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ABSTRACT Combination of high-resolution atomic force microscope topography imaging with single molecule force spec-
troscopy provides a unique possibility for the detection of specific molecular recognition events. The identification and localization
of specific receptor binding sites on complex heterogeneous biosurfaces such as cells andmembranes are of particular interest in
this context. Here simultaneous topography and recognition imaging (TREC)was applied to gently fixedmicrovascular endothelial
cells frommousemyocardium (MyEnd) to identify binding sites of vascular endothelial (VE)-cadherin, known to play a crucial role in
calcium-dependent, homophilic cell-to-cell adhesion. TREC images were acquired with magnetically oscillating atomic-force
microscope tips functionalized with a recombinant VE-cadherin-Fc cis-dimer. The recognition images revealed single molecular
binding sites and prominent, irregularly shaped dark spots (domains) with sizes ranging from 10 to 100 nm. These domains arose
from a decrease of the oscillation amplitude during specific binding between active VE-cadherin cis-dimers. The VE-cadherin
clusters were subsequently assigned to topography features. TREC represents an exquisite method to quickly obtain the local
distribution of receptors on cellular surface with an unprecedented lateral resolution of 5 nm.
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Real-time visualization and quantification of receptor bind-

ing sites on cell surfaces is a fundamental challenging task in

molecular cell biology. This can be achieved by common tech-

niques such as immunostaining (or immunocytochemistry) or

by sophisticated optical techniques such as STED microscopy

(1), NSOM (2,3), or single molecule optical microscopy (4,5).

The lateral resolution in these studies ranged from a few tens

of nanometers (1–5) to;200 nm. However, in optical studies,

no information about topography is attainable. At present,

atomic force microscopy (AFM), which represents a nonoptical

microscopy, offers a unique solution to obtain topography

images with nanoscale resolution and single molecule interac-

tion forces of biological specimens (e.g., proteins, DNA,mem-

branes, cells, etc.) under/or near physiological conditions and

without the need for rigorous sample preparation or labeling

(6). Thus, spatial mapping of molecular recognition sites can

be obtained by performing AFM adhesion force mapping using

the force-volume technique (7,8). With the recent development

of simultaneous Topography and RECognition (TREC) tech-

nique, it becomes possible to quickly and easily obtain maps

of binding sites with the lateral accuracy of several nm across

a variety of surfaces, as demonstrated onmodel receptor-ligand

pairs (9–11) and remodeled chromatin structures (12). This

dynamic recognition mapping is faster and offers better lat-

eral resolution than adhesion force mapping (8). Because cells

represent systems ofmore complex composition, organization,

and processing in space and time than proteins, the next goal

is the application of TREC to eukaryotic cell membranes con-

taining functional domains enriched in (glycol) sphingolipids,

cholesterol, and specific transmembrane proteins (13).

In this letter, TREC has been exploited to locally identify

vascular endothelial (VE)-cadherin binding sites on MyEnd

cells (5) and to colocalize their position with membrane

topographical features. VE-cadherin belongs to the wide-

spread family of cadherins, transmembrane glycoproteins,

which are known to be crucial for calcium-dependent homo-

philic cell-to-cell adhesion (14). VE-cadherin is located at

intercellular junctions of essentially all types of endothelium

where VE-cadherin molecules are clustered (5) and linked

through their cytoplasmic domain to the actin cytoskeleton

FIGURE 1 Scheme of dynamic recognition imaging to visualize

VE-cadherin binding sites (here single cis-dimers and/or clus-

ters) on a gently fixed MyEnd cell surface.
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(Fig. 1). The cadherin cis-dimer (Fig. 1), which is formed by

association of two extracellular domains in physiological

Ca21-concentration (;1.8 mM), represents a basic structural

functional unit to promote a homophilic bond between cells.

For all AFM studies, MyEnd cells were seeded onto gelatin-

coated slides, grown as described (5). To avoid lateral dif-

fusion of VE-cadherin (5) and increase the stability of the

cell membrane, cells were gently fixed with glutaraldehyde

by addition into the medium (final glutaraldehyde concen-

tration was 0.5%) for 1–2 h at 37�C. Such fixation procedure
is not only suitable to prevent the lateral mobility of recep-

tors on the cell surface but also maintains the cell volume and

mostly preserves the filamentous structure on the cell cortex.

TREC images were acquired in the magnetic AC mode using

a PicoPlus AFM (Molecular Imaging, Tempe, AZ) with

magnetically coated AFM tips (magnetic AC tips) that were

functionalized with a recombinant VE-cadherin-Fc cis-dimer

(4) via a soft and long (;8 nm) polyethylene glycol (PEG)-

linker (Fig. 1) (15). All images (5123 512 pixels) were taken

in Hank’s balanced salt solution (1.8 mMCa21) at 25�Cwith

the same experimental conditions as for protein systems (10,11)

(e.g., cantilever spring constant 0.1 N/m, Q-factor ;1, reso-

nance frequency;7 kHz, scanning speed;3 mm/s, and feed-

back loop coupled to the minima of the oscillations). The

oscillation amplitude was adjusted to be less than the extended

PEG-linker to provide the proper recognition image with high

efficiencies and repeatability (.90%) (Fig. 2) (12). Accord-

ingly, the recognition map represents an amplitude reduction

due to a physical connection between VE-cadherin on the tip

and VE-cadherin molecules on the cell surface when specific

trans-interaction occurs (dark spots in Fig. 2, A–D). These
dark spots (amplitude reduction up to 2 nm) are distributed

nonuniformly and reflect microdomains with dimensions from

;10 to ;100 nm. The recognition efficiency is generally

high and remains so on subsequent rescans (Fig. 2, A–D).
Ca21-free conditions result in the disappearance of almost all

binding events in the recognition image (Fig. 2, E–H), whereas
no change in the topography image has been observed (Fig.

