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ABSTRACT Integrin-mediated adhesion is a central feature of cellular adhesion, locomotion, and endothelial cell mechanobi-
ology. Although integrins are known to be transmembrane proteins, little is known about the role of membrane biophysics and
dynamics in integrin adhesion. We treated human aortic endothelial cells with exogenous amphiphiles, shown previously in
model membranes, and computationally, to affect bilayer thickness and lipid phase separation, and subsequently measured sin-
gle-integrin-molecule adhesion kinetics using an optical trap, and diffusion using fluorescence correlation spectroscopy. Benzyl
alcohol (BA) partitions to liquid-disordered (Ld) domains, thins them, and causes the greatest increase in hydrophobic mismatch
between liquid-ordered (Lo) and Ld domains among the three amphiphiles, leading to domain separation. In human aortic endo-
thelial cells, BA increased b1-integrin-Arg-Gly-Asp-peptide affinity by 18%with a transition from single to double valency, consis-
tent with a doubling of the molecular brightness of mCherry-tagged b1-integrins measured using fluorescence correlation
spectroscopy. Accordingly, BA caused an increase in the size of focal-adhesion-kinase/paxillin-positive peripheral adhesions
and reduced migration speeds as measured using wound-healing assays. Vitamin E, which thickens Lo domains and disperses
them by lowering edge energy on domain boundaries, left integrin affinity unchanged but reduced binding probability, leading to
smaller focal adhesions and equivalent migration speed relative to untreated cells. Vitamin E reversed the BA-induced decrease
in migration speed. Triton X-100 also thickens Lo domains, but partitions to both lipid phases and left unchanged binding kinetics,
focal adhesion sizes, and migration speed. These results demonstrate that only the amphiphile that thinned Ld lipid domains
increased b1-integrin-Arg-Gly-Asp-peptide affinity and valency, thus implicating Ld domains in modulation of integrin adhesion,
nascent adhesion formation, and cell migration.
INTRODUCTION
The adhesive interaction of a cell with its environment is
mediated mainly by heterodimeric surface receptors, pri-
marily integrins. Integrins not only work as mechanical an-
chors to recognize ligands but also take part in signal
transduction (1). To signal, integrins are laterally clustered
at the contact site and recruit intracellular signaling proteins
to form an adhesion complex. These complexes are defined
based on their subcellular location and size as nascent adhe-
sions, focal complexes, focal adhesions (FAs), and fibrillar
adhesions (2). The integrin-mediated adhesive strength is
governed by the affinity of the integrin-ligand bonds and
the number of these bonds (valency). Regulation of integrin
affinity is coupled to alterations in their structural conforma-
tion (3). A general model suggests that extracellular ligand
binding, outside-in signaling, rearranges the conformational
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state of the integrin and influences integrin affinity. Valency
regulation is then governed by reorganization of multiple
integrin molecules into the site of cell adhesions. Ligand-
dependent reorganization occurs as a consequence of diffu-
sivity changes of integrins and membrane reshaping (e.g.,
bending). Integrin binding, in turn, governs cellular locomo-
tion (4), a principle factor in maintaining endothelium integ-
rity (5). Due to its transmembrane nature, its dependence on
lateral diffusion, and the likelihood that membrane bending
is involved in adhesion, it is reasonable to hypothesize that
lipids govern multiple aspects of integrin-mediated adhe-
sion (6).

Cell membranes are complex structures composed
mostly of lipids and proteins that control information trans-
fer between the intracellular and extracellular environment.
Many transmembrane transporters (such as ion channels)
are known to be sensitive to the lipid environment (7).
The lipid bilayer has the propensity to segregate its
components laterally (8), and the domain formation is
governed by bilayer thickness mismatch (9). Often
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Membrane Interaction with Integrins
termed ‘‘lipid rafts,’’ liquid-ordered (Lo) domains are het-
erogeneous small (10–200 nm) domains, which are enriched
in cholesterol, sphingolipids, and a variety of signaling
molecules (10) and function to compartmentalize cellular
processes. The heterogeneous size of lipid rafts can be
modulated by lipid composition (11). Alternatively, non-
raft domains are likely liquid disordered (Ld) and are de-
limited by a phase boundary. The reorganization of lipid
phases and integrins has been suggested to play a role in
cellular adhesion (10,12), but whether Lo or Ld phases are
drivers of integrin reorganization remains a topic of debate.
It has been shown that cholesterol depletion in Lo domains
changes a cell’s shape and motility, and this phenomenon
was specifically modulated by integrin-mediated adhesions
(13). The detachment of integrin-mediated adhesions from
a substrate decreased membrane order (14,15), suggesting
that adhesion causes a transition from the Ld to the Lo phase.
Additional evidence that domains are involved in the early
stages of focal-adhesion formation was found using ion
conductance spectroscopy and precise timing of contact be-
tween a cell and the extracellular matrix (ECM) (16,17). In
that study, it was discovered that GM-1-positive domains
(e.g., rafts) arrived at a fibronectin (FN)-functionalized
pipette within 4 s after contact, whereas talin, an indicator
of integrin activation, arrived only after 20 s. One widely
used approach for the membrane domain modulation is to
alter the concentration of cholesterol by depleting it with
methyl-b-cyclodextrin (MbCD) or to add cholesterol using
cholesterol-loaded MbCD (CHO-MbCD) (13). However,
modification of cholesterol content as a strategy for modi-
fying membrane properties is non-ideal, since protein func-
tion can depend on cholesterol directly or indirectly. In
addition, because modification of cholesterol has the most
impact on raft (Lo) domains (18), there remains a need for
tools that target Ld domains.

Alternatively, non-lipid exogenous amphiphilic mole-
cules are not expected to have direct effects on native pro-
teins, and they have been shown to differentially target Lo

domains, Ld domains, and domain boundaries (19). Amphi-
philes regulate membrane protein function by altering the
bilayer material properties (thickness, curvature, and elastic
moduli). As a general mechanism, hydrophobic coupling
between bilayer leaflets dominates protein function, as
demonstrated with a model membrane protein, the grami-
cidin channel, where the hydrophobic interactions between
channel and bilayer regulate the energetics and kinetics of
the protein conformation (reviewed in (20,21)). Some am-
phiphiles have partitioning preference to one domain. Triton
X-100 (TX) selectively solubilizes the Ld domain and pro-
motes Lo-domain formation (22). Linactants, or surfactant
analogs, modify phase separation by altering interfacial
free energy at the phase boundaries (23). Previous coarse-
grained molecular dynamics simulations of vitamin E
(VE, a-tocopherol), TX, and benzyl alcohol (BA) in the
lipid bilayer (19) suggested that the partitioning preference
of non-lipid amphiphiles alters lipid order and domain thick-
ness. BA was the only amphiphile that selectively parti-
tioned into the Ld domain and the only one that thinned
that domain. Thinning of the Ld domain led to increased hy-
drophobic mismatch between domains and domain separa-
tion. TX had equal preference for each domain and
thickened both of them, but nevertheless increased hydro-
phobic mismatch and fostered domain separation. VE also
thickened both phases but reduced mismatch and, acting
as a linactant, reduced the propensity for domain formation.
Thus, these amphiphiles are useful tools for differentially
tuning domain thickness and size to test hypotheses of lipid
modulation of integrin function.

