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Abstract
Mucins form a group of heavily O-glycosylated biologically important glycoproteins that are
involved in a variety of biological functions, including modulating immune response,
inflammation, and adhesion. Mucins are also involved in cancer and metastasis, and often express
diagnostic cancer antigens. Recently, a modified porcine submaxillary mucin (Tn-PSM) was
shown to bind to soybean agglutinin (SBA) with ~106-fold enhanced affinity relative to
GalNAcα1-O-Ser, the pancarcinoma carbohydrate antigen. In the present study, dynamic force
spectroscopy (DFS) is used to investigate molecular pairs of SBA and Tn-PSM. A number of
force jumps that demonstrate unbinding/rebinding events were observed up to a distance equal to
2.0 micrometers, consistent with the length of the mucin chain. The unbinding force increased
from 103 pN to 402 pN with increasing force loading rate. The position of the activation barrier in
the energy landscape of the interaction was 0.1 nm. The lifetime of the SBA – TnPSM complex in
the absence of applied force was determined to be is in the range 1.3 – 1.9 s. Kinetic parameters
describing the rate of dissociation of other sugar lectin interactions are in the range 3.3 × 10−3 −
2.5 × 10−3 s. The long lifetime of the SBA – TnPSM complex is compatible with a binding model
in which lectin molecules “bind and jump” from α-GalNAc residue to α-GalNAc residue along the
polypeptide chain of Tn-PSM before dissociating. These findings have important implications for
the molecular recognition properties of mucins.
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Introduction
Mucins are heavily O-glycosylated glycoproteins that are secreted in higher organisms to
protect and lubricate epithelia cell surfaces. Mucin and mucin-like domains are also
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involved in modulating immune response, inflammation, adhesion and tumorigenesis.1–3
The tandem repeat domains of mucins and mucin-like glycoproteins contain high contents of
clustered Ser and Thr residues with many of these residues O-linked to a variety of “core”
oligosaccharide structures including linear and branched chain blood group determinants.2
The oligosaccharide chains on mucins have been shown to be important for a variety of their
biological properties including their interactions with animal lectins including selectins,
siglecs and galectins, 3 as well as their linear structures.4

In addition to the variety of O-linked carbohydrates found on mucins, there are at least
seventeen mucin gene products (MUC1-MUC17).1 These gene products represent two
structurally and functionally distinct classes of mucins: secreted gel-forming mucins and
transmembrane mucins. The transmembrane mucins such as MUC1 possess a cytoplasmic
domain in addition to the extracellular O-glycosylated polypeptide tandem repeat domains.5
Evidence indicates that the C-terminal cytoplasmic domain of MUC1 is involved in signal
transduction mechanisms including T-cell activation and inhibition, and adhesion signaling
responses.6, 7

In addition to their normal biological properties, mucins appear to play important roles in
cancer and metastasis.3, 4 In particular, the levels of expression of mucin peptide antigens
and type of carbohydrate chains of mucins are diagnostic markers for a variety of cancers.1,
8 For example, MUC1 expression as detected immunologically is increased in colon cancers
and is associated with a poor diagnosis.1 Colon cancer associated mucins also have
differences in their core carbohydrate structures, often presenting shorter chain versions of
normal mucins. Colon cancer mucins often have increased expression of the GalNAcαThr/
Ser (Tn-antigen, GalNAc = N-acetyl-D-galactosamine ), Galβ3GalNAc (T or TF antigen,
Gal = D-galactose) and NeuAcα6GalNAc (sialyl Tn-antigen).1 Importantly, recent studies
have shown that binding of galectin-3, an endogenous Gal specific animal lectin, to cancer
associated MUC1 causes increased endothelial cancer cell adhesion.9 Thus, the molecular
recognition properties of cancer related mucins including their truncated carbohydrates are
important in terms of gaining insight into the structure-activity properties of these aberrantly
expressed glycoproteins.

