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ABSTRACT We present the measurement of the force required to rupture a single protein-sugar bond using a methodology
that provides selective discrimination between specific and nonspecific binding events and helps verify the presence of a single
functional molecule on the atomic force microscopy tip. In particular, the interaction force between a polymer-tethered
concanavalin-A protein (ConA) and a similarly tethered mannose carbohydrate was measured as 47 6 9 pN at a bond loading
rate of ;10 nN/s. Computer simulations of the polymer molecular configurations were used to determine the angles that the
polymers could sweep out during binding and, in conjunction with mass spectrometry, used to separate the angular effects from
the effects due to a distribution of tether lengths. We find that when using commercially available polymer tethers that vary in
length from 19 to 29 nm, the angular effects are relatively small and the rupture distributions are dominated by the 10-nm width
of the tether length distribution. In all, we show that tethering both a protein and its ligand allows for the determination of the
single-molecule bond rupture force with high sensitivity and includes some validation for the presence of a single-tethered
functional molecule on the atomic force microscopy tip.

INTRODUCTION

Molecular recognition in biological systems, such as

between receptors and ligands or proteins and antibodies,

is the first step in a wide variety of biological functions

(McDonnell, 2001). This often rate-limiting process is

commonly investigated utilizing molecules free in solution

(Lavigne and Anslyn, 2001) or directly affixed to a solid

support (McDonnell, 2001); however, a great number of

biological molecules are in fact attached to the ends of

flexible or semiflexible tethers (Wong et al., 1997; Davis

et al., 2003; Zhao et al., 2001) and it is natural to ask how the

tethers affect binding properties and whether artificial tethers

can be used to an advantage in measuring intrinsic receptor-

ligand interactions. The tethers serve both to extend the

molecule away from the cellular membrane, and to limit the

volume within which interactions can occur, and may have

additional unknown functions. It has been shown that

measuring equilibrium molecular binding properties such

as affinities, where at least one of the species is free in

solution, does not scale well with the binding properties of

cell surface tethered molecules, where movement is largely

restricted to the two-dimensional plane of the membrane

(Zhu, 2000; Riper et al., 1998; Chang and Hammer, 1999).

Additionally, a recent study revealed that the kinetics of

interactions between a polymer-tethered protein and its

ligand were heavily influenced by relatively rare extensions

of the polymer tether, indicating that molecular tethers can

have effects that are not well explained by analyzing

equilibrium measurements (Jeppesen et al., 2001).

Force spectroscopy has recently emerged as a powerful

technique for measuring binding properties of biological

interactions at the single molecule level (Zlatanova et al.,

2000; Chen and Moy, 2002). This nonimaging mode utilizes

biological molecules attached to an atomic force microscopy

(AFM) cantilever, which is then used to probe an either

naturally, as with cell membranes, or artificially, ligand-

functionalized surface. The AFM cantilever is moved close

enough to the surface for the molecules to bind and then

retracted at a constant velocity. By monitoring the deflection

of the cantilever during the approach-retraction cycle the

extension length and bond rupture force can be ascertained

(Liu et al., 1999; Benoit et al., 2000; Clausen-Schaumann

et al., 2000; Conti et al., 2002; Florin et al., 1994; Hugel and

Seitz, 2001; Ludwig et al., 1994; Merkel, 2001). Attaching

the binding species with polymer tethers and correlating

bond rupture with the distance the polymer is stretched

before rupture also allows the differentiation of specific from

nonspecific bond formation (Riener et al., 2003) and, in

conjunction with computer simulations, can provide in-

formation about the molecular configurations (e.g., protein

number and tether length) of both the probe and the sample

surface. Previous investigations utilizing tethered molecules

have focused mainly on a more qualitative discussion of the

effects on the force curve due to the tether, such as allowing

oriented coupling due to the increased mobility of the

protein, and separating specific interactions from nonspecific

tip-substrate adhesion.

