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Chemomechanical mapping of ligand-receptor

binding kinetics on cells
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The binding kinetics between cell surface receptors and extracel-
lular biomolecules is critical to all intracellular and intercellular
activity. Modeling and prediction of receptor-mediated cell func-
tions are facilitated by measurement of the binding properties on
whole cells, ideally indicating the subcellular locations or cytoskel-
etal associations that may affect the function of bound receptors.
This dual need is particularly acute vis a vis ligand engineering and
clinical applications of antibodies to neutralize pathological pro-
cesses. Here, we map individual receptors and determine whole-
cell binding kinetics by means of functionalized force imaging,
enabled by scanning probe microscopy and molecular force spec-
troscopy of intact cells with biomolecule-conjugated mechanical
probes. We quantify the number, distribution, and association/
dissociation rate constants of vascular endothelial growth factor
receptor-2 with respect to a monoclonal antibody on both living
and fixed human microvascular endothelial cells. This general
approach to direct receptor imaging simultaneously quantifies
both the binding kinetics and the nonuniform distribution of these
receptors with respect to the underlying cytoskeleton, providing
spatiotemporal visualization of cell surface dynamics that regulate
receptor-mediated behavior.

cell surface | mechanical imaging | vascular endothelial
growth factor receptor

M olecular receptors at the living cell surface drive critical
cell behaviors ranging from adhesion to differentiation,
primarily by means of structural/functional changes induced by
binding to extracellular molecules or ligands. Both the receptor
location and the kinetics of ligand binding are important to the
understanding of receptor-driven functions within cells, but few
experimental approaches provide simultaneous access to spatial,
temporal, and intermolecular force dynamics in individual,
whole cells (1). Such quantification is crucial to understanding
how cells within or among subpopulations may respond differ-
entially to the same ligand [e.g., drug responsivity (2) and
differentiation (3)] and how ligand binding can depend on
clustering of multiple molecules [e.g., synapse formation (4)] or
cytoskeletal association [e.g., focal adhesion formation (5)].
Several impressive experimental approaches including flow cy-
tometry, immunocytochemical staining, Forster resonance en-
ergy transfer (FRET) and fluorescence recovery after photo-
bleaching (FRAP) are based on optical signals that require
either fluorophore-labeling or genetic modification of cell sur-
face proteins (1). Binding affinity and kinetics among ligands
and cell surface receptors are typically extracted from time
course monitoring of total radio- or fluorophore-labeled ligand
levels in the presence of unlabeled ligand counterparts, and thus
the spatial distribution of active receptors during such compet-
itive ligand binding is not accessed. Measurement of intermo-
lecular interaction forces and associated binding kinetics of
several antibody-antigen and ligand-receptor pairs has been
demonstrated through atomic force microscopy (AFM) on pu-
rified proteins adhered to flat, rigid surfaces (6—11) and through
discretized “blind” mapping of adhesion forces between the
ligand-coated AFM probe and the cell surface (12-18). How-
ever, leveraging such piconewton-scale molecular interaction
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forces to image individual receptors and infer ligand-binding
kinetics on intact, topographically rough cells has remained
challenging.

In addition to the fundamental understanding of cell signaling
enabled by direct imaging and kinetic analysis, ligand-binding
affinity as quantified by the equilibrium dissociation constant Kp,
is pertinent to clinical therapies that regulate signal transduction
through direct receptor binding. Vascular endothelial growth
factor receptors (VEGFRs), transmembrane receptor tyrosine
kinases primarily expressed by vascular endothelial cells (VECs)
(19), are key targets because of the apparent role of these
receptors in mechanosensory functions such as focal adhesion
turnover, actin cytoskeletal remodeling, and angiogenesis (20—
23). Intermittent blocking of VEGFR2 in VE cells promotes
rapid blood vessel regression in animal models (3), but new
strategies to inhibit/promote this signaling require enhanced
understanding of VEGFR2 distribution and binding kinetics
with biological or synthetic molecules. Here we develop and
apply an approach through which receptor location and binding
kinetics to extracellular biomolecules are achieved at the single-
molecule and single-cell levels, respectively. Through this ch-
emomechanical imaging on living and fixed VECs, we find that
available VEGFR2s are nonuniformly distributed, in close spa-
tial association with the underlying cortical cytoskeleton, and
that equilibrium rate constants can be accessed on intact cells to
correlate binding affinity with subcellular location.

