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ABSTRACT The interactions between the cytoplasmic protein diaphanous-1 (Diaph1) and 

the receptor for advanced glycation endproducts (RAGE) drive the negative consequences of 

RAGE signaling in several disease processes.  Reported in this work is how Diaph1 affects 

the nanoscale clustering and diffusion of RAGE measured using super-resolution stochastic 

optical reconstruction microscopy (STORM) and single particle tracking (SPT). Altering the 

Diaph1 binding site has a different impact on RAGE diffusion compared to when Diaph1 

expression is reduced in HEK 293 cells.  In cells with reduced Diaph1 expression (RAGE-

Diaph1-/-), the average RAGE diffusion coefficient is increased by 35 %. RAGE diffusion is 

known to be influenced by the dynamics of the actin cytoskeleton, and actin labeling shows 

reduced Diaph1 expression results in cells with reduced filopodia density and length.  In 

contrast, when two RAGE amino acids that interact with Diaph1 are mutated (RAGERQ/AA), 

the average RAGE diffusion coefficient is decreased by 16 %. Since RAGE diffusion is 

slowed when the interaction between Diaph1 and RAGE is disrupted, the interaction of the 

two proteins results in faster RAGE diffusion. In both RAGERQ/AA and RAGE-Diaph1-/- cells 

the number and size of RAGE clusters is decreased compared to cells expressing RAGE and 

native concentrations of Diaph1. This work shows that Diaph1 has a role in affecting RAGE 

clusters and diffusion. 

Keywords: Super-resolution stochastic optical reconstruction microscopy, Single particle 

tracking, Receptor clusters, Receptor diffusion 
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1.  Introduction 
 
The receptor for advanced glycation endproducts (RAGE) is a member of the 

immunoglobulin superfamily of cell surface proteins [1, 2], and has been implicated in the 

negative consequences of numerous chronic diseases based on evidence from human and 

animal studies [3-5]. RAGE exhibits promiscuous binding with multiple ligands, including 

S100/calgranulins [4, 6], advanced glycation endproducts [3], high mobility group box 1 [7], 

amyloid A or β peptide [8, 9], and Mac-1/β2 integrin [10]. Interactions between RAGE and 

its ligands are abnormally regulated in Alzheimer’s disease, Parkinson’s disease, diabetic 

neuropathy, inflammatory disease, and cardiovascular disease [11]. In addition, the elevated 

levels of RAGE ligands that may be present as a consequence of these diseases results in 

RAGE upregulation [12]. RAGE may be a good biomarker for many human diseases, and is 

also a potential therapeutic target [13]. There are, however, many missing details about the 

mechanisms that govern the biophysical properties of this important receptor. 

 

RAGE consists of three extracellular domains, a transmembrane helix, and a short 

cytoplasmic tail. The V-type and C1-type extracellular domains are involved in ligand 

binding, while the C2 extracellular domain supports the rigid V-type/C1-type tandem 

domain. Ligand binding to the extracellular domain of RAGE initiates signal transduction 

[14, 15]. Downstream signaling includes phosphorylation of mitogen-activated protein kinase 

(MAPK), phosphatidylinositol 3-kinase (PI3K/Akt), Rho GTPases (Rac-1 and Cdc42) and 

activation of nuclear factor kappa B (NF- 𝜅B) [16-18]. Several of the RAGE ligands are 

multivalent, including the S100/calgranulins (S100B, S100A12). The multivalent binding 

drives RAGE clusters on the cell surface [6], which is an important aspect of downstream 

signal transduction [15, 16, 19, 20]. Changes in the size of RAGE clusters may affect the 

recruitment of Diaph1 and subsequent signal transduction pathways [21]. Based on data for a 
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soluble variant of RAGE, Xie et al. proposed that full-length RAGE on the plasma membrane 

of HEK293T cells may form homooligomers, which would be nanoscale in size (i.e., below 

the diffraction limit of an optical microscope) [14].  