Changes in membrane microviscosity by amphiphiles
modify endothelial cell migration (24,25). However,
research into amphiphile-induced changes in integrin func-
tional properties has not been reported. Here, we studied the
influence of three non-lipid amphiphiles, VE, TX, and BA,
on integrin-mediated adhesion and human aortic endothelial
cell (HAEC) migration. HAECs were selected as a model
cell system because of their relevance, and the relevance
of b1-integrins, to the mechanobiological origins of vascular
health and disease (26,27). We expect, however, that results
here are relevant to b1-integrin function in general. Integrins
exist in many cell types and lipids are found in all cell types.
We focused on the analysis of single-molecule dynamics in
integrin diffusion and integrin-mediated adhesion strength
with specialized instruments for high spatial and temporal
resolution. Fluorescence correlation spectroscopy (FCS), a
powerful and sensitive analytical method of studying the
translational diffusion of proteins in a small volume
(�1 mm3), was used to determine lateral diffusion and
brightness of fluorescently labeled b1-integrins and Lyn
kinase, a protein associated with Lo domains (e.g., rafts)
(28). The brightnesses of molecules and molecular com-
plexes were then measured to analyze protein aggregation.
A force spectroscopy assay based on an optical trap with
precisely timed imaging and quadrant photodiode-based
detection of bead position was used to determine the timing
of bead-cell interaction. This technique permitted quantifi-
cation of both integrin affinity and valency changes in
response to amphiphile treatment. Subsequently, alterations
of integrin-mediated focal-adhesion assembly and attendant
migration of HAECs were measured using total internal
reflection fluorescence (TIRF) microscopy and wound-heal-
ing assays, respectively. Results suggest that although both
BA and TX foster domain separation and coalescence of
Lo domains, it is the action of BA on Ld domains, involving
coalescence of these domains and their thinning, that lead to
increases in b1-integrin affinity, valency, nascent focal-
adhesion size, and attendant decreases in cell migration
speed. Thus, although FAs are known to be ordered once
formed (15), initial adhesion to ECM proteins and nascent
focal-adhesion formation depend more strongly on the dy-
namics of Ld domains.
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MATERIALS AND METHODS

Preparation of cells and Heparan sulfate
digestion on the cell surface

HAECs (C-006-5C; Gibco, Carlsbad, CA) were cultured in Medium 200

(N200500, Gibco) supplemented with Low Serum Growth Supplement

(S00310; Gibco) and gentamicin/amphotericin B (50-0640; Gibco) at

37�C in a humidified incubator in an atmosphere of 5% CO2. FCS was con-

ducted on cells in Opti-MEM (phenol-red-free reduced-serum medium,

Gibco) and force spectroscopy was performed on cells in CO2-independent

medium (Invitrogen, Grand Island, NY) supplemented with 10% fetal

bovine serum. To maintain the medium temperature at 37�C during exper-

iments, cells were plated into a temperature chamber (Delta T4 Culture

Dish; Bioptechs, Butler, PA) and the temperature was controlled with a tem-

perature controller (Delta T culture dish controller; Bioptechs). Before

seeding cells, all surfaces were coated with 5 mg/mL FN for 1 h at 37�C.
In some experiments, heparan sulfate chains on HAEC surfaces were

digested using heparinase III as previously described (29). Briefly, HAECs

were plated at a density of 1.2 � 104 cells/cm2 on the FN-coated dish and

incubated with 5 mU/mL of heparinase III (37290-86-1; Sigma Aldrich,

Bellefonte, PA) in 50 mM HEPES buffer (pH 7.0) with 100 mM NaCl

and 1 mM CaCl2 for 1 h at 37�C.
Plasmids and transfection

Plasmids were purified using a Qiagen Plasmid Midi kit (Qiagen, Valencia,

CA) according to the manufacturer’s instructions. mCherry-Integrin-b1-N-

18 (Addgene plasmid no. 55064, a gift from Michael Davidson) and

LYN11-FRB-mCherry (Addgene plasmid no. 38004, a gift from Robin

Irvine) were used for FCS measurement. The myristoylated and palmitoy-

lated N-terminus of Homo sapiens Lyn kinase (NM_002350.3, residues

1–11) was used as a marker specific to lipid rafts. Enhanced green fluores-

cent protein (EGFP)-focal-adhesion kinase (FAK) (a gift from Song Li)

and mCherry-paxillin (Addgene plasmid no. 50526, a gift from Kenneth

Yamada (30)) were used for nascent focal-adhesion size analysis. For trans-

fection, HAECs were seeded in 24-well plates or temperature chambers

1 day before the transfection and the plasmids were transfected with Lipo-

fectamine 2000 (Invitrogen) for 3 h in Opti-MEM medium, then incubated

with growth medium for 24 or 48 h.
Fabrication of ECM-coated beads

Micro beads were coated with FN (F2006; Sigma Aldrich), Arg-Gly-Asp

peptide (RGD; 99895-85-2; Sigma Aldrich), or bovine serum albumin

(BSA; Affymetrix, Cleveland, OH). Proteins or peptides were covalently

bound to biotin (EZ-link NHS-LC-Biotin; Thermo Scientific, Skokie, IL)

for 2 h at 4�C. Excess unreacted biotin molecules were removed through

a Microspin column (G-25; Harvard Apparatus, Holliston, MA) for FN

and BSA. Biotin-functionalized proteins or peptides were subsequently

conjugated with Neutravidin polystyrene particles (2 mm polystyrene

beads; Spherotech, Lake Forest, IL) for 1 h at room temperature and kept

in phosphate-buffered saline supplemented with 5% BSA. Before use, the

bead solution was sonicated for 30 s in an ice bath. To confirm the bead

functionalization, the beads were incubated with fluorescein-isothiocya-

nate-conjugated anti-FN antibody (ab 72686; Abcam, Cambridge, MA)

overnight at 4�C. After washing, the beads were examined using a fluores-

cence microscope.
Optical setup for FCS and TIRF microscopy

The optical configuration for FCS and TIRF microscopy is described in our

previous work (31). An inverted Olympus IX71 microscope was equipped

with a CCD camera (SensicamQE, Cooke, MI), a single-molecule fluores-
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cence system, epifluorescence, and TIRF and was mounted on a Newport