Results

Determination of Receptor Location and Binding Specificity. Direct
mechanical imaging of cell surface receptor location can
elucidate nonuniform distributions of receptors with respect to
other structural features and provides access to whole-cell
binding kinetics. By maintaining constant or intermittent
contact with a cantilevered probe while scanning the cell
surface, AFM feedback voltages create image contrast through
differential height or stiffness (Fig. 14) or through reversible
adhesion between molecules tethered to the scanning probe
and molecules bound to rigid, flat surfaces (11, 24). By
displacing the probe normal to the surface at discrete points
and analyzing the force-displacement responses, interaction
force spectra also can be measured on rigid surfaces and on
chemically fixed or living cells to construct two-dimensional
(2D) grids of pixels indicating either stiff/compliant or strong/
weak binding regions (e.g., refs. 25-27). Although such mo-
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Fig. 1. Chemomechanical imaging of individual VEGFR2 receptors on fixed HUVEC surfaces. (A) Phase image of cell body and periphery. (B) Recognition image
over indicated area in A shows strong binding events between the anti-VEGFR2 functionalized probe and the cell surface as discrete, dark spots (e.g., circled)
that are ostensibly VEGFR2. (C and D) The capacity to block these binding events by addition of 5 ug/ml soluble anti-VEGFR2 supports this binding specificity
between the probe and VEGFR2, as the number of recognition events decreases with time postblocking of 12 (C) and 60 (D) min. (F-/) Corresponding height
images (F-H) indicate the position of four cytoskeletal bundles (shown only in H for clarity, as blue bands reconstructed from height traces such as /). These stiff,
subsurface bundles can be correlated with receptor position and show that cell topography is stable over this time scale. Bundles are identified as F-actin through
structural correlations between fluorescence optical images (FITC—phalloidin stains F-actin) and conventional AFM height images (E). (Scale bars: 10 um, A and

E; 500 nm, B-D and F-1.) Imaging in Hepes buffer at 27°C at scan rates of 10 um/sec (A) or 1 um/sec (B-D and F-I).

lecular interactions are far from equilibrium, the spectrum of
piconewton-scale unbinding or rupture forces between probe-
bound ligands and adsorbed monolayers of purified receptors
has been used to estimate the equilibrium dissociation rate kg
between antigen/antibody and ligand/receptor pairs (28, 29)
and has been reported to agree reasonably well with surface
plasmon resonance measurements of population-averaged
rates for rigidly bound, purified proteins (30). However,
pointwise acquisition of such profiles on cell surfaces thus far
has proven to be too spatially coarse [pixels of ~500 nm size
(23, 27)] or slow [e.g., 45 min to acquire 32 X 32 pixels of 20
nm size (12)] to resolve both the nanoscale location and
binding kinetics of individual cell surface receptors (31).