 

RAGE signal transduction is a consequence of the interaction between the formin homology 

1 (FH1) domain of diaphanous-1 (Diaph1) with the RAGE cytoplasmic tail [22-24]. Two 

amino acids, Arginine-5 (R5) and Glutamine-6 (Q6), of the RAGE cytoplasmic tail are 

essential for interactions with Diaph1 based on the lack of binding for a R5A/Q6A RAGE 

mutant [25]. When Diaph1 expression is reduced via RNA interference, RAGE singling 

through Akt is blocked and the migration of SMC cells is suppressed [22, 26]. Diaph1 plays 

an essential role in regulating a variety of cytoskeleton-dependent cellular processes under 

stimulation including actin and microtubule polymerization as well as the formation of 

filopodia for vesicle trafficking [27-31] Under non-stimulating conditions, Diaph1 controls 

cellular adhesion by stabilizing microtubules for localized clustering of integrin-β1 at the 

plasma membrane [32].  

 

Although the cytoplasmic interactions between RAGE with Diaph1and the resulting 

signaling pathways have been studied, the effect of Diaph1 on RAGE diffusion and 

nanoscale clusters remains unknown. These properties can affect biomolecular interactions, 

signal transduction and overall cellular function [33-35].  In order to provide this missing 

information, single particle tracking (SPT) is used to individually track the diffusion of a 

subset of diffusely-labeled receptors and to test the role of Diaph1 in affecting RAGE 

diffusion. In addition, the size of RAGE nanoscale clusters is measured using super-

resolution stochastic optical reconstruction microscopy (STORM). Disrupting the interaction 

between RAGE and Diaph1 through protein mutation results in different RAGE clustering 
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and diffusion properties compared to when Diaph1 expression is reduced altogether. The 

latter may be the result of disrupting the actin cytoskeleton when Diaph1 expression is 

reduced.  This conclusion is supported by previous reports where we show that RAGE 

diffusion is altered by compounds that inhibit actin depolymerization [36]. 

 

2. Materials and methods 
 
2.1 Cell culture, actin staining, and filopodia quantification 
 
Details of RAGE plasmid construction, down-regulation of Diaph1, Western blotting and 

RT-PCR methods are provided in the supplementary material. Cells were plated onto an 8-

well NuncTM Lab-TekTM chambered glass slide. For intracellular actin staining in HEK293 

cells, cells were fixed with 4% paraformaldehyde (Sigma Aldrich) in PBS for 30 min at room 

temperature after rinsing cells with phosphate buffered saline (PBS) three times. Cells were 

washed twice with 1 mg/mL sodium borohydride (Fisher Chemical) in PBS for 5 min to 

quench cellular autofluorescence. The cells were permeabilized with 0.1% Triton-X100 

(Thermo Scientific) in PBS for 5 min, and the actin filaments were stained using Alexa Fluor 

488 phalloidin (1:100) (InvitrogenTM) in PBS for 30 min. After rinsing the cells with PBS, 

they were imaged by using a Leica TCS SP5 confocal microscope with a 100×-magnification 

1.4-NA oil-immersion objective. Images were collected with a frame rate of 200 Hz and 400 

nm z-step size. The ImageJ plugin FiloQuant was used to quantify the filopodia length and 

density [37, 38]. The filopodia density is defined as the ratio of the number of filopodia per a 

given length of the cell edge. 

 

2.2 STORM and clusters analysis 
 
An 8-well NuncTM Lab-TekTM chambered glass slide was sonicated in 1M KOH for 15 min 

then rinsed with deionized water. The glass slide was coated with 0.01% poly-l-lysine 
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solution then washed with deionized water and dried under ultraviolet radiation. Cells were 

subcultured onto the glass slide until 60% confluence was achieved. The cells were washed 

with PBS twice then fixed with 1% paraformaldehyde for 10 min at room temperature. After 

three PBS washes, the cells were incubated with anti-RAGE antibody (1:100) in incubation 

buffer (5% normal goat serum (InvitrogenTM) and 1% BSA prepared in PBS solution) for 1h 

at room temperature. The RAGE primary antibody interacts with the extracellular domain of 

