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Abstract: Protein interactions with ligands or other proteins are controlled by a complex array of intermolecular forces.
Although the interaction energies and intermolecular forces which contribute to the stabilization of the protein complex
can be inferred indirectly from thermodynamic and kinetic approaches or be calculated with molecular simulation, recent
progress in atomic force microscopy (AFM) has made it possible to quantify directly the ranges and magnitudes of the
interaction forces between protein and other molecules. AFM has proved its value not only for resolving the topographical
structure of protein samples, but also for probing the forces that control protein interactions or mechanical properties of
proteins under physiological conditions. The objective of this review is to describe the uses of AFM in the determination
of the forces that control biological interactions, focusing especially on protein-ligand and protein-protein interaction
modes. We first consider measurements of the specific and the nonspecific forces that jointly control protein interactions.
The review then indicates the theoretical background of AFM force curves and presents the great variety of force
measurement modes that can be performed with this technique. In addition, some of the most recent studies in determining
the unbinding forces and mechanical properties of proteins with AFM are reviewed and the available theoretical aspects

necessary for the comprehension of the experiments have been provided.
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1. INTRODUCTION

Long- and short- range interactions between biomole-
cules are central to the dynamic behavior of biological
systems. The intermolecular forces which contribute to the
stabilization of the protein-protein complex include hydro-
gen bonding, apolar (or hydrophobic), ionic (or coulombic)
interactions and van der Waals interactions. These attractive
forces share the commom property of being inversely pro-
portional to the distance between the interacting molecules,
e.g. van der Waals forces are inversely proportional to the
sixth power of the distance between the molecules and
electrostatic double-layer forces are inversely proportional to
the square of this distance. Steric repulsion or the steric
factor is a repulsive force involved in these interactions
which is particularly sensitive to distance and is inversely
proportional to the twelfth power of the distance between the
interacting molecules. Any protein interaction will be
governed by a superposition of some or all of these different
forces for all atoms involved in the surface-protein
interaction (Fig. 1) (Israelachvili, 1992).

The qualitative aspects of the protein interactions with
ligands or other proteins can be studied by the use of a
variety of methods which utilize either thermodynamic or
kinetic approaches. However, there is a little direct informa-
tion about how the interaction energy between two structures
is distributed in space because it is difficult to measure
explicitly the interaction energy as a function of separation
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distance. The most direct way to obtain this kind of data is to
measure the force (the derivative of energy with respect to
distance) between two structures. Attempts to investigate the
forces that characterize these interactions have been limited
by the lack of suitable techniques to measure the forces
between individual molecules. Several techniques have been
developed for measuring forces between small structures,
including mechanical springs made from glass fibers
(Ishijima, et al., 1996; Nicklas, 1983), vesicle-based force
transducers (Evans, 1995), optical tweezers (Svoboda, 1994)
and the surface-forces apparatus (Israelachvili, 1992). Other
approaches to investigate intermolecular forces include
optical or diffraction methods to monitor the displacement of
structures under a load resulting from osmotic (Parsegian et
al., 1986) or hydrodynamic (Pierres et al., 1996) forces.
These methods have sufficient sensitivity (0.01-1 nN) to
detect the intermolecular forces operative in ligand-receptor
binding but lack spatial resolution. Optical trapping (Kuo
and Sheetz, 1993) is sufficiently sensitive but has a dynamic
range that limits the breadth of the detectable force.

The atomic force microscope (AFM) was conceived as an
instrument to image the surface structure of insulating
samples (Binnig et al., 1986). This is achieved by scanning a
probe attached to a cantilever over the sample and monitor-
ing the deflection of the lever. By using a very sharp probe
on a flexible lever, atomic resolution of surface structure is
possible (Chen et al., 1992). AFM combines a high force
sensitivity (theoretically 10 pN) (Lee et al., 1994a), a high
dynamic range (0.001-5000 nN) (Dammer et al., 1995a), and
a high positional accuracy (0.01 nm) with operational
compatibility in physiological environments. The force
sensitivity of the AFM also allows the spatial measurement

©2005 Bentham Science Publishers Ltd.
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Fig. (1). Interaction potential between a soluble protein and a sample surface. X is the distance between two atoms. The net interaction force
profile (or potential) is a superposition of the long-range van der Waals force, steric repulsion force, attractive or repulsive electrostatic

double-layer force, and specific, short-range protein-ligand interactions.

of material properties, such as elasticity, adhesion, electro-
staticity and viscosity of proteins and it is an extension of
these property measurements which are used to measure
molecular interactions. In a typical ligand rupture experi-
ment, the protein is bound to a substrate surface and the
ligand bound to the AFM probe. The ligand covered probe is
brought into contact with the substrate and binding occurs.
The probe is then withdrawn from the surface, pulling the
ligand out of its binding pocket. The deflection of the lever,
and therefore the force exerted on the probe by the protein /
protein-specific ligand interaction, is recorded. The lever
deflection is measured on approach to, and retraction from,
the substrate surface. The difference between these two
traces occurs through adhesion between the probe and
surface and is attributed to the protein / ligand interaction.
The maximum adhesive force measured is identified as the
ligand unbinding force.

2. AFM FOR FORCE MEASUREMENTS
2.1. Instrumentation

Atomic force microscopy (AFM or scanning force
microscopy) (Binnig et al. 1986) is a well known member of
the so-called SXM family, where X stands for the physical
principle behind a particular instrument, S for scanning and
M for microscopy. The entire SXM technology is based on
the invention of scanning tunneling microscopy (STM) by
Binnig et al., (1982). In all these types of instruments, a sharp
probe interacting locally with the specimen is=scanned by a
piezoelectric scanner, providing three-dimentional informa-
tion about the surface. The resolution of these different
techniques varies from submicrometers to about 0.1 nm and
is critically dependent on the geometry of the tip and the
nature of the interaction.
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An atomic force microscope consists of four major
components (Fig. 2): (A) a cantilever deflection sensor, (B) a
cantilever-mounted tip, (C) a piezoelectric micro-positioner,
and (D) a digital control system.

(A) The most popular mode of detecting cantilever
deflection, which is depicted in an instrument schematic in
Fig. (2A), uses an optical lever and a quadrant, position-
sensitive photodetector. This detection system can be used to
follow the normal displacement (vertical motion) and the
torsion (lateral motion) of the cantilever simultaneously. The
photodetector is usually a simple photodiode, a semiconduc-
tor device which turns light falling on it into an electrical
signal such that, as the incident light becomes brighter, the
electrical signal increases. The photodiode is split into four
sections enabling both vertical and lateral motions of the tip
to be differentiated. By comparing the relative intensity of
the reflected laser light in each quadrant, approximate
quantification of tip displacement can be achieved. However
for more precise measurement of tip displacement, as may be
necessary if one is principally interested in performing force-
distance spectroscopy on single molecules, linear position
sensitive detectors are a better choice of detection method.
(Pierce et al., 1994a).

(B) The heart of an AFM is the tip since this is the part
which interacts with the biological sample. Quality and
consistency are the key to good AFM tips. Modern AFM tips
and cantilevers are made by microfabrication using many of
the techniques that have been developed for integrated
circuit manufacture, such as lithographic photo-masking,
etching and vapour deposition. Cantilevers and tips are nearly
always made from either silicon, silicon nitride (SizNg), or
diamond. They can be conducting or non-conducting, and
are often coated with another material. When optical sensing
methods are used to monitor cantilever deflection, they are
usually coated with a thin gold layer to improve their reflect-
ivity or, if magnetic sensitivity is required, a ferromagnetic
coating may be applied. Since normal spring constants (kN)
for cantilevers are 0.01-100 N/m and instrumental sensiti-
vities for normal deflection are 0.01 nm, the corresponding
limits in force detection are 10™-10® N (Burnham and
Colton 1993). These limits reflect a combination of the
thermal excitation of the cantilever as well as optical and
electrical noise.

(C) Modern AFMs use one of two basic types of scanner
mechanisms: there are some that scan the sample, and others
that scan the tip. However, both rely upon piezoelectric
transducers. The most frequently used driver is a hollow-tube
scanner, which can move the tip or sample in all three
mutually perpendicular directions (Morris et al., 1999). The
scanner consists of a thin-walled hard piezoelectric ceramic
which is radially polarized. Electrodes are attached to the
internal and external faces of the scanner tube, and the
external face of the tube is split into quarters parallel to the
axis. By applying a bias voltage between the inner and all the
outer electrodes, the tube will expand or contract, i.e. move
in the z direction. If a bias voltage is applied just to one of
the outer electrodes the tube will bend i.e. move in the x and
y directions.

(D) The digital control system used in modern AFMs
consists of four elements which are illustrated in the
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schematic diagram shown in Fig. (2A). The first is the digital
control electronics, often present in the form of a digital
signal processor (DSP) card, which performs all of the signal
processing and calculations involved in operation of the
AFM in real-time. The DSP linked to the second element of
the electronics, a translator box which performs the
conversion of the digital signals sent from the DSP card to an
analogue form to run the microscopes’ scanner mechanism.
The third part of the control electronics is the high voltage
(HV) amplifier. It amplifies this low voltage signal to
produce a high voltage signal, typically £ 150V, that drives
the piezoelectric scanner. The final pieces of the system are
the laser driver electronics and the raw data signal pre-
amplifier. The laser driver circuitry provides power for the
AFMs’ laser and has its own feedback loop which varies the
laser power supply to maintain a constant laser intensity. For
the optical beam method used by most AFMs, in addition to
simple amplification, the control electronics, also has a series
of summing and difference amplifiers to produce an output
signal for the translator box which defines either vertical or
lateral motion of the AFM tip (Fig. 2B).