To both visualize and measure the binding kinetics of
VEGFR2 receptors on VECs, we used chemomechanical
imaging of chemically fixed and living human umbilical vein
endothelial cells (HUVECs) that endogenously express
VEGFR2. By scanning the cell surface with a magnetically
driven oscillating, cantilevered probe to which monoclonal
anti-VEGFR2 antibodies were tethered at a concentration of
approximately one antibody per probe [see Materials and
Methods and supporting information (SI) Fig. 6], retardation
of full-amplitude oscillations indicative of piconewton-scale
unbinding force between the probe and the cell surface creates
image contrast (32) in the form of punctate, dark regions of
diameters ranging 45.9 * 8.9 nm (Figs. 1 A-D and 2 B and C);
see SI Text regarding image resolution. This molecular recog-
nition imaging has been demonstrated for rigid surface-bound
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molecular pairs (33), so we refer to these regions of strong
binding as recognition sites, which are assumed as putative
receptor locations that can be confirmed through demonstra-
tion of binding specificity. We demonstrate specificity of this
interaction through competitive binding, introduction of the
soluble anti-VEGFR?2 to the imaging solution; binding of these
soluble antibodies to VEGFR?2 on the cell surface should block
specific interaction forces between the anti-VEGFR2 probe
and the cell over time scales comparable with those used for
immunocytochemical staining. Fig. 1 B-D shows this compet-
itive inhibition over 60 min postblocking, as the number of
observable binding sites in these images is diminished without
concurrent degradation of the cell surface topography (Fig. 1
F-H). In contrast, the number of recognition sites did not
decrease over the same imaging duration upon the addition of
5 pg/ml monoclonal anti-CD31, an antibody specific to these
cells as confirmed by flow cytometry and immunocytochem-
istry (Fig. 2); and no recognition sites were observed in
repeated, identical experiments on human NIH 3T3 fibroblasts
that do not express VEGFR?2, as confirmed by flow cytometry
(SI Figs. 7 and 8). The specificity of this antibody for VEGFR2
in these cells is further supported by flow cytometry for
HUVEC:s cultured under identical conditions (SI Fig. 8). Note
that, in these oscillatory interaction imaging modes, the output
voltage signals of Fig. 1 B-D are related to, but not convertible
to, force or displacement in a straightforward manner.
Analysis of fixed-cell images such as Figs. 1B and 2B indicate
1.47 = 0.38 X 10° VEGFR?2 per cell (n = 60; see Materials and
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Fig. 2. Confirmation of anti-VEGFR2 binding specificity to VEGFR2 receptors on cell surfaces. (A and B) After imaging fixed HUVECs with anti-VEGFR2-
functionalized probe [phase image (A) and recognition image in region of interest (B)], a soluble antibody against a different HUVEC receptor was added.
(C) Thirty minutes after addition of anti-CD31 (5 ug/ml), no competitive blocking of recognition events was observed, indicating that recognition events
are specific between the cell VEGFR2 and probe-bound anti-VEGFR2. (Inset) Corresponding height image indicates the position of cytoskeletal bundles
beneath the cell membrane; as in Fig. 1, bundle edges (white lines) were constructed from height traces such as E. (D) Output voltage scale for Band C
shows recognition signal compared with background in a line scan over a region including three binding events (receptors). B-E show that receptors are
nonuniformly distributed near cytoskeletal bundles beneath the plasma membrane. (Scale bars: 10 um, white; 500 nm, black.) Scan rates: 10 um/sec, A;
1 um/sec, B and C.
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= gl o Binding Kinetics Analysis. Imaging by means of intermolecular

i 9 forces also gives access to ligand-binding affinities on individual

I Fr cells. To determine the dissociation rate k¢ between the probe-

'500 2 % - o bound antibody and cell surface receptors, we acquired force—

displacement spectra on imaged cell regions such as Fig. 1B. This
enabled us to efficiently sample unbinding or rupture forces Fr
at recognition sites (ostensible receptor locations) before and
after blocking with soluble antibody. As shown in Fig. 34, each
force—displacement retraction profile represents (on average) a
single ligand-receptor unbinding event from which rupture force
Fr and unbinding width / (proportional to the characteristic
unbinding time 7) are determined (8, 36). Fig. 3B shows the
distribution of these Fr, with maxima at 32.5 = 2.5 and 64.1 +
5.4 pN; these significantly exceed nonspecific unbinding forces
measured at cell surface regions of low-recognition image
contrast or after blocking (Fig. 3D; 12.5 = 2.1 pN). Multiple
force maxima indicate a nonzero probability of binding two
receptors (homodimers) with a single antibody or, more likely,
binding of two antibodies on the probe to a pair of closely spaced
receptors (28). From these Fr and 7values acquired on cells, the
equilibrium dissociation rate ko can be determined directly
through Bell’s model (36, 37) (see Materials and Methods). For
anti-VEGFR2/VEGFR2 on HUVEC s, we found that ko =
1.05 = 0.6 X 107* s~
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Fig. 3. Force spectroscopy analysis on fixed HUVECs to extract kofs. (A)
Representative force-displacement profile for specific ligand-receptor un-
binding between the anti-VEGFR2 probe and imaged receptor recognition
sites. (B) Distribution of >600 rupture forces measured at recognition sites,

indicating maxima of 33 and 64 pN. (C and D) Representative profiles at >400
nonrecognition sites on the cell surface indicate a nonspecific rupture force
level of 13 pN. Effective loading rate: 11.7 nN/sec. Bond lifetime 7in A is
proportional to the binding displacement and is used to calculate binding
kinetics (see Materials and Methods).
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To determine the equilibrium association rate k,,, we imaged
cell surfaces during competitive inhibition with soluble anti-
VEGFR2. The number of observable binding sites in images
such as Fig. 1 B-D decreased with time as soluble antibodies
bound to VEGFR2 on the cell surface and blocked probe—

