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ABSTRACT Here, we present a method based on yeast surface display that allows for direct comparison between population-
level cell adhesion strength and single-molecule receptor-ligand rupture mechanics. We developed a high-throughput yeast
adhesion assay in which yeasts displaying monomeric streptavidin (mSA) or enhanced mutant mSA were adhered to a bio-
tinylated coverglass submerged in fluid. After exposure to shear stress (20–1000 dyn/cm2) by rapid spinning of the coverglass,
cells were imaged to quantify the midpoint detachment shear stress for the cell population. We then performed atomic force
microscope single-molecule force spectroscopy (SMFS) on purified mSA variants and identified correlations between single-
molecule rupture force distributions and cell population adhesion strength. Several features of yeast display were important
for successful correlations of adhesion strength to be drawn, including covalent attachment of the receptor to the cell wall,
a precisely defined molecular pulling geometry, repression of nonspecific adhesion, and control for multivalency. With these
factors properly taken into account, we show that spinning disk cell adhesion assays can be correlated with SMFS and are
capable of screening the mechanical strength of receptor-ligand complexes. These workflow enhancements will accelerate
research on mechanostable receptor-ligand complexes and receptor-mediated cell adhesion.
WHY IT MATTERS Cell adhesion is the process by which cells attach to various substrates, extracellular matrix
components, and tissues through specific binding of protein receptors on the cell surface. This process is of widespread
interest in biophysics and cell biology. Although cell adhesion is governed at the most basic level by the mechanical
stability of receptor-ligand interactions, the development of unified biophysical assays that can correlate these properties
when measured at different length scales (i.e., single-molecule versus cell population) is challenging. We address this
issue by developing methodology to investigate correlations between adhesive phenotypes of cell populations and the
mechanical strength of single-molecule receptor-ligand interactions.
INTRODUCTION

Understanding the mechanical properties of receptor-
ligand complexes is fundamentally important in charac-
terizing the biophysical behavior of native and engi-
neered molecular systems. The classical paradigm of
molecular recognition and binding affinity focuses exclu-
sively on kinetic parameters at equilibrium. However,
there are many scenarios in which proteins experience
tension, compression, shear stress or mechanical force,
and in these situations, the nonequilibrium mechanical
stability of protein-protein interactions is of high interest.
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The fields of molecular biomechanics and force spec-
troscopy concern themselves with the biological signifi-
cance of protein deformation under force, and its
practical significance in areas such as cell adhesion, bio-
materials science, therapeutics, and drug delivery.

Single-molecule force spectroscopy (SMFS) (1–4)
with the atomic force microscope (AFM) is a valuable
tool for characterizing protein nanomechanics (Fig. 1,
left). Recent methodological developments now allow
researchers to apply well-defined force protocols to
polyprotein systems while taking into account aspects
such as molecular pulling geometry (5–7), validation of
single-molecule interactions using internal unfolding
fingerprints (1,2), and generation of large statistics us-
ing reversible mechanostable pulling handles (8).
Although these features allow AFM-based SMFS to pro-
vide quantitative descriptions of protein folding and
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FIGURE 1 Conceptual schematic of corre-
lating single-molecule rupture mechanics with
population-level cell adhesion. (Left) A fusion
protein comprising mSA fused to an FLN finger-
print domain is site-specifically attached to a
coverglass. Probing the surface with a biotin-
modified cantilever results in force versus exten-
sion traces, from which rupture forces (FR) of in-
dividual biotin-mSA complexes are extracted.
(Right) Yeast cells displaying mSA are adhered
to a coverglass covalently modified with biotin.
Spinning the coverglass in fluid generates a
shear gradient at the surface that detaches
cells. Plotting the cell density versus shear
stress allows characterization of the midpoint
shear stress required to detach half the cell pop-
ulation (t50). This study seeks to quantitatively
correlate FR with t50 for mSA variants. The
crystal structure of monomeric streptavidin-
biotin complex (Protein Data Bank: 4JNJ (12))
was rendered with VMD - Visual Molecular
Dynamics (13).
unfolding and unbinding energy landscapes, the tech-
nique requires sophisticated equipment and a high
level of expertise. Production and purification of poly-
proteins in recombinant hosts, data collection, and
analysis times are all lengthy, and AFM measurement
throughput is low. Although in vitro transcription and
translation systems combined with microfluidic tech-
nology (9) have been deployed to address this, the
intrinsic serial nature of scanning probe methodology
remains severely limiting.

Conversely, measurement systems for cell adhesive
forces (10) typically do not require protein purification
and benefit from shorter experimental run times and
higher throughput. This throughput, however, comes
at a cost of reduced resolution. In bulk cell adhesion as-
says, fast dynamics are not captured, pulling geome-
tries and forces may be ill defined, and multivalency
of interactions needs to be considered. The importance
of accounting for multivalency is well understood in
equilibrium-based selections of libraries using yeast
surface display (11). In this case, immunostaining of
the displayed proteins is used to normalize binding
levels to expression levels (i.e., level of multivalency).
To correlate mechanical behavior across length scales,
a similar account must be taken for the level of multi-
valency of cell-surface interactions. This presents a
challenge in directly correlating single-molecule me-
chanical stability of receptor-ligand bonds and bulk
adhesion strength of a cell population.

For an appropriately designed system, however, both
receptor-ligand AFM-SMFS and quantitative assays for
cell adhesion strength should be governed by the same
fundamentals, namely the mechanical strength of the
adhesive complexes. Although many studies use either
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cell adhesion assays or single-molecule mechanical
assays independently to quantify the mechanical sta-
bility of protein-protein interactions, very few (14–16)
have considered correlations between cell adhesion
under flow and single-molecule mechanics of the inter-
actions that mediate adhesion. In this study, we aimed
to explore these correlations and develop a system that
could correlate cell population adhesion with single-
molecule rupture events (Fig. 1).

