrane system to establish a platform for 

investigating the glycocalyx-protein interactions. GUVs have various advantages: 

most importantly, the parameters of the vesicle content and organization can be 

controlled, such as the lipid and protein composition, size, and charge properties. In 

addition, the direct effect of introduced molecules (e.g., proteins or sugars) can be 

investigated since there are no other complementary pathways that can normally 

disrupt such observations in native cells. They also enable visualization under the 

microscope for a long time period and generally do not show phototoxicity and death. 

Thus, we investigated the impact of the glycocalyx components on MPs diffusion in 

GUVs. 

Protein reconstitution in GUVs 

We first generated homogenous GUVs (POPC) with 1 mol% of DOGS NTA to 

elucidate the role of protein MW shaped by glycosylation, the most common form of 

posttranslational modification, on glycoproteins diffusion (Fig. 1A). POPC is an 

monounsaturated lipid and exhibits a high viscosity in model membranes26, creating 

a more sensitive model to recognize small differences in diffusion. Nickelated lipids 

can directly bind to His-tagged proteins, and BSA coated imaging chamber enables 

the immobilization of GUVs for accurate FCS measurements. To visualize and 

recognize the GUVs, adjust the focal plane, and have a reference for diffusion 

coefficient, we labeled vesicles with the membrane dye called AbStR-DPPE. To 
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visualize the ECDs of glycoproteins (GlyP-ECD) attached to nickelated lipids, we 

used A488. We observed that GlyP-ECD in GUVs with DOGS NTA partition 

homogenously in the vesicles, creating a reliable platform for diffusivity 

measurements (Fig. 1B).  

To investigate the diffusion of highly glycosylated GlyP-ECD, we reconstituted the 

proteins responsible for complex signaling events in the PM, such as cell-cell 

interactions, cell adhesion, cell migration, cell morphology, and cancer progression: 

CD44, CD34, PODXL, PODXL2, and integrin. The estimated size of the GlyP-ECD 

from PDB, their absolute MW from SDS-PAGE under reducing conditions, and their 

PMWaa from amino acids sequences are shown in Fig. 1C. The primary sequences 

of the GlyP-ECD are shown in Supp. Info. 1.     

 

Fig. 1. Protein reconstitution in GUVs via nickel/His-tag binding. A) Cartoon representation of 

POPC GUVs with DOGS NTA and AbStR-DPPE. B) Bright-field and fluorescent confocal microscopy 

imaging of GUVs, where the proteins are labeled with A488. Scale bar is 5 μm. C) GlyP-ECD 

reconstitution in GUVs and their predicted weights and absolute MWs information. The sizes of the 

proteins are representative based on MWs.  

Glycoproteins diffusion is shaped by the attachment of glycans 

Lateral diffusion of MPs is an essential physical parameter to acquire a mechanistic 

understanding of both proteins and membrane dynamics27. Saffman and Delbrück’s 
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model on protein diffusion suggests a weak logarithmic reciprocal correlation 

between the radius of the protein and its diffusion with the assumptions of unlimited 

lipid bilayers and surrounding liquids, and the cylindrical shape of embedded 

proteins28. There have been some corrections5,29–34 and also disagreements35 to this 

model with revised assumptions and better experimental approaches. The main 

controversy was raised for several reasons: (1) some experiments did not consider 

lipids diffusion together with the proteins to have a control system to ensure the only 

variable is the protein, or when the data used in theoretical work was taken from 

different papers, these different data were not normalized by the lipids diffusion; (2) 

variations between different methods (e.g., FCS and fluorescence recovery after 

photobleaching) used for diffusion measurements were not well considered36; (3) 

protein reconstitution methods and model membrane systems varied too much that 

some drawbacks (e.g., surface hindrance in support lipid bilayers) were not paid 

attention37. However, the most important reason lacking in the literature is that the 

production host (e.g., eukaryotes vs. prokaryotes, or the same protein from different 

eukaryotic hosts) and conditions (e.g., extraction protocols and upstream process) of 

these proteins, which determine the abundance and specific biophysics of glycans 

attached to the proteins (e.g., size, species, charge, flexibility, and shape)38,39, may 

affect the overall folding thus structure and radius of the protein. Moreover, X-ray 

crystallography studies are generally difficult on glycoproteins and require 

deglycosylation to some extent which could lead to misinterpretation of defined 

protein radius used in theoretical frameworks for the diffusion studies40.  