PNAS | June5,2007 | vol.104 | no.23 | 9611

ENGINEERING

BIOPHYSICS



Lo L

P

2N

-
(o]

-
N

(o]

H

o

20 40 60
Time post-blocking [min]

Bound receptors / cell (x 104)

Fig. 4. Receptor imaging during competitive inhibition. Receptor recogni-
tion sites in images such as Fig. 1B decrease with time after addition of soluble
anti-VEGFR2 (5 pg/ml, 27°C). As the number of observable sites decreases
during blocking, the number of receptors bound by soluble antibodies cor-
respondingly increases (red filled circles). Kinetic constants kon and Kp can be
determined by application of a binding kinetic model for which ko¢¢ is assumed
from independent force spectroscopy experiments (blue line), or by a least-
squares best fit to the experimental data (pink line). See S/ Text for detailed
calculation of binding kinetics.

receptor binding. We analyzed this temporal increase in bound
receptors according to a monovalent binding kinetic model (1)
to obtain ko, = 5.83 + 1.48 X 10* s~-M~1, corresponding to an
equilibrium dissociation constant Kp = kof/kon of 1.80 * 0.87 X
1072 M (n = 6).T Here, kot was assumed from force spectros-
copy, rather than a best fit to the response in Fig. 4 (see SI Text
for comparison). Deviations from the model at early times
postblocking are attributed in part to the model assumption of
uniformly distributed ligand; in practice, diffusion of the ligand
upon injection is required. These binding kinetics measured
directly on intact cells represent the rate at which an ensemble
of receptors on an individual cell surface is occupied and can
plausibly differ from kinetics measured as cell population-
averages or on purified proteins. However, we note that Kp is
well within the range of antibody-antigen interactions (Kp =
10* to 107!2 M) measured by various approaches for purified
antigens (38, 39), and the rates ko and ko, compare well with
those inferred from surface plasmon resonance for anti-
VEGFR2/purified humanVEGFR?2 (40) (see SI Text).

Visualization of Receptors on Living Cell Surfaces. Although biolog-
ical receptor diffusivity and internalization are typically retarded
in kinetic and structural analysis through processes such as
chemical fixation (41-43), we note that this imaging through
reversible intermolecular binding also provides direct access to
receptor dynamics on living cell surfaces. Fig. 5 shows specific,
punctate unbinding events between an anti-VEGFR2-
functionalized probe and the living HUVEC surface: un/binding
events are detectable as marked phase lag of cantilevered probe
oscillation over the compliant, mechanically heterogeneous sur-
face of the living cell.

In contrast to fixed-cell surface imaging, here the position and
number of putative receptors vary over time in the absence of
competitive binding. This variation ostensibly is due to lateral
diffusion along and recycling through the membrane. The dif-
fusion coefficients D measured by fluorescence recovery after
photobleaching for other receptors over cell membrane areas of

tThe off-rate, on-rate, and dissociation constant determined from a best fit of this com-
petitive binding response result in a difference of only —24%, —55%, and +41%, respec-
tively, from those calculated above: koff = 7.98 X105 571, kon = 2.60X 104 M~1s~1, and
Kp = 3.07 X10~2 M. See S/ Text for detailed comparison of these kinetic analyses.
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comparable size [0.001-0.1 um?/sec (1)] are comparable with
imaging scan rates (here ~0.02 um?/sec at 2 min per image). This
means that a receptor could diffuse across the region of Fig. 5B
over a period ¢ ~ x?/4D ranging from 6 sec to 10 min; thus,
receptors may not be observed in sequential images of the same
region acquired minutes apart. However, in sequential images
such as Fig. 5 B and C, we observed that receptors adjacent to
cortical cytoskeletal filaments displaced only 178 = 49 nm (n =
12) with respect to the moving cytoskeleton. This compartmen-
talized motion near filaments is consistent with the root mean
squared displacement of other membrane proteins (30—700 nm)
that has been attributed to cortical cytoskeletal confinement and
steric hindrance (41, 43, 44).