We chose the hydrodynamic shear-based spinning
disk assay (SDA) to quantify cell adhesion strength
(Fig. 1, right). This assay has been extensively charac-
terized and widely used in the past to quantify adhesion
of mammalian cells on biomaterial surfaces (17–21).
In comparison with other shear-based assays, SDAs
produce high maximal shear stresses (>2500 dyn/
cm2) and do not require cumbersome microfabrication
or precise flow rate control with pumps. Furthermore,
SDAs expose cells in the population to a gradient of
shear stress that grows linearly with distance from
the center of the disk while maintaining uniform chem-
ical conditions at the surface. As the disk spins, fluid
flow over the surface mechanically strains the interac-
tions between the proteins at the surface of the cells
and immobilized surface ligands. Toward the outside
of the disk the applied shear stress is significantly
higher, and fewer cells can withstand the forces. The
result is a sigmoidal decline in the number of adherent
cells with respect to the shear stress. If the protein
interaction is more resistant to mechanical force, a
higher fraction of cells will remain further out from
the center of the disk after spinning. The adhesion
strength is then defined as the shear stress required
to detach 50% of the cell population.



Yeast surface display is achieved by genetically fusing
receptor genes to the Aga2p mating factor in Saccharo-
myces cerevisiae (22–24). This display system is widely
used for selection of antibody libraries (25–28) and pre-
sents several advantageous features for comparative
cell adhesion studies. The outer peptidoglycan cell wall
of S. cerevisiae is mechanically rigid, meaning that the
cells will minimally deform in response to moderate
forces. The nearly spherical shape of yeast cells facili-
tates uniform application of force (29) by the flow field
in the SDA. Prior studies have combined Aga2p-based
yeast display withmicrochannel rolling adhesion assays
on yeast cells underflow (29–31); however, to the best of
our knowledge, yeasts have not been used in the SDA.

As a model receptor for our study, we chose mono-
meric streptavidin (mSA) and its previously reported
(32) mutant mSA(S25H). Biotin-streptavidin technology
hasbeenextensively used in immunodetectionand label-
ing systems (33); however, the tetrameric structure of
streptavidin with four biotin binding sites can lead to un-
wanted clustering of biotinylated ligands. To address
this, several groups generated monomeric versions of
streptavidin using rational approaches (34–36). Park
and colleagues engineered a monomeric streptavidin
(37)by insertingbindingsite loopsderived fromadimeric
streptavidin homolog, rhizavidin, into a streptavidin
monomer. A serine to histidine mutation at position 25
was used to generate the mutant mSA(S25H) with a
significantly decreased kinetic off rate (12) and KD ¼
�1 nM. Here, we fused mSA and its variant S25H to the
Aga2p display anchor protein of S. cerevisiae. We then
displayed artificial mSA receptors on the yeast surface
as well as producing them as soluble proteins in Escher-
ichia coli. By comparing the mechanostability of the
mSA-biotin interaction using both AFM-SMFS and SDA,
we sought to harmonize the observations on a validated
set of receptors with known affinity and mechanics.
MATERIALS AND METHODS

Materials

All chemicals used in this study were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise stated. Primary and secondary anti-
bodies were obtained from Thermo Fisher Scientific (Waltham, MA).
Biotin-Atto565 was acquired from ATTO-TEC GmbH (Siegen, Ger-
many). Polymerase chain reaction (PCR) buffers and enzymes were
from New England Biolabs (Ipswich, MA).
Plasmid construction

The plasmids and primers used in this study are summarized in Ta-
bles S1 and S2, respectively. Plasmid pYD1-mSA(wild-type (WT))
was provided by Sheldon Park (Addgene plasmid #39865; Water-
town, MA) (37). The mutation in question is numbered according to
the Protein Data Bank file 4JNJ. The pYD1_mSA(S25H) gene was ob-
tained by site-directed mutagenic PCR of the pYD1_mSA(WT)
plasmid using primers F1 and R1. Then the mSA(S25H) insert was
amplified using primers F2/R2 and subcloned into the pCHA vector
that had previously been amplified with primers F3 and R3 via Gibson
assembly to generate the C-terminal constructs. To build the con-
structs for soluble expression in E. coli, the mSA(WT) andmSA(S25H)
genes were amplified from the pYD1 plasmid using primers F4 and
R4. These amplicons were subcloned, via Gibson Assembly, into
two pET28 expression vectors (pET28_ybbr-HIS-ELP-FLN and
pET28_FLN-ELP-HIS-ybbr) for protein production and purification in
E. coli. These backbones had been previously amplified with primers
F5/R5 and F6/R6, respectively, so that the mSA was attached through
its N- or C-terminus to the fourth domain of the Dictyostelium discoi-
deum filamin (FLN) fingerprint domain. Additionally, these vectors
also contained an elastin-like polypeptide (ELP) flexible linker and his-
tidine and ybbr tags. To create the constructs for surface plasmon
resonance (SPR) analysis, the same cloning strategy was used with
primers F5/R5 and F4/R4, but the recipient vector only had the FLN
domain and the ybbR-His tags (pET28_ybbr-HIS-FLN).
Yeast transformation and culture

The yeast plasmids pYD1_mSA(WT) and pYD1_mSA(S25H) were
transformed into S. cerevisiae EBY100 yeast strain using a lithium ac-
etate transformation protocol (38). Positive colonies were selected on
synthetic defined agar 2% (wt/vol) glucose plates lacking tryptophan
(�TRP) and cultivated in �TRP liquid medium containing 2% (wt/vol)
glucose at 30�Cwith shaking (200 rotations perminute (rpm)) to an op-
tical density (OD)600 of 8. The cells were washed in ultrapure water
before being transferred into fresh �TRP medium supplemented
with 0.2% (wt/vol) glucose and 1.8% (wt/vol) galactose to a starting
OD600 of 0.4 to induce protein expression and display. Induction was
carried out at 20�C for 16 h for N-mSA(WT) and 24 h for N- and
C-mSA(S25H). Afterwards, the cells were resuspended in phosphate-
buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4 (pH 7.2)) and stored at 4�C for up to 3 weeks.
Flow cytometry

