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ABSTRACT Antibody single-chain Fv fragment (scFv)
molecules that are specific for fluorescein have been engi-
neered with a C-terminal cysteine for a directed immobiliza-
tion on a flat gold surface. Individual scFv molecules can be
identified by atomic force microscopy. For selected molecules
the antigen binding forces are then determined by using a tip
modified with covalently immobilized antigen. An scFv mu-
tant of 12% lower free energy for ligand binding exhibits a
statistically significant 20% lower binding force. This strategy
of covalent immobilization and measuring well separated
single molecules allows the characterization of ligand binding
forces in molecular repertoires at the single molecule level and
will provide a deeper insight into biorecognition processes.

Atomic force microscopy (AFM) has been a versatile tool for
imaging the surface structure of individual molecules and of
molecular assemblies of a wide variety of biological specimens
(1-5). Furthermore, molecular binding forces between a small
number of various ligand and receptor molecules have been
measured by AFM (6-15). In these force spectroscopy studies,
one interacting partner is immobilized on the AFM cantilever
and the other on a surface, and the interaction is probed with
force—distance curves. The rupture force, the maximum force
at the moment of detachment, which is obtained upon with-
drawing the cantilever from the surface, is taken as a measure
of the interaction between ligand and receptor.

In this paper we report on combining AFM imaging and
force spectroscopy at the level of individually selected and
addressed molecules. We used recombinant antibody single-
chain Fv (scFv) fragments as a versatile model system to study
unbinding forces of single molecules. Antibody scFv frag-
ments, in which the variable domain of the heavy chain (Vy)
is fused by means of a (GlysSer); linker to the variable domain
of the light chain Vi, are the minimal size antibody molecules
that still comprise the complete antigen binding site (16).
Unlike whole antibodies, they do not contain additional do-
mains whose unfolding under force may give rise to structural
changes (17, 18) that might influence the unbinding event. scFv
fragments are particularly interesting models, because they can
be generated against all conceivable antigenic targets, and
mutants with various binding properties can be engineered.

The scFv proteins were immobilized in a directed orienta-
tion on an ultraflat gold surface, their position was detected
with AFM, and then the binding force of a spatially well
isolated molecule was measured by using a tip endowed with
immobilized antigen. To achieve correct determinations of the
interaction force between scFv fragments and the cognate
antigen fluorescein, their immobilization was carefully de-
signed such that no detachment from the surface occurred

7402

within the time of the experiment. Furthermore, by sufficiently
spacing the individual molecules on the surface, interactions
could be restricted to single protein molecules. Thus, individ-
ual molecular binding forces could be obtained directly, and
not only by interpreting multiple maxima arising from mole-
cules interacting with several partners.

METHODS

Tip Modification. Pilot experiments were first carried out
with pieces of oxidized silicon wafers to determine the optimal
density of the antigen fluorescein, which was assessed by
binding tests using radioiodinated antibody fragments. The
modification of the AFM cantilever was then carried out as
follows: Cantilevers (SizNs-Microlever, Park Scientific Instru-
ments, Sunnyvale, CA; k ~ 0.03 N/m) were first activated by
dipping for 10 s in concentrated nitric acid and silanized in a
solution of 2% aminopropyltriethoxysilane (Sigma) in dry
toluene for 2 h. After washing with toluene, the cantilevers
were incubated with 1 mg/ml fluorescein-poly(ethylene gly-
col)-OCH,CH,CO,-N-hydroxysuccinimide (Fluor-NHS5000;
Shearwater Polymers, Huntsville, AL) in 50 mM sodium
phosphate buffer, pH 8.5, overnight at 4°C. The cantilevers
were washed with phosphate buffer and used for AFM imaging
and force—distance experiments. Modified tips were stable for
at least 2 weeks if stored in the refrigerator. The cantilever
spring constants were determined by three independent meth-
ods (19-21), which agreed within 15%.

Preparation of scFv Molecules. The fluorescein binding
wild-type scFv antibody FITC-E2 (22, 23) and the
His(H58)Ala mutant, each in the orientation Vy-(GlysSer)s-
Vi, were cloned in the secretion vector pAK400 (23, 24). At the
C terminus of Vi, an EcoRI-HindIII cassette encoding the
sequence SGAEFPKPSTP,GS,G,APHG,C was introduced.
The proteins were expressed in Escherichia coli SB536 (25) and
purified from the periplasm as described previously (23).
Briefly, a Ni>"-NTA column (Qiagen) was followed by Sepha-
rose-SP (Pharmacia). No dithiothreitol was added to the
column buffers, but the protein was stored in 20 mM Hepes/
150 mM NaCl/2 mM EDTA/5 mM dithiothreitol, pH 6.8, at
4°C. Final yields were about 200 ug of protein per liter of
bacterial culture. For immobilization to gold, the protein stock
solution was diluted to 1 ug/ml with 50 mM phosphate buffer,
pH 7.4, directly before use.