Here we present a systematic analysis of the specific effects

on the binding between two tethered molecules due to the

presence of the tethers. A single-tethered system, i.e., teth-

ering a molecule on the AFM tip, helps decrease nonspecific
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binding by moving the specific interaction away from the

surface of the AFM tip. However, as we show, nonspecific

interactions between the molecules on the tethers and

substrate or tip-bound molecules are still quite probable and

significantly decrease the reliability of the measurement. In

this study we attach both the protein to the AFM tip as well as

the ligand to the substrate using polymer tethers. Tethering

both molecules has the added advantage of moving the

specific interactions away from both the tip surface and the

substrate surfaces. This improves the fidelity of the force

measurements because any molecules that may contribute

to nonspecific binding, either those making up the tip or

substrate or bound to it, are not nearby. Additionally, and

more importantly, double tethering allows us to localize both

specific and nonspecific binding to particular distance ranges

along a force curve and measure the distribution of bond

rupture forces involved. This, in addition tomodeling coupled

with mass spectrometry, allows us to confirm the presence

of a single tether, and thus a single functional molecule, on

the AFM tip. To our knowledge, this is the first force

spectroscopy study that utilizes a well-characterized double-

tethered system and directly correlates the specific and

nonspecific bond rupture forces with the rupture distance.

Besides increasing the reliability of the specific bond rupture

force measurement, using a double tether allows the non-

specific bond rupture forces to be measured. This information

can, in turn, be of great value in reducing nonspecific binding

and therefore optimizing the experimental system.

In this study, we investigate the bond rupture force

between concanavalin A (ConA) and mannose. ConA is a

lectin, or carbohydrate-binding protein, and has been well

characterized using crystallography and other methods

(Mann et al., 1998; McDonnell, 2001; Kanellopoulos et al.,

1996). Carbohydrate binding serves as the initial step in a

wide variety of biological functions, ranging from fertili-

zation to viral infection (Varki, 1993) and expanding the

understanding of the mechanisms behind carbohydrate

recognition will assist in the development of new strategies

for understanding biological function and combating dis-

ease. Although previous force spectroscopy studies measur-

ing the interaction between ConA and mannose have been

described (Gad et al., 1997; Touhami et al., 2003), the dis-

tribution of forces attributed to the single-molecule ConA-

mannose bond rupture was larger than we report here. We

ascribe the smaller force range we measure to be due to the

exclusion of most nonspecific interactions, as well as

possibly the result of measuring single ConA-mannose bond

ruptures rather than multiple interactions simultaneously.

MATERIALS AND METHODS

General

Chemicals were obtained from Sigma-Aldrich Chemicals (St. Louis, MO)

unless noted otherwise. Chloroform (99.8%, stabilized with amylenes) was

used as obtained. Anhydrous dimethylformamide was degassed at room

temperature by stirring for 30 min under a vacuum of 10 mm Hg before use.

Methyltriethoxysilane and 3-aminopropyl-triethoxysilane were distilled

before use.

Tip functionalization

New silicon nitride cantilevers stored under nitrogen were used without

additional cleaning. Cantilevers were silanized from the vapor phase using

recently distilled 3-aminopropyl-triethoxysilane (APTES) and methyltrie-

thoxysilane (MTES) at an amino/methyl ratio of 1/250 to reduce the number

of active groups on the tip. The silanization was allowed to progress

overnight, after which time the tips were removed and heated for 10 min at

1108C in air. The tips were cooled, immersed for 30 min in chloroform

containing 10 mg/mL of a,v-diNHS-poly(ethylene glycol) with a nominal

molecular weight of 3400 amu (PEG-(SPA)2, 4M4M0F02, Shearwater

Polymers, Huntsville, AL; now Nektar Therapeutics, www.nektar.com),

corresponding to a nominal extended length of;25 nm. The tips were rinsed

with chloroform, dried with nitrogen, and immediately immersed in 25 mM

phosphate buffer solution, pH 8.0, containing 2 mg/mL ConA (Canavalia

ensiformis, Jack Bean, Type VI, Sigma). After 20 min, the tips were

removed and rinsed briefly with 25 mM phosphate buffer, pH 8, and then for

10 min with three volumes of 25 mM phosphate buffer, pH 5.0. Because

ConA is a dimer below pH 7 this step is necessary to remove the tetrameric

form of ConA, as well as any larger aggregates. The derivatized tips were

used within several hours of their preparation.

