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ABSTRACT

Transporting substances such as gases, nutrients, waste, and cells is the primary function
of blood vessels. Vascular cells use membrane proteins to perform crucial endothelial
functions, including molecular transport, immune cell infiltration, and angiogenesis.

A thorough understanding of these membrane receptors from a clinical perspective is
warranted to gain insights into the pathogenesis of vascular diseases and to develop effective
methods for drug delivery through the vascular endothelium. This review summarizes state-
of-the-art single-molecule imaging techniques, such as super-resolution microscopy, single-
molecule tracking, and protein—protein interaction analysis, for observing and studying
membrane proteins. Furthermore, recent single-molecule studies of membrane proteins
such as cadherins, integrins, caveolins, transferrin receptors, vesicle-associated protein-1,
and vascular endothelial growth factor receptor are discussed.

Keywords: Vascular endothelium; Membrane protein; Transcytosis; Single molecule imaging;
Optical imaging

INTRODUCTION

Blood vessels transport various molecules, including nutrients, hormones, and drugs,

to organs and tissues in the body via the circulating blood. During transport, membrane
proteins on the vascular endothelial cells regulate the molecular exchange between blood
and tissues (Fig. 1). The vascular endothelium mediates 2 types of transport known as the
transcellular and paracellular pathways. Molecules are transported through appropriate
pathways according to their size and solubility, via processes involving receptors expressed on
endothelial cells. Transcellular transport includes passive diffusion and membrane protein-
associated transport. Small lipophilic molecules and gaseous molecules can pass through
cells via passive transport,"* whereas macromolecules are transported via endocytic vesicles
or trans-endothelial channels that are regulated by specific membrane proteins such as
caveolin, transferrin (Tf) receptor, and plasmalemmal vesicle associated protein-1 (PV-1).>*
Paracellular transport, on the contrary, involves molecular trafficking through intercellular
junctions and is regulated by proteins such as cadherin and claudin.®
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Fig. 1. Transendothelial transport regulated by membrane proteins. Membrane proteins participate in molecular transport through the vascular endothelium,
where the transport pathway is determined by the size and polarity of the substance. Molecular transport relies on 2 pathways: paracellular transport, involving
VE-cadherin and integrin, and transcellular transport, which is divided into passive diffusion and membrane-associated transport that involves caveolin
(adsorptive transcytosis), Tf receptor (receptor-mediated transcytosis), and PV-1 (transendothelial channel).

VE, vascular endothelial; Tf, transferrin; Pv-1, plasmalemmal vesicle associated protein-1; VEGFR, vascular endothelial growth factor receptor; ECM, extracellular matrix.
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The vascular endothelium forms a physical barrier, which restricts the exchange of
substances between the blood and tissue and facilitates selective exchange of substances.
Therefore, the perturbation of membrane proteins and lipids causes endothelial dysfunction.
This leads to various vascular diseases such as atherosclerosis and vascular hyper-
permeability. The pathogenesis of atherosclerosis primarily involves the inflammatory
process,”® during which the expression of membrane molecules that mediate the adhesion
between immune cells and the vascular endothelium, such as vascular cell adhesion protein
1 and E-selectin, is upregulated. Abnormal permeability is a major abnormal property of
tumor vasculature, which reduces transcapillary blood flow, increases interstitial pressure,
and facilitates tumor cell extravasation.’ Cancer cells release various chemotactic molecules
to induce angiogenesis for nutrient supply and metastasis, whereas vascular endothelial
cells receive the signal through membrane receptors and activate angiogenic signaling.

The expression and signaling activity of membrane proteins, such as Notch, integrin, and
vascular endothelial growth factor receptor (VEGFR), are perturbed during this process.