RAGE. The cells were washed with incubation buffer three times and then incubated with 

Alexa Fluor 647 F(ab')2-Goat anti-rabbit (A21246, InvitrogenTM) (1:1000) for 30 min at 

room temperature. After three PBS washes, 800 μL of imaging buffer (50 mM NaCl, 10% 

glucose, 0.5 mg/mL glucose oxidase, 40 μg/mL catalase, and 50 mM cysteamine in 10 mM 

Tris, pH = 8.0) were added into each well then covered by a glass coverslip. The labeling 

conditions used in this study ensure that the signal is coming only from receptor in the 

membrane. No detectable labeling was measured for HEK293 cells that lack the expression 

of exogenous RAGE. For STORM experiments, a Nikon TE2000U epifluorescence/TIRF 

microscope equipped with a 100× 1.49 NA oil immersion objective and a 635-nm excitation 

laser (LQC635, CW laser diode, Newport) with a power density of 1.5 KW/cm2 were used. 

Movies were collected with 15,000 frames, a 40 ms exposure time, and a 64×64 frame size 

using a EMCCD (Andor iXonEM+ DU-897).  The ImageJ plugin ThunderSTORM was used 

to localize single molecules in each frame of the movie and to construction super resolution 

images [39]. Briefly, the size of each pixel (0.16 μm/pixel), photoelectrons per A/D count 

EM gain (600), exposure time (40 ms) were used as inputs for the camera settings. Single 

molecules were localized using weighted least-squares fitting of an integrated Gaussian PSF 

enabled to detect up to two single molecules within a diffraction-limited area. The 

localization precision and Ripley’s K analysis were performed using LocAlization 

Microscopy Analyzer (LAMA) [40].  
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2.3 Single particle tracking 
 
Cells were subcultured onto 8-well NuncTM Lab-TekTM chambered glass slides that were 

coated with 0.01% poly-L-lysine solution (P4704, Sigma Aldrich) for 48 h. The medium was 

changed to 3% BSA in DMEM for 18 h to coat any remaining glass surface. The anti-HA 

labeled QDs (AHA-QDs) were prepared as previously published [41]. After 100 pM AHA-

QDs were diluted in imaging buffer (20 μM HEPES, 6 μM D-glucose, 0.3 μM Na2HPO4, 138 

μM NaCl, 4 μM NaHCO3, 0.4 μM KH2PO4, 5 μM KCl, 0.4 μM MgSO4･7H2O, 0.5 μM 

MgCl2･6H2O, 1 μM CaCl2) with 0.1% BSA, cells were incubated with AHA-QDs for 15 min 

at 37 °C. This labeling method is highly specific to cells expressing RAGE. In Fig. S1, there 

is an average of 2 ± 1 QDs per wild-type HEK293 cell that does not have detectable levels of 

RAGE as measured by Western blot analysis. The QDs measured in wild-type HEK293 cells 

exhibit no movement within the uncertainty of the localization measurement, and have an 

average diffusion coefficient less than 0.0018 μm2/s. In cells expressing transgenic RAGE, an 

average of 20 ± 10 QDs per cell is bound to the cell (Fig. S1). In order prevent skewing the 

SPT results with signals that may correspond to QDs not bound to RAGE (nonspecific 

binding), only trajectories that result in a RAGE diffusion coefficient larger than 0.0018 m/s 

were considered.  

 

Cells were washed with imaging buffer before performing microscopy experiments. SPT 

experiments were performed at 37 °C with an Eclipse Nikon (TE2000U) microscope in wide-

field, epi-mode with a 100× 1.4 NA oil-immersion objective. The light from a mercury lamp 

was passed through a filter set (excitation: 425/25 nm; emission: 605/20 nm; Omega Optical. 

The signal was collected by an Andor iXonEM+ DU-897 back-illuminated electron-

multiplying charge coupled device (EMCCD) with a 40 ms acquisition time and 700 frames 
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were collected. A 2D/3D single-particle tracking plug-in (MosaicSuite) for ImageJ was used 

to track single particles in each frame over time to generate trajectories of x-y location [41-

43].   