Porcine submaxillary mucin (PSM) is a physically well-characterized mucin, and the subject
of studies of the regulation of O-glycosylation with glycosyl transferases.10 The cDNA
sequence of porcine submaxillary mucin (PSM) has been determined,11 and the structures
of the carbohydrate chains determined by chemical12 and NMR techniques.13 Figure 1a
shows the amino acid sequence of the 100-repeat 81-residue polypeptide O-glycosylation
domain of intact PSM. Gerken and Jentoft13 have isolated the O-glycosylated domain of
PSM that possesses a molecular mass of ~106 daltons and is fully decorated with naturally
occurring carbohydrates (Fd-PSM) (Figure 1b), which is a mixture of peptide linked α-
GalNAc residues and the core 1 blood group A tetrasaccharide. Each of the mono- and
tetrasaccharides is potentially glycosylated by a N-glycolylneuraminic acid (NeuNGl)
residue. The O-glycosylation domain of PSM possessing only α-GalNAc residues (Tn-PSM)
(Figure 1c) was also obtained using chemical and enzymatic treatments.14 The GalNAcα1-
O-Ser/Thr residue(s) in Tn-PSM is the pancarcinoma carbohydrate antigen Tn that is
aberrantly expressed in mucins such as MUC1 in adenocarcinomas.15

Until recently, little has been known about the binding properties of mucins with other
macromolecules and the effects of altered carbohydrate expression on these properties.
However, studies of the binding of two GalNAc specific lectins, the soybean agglutinin
(SBA) and Vatairea macrocarpa lectin (VML), to Fd-PSM, Tn-PSM, and two smaller
fragments of Tn-PSM by isothermal titration microcalorimetry (ITC) measurements have
been reported.16 Differences in the affinities and thermodynamic binding parameters were
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reported for SBA and VML binding to Tn-PSM as compared to Fd-PSM, indicating the
importance of carbohydrate composition and epitope density of the affinities of these mucins
for the lectins.16 Higher affinities of the two lectins for Tn-PSM relative to the two smaller
fragments of Tn-PSM were also observed. A mechanism involving the lectins binding and
jumping from GalNAc to GalNAc residue along the backbone of the mucins was proposed,
similar to that observed for the binding of protein ligands to DNA.17

The traditional techniques used to investigate interactions between biological
macromolecules such as kinetic binding studies, isothermal titration calorimetry, x-ray
crystallography, nuclear magnetic resonance and other spectroscopic analyses provide
indirect measurements of intermolecular binding forces. During the last decades
ultrasensitive probes allowing direct measurements of intermolecular bonds at the single
molecule level by means of force-distance curves have been developed 18–20. In order to
study intermolecular interactions using these force probes the interacting molecules must be
immobilised onto surfaces.21 Numerous studies have concentrated on both the theoretical
and the experimental aspects of such measurements, and the use of this approach in studies
of the structure and function of biological macromolecules, referred to as dynamic force
spectroscopy (DFS), has evolved as an important and fascinating field. The present study
reports DFS investigations of the binding of SBA to Tn-PSM.

Materials and Methods
Lectins and Tn-PSM

ConA was obtained from Sigma Chemical Company, and SBA was obtained from EY
Biochemicals, Inc. The mucin sample used in this study was the O-glycosylation domain of
PSM possessing only α-GalNAc residues (Tn-PSM) (Figure 1c). The sample was obtained
using chemical and enzymatic treatments as previously described.14 The preparation
protocoll and basic sample characterisation applying NMR, gel-filtration, and sequence
analysis of both the polypeptide backbone and sugars were according to previous reports.
22,23 It has a length dispersity of 100 – 120 tandem repeat domains. All other reagents were
of analytical grade.

Immobilization of lectins on mica substrates—Functionalization of the mica
substrate and AFM tip were performed based on a previously reported method suitable for
immobilization of a C5-epimerase and an alginate polysaccharide for determination of their
interactions.24 In that study, the enzyme was conjugated by a primary amine to the aldehyde
group of the topmost layer of the substrate, and the alginate by its carboxylate groups to the
amin groups on funcionalised tips using EDC (N-Ethyl-N′-(3-
dimethylaminopropyl)carbodiimide) as an activating agent. This method is well suited to
immobilise molecules carrying carboxylate or amin groups. Freshly cleaved mica (mineral
muscovite) was cleaned in 1:1 v/v concentrated HCl:MeOH (30 min), rinsed in MQ-water
and silanized (freshly prepared 1% (v/v) solution of EDC in 1 mM acetic acid, for 20 min. at
room temperature and rinsed in MQ-water). The amine-silanized layer was transformed to
an aldehyde layer by incubating with glutaraldehyde (12.5% (v/v) in MQ-water, 14 hours,
rinsed in MQ-water and dried under N2). ConA and SBA lectin were immobilized to the
surface by conjugating their primary amine groups to the aldehyde groups of the
immobilized cross linking agent (0.5 mg/ml lectin in 100 mM Hepes buffer pH 7.2
containing 1mM CaCl2 and 1mM MnCl2, 14 hours, room temperature).