2.2. Principle of Operation

The force between the tip and the sample varies as the
biological sample is scanned beneath the tip. Changes in
force are sensed by the tip, which is attached to a flexible
cantilever. The deflection of the tip is a measurement of the
forces sensed by the cantilever. Because the spring constant
of the commonly used cantilever (0.1 to 0.01 N/m) is much
smaller than the intermolecular vibration spring constant of
the atoms in the specimen (10 N/m), the cantilever can sense
exquisitely small forces exerted by the individual sample
atoms. The sensed forces are then transduced to generate
molecular images. Depending on whether the cantilever is
sensing repulsive or attractive forces, different imaging
modes can be applied. The operation of the AFM depends on
monitoring forces between tip and sample and in this section,
the different operation modes likely to be encountered in
protein interactions will be described.

2.2.1. Contact Mode

The most popular instrumental mode of the atomic force
microscope is the contact mode (Fig. 3A), where the tip is
brought into physical contact with the sample, and the
sample is scanned beneath it (the tip-sample interaction is
repulsive in nature). This process can be performed either in
air or under a liquid, such as a biological buffer. The value of
the pre-set imaging force is adjusted in the instrument
software, which is equivalent to performing the entire scan
with the cantilever bent by a small but fixed amount — hence
this is known as ‘constant deflection mode’ (also called
‘constant force mode’). In the variable deflection mode
(constant height mode), the feedback loop is open, such that
the cantilever undergoes a deflection proportional to the
change in the tip-sample interaction, i.e., the force sensed by
the cantilever. The surface image is then constructed from
the deflection information. This mode is usually unsuitable
for a sample with large surface corrugation (e.g., cell sur-
face), because the force fluctuations and thus the deflections
of the cantilever are enormous, resulting in tip-sample
disengagement.
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Fig. (2). Schematic representation of the atomic force microscope. (A) Typical AFM control system broken into main components. (B) By
splitting the photodetector into four segments, lateral motion or twisting of the cantilever (top) can be distinguished from normal or vertical

motion (bottom).

2.2.2. Tapping Mode

For soft materials such as protein molecules, the
application of even the smallest force in the contact-mode
AFM mode might damage the weak surface structures. One
of the factors causing this problem is the lateral force that the
tip applies to the sample surface. To avoid this lateral force,
one can employ tapping-mode AFM in air or under liquid, in
which the cantilever is oscillated at very high frequency as it
scans the biological sample (Fig. 3B). In this mode, a

relatively stiff and beam- type cantilever is used when the
instrument is operated in air. The purpose of using this mode
is to prevent the AFM tip from being trapped by the
‘capillary force’ caused by the extremely thin film of water
surrounding samples in air. Here the cantilever is deliber-
ately excited by an electrical oscillator to amplitudes of up to
approximately 100 nm, so that it effectively bounces up and
down (or taps) as it travels over the sample. The deviations
in oscillation amplitude associated with sample surface
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corrugations, are used as signals for image formation. This
ensures a much shorter tip-sample contact time and smaller
lateral forces exerted on the cantilever. In liquid tapping
mode there is no capillary force to cause imaging difficulties
because the sample is immersed under a liquid, so a super
stiff cantilever is not required. In this mode the cantilever
can be excited by applying a small sinusoidal electrical
signal onto the z-channel input of the high voltage amplifier.
This causes the main piezoelectric tube to vibrate up and
down in the vertical (z) direction, while still performing its
normal task of responding to signals from the control loop.
Therefore the sample, and the liquid surrounding it, begin to
vibrate. This vibration is also communicated to the canti-
lever, which is immersed in the liquid, by viscous coupling.
The disadvantage of this mode of operation is that the
vertical imaging force can be large, increasing the possibility
of protein sample damage.

2.2.3. Force-Modulation Mode

In contrast to the tapping mode, in which the amplitude
of the vibrating cantilever is in the 20-100 nm range, the
force-modulation technique uses a much smaller amplitude
to prevent tip-sample disconnection (Fig. 3C). Also, in force-
modulation mode, the vertical position of the sample is
modulated with much smaller amplitude to avoid breaking
contact with the tip. The resulting deflection of the cantilever
is then correlated with the elasticity of the tip-sample
microcontact, noting that the oscillation can be modulated
with a preselected amplitude and frequency depending on the
elasticity and viscoelasticity of the sample. For direct
determination of the sample stiffness in the tip-sample
contact area, it can be more convenient to apply the force to
the tip rather than modulating the vertical position of the tip
or sample. This can be achieved by coating the tip with
magnetic material and applying an external magnetic field to
produce a modulation of the force on the sample surface. The
frequency of the force modulation employed varies from 10
Hz to 20 kHz (Radmacher et al., 1992).

2.3. Forces in AFM

As the name ‘atomic force microscopy’ suggests the
important interactions between the tip and sample are due to
one or more forces. The sum of the forces that acts on the tip
causes the deflection of the cantilever; these forces can be
attractive and/or repulsive. The forces acting on the tip vary,
depending on the mode of operation and the conditions used
for imaging. The different types of forces likely to be
encountered in protein interactions will be described in this
section.

2.3.1. Force-Distance Curves

In the common mode of operation, the feedback loop of
the AFM operates to maintain a constant cantilever deflec-
tion, and images are nominally acquired at constant force.
The assumption is that locally the force-distance curve is the
same and hence, at constant cantilever deflection (assumed
constant forces), the image is determined solely by the topo-
graphy of the sample surface. If the force-distance curves
vary between the substrate and sample, or locally across the
sample, then the image contrast is not simply a reflection of
the sample topography, but also depends on material proper-
ties. Fig. (4) illustrates a variety of types of force-distance
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curves, which may be observed for protein interaction
systems.
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Fig. (3). Tip-sample arrangements in the three modulation modes of
AFM. (A) Contact mode detects topography, elasticity, adhesion,
and friction of a sample; (B) Tapping mode is sensitive to
topography and adhesion force of the sample; (C) Force-modulation
mode is responsive to the elasticity and viscosity properties of the
sample.

2.3.2. Van Der Waals Force

It is possible to characterize both attractive and repulsive
parts of the force-distance relationship between the atoms in
the sample and those found in the very end of the pyramidal
AFM tip by modeling the interaction. This involves the
variation of the potential energy of one particle, say at the
apex of the AFM tip, due the interaction with a particle at the
surface of the sample. As their separation distance (z)
changes, so does the value of the potential energy, which can
be described mathematically by the pair-potential energy
function EP" (z). A special case of the well known ‘Mie’
pair-potential energy function is used to model this
behaviour (Morris et al., 1999),



60 Current Proteomics, 2005, Vol. 2, No. 1

A &/ \12 6()
=il £}
where eand r are constants that depend on the material.

Incidentally, r is approximately equal to the diameter of
the atoms involved, and is sometimes called the hard sphere
diameter. Eq. [1] illustrates the variation of the pair-potential
energy between two atoms. The 1/z*? term accounts for the
steep increase in EP" (z) at small separations i.e. when z <
r where the atoms strongly regel each other due to the Pauli
exclusion principle. The 1/z° term is responsible for the
slower change in the attractive behavior at relatively large
separations, where the van der Waals force dominates.

2.3.3. Adhesive Force

Obviously AFM tips do not last forever. With time they
become blunt and contaminated with small amounts of the
sample. The effect leads to a greater contact area between tip
and sample, and ultimately to the presence of what is
commonly known as an ‘adhesion force’. This is a major
problem when studying small molecules since they are easily
damaged by high forces. However, it is not so critical when
studying large objects such as protein macromolecules
because they can invariably withstand higher imaging forces.
Fortunately, it is possible to check for the presence of
adhesion by generating a force-distance curve, and
examining it for any asymmetry in its inward and outward
portions, as displayed in Fig. (4A and 4C). The curve on Fig.
(4C) shows the presence of a strong adhesion force whereas
the curve in Fig. (4E) is reasonably ideal for most imaging
situations.

2.3.4. Capillary Force

A typical AFM tip has a radius of curvature of around 20
nm. When resting on a surface it will act as an ideal
nucleation site for the condensation of water vapour present
in the air. In addition, a layer of water will condense on the
sample surface at normal relative humidity. This means that
when imaging in air the tip will be pulled down towards the
sample by a strong liquid meniscus, giving rise to the so-
called “capillary force’ (Fig. 4C), which glues the tip to the
sample. Depending on the geometry of the tip and the
relative humidity, this capillary force can be quite large. For
a tip radius of R, the capillary Fyy, can be calculated accord-
ing to the equation (Israelachivili, 1992; Shao et al., 1996)

Faa= 4pR

where gis the surface tension of water and R is the radius of
curvature of the tip. One should note that the derivation of
equation [1] is based on the assumption that the water layer
has a finite boundary. The validity of this assumption for
AFM imaging is not clearly demonstrated, since such a water
layer is actually continuous on hydrophilic surfaces under
intermediate humidity (Guckenberger et al., 1994; Shao et
al., 1996).

2.3.5. Electrostatic Force

The electrostatic interaction force between a charged
surface and a dielectric tip has been systematically studied
by Butt (1991a, b; 1992) using numerical calculations and
experiments with tips of silicon nitride, glass and diamond.
The electrostatic force is another long-range interaction
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which could have an appreciable magnitude. Depending on
the charges involved, it can be either attractive or repulsive,
and the strength can be varied by the ionic strength of the
solution. This is perhaps most relevant for the imaging of
protein molecules (Philippsen et al., 2002), because protein
surfaces can often carry charges depending on the residues
exposed and the local pH (Melander and Horvath, 1977).
Even if the tip does not carry charge, the difference between
the dielectric constants of the tip and the solution can still
result in a measurable force if the sample is charged (Fig.
4B). Generally, the greater the ionic strength of the imaging
medium, the lower the electrostatic repulsion that an
approaching AFM tip experiences. Therefore, it is possible
to electrically shield the AFM tip from the influence of the
relatively large forces present when imaging in some liquids,
such as buffers. This is usually achieved by adding a small
quantity of a salt, containing divalent metal ions, to the
imaging liquid.