Mentioned papers about lateral diffusion of MPs mainly consider proteins totally 

embedded in the lipid bilayers thereby ignoring the effect of ECD. It has been 

recently shown that the diffusion of MPs is also influenced by the ECDs23,41–44, 

domain susceptible to glycans. N or O-glycosylation can regulate the biophysics of 

the MPs and possibly alter their function, offering a different, complementary, and 

additional information content besides the protein sequences45,46. Thus, the 

glycomics of the ECDs plays a significant role in MP dynamics. To elucidate the bulk 

effect of glycans on glycoprotein diffusion, we employed FCS to measure the 

diffusion coefficient of highly glycosylated GlyP-ECD (Fig. 2A) and then compared 

them with two other surface proteins (ICAM-1 and CD45) from the literature which 

have a similar PMWaa with one of the GlyP-ECD used in the experiment. We 
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observed some cluster formations of integrin in the confocal image while performing 

FCS measurements due possibly to the labeling issue of a big protein, resulting in a 

different fitting pattern in the autocorrelation curve. We first investigated how the 

mobility of the GlyP-ECD was affected by their absolute MWs in GUVs. We observed 

that GlyP-ECD diffusion decreases with increasing absolute MWs (Fig. 2B). In the 

same experimental conditions, there was no change in membrane dye diffusion in 

GUVs with GlyP-ECD of different weights, suggesting that other parameters (e.g., the 

thickness of the imaging chamber, adjustment of the focal plane for FCS 

measurement, temperature, and membrane fluidity) did not affect the observed 

difference in the diffusion for different GlyP-ECD (Fig. 2C). Since molecular crowding 

is a crucial parameter of the diffusivity of molecules, we also compared the number of 

molecules with the diffusion coefficients for each GlyP-ECD. There is no particular 

inverse linear relationship between the number of molecules in the focal plane and 

the diffusion coefficient for any of GlyP-ECD, suggesting that observed results were 

not caused by molecular crowding but indeed due to the MW of GlyP-ECD (Supp. 

Info. 2). All the following experiments were also performed in similar concentrations 

thus in the same dilute conditions.  

One striking observation about the effect of glycans on GlyP-ECD dynamics was that 

the diffusion of PODXL was slower than PODXL2. As indicated by the commercial 

provider, although PODXL (P=43 kDa) is lighter than PODXL2 (P=52 kDa) in PMWaa, 

PODXL (MW=165 kDa) was heavily glycosylated and thus heavier than PODXL2 

(MW=110 kDa) in absolute MW, which was reflected in the diffusion by PODXL2 

being significantly faster than PODXL (Fig. 2B). We then used diffusion coefficients 

of ICAM-1 (lightly glycosylated) and CD45 (heavily glycosylated) from the literature 

and compared them with our GlyP-ECD after normalizing them by lipid diffusion23. 

ICAM-1 (P=51 kDa) has a very similar PMWaa compared to PODXL2 but is relatively 

less glycosylated (MW=70 kDa). Despite having similar PMWaa, PODXL2 was 

significantly slower than ICAM-1, further justifying the mobility hindrance effect of 

glycans attachment to GlyP-ECD. Likewise, although CD45 (P=57.4 kDa, MW=116) 

is heavier than both PODXL and PODXL2 in PMWaa, it has a similar absolute MW 

with PODXL2 and lower MW than PODXL, further confirming our hypothesis by 

observing non-significant difference between CD45 and PODXL2 but CD45 being 

significantly faster than PODXL.  
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We concluded that the diffusion of GlyP-ECD decreases as the absolute MW of the 

GlyP-ECD increases due to glycosylation but is not correlated with PMWaa based on 

their amino acid sequences. Although the bulk effect of glycans on GlyP-ECD 

diffusion is clear, the conclusion from the diffusion study should be interpreted with 

caution for a reason: performed experimental method is limited to the bulk effect of 

glycans on GlyP-ECD diffusion but not individual biophysical effects of glycans (e.g., 

species, structure, charge, or size). 