Immobilization of Tn-PSM on AFM Tips—Tn-PSM was covalently anchored to the
AFM tips (Si3N4 contact mode tips with nominal spring constants k = 0.06 nN/nm, silanized
as the mica substrate) using EDAC (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
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hydrochloride) (20 – 100 µg/ml Tn-PSM in 50 mM boric acid, pH 5.8, and 0.5–1.0 mg/ml
EDAC, 1 hour). The density of Tn-PSM on the AFM tip was controlled by selecting the Tn-
PSM concentration and incubation duration.

Dynamic Force Spectroscopy—Force spectroscopy was carried out using a Digitial
Instruments Multimode IIIa equipped with a PicoForce controller (Santa Barbara, CA). The
force-distance curves were obtained at room temperature using the AFM with a picoForce
scanner and a liquid cell filled with aqueous 100 mM Hepes buffer pH 7.2 containing 1mM
CaCl2 and 1mM MnCl2. The spring constant of the AFM tips functionalised with Tn-PSM
was determined using the Nanoscope software prior to each series of measurements. The
determination is based on the observation of the thermal fluctuations of the cantilever. 25
The Tn-PSM functionalised AFM tips were then brought in contact with the lectins on mica
and immediately retracted (Figure 2). The z-piezo retraction speed was varied from vret= 0.2
µm/s to 7.0 µm/s.

Analyses—Unbinding between molecular pairs under external force is viewed as a
scenario where the external force aids the thermal activation in the unbinding process and
decreases the activation barrier(s) separating the bound from the free states. Consequently,
the rate of dissociation under a constant loading force f, koff(f), increases as

(1)

, where xβ is the thermally averaged distance from the bound complex to the transition state
projected along the direction of the applied force and kB T is the thermal energy. When the
applied force along the unbinding pathway exceeds the force fβ governed by the distance xβ,
i.e.,fβ = kB T / xβ, an exponential increase in the most likely unbinding force is predicted26–
28:

(2)

Parameter rf is the actual force loading rate, and rf
0 a thermal scale for loading rate, rf 0 =

fβ / t0 where t0 is the inverse of the transition rate. The probability density P(f) for observing
a bond rupture between a molecular pair at the force f subjected to constant force loading
rate rf is:

(3)

The experiments carried out using retractive piezo velocity between 0.2 and 7 µm/s yielded
observations of unbinding forces for various force loading rates. The loading rate acting at a
molecular bond was determined for each force jump from the slope ΔF/Δt prior to each
observed bond dissociation event. Force jumps that were located closer to the surface than
30 nm or that were not well separated from previous or subsequent unbinding events were
not included in the analysis. The theoretical probability density function P(f) (Eq. 3) was
fitted to the experimentally determined distributions of unbinding forces within an interval
of force loading rates, using the parameters koff and xβ as fitting parameters. The most
probable unbinding force f*, the rupture force, was determined from the fit of P(f) to the
observed unbinding forces.
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Results and Discussion
Design of Lectin and Tn-PSM Terminated Surfaces

A key prerequisite for successful investigation of molecular recognition forces by AFM is
that receptor and ligand molecules are firmly anchored to solid surfaces while keeping
sufficient mobility.29 In this study, Con A and SBA were immobilized on mica surfaces by
allowing amino groups on the proteins to react covalently with aldehyde groups on
functionalised mica surfaces. This approach has previously been shown to lead to a dense
layer of active proteins on the mica surface.24 The Tn-PSM covalently anchored to the
AFM tips using experimental conditions as described in the materials and methods section
yielded functionalised samples suited for the interaction studies.

Observation of Single Molecular Pair Unbinding Events
Figure 3 displays representative force – z-piezo retraction curves obtained for Tn-PSM
covalently attached to the AFM tips interacting with SBA lectins immobilized onto mica.
The curves display signatures of stretching of Tn-PSM molecules prior to force induced
dissociation of the Tn-PSM – SBA lectin bound. The unbinding events were observed up to
tip-surface separations up to about 2000 nm. This is about 40% of the chain length of Tn-
PSM , which was found to be ~5 µm calculated from information related to the mass per
unit length of Tn-PSM and the molecular length of the sample used. Existence of unbinding
events up to such tip-surface separations are judged qualitatively to be consistent with the
total chain length of the mucin sample when using the anchoring procedure yielding
covalent binding to a point randomly along the chain