2.3.6. Elastic Force

In AFM, an indentation experiment is done by employing
the force curve mode in which the deflection of the canti-
lever is plotted as a function of the z height of the sample.
On a stiff sample, the deflection is either constant as long as
the tip is not in contact with the sample or proportional to the
sample height while the tip is in contact, as shown in Fig.
4A. With soft biological samples, e.g., proteins, the tip may
deform (compress) the sample when the loading force is
increased (Tao etal., 1992; Samori et al., 1993; Radmacher
et al., 1995; Radmacher 2002). Thus, the movement of the
tip will be smaller than the movement of the sample base, the
difference being the indentation of the protein sample (Fig.
4B) (Radmacher et al., 1994 1995; Vinckier et al., 1996;
Domke and Radmacher, 1998). In this case, the cantilever
deflection will be dependent on the viscoelastic properties of
the sample and this will contribute to contrast in the image.
On a positive note, this effect permits the mapping of the
mechanical properties of the sample.

2.3.7. Unbinding Force

The unbinding force of ligand-receptor interaction can be
measured by employing the force-distance curve of AFM. In
some cases, the resultant retraction force curves have jagged
appearance (Fig. 4D), which is thought to correspond to
multiple pairs unbinding at different times. Controls include
competition with excess free ligand/receptor to occupy all
available sites and the use of nonspecific ligands. At a fixed
lateral position, a cantilever carrying a ligand is moved
toward a probe surface to which receptors are attached and
subsequently retracted. The cantilever deflection d is mea-
sured independent of the tip-surface D z. The force F acting
on the cantilever directly relates to the cantilever deflection d
according to F = k d, where k is the cantilever spring con-
stant. During the tip-surface approach, the cantilever
deflection remains at zero far away from the surface because
there is no detectable tip-surface interaction. At a sufficiently
close tip-surface separation, the ligand on the tip has a
chance to bind to a receptor on the surface. If ligand-receptor
binding has occurred, an attractive force develops (unbinding
event) upon retraction and increases with increasing tip-
surface separation. The physical connection between tip and
surface sustains the increasing force until the ligand-receptor
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Fig. (4). Schematic diagram illustration of the force-distance curves of cantilever deflection ‘d” versus tip-sample separation “z’ observed for
protein samples. Curves (A, B) are approach curves and curves (C, D, E) are retraction curve, as indicated by the arrows. (A) An ideal,
attractive, van der Waals force in the absence of other forces. (B) Repulsive electrostatic double-layer force in liquid or the indentation curve
on an elastic sample. (C) Adhesive interactions in the absence of contaminating adsorbates (adsorbed impurities) or capillary force resulting
from the formation of a water bridge between the tip and sample. (D) The sequential unbinding of specific multiple protein-ligand pairs. (E)
Polypeptide chain stretching force curve resulting from the multi-domain proteins break or detach from the surface.

complex dissociates and produces a stepwise return to zero
deflection from the point of maximal adhesion. This is
thought to be due to the sequential unbinding of multivalent
receptor-ligand pairs.

2.3.8. Stretching

A different form of ‘adhesion’ occurs when a polymer is
captured between the AFM tip and the substrate. In this case,
there is a very distinctive ‘adhesive’ force as the tip is pulled
away. Typically, these curves initially retrace the approach
curve near the surface but, away from the surface, exhibit a
smooth negative deflection as the polymer is stretched until
it breaks or detaches from the tip or the substrate, and the
cantilever returns to the zero-deflection line (Fig. 4E). If
multiple polymer molecules, e.g., multi-domain proteins,
attach to the tip and substrate, a saw-tooth pattern can be
observed as individual polymers detach. There are several
modes, such as the worm-like or freely-jointed chain models,
that can be used to describe the force-distance relationships
for extending polymers. Stretching measurements of high
molecular weight multi-domain protein polymers show
force-distance relationships in agreement with the worm-like
mode (Rief et al., 1997).

3. MEASUREMENTS OF PROTEIN INTERACTION
FORCES
3.1. Introduction

A major drawback of the AFM is its inability to chemi-
cally identify the molecules of the specimen. One of the

possible approaches to solving this problem is to analyze the
experimentally measurable forces acting between the AFM
probe and the surface of the specimen. These forces can be
mapped during approach and retraction between the AFM
probe and the specimen surface. The adhesion contact forces
between the AFM probe and substrate surfaces have already
been reported in earlier literature (Ducker, et al., 1992;
Mizes et al., 1991; Creuzet et al., 1992). Such adhesive
forces are nonspecific and can be directly related to the
interfacial energy between the AFM probe and the specimen.

In contrast to nonspecific forces, protein molecules pri-
marily interact through specific molecular forces. Recently,
the molecular interaction forces between protein-specific
ligands and surface-bound proteins have been measured
using the AFM technique, as seen in Table 1. The forces
required to separate a ligand from its specific binding site are
different from the forces needed to remove a nonspecifically
bound ligand (Pierce et al., 1994b). Since the AFM can
measure these differences of the specific adhesion forces in a
spatially resolved manner, this “specific adhesion force
contrast” can be used to identify binding molecules and
determine their distribution on the surface of the specimen.
When the specificity of protein interactions results in a force
contrast, one can separate topographical and chemical sur-
face information. In biological systems, where the molecular
recognition events determine the specificity of interactions,
the force contrast could be used to identify and map the
distribution of those surface-immobilizated proteins which
are capable of binding AFM tip-bound ligands. In this
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Table 1. Protein Interaction Forces
Molecular partners On substrate On AFM tip Average forces (pN) Reference
Avidin/biotin systems
Avidin/biotin Biotin Avidin 160 + 20 Florin et al. (1994)
Biotin/streptavidin Streptavidin. Biotinylated BSA 340 £ 120 Lee et al. (1994a)

Avidin/biotin Biotin Avidin 15000 ~ 20000 Moy et al. (1994b)
Avidin/iminobiotin Avidin Iminobiotin 85+ 10 Moy et al. (1994a)
Streptavidin/biotin Streptavidin Biotin 257+ 25 Moy et al. (1994a)
Biotin/streptavidin Streptavidin Biotinylated BSA 100 ~ 450 Chilkoti et al. (1995)
Biotin/streptavidin Streptavidin Biotin 300 Allen et al. (1996)
Biotin/streptavidin Streptavidin Biotin ~ 200 Wong et al. (1998)

Streptavidin/Biotin Biotin Streptavidin 126 + 2.3 and 207 + 5.8 Yuan et al. (2000)
Antigen/antibody (Ag/Ab)

Protein G /IgG-Ab Protein G 1gG-Ab 3000 ~ 4000 Moy et al. (1994b)
Fluorescein/anti-fuorescyl Ab Anti-fuorescyl Ab Fluorescein 200 Stuart and Hlady (1995)
Human serum albumin (HSA)/ . .

. HSA Anti-HSA Ab 244 + 22 Hinterdorfer et al. (1996)
anti-HSA Ab

Biotinylated BSA / A _—

Jo Anti-biotin Ab Biotinylated BSA 111.5+98.6 Dammer et al. (1996)
anti-biotin Ab
Ferritin/anti-ferritin Ab Anti-ferritin Ab Ferritin 49+10 Allen et al. (1997)
Intercellular adhesion molecule-1 . ]
. ICAM-1 Anti-ICAM-1 Ab 100 + 50 Willemsen et al. (1998)
(ICAM-1)/Anti-ICAM-1 Ab
Other protein/protein interactions
Actin/actin in actin filaments Not given Moy et al. (1994a)
Cell adhesion proteoglycans Proteoglycans Proteoglycans 125 Dammer et al. (1995a)

The muscle proteins actin /
myosin

Ultraavidin-coated fluorescent acrylamide
nanobead with biotinylated myosin

Biotin adsorbed on tip

148+4and24.7+1.4

Nakajima et al. (1997)

Ab single-chain Fv (scFv)

Ab single-chain Fv fragment (scFv) with

lipid bilayers

. . 1 . Fluorescein 50+4 Ros et al. (1998)
fragment / fluorescein an engineered C-terminal Cys residue
Insulin/insulin Insulin Insulin 1300 Yip et al. (1998)
Citrate synthase/ . L
. . GroEL Citrate synthase 420 + 100 Vinckier et al. (1998)
E. coli chaperonin GroEL
b-lactamase/ o
. . GroEL b-lactamase 240+ 70 Vinckier et al. (1998)
E. coli chaperonin GroEL
Recombinant P-selectin/P-selectin . .
Lo P-selectin PSGL-1 ~165 Fritz et al. (1998)
glycoprotein ligand-1(PSGL-1)
Osteopontin /avb3 integrin avb3 integrin Osteopontin 50+2 Lehenkari et al. (1999)
Myelin basic protein/
y P Lipid bilayers Myelin ~140 Mueller et al. (1999)
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(Table 1) contd....