The endothelial barrier maintains homeostasis due to tight molecular transport regulation
but limits drug delivery across the vascular endothelium. In particular, the enhanced
permeability and retention effects can be applied for cancer drug transport. The tumor
vasculature is more leaky than normal blood vessels, therefore, adjusting the drug size
(40-70 kDa) can increase tumor drug delivery. Recently, targeting the transcytosis receptor
has become an attractive and efficient strategy for overcoming the endothelial barrier. T=Tf
receptor (TfR) systems are major components of the receptor-mediated transcytosis (RMT).
Tf-conjugation enhances drug delivery using lipid nanocarriers.*

As mentioned, membrane proteins in the vascular endothelium play a vital role in the
regulation of molecular transport, angiogenesis, and vascular diseases. They diffuse through
the plasma membrane and interact with proteins or molecules to trigger cell signaling and
to perform their cellular functions. Conventional approaches, e.g., mutation and regulation
of gene expression, have primarily been used to understand molecular mechanisms and the
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functions of these proteins by quantitatively evaluating gene expression. Methods such as
real-time polymerase chain reaction (RT-PCR), microarray, and next-generation sequencing
(NGS) have provided a wealth of molecular biological information. However, these ensemble
averaging methods are limited in providing insight into spatiotemporal information of the
mechanism of protein complex formation, including subcellular localization, single protein
diffusion, and temporal dynamics. In this regard, single-molecule imaging and biophysical
analyses serve as appealing tools for understanding membrane proteins. Furthermore,

as detailed in this review, recent advances in optical microscopy have made it possible to
observe single-molecule-level localization and millisecond (ms)-level temporal information
in living cells.

OPTICAL MICROSCOPIC TECHNIQUES FOR BIOIMAGING
AT SINGLE-MOLECULE LEVEL

1. Labeling of membrane proteins for optical microscopy

Spatiotemporal information on the behavior of a protein is essential for understanding its
function and molecular mechanism. Proteins require optical labels, such as fluorophores,
for sequential imaging and optical microscopy and spectroscopy utilizing these probes have
contributed to the understanding of molecular behaviors of proteins in living cells or under
physiological conditions (Figs. 2 and 3).

Chemical modification of fluorescent antibodies and production of genetically engineered
fluorescent proteins'®' have been commonly used as labeling methods since their
development. Although antibody labeling has a high affinity for the target protein, it is
typically used to alter protein function, for example, as an inhibitor that blocks the binding of
proteins. As a result, it is used for imaging fixed cells, but not for studying protein dynamics.
Fluorescent proteins have high bio-stability because they are tagged through genetic fusion
and therefore do not disrupt cell homeostasis. Various fluorescent proteins of different

colors have been designed since the demonstration of green fluorescent proteins (GFPs) as
fluorescent tags.?**

Recent research in chemistry and materials science has led to the development of synthetic
optical probes such as organic dyes and nanoparticles with the genetically modified
fluorescent tag (Table 1). Organic dyes are commonly used optical probes because of their
smaller size (up to 1 kDa) and better optical properties than those of fluorescent proteins.
Recently, nanoparticles have attracted attention for single-molecule imaging due to their
higher signal-to-noise ratios and longer lifetime than other optical probes.? It is important
to note that the preparation methods and surface stoichiometry should be considered when
using nanoparticles to prevent perturbation of the target protein though binding to multiple
protein molecules due to the large size and surface area of the nanoparticles.

Membrane proteins in vascular endothelial cells need to be specifically labeled with an
optical probe to directly observe and analyze single-molecule dynamics. Fluorescent proteins
can be directly fused with target proteins via genetic modifications. Although they lack
genetic encodability, organic dyes and nanoparticles can be chemically linked to proteins.
Antibody-antigen conjugation, peptide tags, and DNA hybridization are commonly used
labeling methods for synthetic probes.”"?
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Fig. 2. Single-molecule imaging of membrane proteins in vascular endothelial cells. (A) Optical labeling of membrane proteins. Optical probe (e.g., fluorescent
protein, organic dye, and nanoparticle) can be conjugated with membrane proteins (e.g., VEGFR-2: PDB 3V2A, caveolin: PDB 7SCO, and Tf receptor: PDB 60KD)
via proper labeling methods (e.g., genetic fusion, immunostaining, and biorthogonal chemistry). (B) Single-molecule optical imaging. Imaging techniques,
such as super-resolution microscopy, single-molecule tracking, and imaging of nm-level protein-protein interactions, can be used to gain high spatiotemporal
information on biomolecules. (C) Biophysical analysis. Various algorithms for data processing transform imaging data into biophysical parameters.