 

More than 150 single particle trajectories from at least 20 cells were collected for each cell 

line, and were subsequently analyzed using TrackArt, which is a MATLAB application based 

on a previously described algorithm [44, 45]. To quantify RAGE diffusion on the ensemble 

level, the mean square displacement (MSD, r2) was determined by the cumulative probability 

distribution (CPD) of the square displacement over consecutive time lags (4s). This method 

has been extensively used to quantify the diffusion coefficient and fractional populations in 

multiple system [46-49]. CPD is defined as the probability that a particle remains within a 

circle with a radius r. The fraction (f) of each population can be separately estimated. A 

single population exhibiting Brownian motion yields a single exponential model (1p model) 

and can be fit by: 

𝐶𝑃𝐷(𝑟2, 𝑡) = 1 − exp⁡(−
𝑟2

4𝐷𝑡
) 

where D is the diffusion coefficient. The goodness-of-fit was determined by calculating the 

residual sum of squares. If a single exponential model failed to accurately fit the data, then a 

double exponential model (2p model) was used: 

𝐶𝑃𝐷(𝑟2, 𝑡) = 1 − 〈𝑓 exp (−
𝑟2

4𝐷𝑓𝑡
) + (1 − 𝑓) exp (−

𝑟2

4𝐷𝑠𝑡
)〉 

The 2p model produces two diffusion coefficients: Df for the fast population and Ds for the 

slow population. The fit results also provide the relative fractions f and 1 – f for the fast 

population and slow population, respectively [50].  
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The MATLAB APM_GUI based on an algorithm developed by Simson and Menchon [51, 

52] was used to detect confined motion within each trajectory.  Confined motion is defined as 

diffusive motion that is restricted by boundaries that cannot be crossed [53]. Within the 

confinement boundaries, Brownian diffusion may occur. Briefly, all trajectories were 

categorized as either Brownian motion or non-random (i.e., confined) motion based on the 

probability (L) of staying within a region of radius R. The critical confinement index (Lc) and 

critical confinement time (tc) were obtained from simulated Brownian trajectories for a range 

of diffusion coefficients as previously described [41]. A trajectory with Lc > 3.16 and tc > 

1.95 is categorized as confined motion. If a trajectory exhibits confined motion, the diffusion 

coefficient inside confined domains (Din), the size of the confined domain (R), and the time 

in the confined domain (t) were calculated.  

 

2.4 Statistical analysis 

The reported data was determined to exhibit a parametric distribution or non-parametric 

distribution using the Shapiro-Wilk Test to test for normality. The statistical significance of 

all parametric distributions was calculated using the F-test at the 95% confidence level and 

then a paired/unpaired (as determined by the F-test) Student’s t-test with a two-tailed 

distribution. The statistical significance of all non-parametric distributions was calculated 

using the Mann-Whitney test with a two-tailed distribution.  All resulting p-values below 

0.05 are reported in the figures. (If a p-value was not reported, its value was greater than 

0.05), unless otherwise noted in the figure legend. 

 

3. Results and discussion 

3.1 RAGE forms nanoscale clusters that are altered when Diaph1 expression is reduced or 

when the interaction between Diaph1 and RAGE is altered  
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To measure RAGE clusters and diffusion under conditions of altered interaction with Diaph1, 

stably transfected HEK 293 cells were developed that expressed RAGE or RAGE with a 

R5A/Q6A mutation on the cytoplasmic tail (RAGERQ/AA). The amino acid sequence in the 

transmembrane domain and intracellular domain of RAGE and RAGERQ/AA are shown in Fig. 

S2a. An HA epitope was added to the extracellular domain of all RAGE sequences to 

facilitate specific labeling with an HA antibody. It has been shown that the cell signaling 

measured by phosphorylation of ERK is not altered in cells expressing RAGE with and 

without the HA epitope [41].  