30 � 50 vibration isolation workstation. For FCS, a water-cooled 532 nm,

80 MHz, 5.4 ps pulsed laser (High-Q Laser, Hohenems, Austria) was

focused on a specific position in the target cell using a water-immersion

objective (60�/1.2 NA; UPLAPO, Olympus, Center Valley, PA). The emis-

sion light was further filtered by an emission filter and focused onto a 0.22

NA optical fiber by a 250 mm focal length lens and the confocal probe

volumewas optimized with a three-axis manual micrometer stage. The light

was focused onto a GaAsP photomultiplier tube (PMT) and the PMT signal

was converted into an electronic pulse using time-correlated single-photon

counting module (Fig.1 B). A fluorescence trace was collected into a

first-in, first-out buffer in the SPC-630 board (Becker & Hickl, Berlin,

Germany). For TIRF microscopy, an oil-immersion objective (PLAPO

60�/1.45 NA, TIRFM-2) was used with a continuous-wave krypton-

argon-ion laser with stable TEM00 mode laser light (476, 483, 488, 496,

514, 520, 530, 568, 647, and 676 nm). The laser light was fiber-coupled

to the TIRF illuminator and a micrometer on the TIRF illuminator

controlled the angle of incidence of the laser beam.
Determination of lateral diffusion coefficients and
brightness of fluorescently labeled Lyn and b1-
integrin on the surface of HAECs using FCS

FCS is based on a statistical analysis of time traces of fluorescence intensity

I(t). The intensity time trace can be autocorrelated to construct an autocor-

relation function, G(t):

GðtÞ ¼ hdIðtÞdðIðt þ tÞi
hIðtÞi2 ; (1)

where t is time, t is lag time, and dIðtÞ ¼ IðtÞ � hIðtÞi. Brackets represent
averaging over all values of time t. The relationship between G(t) and

Brownian diffusion in a two-dimensional structure is theoretically given by

GðtÞ ¼ 1

N
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where tD is the diffusion time and N is the particle number (32). The
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where A1 is the relative proportion of the noninteracting molecules. Autocor-

relation curves were fit with Eq. 3 using Burst analyzer 2.0 (Becker & Hickl).

The lateral diffusion coefficient (D) was calculated from D ¼ u2/4tD, where

u is the radial distance from the optical axis. Red fluorescent microspheres

(50 nm; Fluo-max, Thermo Fisher Scientific, Waltham, MA), for which D

is known (9.71 mm2/s in water), were used to compute the radius of the focal

volume. All FCS measurements were performed at a location on the cell

corresponding to the maximal molecular brightness to position the confocal

volume on the cell surface. Measurements were performed with low-serum

medium supplemented with 10 mM BA (Sigma Aldrich), 50 mM VE

(V-020; Cerilliant, Round Rock, TX), or 30 mMTX (MP Biomedicals, Solon,

OH). The brightnesses (ε) of fluorescently tagged Lyn and b1-integrin mol-

ecules were calculated using the relationship between the average count

rate (k), the number of fluorescent molecules, and their molecular brightness,

k ¼ Nε. The same intensity-fluctuation data set for diffusion rate calculation



FIGURE 1 FCS measurements. (A) Fluores-

cence image of an HAEC transfected with the

mCherry-Lyn plasmid. The arrowhead indicates

the point where a laser was focused for measure-

ments. (B) Optical setup for FCS. A 532 nm pulsed

laser was expanded and the expanded laser was re-

flected to the back aperture of the 60� objective.

After excitation of the sample, the reflected emis-

sion signal was focused onto the optical fiber.

The photon signal was converted into the electrical

pulse by a PMT and routed to the time-correlated

single-photon counting board. (C) Autocorrelation

curves for mCherry-Lyn without (Ctrl) or with

treatments of BA, VE, and TX. (D) Autocorrela-

tion curves for mCherry-b1-integrin without

(Ctrl) or with treatments of BA, VE, and TX.

The autocorrelation curves were fit to a two-

dimensional, two-component diffusion model

(Eq. 3). For the display purpose, the set of FCS

curves shown represents the average of measure-

ments from �20 to 27 cells. For statistical pur-

poses, every measurement was fit by Eq. 3 and

the resulting curve-fit parameters were averaged

and compared. The number of cells and diffusion

rates are indicated in Table 1. To see this figure

in color, go online.
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was used to calculate molecular brightness, and the resulting N values were

used as an indication of protein aggregation.
Optical trap design and calibration

The optical trap was designed to be operated on an inverted Olympus IX71

microscope equipped with epifluorescence, a CCD camera (Sensicam), and

a Nanodrive piezoelectric computer controlled stage (Mad City Labs, Dane

County, WI) on a Newport 30 � 50 vibration isolation workstation. A contin-

uous TEM00 laser (1064 nm; Arroyo Instruments, San Luis Obispo, CA)

was focused by an Olympus 60�, 1.45 NA oil immersion objective. The in-

verted microscope was also set up for differential interference contrast

(DIC) microscopy. The location of the bead was precisely controlled with

a custom LabVIEW software program that monitored both the DIC image

and quadrant photodiode voltage (QPD; NoahCorp, Melbourne, FL) located

at the back focal plane of the condenser. The optical trap system was cali-

brated using the drag-force method, which involved calculating the Stokes

drag force by sinusoidal motion of fluid applied to a trapped bead. Applied

force of a sphere distance (h) from the surface can be calculated using the

Stokes drag on a sphere (F ¼ 6pmrv) or by using a correction for diffusion

near a surface, described by Faxen’s Law (33):

F ¼ 6pmrv

1� 9

16

�r
h

�
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8

�r
h
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þ 1

16

�r
h

�4
; (4)

where r is the radius of the bead, n is the velocity of the bead, and m is the

viscosity of the liquid. In this equation, the denominator is a correction for

the Stokes drag on a sphere. In the experiments described herein, the location

of the bead (h) was 10 mm above the coverslip. Considering a 2 mm bead, the
value of Fwas<6% different than what would be calculated from the Stokes

drag. This error was below the standard error of the measurement. Therefore,

the correction was negligible in these experiments. As the stage oscillated ac-

cording to a sine wave, the CCD camera imaged the location of the bead and

particle-tracking software was used to track the motion of the bead (34). For

the calibration of trap stiffness, the position of the stage was moved by

Asin(2pft), where A is amplitude and f is frequency. The velocity, v, of the

stage (and fluid past the bead) was v ¼ A2pfcos(2pft). The force applied

to the bead was calculated by Stokes’s law (F ¼ 6pmrv), and the trap stiff-

ness, k, was calculated by Hooke’s law, F¼ kx. A customized LabVIEW pro-

gram, which included a frequency analyzer, was used to measure the position

of the trapped bead, x (as described below), calculate the amplitude of the

cosine position waveforms, and automate all steps. Because we both imaged

the bead and collected voltage from the QPD, this approach provided simul-

taneously the spring constant and the value of bead position as a function of

QPD voltage. The spring constant was calculated before each set of experi-

ments. On average, the spring constant was k¼ 0.1095 0.013 pN/nm.With

a known optical-trap spring constant, experimental forces could subsequently

be calculated using only QPD voltage.