 

Fig. 2. Glycans are critical for glycoproteins diffusion in GUVs. A) Cartoon representation of FCS 

experiment, where the protein of interest and membrane lipids attached to fluorescence dyes are 

excited with two lasers, their fluorescent intensity fluctuations are captured, and autocorrelation curves 

are fitted for all GlyP-ECD individually together with membrane dye. B) Diffusion coefficient of GlyP-

ECDs and C) membrane dye in POPC GUVs. While absolute MWs of GlyP-ECDs are indicated in x-

axes, their PMWaa is shown as P in the legends. The means of each GlyP-ECD are connected with 

lines. Student’s t-test (two-tailed, non-parameterized) was used to determine significance 

(****P<0.0001; CD44/CD34: P=0.0017; ns stands for non-significant: P>0.05). Diffusion data of two 

additional proteins were taken from Wedemann et al. after normalization23 (ICAM-1/PODXL2: 

P=0.0021). Error bars represent the standard deviation. The numbers of data points obtained from 

experiments are indicated on the graphs in parentheses. 
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HA size determines CD44 diffusion 

To address the above-mentioned caution and create a more controlled system for the 

binding of glycans to GlyP-ECD, we first reconstituted CD44 in GUVs as previously 

described and then introduced HA of different sizes to form CD44-HA complexes 

(Fig. 3A). The established model was independent from the stochastic effect of 

glycosylation on different proteins since the same protein, CD44, was reconstituted. 

The model was based on the same glycan, HA,  composing of repeating disaccharide 

units, thus other biophysical parameters were the same but the size. To test the 

effect of HA size on the protein diffusion, we next performed FCS measurements on 

GUVs reconstituted with CD44. FCS measurements were conducted with non-

labeled HA to eliminate the possible cross-linking artifacts. Instead, CD44 and 

membrane were labeled with A488 and AbStR-DPPE, respectively. We used four 

different sizes of HA, ranging from 4.6 to 1510 kDa, and observed a clear decrease in 

diffusion of CD44 as the HA size increased (Fig. 3B). In the same experimental 

setup, there was no change in membrane dye diffusion in GUVs with CD44-HA 

complexes, suggesting that other parameters did not affect the observed difference in 

the diffusion of CD44 treated with HA of different sizes (Fig. 3C). It further confirmed 

the hindrance effect of glycans on protein diffusion. In addition, to test if the observed 

effect was specific to CD44-HA interaction via HABD, we performed the same 

experiment by reconstituting PODXL in GUVs, as previously described. We observed 

no difference in diffusion with and without HA treatment for PODXL, indicating that 

HA binding and related decrease in diffusion is specific to CD44 but not to other 

proteins (Fig. 3B).  

By investigating the glycans effect on protein diffusion with CD44-HA complex, we 

created a relatively more controlled system and addressed the causations mentioned 

before. Although our results suggest a decreasing trend as HA size increases, the 

data points for the first groups were rather dispersed, reflecting the limitations of the 

system. First, the number of HA bound to each CD44 within the same HA group is 

unpredictable. While HABDs of some CD44 in GUVs are more accessible, it may not 

be for other CD44 due to their diverse orientation in the membrane. It is probably not 

a big concern considering the same environment (e.g., pH, salt, temperature) of 

CD44-HA complexes in the same HA group. Second, the binding affinity of each HA 

is different and related to their sizes. The maximum binding occurs around 1000 
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kDa47, meaning that considering the amount of HABDs, the average number of HA 

and their stability per CD44 for the largest HA could be bigger than the smallest HA, 

leading to a narrower binding distribution of bigger HAs. This could be the reason for 

dispersed data seen only for the smallest HAs (Fig. 3B). It is not a disadvantage but 

rather a richness of the system by showing the binding affinity difference from a 

different perspective. Third, the most important concern and also the reason behind 

the reproducibility problem of the system is that CD44 in some cells does not 

constitutively bind HA48, which means that it is not certain that all CD44 proteins in 

our system were active state and bound to HA. This could create a heterogeneity of 

active and inactive states of CD44 in our system and could explain the dispersity of 

the data and the problem of reproducibility. However, there have been suggested 

solutions to this problem, such as treatment of CD44 with specific monoclonal 

antibodies or inducers (e.g., phorbol ester) that can increase the binding affinity of 

HA49. Such treatments of proteins before the measurements could be useful for a 

more reliable experimental setup. 