2 F9). A closer look at some recognition spots (Fig. 2, B1 and

B11) reveals that they consist of one-to-two large domains

(50–80 nm, spots bordered by white line) surrounded by smaller
domains (10–20 nm) or even single molecule spots (typically

1–4 pixels long, 1 pixel ¼ 4 nm; see arrows in Fig. 2, B1
and B11). The dimensions of the single sites exactly meet

the expectation, taking into account the size of the cis-dimer
(diameter ;3 nm) and the free orientation of PEG-linker

leading to specific binding even before/after (;8 nm) the

binding site position (9). Greater than 600 single events were

identified and;6000 active cis-dimers were estimated in the

scanned area (4 mm2).

Recognition spots observed in the model protein systems

(9–11) closely coincided with the locations of proteins in a

topography image with several nm precision. Binding sites

were also properly assigned to topographical features of het-

erogeneous samples such as chromatin (12). The first applica-

tion for cells is given in Fig. 3, representing the overlay of the

recognition spots (in green) on the topographical image. Here

we correlated the shapes and the positions of VE-cadherins with

topographical features of MyEnd cell surfaces. This procedure

allows revealing the locations of receptors in the topograph-

ical image with high lateral resolution (several nm) and

high efficiency. The topography of a scanned cell surface area

(Fig. 3) shows a complex picture of linear and branched

filamentous structures, likely representing filaments of the

peripheral actin belt and some globular features as well. A

few VE-cadherin domains are found directly on top of

filaments (arrows). Nevertheless, most domains are located

near and between filaments, indicating that at this stage of

cell maturation (day 1 or 2 after seeding), clustering of VE-

cadherin is incomplete.

Additionally, force spectroscopy curves were accumulated

(n ¼ 500, loading rate of ;800 nm/s, encounter duration of

100 ms) before and after blocking experiment at the same

scan area with the same VE-cadherin-Fc tip (Fig. 4). The

force distribution of cadherin-cadherin dissociation illustrates

multiple force peaks of one-, two-, and threefold binding

FIGURE 2 Recognition images of a MyEnd

cell surface obtained with VE-cadherin-

Fc-functionalized tip. (A–C) During 1 h of

scanning recognition maps of VE-cadherin

domains remain unchanged. Then, 5 mM

EDTA was very slowly (�50 ml/min) injected

in the fluid cell while scanning the sample.

The first scan (D) did not reveal immediate

changes in the recognition map. The recog-

nition clusters disappeared as the active

VE-cadherin-Fc cis-dimers on the AFM tip

dissociated in inactive monomers, thereby

abolishing specific VE-cadherin trans-inter-

action (E–H). Note that in Ca21-rich condi-

tions the previously blocked tip regains its functionality. (B9,F9) Topography images simultaneously recordedwithB and F, respectively.

After blocking experiments, topography (F 9) remains unchanged—indicating that blocking does not affect membrane topography

(compare B9 and F 9). Red stars in B9 and F 9 indicate the AFM scanner lateral drift of �5 nm/min. (B1, B11) Examples of recognition

spots magnified from B (areas 1 and 11, respectively). Recognition areas are depicted by threshold analysis (threshold 5 �1.7 nm)

and bordered by white lines. Single VE-cadherin cis-dimers can be clearly detected (arrows).
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with a force quantum of 40 pN. This characteristic force

fingerprint is similar to an isolated VE-cadherin system

(16). The unbinding events were abolished by addition of

5 mM EDTA (reduction of binding probability from ;30% to

;1%). Thus, the force spectroscopy data unequivocally

proof that the specific domains contain active VE-cadherin

cis-dimers.

The present work shows a major advantage of TREC over

optical approaches to cells (1–4) with a spatial topographical

and recognition resolution of ;5 nm. Dynamic recognition

imaging allows to detect single molecular interactions, and

thus to visualize, identify, and quantify local receptor

binding sites and assign their locations to the topographical

features of cell surfaces. TREC shows a high potential to be

successfully used for many adherent cells or extracted cel-

lular membranes to locally identify receptor binding sites.
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FIGURE 4 Force distribution recorded on gently fixed

MyEnd surface with VE-cadherin-Fc-coated tip in Ca21-rich

conditions.

FIGURE 3 Superimposition of recognition map of VE-cadherin

domains (in green) onto the corresponding topography image.

Color scale (dark brown to white) is 0–12 nm.
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