To define the precise timing (t ¼ 0) of bead-cell contact, a quantitative

method with match score and QPD sum was developed (Fig. 2, C and

D). In detail, an optically trapped bead was brought to an individual cell

by moving the stage position in increments of 0.1 mm using LabVIEW-

controlled output voltages via a computer D/A interface. DIC images and

QPD sum voltages were recorded for each step. As soon as the cell surface

began to push a bead out of the optical trap focal point, the bead changed

appearance. The changing appearance of the bead was quantified using a

centroid-based particle-tracking LabVIEW program that used cross-corre-

lation-based particle tracking methods and quantified the match score rela-

tive to the first image taken (34). A perfect match score was 1000. Typically,

the QPD voltage increased before the decrease of the match score. Since the

decrease of the match score was indicative of the bead touching the cell, the
Biophysical Journal 113, 1080–1092, September 5, 2017 1083



FIGURE 2 Setup for optical traps. (A) Optical

scheme of the optical trap. The optical trap was

generated with a 1064 nm laser. Displacements

of the trapped bead were measured with a QPD

placed at a plane optically conjugate to the back

focal plane of the condenser. (B) A portion of digi-

tized data showing the voltage exerted by the trap

on the bead during the approach phase and after de-

taching from the cell surface. The laser trap exerted

a positive compressive force on the RGD-coated

2 mm bead (peak a), then the trap motion was

reversed. The force on the bead was increased in

the negative direction until the cell-bead bond

ruptured (peak b). (C) A quantitative method of

defining contact point based on the values of

QPD sum voltages and match scores. A bead was

trapped next to the cell. The piezo-electric stage

was moved to allow the cell to approach from the

side in increments of 0.1 mm until the bead became

out of focus. QPD sum voltages and images were

recorded for each step and a match score was

calculated from the images using image correlation

between the original image and the image of the

bead distorted by its interaction with the cell (out

of focus). (D) DIC images at the given position.

The dashed line represents the cell boundary. The

scale bar represents 10 mm. To see this figure in

color, go online.
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increase of the QPD voltage could be used to predict this contact. The initial

contact point occurred when the normalized QPD value was on average

1.03 times the reference value, as shown Fig. 2 C. Thus, in subsequent ex-

periments, when the QPD reached 3% above its initial value, the custom

LabVIEW program could automatically stop the approach and begin the

experimental process and data acquisition.
Force measurement procedure

The optical-trap force measurements were performed on an inverted micro-

scope with a 1064 nm laser set to 1000 mW. This setting resulted in

205 mW of power at the back aperture of the objective. All experiments

were conducted at 37�C in a temperature-controlled chamber. HAECs

were transferred onto chambers one day before the experiments. Before a

measurement, the medium was exchanged for CO2-independent medium

containing one of three amphiphiles (10 mM BA, 50 mM VE, or 30 mM

TX). After the dish was placed on a microscope stage, ECM-functionalized

beads were introduced into the dish and trapped by the laser beam. Using a

manual stage, the trapped bead was brought to a position 10 mm above the

glass and the calibration was conducted as described above. A bead was

brought into proximity of an individual cell and the stage was programmed

to stop moving when the bead touched the cell, which was indicated by a

3% increase in the QPD sum voltage. When the piezo-stage position

stopped, the duration of contact was set to 500 or 1500 ms and then the

bead was pulled away from the cell by moving the piezo stage. An increase

in the QPD X voltage was converted into piconewton force with the cali-

brated optical-trap stiffness and voltage/nm value. The HAEC was with-

drawn from beads at a rate of 5 mm/s unless otherwise indicated. For the

integrin affinity test, various loading rates were acquired by adjusting the

pulling speed to 5, 10, 30, and 50 mm/s.
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Analysis of nascent FA sizes

Before experiments, HAECs were co-transfected with mCherry-paxillin

and EGFP-FAK plasmids. After 2 days of recovery, HAECs were detached

with trypsin, resuspended in growth medium with or without amphiphiles,

and incubated for 1 h at 37�C in a humidified incubator (5% CO2), sepa-

rately. Then the cells were seeded on a FN-coated glass dish for 2 h in

the same condition of suspension. Fluorescently tagged paxillin and FAK

in HAECs was observed via TIRF microscope and FA size was analyzed

using the open-source software ‘‘Focal Adhesion Analysis Server’’ (35).
Cell migration assay

For scratch-induced migration assays, one side of a confluent cell mono-

layer was scratched with a sterile razor blade. After washing out floating

cells, growth medium was added to each well without or with one of the

three amphiphiles. The cells migrated for 24 h at 37�C in a humidified at-

mosphere with 5% CO2. Migrated cells were counted with the ImageJ cell

counting plugin. To test migration recovery, cells were incubated in growth

medium supplemented by BA for 24 h and the medium was changed to

growth medium with or without VE for 24 h.
Statistical analysis

Peaks in rupture-force histograms were fitted with a Gaussian function via a

peak analysis tool in OriginPro. All fits were converged until a c2 tolerance

value of 10�6 was reached. Box plots were used to show the mean, median,

and 25th–75th percentiles for each group. The results are expressed as the

mean5 SE or mean5 SD (36). Mean5 SE values were calculated for the



TABLE 1 Diffusion Coefficient and Molecular Brightness for

mCherry-Tagged Lyn and b1-Integrin on the Membrane of

HAECs

N Dcyt (mm
2/s) Dmem (mm2/s) Brightness Cells

mCherry-Lyn

Ctrl 5.2 (0.5) 37.5 (6.4) 1.6 (0.1) 128.0 (9.8) 20

BA 2.9 (0.3)a 38.2 (9.4) 2.0 (0.2) 279.1 (23.1)c 20

VE 4.1 (0.3) 59.2 (11.5) 1.9 (0.2) 168.6 (13.3) 22

TX 3.0 (0.3)a 62.9 (19.2) 2.3 (0.2)b 242.9 (19.9)c 21

mCherry-b1-Integrin

Ctrl 4.8 (0.4) 32.6 (5.7) 1.0 (0.1) 113.0 (6.7) 24

BA 3.2 (0.4)a 18.2 (1.5) 0.7 (0.1) 224.6 (18.5)a 27

VE 4.1 (0.3) 40.7 (5.5) 1.5 (0.2)a 129.8 (10.1) 25

TX 2.1 (0.2)a 32.5 (7.9) 1.9 (0.2)a 287.3 (17.7)a 24

Molecular brightness values were calculated from the FCS data and are ex-

pressed as counts per second per molecule. Diffusion rates were fit using

Burst Analyzer 2.0 (Becker & Hickl) with a two-dimensional, two-compo-

nent diffusion model (Eq. 3). Dcyt represents the cytoplasmic proteins and

Dmem represents the diffusing proteins on the cell membrane. Data are rep-

resented as the mean, with the standard error in parentheses. Statistical an-

alyses for brightness were done by one-way ANOVA followed by Tukey’s

test, and others were completed by the Kruskal-Wallis test followed by

Dunne’s multiple comparison test. All significance values are relative to

control.
ap < 0.0001.
bp < 0.05.
cp < 0.01.
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diffusion rates of proteins, the number of fluorescent molecules, and molec-