 

Fig. 3. HA size determines CD44 diffusion in GUVs. A) Cartoon representation of binding of CD44 

to HA of different sizes. B) Diffusion coefficient of CD44 and PODXL and C) membrane dye with and 

without HA treatment in POPC GUVs. Student’s t-test (two-tailed, non-parameterized) was used to 

determine significance (CD44 + 4.6 kDa HA/CD44 + 37 kDa: P=0.0003; CD44 + 37 kDa HA/CD44 + 

229 kDa: P=0.0007; CD44 + 229 kDa HA/CD44 + 1510 kDa: P=0.0435; ns stands for non-significant: 

P>0.05). Error bars represent the standard deviation. The numbers of data points obtained from 

experiments are indicated on the graphs in parentheses. 

CD44 competes with SM for HA binding 

In addition to our motivation of establishing a more controlled system to investigate 

the impact of binding of glycans to GlyP-ECD, CD44-HA complex is an important 

lipid-protein-carbohydrate interplay for biology. CD44 is a multifunctional protein, 
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highly expressed in cancer cells and responsible for regulating metastasis50. Its 

ligand, HA, has size-specific biological activities. While low molecular weight (LMW) 

HA is pro-inflammatory, high molecular weight (HMW) HA is anti-inflammatory51–54. 

This dual nature of CD44-HA complex suggests that CD44-HA both promotes and 

inhibits cancer progression55. It recently became evident that sphingolipid metabolites 

are also responsible for regulating inflammation56–58. In addition, it is shown that 

glycans (including HA) have a profound effect on the nanoscale lipid organization of 

the membranes enriched in sphingolipids59,60. These seemingly unrelated 

biomolecules (CD44, HA, and sphingolipids) are somehow interacting and involved in 

inflammation. As HA interacts with sphingolipids and changes their dynamics, to 

determine the role of CD44 in this interaction, we used our reconstitution strategy to 

investigate the competition between CD44 and sphingolipids for HA (Fig. 4A).  

To test the effect of HA on SM diffusion, we first performed FCS measurements on 

GUVs labeled with AbStR-SM or AbStR-DPPE. While there was no change in 

diffusion of AbStR-DPPE in the presence of HA, there was a clear decrease in the 

diffusion coefficient of AbStR-SM treated with HA, confirming that HA interacts with 

SM but not with DPPE and slows down the diffusion of SM (Fig. 4B). This possible 

interaction between SM and HA due to their high hydrogen-bonding capacity (via OH 

groups of HA and the NH groups of SM) was suggested in the literature61–63. To 

elucidate the role of CD44 in HA-SM interaction, we next performed FCS 

measurements on GUVs reconstituted with CD44 and labeled with AbStR-SM. There 

was no difference in the diffusion of SM between the GUVs non-treated and treated 

with HA of different sizes except the ultra-small HA (4.6 kDA), suggesting that CD44 

has early access to HA and blocks the possible interaction spaces for HA-SM binding 

(Fig. 4C). However, ultra-small HA can probably penetrate through the gaps between 

different CD44 proteins and still interact with SM and thus change SM diffusion.   

Interestingly, it is recently suggested that during the infection of macrophages by 

Staphylococcus aureus, hydrolysis of sphingomyelins results in ceramide formations 

and CD44 can cluster in ceramide-enriched membrane domains and prevents the 

sepsis, a consequence of inflammation64. Although the proposed model considers 

the actin cytoskeleton and CD44 interplay, possible interaction dynamics at the cell 

surface by HA are neglected. Our results could be complementary to the proposed 

model that overproduction and clustering of CD44 may facilitate the binding of HA to 
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CD44 and prevent LMW HAs from binding to SM, which is normally pro-inflammatory. 

In our model, without CD44 clustering, CD44 heavily competed with SM for HA 

binding in the range of LMW. However, the abundance of CD44 in our system was 

not enough to block the binding of ultra-small HA. In a system, where a higher molar 

concentration of anchor lipids is used for CD44 attachment, it is possible that CD44 

proteins cover the surface enough that it may even block the binding of smaller HAs 

to SM. In addition, it is indicated in the same paper that filopodia, finger-like 

protrusions, was significantly less developed in sphingomyelinase deficient 

macrophages but more prominent in wild-type. This was hypothesized only with actin 

cytoskeleton dynamics via ezrin and the cytosolic tail of CD44. However, high HA 

synthesis activity65 and thus accumulated force by HA66 at the cell surface has an 

effect on the density and length of filopodia. Thus, excess CD44-HA complexes due 

to CD44 clustering by ceramide could be an important regulator for filopodia 

formation.  