The probability of observing an unbinding event will in AFM measurements depend on
several parameters, including the density of active interacting molecules, both on tip and
surface, as well as properties of the environment (pH, temperature, etc) and the delay time of
the tip at the surface before retraction. To provide an experimental basis dominated by
single-molecular pair unbinding events corresponding to the situation valid for the
theoretical expressions used in the analysis, the fraction of force curves containing
anchoring events should be kept low.28

In the present study well-isolated unbinding events were sometimes observed but the
unbinding events showed a clear tendency of appearing in groups of ~3 – 4 events occurring
within a small distance-interval from the surface. Reducing the density of Tn-PSM
molecules on the tip was found to lead to a decreased probability to observe interaction
events but did not influence on the probability of the unbinding events to arise in series. This
behavior is not observed in previous studies focusing on the binding between a
polysaccharide and an enzyme.24 SBA is a tetrameric lectin with one carbohydrate binding
site per subunit.30 The unbinding events observed in the force curves may thus be due to
different subunits of SBA binding to neighboring GalNAc residues along the Tn-PSM chain.
Alternative explanations include the scenario where the same polymer chain is attached to
several lectin molecules or because different Tn-PSM chains attached to the tip are anchored
to different SBA molecules. The lack of correlation between the frequency of multiple
interactions and the density of Tn-PSM molecules immobilized on the AFM tip is not
compatible with the latter scenario. The observed behavior may be explained by the fact that
once a Tn-PSM molecule has bound to one lectin molecule on the surface, it is kept in close
proximity to the surface, and this fact leads to a large probability for neighboring segments
along the Tn-PSM chain to bind to neighboring lectins on the surface. This mechanism is
consistent with the bind and slide mechanism for SBA binding to Tn-PSM postulated by
Dam et al.16
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Specificity of Unbinding Events
Tn-PSM – functionalised tips were retracted from both SBA lectin functionalised surfaces
and from ConA functionalised surfaces. Whereas the force-curves obtained when retracting
the tips from the SBA-functionalised surfaces contained numerous events of forced
unbinding of Tn-PSM molecules, the curves obtained when retracting the Tn-PSM
functionalised tips from ConA functionalised surfaces did not contain such events (Figure
4). The activity of the immobilised ConA proteins was affirmed by obtaining force curves
upon retraction of ConA functionalised AFM tips from SBA functionalised surfaces. These
curves cointained adhesive interactions reflecting the expected interaction between the
ConA proteins and the mannose nonamer structures found on the surface of SBA (data not
shown) The observed absence of interaction between ConA and Tn-PSM is in accordance
with the previously determined binding specificities of ConA, which binds mannose and
glucose residues, whereas SBA binds to galactose and N-acetylgalactosamine residues.30
The absence of forced unbinding events when retracting the functionalised AFM tips from
the ConA surfaces is thus an indication of the specificity of the binding events observed
when retracting tips from SBA functionalised surfaces and interpreted as specific SBA lectin
– Tn-PSM interactions.

Dynamic Force Spectroscopy Measurements of SBA – Tn-PSM Interactions
Force curves were obtained using retractive piezo velocities in the interval 0.2 to 7 µm/s. In
total 4826 force jumps were identified and for each of these force jumps the unbinding force
as well as the loading rate was determined. This analysis indicated that the data included
observations of loading rates from 0.05 nN/s to 500 nN/s. A linear increase of the unbinding
forces with the logarithm of the loading rates was found (Figure 5). This behaviour is
characteristic for a thermally activated dissociation under an applied load.27, 28, 31

The observations were grouped into 18 subgroups based on the determined loading rate as
illustrated in Figure 5. For each subinterval a mean loading rate was calculated, and the
values obtained are presented in Table 1. As shown the mean loading rates calculated for the
intervals increased from 0.18 nN/s to 266 nN/s. The magnitude of the observed unbinding
forces increased with increasing loading rate. For a mean force loading rate equal to 0.38
nN/s the observed unbinding forces were in the interval 35 to 237 pN with a most probable
unbinding force equal to 115 pN, while at the higest loading rate investigated, i.e. 266 nN/s
the most probable unbinding force was equal to 402 pN (see Figure 6 and Table 1). These
values are within the range observed for other protein – carbohydrate interactions 32. The
observed unbinding forces are also in all cases less than 20% of the unbinding forces of
covalent bonds reported from 2.0± 0.3 nN for Si-C to 4.1 – 4.3 nN for C-C and C-O bonds,
respectively.33 Potential interference from covalent interactions in the distributions of the
unbinding forces are therefore not likely.