Diffraction-limited wide-field fluorescence images show a fairly uniform RAGE distribution 

throughout the cell membrane with a higher signal around the periphery of the cell (Fig.1a). 

STORM allows the RAGE distribution to be measured with 21-nm localization precision as 

determined by nearest-neighbor-based analysis. In Fig.1b and Fig.1c, RAGE clusters of 

varying size are observed; clusters are also measured for cells expressing RAGERQ/AA 

(Fig.S3). The amount and size of the clusters is quantified using Ripley’s K-function analysis 

(Fig. 1d).  The integrated areas of the Ripley’s K-function curves indicate there are more 

RAGE clusters compared to RAGERQ/AA clusters. In addition, RAGE has clusters as large as 

760 nm, however, RAGERQ/AA does not exhibit clusters larger than 610 nm (i.e., there is a 

random distribution over a longer length scale). This shows that altering the interaction 

between RAGE and Diaph1 also alters the amount and size of RAGE clusters in HEK 293 

cells. A previously reported NMR structural analysis showed that increasing the molecular 

dimension of RAGE resulted in recruiting Diaph1 and initiating signal transduction [21]. 

When Diaph1 is not recruited due to altering the interaction between Diaph1 and RAGE, both 

RAGE clustering and its associated signal transduction pathways may be altered. 
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The influence of Diaph1 on RAGE clusters was further analyzed in a cell line with reduced 

Diaph1 expression (RAGE-Diaph1-/-). The concentration of Diaph1 is reduced, but not 

eliminated in these experiments, as shown in Fig. S2c and Fig. S2d. Diaph1 is a formin 

family protein, and is known to affect the formation of actin filaments [28]. In order to 

confirm the reduced levels of Diaph1 achieved in this study had a similar effect on the actin 

cytoskeleton as previously reported, phalloidin staining of the actin cytoskeleton was 

measured (Fig. 2a). As shown in Fig.2b-2c, the filopodia density (0.24 ± 0.05 μm- 1) and 

length (2.1 ± 0.2 μm) increase in cells expressing RAGE when compared to wild-type HEK 

293 cells that do not express exogenous RAGE. This is consistent with previous reports [54]. 

The filopodia density and length decrease by 61% and 37%, respectively, in RAGE-Diaph1-/- 

cells compared with cells expressing both RAGE and Diaph1. After Diaph1 expression is 

reduced, the values are statistically the same as those measured for cells that do not express 

transgenic RAGE, indicating that the increased filopodia length and density resulting from 

RAGE expression can be eliminated by reducing the expression of Diaph1. In RAGERQ/AA 

cells, the filopodia density increased, although the filopodia length is not significantly 

different compared to cells expressing RAGE. This indicates that alterations to the actin 

cytoskeleton also occur in the cell line where the interaction between Diaph1 and RAGE is 

blocked, although the alterations are not as pronounced as when Diaph1 expression is 

reduced.  

 

Fewer RAGE clusters are measured in the RAGE-Diaph1-/- cell line compared to cells 

expressing native Diaph1 levels (Figure 1d), which is consistent with the data for cells 

expressing RAGERQ/AA. The RAGE-Diaph1-/- cell line, however, exhibits a larger amount of 

smaller clusters.  Also, the largest cluster size is 510 nm in the RAGE-Diaph1-/- cell line, 

which is smaller than the value for RAGERQ/AA. Reducing the concentration of Diaph1 and 
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disrupting its interaction with RAGE produce both fewer and smaller RAGE clusters 

compared to the control cell line, but there may be distinct mechanisms for how the RAGE 

clusters are altered in these cell lines.  