 

Fig. 4. HA determines the SM diffusion only in the absence of CD44 except for the ultra-small 

HA. A) Cartoon representation of HA bound to SM labeled with AbStR and to CD44. B) Diffusion 

coefficient of AbStR-SM and AbStR-DPPE in the presence and absence of HA in GUVs. C) Diffusion 

coefficient of AbStR-SM after addition of HAs of different sizes in GUVs with CD44. Student’s t-test 

(two-tailed, non-parameterized) was used to determine significance (****P<0.0001; ns stands for non-

significant: P>0.05). Error bars represent the standard deviation. The numbers of data points obtained 

from experiments are indicated on the graphs in parentheses. 
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CONCLUSION AND LIMITATIONS 

Constraints in MP diffusion are largely attributed to the actin cytoskeleton, membrane 

rafts, specific lipid-protein interactions, and molecular crowding. Often overlooked is 

that the glycocalyx also can create constraints on MP diffusion. In this project, we 

examined the role of the glycocalyx on MP dynamics. Our data show both bulk and 

size-dependent hindrance effect of glycans on MP diffusion. In addition, our results 

show the competition between CD44 and SM for HA binding, which could be a 

regulation system for inflammation. It is also important to mention the limitation of the 

study. Absence of molecular crowding (i.e., other membrane lipids and proteins), 

reconstitution of only ECD (i.e., absence of full-length protein), and absence of 

intracellular and other extracellular components (i.e., actin cytoskeleton and 

extracellular matrix) could be other contributors to observed results. Therefore, the 

knowledge transition from GUVs to native PM requires caution. Despite of mentioned 

limitations, our system enables a robust, controllable, and easy platform to elucidate 

the role of the glycocalyx on the membrane and MP dynamics. These studies are 

essential since the elucidation of carbohydrates-lipids-proteins interplay can lead to 

potential therapies for various diseases.  

 

FUTURE WORK 

Non-accurate reflection of physiological conditions is the main disadvantage of 

synthetic model membranes. Native plasma membrane components (i.e., lateral 

heterogeneity) may be needed for controlling the processes of the glycocalyx-protein 

interactions. Giant plasma membrane vesicles22 (GPMVs) that reflect the lateral 

heterogeneity to a large extent can be employed to establish an intermediate system. 

Drug-treated cell-derived membranes with modified glycocalyx can be used to 

elucidate the glycocalyx-protein interactions isolated from the effect of the 

cytoskeleton and also in high protein and lipid diversity. Therefore, GPMVs could be 

a crucial semi-native platform to test mentioned interactions. In addition, the top-

down approach should be performed as a comparative and complementary method. 

Valuable findings taken from model systems enable to focus on certain parameters 

and manipulate them in top-down experiments. Hence, combining two methods is 

required to achieve conclusive findings about the biophysical principles of the 
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glycocalyx-proteins interactions. For example, we could use several different 

congenital disorders of glycosylation cell models, which show a deficiency in the 

glycocalyx. In addition, we could employ genome engineering methods such as 

CRISPR/Cas9 to alter the glycoprotein expression level or content. Moreover, we 

may use different drugs or enzymes to disrupt the glycocalyx. All will create cells 

lacking certain glycocalyx components with mentioned ways, and we can quantify 

their effects on protein dynamics. 
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SUPPLEMANTARY MATERIALS 

Supplementary tables 

Supp. Table 1. The details of protein labeling. Proteins specific information and necessary values 

for fluorescence dye volume calculations are listed. 

 Amino 

acids 

Predicted 

mass 

(kDa) 

MWp 

(kDa) 

ME Vd 

(μL) 

Extinction 

coefficient 

(M-1cm-1) 

Cp 

(mg/mL) 

Degree 

of 

labeling 

CD44 211 23.4 43 8 11 37275 ~0.4 1.7 

CD34 270 29 50 8 8.9 11835 ~1 0.5 

PODXL 405 43 165 8 6 15720 ~1 1.1 

PODXL2 468 52 110 8 5 35200 ~0.8 1.3 

Integrin 1745 192 260 8 1 176315 ~1 3.1 

 