Four million cells were added to each well together with 100 mL of
0.1% (wt/vol) bovine serum albumin (BSA) in PBS and pelleted. The
supernatant was discarded, and cells were washed with 200 mL of
PBS 0.1% (wt/vol) BSA. Incubation with 100 mL of anti-FLAG or anti-
hemagglutinin (HA) primary antibody (1:500 dilution) was carried
out at room temperature for 30 min. Then the cells were pelleted
and washed twice with 200 mL of 0.1% (wt/vol) BSA in PBS. Yeast
cells were then labeled with goat anti-mouse secondary antibodies
conjugated with Fluorescein isothiocyanate (FITC) or AlexaFluor
594 (1:500 dilution) in the same volume used for the first antibody la-
beling, for 20min. For the biotin labeling, yeast cells were incubated in
400 mMof biotin-Atto565 for 30min. After labeling, cells were washed
three times with 200 mL of 0.1% BSA (wt/vol) in PBS and then resus-
pended in 200 mL and analyzed via flow cytometry.
Protein production and purification in E. coli

mSA(S25H) and mSA(WT) constructs for AFM and SPR experiments
were transformed into E. coli BL21(DE3) cells. Positive colonies were
selected in Lysogeny broth (LB)-agar plates supplemented with
ampicillin overnight at 37�C. A single colony was used to inoculate LB
medium supplemented with kanamycin (LB-Kan) and grown overnight
at 37�C with shaking. This preculture was used to inoculate 500 mL
of LB-Kan and incubated at 37�C with shaking until OD600

reached 0.6. Protein expression was then induced with 0.5 mM of
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isopropyl-b-D-1-thiogalactopyranoside overnight at 18�C with shaking.
Cells were harvested by centrifugation, resuspended in lysis buffer
(50 mM Tris, 50 mM NaCl, 0.1 mg/mL lysozyme, 2 U/mL of DNaseI
(pH 8)), and incubated on ice for 15 min followed by sonication. Cell
lysate was centrifuged at 18,000 � g for 30 min at 4�C. All proteins
were purified by histidine-tag affinity chromatography with a His-Trap
FF column using a GE-AKTA chromatography system (GE Healthcare,
Chicago, IL). Endogenous biotin was removed by heating the purified
proteins to 75�C, followed by buffer exchange into PBS at 40�C. The
purified proteinswere analyzed by electrophoresis on a 12%sodiumdo-
decyl sulfate–polyacrylamide gel for purity and correct molecular
weight. Protein concentrationwas estimated by absorbance at 280 nm.
SPR

SPR measurements were conducted on an SR7500DC instrument
(Reichert Technologies, Depew, NY). In preparation for the experi-
ment, the system was initially flushed twice with 0.5% (m/m) SDS so-
lution, followed by glycine hydrochloride (50 mM (pH 9.5)), and finally
ultrapure water. A carboxymethyldextran chip (Xantec, CMD200M;
D€usseldorf, Germany) was installed, and the system was equilibrated
for 20 min with running buffer (PBS (pH 7.2)). The chip surface was
activated for 5 min at 10 mL min�1 with a freshly prepared solution
of 0.23 M 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
0.095 M N-hydroxysuccinimide (NHS), followed by immobilization
of 100 mM NH2-Polyethylene glycol (PEG)-biotin (5kDa, Rapp Poly-
mere, T€ubingen, Germany) for 20 min. The remaining active carbox-
ylic acid groups were blocked with ethanolamine hydrochloride
(1 M (pH 9.5)) for 5 min, and the system was afterwards flushed
with five injections of PBS in preparation for the kinetic analysis. Bind-
ing kinetics were measured in four subsequent cycles for each pro-
tein construct, in each of which the analyte (mSA(WT) or
mSA(S25H)) was injected at a different concentration (0.5, 1, 2.5,
and 5 mM) in order of increasing molarity. Each cycle comprised a
30 mL $ min�1 injection of PBS for 5 min, followed by analyte associ-
ation and dissociation phases, then a PBS injection at 30 mL $ min�1

for 5 min and a final regeneration step with 0.1 M NaOH at a flow rate
of 50 mL $min�1 for 2 min. The raw data were extracted and analyzed
with Origin (OriginLab Corporation, Northampton, MA). Dissociation
curves were fitted globally, taking into account the baseline offset
R0, with Eq. 1, to extract the dissociation constant (koff) and respec-
tive standard error.

f ðtÞ ¼ ðRmax � R0Þ � eð�koff � tÞ þ R0 (1)

The association constant (kon) is reported as the average of the as-
sociation constants extracted by fitting each association curve with
Eq. 2, using the previously determined dissociation constant (koff)
as a fixed parameter.

f ðtÞ ¼ ðRmax � R0Þ½A��
koff
kon

�
þ ½A�

� 1� eð�koff � tÞ þ R0 (2)

The reported KD is an average of the KD-values calculated using the
association constants extracted above for each curve and the fixed
koff. Errors reported for kon and KD are standard deviation from the
mean.
Silanization of coverslips and cantilevers

AFM cantilevers (BioLever Mini BL-AC40TS; Bruker, Billerica, MA)
were cleaned by ultraviolet-ozone treatment. 25 mm glass coverslips
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(Menzel Gl€aser, Thermo Fisher Scientific) were sonicated in 50%
ethanol for 15 min, rinsed with water, and incubated in piranha solu-
tion (1:1 H2SO4 (concentrated):H2O2 (30%) (v/v)) for 30 min, followed
by extensive washing with ultrapure water. Surfaces were then incu-
bated in 2% (v/v) 3-aminopropyl(diethoxy)methylsilane (ABCR GmbH,
Karlsruhe, Germany) in a solution of 88% (v/v) ethanol and 10% (v/v)
water for 1 h with shaking (coverslips) or 5 min (cantilevers). Subse-
quently, the coverslips were washed in ethanol and ultrapure water,
and cantilevers were washed in toluene, ethanol, and ultrapure water.
Surfaces were then dried at 80�C for 30 min.
Spinning disk adhesion assay

The spinning disk apparatus was adapted from previously described
designs (20,39) and built in house as reported previously (21).