ular brightness. Mean 5 SD values were computed for cell migration

experiments. The normality of the distribution was tested with the

Shapiro-Wilk method. Analysis of variance was performed for the normally

distributed data. When analysis of variance indicated a significant differ-

ence in the mean values of main effects, we performed the post hoc test

using Tukey’s honestly significant difference. Non-normally distributed

data were analyzed with the Kruskal-Wallis test, which was followed by

Dunn’s multiple comparison tests.
RESULTS

Amphiphiles alter membrane viscosity and
govern domain aggregation

We previously demonstrated by coarse-grained molecular
dynamics simulations and in giant unilamellar vesicles
that three non-lipid amphiphiles, BA, VE, and TX, induce
domain formation or dispersion (19). To examine whether
amphiphiles can modulate membrane domains of HAECs
in ways that mirror those found in model membranes,
we first analyzed the lateral mobility and brightness of
Lyn-kinase-positive domains (here called lipid rafts) upon
treatment with BA, VE, and TX. Lipid rafts are ordered
nanoscale domains of assemblies of sphingolipids, choles-
terol, and proteins that form platforms to function in signal
transduction and cell migration. The dynamics of lipid rafts
and their modulation by the amphiphiles were tracked by
measuring the diffusion and molecular brightness of Lyn ki-
nase (Lyn), which localizes to rafts via myristoylation and
palmitoylation. HAECs were transfected with mCherry-
tagged Lyn plasmid (Fig. 1 A). Lyn diffused in the plane
of the membrane in and out of the confocal detection vol-
ume where it was excited by a 532 nm laser. Emission of
mCherry fluorophores was detected by a photon-counting
PMT connected to a time-correlated single-photon counting
module (Fig. 1 B). The photons of mCherry were collected,
and autocorrelation curves were computed after cellular
treatment with each of the three amphiphiles (Fig. 1 C).
Data from measurements were fit to a two-dimensional,
two-component diffusion model (Eq. 3), which gave two
groups of diffusion coefficients ranging from 37.5 to 62.9
mm2/s and 1.6 to 2.3 mm2/s (Table. 1). The small diffusion
coefficient was assumed to reflect diffusion of protein in
the plane of the membrane (Dmem), whereas the large diffu-
sion coefficient was assumed to reflect diffusion of protein
in the cytoplasm (Dcyt). The rationale for these assumptions
is as follows. First, diffusion coefficients of fluorescently
labeled proteins in mammalian cell cytoplasm were nor-
mally distributed between 20 and 100 mm2/s, which was
in good agreement with the fast component of a two-
diffusing-components model (37). Second, in FCS measure-
ments, the diffusivity of the fast component was �25-fold
faster than that of the slow component, consistent with the
25-fold lower viscosity one obtains using the Stokes Ein-
stein equation for diffusion of a sphere in a medium with
a viscosity similar to cytoplasm. Third, each treatment,
which favors lipid membranes, affected the slow component
only. For example, TX, which is known to make pores in the
membrane, only significantly increased diffusion in the slow
component, suggesting that the slow component reflects
membrane diffusion (38). As mentioned above, the values
of Dcyt were not statistically different among amphiphile
treatments. However, the values of Dmem were significantly
increased after TX and VE treatment.

For fluorescently tagged proteins, the molecular bright-
ness of a particle and an average number of particles within
the observation volume are useful indicators of protein clus-
tering. If two fluorescently tagged proteins aggregate and
diffuse together through the observation volume, the com-
plex will transport two fluorescent molecules and twice as
many photons will be detected, but FCS will interpret this
to be one diffusing species. The average brightness of single
mCherry molecules in solution (115 counts per second per
molecule (CPSM)) was comparable to the values from sin-
gle mCherry-Lyn molecules in control HAECs, suggesting
that the cellular environment, itself, did not artificially
change brightness. Furthermore, the brightness of the single
mCherry fluorescent proteins in solution was unchanged af-
ter adding amphiphiles (Table S1), demonstrating that the
amphiphiles did not affect fluorescence directly. In cells,
the brightness increased 2.2-fold and 1.9-fold with BA
and TX treatments, respectively, and the average number
of fluorescent molecules (N) in the observation volume
accordingly decreased to 0.6 of control values. Thus, we
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conclude that diffusing Lyn-positive domains in control
cells contain one Lyn molecule each, and BA and TX caused
aggregation of two lipid rafts to one larger one, resulting
in two Lyn molecules per raft. Additionally, BA left Lyn
diffusion unchanged, suggesting that it does not target Lo

domains, consistent with previous results in model mem-
branes (20).
The manipulation of lipid domains with
amphiphiles leads to changes in integrin
clustering

We next applied FCS to mCherry-b1-integrin-transfected
HAECs to elucidate the effect of amphiphiles on the diffu-
sion of b1-integrins, which is the most dominantly expressed
integrin subunit (39) and regulates adhesion strength (40).
The brightness of mCherry-b1-integrin was increased
2.0-fold and 2.5-fold and the N values decreased to 0.7
and 0.4 of control values with BA and TX treatment, respec-
tively, following a pattern similar to that of mCherry-Lyn-
transfected HAECs. In contrast to the effects of BA on
Lyn-domains, the mean value of Dmem of b1-integrins (1.0
mm2/s) increased to 1.5 and 1.9 mm2/s with VE and TX treat-
ments, respectively (Table 1). Accordingly, autocorrelation
curves were shifted (Fig. 1 D). Thus, both BA and TX treat-
ments caused clustering of integrin-positive domains with
attendant doubling of integrin molecules, consistent with
domain-forming actions of the amphiphiles in model
membranes.
Optical-trap force spectroscopy determines
single-integrin adhesion strength