VEGFR, vascular endothelial growth factor

receptor; POI, protein of interest; Tf, transferrin; STORM, stochastic optical reconstruction microscopy; STED,

stimulated emission depletion; SIM, structured illumination microscopy; SMT, single-molecule tracking; FCS, fluorescence correlation spectroscopy; FRET,

Fluorescence resonance energy transfer.

https://e-jla.org

These labeling techniques can be combined based on the experimental design. For example,
different fluorescent molecules can be used to observe the motion or interaction between
molecules, whereas nanoparticles can be used in prolonged observation studies.

2. Super-resolution microscopy for precise measuring of the position of the
protein
The diffraction limit (usually up to 200 nm in a conventional microscope) of optical
microscopy, discovered by Ernst Abbe in 1873,% makes it difficult to resolve neighboring
molecules. However, protein clusters on the plasma membrane generally have a sub-
diffraction limit. This limitation should be overcome to reveal the molecular composition
and relative orientation within the nanometer-sized structure. Since the development of
the first working fluorescence microscope in 1911,% epifluorescence microscopy® and total
internal reflection fluorescence (TIRF) microscopy have been designed and developed to
enhance the fluorescence signal and to observe only the basal plane (membrane on the
glass).?? Recently, super-resolution microscopy (SRM) has been used to overcome this
diffraction barrier.
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Fig. 3. Representative single-molecule experiments of transmembrane protein involved in endothelial function. (A) SIM images showing a polarized distribution
of both VE-cadherin and actin in tip and stalk cells. (B) FRET signal trace within/outside of FA in human foreskin fibroblasts. (C) Single-molecule coincidence
analysis of caveolin-1and c-Src through dual-channel FCS. (D) SIM image revealing the colocalization of VEGFR-2, PTP1, and NRP1 under VEGF stimulation. (E)
Fluorescence image showing that the overexpression of PV-1is colocalized with caveolin-1to form caveolar diaphragms. (F) STORM image sequences deciphering
endosomal dynamics containing Tf-conjugated nanoparticles during intracellular transport. Figures are adapted from the following sources: (A) Cao et al.,”
CC-BY-4.0; (B) Chang et al.” with permission from American Chemical Society; (C) Jung et al.” with permission from Rockefeller University Press; (D) Lanahan et
al.,' CC-BY-3.0; (E) Stan et al.” with permission from American Society for Cell Biology; (F) Jin et al.’ with permission from American Chemical Society.

SIM, structured illumination microscopy; VE, vascular endothelial; FRET, Fluorescence resonance energy transfer; FA, focal adhesion; FCS, fluorescence
correlation spectroscopy; VEGFR, vascular endothelial growth factor receptor; PTP1, protein tyrosine phosphatase 1; NRP1, neuropilin 1; VEGF, vascular
endothelial growth factor; PV-1, plasmalemmal vesicle associated protein-1; STORM, stochastic optical reconstruction microscopy; Tf, transferrin.

Table 1. Representative optical probes for single-molecule imaging in living cells

Classification Optical probe Excitation maximum Emission maximum Reference
(nm) (nm)
Fluorescent protein GFP 395 (475) 508 Chalfie et al.”
BFP 381 445 Heim and Tsien®
mOrange 548 562 Shaner et al.2
DsRed 558 583
mMRFP1 584 607
mCherry 587 610
Organic dye Fluorescein (FITC) 494 518 Dempsey et al.” (Commercially available)
Atto 520 516 538
Cy3 550 570
TAMRA 546 575
Cy5 649 670
Alexa Fluor 647 650 665
Nanoparticle Qdot® 525 445 5925 Kim and Kim?* (Commercially available)
Qdot® 705 445 705

Gold nanoparticle (Diameter: 40 nm) 528 (Absorbance) 535 (Scattering) Jain et al.”* (Commercially available)

Hell et al. proposed a stimulated emission depletion (STED) microscopy with 35 nm spatial
resolution,® using a donut-shaped depletion laser that deactivates the fluorescence process
in the peripheral regions of the point spread function (PSF). Betzig* proposed the basic

concept of single-molecule localization microscopy (SMLM), a reconstruction method that
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distinguishes individual features within PSF, and demonstrates photoactivated localization
microscopy (PALM) with up to 10 nm resolution.® Rust et al.>® reported stochastic

optical reconstruction microscopy (STORM) with up to 50 nm resolution. Subsequently,
Gustafsson” introduced structured illumination microscopy (SIM) with 100 nm resolution,
which has advantages in sample preparation and imaging speed. Most microscopes
mentioned are marketed and are user-friendly using software and image processing
algorithms that are continually in development.