 
Figure 1. RAGE spatial organization in the plasma membrane of HEK 293 cells as 
measured by fluorescence microscopy. (a) Wide-field diffraction-limited image 
measured by primary anti-RAGE antibody with Alexa Fluor 647 F(ab')2-Goat anti-
rabbit secondary antibody. The white box represents the region where STORM 
measurements were performed. The scale bar is 10 μm. (b) Reconstructed STORM 
image. The white box represents the region where cluster analysis was performed. 
Scale bar is 10 μm. (c) Heat map showing the results from cluster analysis of a (4 μm 
× 4 μm) region. The color indicates the degree of clustering from low (dark blue) to 
high (red). (d) Plots of Ripley’s K-function analysis of the clustering properties of 
RAGE, RAGERQ/AA, RAGE-Diaph1-/- in HEK293 cells (n = 4 for each cell type). 
L(r)-r represents the clustering ability, and r represents the radial clustering scale.  
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Figure 2. Filopodia density and length measured when the actin cytoskeleton is 
stained with Atto 647N-conjugated phalloidin in HEK 293 cells. The number of 
analyzed cells are: wild-type (WT) HEK293 cell line (n = 8), cells expressing RAGE 
(n = 10), cells expressing RAGERQ/AA (n = 13), RAGE-Diaph1-/- cells (n = 15). (a) 
The filopodia detected using FiloQuant are labeled with a pink line in each image. 
Box plots of (b) the filopodia density and (c) filopodia length. The line inside the box 
represents the mean value. The box shows the twenty-fifth and seventy-fifth quartiles 
with the mean shown within the box. The thin line is 1.5 times the interquartile range. 
p-values are obtained from Student’s t-test with a two-tailed distribution (parametric 
distribution).  

 
 
3.2 RAGE diffusion in HEK 293 cells is altered differently when Diaph1 expression is 

reduced compared to when the Diaph1 binding site is altered 

RAGE diffusion was measured in HEK 293 cells using SPT. First a cumulative probability 

distribution (CPD) analysis of the trajectories was performed to determine the number of 

diffusing populations that could be measured as well as the diffusion coefficient of each 

population. Next the properties of transient confinement within each trajectory were 
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measured to obtain the diffusion coefficient and residence time in confined domains as well 

as the sized of the confined domains.  

 

As shown in Fig. 3a-3b, RAGE diffusion (i.e., mean square displacement versus probability 

plot) is better fit by a model with two populations (2p model) than a model with one 

population (1p model). The two populations will be referred to as the fast fraction and slow 

fraction. The diffusion coefficient for each population can be obtained from a fit to the MSD 

versus time plot (Fig.3d-3e). There is no statistically significant difference between the fit for 

Brownian diffusion and anomalous motion for either the fast or the slow population, thus the 

simpler Brownian fit was used to quantify the diffusion coefficients. The RAGE diffusion 

coefficients for the fast (Df) and slow (Ds) population are 0.107 μm2/s and 0.0149 μm2/s, 

respectively. A 72% majority of the RAGE exhibits fast diffusion (Fig.3c).  

 

Figure 3. RAGE diffusion properties obtained from all trajectories (n = 130) 
measured in HEK 293 cells. The average of all trajectories’ cumulative probability 
distribution (CPD) with a 4 sec lag time versus squared step sizes (r2) are fit using (a) 
single population model (1p) and (b) two population model (2p). The grey dashed line 
represents the CPD, the solid black line represents the fit curve. (c) Fractions of the 
fast population and slow population calculated using the 2p model. The average MSD 



 15 

plots for the (d) fast and (e) slow population versus lag time. The black line represents 
fit curves. 
 

 

The cumulative probability distribution curve for RAGERQ/AA and RAGE-Diaph1-/- is also 

best described using a 2 population model (Fig. S4a-4b, Fig. S5a-5b). All fit results are 

summarized in Fig. 4. Both the fast and slow diffusion coefficient for RAGERQ/AA show a 

statistically significant decrease to 0.094 μm2/s and 0.011μm2/s, respectively, compared with 

the diffusion coefficients for RAGE (Fig.4b-Fig.4c). The interaction between RAGE and 

Diaph1 increases RAGE diffusion, which is slower when the RAGE/Diaph1 interaction is 

blocked at the known binding site on RAGE.   