Supplementary information 

>sp|P16070|CD44_HUMAN CD44 antigen OS=Homo sapiens OX=9606 GN=CD44 
PE=1 SV=3 
MDKFWWHAAWGLCLVPLSLAQIDLNITCRFAGVFHVEKNGRYSISRTEAADLCKAF
NSTLPTMAQMEKALSIGFETCRYGFIEGHVVIPRIHPNSICAANNTGVYILTSNTSQY
DTYCFNASAPPEEDCTSVTDLPNAFDGPITITIVNRDGTRYVQKGEYRTNPEDIYPS
NPTDDDVSSGSSSERSSTSGGYIFYTFSTVHPIPDEDSPWITDSTDRIP 
 
 
>NP_001020280.1 hematopoietic progenitor cell antigen CD34 isoform a precursor 
[Homo sapiens] 
MLVRRGARAGPRMPRGWTALCLLSLLPSGFMSLDNNGTATPELPTQGTFSNVSTN
VSYQETTTPSTLGSTSLHPVSQHGNEATTNITETTVKFTSTSVITSVYGNTNSSVQS
QTSVISTVFTTPANVSTPETTLKPSLSPGNVSDLSTTSTSLATSPTKPYTSSSPILSDI
KAEIKCSGIREVKLTQGICLEQNKTSSCAEFKKDRGEGLARVLCGEEQADADAGAQ
VCSLLLAQSEVRPQCLLLVLANRTEISSKLQLMKKHQSDLKKLGILDFTEQDVASHQ
SYSQKT 
 
 
>AAB61574.1 podocalyxin-like protein [Homo sapiens] 
SPSPSPSPSPSQNATQTTTDSSNKTAPTPASSVTIMATDTAQQSTVPTSKANEILAS
VKATTLGVSSDSPGTTTLAQQVSGPVNTTVARGGGSGNPTTTIESPKSTKSADTTT
VATSTATAKPNTTSSQNGAEDTTNSGGKSSHSVTTDLTSTKAEHLTTPHPTSPLSP
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RQPTLTHPVATPTSSGHDHLMKISSSSSTVAIPGYTFTSPGMTTTLPSSVISQRTQQ
TSSQMPASSTAPSSQETVQPTSPATALRTPTLPETMSSSPTAASTTHRYPKTPSPT
VAHESNWAKCEDLETQTQSEKQLVLNLTGNTLCAGGASDEKLISLICRAVKATFNPA
QDKCGIRLASVPGSQTVVVKEITIHTKLPAKDVYERLKDKWDELKEAGVSDMKLGD
QGPPEEAEDR 
 
 
>sp|Q9NZ53.1|PDXL2_HUMAN RecName: Full=Podocalyxin-like protein 2; AltName: 
Full=Endoglycan; Flags: Precursor 
GGAFLGACVAGSDEPGPEGLTSTSLLDLLLPTGLEPLDSEEPSETMGLGAGLGAPG
SGFPSEENEESRILQPPQYFWEEEEELNDSSLDLGPTADYVFPDLTEKAGSIEDTSQ
AQELPNLPSPLPKMNLVEPPWHMPPREEEEEEEEEEEREKEEVEKQEEEEEEELLP
VNGSQEEAKPQVRDFSLTSSSQTPGATKSRHEDSGDQASSGVEVESSMGPSLLLP
SVTPTTVTPGDQDSTSQEAEATVLPAAGLGVEFEAPQEASEEATAGAAGLSGQHE
EVPALPSFPQTTAPSGAEHPDEDPLGSRTSASSPLAPGDMELTPSSATLGQEDLNQ
QLLEGQAAEAQSRIPWDSTQVICKDWSNLAGKNYIILNMTENIDCEVFRQHRGPQLL
ALVEEVLPRHGSGHHGAWHISLSKPSEKEQHLLMTLVGEQGVVPTQDVLSMLGDIR
RSLEEIGIQNYSTTSSCQARASQVRSDYGT 
 