3. Analyzing diffusive dynamics of membrane proteins

Some of the most significant regulatory factors of signal transduction in cell biology in modern
systems biology are spatiotemporal and quantitative characteristics, as well as the temporal
dependence of biomolecules. Therefore, not only synchronic investigation with high spatial
resolution but also accurate temporal resolution is required to understand the regulatory
mechanism of protein activation. For this, several imaging techniques, such as fluorescence
recovery after photobleaching (FRAP), fluorescence correlation spectroscopy (FCS), and single-
molecule tracking (SMT), have been developed to extract dynamic information at the molecular
level. In the 1970s, the development of FRAP enabled the detection of protein motility and
measurement of the diffusion rate in live cells.®* Although FRAP is still one of the most widely
used techniques for measuring molecular diffusion, it provides an average for the number of
molecules. FCS was first introduced to analyze diffusive fluctuation of DNA molecules in 1972
and was applied to measure lateral diffusion on lipid membranes during the same decade.*>*
FCS is a more delicate technique for measuring the temporal fluctuation of emission signals
using individual molecules passing through the focal spot. SMT is a direct observation
technique of individual molecular motions, thereby facilitating the extraction of dynamic
information that cannot be obtained from ensemble data. Automatic tracking algorithms
based on video microscopy was first demonstrated to analyze molecular motion in live cells

in 1987.# In addition to measuring the diffusion rate, additional biophysical analysis, such as
analyzing the diffusive state using the hidden Markov model, can extract information such as
dimerization, clustering, and conformational changes of proteins.**

Recent temporal dynamics studies on membrane molecules have been combined with SRM
to achieve higher accuracy. Combination of FCS with STED microscopy revealed the existence
of nanosized membrane structures by detecting the hindered diffusing states of individual
molecules in sub-diffraction limits of detection (30 nm).“ This technique enabled the
measurement of the diffusivity of the viral membrane glycoprotein Env using sub-diffraction-
sized virus particles.” SMT combined with PALM allowed mapping of molecular motion of
the membrane proteins Gag and VSVG with high labeling density.*®

4. Protein-protein interactions (PPIs)

PPIs, including homo-/hetero-dimerization, ligand—-receptor interactions, and protein
complex organization, are important for the function of all membrane proteins.
Immunoprecipitation is a traditional method which is still widely used to quantify the
PPI ensemble average value. In reality, PPI at the single-molecule level can occasionally
be transient and time-dependent, therefore, it has recently been measured using various
microscopic techniques.

Fluorescence resonance energy transfer (FRET) refers to the non-radiative energy transfer

from excited donor molecule to ground state acceptor molecule. Since FRET efficiency is
distance-dependent at several nanometers, it can also be used as a spectroscopic ruler to
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decipher molecular structures.* This method facilitates the monitoring of real-time protein
conformation changes in response to various external stimuli. For example, a molecular
tension sensor made of an elastic linker between FRET modules can measure the tension
placed on the two mechanical sensing proteins.'>*° Plasmon coupling is a phenomenon
that occurs between noble metal nanoparticles and is characterized by the synergistic
enhancement of multi-surface plasmon resonance signals. It typically manifests as a
distance-dependent phenomenon at zero to tens of nanometers. In particular, long-term
tracking of gold nanoparticles using dark-field microscopy allows for the observation of the
interaction of membrane proteins, for example, homogeneous association of endothelial
growth factor receptor, due to the superior brightness and stability of nanoparticles
compared to other fluorescent probes.*