Surface Preparation and Characterization. Freshly pre-
pared flat gold surfaces (26) were incubated for 2 h in 50 mM
mercaptoethanesulfonate, dissolved in water/ethanol (1:1,
vol/vol). After drying under a stream of nitrogen, a drop of
1 pg/ml protein in 50 mM phosphate buffer, pH 7.4, was

Abbreviations: AFM, atomic force microscopy; scFv, single-chain Fv;
Vu and Vi, variable domains of heavy and light immunoglobulin
chains.
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added. After 20 min the surfaces were rinsed with buffer and
used directly or after storage in the phosphate buffer at 4°C up
to 2 weeks.

To check whether the number of observed spots in AFM
corresponds to single molecules, the surface density was
determined by labeling experiments. The scFv fragments, with
and without the C-terminal cysteine, were labeled with the
125]-Bolton-Hunter reagent, and the surface-bound radioac-
tivity was measured by electronic autoradiography as de-
scribed in ref. 27. The number of molecules counted from an
AFM image agrees within a factor of 2 with this radiotracer
method; dimerization of scFv proteins has not been observed
in solution. It is worth noting that protein molecules appear
enlarged in AFM due to convolution effects (28).

AFM Measurements. Force—distance measurements were per-
formed by a commercial AFM (Topometrix Explorer, Santa
Clara, CA) using modified tips in three sequential steps: (i)
scanning of a 1-um range with 2 um/s in contact mode, applying
a weak force (<500 pN); (ii) selection of one to four isolated
protein molecules for parallel measurements of about 50 force—
distance curves at velocity of 1 um/s and complete retraction of
the cantilever after each curve; and (iii) rescanning to check the
lateral xy-drift. For control experiments the samples were incu-
bated and blocked with 0.1 mM fluorescein for 1 h.

RESULTS AND DISCUSSION

To immobilize the scFv proteins in a directed orientation on an
ultraflat gold surface, they were engineered to carry a single free
thiol group at the C terminus of a spacer. We have used a
fluorescein-binding scFv fragment, FITC-E2 (25), whose V.
domain was extended with the sequence SGAEFPKP-
STP,GS,G,APHG4C (Fig. 1), as a model system. This system
displays a high affinity (22, 23) and allows convenient determi-
nation of binding kinetics and affinity by fluorescence titration.

The antigen fluorescein was covalently immobilized on a
Si3N4-AFM-tip with aminosilane and an extended hydrophilic
poly(ethylene glycol) spacer (Fig. 2). This spacer is crucial to
minimize nonspecific interactions and to provide enough reach
for the antigen to enter the binding pocket (13). The scFv
fragment was directly immobilized on the gold surface by
forming a strong, quasicovalent bond between the thiol group
of the engineered cysteine at the C terminus and gold. To
prevent the denaturation of the scFv fragment on the metal
surface, the gold surface was modified with negatively charged
mercaptoethanesulfonate (27). Because the gold surface is
very flat, individual molecules can be easily discerned by AFM.
scFv fragments missing the C-terminal cysteine used for
immobilization could not be visualized. This observation con-
firms that the molecules with the C-terminal cysteine do not
simply stick in a random orientation on protected gold.

The equilibrium binding constants of the wild-type and 11
mutants have been measured by fluorescence titration (23).
The dissociation constant K4 was found to be 0.75 nM for the
wild-type and 8.94 nM for the His(H58)Ala mutant, converting
to Gibbs free energies AG of —50.8 kJ/mol and —44.8 kJ /mol,
respectively, at standard states.

To determine unbinding forces, surfaces with immobilized
wild-type scFv or its His(H58)Ala mutant (Fig. 1) have first been
imaged by using the antigen-functionalized tip. Isolated protein
molecules were selected and multiple force—distance cycles were
recorded. Before and after each cycle the position of the tested
molecule was checked by rescanning (see Fig. 4 A and B Insets).
More than 250 binding—unbinding cycles can be performed with
the same protein molecule without observing any loss of binding
activity. A typical unbinding curve is displayed in Fig. 34. The
detectable minimum force is given by thermal noise: Fin =
(kvkieverT)'? =~ 12 pN. The unbinding force values were always the
same, independent of the distance from the surface at which the
antigens detached. This can be explained by the interaction of the
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F16. 1. Model of the single-chain anti-fluorescein fragment. In the
mutant His(H58)Ala, a His residue in the heavy chain is replaced by
Ala. The C-terminal tail, consisting of an IgG3 upper hinge, a Gly-Ser
spacer, a Hise tag, Glys, and a single C-terminal Cys, is shown (for
sequence see text).

binding site with different antigen molecules, located at different
places on the pyramidal tip.