To analyze whether amphiphiles have an effect on the initial
binding response of integrins, an optically trapped bead was
chosen as a force transducer, and the force was measured
relative to a precisely defined t ¼ 0 contact point using a
newly developed quantitative measurement of the surface-
bead contact deflection (Fig. 2, A and B). Rupture forces
ranging from 5 to 55 pN were generated between the FN-
coated bead and HAECs for a 0.5 s contact, but rupture
forces >30 pN significantly decreased after removing the
heparan sulfate proteoglycan on the cell surface (Fig. S1).
Along with an integrin-recognition sequence, FN has hepa-
rin-binding sites that interact with heparan sulfate proteo-
glycans (41) on the cell surface. To eliminate unexpected
bonds from the heparin-binding domain of FN, all the
rupture forces were measured with RGD-coated beads and
the rupture forces were obtained under the condition of
single bond formation between integrins and RGD peptides,
which was supported by a single well-defined peak on the
force spectrum and low adhesion frequency (10–20%)
(42). Rupture forces <10 pN were considered non-specific
binding, as quantified by adhesion with BSA-coated beads
(Fig. S1) (43).
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BA causes enhanced integrin affinity and valency

Rupture forces were measured with the optically trapped
RGD-coated bead after a 0.5 s contact on HAECs. We
observed a well-defined single peak in the force histogram
(Fig. 3 A) that implied that forces were generated from a sin-
gle bond between an integrin and an RGD peptide. After
treating HAECs with BA, the force histogram showed a sin-
gle peak, but the force distribution shifted to higher forces
(maximum peak from 20.5 to 26.1 pN) relative to control.
These data suggested that the rupture forces were still gener-
ated by a single bond, but the treatment of BA increased the
affinity of integrin to the RGD-coated bead. To gain addi-
tional insight into the effect of BA on integrin affinity, the
dissociation rate constant of the integrins was calculated.
A generally accepted model for understanding the relation-
ship between force and an adhesion complex is that the
applied force distorts the energy landscape of the integrin/
ECM bond, which increases the dissociation rate constant.
The dissociation rate constant, ko, can be obtained from
the relationship between rupture-force distribution, fm, and
loading rate, rf (42,44),

fm ¼ kBT

g
ln

�
g

kokBT

�
þþkBT

g
ln
�
rf
�
; (5)

where g is the position of the transition state, T is tem-
perature, and kB is the Boltzmann constant. The force
spectra of mean force versus log rf are presented in
Fig. 3 B. This analysis indicated that ko decreased by 18%
(from 2.10/s to 1.73/s) after treatment with BA. Together,
these results demonstrate that BA treatment of HAECs in-
creases the affinity of b1-integrins for RGD peptides.

To provide additional time for the lateral redistribution of
integrins to the contact site with ECM, the force measure-
ments were carried out after increasing surface contact
time from 0.5 to 1.5 s. Under this setting, the force distribu-
tion of the control group peaked at 21.53 pN. The BA-
treated cells generated two peaks at 26.81 and 54.39 pN,
with the value of the second peak approximately double
that of the first peak (Fig. 3 C). This force doubling indicates
that two integrins were engaged and suggests that BA
caused clustering of integrin domains containing single in-
tegrin molecules to larger domains containing two integrin
molecules.
VE and TX do not change integrin affinity or
valency, but they lower adhesion probability

We examined whether VE and TX influence the binding
response of integrins. The addition of VE and TX to HAECs
did not change the rupture-force distribution between integ-
rins and RGD-coated beads in the 1.5 s contact experiments
(Fig. 3, D and E). However, the adhesion probability for
both conditions significantly decreased from 11.9 to 6.1%



FIGURE 3 Force measurements. (A) The

rupture-force histograms from integrins and

RGD-coated bead interactions with (dashed line)

or without (solid line) BA treatment for 0.5 s

bead-HAEC contact time. The numbers of ruptures

included in the analysis were 31 for control cells

and 49 for BA-treated cells. (B) Dynamic force

spectra for integrin-RGD adhesion without (solid

squares) and with (open circles) BA treatment as

a function of pulling rates of 551.1 (n ¼ 48;

8.5% of the total contact number), 1045.6

(n ¼ 44; 15.3%), 3086.5 (n ¼ 35; 8.6%), and

5493.8 (n ¼ 30; 10.3%) pN/s for BA-treated cells

and 507.3 (n ¼ 54; 14.4%), 887.7 (n ¼ 42;

17.6%), 2679.4 (n ¼ 29; 11.6%), and 4870.2

(n ¼ 34; 10.6%) pN/s for control cells. The ko

was obtained using Eq. 5. The other unknown

from Eq. 5, g, changed from 0.69 to 0.60 nm after

BA treatment. (C–E) Rupture-force histograms of

interactions between integrins and RGD-coated

beads (C) with (dashed line) and without BA (solid

line), (D) with (dashed line) and without VE (solid

line), and (E) with (dashed line) and without TX

(solid line) for 1.5 s contact time of the beads

with the HAECs. The numbers of ruptures

included in the graph in (B) were 61 for control

cells and 66 for BA-treated cells, and those in the

graph in (C) were 65 for control cells and 32 for

VE-treated cells. The numbers of ruptures included

in (D) were 51 for control cells and 38 for VE-

treated cells. (F) Adhesion probability depended

on the contact time between the optically trapped

RGD-coated beads and integrins, and the amphi-

philes on the HAECs. All histogram data were

fitted by Origin Pro ‘‘Peak Analyzer’’ using

Gaussian curves.

Membrane Interaction with Integrins
with VE addition and from 12.4 to 6.7% with TX addition,
whereas BA treatment increased the probability (Fig. 3 F).
The decreased adhesion probability with a single peak indi-
cates that the VE and TX treatment reduced the chance of
interaction between integrins and RGD peptides, but a sin-
gle bond was generated during each event.
Amphiphiles modulated nascent FA size and cell
mobility

FAs are integrin-containing multiprotein complexes car-
rying out important functions such as force transduction
and signaling. FA kinase (FAK) and paxillin are important
adhesion proteins recruited at the cell’s leading edge during
cell migration, and normalized FAK/paxillin fluorescence
intensity ratio is >1 at the cell front and <1 at the cell
rear (45). TIRF microscopy was used to monitor dual-color
images of EGFP-FAK and mCherry-paxillin after treatment
with three amphiphiles. The images of cells with FAK and
paxillin are shown in Fig. 4 A and the boxed areas are
magnified. To compare the effect of amphiphiles on the
newly generated FA size, we defined FAs as nascent when
FAK size was larger than paxillin size on the first layer (rela-
tive to the cell edge) of FAs at the HAEC edge and subse-
quently compared FAK sizes. BA-treated HAECs had
significantly larger nascent FAs than the control HAECs.
In contrast, VE treatment significantly reduced the nascent
FA size (Fig. 4 B).