Aminosilanized coverglasses were functionalized with 25 mM
NHS-PEG-biotin (5 kDa; Rapp Polymere, T€ubingen, Germany) in
100 mM HEPES buffer for 30 min, washed with ultrapure water, and
then blocked with 5% BSA in PBS for 30 min. Yeast cells expressing
mSA(WT) or mSA(S25H) were seeded on the surface and allowed to
adhere for 30 min at room temperature. Before spinning, the cell sus-
pension was removed and gently replaced with PBS. The coverslips
were mounted on the spinning disk device, secured by vacuum suc-
tion, and immersed in a solution of PBS at room temperature. The
spinning routine consisted of a 20 s acceleration ramp, 5 min steady
spinning at the indicated rpm value, and 20 s deceleration. During the
adhesion assay, the coverslips were maintained at a height of 25 mm
from the bottom of the chamber to minimize turbulence and not
disrupt the laminar boundary layer. The shear stress (t; Pa) at any
point on the surface of the coverglass varies linearly with radial dis-
tance and is described by the following equation,

t ¼ 0:800r
�
rmu3

�1=2
; (3)

where r is the radial position relative to the center of the coverglass, r
is the spinning buffer density, m is the fluid dynamic viscosity, and u is
the rotational speed (18). After spinning, the coverglasses were raster
scanned and imaged frame by frame at 10� magnification on an
Olympus IX81 microscope (�500 individual images automatically
stitched together with CellSens software (version 1.16; Olympus, To-
kyo, Japan)) and saved in TIFF format. We used a custom Python-
based image analysis script that takes as input the TIFF files, finds
the outer circle of the coverglass, and then segments the cells from
the background by gray-value thresholding. The script returns the
radius of the coverglass and a list containing the area, XY coordi-
nates, and distance to the center of the coverglass for every cell de-
tected. Further analysis was performed in MATLAB 2019a (The
MathWorks, Natick, MA). The fraction of adherent cells (f) at different
positions on the disk was calculated by normalizing the density of
cells at each section of the disk with the density of cells at the center
of the disk, where the shear forces are close to zero. We plotted the
detachment profiles (f vs. t) and fitted them with a sigmoid probabi-
listic model (40):

f ¼ 1=ða� exp ½b ðt� t50Þ�Þ; (4)

where t50 is the shear stress at which 50% of the cells remain
adherent. This value was used as a measure of mean adhesion
strength for comparison of cell populations.
Force spectroscopy surface preparation

Aminosilanized coverglasses were functionalized with 10 mg/mL
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate



(Thermo Fisher Scientific) in 50 mM HEPES for 30 min, followed by
incubation with coenzyme A (200 mM) in coupling buffer (50 mM so-
dium phosphate, 50 mM NaCl, 10 mM EDTA (pH 7.2)) for 1 h. The
ybbR tag of the purified constructs was then used to couple these
to coenzyme A in the coverglasses in an SFP phosphopantetheinyl
transferase-catalyzed reaction in PBS buffer at room temperature
for 2 h. Silanized cantilevers were incubated with 25 mM NHS-PEG-
Biotin (5 kDa; Rapp Polymere) in 100 mM HEPES buffer for 30 min
and washed with ultrapure water. Functionalized cantilevers and cov-
erglasses were kept in PBS until the measurement.
Force spectroscopy measurements

Force spectroscopy measurements were carried out using an auto-
mated AFM-based force robot (Force Robot 300; JPK Instruments,
Berlin, Germany), in PBS buffer, at room temperature under varying
pulling velocities. The cantilever was calibrated using the thermal
noise method. Loading rates were estimated by a line fit to the force
versus time trace immediately before the rupture event. During the
experiment, a loose filter was set for curves with 3–6 peaks, rupture
forces under 500 pN, and a tip-sample separation at rupture of
>30 nm to distinguish traces with and without interactions. Force
versus piezo position curves meeting these criteria were then pro-
cessed by baseline subtraction, adjustment of x-offset, and extension
correction to account for cantilever bending. The force versus molec-
ular extension traces were then transformed into contour length us-
ing the worm-like chain model (2,41). Curves were manually
selected by searching for a contour length increment that matched
the FLN fingerprint domain unfolding events, which added �32 5

8 nm of hidden contour length to the system. Additionally, only traces
showing a minimal contour length of 90 nm before FLN unfolding
were considered; this corresponds to the length of the stretched
PEG linker and ELP present in the pulling configuration during retrac-
tion of the cantilever. Subsequent analysis was performed in MAT-
LAB 2019a. The histograms of the rupture force for the complex
for each pulling speed were fitted with the Bell-Evans model (42) to
determine the most probable rupture force and loading rate. Finally,
a linear fit was performed through the most probable forces and
most probable loading rates at the different pulling speeds to deter-
mine the distance to the transition state (Dx) and the off rate at
zero force (koff). Reported errors in Fig. 2, E and F represent the asym-
metric full width at half maximum for each probability distribution.
RESULTS

Equilibrium kinetic binding constants of mSA(WT)
and mSA(S25H)

We first sought to validate the equilibrium kinetic param-
eters reported previously for mSA(WT) and mSA(S25H)
using SPR. Genes encoding mSA were cloned into a
pET28 expression vector containing C-terminal ybbr
and hexahistidine tags and overexpressed in E. coli.
The two protein constructs mSA(WT) and mSA(S25H)
were then purified via metal-ion chromatography and
transferred to PBS. SPR measurements were carried
out by sequentially injecting solutions of mSA(WT) and
mSA(S25H) at different concentrations over a biotin-
functionalized carboxymethyldextran-gold chip. Specific
association ofmSA to the immobilized biotin produced a
rise in the SPR signal, which then decreased during the
dissociation phase. For each construct, dissociation
curves were fitted (Eq. 1) to extract the dissociation con-
stant (koff) and with a fixed koff, the association curves
were fitted with Eq. 2 to extract the association constant
(kon). The calculated kinetic parameters are summarized
in Table 1. The measured koff of mSA(S25H) was found
to be (0.47 5 0.05) � 10�3 s�1, which was �10-fold
lower than that of mSA(WT) (5.44 5 0.02) � 10�3 s�1.
This result is consistent with prior experiments and
molecular dynamics simulations, which showed that
the S25H mutation can shield the binding pocket of
mSA from the bulk solvent, reduce flexibility of the L3,4
loop (residues 45–51), and enhance binding (12).
We found that both constructs exhibited similar associ-
ation constants of (65.25 5 1.22) � 103 M�1 s�1 for
mSA(S25H) and (41.58 5 0.96) � 103 M�1 s�1 for
mSA(WT). Subsequently, the equilibrium dissociation
constants (KD) were determined as 7.42 5 1.57 nM for
mSA(S25H) and 137 5 29 nM for mSA(WT).