An important control is to verify the absence of binding
events at positions on the surface where no protein molecules
are present. Furthermore, blocking of binding sites is achieved
by the addition of free fluorescein to the immobilized frag-
ments prior to the measurement. When the interaction of the
scFv molecule with the antigen on the cantilever was measured
in the presence of free fluorescein, binding forces >15 pN
completely disappeared (Fig. 3C). When the antigen solution
was exchanged again by buffer before measuring, the binding
probability of unbinding forces >15 pN was restored to about
50% of all events, and the force distribution was the same as
before blocking (data not shown). These observations give us
confidence that the molecular recognition of the antigen—
antibody interaction was measured and not an unspecific
binding process.

The statistical distribution of 150 measured force values is
represented in histograms for the wild type (Fig. 44) and the
mutant (Fig. 4B), respectively. Each histogram shows a single

F1G. 2. Scheme of the immobilization concept. The antigen fluo-
rescein is covalently bound by means of a poly(ethylene glycol) linker
to the silanized silicon nitride AFM tip. Single-chain Fv’-fragments
(scFv) of an anti-fluorescein antibody are attached directly to a gold
surface by an engineered C-terminal Cys residue. The black ovoids on
the surface represent the protection layer of negatively charged thiol
compound needed to avoid denaturation of proteins on gold.
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F16.3. (A) Typical force—distance curves before (lower curve) and
after (upper curve) blocking of a wild-type scFv. Only the retracting
traces are shown. (B and C) Histograms of unbinding forces of an scFv
wild-type molecule before (B) and after (C) blocking with free
antigen.

maximum, which is a decisive advantage for the determination
of mean values of unbinding forces by using mathematical
fitting procedures (15). The lack of multiple force peaks in the
histograms confirms that single molecules are measured by
AFM imaging, as anticipated. Thus, a reliable mean value for
the unbinding force can be determined by fitting a Gaussian
distribution to the single peak, a process that is very difficult
for histograms with multiple maxima. To ensure that the mean
values are independent of the histogram arrangement, differ-
ent classes of variable width were compared, and no significant
differences in the maxima were found.

The power of this technique is demonstrated in a clear
discrimination of mutant scFvs from wild type: The ratio of
unbinding forces was calculated to be 0.80 = 0.08, at a
statistically significant difference of P < 0.001 in the Student
t test. To assess the variation between individual molecules and
the experimental reproducibility, four profiles from two mu-
tant molecules, obtained in a first and a second distance—force
experiment, are shown (Fig. 5). Wild-type and mutant mole-
cules differ in their affinity constant by roughly one order of
magnitude, which corresponds to a ratio of 0.88 in Gibbs free
energies (Table 1). This ratio is in the same range as the ratio
of the binding forces. Determining the relationship of forces to
thermodynamic quantities (8, 11), however, will require fur-
ther studies. To exclude any error from cantilever calibration,
the binding experiments of the wild-type and mutant frag-
ments have been carried out with the identical antigen-
functionalized cantilever.

We have been able to limit the interaction of functionalized
AFM tips and surfaces to single, spatially well separated ligand—
receptor complexes, and we showed that this ability is essential to
obtain the discriminatory power necessary to study closely related
binding proteins. To confirm this finding, control experiments
with the same tip, but high coating densities of scFv fragments,
were performed. There was a higher proportion of the stronger
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F1G. 4. Histograms of the unbinding forces of a wild-type (4) and
a mutant (B) scFv. Each histogram comprises 3 X 50 force—distance
curves of the same molecule. The interval width in the histograms is
10 pN and the unbinding forces F, were determined by a Gaussian fit.
All data shown were obtained with the identical cantilever. (Insets)
The images next to the histograms show the selected binding protein
before and after the measurement.

unbinding forces, tailing up to 300 pN, which can be interpreted
as multiple interactions (data not shown). When histograms from
wild type and mutant are compared, a shift of the mean value was
found as observed in the single-molecule experiments described
above. It was found in independent experiments in solution (23)
that only 29% of mutant scFv molecules are functional, compared
with 86% of the wild-type protein. This difference in activities
influences the number of multiple binding events, the profile of
the histogram, and most important, the position of the maximum,
a problem that does not exist in the single-molecule experiments.
Furthermore, a quantitative evaluation at the high density of
immobilization was impossible because of the overlap of putative
force maxima, even when a higher number of data points was
available.

A stable immobilization of the binding partners turns out to be
crucial for maintaining functional antibody proteins as well as for
preventing a detachment of the whole complex when the tip is
retracted. In systems where antibody molecules have been stably
immobilized on a surface, values of 60 + 10 pN for biotin/anti-
biotin (12) and 49 = 10 pN for ferritin/anti-ferritin (15) have been
found. The values determined in this study, 50 = 4 pN for the wild

Table 1. Unbinding force values (F,), dissociation constants (Kg),
and Gibbs free energies of binding (AG) of wild-type and
mutant His(H58)Ala

Cys-scFv-fragment Fy, pN K4, nM AG, kJ/mol
Wild type 50 x4 0.75 -50.8
Mutant

His(H58)Ala 40+3 8.94 —44.8

F, values with standard deviations are calculated from the means of
five histograms.
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surements pave the way for the use of functionalized tips in
investigating biological specimens.
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