 
>sp|P08648|ITA5_HUMAN Integrin alpha-5 OS=Homo sapiens OX=9606 GN=ITGA5 
PE=1 SV=2 
MGSRTPESPLHAVQLRWGPRRRPPLLPLLLLLLPPPPRVGGFNLDAEAPAVLSGPP
GSFFGFSVEFYRPGTDGVSVLVGAPKANTSQPGVLQGGAVYLCPWGASPTQCTPI
EFDSKGSRLLESSLSSSEGEEPVEYKSLQWFGATVRAHGSSILACAPLYSWRTEKE
PLSDPVGTCYLSTDNFTRILEYAPCRSDFSWAAGQGYCQGGFSAEFTKTGRVVLG
GPGSYFWQGQILSATQEQIAESYYPEYLINLVQGQLQTRQASSIYDDSYLGYSVAVG
EFSGDDTEDFVAGVPKGNLTYGYVTILNGSDIRSLYNFSGEQMASYFGYAVAATDV
NGDGLDDLLVGAPLLMDRTPDGRPQEVGRVYVYLQHPAGIEPTPTLTLTGHDEFGR
FGSSLTPLGDLDQDGYNDVAIGAPFGGETQQGVVFVFPGGPGGLGSKPSQVLQPL
WAASHTPDFFGSALRGGRDLDGNGYPDLIVGSFGVDKAVVYRGRPIVSASASLTIF
PAMFNPEERSCSLEGNPVACINLSFCLNASGKHVADSIGFTVELQLDWQKQKGGVR
RALFLASRQATLTQTLLIQNGAREDCREMKIYLRNESEFRDKLSPIHIALNFSLDPQA
PVDSHGLRPALHYQSKSRIEDKAQILLDCGEDNICVPDLQLEVFGEQNHVYLGDKNA
LNLTFHAQNVGEGGAYEAELRVTAPPEAEYSGLVRHPGNFSSLSCDYFAVNQSRLL
VCDLGNPMKAGASLWGGLRFTVPHLRDTKKTIQFDFQILSKNLNNSQSDVVSFRLS
VEAQAQVTLNGVSKPEAVLFPVSDWHPRDQPQKEEDLGPAVHHVYELINQGPSSIS
QGVLELSCPQALEGQQLLYVTRVTGLNCTTNHPINPKGLELDPEGSLHHQQKREAP
SRSSASSGPQILKCPEAECFRLRCELGPLHQQESQSLQLHFRVWAKTFLQREHQPF
SLQCEAVYKALKMPYRILPRQLPQKERQVATAVQWTKAEGSY 
 
 
>sp|P05556|ITB1_HUMAN Integrin beta-1 OS=Homo sapiens OX=9606 GN=ITGB1 
PE=1 SV=2 
MNLQPIFWIGLISSVCCVFAQTDENRCLKANAKSCGECIQAGPNCGWCTNSTFLQE

GMPTSARCDDLEALKKKGCPPDDIENPRGSKDIKKNKNVTNRSKGTAEKLKPEDIT

QIQPQQLVLRLRSGEPQTFTLKFKRAEDYPIDLYYLMDLSYSMKDDLENVKSLGTDL

MNEMRRITSDFRIGFGSFVEKTVMPYISTTPAKLRNPCTSEQNCTSPFSYKNVLSLT

NKGEVFNELVGKQRISGNLDSPEGGFDAIMQVAVCGSLIGWRNVTRLLVFSTDAGF

HFAGDGKLGGIVLPNDGQCHLENNMYTMSHYYDYPSIAHLVQKLSENNIQTIFAVTE
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EFQPVYKELKNLIPKSAVGTLSANSSNVIQLIIDAYNSLSSEVILENGKLSEGVTISYKS

YCKNGVNGTGENGRKCSNISIGDEVQFEISITSNKCPKKDSDSFKIRPLGFTEEVEVI

LQYICECECQSEGIPESPKCHEGNGTFECGACRCNEGRVGRHCECSTDEVNSEDM

DAYCRKENSSEICSNNGECVCGQCVCRKRDNTNEIYSGKFCECDNFNCDRSNGLI

CGGNGVCKCRVCECNPNYTGSACDCSLDTSTCEASNGQICNGRGICECGVCKCT

DPKFQGQTCEMCQTCLGVCAEHKECVQCRAFNKGEKKDTCTQECSYFNITKVESR

DKLPQPVQPDPVSHCKEKDVDDCWFYFTYSVNGNNEVMVHVVENPECPTGPD 

Supp. Info. 1. Amino acid sequences of his-tagged recombinant proteins. The amino acids 

sequences taken from UniProtKB or NCBI were listed for CD 44, CD34, PODXL, PODXL2, and 

Integrin, respectively.  

 

Supp. Info. 2. Number of molecules (coverage) vs. diffusion coefficient. The graph shows no 

notable inverse linear correlation of measured N and diffusion between different samples, confirming 

that there is no effect of N on observed differences in diffusion. Dotted line shows the hypothetical 

inverse correlation due to the effect of molecular crowding on diffusion.   

 

 