Molecular partners on substrate on AFM tip Average forces (pN) Reference
Other protein/protein interactions
vascular endothelial (VE)-
. VB VE-cadherins-Fc VE-cadherins-Fc 15~150 Baumgartner et al. (2000)
cadherins-Fc
Lactose/bovine heart(BHL) BHL Lactose 34+6 Dettmann et al. (2000)
Lactose/lactose-bindin
. . g Lactose 19G 36+4 Dettmann et al. (2000)
immunoglobulin G(IgG)
Lactose/Viscum album(VAA) VAA Lactose 477 Dettmann et al. (2000)
Lactose/Ricinus communis(RCA) Lactose RCA 58+9 Dettmann et al. (2000)
Asialofetuin(ASF)/BHL BHL ASF 37+3 Dettmann et al. (2000)
ASF/IVAA VAA ASF 435 Dettmann et al. (2000)
ASF/1gG ASF 1gG 45+6 Dettmann et al. (2000)
ASF/RCA ASF RCA 65+9 Dettmann et al. (2000)
Concanavalin A(Con A) Con A receptors on the surface
Con A 86+ 2.6 Chen and Moy (2000
receptor /Con A of NIH3TS3 fibroblast cells y( )
Human ocular mucins Human ocular mucins Human ocular mucins 100 ~ 1200 Berry et al. (2001)
Function-associated antigen-1
(LFA-1)/ intercellular adhesion ICAM-1 3A9 cell LFA-1 > 150 Zhang et al. (2002)
molecule-1(ICAM-1)
hospholipid bilayers /
PROSPROTID . y phospholipid bilayers Recoverin 48+5 Desmeules et al. (2002)
Recoverin
Receptor-associated protein (RAP) /
'p o p . ( ) Binding protein on living fibroblast Receptor-associated
its binding protein on living . 120 Osada et al. (2003)
. cells attached to surface. protein
fibroblast cells
P-selectin/P-selectin glycoprotein .
P-selectin PSGL-1 20 Marshall et al. (2003
ligand-1(PSGL-1) ( )
Cell adhesion proteoglycans Proteoglycans Proteoglycans Not given Popescu et al. (2003)
Ganglioside GM1/cholera toxin Cholera toxin
g Ganglioside GM1 Not given Cai and Yang (2003)
B-pentamer (ctB) B-pentamer (ctB)

section, we review AFM measurements of the interactions
between surface-bound proteins and an AFM tip chemically
modified with the protein-specific ligand.

3.2. Theory

The force necessary to rupture a bond may be calculated
if the form of the potential is known. However, potentials
have not been determined for complex protein interaction
systems such as the streptavidin-biotin interaction which
involve at least seven hydrogen bonds and a similar number
of hydrophobic interactions. Unbinding forces for complex
protein interactions have commonly been estimated by
dividing experimentally determined bond energies (U) by a
length (u) that is thought to be representative of the range of
the force, F=-U/g (Lee etal., 1994a). Using the ionic and
van der Waals interactions as models, it appears that the
effective rupture length, g increases with the range of the
interaction potential or the inverse of the bond length. Given

the nature of the bonding interactions in the protein-ligand
system, we would expect the effective rupture length to be
relatively short-ranged and similar to that of a van der Waals
bond.

Bell (1978) has refined this simple model by taking into
account the reversibility of specific interactions and the finite
time over which the bond is ruptured. The external unbind-
ing force F,, applied to a reversible bond is related to the
period, t, over which the bond will rupture through the
equation

:U - KT In(t /t o) [2]

Fub 7

where U is the bond energy KT is the thermal energy, t is
the period over which the bond will rupture, t is the
reciprocal of the nature frequency of oscillation, and 7 is a
characteristic length of bond (Evan et al., 1991).
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3.3 Measurement

To determine the interaction forces between protein and
protein-specific ligand with AFM, one of the binding pair
partners is immobilized on a tip and the other on a substrate
surface (or vice versa). During a force measurement cycle
(see Fig. 5), the tip is moved towards the surface at constant
velocity until it is brought into contact with the sample (refer
to Fig. 5, position B). As the forward motion continues, the
tip is pressed into the sample surface until a point of
maximum load is reached (position C). The direction of
motion is then reversed and the tip is withdrawn from the
sample surface. A plot of cantilever deflection against
distance moved by the fixed end of the cantilever is obtained
as raw data. During the retraction portion of the force
measurement, i.e., when the tip is withdrawn from the sample
surface, the tip ‘sticks’ to the surface due to interactions
between the tip and the sample. The magnitude of this
adhesive force is calculated from the difference between the
maximum cantilever deflection (position D) during the
retraction portion of the curve and the point of zero
cantilever deflection (position A). The cantilever deflection
signal, measured in nAmp, is then converted to a deflection
distance (nm), d, using the gradient of the retract trace in the
contact region of the force curve (Allen, et al., 1996). This
deflection distance, d, is converted to the force (nN) acting
on the AFM probe using the cantilever spring constant, Kk,
and Hooke’s law (F = - kd). In this force curve, tip-surface
adhesion is characterized as the maximum force needed to
begin separation of the two pair partners after contact.
Therefore, protein-ligand (or protein-protein) interactions
between a tip coated with one half of a pair of the interacting
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species and a surface coated with the other half, can be
identified by an increase in the magnitude of this force. The
interpretation of the adhesion force, however, may be
complicated by contributions from nonspecific interactions.
Nonspecific interactions can arise from an improper spatial
orientation of the protein and/or ligand that prohibits specific
binding during the approach cycle and/or while in contact.
Then the challenge is to identify those interactions that are
specific, as opposed to nonspecific, in nature. This separation
can be accomplished by conducting control experiments
where, for example, the binding site on one of the partners in
the protein-ligand or protein-protein pair is blocked. Because
of the often random spatial orientation of the binding
partners on the tip and surface, it is usually necessary to
collect several hundred individual forces curves to determine
a distribution of binding events.

Another essential requirement for the quantitative
measurement of interaction forces is an accurate method for
the calibration of the spring constant, k, of the AFM
cantilever. Since the widely used commercially available
silicon nitride cantilevers vary significantly in their spring
constant (Cleveland et al., 1993), several methods for the
calibration of AFM cantilevers have been proposed and are
used in various laboratories (Cleveland et al., 1993; Hutter
and Bechhoefer, 1994; Senden and Ducker, 1994). It has
been shown that measured values for the spring constants
differ significantly from the manufacturers’ specifications
(Cleveland et al., 1993). In light of the fact that the AFM is
now used more frequently as a technique to measure
interaction forces, it has become more critical that exact
values are measured.
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Fig. (5). A schematic diagram of a typical adhesion (unbinding force) measurement cycle. The relative position of the AFM tip to the sample
surface is indicated and the direction of motion is indicated by the arrowheads. (A) zero cantilever deflection, (B) the tip is brought into
contact with the sample surface, (C) the point of maximum load. (D) the point of maximum adhesive force. The cantilever deflection then
returns to its original equilibrium position as the tip-sample separation is increased.
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3.4. Examples
3.4.1. Avidin-Biotin Interactions
Avidin / Biotin Derivatives Interactions

Florin and co-workers (1994) were the first to measure
biologically specific interaction forces of protein-ligand
complexes. They measured the strength of the interaction
between avidin on functionalized tips and biotin attached to a
soft agarose bead (see Fig. 6A for an illustration). Avidin, a
67 kDa protein from egg whites, is known for its high
affinity for biotin, a cofactor in several metabolic reactions.
Many of the initial investigations using AFM to probe
protein interactions focused on the biotin-avidin system
(Table 1). This well-characterized pair was attractive as a
starting point because of its high binding affinity (Kg = 10
M). First, the sharp silicon nitride tips were incubated with
biotinylated bovine serum albumin (BSA), a protein with
biotin attached, which bound non-specifically and yet
strongly to the tip. Afterwards, avidin was added to the
biotin-labelled tips. Since there are multiple sites on the
avidin for biotin binding, the unoccupied sites were then
available for binding biotin attached to the agarose beads.
After such a functionalized tip was in contact with the biotin-
labelled substrate, the force curve showed distinct rupture
steps (Fig. 6B). In this work, soft biotinylated agarose beads
were used as a surface to mimic biochemical affinity
measurements. Thus, measured forces can be compared to
thermodynamic data, obtained with those techniques.
Another consequence of using the soft surfaces is that the
contact area is significantly enlarged, resulting in multiple
molecular bonds upon interaction of the tip with the bead.
Although the use of multiple interaction sites may seem a
complication, it actually facilitates the discrimination of

A

7

biotin

biotinylated agarose bead

B

f

force (pN)
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quantized unbinding forces and increases the precision with
which such a force can be measured (Willemsen et al.,
2000). Because the rupture of the tip from the surface
involved unbinding of many individural bonds, only the
force of the final rupture was analyzed. The unbinding forces
from more than 300 retraction experiments are summarized
in a histogram, which reveals the quantization of unbinding
forces in multiples of 160 + 20 pN. This value was attributed
to the interaction force of a single biotin-avidin binding pair.

3.4.2. Antibody-Antigen Interactions
Fluorescein / Anti-Fluorescein 1gG Interactions

Promising results have been obtained from the biotin-
(strept)avidin interaction model system (Lee et al., 1994a;
Moy et al., 1994a, b). However, the biggest scientific
challenges in this field, and potentially the most rewarding
applications for the new technique, are related to the
interactions between antibodies and antigens. Although the
antibody-antigen interaction is of great practical and
theoretical relevance, its direct study by force measurement
is rendered more difficult by several factors. Both antibodies
and antigens usually have complicated tertiary structures and
need firm immobilization to the substrates. Their interactions
depend on geometric factors, conformational state, and
environment, and steric hindrance must be avoided (Davis
and Padlan, 1990; Webster et al., 1994; Van Oss, 1994). The
expected forces are in the piconewton range, and the antigen-
binding sites of the antibodies are small compared with the
antibody itself, so that nonspecific interactions must be
considerated. Stuart and Hlady (1995) used a cantilever
which was glued with a fluorescein-modified spherical silica
bead to scan the surface-immobilized antifluorescein 1gG
molecules. They found that some intermittent discontinuities

Y

distance (nm)

Fig. (6). (A) Schematics of the avidin-functionalized AFM tip and the biotinylated agarose bead. (B) Cantilever deflection curve on approach
and retract of an avidin tip on a biotinylated agarose bead approximately 95% blocked with free avidin. F,q is the measured adhesion

(unbinding force) value.
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in the force-displacement curves may be largely due to
nonspecific discrete interactions between the antibody and
the AFM probe. The strong lateral interactions which result
in discontinuities observed in the adhesion curves are likely
the result of localized adhesion due to the heterogeneous
nature of proteins and the lack of molecular mobility.