Discussion

Through this functionalized force imaging approach, we found
that individual VEGFR2 can be imaged on intact, fixed, and
living cell surfaces with molecular resolution through reversible,
intermolecular binding events (Fig. 1). We also showed that the
specificity of these binding events can be demonstrated through
competitive binding of soluble molecules (Figs. 1-4) and asso-
ciated control experiments (SI Figs. 6—8). Because the number
of receptors per cell compared well with that estimated from cell
population-averaged approaches, we infer that the efficiency of
this force-based imaging approach is sufficiently high to provide
an accurate depiction of receptor location. Further, we found
that the equilibrium binding kinetics could be measured on an
individual cell basis through a combination of molecular force
spectroscopy of putative receptors (ko) and real-time image
acquisition during competitive binding (kon). Moreover, our
approach provides the opportunity to correlate binding kinetics
with structural features such as cytoskeletal association of the
receptor.

From direct analysis of corresponding recognition and height
images (e.g., Figs. 1 and 2), we can consider the distribution of
individual VEGFR2 with respect to the center and apparent
edge of subsurface cytoskeletal bundles; the staining and di-
mensions of these bundles are consistent with linear bundles of
actin filaments termed stress fibers. The majority of recognition
sites were located directly adjacent to these underlying cytoskel-
etal bundles: 61% were above the cytoskeletal bundles (i.e., “on”
2D projections of the bundle height traces); 34% were located
within 72 * 49 nm from apparent bundle edges and thus within
the subsurface bundle width; and <5% were observed at dis-
tances of >500 nm from bundle edges. The observed VEGFR2
were uniformly distributed along the bundle length and width
(bundle diameter-normalized distance of 0.53 = 0.31 from the
bundle center). This finding supports the current hypothesis that
VEGFR?2 function is intimately related to that of transmem-
brane integrin complexes that transmit force from the extracel-
lular matrix to the actin cytoskeleton (19, 45, 46). These results
also lay the groundwork for important and open questions,
including whether this imaging approach and/or the binding
kinetics are altered in mechanically stiff regions of cell surfaces;
such work is ongoing. However, reasonable agreement of
VEGFR2/cell with cell population-averaged levels (34, 35) sug-
gests that total receptor number is not grossly underestimated.

We note that, although functionalized force imaging can
identify the existence and distribution of receptors, full analysis
of binding kinetics requires that the diffusion and recycling of
receptors must be suppressed to maintain a constant receptor
population, e.g., through light fixation of the membrane proteins.
Despite the potential to alter binding kinetics through modifi-
cation of membrane protein structure, such chemomechanical
imaging provides the capacity to compare ligand-binding prop-
erties for a given receptor in the presence of drug ant/agonists
or among cells within an inherently mixed population (e.g.,
tumors or differentiating progenitor cells). Further, chemical
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Fig.5. Receptorimaging on living HUVEC surface. (A) Portion of living cell imaged with anti-VEGFR2-functionalized probe in magnetic AC mode at 27°C, phase
image. (B and () Ligand-receptor binding results in punctate image contrast (circled regions are subset of observed receptors) in phase lag images that is
competitively inhibited with soluble anti-VEGFR2 antibody (data not shown). Time lapse between B and Cis 30 min. Note mechanical contrast and displacement
of underlying cytoskeletal actin (normal to arrow) over this time scale. These images indicate 1.32 = 0.44 X 10° receptors per cell (n = 6). Scan rates: 10 um/sec,

A; 1 um/sec, B and C. (Scale bars: 10 um, A; 500 nm, B and C.)

fixation is a well accepted approach to enable lower resolution
visualization (optics-based imaging) of cell structure and gross
spatial distributions of proteins. In fact, our claim of antibody—
receptor binding specificity is supported by standard immuno-
cytochemical staining practices: incubation of primary antibod-
ies with fixed cells over the same duration as our competitive
binding experiments (=~60 min) is considered sufficient to
saturate receptors.