IMAGING OF MEMBRANE PROTEINS ON VASCULAR
ENDOTHELIAL CELLS AT SINGLE-MOLECULE LEVEL

1. VE-cadherin, a protein that controls cell-to-cell junction for paracellular
transport

Vascular permeability controls not only the molecular exchange, but also the infiltration of

immune cells, which are regulated by cell adhesion molecules such as cadherins. The extracellular

cadherin (EC) domain, which typically comprises 5 EC repeats, forms cell-cell adhesion through

calcium-dependent homophilic interactions. The cytoplasmic domain connects to the actin

cytoskeleton and regulates cadherin function via its direct association with catenin. Among

the cadherin subtypes, vascular endothelial (VE)-cadherin is located at the adherent junction of

endothelial cells and regulates vascular permeability.” In vivo experiments using anti-VE-cadherin

antibodies revealed the crucial role of VE-cadherin in endothelial function.®*

Cadherin forms adherent junctions and mediates outside-in signaling through lateral

(cis) dimerization, intermembrane (trans) adhesive interactions, mechanical loading, and
actin polymerization. Single-molecule analysis revealed reciprocal interactions between
each process and reaction kinetics. Single-molecule FRET experiments showed that cis
dimerization and trans interactions are mutually cooperative.” This result is also consistent
with crosslinking assay results, that showed cis dimerization is a fundamental for cell-cell
adhesion.> Magnetoplasmonic nanoparticles (MPNs) have been used to localize, visualize,
and mechanically activate VE-cadherin at the single-molecule level.> This showed that not
only local recruitment but also mechanical tension (up to 9 pN) of VE-cadherin are key
mechanisms leading to cytoskeleton formation. Single-molecule atomic force microscopy
(AFM) has been used to characterize the trans interaction unbinding force (35-55 pN) and
binding kinetics (Kp=107 to 10 mol/L) of VE-cadherin.*

2. Integrin, a protein involved in cell migration and focal adhesion

Integrin is a heterodimeric receptor that mediates cellular adhesion to cells and the
extracellular matrix (ECM). These molecules play a critical role in physical connections, as
well as in vascular functions such as inflammation, thrombosis, and angiogenesis. Integrin
recruits leukocytes to the inflammatory sites through adhesion to the vascular endothelium
and transendothelial migration.” Integrin, together with the platelet glycoprotein Iba, plays
a significant role in platelet adhesion and aggregation, and is a major molecule involved in
thrombosis.* Integrin deficient mouse models have shown that integrin plays a key role in
angiogenesis and vascularization.”

https://doi.org/10.12997/jla.2023.12.1.58 64



Single-Molecule Imaging Technologies

Journal of
Lipid and
Atherosclerosis

https://e-jla.org

Integrin is linked to the cytoskeleton via adapter proteins, such as talin, kindlin, and vinculin,
to form focal adhesions (FAs) and mediate outside-in signaling. Several single-molecule studies
have been conducted to study the association of integrins with adapter proteins, which have
revealed that integrin exhibits three diffusion states (diffusive, confined, and immobile), and
their immobilization has a positive correlation with integrin activation.®® Most integrins exhibit
an immobile state, which refers to the activated states, in FA (69%+2%) and a diffusive state
outside of FA. Talin also exhibits an immobile state in FA, but unlike integrin, it has almost no
diffusive state outside FA. Quantitative single-molecule colocalization analysis has enabled
direct imaging of the spatial coordinates of integrin, talin, and kindlin in a highly crowded

FA structure.® STORM has revealed that integrin has cis binding to intercellular adhesion
molecule (ICAM), which are adhesion molecules expressed on endothelial cells and immune
cells.*? Single-molecule force measurements using a molecular tension sensor that connects
both FRET modules with elastic domains showed that the tension received by vinculin in stable
FA was up to 2.5 pN and that of integrin heterodimers was 1-7 pN.2*°

3. Caveolin, a protein related to endocytosis, transcytosis, and signal
transduction
Caveolae, which are 50-100 nm membrane invaginations, play a key role in the regulation
of the transcytosis of macromolecules through the vascular endothelium. Caveolin is a
membrane protein that mainly contributes to caveola formation and shows high expression
levels in endothelial cells.® The caveolin subtype, such as caveolin-1 and caveolin-2, form
homo-/hetero-oligomers for caveola generation and are located in lipid rafts associated with
cholesterol. Caveolin-1 deficient mouse models have shown loss of caveola structure and
dysfunction of the vascular function.*