 

 

Figure 4. Average diffusion properties of RAGE (n = 145), RAGERQ/AA (n = 185), 
RAGE-Diaph1-/- (n = 131) in HEK 293 cells. (a) Fraction of the total RAGE 
exhibiting both fast diffusion and slow diffusion, and the diffusion coefficient for (b) 
the fast population (Df) and (c) the slow population (Ds) obtained from a double 
exponential fit to the cumulative probability distributions. (d) Average diffusion 
coefficient for the sum of both Df and Ds multiplied by their individual fraction. The 
error bars represent the standard error in the fit. 

 

When Diaph1 expression is reduced, there is an increase in the fast diffusion coefficient for 

RAGE to 0.162 μm2/s (Fig 4b), which may be the result of disrupting the protein interaction 

(or possibly a protein complex) or it may be the result of the altered cytoskeleton (Fig. 2). In 

a previous study, we showed the RAGE diffusion coefficient decreased by 37 % when actin 
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filament depolymerization is inhibited by treatment with jasplakinolide in GM07373 cells 

[36]. Considering this previous finding, it is not surprising to measure a 35 % increase in the 

average RAGE diffusion coefficient when actin polymerization is reduced by the lower 

expression levels of Diaph1. It is proposed that the population of RAGE with a faster 

diffusion coefficient is impacted by the structure of the actin cytoskeleton, which is why this 

population has a faster diffusion coefficient when Diaph1 expression is reduced.     

 

RAGE diffusion exhibits transient events that represent diffusion within confined domains 

(Fig.S6). Additional information about RAGE diffusion within confined domains can be 

obtained from analyzing the local displacement of segments of each trajectory. The average 

diffusion coefficient of RAGE in confined domains (Din) is 0.018 μm2/s (Fig. 5a). The 

average diffusion coefficient of RAGERQ/AA within confined domains is statistically lower 

(0.013 μm2/s). Both the magnitude of the diffusion coefficient as well as the relative decrease 

when comparing the diffusion coefficients for RAGE and RAGERQ/AA suggest that the slow 

population from the CPD analysis may represent those receptors that are diffusing within 

confined domains. Coincident with the decrease in the diffusion coefficient for RAGERQ/AA in 

confined domains, there is also a decrease in the size of the confined domains (0.18 μm) 

compared to RAGE (0.23 μm) (Fig. 5b). For all other cellular conditions, the differences in 

the diffusion coefficient and size of confined domains were not statistically significant (p > 

0.02). (Fig. 5c). 
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Figure 5. Analysis of all the trajectories exhibiting confined motion in HEK 293 
cells. The number of analyzed confined domains are RAGE (n = 140), RAGERQ/AA (n 
= 182), RAGE-Diaph1-/- (n = 91). Violin plot of the (a) negative natural log of the 
diffusion coefficients within confined domains, (b) size of confined domains, and (c) 
duration of time in confined domains. The width of violin plot represents the data 
distribution. Overlapping each violin plot is a box plot showing the mean (white dot) 
of all values within the data set. The solid line shows the twenty-fifth and seventy-
fifth quartiles. The thin line is 1.5 times the interquartile range. p-values were 
obtained from the Mann-Whitney test (non-parametric distribution).  

 
 
 
4. Conclusions and future insights 
 
Diaph1 affects RAGE clusters and RAGE’s diffusion properties. Reducing the expression of 

Diaph1 and eliminating the binding site to RAGE have similar effects on reducing the size 

and number of RAGE clusters, but do not have the same effects on RAGE diffusion. 

Decreased RAGE diffusion is only measured when the known site of interaction with Diaph1 

is altered on the RAGE cytoplasmic tail. Both the fast and slow populations are affected, and 
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the changes to the slow population may correlate with alterations to properties of confined 

domains in the membrane. Reducing the expression of Diaph1 increases RAGE diffusion; the 

mechanism is proposed to involve the concomitant changes to actin polymerization.  This 

shows that Diaph1 can affect RAGE diffusion and clusters, and that these properties are 

influenced by the intracellular environment.  
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