Regarding koff, our results are in close agreement
with those reported before. However, the previous
study reported similar KD-values for both mSA(WT)
and mSA(S25H), whereas here we report a 19-fold dif-
ference in KD. Additionally, we report 10 to 100-fold
higher absolute KD-values in this study than those re-
ported by Park and colleagues (12). We attributed
these differences to the different methods used to
measure the binding affinity, as in the other study this
constant was estimated through a measurement on
the yeast surface, whereas here, we performed SPR
using E. coli purified proteins immobilized on a chip.
Overall, our results support the claim that the
mSA(S25H)-biotin complex has a �10-fold lower off
rate than mSA(WT)-biotin and 10 to 30-fold lower KD.
Comparison of N- and C-terminal pulling geometries
using AFM-SMFS

We used AFM-SMFS to evaluate whether mSA(WT)-
biotin and mSA(S25H)-biotin complexes show the
same trends in mechanical stability as in equilibrium af-
finity measurements (Fig. 1, left). For SMFS, in addition
to the mSA receptor, we included the fourth domain of
the Dictyostelium discoideum F-actin cross-linking pro-
teinfilamin (FLN) asafingerprint domaindesigned toun-
fold before rupture of the biotin-mSA interaction. FLN
was further fused to an ELP sequence and a His-ybbR
tag (43) (Fig. 2 A). The ELP served as an intrinsically
disordered flexible linker that exhibits uniform entropic
stretchingbehavior inAFM-SMFSand thereforeprovides
better agreement with standard polymer elasticity
models such as the worm-like chain when compared
with the more common PEG-linkers (44,45). The ybbR
tagwas used to covalently attach the constructs to a co-
enzyme-A-functionalized coverglass at the N-terminus
Biophysical Reports 2, 100035, March 9, 2022 5



FIGURE 2 Mechanical stability of mSA(WT)-biotin and mSA(S25H)-biotin complexes. (A) Gene cassettes used for mSA expression in E. coli
before AFM-SMFS. (B) Pulling configuration of the SMFSmeasurement with biotin attached to the cantilever and the twomSA protein constructs
immobilized at different spots on the surface. (C) Example of a typical force versus extension trace showing unfolding of FLN in two steps fol-
lowed by rupture of the biotin/N-mSA complex at a pulling speed of 400 nm/s. (D) Contour length histogram obtained from n¼ 753 single-mole-
cule dissociation curves of N-mSA(WT)/biotin complexes, similar to the trace shown in (C). (E and F) Dynamic force spectra of , respectively,
N-terminal and C-terminal anchor points for mSA(WT)-biotin (green) and mSA(S25H)-biotin (blue) complex rupture events obtained at pulling
speeds of 400, 800, 1600, and 3200 nm/s. Colored dots represent individual rupture events. Diamond markers represent the most probable
rupture force and loading rate values for each pulling speed. The dashed line represents the Bell-Evans model fits to the diamond markers. Error
bars are full width at half maximum for each rupture force and loading rate distribution (left). Overlapping rupture force histograms obtained at
each pulling speed for mSA-biotin complex rupture events are shown (right). N shows the number of individual rupture events considered in each
histogram. Data for the N- and C-terminal constructs were acquired in separate experiments. In the experiment for the C constructs, the N-S25H
protein was used as an internal control (Fig. S3).
via 40-phosphopantetheinyl transferase-mediated liga-
tion. mSA(WT) and mSA(S25H) were fused with FLN
such that mSA was attached either by its N- or C-termi-
nus. The four proteins are denoted as follows:

1) ybbR-His-ELP-FLN-mSA(WT) (N-WT).
2) ybbR-His-ELP-FLN-mSA(S25H) (N-S25H).
3) mSA(WT)-FLN-ELP-His-ybbR (C-WT).
4) mSA(S25H)-FLN-ELP-His-ybbR (C-S25H).

Mechanical dissociation of the mSA-biotin com-
plexes was probed with PEG-biotin covalently immobi-
lized on the cantilever and the fusion proteins
covalently attached to the coverglass. The mSA(WT)
and mSA(S25H) constructs were immobilized at
different locations on the same coverglass surface
and probed with the same cantilever for each pulling
geometry (C- or N-terminal pulling) (Fig. 2 B). The
biotin-functionalized cantilever tip was lowered to the
mSA proteins immobilized on the surface, allowing an
mSA-biotin receptor-ligand complex to form. The canti-
lever was then retracted, and, if a complex was suc-
cessfully formed, the force-extension trace exhibited
6 Biophysical Reports 2, 100035, March 9, 2022
a pattern corresponding to unfolding of FLN followed
by the rupture of the mSA-biotin complex. The FLN
fingerprint domain unfolds at relatively low forces
(60–100 pN) and displays a characteristic two-step un-
folding pattern (46) that distinguishes nonspecific
adhesion in SMFS traces from specific pulling on indi-
vidual mSA-biotin complexes to validate and identify
single-molecule interactions. A typical force-extension
trace (Fig. 2 C) showed unfolding of FLN in two steps
followed by rupture of a single mSA-biotin complex.
In some cases, FLN unfolded in a single step before
the rupture of the mSA-biotin complex. In such cases,
the contour length increment observed corresponded
to that of the full FLN domain (�32 nm) (Fig. S2).

The SMFS measurement was performed at four
different pulling speeds (400, 800, 1600, and 3200 nm/
s) to estimate the energy landscape parameters. Based
on the minimal contour length requirement and the FLN
unfolding pattern, single-molecule curves were
screened for specific mSA-biotin interactions. We
analyzed the final rupture events from the selected
curves obtained at the four pulling speeds and
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generated histograms describing the rupture force dis-
tributions of mSA-biotin unbinding for both mSA(WT)
and mSA(S25H) in both N-terminal (Fig. 2 E) and C-ter-
minal (Fig. 2F) pullinggeometries. The rupture forcedis-
tributions indicate that the stabilizing effect of the S25H
mutation that was observed in the SPR experiments
alsomanifests when the complexwas tested underme-
chanical tension (Table 1). Generally, the mSA(S25H)-
biotin complex exhibited higher rupture forces than
mSA(WT)-biotin across the entire range of pulling
speeds from 400 to 3200 nm/s for both pulling geome-
tries. TheN-mSA(WT)-biotin complex ruptured at forces
ranging from 138 to 160 pN at loading rates of 103�104

pN/s, whereas the N-mSA(S25H)-biotin ruptured at
154–171 pN. For the C-terminal constructs, the rupture
forces ranged from 155 to 186 pN for the C-mSA(WT)
complex and 184–206 pN for the C-mSA(S25H)mutant.
The higher mechanostability of mSA(S25H)-biotin com-
plexes was consistently observed across the four pull-
ing speeds and for both pulling geometries, as well as
in independent replicates (n ¼ 3). Furthermore, higher
rupture forces were observed for both the WT and
S25H C-terminal constructs when compared with the
N-terminal pulling geometry (Fig. 2, E and F; Fig. S3;
Table 1).