Studies have suggested that amphiphilic compounds in-
fluence not only FA formation but also cell migration
(24,25). Cell migration was analyzed using the scratch-
induced-migration assay after treating cells with BA, VE,
and TX for 24 h, separately. BA treatment significantly
decreased cell motility, but VE and TX treatment did not
result in a significant change in cell migration when
compared with the control cells (Fig. 5, A and B). However,
Biophysical Journal 113, 1080–1092, September 5, 2017 1087



FIGURE 4 FA analysis. (A) Representative binary TIRF images of FAs,

which were labeled with FAK-EGFP (green) and mCherry-paxillin (red).

Superimposition of FAK and mCherry appears as yellow and the regions

of interest are magnified and separated by color. The scale bar represents

10 mm. (B) Box plots of FAK FA size; only FAs near the cell boundary (first

row of FAs) are included for data analysis (n ¼ 733 for control cells and

1135, 869, and 733 for VA-, VE-, and TX-treated cells, respectively).

The medians are represented by the horizontal lines in the rectangular

boxes; the lower and upper sides of the boxes represent the 25th and 75th

percentiles of sizes, respectively, and the ends of the horizontal lines repre-

sent the 5th and 95th percentiles. The sizes of single adhesions were

analyzed by the open-source software Focal Adhesion Analysis Server

(35). Statistical analyses were done by the Kruskal-Wallis test; *p <

0.0001. To see this figure in color, go online.
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reduced mobility with BA treatment could be reversed by
changing to medium supplemented with VE (Fig. 5 C).
DISCUSSION

By controlling lipid headgroups, acyl chain lengths, and
saturation states, cells can generate thousands of different
lipid types that spontaneously form cell membranes to
segregate the cell’s internal components from the environ-
ment. Lipids allow membrane proteins to aggregate or
disperse and alter the conformational states of membrane
proteins (7). The regulation of membrane protein function
through membrane lipids may take place because of specific
chemical interactions between proteins and lipid molecules
or non-specific interactions between proteins and the phys-
ical properties of the bilayer (46,47), such as bilayer thick-
ness. Since proteins do not have binding sites for non-native
amphiphiles, these compounds likely regulate membrane
proteins in a non-specific manner (48). Although manipula-
tion of cholesterol concentration is a widely used approach
for membrane modulation, exogenous amphiphiles have
some advantages over cholesterol as a means to manipulate
membrane structure and lipid dynamics. First, amphiphiles
have been shown to differentially target Lo domains, Ld do-
mains, and domain boundaries, whereas modification of
cholesterol has the most impact on raft (Lo) domains
because Lo domains are known to be cholesterol rich. Sec-
ond, amphiphiles leave intact the existing, and highly regu-
lated, native membrane composition. Third, previous
coarse-grained molecular dynamics simulations establish
the mechanisms of amphiphile-induced membrane phase
separation. The specific partitioning preferences of amphi-
philic molecules to lipid domains lead to changes in domain
thickness and domain edge energy, leading to phase separa-
tion (19). Therefore, it is likely that the amphiphiles used in
this study cause changes in integrin function via changes in
bilayer thickness, phase separation, and attendant changes
in dimerization and diffusion.

Molecular brightness studies with mCherry-Lyn and
mCherry-b1-integrins demonstrated that BA treatment pro-
moted aggregation of lipid rafts and b1-integrin domains,
where the brightness was twofold and N was decreased to
half, as predicted when two molecules diffuse as one unit
together in the observation volume. The average N values
calculated by fitting autocorrelation curves with Eq. 3
and molecular brightness were calculated by using the rela-
tionship between the average count rate, N, and brightness
(Table 1). The membrane aggregation is consistent with pre-
vious studies in model membranes where BA induced coa-
lescence of domains into large patches of Lo domains
separate from Ld domains (19). This clustering of integrins
by BA treatment likely is responsible for the two force peaks
on the force spectroscopy distribution of integrin-mediated
adhesion. Our study used optical trap-based force spectros-
copy to demonstrate that single-integrin force production



FIGURE 5 Cell migration assay. (A) Phase-

contrast micrographs after wounding the mono-

layer of HAECs, which was incubated in the media

containing BA, VE, and TX. (B) Numbers of cells

that migrated 24 h after wounding with a sterile ra-

zor blade. Around 3000 mm of images were

stitched together and quantified by ImageJ. The

cell numbers were normalized with the stitched im-

age length and the final results were normalized to

the control and expressed as the mean 5 SD. (C)

Fold of the migrated cells between days. At the first

day, HAECs migrated with medium supplemented

with BA in three plates and the medium was

changed to growth medium (GM) or VE on the sec-

ond day. The final results were expressed as a

fold increase between days and expressed as the

mean 5 SD. Statistical analyses were done by

one-way analysis of variance followed by Tukey’s

test; *p < 0.0001. The scale bars represent 10 mm.
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was modified by BA, which targets Ld domains in lipid bila-
yers. An alternative way to measure the effects of amphi-
philes on force production overall is traction force
microscopy (reviewed in (49)), and single-integrin forces
on substrates have been detected (50). In our study using
an optical trap, we could determine directly howmany integ-
rin molecules were bound, along with their force kinetics.
Thus, the optical trap was the most appropriate tool for iden-
tifying the relationship between the membrane, integrin-
RGD bond formation, and force production (51). In traction
force microscopy, there are other aspects of force generation,
such as actin-myosin contraction, that might be indirectly
affected by amphiphiles, necessitating additional control ex-
periments. Nevertheless, traction force microscopy could be
an excellent next step to measure the effects of amphiphiles
on overall integrin-mediated force generation.

Although FN specifically binds to many different types of
integrins, cell adhesion studies have focused on FN binding
to b1 and b3 integrins. The bond between FN and a5b1-in-
tegrins has been shown to exhibit catch-bond behavior
(52), whereas b3 integrins exhibit slip bonds (53). In our ex-
periments, bonds between integrins and RGD-coated beads
exhibited catch-bond behavior (Fig. S2) in which bond life-
time was prolonged with increasing force. Affinity is the
binding strength between a single molecule and its ligand.
This is reported by the equilibrium dissociation constant, a
ratio of dissociation rate and association rate. Interestingly,
the rate of dissociation of b1-integrin from RGD peptide
decreased by 18%with BA treatment, which was interpreted
as an increase of affinity between b1-integrin and RGD pep-
tides (Fig. 3 B). Advanced understanding of integrin struc-
ture has shown that integrin affinity is highly related to
integrin structure. The ligand-binding headpiece is con-
nected to the plasma membrane by two stalks. In the resting
state, the stalks are severely bent and the ligand-binding do-
mains are unfavorable for binding. The integrin converts
from an intermediate state, which is a switchblade-like
expansion exhibiting cross stalks and a closed headpiece,
to a fully activated state with extended conformation, with
straight stalks and an open headpiece. Molecular dynamics
models suggest that interaction between integrin aIIbb3 and
the RGD sequence dissociates the outer membrane clasp be-
tween the head domain and proximal domain to the plasma
membrane on the b-subunit of the integrin, thus permitting
the straight active form (54). The geometry and composition
of transmembrane b-subunit of integrin aIIbb3 potentially
regulate the integrin clustering process (55), and the b-sub-
unit maintains a 25� angle with the membrane surface
normal. The stalk angle of b1-integrin may be related to
the packing of lipids around the transmembrane stalk (56)
and thus may be influenced by bilayer thickness. Whereas
the b subunits of integrins exhibit sequence homology in
transmembrane and cytoplasmic domains (57), we suggest
that b1-integrins observed in our study behave in a similar
Biophysical Journal 113, 1080–1092, September 5, 2017 1089
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manner to b3-integrins, referenced above, with respect to the
transmembrane domain. In model membranes, b1-integrins
preferentially partition into the Ld domain before activation
(58), and BA treatment decreased the thickness of the Ld