Biotin / Anti-Biotin 1gG Interactions

Dammer and co-workers (1996) followed a different
approach using a self-assembled monolayer to functionalize
tips and surfaces and measured the molecular interaction
between BSA and polyclonal, biotin-directed 1gG antibodies.
The biotin was coupled via long (2.24 nm) spacer arms to
BSA, and together with the BSA forms an artifical antigen.
The advantage of this was found to be that the antigenic
effect of the biotinylated BSA molecule containing 8-12
biotin moieties was less sensitive to conformational changes,
steric hindrance, and orientation. The two components were
then covalently immobilized on the AFM tip and on a flat
gold surface via a w-functionalized dialkyldisulfide cross-
linker to quarantee stable and reproducible conditions. The
chemisorption of the long-chain cross-linker in a self-
assembly process provided a highly reactive monolayer
surface for coupling primary amines under mild conditions.
Furthermore, they used ultrasoft cantilevers for high force
sensitivity and blocking molecules (BSA) to reduce
nonspecific background. As a measure of the interaction
strength, the size of the final jump from the surface peak in
each curve was taken and averaged over a large number (>
3000) of different curves (> 1500). A mean binding force of
111.5 pN was determined. However, a histogram summariz-
ing the retraction portion of the force curves suggested that
the microcontact ruptured in quantized steps, each of ~0.06
nN. Though more speculative, an estimate of contact area
argued that each rupture corresponded to the breakage of
more than 1 but less than 10 interactions.

HSA / Anti-HSA 1gG Interactions

Hinterdorfer and co-workers (1996) have created the
largest mobilities of pairs by using the longer flexible spacer
(6 nm) compared to 2.2 nm (Dammer et al., 1996) and by
coupling human serum albumin (HSA) and polyclonal anti-
HSA to the surface and the tip, respectively, via polyethylene
glycol spacers. The tips were functionalized at such low anti-
HSA density that, on average, only one single anti-HSA at
the tip apex had access to an HSA on the surface. Moreover,
HSA was coupled to the spacer at a packing density that
statistically limited the interaction between the tip and
sample to one interaction within the tip-sample microcontact.
With this approach, the detected average unbinding force for
1:1 specific binding between HSA and anti-HSA was 244
+22 pN. Analysis revealed that observed unbinding forces
originate from the dissociation of individual Fab fragments
from a HSA molecule. Also, the two Fab fragments of the
antibody were found to bind independently and with equal
probability. This investigation also demonstrated that the
location of antigenic sites on the surface can be determined
with a positional accuracy of 1.5 nm by scanning the tip
laterally while collecting force scans. This approach was the
first attempt to combine the ability of the AFM to detect
specific protein interactions with the imaging capability that
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was already known for several years, and may be used to
map binding sites and binding characteristics simultaneously.

Ferritin / Anti-Ferritin 1gG Interactions

Allen and co-workers (1997) also investigated the
adhesive forces between ferritin-functionalized AFM probes
and anti-ferritin antibody-coated silicon substrates. Poly-
styrene microtiter well surfaces functionalized with anti-
ferritin antibody provide the analyte capture component of
an immunoassay, which can be employed to detect serum
ferritin levels. Analysis of the force distribution data also
suggested a quantization of the forces, with a period of 49
+10 pN. However, even though such an immunoassay
system has been developed, little is known about how the
ferritin molecules are bound to the antibodies. The polyepi-
topic nature of the ferritin molecule allows the binding of
more than one antibody molecule to each molecule of
ferritin, thereby increasing the chance of observing multiple
binding events in force measurements. Therefore, in ins-
tances where structural or thermodynamic data may be
limited, a direct measure of the strength of the antigen-
antibody bond by AFM can give glimpses into the binding
process.

3.4.3. Other Protein/Protein Interactions

Chaperonin GroEL/ Citrase Synthase Interactions

Vinckier and co-worker (1998) investigated the structure
of the Escherichia.coli chaperonin GroEL by tapping-mode
AFM under liquid and measured the interaction forces
between the E. coli chaperonin protein GroEL and two
different substrate proteins. High-resolution images were
obtained, which show the up-right position of GroEL
adsorbed on mica with the substrate-binding site on top.
Because of the upright orientation of GroEL on mica, AFM
was used to quantitatively measure the interaction force
between GroEL and the substrate proteins, (Gly-Ala) citrate
synthase (770 £ 190 pN) and (Cys-Ala) b-lactamase (350 +
100 pN), by covalently immobilizing them on the surface of
the tip. The results showed that the interaction force
decreased in the presence of ATP, which resulted in
conformational changes in the GroEL apical domains, and
that the force was smaller for native proteins than for the
fully denatured ones. Similarly, it was found that denatured
proteins gave rise to a higher interaction force than the native
proteins. This finding may prove of value in furthering
insight into the denaturation process.

P-Selectin / P-Selectin_Glycoprotein Ligand-1 (PSGL-1)
Interactions

Leukocyte rolling is a good example of how the mech-
anical properties of single molecules determine the
characteristics of cell-cell adhesion. P-selectin, located on
the endothelial cell wall, supports leukocyte rolling under
hydrodynamic flow via interactions with its glycoprotein
counter ligand P-selectin glycoprotein ligand-1 (PSGL-1)
expressed on microvilli of the leukocyte surface (McEver et
al., 1995). P-selectin-PSGL-1 binding involves interacting
sites that are located close to the amino-terminal portion of
each molecule and furthest away from the cellular membrane
(McEver et al., 1995). Under the hydrodynamic drag forces
of blood flow, rolling is mediated by the interaction between
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selectins and their ligands across the leukocyte and endo-
thelial cell surfaces (Fig. 7). Fritz and co-workers (1998)
used AFM to perform experiments on single complexes of P-
selectin and P-selectin glycoprotein ligand-1 and to
determine the intrinsic molecular properties of this dynamic
adhesion process. By modeling intermolecular and intra-
molecular forces as well as the adhesion probability in AFM
experiments they obtained information on unbinding forces
of the P-selectin-P-selectin glycoprotein ligand-1 interac-
tion. The complexes were able to withstand forces up to 165
pN and showed a chain-like elasticity with a molecular
spring constant of 5.3 pN nm™ and a persistence length of
0.35 nm. Unbinding force and lifetime of the complexes
were not constant, but directly depended on the applied force
per unit time, which is a product of the intrinsic molecular
elasticity and the external pulling velocity. The high strength
of binding combined with force-dependent rate constants and
high molecular elasticity were tailored to support physiologi-
cal leukocyte rolling (Fig. 7).

Recoverin/Lipid Bilayers Interactions

Recoverin is a 23-kDa calcium-binding protein originally
purified from retinal rod outer segments of vertebrates
(Dizhoor etal., 1991). This protein is a member of the EF-
hand superfamily, which contains proteins that bind Ca** via
the EF-hand motif, a helix-loop-helix of 12 residues arranged
to coordinate Ca®* with pentagonal bipyramidal symmetry
(Braunewell and Gundelfinger, 1999). Ca®* binding by
recoverin induces the extrusion of its myristoyl group to the
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solvent, which leads to its translocation from cytosol to rod
disk membranes. Force spectroscopy, based on AFM
technology, was used to determine the extent of membrane
binding of recoverin in the absence and presence of calcium,
and to quantify this force of binding (Fig. 8) (Desmeules et
al., 2002). An adhesion force of 48 + 5 pN was measured
between recoverin and supported phospholipid bilayers in
the presence of Ca®*". However, no binding was observed in
the absence of Ca®". Experiments with non-myristoylated
recoverin confirmed these observations.

3.4.4. Individual Protein Interactions

As shown in Table 1, initially emphasis was placed on
study of the avidin-biotin interaction, which was the primary
model exploited by several laboratories. In these studies,
however, the number of molecules involved in the measured
force was not determined directly, moreover binding
processes were not observed at a single molecular level.
Although the method of Florin and co-worker (1994) is very
useful in determining the unbinding forces of discrete bonds,
they predominantly observed the parallel breakage of multi-
ple bonds. This is a consequence of their tip-sample confi-
guration, which does not allow the repetitive addressing of
the same individual molecules. To really measure interac-
tions between single molecules, very strict conditions need to
be fulfilled. The density of molecules distributed both on tip
and surface should be sufficiently low to allow the formation
of single molecular interactions. In AFM experiments, this
implies that the surface coverage of active molecules on the
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Fig. (7). Schematic representation of selectin-ligand interaction during leukocyte rolling on venular endothelium in AFM experiments. The
approach and retraction of the AFM tip simulates the physiological rolling process. After binding, the force on the complex increases
continuously with increasing tip-surface distance. After rupture, the chain-like molecules shrink to their equilibrium length, and their binding
sites, both located close to the amino-terminal ends of the molecules, are separated.
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Fig. (8). Schematic diagram of the experimental setup. Myristoylated recoverin was covalently tethered via a carboxymethylated amylose
spacer to the AFM tip. In the presence of Ca2*, adhesion between the myristoylated recoverin tip and the bilayer was observed. This adhesion
causes an extra force signal during tip retraction until the rupture between recoverin and the bilayer occurs. (A) The tip is brought into
contact with the bilayer. (B) The tip is retracted from the bilayer. (C) The bridge between recoverin and the bilayer is ruptured.

tip or surface should be chosen sufficiently low to allow for
single molecular interactions. To verify distribution of mole-
cules on the tip, investigators have modified flat substrates,
consisting of the same material as the tip, in the same batch.
Subsequently, molecular distribution is determined with
conventional surface techniques, such as fluorescence
microscopy (Nakajima et al., 1997) or tapping mode AFM
(Willemsen et al., 1998).