To determine a simplified energy landscape for the
unbinding reaction under force, we investigated the
loading rate dependency of the mSA-biotin rupture
events. We plotted the unbinding forces as a function
of the loading rate and analyzed the results using the
phenomenological Bell-Evans model (42). From the
linear fit of the most probable rupture force versus
the most probable loading rate at each pulling speed
for N- (Fig. 2 E, left) and C-terminal (Fig. 2 F, left) pulling
configurations, we obtained estimates for Ln(k0) and
the distance to the transition state along the reaction
coordinate (Dx) (Table 1). We note that koff-values
from Bell-Evans fitting procedures can vary widely
because of extreme model sensitivity (47), especially
when a narrow range of loading rates is tested as is
the case here, although trends in Dx-values are typically
more robust. Nonetheless, Ln(k0)-values for both N-
and C-terminal-anchored mSA(S25H) (N-S25H �10.92
5 3.78; C-S25H �12.76 5 2.15) were found to be
lower than those of N- and C-terminal mSA(WT),
respectively (N-WT �8.14 5 0.26; C-WT �6.48 5
1.43), a qualitative trend that was consistent with the
SPR data. We further note it is not assumed the koff-
values between SMFS and SPR are expected to quanti-
tatively agree because they are probing separate reac-
tion pathways and the force-based measurement is
extrapolated to zero force. In terms of the Dx param-
eter, the N-terminal constructs both have a similar bar-
rier position and therefore a similar sensitivity to
loading rate, with values of Dx ¼ 0.41 5 0.01 nm for
Biophysical Reports 2, 100035, March 9, 2022 7



N-WT and Dx ¼ 0.45 5 0.10 nm for N-S25H. However,
in the case of the C-terminal constructs, mSA(WT) ex-
hibits a steeper loading rate dependency (i.e., shorter
barrier position (Dx ¼ 0.31 5 0.04 nm) in relation to
mSA(S25H) (Dx¼ 0.415 0.05 nm). Together, these re-
sults suggest different levels of mechanostability and
different unbinding pathways for the two mSAs in this
study, which is consistent with the predicted changes
produced by the S25H mutation.
S25H mutation imparts higher adhesion in SDA

We hypothesized that mSA variants that form more me-
chanostable interactions with biotin as measured by
AFM-SMFS would also mediate stronger cell adhesion
to biotinylated surfaces under flow. We therefore devel-
oped an SDA protocol that allowed us to evaluate the
adhesion strength of yeast cell populations displaying
mSA to biotinylated coverglass surfaces (Fig. 1, right).

For the purpose of yeast surface display of proteins,
yeast a-agglutinin subunit 2 (Aga2p) is linked by two
disulfide bridges to Aga1p, a b-1,6-glucan-anchored
protein. The co-expression of Aga1p with Aga2p fused
to the protein of interest leads to cell wall-anchored
proteins on the surface of the yeast.

S. cerevisiae EBY100 cells were transformed with
yeast vectors containingmSA(WT) ormSA(S25H) genes
in frame with Aga2p as either an N- or C-terminal fusion.

The gene cassettes also contained anHA tag at the N-
terminus of mSA and a FLAG tag at the C-terminus.
S. cerevisiae presents clear advantages in the develop-
ment of this assay when compared with other display
systems. Specifically, the rigid cell wall and relatively
large cell size compared to bacterial systems facilitated
uniform shearing and straightforward imaging by light
microscopy. The lack of cellular appendages and ease
of geneticmanipulability of yeasts facilitated the applica-
tion of mechanical forces to analyze molecular interac-
tions of recombinant synthetic receptor proteins with
surface-immobilized ligands (29). Furthermore, yeast
cells are capable of eukaryotic expression and process-
ing and present quality control mechanisms of the eu-
karyotic secretory pathway, broadening the number of
biomolecular pairs that can be studied with this
approach.

After induction, the correct translocation and
anchoring of the Aga2 fusion proteins to the yeast
cell wall was verified with fluorescent antibody or fluo-
rescent biotin labeling in conjunction with analytical
flow cytometry. For both N-WT and N-S25H constructs,
�80% of yeast cells in the population were fluores-
cently labeled via the FLAG tag at the C-terminal end
of the constructs, which indicated a positive display
of the proteins of interest (Table S4). However, for
the C-terminal configurations, labeling via the HA tag
8 Biophysical Reports 2, 100035, March 9, 2022
at the end of the constructs showed that only the
S25H mutant was successfully displayed (over 80%).
The C-WT construct was not able to be successfully
displayed despite numerous attempts under varied in-
duction conditions; therefore, this construct was
omitted from the SDA analysis.

The display level of each construct was analyzed to
account for differences in adhesion profiles that could
arise because of different levels of protein at the surface
of the cells. The results showed a very similar expres-
sion level (Fig. 3 A), with the median of fluorescence
for the yeast expressing N-S25H being only �4% higher
than that for the population expressingN-WT. Regarding
the N- and C-S25H yeast populations, we compared the
amount of protein at the surface with the HA tag. The
flow cytometry analysis showed that the population his-
tograms for both constructs significantly overlap, with a
�6% higher display level for C-S25H (Fig. 3 B). Based on
factors such as cell life cycle and inherent variability,
these small differences in display levels for the
compared constructs were considered negligible. Addi-
tionally, we labeled N-S25H and C-S25H with a bio-
tinylated fluorophore, and this yielded a 24% higher
median for the N-S25H population with a significant
overlap between the histograms for the two populations
(Fig. S4). The larger difference in biotin binding for N-
S25H versus C-S25H could be due to steric accessibility
of the biotin binding pocket that influences the on rates.