domain (19). Thus, we hypothesize that b1-integrins diffuse
in Ld domains and the decreased membrane thickness
around the helix caused by BA treatment may shift integrin
conformational equilibrium toward an increase in the pro-
portion of the straight-stalk (open-state) configuration by
modulating the stalk angle, resulting in enhanced affinity
of integrin to RGD in the initial binding response. After acti-
vation and binding, it is possible that the resulting organiza-
tion could induce a transition of the lipids from Ld to Lo.

With respect to the gylcocalyx, the increases in integrin
affinity and valency with BA treatment were not observed
in heparinase-III-treated cells, and rupture-force distribution
and adhesion probability were similar to those in non-
treated cells, as shown in Fig. S3. Thus, we conclude that
removal of the glycocalyx prevents integrin clustering
without influencing integrin binding. This result is consis-
tent with previous studies demonstrating that the glycocalyx
has an important role in integrin clustering (59). Integrin
clustering could be responsible for observations that BA
treatment of HAECs causes an increase in the size of
nascent FAs. Such increases in FA size arise from integ-
rin-mediated assembly of signaling adaptors, a hierarchical
process (60) responsible for signaling leading to migration.
Specifically, nascent FAs are generated at the cell periphery
by ECM interactions and FAK is recruited before paxillin
(45). BA further caused clustering of integrins and an atten-
dant decrease in the diffusion rate (Fig. 3 C; Table 1).
Consistent with the role of BA in FA assembly, when we
calculated FAK assembly and disassembly rates in FAs us-
ing Focal Adhesion Analysis Server software (35), we found
that both rates increased after treatment with BA (Fig. S4).
Thus, we assume that the adhesion turnover rate may not
change with amphiphile treatment. However, the number
of assembling FAs increased from 9 to 44, whereas the num-
ber of disassembling FAs decreased from 69 to 31 after
1 min in 20 mM BA. Thus, BA treatment may not affect
the assembly or disassembly rate of FAs but may affect
the number of FAs. Quantified newly generated nascent
FAs revealed that BA-treated HAECs exhibited significantly
larger nascent FAs than did untreated HAECs (Fig. 4, A and
B). Larger FAs are associated with lower migration rates in
cells (61), consistent with the inhibitory effect of BA on cell
migration observed in our study.

VE and TX treatments of HAECs affect integrin-medi-
ated adhesion differently. Both VE and TX treatments re-
sulted in single bond generation between b1-integrins and
RGD peptides (Fig. 3, D and E) while decreasing the prob-
ability of adhesion relative to that observed for control cells
(Fig. 3 F). The decreased adhesion probabilities for both VE
and TX treatment correspond to enhanced diffusion rates of
b1-integrins (Table 1). Thus, the initial responses between
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b1-integrin and RGD may be mainly controlled by the diffu-
sion rate of b1-integrins on HAEC membranes. The impor-
tant factors underlying diffusion rates in the cellular
membrane are the size of a protein and the viscosity of
the membrane. The decrease in the adhesion probability
upon addition of VE may be caused by reduced domain
sizes, whereas the reduction in adhesion frequency with
the addition of TX may come from higher diffusion rates
due to the lowered viscosity of the membrane with surfac-
tant-mediated pores. In the integrin-mediated FA formation,
VE treatment decreased nascent FA size and TX did not
result in a significant change (Fig. 4 B).

Taken together, these studies provide insights into the role
of integrin functional changes caused by amphiphiles in
endothelial cell migration on FN-coated substrates. By
conducting studies on FN, we avoided complications of
non-specific binding. We propose that the number of bonds
between integrins and the ECM may play an important role
in cell mobility. BA treatment on cells, which yields higher-
affinity double bonds and results in larger FAs, delayed their
mobility. TX- and VE-treated cells, which, similar to control
cells, generated single bonds and did not increase FA size,
exhibited mobility that was similar to that observed for
control cells (Fig. 5, A and B). Interestingly, the effects of
amphiphiles on cell migration can be reversed. Reduced
mobility of BA-treated cells can be recovered by changing
the medium to VE-supplemented medium, which is similar
to the reversibility of TX-induced domain formation by VE
in model membranes (19). Our study was focused on integ-
rins in endothelial cells, in particular, the relationship be-
tween b1-integrins and FN. Because b1-integrin partners
(a5 and a8) recognize the RGD tripeptide in FN (62), this
study is likely relevant to other cell types that express
a5b1 or a8b1 integrins, such as fibroblasts (63), human um-
bilical vein endothelial cells (64), epithelial cells (65), and
tumor cells (66).
CONCLUSIONS

This study shows that alterations of lipid bilayer thickness
and diffusion can exert functional changes in b1-integrin-
mediated adhesion, nascent FA formation, and cell migra-
tion. Although others have investigated the role of the mem-
brane in integrin-mediated adhesion in an indirect manner,
we identified membrane-mediated changes in integrin
function directly. Even with respect to clustering, we have
identified a mechanism of clustering and established an
approximate time constant for clustering that might be
useful in the development of models for integrin-mediated
adhesion in the future. Modulation of the HAEC membrane
phase by amphiphiles clusters or disperses integrins.
Changes in the diffusion rate of integrins in the plane of
the membrane altered the probability that a bond between
b1-integrins and RGD peptide would form. Decreasing Ld

domain thickness with BA increased integrin affinity for
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RGD. In turn, transitions of integrin affinity and valency
affected integrin-related nascent adhesion, formation, and
attendant migration. Such results demonstrate that the lipid
bilayer, beyond being a passive bystander to protein func-
tion and organization, plays an important role in modulating
integrin function and consequent adhesion-related cellular
behavior.
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