Caveola formation is initiated by caveolin oligomerization, followed by cavin recruitment.
The invaginated structures are stabilized via actin filament association. SMLM allows the
observation of cluster shape (donut-like) and measurement of the size of these nanometer-
scale structures (up to 100 nm).* This SRM enables visualization of the localization of 2
different nm-spaced constituent molecules: dynamin-2 and caveolin-1. Temporal information
regarding the caveolar structure can be obtained via sequential analysis of SMLM and
density-based spatial clustering. It revealed the cluster density (0.29+0.12 um™ min™), cluster
lifetime (1,=1.2+0.1 s), and incorporation rate (2.54+0.01 s™) of the caveolar structure.®® The
coincidence detection technique using 2-color single-molecule spectroscopy can screen
molecular interactions through the observation of the co-diffusion between caveolin and
other molecules, such as endothelial nitric oxide synthase (eNOS), Fyn, and Src.?

4. Tf receptor, a carrier for Fe ions

RMT is a vesicular transport pathway for shuttling a certain large molecule (e.g., insulin,
lipoprotein, and Tf) across vascular endothelial cells. TfR, a transmembrane glycoprotein
composed of two 90 kDa subunits, mediates the delivery of iron ions from the blood to the
brain. The mechanism of iron transport is suggested to involve the specific binding of Tf to
TfR, internalization of the TfR-Tf complex, and exocytosis of Tf-bound iron and free iron.*
It is a unique property that has a high expression level in the brain vascular endothelial cells
compared to that in other tissues. Thus, TfR is an efficient target molecule for delivering
therapeutic cargo to the brain.*”

The TfR-Tf complex is internalized from the clathrin-coated pits on the plasma membrane
into the endosome. Super-resolution imaging is used to distinguish the shape of the Tf

https://doi.org/10.12997/jla.2023.12.1.58 65



Single-Molecule Imaging Technologies

Journal of
Lipid and
Atherosclerosis

https://e-jla.org

cluster enclosed by a clathrin coat.®® The Tf-conjugated gold nanorods were applied to
probe endosomal dynamics with a high spatial resolution, thereby allowing the elucidation
of efficient searching behavior during intracellular transport.'® The amount of Tf delivered
through specific binding can be quantitatively measured using the FRET-based imaging
technique.® The anti-TfR antibody was used and visualized using fluorescence microscopy
to induce TfR-mediated transcytosis. The accumulation of antibodies is increased in the
brain with the decrease in the binding affinity of antibodies, whereas high-affinity antibodies
are not delivered due to lower dissociation rates from TfR.% Similarly, gold nanoparticles
are transported across the vascular endothelial cell depending on the ratio of bound Tf.”
Consequently, the material transport by the RMT pathway is required to have a proper
binding affinity with TfR.

5. PV-1, a protein that forms diaphragm in caveolae, transendothelial
channel, and fenestrae
Endothelial subcellular structures, such as the stomatal diaphragm of caveolae,
transendothelial channels, and diaphragm of fenestrae, regulate vascular permeability.
Structures commonly share a protein named plasmalemma PV-1. PV-1 is a type Il membrane
glycoprotein with a long extracellular domain (C-terminal) and a short intracellular tail
(N-terminal). Additionally, PV-1 forms a homodimer in situy, which is shown to localize near
the diaphragm.® PV-1 homodimers are suggested to form a diaphragm structure (up to 50
nm) with a thin film (up to 5 nm) composed of radial fibrils beginning from the rim (via the
N-terminal) and interweaving in a central knob (via the C-terminal).” Furthermore, deletion
of the PV-1 encoding gene results in the absence of a diaphragm, thus, indicating that PV-1 is
key in investigating the permeability in endothelial cells.”

Optical fluorescence microscopy was used to elucidate the localization of PV-1 in live cells. In
endothelial cells, PV is evenly distributed over the cell surface and colocalizes with related
proteins (e.g., caveolin-1, vimentin). The position of PV-1 can be redistributed toward the
peripheral area under tumor necrosis factor-a activation in human umbilical vein endothelial
cells.® Additionally, upregulation and downregulation of PV-1, as observed using the
immunofluorescence intensity, affects the cell morphology and newly formed diaphragm.
Electron microscopy revealed that the kinetics and magnitude of diaphragm formation changes
depending on the endothelial cell type due to the amount of PV-1 on the cell surface. 7