Adhesion profiles for a given cell population were ob-
tained by first allowing the cells to settle and bind to a
covalently biotinylated coverglass. Next, a gradient of
hydrodynamic shear stress was applied by spinning
the disk submerged in buffer at a given rotational
speed (3000–5000 rpm). As the disk spins, the fluid ap-
proaches the disk surface and acquires a rotational
motion that then forces it radially outward, causing
the bonds between the immobilized ligand and the pro-
teins displayed on cells to be mechanically strained.
Cells are removed from the coverglass if the shear
stress applied is too high for the molecular bonds to
stay bound. In a typical adhesion profile, the number
of cells that remain attached decreases with increasing
shear stress, which grows linearly with the distance
from the center of the disk. The proportion of cells re-
maining as a function of the shear stress is then fitted
with a sigmoidal curve. From this fit, the mean cell
detachment shear stress (t50) can be calculated and
represents the adhesion strength for the cell population
under the given experimental conditions.

The specificity of the interaction between the yeast
cells expressing mSA and the biotinylated surface was
first demonstrated by a blocking assay, in which N-WT
cells that were previously incubated with 80 mM of free
biotin were seeded and spun on the disk. Under
the same experimental conditions, only 2% of the



FIGURE 3 Population-level adhesion for mSA(WT) and mSA(S25H). (A) Flow cytometry overlapping histograms of yeast cell populations dis-
playing mSA(WT) in green and mSA(S25H) in blue, labeled with anti-FLAG-tag antibody and anti-mouse fluorescein. (B) Flow cytometry overlap-
ping histograms of yeast cell populations labeled with anti-HA-tag antibody and anti-mouse AlexaFluor594 displaying N-mSA(S25H) in blue and
C-mSA(S25H) in red. (C) Segmented images of disks after spinning for the cell populations expressing either N-WT or N-S25H mSA at multiple
spinning speeds. (D) Cell density versus shear stress plots for N-WT (green) and N-S25H mSA (blue) yeast populations at 3000 rpm (circles),
4000 rpm (squares), and 5000 rpm (diamonds). Plotted data represent three independent experiments, with each data set containing data
from all spinning speeds; the experimental points for each cell population were fitted with a sigmoid model (N-WT R2 ¼ 0.87965; N-S25H
R2 ¼ 0.94973), and error bars represent the 95% confidence interval of the t50 calculated by the global fit. (E) Cell density versus shear stress
plots for N-S25H (blue) and C-S25H mSA (red) yeast populations at 4000 rpm. Plot shows data from four technical replicates for each popula-
tion. The experimental points for each cell population were fitted with a sigmoid model (N-S25H R2 ¼ 0.98935; C-S25H R2 ¼ 0.97941), with error
bars representing the 95% confidence interval of the t50 calculated by the global fit. RFU, relative fluorescence units.
biotin-blocked cells remained on the disk after spinning,
as compared with 50% of nonblocked cells (data not
shown).

To obtain adhesion profiles for the N-mSA(WT) and
N-mSA(S25H) populations, 106 yeast cells were allowed
to settle for 30 min onto a biotin-functionalized cover-
glass blocked with BSA. Before spinning, a gentle
wash step with PBS was performed. Each population
was studied using a range of spinning speeds. After
spinning, the coverglasses were imaged and the
adherent population was calculated based on the area
occupied by cells in concentric sections of the disk.
The cell density in each concentric region was then
normalized to the cell density at the center of the disk,
where the shear stress is close to zero. Fig. 3 C shows
that as the spinning speed and consequently the shear
stress increased, the number of cells remaining on the
outer edges of the disk decreased. Moreover, it was
observed that for the same speed, the density of
mSA(S25H) cells on the edge of disks after spinning
was higher than that of the mSA(WT) population.

The images were then processed to obtain the dis-
tance of each cell to the center of the coverglass and
enable the plotting and fitting of the adhesion profile.
The adhesion profiles of each cell population at varying
spinning speeds were fitted by a global sigmoidal func-
tion (Fig. 3 D; R2 > 0.7 (40)). The noticeable rightward
shift of the adhesion profile for N-S25H with respect
to the N-WT cell population indicated a higher shear
stress was required to detach the cells. This shift
also translated into an adhesion strength (t50) of
196.10 5 5.89 dyn $ cm�2 for the N-S25H cells,
whereas for N-WT, the t50 was 118.48 5 7.11 dyn $
cm�2. This represented a 40% increase in the adhesion
strength of the mutant mSA population when
compared with the WT, which was consistent with
the trend observed in the AFM-SMFS assays in which
S25H exhibited higher rupture forces.
Biophysical Reports 2, 100035, March 9, 2022 9



Previous SDAs using mammalian cells reported that
although themidpoint cell density shifted toward thecen-
ter of the disk at higher spinning speeds, the calibrated
mean cell detachment shear stress remained the same
(18,20). This means that the same t50-value is expected
regardless of the particular speed used. Here, we found
the same, specifically that the shift of the detachment
profilewas visible in themicroscope images for different
speeds (Fig. 3 C), but the variability in the values for t50
was independent of the spinning speed.

We were therefore able to adapt the SDA to study
yeast cell adhesion mediated solely by recombinant
protein receptors expressed at its surface. The results
show that the same trend in mechanostability found in
the SMFS-AFM measurements was observable in both
SPR and SDA assays. The mSA(S25H)-biotin interac-
tion exhibited higher single-molecule rupture forces
and also higher adhesion strength in the SDA when
compared with the mSA(WT)-displaying cells.