Actin-Heavy Meromyosin /Actin Interactions

Nakajima and co-workers (1997) were the first to
measure the protein-protein interaction force with AFM at a
single molecule level. They integrated the AFM and an
epifluorescence microscope to develop a method to capture a
single molecule of heavy meromyosin at an AFM probe tip
and observed the interaction force between the captured
meromyosin and actin fixed on the surface. A strategy for
linking a single molecule of meromyosin to a cantilever tip is
sketched in Fig. 9. The unbinding event and the binding
event were observed from which knowledge of the inter-
protein force field was obtained at a single molecular level.
The unbinding force of a single head-actin pair was around
14.8 pN, an order of magnitude smaller than other inter-
protein forces (Dammer et al., 1995b; Hinterdorfer et al.,
1996), while the effective rupture length (1.7~2.5 nm) was
long compared to other measured values, 0.23 nm for
antigen-antibody (Hinterdorfer et al., 1996), 0.15~0.3 nm for
streptavidin-biotin (Lee et al., 1994a) and 0.05~0.3 nm for
actin-a-actinin (Miyata et al., 1996).

3.4.5. Multivalent Protein Interactions

Biological recognition or adhesion is not typically media-
ted by single, high-affinity interactions, but by many weak
contacts. The advantage of the latter is that weak interactions
allow for formation of dynamic contacts, the plasticity in
adhesive junctions, and cell motility (Fritz et al., 1998).
Because low-affinity bonds are believed to exhibit short
lifetimes and low rupture forces, adhesion requires multiple
such interactions. Many cell adhesion molecules contain
large, multidomain extracellular segments, and some exhibit
multiple contacts with their corresponding ligands (Chothia
and Jones, 1997). While multiple interactions may contribute
to binding, their implications for protein-mediated adhesion
have not been explored.

Cell Adhesion Proteoglycans Interactions

To investigate how the rupture of multiple contacts might
differ from single-bond failure, Dammer and coworkers
(1995a) measure the binding forces intrinsic to adhesion
molecules to assess their contribution to the maintenance of
the anatomical integrity of multicellular organisms. AFM
was used to measure the binding strength between cell
adhesion proteoglycans (AP) from marine sponge. The shape
of the approach-and-retract cycles shows that stringlike
structures were responsible for AP-AP interactions (Fig. 10).
These strings are likely to be the AP arms which have been
shown to mediate polyvalent AP-AP binding (Misevic et al.,
1987). During each approach-and-retract cycle, multiple
non-covalent bonds between arms attached to the sensor tip
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Fig. (9). Strategy to link a single molecule of heavy meromyosin to an AFM tip. This strategy is based on the strong affinity of biotin for
avidin. The distal end of the tail part of heavy-meromyosin was specifically modified with biotincadaverine and ultraavidin was used instead

since avidin has a tendency to bind to proteins_non-specifically.

and arms connected to the substrate were formed and broken.
Because the radius of curvature of a typical functionalized
AFM tip used was about 50 nm and the AP backbone ring
was approximately 200 nm in diameter, only a single AP
molecule from the tip could participate in the measured
interaction with the densly AP-covered surface. The observa-
tion that approach-and-retract curves often exhibited multi-
ple jump-off steps (Fig. 10) indicates that binding was
polyvalent. Each step of 40 £ 15 pN corresponded to the
unbinding of a pair of AP arms, with deviation caused by a
varying degree of mutual overlap. The maximal measured
adhesion force of 400 pN and the average force of 125 pN
were thus interpreted as the binding between 10 and 3 pairs
of AP arms.

3.4.6. Stretching of Multi-Domain Proteins

The three-dimensional structure of proteins is stabilized
by many different and competing interactions. Their stability
or resistance to unfolding are typically investigated by
chemical or thermal denaturation (Politou et al., 1995).
Many proteins, however, are designed to withstand forces
rather than heat or a harsh change in their chemical environ-
ment; their role is to maintain a certain structure against an
external load. Because the energy landscape of protein
folding (Frauenfelder et al., 1991) is yet unknown, mech-
anical properties or unfolding forces of proteins cannot be
derived by thermal or structural analysis and must be

measured. AFM is capable of measuring the forces required
to unfold protein domains with piconewton (pN) sensitivity
and the length changes with Angstrom resolution. In this
configuration, a single protein is suspended between an AFM
tip and a substrate. In a typical experiment (see Fig. 11), the
tip is brought into contact with a layer of protein attached to
the substrate, then the piezoelectric positioner retracts. When
a portion of a single protein molecule is picked up at random
by the tip through adsorption, the retraction of the positioner
stretches the suspended segment of the protein. The first
source of resistance to extension of the protein are entropic
forces. As the distance between substrate and cantilever
increases, the protein elongates and the reduction of its
entropy generates a restoring force that bends the cantilever.
When a domain unfolds, the contour length of the protein
increases returning the force on the cantilever to near zero.
We summarize the available literature about the stretching of
multi-domain proteins in Table 2.

Stretching of Titin Immunoglobulin Domains

The muscle protein titin is responsible for the passive
elasticity of muscle fibers and consists of a sequence of more
than 200 modules, so called immunoglobulin domains (lg
domains), each consisting of about 90 amino acids, which
form a beta barrel. Rief and co-workers (1997) have used
AFM to study unfolding forces of single titin-lg domains.
Individual titin molecules were repeatedly stretched, and the
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Fig. (10). Two typical AFM approach-and-retract cycles for cell adhesion proteoglycan (AP)-AP interactions. Multiple jump-offs in both (A)
and (B) indicate polyvalent binding with an average adhesive force of 40 + 15 pN per release.

applied force was recorded as a function of the elongation.
At large extensions, the restoring force exhibited a sawtooth
like pattern, with a periodicity that varied between 25 and 28
nm. This periodicity is in good agreement with the expected
length required to unfold individual Ig domains. To test this
hypothesis, recombinant Ig4 and Ig8 fragments were con-
structed. Eight peaks were observed in the elongation plots
for 1g8 and four with Ig4. The forces required to unfold
individual domains ranged from 150 to 300 pN and depen-
ded on the pulling speed. This quantization is further evi-
dence for the sequential unfolding of individual Ig domains,
demonstrating the ability of AFM to probe unfolding force at
the level of single tertiary structures of proteins.

4. FORCE MAPPING OF PROTEINS

In a new method called force mapping, force-distance
curves are recorded at each sample point of an image. An
increasingly accepted way of displaying such data is as
force-volume plots. Heinz and Hoh (1999a) have reported an
excellent account of the acquisition of force-volume data and
also reviewed the general interpretation of such data for
mapping biological surfaces. The force volume plot consists
of a topographical image of an area of the biological sample
together with an array of force-distance curves recorded over
the same area. The data can be displayed as slices of the
volume plot showing force at constant height, slices corres-

ponding to constant force images, or as individual force-
distance curves. Data are recorded for both approach and
retraction from the surface. In studies of protein systems, the
force-distance data can contain information on sample
adhesion (as shown in section 4.1), elasticity (section 4.2),
viscosity (section 4.2), surface charge density (section 4.3),
or other factors modifying the force-distance curve such as
specific intermolecular binding. Thus the force volume data
can be used to generate different types of force maps which
can be utilized to generate different types of contrast for
comparison with normal topography images (Morris et al.,
1999).

4.1. Adhesion Mapping
4.1.1. Introduction

Adhesion (unbinding force) mapping can be used to map
tip-sample binding and hence, if ligand-functionalized tips
are used, specific structures and recognition events can be
identified on protein surfaces (or vice versa). Adhesion maps
can be generated by selecting the most negative force on the
retraction curve and plotting isoforce maps (which is based
on a surface of equal force collected over (or below) the
sample surface) as a function of position on the surface. This
approach overcomes one of the difficulties with AFM
imaging which is identification of surface features.
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Fig. (11). Schematic showing the structural transitions in multidomain proteins which give rise to the multi-peak force curves, as those
represented in Fig. 4E. As the distance between substrate and cantilever increases (from states a to b) the protein elongates and the reduction
of its entropy generates a restoring force that bends the cantilever. When a domain unfolds (state c) the contour length of the protein
increases, returning the force on the cantilever to near zero. Further extension again results in force on the cantilever (state d).

4.1.2. Measurement

Adhesion maps are typically produced by taking the most
negative force detected during the retraction curve as the
value for adhesion and plotting that value against the x-y
position of each curve. Several types of spatially resolved
adhesion map have been produced. There are two basic
approaches to producing the spatial distribution of forces
within a volume using an AFM. The first is to collect an

array of force curves over the surface and assemble these
into a force volume representation. The second is to
reconstruct the same force volume data by collecting a series
of isoforce images, at increasing or decreasing forces, across
the x-y plane and assembling these. However, this is not
possible in practice with current instruments. For simul-
taneous measurements of topography and adhesion, the
force-distance mode is used.
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4.1.3. Examples
BSA-biotin / Streptavidin Interactions

The feasibility of this approach to adhesion mapping was
shown for the first time by Ludwig and co-workers (1997)
by using biotinylated tips to map distributions of streptavidin
on a patterned surface. The method was termed affinity
imaging and was used to compare topographical and adhe-
sion maps of the protein sample. In this mode, topography
and adhesion force were extracted online from local force
scans. The adhesion histogram obtained showed that the
adhesion had a broad distribution and was centered at about
1000 pN. Taking into account that the unbinding force of
individual molecular pairs is 250 pN, this adhesion seemed
to be caused by several molecular pairs in parallel. To
confirm that the measured adhesion image was due to
specific molecular recognition, the protein sample was
blocked by adding an excess of free biotin. Under these
conditions virtually no contrast was measured in the affinity
image, whereas the topography contrast did not change.