6. VEGFR, one of the best-known factors for controlling permeability

VEGF and VEGEFR are key factors in permeability and angiogenesis. VEGFR, composed of
seven immunoglobulin-like domains, a single transmembrane domain, and a cytoplasmic
tyrosine kinase domain, has three main subtypes: VEGFR-1 (Flt-1), VEGFR-2 (KDR/Flk-1),
and VEGFR-3 (Flt-4). Vascular permeability is increased in angiogenesis by the change of
adherent and tight junctions, which results in the influx of water and large proteins across
the endothelial cell.” This process mediates by stimulation of tyrosine phosphorylation of
VEGFR-2 and subsequent downstream signaling of the PI-3 kinase-PKB, NOS, and MAP-
kinase pathways.” Moreover, the deletion of VEGFR-2 in mice results in a lack of vascular
development and death in early embryos. Thus, VEGFR is essential to control the formation
of new vessels and permeability.”

VEGEFR dimerization induces phosphorylation of tyrosine kinase residues. Single-molecule

tracking is used to observe the movement of VEGFR under VEGF stimulation, thereby
changing the mobility from mobile (monomeric state) to restricted motion (non-monomeric
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state).” The FRET imaging technique was applied to visualize the homo- (VEGFR-1) and
hetero-dimerization (VEGFR-1 and VEGFR-2) in live cells.”® Additionally, AFM was used to
observe the distribution of VEGFR using adhesion force mapping, which revealed a slightly
higher density of receptors in the native cell periphery.” Furthermore, SIM was used to
distinguish the colocalization of VEGFR with related proteins (e.g., neuropilin 1 [NRP1],
protein tyrosine phosphatase 1B [PTP1B]) for signal transduction.” The reduction of vascular
permeability was observed in mice upon the elimination of the signaling regulatory protein.®
Consequently, the permeability of endothelial cells was controlled through the alteration of
the adherent junction under the activation of VEGFR signaling.

7. Effects of physical properties of lipid membrane on the membrane
molecule function

Membrane proteins are introduced during diffusion on the plasma membrane and 2D

lipid bilayer and constantly interact with various membrane components. The molecular

composition of the membrane affects biophysical properties, including fluidity and phase

separation, which in turn affect the molecular motion of the membrane constituents.

Membrane fluidity can be controlled by the lipid composition and is mainly measured

using molecular diffusion (rotational diffusion; molecular rotors, translational diffusion;

FRAP, FCS, and SMT). Budin et al.* showed how membrane viscosity affects the diffusion

of ubiquinone, which functions in the electron transport chain in the plasma membranes

and cellular respiration of Escherichia coli. Membrane heterogeneity, referred to as the lipid

raft hypothesis, also affects protein activation via spatial segregation of interacting species.

Huang et al.®? showed that phase separation of LAT, a membrane scaffold protein, plays a

crucial role in downstream Ras signal activation. Lipid phase separation is also determined by

membrane composition and has been confirmed using detergent resistance assays or NMR .

Recent advances in SRM and molecular diffusion measurement techniques have enabled the

characterization of phase-separated structures at high spatio-temporal resolution.

CONCLUSION

Membrane proteins found in vascular cells are essential for angiogenesis, the selective
transport of different substances, and immune cell infiltration. They function by forming
dynamic protein complexes through PPIs while diffusing across the cell membrane. The
focus of present biological and medical research, however, is on the relationship between
quantitative expression and phenotype of membrane proteins as measured by the ensemble
average. Nevertheless, recent developments in laser, microscopy, spectroscopy,® and
computing technologies that can process imaging data may enhance our comprehension
of the molecular and biological mechanisms of membrane proteins. Imaging technology
provides not only a high level of spatial resolution but also temporal information about
living cells, which can be used as a biomarker for disturbed cell functions. In this regard,
knowledge of the proteins involved in substance transport in blood vessels will contribute to
new avenues for drug discovery and aid in the development of drug delivery systems. High-
resolution imaging technologies will also likely be used for drug evaluation and screening.

This review provides a general overview of high-resolution microscopy techniques and

suggests that these techniques can aid in the understanding the activation mechanisms of
proteins, particularly those of pathologically significant proteins.
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