We sought to understand whether the differences
observed due to the different pulling geometry in the
AFM-SMFS assay would replicate in the SDA. Several
studies have reported differences in mechanical
strength of protein complexes depending on the pulling
points at which tension is applied in an SMFS measure-
ment (5–7). Because it was not possible to express the
C-terminal-anchored construct of the WT construct to a
sufficient degree to allow SDA experiments, only the
mSA(S25H) populations were tested. The difference be-
tween the rupture forces for these two constructs in
SMFS (30–50 pN) was larger than the differences de-
tected between the WT and S25Hmutant in both pulling
geometries (10–35 pN); therefore, we expected to
observe a difference in the adhesion strength between
N-S25H and C-S25H on the SDA. However, no differ-
ences were found between the two pulling geometries
in the adhesion assay (Fig. 3 E) after repeated
testing, despite similar protein expression levels. The
adhesion strength was estimated at 189.20 5 6.16
dyn $ cm�2 for the N-terminal mSA(S25H) and
185.32 5 8.25 dyn $ cm�2 for the C-terminal geometry.
As an internal experimental control, N-WT-expressing
cells were also tested during this experiment and
showed the same trend as seen above when compared
with the N-S25H (Fig. S5). Furthermore, this result was
observed in independent replicates (n ¼ 4). We further
analyzed the adhesion strength of cells collected at
different induction time points, with increasing amounts
of protein on the surface, against themedian detected by
flow cytometry, which showed similar linear trends for
both constructs (Fig. S6). The consistency in results be-
tween SMFS and SDA was therefore found to hold when
comparingmutant versusWTconstructs of the samean-
chor domain topology (N- versus C-terminal fusion) but
did not hold when the topology was changed.
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DISCUSSION

A number of experimental techniques are available to
study the mechanical properties of protein interactions,
and the topic is of broad interest in protein engineering
and mechanobiology. In this study, we compared three
methods with which it was possible to quantify the bind-
ing strength of receptor-ligand interactions: SPR, SMFS,
and SDA. We found that the mSA mutant S25H, which
exhibits lower koff and lower KD, also leads to higher
rupture forces of the mSA-biotin complex in SMFS ex-
periments in both N- and C-terminal pulling geometries.
Although the differences found between WT and S25H
mSA on AFM were relatively small (10–35 pN), the re-
sults were consistent across four pulling speeds and
in both pulling geometries. Moreover, the C-terminal
attachment of mSA yielded higher rupture forces than
the N-terminal anchoring geometry, with a difference
of 30–50 pN. This anchor geometry effect was in line
with previous data obtained with a monovalent strepta-
vidin tetramer, in which the rupture force for the strepta-
vidin monomer attached through the C-terminus was
twofold higher than for its N-terminal counterpart (7).
Another study that looked at the differences between
the N- and C-terminal geometries of another mutant
mSA (T48F) also found the interaction to be �30–
40 pN stronger for geometry C than for geometry N (5).

We successfully adapted the SDA to investigate the
mechanical stability of the interaction between mutant
or WT mSA and biotin by quantifying the adhesion pro-
files under shear stress for yeast populations displaying
different recombinant mSA receptors. The results for N-
WT and N-S25H were found to correlate with those ob-
tained by SMFS and SPR, with N-S25H exhibiting a
higher rupture single-molecule force and also mediating
stronger adhesion of the cells to the biotinylated surface
than N-WT. Furthermore, we attempted to draw the
same correlation when comparing N- and C- terminal
pulling geometries. In the SMFS measurements, the
rupture forces for the C-terminal S25Hwere significantly
higher than N-terminal S25H. However, this trend could
not be observed in the SDA assay. The correlation be-
tween cell population adhesion strength and single-
molecule receptor-ligand ruptures was therefore only
confirmedwhen comparing variants of different stability
in a fixed anchoring geometry.

We can speculate that differences in the kinetic on
rates (kon) that manifest because of the position of
the AGA2-fusion domain could account for this obser-
vation. Because the SDA can result in rolling cell adhe-
sion, the on rate (kon) could also influence the cell
adhesion strength. A lower association rate (kon) for
the N-terminal S25H mSA would decrease the cells'
ability to form new interactions upon initiation of roll-
ing, leading to easier cell detachment from the disk.



In fact, residue D128, responsible for forming long-lived
hydrogen bonds between structural water molecules
and biotin in mSA(S25H) (12), is located very close to
the C-terminus of mSA. If anchoring or fusing the pro-
tein through this end limits the structural flexibility of
the molecule in this particular region, we expect the
kon parameter could be affected.

The SDA is a highly tunable and adaptable assay that
can be applied to many receptor-ligand pairs and does
not require particularly sophisticated equipment or
expertise to set up. Because of its simplicity and
ease of use, it can become a helpful approach to ac-
quire preliminary data on receptor-ligand complexes
before SMFS studies are conducted. During the SDA,
depending on the shear stress conditions, cells can
remain fixed on the disk, enter a rolling adhesion
regime, or completely detach. Both on-rate and off-
rate kinetic parameters influence the dynamics of
bond formation and rupture in the SDA assay
(30,48,49), whereas AFM-SMFS probes only the unbind-
ing reaction (i.e., only koff). In considering the lack of
correlation when comparing different pulling geome-
tries, very few experimental studies have looked at
this correlation. Although SMFS allows us to study
quantitatively unbinding energy landscapes in detail,
the SDA might in some cases more closely represent
the force environment in question and take into ac-
count dynamic affinity, dynamic adhesion, and other
parameters that influence the interactions in their natu-
ral or biotechnological application environment, as is
the case for interactions in shear stress environments
or in which multivalency plays a role.

We note that differences in glycosylation patterns of
proteins expressed in yeast versus bacteria could influ-
ence the correlations discussed here, but this needs to
be considered on a case-by-case basis, and we do not
expect mSA to be highly glycosylated. The applied
force per cell has been estimated in previously
described SDAs with mammalian cells (40). In SMFS,
the loading rate on the single bond is expected to be
higher than in the case in the SDA, and this is an addi-
tional factor that makes correlations challenging. It is
further challenging to account for small differences in
avidity, cell size distribution, and varied loading rates
for different bonds on the same cell. Additionally, if
the cells enter a state of rolling adhesion, the SDA
may be influenced by kon, whereas SMFS in the format
presented here only probed koff.

Compared to SMFS, the SDA is in many ways a
simpler approach to characterize the mechanical sta-
bility of biomolecular interactions. This system could
be easily adapted to receptor-ligand pairs exhibiting
rupture forces much higher than mSA-biotin by simply
adjusting the viscosity of the spinning buffer to in-
crease the shear stress applied, by titrating the amount
of ligand on the surface of the disk or at the surface of
the yeast cells, or by changing rotational speeds. The
sensitivity of the SDA can therefore be tuned to recep-
tors of different binding strengths.

Our work highlights the nuances in drawing correla-
tions between single-moleculemechanics and cell adhe-
sion under flow, identifies challenges in quantitatively
correlating these behaviors, and opens up new research
avenues in screening receptors for adhesion under flow.
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