Intercellular Adhesion Molecule-1 (ICAM-1) / Anti-ICAM-
1 Interactions

Willemsen and co-workers (1998) simultaneously mea-
sured the topography and adhesion images with a resolution
of 20 and 5 nm, respectively. They imaged a submonolayer
of intercellular adhesion molecule-1 (ICAM-1) antigen in
adhesion mode and demonstrated that the resolution of the
topographical image in adhesion mode was only limited by
tip convolution and thus comparable to tapping mode
images. The high-resolution height image showed individual
ICAM-1 molecules that corresponded very well to bright
adhesion pixes, thus indicating spacially resolved specific
protein interaction. The topographical image taken at a high
surface concentration also showed the contrast between
clusters of ICAM-1 and the mica substrate, while the
adhesion image showed many bright pixels on top of clusters
of molecules (Fig. 12), which gave evidence of the molecular
interaction process between individual ICAM-1 antigens and
antibodies . Also, all evidences showed that the force peaks
in the adhesion image were mainly caused by single
molecular interactions. Therefore, by comparing the high-
resolution height image with the adhesion image, it was
possible to show that specific molecular recognition was
highly correlated with topography. The stability of the
improved microscopy enabled imaging with forces as low as
100 pN and ultrafast scan speed of 22 force curves per
second. The analysis of force curves also showed that repro-
ducible unbinding events on subsequent scan lines could be
measured.

4.2. Elastic and Viscous Force Mapping
4.2.1 Introduction

The elastic properties of protein materials can be deter-
mined accurately and spatially well with AFM force curves
by relating the applied force to the depth of indentation as
the tip is pushed against the sample. The indentation may be
elastic, i.e., reversible; dynamic, i.e., viscous; or plastic, i.e.,
irreversible in nature; or a combination of the three. When
the stress, i.e., the deformation force, and the strain, i.e., the
amount of deformation, are linearly related, the deformation

Linetal.

of the protein material is elastic, and the material will regain
its original form upon relaxation. The depth of indentation
can be used to measure local elasticity in terms of Young’s
(elastic) modulus (Fritzsche and Henderson, 1997; Vinckier
and Semenza, 1998; Zelatanova et al., 2000) (Fig. 13).
Although this is not an interaction force per se, we include it
because it is a widely used application of AFM and because
the elasticity of biological sample is often coinvolved with
real interaction forces.

In addition, the behavior of soft protein samples shows
another type of deviation from that of a hard surface.
Whereas the lift-off occurs quickly on hard surfaces, it may
be considerably slowed down in the case of soft protein
samples (Fig. 14). The lift-off speed may be used to estimate
the viscosity of the protein sample (Radmacher et al., 1994).

4.2.2. Theory

For quantifying the elastic properties of a protein sample,
a range of data from the force curve to be analyzed and an
appropriate model for analysis must be chosen. The most
simple model comes from continuum mechanics (Hertz,
1882), which was extended by Sneddon (1965). For an
introduction in continuum mechanics, one may visit the work
of Fung (1993) and Treloar (1975). Using AFM, elasticity
measurements are performed by pushing a tip onto the
surface of the sample of interest and monitoring force-
versus-distance curves. This results in a deformation which
is the sum of the deformation of the tip and the deformation
of the investigated sample (indentation) under the tip.
Although AFM is measured on a microscopic scale, the
classical theory is still usable because the tip indents 100 or
more atoms of the surface (Vinckier and Semenza, 1998).

The Hertz model describes the elastic indentation of an
infinitely extended sample (effectively filling out a half-
space) by an indenter of simple shape. Two shapes of
indenter often used in AFM are conical or parabolic tips:

For a conical tip with a semivertical (open) angle a, the
total force F.ne as a function of the indentation Dz is
described by:

2tand)E
L-n2p

The force Fpaanoiois @S @ function of the identation for a
parabolic tip with a radius of curvature R at the apex is:

Fcone =

Dz [3]

4/R 3/2 [4]

Froaraboloid = 30 n2) *EDz

Here, Feone is the force needed to indent an elastic protein
sample with a conical tip, whereas Fpaapoiig iS the force
needed to indent the protein sample with a parabolic tip. A
spherical tip with a radius R also leads to the same formula
as Eq. [4], as long as the contact radius r £ R. The inden-
tation is denoted by Dz , whereas E is the elastic or Young’s
modulus, v is the Poisson ratio, a is the half-opening angle
of the cone, and R is either radius of curvature of the
parabolic tip or the radius of the spherical tip, respectively.
The above description assumed deformations arising from
perfectly flat elastic substrates; however, some of the
contributions such as (1) plastic deformations, (2) the surface
energy, and (3) the local shape of a rough surface can
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Fig. (12). Schematic representation of the geometrical situation at height (A) and adhesion (B) measurement, which explains the tip and
spacer convolution, respectively. Simultaneously measured height (C) and adhesion (D) images of ICAM-1, adsorbed to mica, recorded in
PBS with a functionalized tip with anti-ICAM-1 antibodies. Image size 400 x 400 nm, z-range 0-5 nm. Reprinted with permission from
reference (Willemsen et al., 1998). Copyright 1998 the Biophysical Society.

Fig. (17). Electrostatic potential mapping of the OmpF porin channel. The superimposition of the electrostatic potential (red to white) and of
the AFM topograph (brown yellow) was shown. The electrostatic potentials represent difference maps calculated from topographs recorded at
different electrostatic contributions, 300 and 50 mM KCI (A), and 300 and 100 mM KCI (B). Reprinted with permission from reference
(Philippsen et al., 2002). Copyright 2002 the Biophysical Society.
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Fig. (13). Schematic representation of typical approach force-versus-distance curves on a hard (a-b-c) and a soft protein sample (a-b-d). The
picture (a) shows the situation with no contact between tips and sample and in (c) a hard sample results in a deflection of the cantilever.
Picture (d) shows the deformation of the protein sample by the tip which results in deviation from the linear relationship between the force
and the distance. The difference in deflection between the two curves is a measure of indentation.

considerably influence the measured Young’s modulus
(Vinckier and Semenza, 1998).

4.2.3. Measurement

Local elastic properties of proteins can be determined by
AFM. In principle, one can maintain the AFM tip at each
image point for a fraction of a second with a fixed sample-tip
distance while recording the deflection of the cantilever
(Putman et al., 1994). With this approach the image, also
three dimensional, contains dynamic information that reflects
the rearrangement of the protein surface under prolonged
stress. Another method is to acquire a force curve in a given
range at each image point, resulting in a three-dimensional
image. Then a series of images at different probe forces can
be generated where the changes in height on the surface
could reflect the elastic property of the protein sample. Such
an approach has been demonstrated by Radmacher et al.,
(1994). A major challenge for this type of application is the
interpretation of the resulting images. At present, it is not
clear what kind of information is contained in these images
and how to test various possibilities. However, because of
the difficulty of achieving very small forces and stable
imaging at high resolution, the application at the molecular
scale has not been reliable, except for the case of cryogenic
atomic force microscopy (cryo-AFM). Since the elastic
response of a protein macromolecule is probably nonlinear,
the value at a large probe force may not have any physiol-
ogical meaning, because these biomolecules are not subject
to such a large deformation in vivo (Shao et al., 1996).

4.2.4. Examples

Recent studies have shown that elastic properties of cells
can be detected with the AFM (Hoh and Schoenenberger,

1994). Quantitative analysis of the elastic properties can be
obtained with the AFM by taking force curves. AFM force
curves have also been used to examine the elastic properties
of a wide range of protein structures (Vinckier and Semenza,
1998; Heinz and Hoh, 1999a). The Young’s modulus of thin
films of lysozyme was measured to be 500 + 200 MPa
(Radmacher et al., 1994), that of microtubules to be 3 MPa
(Vinckier et al., 1996), and that of gelatin to be 20 kPa
(Radmacher et al., 1995; Domke and Radmacher, 1998). In
addition, imaging of elastic properties with the AFM is poss-
ible using force modulation (Radmacher et al., 1993; Baselt,
1994), which has been applied to platelets (Radmacher et al.,
1992; Radmacher et al., 1996) and magnetotactic bacteria
(Fritz et al., 1994).

Elastic Force Map of Thin Gelatin Films

Domke and Radmacher (1998) have investigated the
elastic properties of thin gelatin films with the AFM. They
tuned the degree of swelling and thus the softness of the
gelatin by immersing it in mixtures of propanol and water.
The influence of the film thickness on the apparent Young’s
(elastic) modulus of gelatin was investigated (Fig. 15). The
Young’s modulus of the prepared samples was between 1
MP and 20 kPa depending on the degree of swelling. The
elasticity was calculated by analyzing the recorded force
curves with the help of the Hertz model. They showed that
the calculated Young’s modulus is dependent on the local
film thickness and the applied loading force of the AFM tip.
If the gelatin film is >1 mm and the Young’s modulus is >20
kPa, the Hertz model matches the data over a wide range of
loading forces. However, for thinner films, there is a
disagreement between the model and the experimental data.
With these ultrathin films, the hard underlying substrate is
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Fig. (14). Schematic representation of approach and retract force curves on a hard (A), e.g., mica, and a soft (B) sample, e.g., protein
molecules. Note that the hysteresis during retract is larger on the hard sample, indicating a higher adhesion force. However, the liftoff on the
soft sample is slow in comparison to the hard sample. This effect is probably due to viscous damping of the cantilever by the soft sample.

sensed through the film, even at the lowest loading forces.
However, the calculated Young’s modulus is only off by
50% and can thus serve as an upper estimate for the real
Young’s modulus. If the force sensitivity of AFM could be
increased (e.g., by using softer cantilevers), then the range of
thicknesses and softnesses to which a Hertzian fit can be
applied could be extended.