The probability density function P(f) (Eq. 3) was fitted to the experimentally determined
distributions of unbinding forces within an interval of force loading rates, using the
parameters koff and xβ as fitting parameters (Figure 6). The most probable unbinding force
f*, the rupture force, determined from the fit of P(f) to the observed unbinding forces was
found to increase from 103 pN at a mean loading rate of 0.18 nN/s to 402 pN at a loading
rate of 266 nN/s for Tn-PSM - SBA interactions (Table 1).

The results of the determination of separation distances xβ from the fit of Eq. 3 to the
experimental data are presented in Table 1. The results indicate that parameter xβ is constant
independent of the loading rates in the experimental range investigated in this study, with an
average value of xβ =0.09± 0.02nm. This number is determined based on the fits giving a
coefficient of determination R equal to or greater than 0.9. An alternative approach to
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determine xβ is based on the slope of the linear regimes seen in the dynamic force spectra
(Figure 5). This slope is defined as kBT/xβ, and thus reflects the position of the activation
barriers situated along the direction of applied force. The slope observed in Figure 5
positions the rate limiting barrier in the energy landscape of the Tn-PSM – SBA complex at
xβ = 0.1 nm. This way of estimating the value of xβ yields consistent results with the
approach based on analysis of the distributions of the unbinding events within various
intervals of force loading rates. The distance from the bound complex to the activation
barrier indicated by xβ = 0.1 nm governing the strength of the Tn-PSM - SBA interaction is
within the range reported for other biomolecular interactions. One example in this respect is
the xβ ≈ 0.12 nm, xβ ≈ 0.3 nm and xβ ≈ 3 nm for the high, intermediate and low strength
regime reported for the avidin-biotin interaction34 as well as xβ ≈ 0.26 nm determined for
the mannuronan AlgE4 interaction. 24

The values of koff obtained by fitting the parameters in Eq. 3 to the distributions of
experimentally determined unbinding forces are presented in Table 1. The values obtained
when looking at observations collected when applying a loading rate up to 1.2 nN/s give a
mean value koff equal to 0.54 ± 0.04 s−1. The values determined when fitting Eq. 3 to
distributions of unbinding forces for rf larger than 1.2nN/s increases with increasing loading
rate. This behaviour is expected in dynamic force spectroscopy since an applied force f
decreases the activation energy for dissociation from ΔE‡ to ΔE‡(f) with the relation ΔE‡ -
ΔE‡(f) = −xβf, leading to an exponential increase of the off-rate with increasing force, as
described in Eq. 1. The value of koff was also obtained by extrapolating the rupture force to
zero loading rate following the procedure of Schwesinger and coworkers. 35 It was found to
be 0.76 ± 0.09 s−1 assuming xβ ≈ 0.09 nm.

The value obtained for koff, reflects an average duration of the Tn-PSM-lectin interaction in
the range 1.3 –1.9 seconds. The available literature related to the kinetics of saccharide –
lectin binding is limited. However, data have been obtained for affinity constants (Ka) as
well as the kinetic parameters kon and koff describing the forward and reverse rate constants,
respectively, in solution. The Ka values for the binding of monosaccharides to ConA and
mono- and disaccharides to lysozyme have been published, as well as the forward and
reverse rate constants. 36 For the binding of methyl α- and β-D-glucopyranoside to ConA,
koff equal to 30 s−1 and 400 s−1, respectively.These values are significantly larger than the
value koff = 0.76 ± 0.09 s−1 determined in the present study. The long lifetime indicated by
koff = 0.76 ± 0.09 s−1 is compatible with a binding model in which lectin molecules “bind
and jump” from α-GalNAc residue to α-GalNAc residue along the polypeptide chain of Tn-
PSM before dissociating, as previously proposed for this system.16