The dual access to chemically informed, subcellular structure
and to ligand-receptor binding kinetics enabled by this imaging
approach allows us to ask new questions about how colocaliza-
tion of subcellular structures affects receptor function and
physiological/pathological cell processes. In the present case, we
observed that VEGFR2 is accessible to functionalized force
imaging and that these imaged receptors are spatially associated
with the underlying cytoskeleton. However, this is a general and
versatile approach for interrogation of other receptors or mol-
ecules presented at the cell surface; it is limited chiefly by the
capacity to functionalize probe surfaces with active biomolecules
including proteins, polysaccharides, and synthetic drugs. We
anticipate that the fundamental measurements of individual cell
surface molecules and their ligand-binding properties enabled by
this approach will enable predictions of key dynamic interactions
between extracellular molecules and the intact cell surface,
especially as these relate to ligand-induced clustering and the
association of transmembrane receptors with mechanically dy-
namic structures such as the cytoskeleton.

Materials and Methods

Cell Culture. HUVECs were cultured in endothelial basal
medium-2 (EBM-2; Cambrex Bioscience, East Rutherford, NJ).
3T3 fibroblast cells (ATCC, Manassas, VA) were cultured in
DMEM, 10% calf serum, 1% penicillin-streptomycin, and 1%
glutamine (Invitrogen, Carlsbad, CA) on tissue culture-treated
coverslips (Nalge Nunc, Rochester, NY).

Functionalized Force Imaging. Living and fixed [3% formaldehyde
and 0.1% glutaraldehyde (Sigma-Aldrich, St. Louis, MO) fol-
lowed by rinsing with 0.05 M Tris buffer, pH 7.4] HUVECs were
imaged in TopMAC mode within a fluid cell (PicoPlus scanning
probe microscope; Agilent/Molecular Imaging, Palo Alto, CA)
(11), by using backside magnetically coated Si3N, cantilevers
functionalized with monoclonal anti-VEGFR2 antibody (see SI
Text). Living HUVECs were rinsed well and imaged in Hepes
containing Ca?* at 27°C. All images were acquired by using a
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closed loop piezoscanner for which positional stability was better
than 0.3 nm/min, as confirmed with elapsed imaging of avidin
adsorbed to mica. All measurements are expressed as average *=
standard deviation.

The number of binding events per cell was determined by
direct image analysis (summing of the number of closed
regions at least one order of magnitude darker than back-
ground threshold) of a given cell area, obtaining 22 * 6 sites
per 1.5 X 1.5 um? recognition image, or 9.8 sites per um? in
fixed HUVECs (n = 11); these regions were considered
representative of the cell surface, as supported by immuno-
histochemistry shown in SI Fig. 8B. Surface area per cell was
determined by 3D analysis through magnetic AC mode images
of 60 images including at least one HUVEC, where for each
cell the area was calculated as the sum of an ellipsoid surface
area (based on known maximum cell height and long/short axis
of the organelle-containing region) and an annulus surface
area of the comparably flat cell body perimeter: 10,400 = 2,700
wm? (n = 60). The probability density function of molecular
force spectroscopy indicated a finite probability of encoun-
tering either one receptor (33 pN, 58.4%) or two receptors (64
pN, 42.6%). The total number of receptors per cell then was
determined as the product of the probability-weighted number
of sites per cell surface area and the average cell surface area
(1.47 = 0.38 X 10° VEGFR?2 per cell).

Molecular Force Spectroscopy. Directly after scanning probe
microscopy imaging in MAC mode, molecular force spectros-
copy was conducted on 600 locations of strong binding (dark
in recognition image) and 400 locations of weak binding (light
in recognition image) for each cell area imaged (n = 11).
Cantilever force constant (nanonewtons per nanometer) and
photodiode optical lever sensitivity (nanometers per volt) were
determined experimentally in air for each cantilever before
functionalization (47) and confirmed as unchanged at the
conclusion of each experiment. Unbinding or rupture force Fr
was determined for each event from the calibrated force—
displacement response (36), and nonspecific unbinding events
were excluded from the calculated probability density func-
tions. Topographic images were recorded subsequently to
verify nondestructive interrogation of the surface.

K.J.V.V. thanks T. Johnson and G. Kada (Molecular Imaging, Tempe,
AZ) for technical assistance, and P. Hinterdorfer, L. Chtcheglova, D. A.
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