Viscosity Map of Lysozyme Layers

Thick layers of the lysozyme were deposited on mica,
and their force-distance hysteresis measured using AFM in

the presence of different salts (Nemes et al., 1999). Sodium
thiocyanate was found to increase lysozyme deformability
and lower the viscosity of the protein layer, compared with
sodium chloride. Sodium phosphate decreased deformability
and increased the viscosity. The highest viscosity was
reported to occur in the presence of phosphate. Correlating
this observation with the fact that phosphate decreases the
solubility of proteins, they inferred that if the main contri-
bution to the viscosity was the friction caused by protein
molecules rubbing against each other, then phosphate essen-
tially roughened the surface. Conversely, the lowest viscosity
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occurred in the presence of thiocyanate, which must
therefore lubricate the surface. Detailed analysis of response-
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Fig. (15). (a) Force map of a gelatin wedge on a glass substrate.
Each square in the map represents the location of one force curve.
(b)The topography of the sample along one line of the force map is
obtained by analyzing the point of contact in each force curve. (c)
Three force curves taken at locations of a film thickness of 150 nm
(curve A), 410 nm (curve B), and 1.15 mm (curve C). At high
forces, the force curves are steeper for small thicknesses because
the cantilever deflection is influenced by the underlying stiff
substrate at these small film thicknesses. Reprinted with permission
from reference (Domke et al., 1998). Copyright 1998 American
Chemical Society.
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displacement curves obtained from AFM yielded estimates
of the viscosity of a layer of adsorbed lysozyme due to
intermolecular friction, and of intramolecular deformability.
The variations of these two parameters in the presence of
selected salts from the Hofmeister series were correlated
with the effects of these salts on the solubility and confor-
mational stability of the proteins.

4.3 Electrostatic Force Mapping
4.3.1 Introduction

Local electrostatic properties play a central role in a
variety of biological processes. A detailed characterization of
the structure and function of biological systems requires an
understanding of the strength and location of their electro-
static interactions. Many techniques exist for measuring the
electrostatic properties of biological molecules, such as
electrophoretic, titration, electrokinetic, and redox potential
measurements; however, relatively few experimental methods
can determine the spatial distribution of charge on surfaces,
such as membrane proteins (McLaughlin, 1989; Cevc, 1990).
Cationic ferritin can label negative charges on membranes
and cell surfaces and be visualized with electron microscopy
(Danon et al., 1972). In solution, local ionic currents are
measured with the vibrating probe (Jaffe and Nuccitelli,
1974) and the scanning ion-conductance microscope (Hansma
etal., 1989). The AFM tip is sensitive to electrostatic inter-
actions with a sample surface in solution; it can therefore
provide quantitative information about surface charge den-
sities of proteins with high spatial resolution.

Quantitative electrostatic measurements with the AFM
are based on forces produced from overlapping electrical
double layers as a charged probe is brought near a charged
sample surface (Fig. 16). This paradigm was initially
developed for other experimental approaches, and has been
particularly well utilized with the surface forces apparatus
(SFA). The SFA work has shown that the Derjaguin, Landau,
Verwey, and Overbeek Theory (DLVO theory) can be used
to relate force measurements to surface charge (Israelachvili
and Adams, 1977; Israelachvili, 1992). It has since been
shown that DLVO theory can be applied to AFM measure-
ments (Ducker et al., 1991). Subsequently, a number of
groups have measured surface charge density and Debye
length as a function of pH, electrolyte type, and concentra-
tion with the AFM and found agreement with standard
DLVO theory for measurements over sample surfaces
(Ducker et al., 1991; Hillier et al., 1996; Larson et al., 1997;
Biggs and Pround, 1997). All these measurements are based
on fitting force-distance curves to DLVO theory and thus
require a measurement of the tip-sample separation distance.

4.3.2. Theory

Electrostatic interactions measured using AFM are most
commonly covered by the continuum DLVO theory
(Israelachvili, 1992). Here, the interplay between the electro-
static double layer (EDL) force (Fge) and the van der Waals
force (Fuqw) is described, neglecting effects of ion radii,
hydration forces, steric forces and specific interactions
(Israelachvili and Adams, 1977; Pashley, 1981; Butt, 1991b;
Israelachvili, 1992). The interaction force that arises from
overlapping double layers when one charged surface (an
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Fig. (16). Force mapping interactions between AFM tip and protein sample in buffer solution. (A) The electrostatic double-layer force
interacts via long-range forces with a relatively large area of the protein assembly. The force effectively interacting at the AFM tip apex is a
composite of all interacting forces. (B) Scanning a negatively charged AFM silicon nitride tip over an electrically neutral surface reveals the
true topography. (C) In case of negative charge of protein as the sample, the AFM tip detects local electrostatic repulsions. The resulting
topograph represents a mixture of height and electrostatic information.

AFM tip) is brought close enough to a second surface (e.g.,
protein molecules), is directly related to the charge density
on or the potential of the two surfaces. While the two limits
of the theory, constant charge and constant potential, diverge
for small separations, they quickly converge at separations
greater than several nanometers (Israelachvili, 1992). If we
consider the AFM tip as a sphere and the sample as a flat
plane, then the total force, F, is described by
F(d) = Fue (d) + Fuan(d) = RS 88t o0y HaR )
€e€o 6d2
where R is the radius of the sphere, d the tip-sample
separation distance, s; the surface charge density of the
sphere, s, the surface charge density of the biomolecular
plane, e, the dielectric constant of the medium, e, the
permittivity of the free space, | Debye length, and H, is the
Hamaker constant . Equation [5] holds so long as R, |, sy,
and s, do not vary significantly with d. We note that
explicitly modeling the tip as an inverted pyramid instead of
a sphere adds to Eq. [5] a geometrical factor independent of
d that does not affect subsequent calculations (Butt, 1991b,
1992). The Debye length | characterizes the exponential
decrease of the potential resulting from screening the surface
charges with electrolytes, with | = 0.304 nm/CC for mono-
valent and 0.174 nm/CC for divalent (1:2 or 2:1) electrolytes.
Hence, if the electrolyte composition and pH of the buffer
solution are known, the measured exponential decay of the
force can be fitted to reveal the surface charge density of the
object (Israelachvili, 1992).

4.3.3. Measurement

The AFM can be used to map the spatial distribution of
surface charge by (1) using isoforce images based on a

repulsive double-layer force or (2) using arrays of force-
distance curves. Force distance curves are used to examine
the spatial distribution of surface charge density and large
arrays of force curves are used to map charge distribution of
biological materials. All these measurements of electrostatic
force are based on fitting force-distance curves to DLVO
theory and thus require an absolute measurement of the tip-
sample separation distance, D. Because current AFM have
no method independent of the tip-sample interaction to
determine D, in practice force-distance curves have to
include tip-sample contact. In this mode of electrostatic force
mapping, force curves are usually taken while the AFM tip is
scanned by a piezoelectric scanner across the sample.

4.3.4. Examples

The AFM probes have been used as sensors to probe
charges of biological surfaces immersed in buffer solution
(Butt et al., 1995). The electrostatic double-layer force
(Israelachvili, 1992) interacting between the charged probe
and charged regions of the biological sample can contribute
significantly to the AFM topograph recorded (Muller and
Engel, 1997; Rotsch and Radmacher, 1997) and can be tuned
by the electrolyte concentration and the pH of the buffer
solution. The DLVO theory describes the exponential decay
of the electrostatic double-layer force as a function of the
surface separation (lIsraelachvili, 1992). Whereas AFM
probes have been used to measure the average surface char-
ges from force-distance curves (Butt, 1991a, b; Ducker et al.,
1991), surface charge maps have been obtained at 40-nm
lateral resolution by recording force-distance curves at each
pixel of the sampled surface (Rotsch and Radmacher, 1997;
Heinz and Hoh, 1999b).
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Electrostatic _Potential
Protein OmpF Porin

Mapping of Channel-Forming

Philippsen and coworkers (2002) used AFM to image
native transmembrane channel-forming protein OmpF porin
located in the outer membrane of E. coli and to determine the
electrostatic potential generated by the protein (Fig. 17). The
OmpF porin trimers were imaged at a lateral resolution of
~0.5 nm and a vertical resolution of ~0.1 nm at variable
electrolyte concentrations of the buffer solution. Differences
measured between topographs recorded at variable ionic
strength allowed the electrostatic potential mapping of OmpF
porin. The potential map acquired by AFM showed quali-
tative agreement with continuum electrostatic calculations
based on the atomic OmpF porin embedded in a lipid bilayer
at the same electrolyte concentrations. This method opens a
novel avenue to determine the electrostatic potential of
native protein surfaces at a lateral resolution better than 1 nm
and a vertical resolution of ~0.1 nm.

CONCLUSION

AFM has opened an innovative approach to investigating
directly the ranges and magnitudes of the interaction forces
between protein and other molecules. It has also proved its
value not only for resolving the topographical structure of
protein samples, but also for imaging and mapping the forces
that control mechanical properties of proteins under physiol-
ogical conditions. In addition, it allows individual protein
molecules and complexes to be stretched and disrupted for
measuring the forces, which stabilize protein structure
directly on a single molecule. A major advantage of AFM
over other techniques is its lateral resolution which is of
paramount importance at the mm and nm scale. However,
AFM has the disadvantage that it is a surface technique for
force measurement, implying that force is generated in only
one direction. Especially in the case of rupture force
measurements, this might not be the energetically mostly
preferred way to separate complexes. Compared to other
nanoscopic force measurement devices, such as optical and
magnetic trapping and micropipettes, another disadvantage
of AFM is that the hydrodynamic damping is higher than in
bulk liquid, and thus the force sensitivity is intrinsically
lower than those other techniques. Nevertheless, AFM might
be the most suitable technique to study a variety of different
biological problems, whether they are structural, molecular
interactions or dynamical measurements. AFM will prove to
be a valuable technique for proteomics with its own unique
contributions to our comprehension of the principles of
protein folding and recognition.
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ABBREVIATIONS
AFM = Atomic force microscopy
BSA = Bovine serum albumin

DLVO

Derjaguin, Landau, Verwey, and Overbeek

Linetal.
DSP = Digital signal processor
HV = High voltage
ICAM1 = Intercellular adhesion molecule-1
PBS = Phosphate buffered saline
pN = Piconewton
SFA = Surface forces apparatus
STM = Scanning tunneling microscopy
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