It should be noted that some challenges are faced when attempting to compare information
about lifetimes of intermolecular bonds obtained in dynamic force spectroscopy experiments
with Ka, kon and koff determined in solution studies. The kinetics of binding and dissociation
of carbohydrates from lectins have been observed to be different in 2-D systems (i.e.,
surface plasmon resonance and other solid phase binding assays) compared to solution
kinetics, with much slower kinetics for both rate constants in the 2-D systems.37, 38 AFM
based DFS studies usually necessities immobilisation of the interacting molecules onto
surfaces, and effects of constraining the interacting molecular pair to the surfaces should be
taken into account when comparing data with data obtained from experiments in solutions.
Off-rates determined in AFM studies for simple sugars binding to lectins and antibodies
reveal that dissociation rate constants obtained when using these techniques 39 are several
orders of magnitude smaller than those determined in solution studies. 36 Other factors that
may explain the deviating observations are related to the fact that association between bound
molecules may be heavily dependent on properties such as binding length or flexibility that
are not important in solution.40
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Conclusions
Dynamic force microscopy experiments in the present study have provided insight into the
physical interactions of SBA with Tn-PSM, a high molecular weight mucin that possesses
the Tn blood group pancarcinoma antigen. Force profiles of the interactions show multiple
unbinding/rebinding events of SBA with Tn-PSM that occur over a length of 2.0 µm, which
is consistent with the length of the mucin polypeptide chain. The kinetics of complete
dissociation of the lectin from the mucin is also consistent with repeated unbinding/
rebinding events between the two molecules. These findings are consistent with a binding
model that involves “binding and jumping” of SBA from GalNAc to GalNAc residue along
the mucin chain. This mechanism has previously been suggested for SBA binding to Tn-
PSM based on thermodynamic binding data obtained by ITC.16 Furthermore, the bind and
jump mechanism is similar to that observed for the binding of protein ligands to DNA, and
suggest a common conserved binding mechanism of ligands to the two biopolymers and
possibly between ligands and all biopolymers, as recently suggested.41

Abbreviations

SBA soybean agglutinin

VML Vatairea macrocarpa lectin

ConA concanavalin A

PSM porcine submaxillary mucin

Fd-PSM fully carbohydrate decorated porcine submaxillary mucin

Tn-PSM porcine submaxillary mucin containing GalNAcα1-O-Ser/Thr residues

AFM atomic force microscopy

DFS dynamic force spectroscopy
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Figure 1.
Structural representations of A) the amino acid sequence of the 100-repeat 81-residue
polypeptide O-glycosylation domain of intact PSM; B) the fully carbohydrate decorated
form of the 100-repeat 81-residue polypeptide O-glycosylation domain of PSM (Fd-PSM);
C) the 100-repeat 81-residue polypeptide O-glycosylation domain of PSM containing only
peptide linked α-GalNAc residues (Tn-PSM). The value n is the number of tandem repeat
domains.
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Figure 2.
Schematic illustration of the dynamic force spectroscopy experiments. The lectins are
immobilized onto a mica surface and the Tn-PSM molecules are immobilized to the tip of an
AFM cantilever which serves as a force transducer. The distance between the mica surface
and tip is controlled by the z-piezo element of the AFM scanner. The surface is pulled down
at a constant speed v. When the tip reaches the mica surface the Tn-PSM molecules attached
to the tip comes in contact with, and may bind to, the lectins on the surface. As the tip is
retracted from the surface, monotonically increasing forces act on the Tn-PSM-SBA
complex.
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Figure 3.
Examples of force – z-piezo retraction curves for Tn-PSM functionalised AFM tips against
SBA lectin immobilized on mica. The force-distance curves were obtained at room
temperature in aqueous 100 mM Hepes buffer pH 7.2 containing 1mM CaCl2 and 1mM
MnCl2. The AFM tips were functionalised by immersing them in solutions containing
EDAC (0.5 mg/mL) and mucin (40 µg/mL) for 1 hour. Both approach and retrace curves are
shown. The retract curves includes signatures of polymer stretching and forced unbinding of
Tn-PSM chains that have bound to lectins on the mica surface.
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Figure 4.
Examples of force – z-piezo retraction curves for Tn-PSM functionalised AFM tips against
ConA lectin immobilized on mica. The force-distance curves were obtained at room
temperature in aqueous 100 mM Hepes buffer pH 7.2 containing 1mM CaCl2 and 1mM
MnCl2. Only the retract curves are shown in the figure.
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Figure 5.
Distribution of experimentally determined Tn-PSM – SBA unbinding forces at increasing
force loading rates. The data are collected from 1260 force curves obtained using six
different tip retraction speeds in the interval 0.2 – 7 µm/s. The loading rate acting at a
molecular bond was determined for each force jump from the slope Δf/Δt prior to each
observed bond dissociation event. Based on the determined loading rate, the continuous
distribution of observations was divided into 18 subgroups within a range of loading rates.
The most probable unbinding force f*, determined from the peak in the histograms as
explained in figure 6 is visualized in the plot (large points).
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Figure 6.
Histograms based on the observed unbinding forces within each subgroup displayed in
figure 5. Fitting Eq. 3 to the experimental data allows determination of the parameters xβ,
koff and f*. The fitted curves are overlaid on the distributions presented.
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