Substrate functionalization

Ethanol-rinsed gold-coated (gold thickness 1000 Å) silicon (Platypus

Technologies, LLC, Madison, WI) was immersed in ethanol containing

1 mM 16-mercaptohexadecanoic acid for 30 min. The resulting self-

assembled monolayers (SAMs) were rinsed first with ethanol and then with

four volumes of chloroform. The SAMs were then immersed in chloroform

containing 10 mg/mL 1,19-carbonyldiimidazole for 30 min and then

immediately rinsed in four volumes of chloroform before being immersed

in chloroform containing 10 mg/mL of a,v-diamino-polyethylene glycol

with a nominal molecular weight of 3400 amu (PEG-(amine)2, 2V2V0F22,

Shearwater Polymers, Huntsville, AL). The SAMs were rinsed in four

volumes of chloroform, dried with nitrogen, and immersed for 1 h in

dimethylformamide containing 6 mg/mL a-D-mannopyranosylphenyl iso-

thiocyanate (Sigma) under an atmosphere of dry nitrogen. The SAMs were

rinsed sequentially with ethanol and water, and then dried with nitrogen. The

derivatized SAMs were used within hours of their preparation.

All points of attachment between the protein and the tip and the ligand

and the substrate consist of covalent bonds. At bond-loading rates com-

parable to the rates we use in this study, covalent attachments have bond-

rupture forces in excess of 1000 pN (Grandbois et al., 1999), thus we can be

confident that the rupture forces we measure are not due to the polymer

tethers being removed from either the tip or the substrate.

Mass spectrometry

Matrix-assisted laser desorption ionization (MALDI) time of flight

(MALDI-TOF) mass spectrometry was performed using a PerSeptive

Biosytems Voyager-DE STR biospectrometry workstation (Foster City, CA)

equipped with a nitrogen laser (337-nm emission). The instrument was

calibrated with angiotensin and the B-chain of bovine insulin with the flight

pattern for positive ions configured in the reflectron mode. Other relative

parameters include: the source voltage, 20 kV; grid voltage, 64.8%; the

extraction delay time, 315 ns; and the sample matrix, a-cyano-4-hydroxy-

cinnamic acid.
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Force spectroscopy

ANanoscope IIIa (Digital Instruments, Veeco, Santa Barbara, CA) was used

to control a commercial Bioscope AFM (Digital Instruments, Veeco) in

force calibration mode. Deflection versus vertical-distance measurements

were performed at a 1-Hz scanning frequency and at amplitudes of 100 nm.

To minimize deviations between experiments, a relative trigger of 5–10 nm

was used on all deflection-distance curves that served to limit both the force

that the tip applied to the surface and the tip-surface contact area. In addition,

upon activation of the trigger, the tip was held at the sample surface for 1 s to

allow the tethered proteins to form bonds with tethered ligands. The 1-s

delay also allowed us to make certain that any differences seen in bond-

rupture force were not a consequence of the protein and/or ligand having

variable times for achieving optimum spatial orientations. All measurements

were carried out in pH 6.0 buffer containing 50 mM N, N-dimethylglycine,

100 mM NaCl, 1.0 mM CaCl2, and 1.0 mMMnCl2. The spring constants of

the standard Si3N4 cantilevers (Veeco) were calibrated using the thermal

noise method in fluid (Florin et al., 1995; Hutter and Bechhoefer, 1993; Butt

and Jaschke, 1995). A spectrum analyzer (760a, Scientific Instruments, Palo

Alto, CA) was used to measure the unfiltered signal of the thermally excited

cantilever noise. Spring constants ranging from 0.075 to 0.14 N/m for the

100-mm levers were obtained from the integral of the first resonance peak in

the power spectral density plot. We estimate the absolute uncertainty of the

spring constant calibration to be ;20%.

Data analysis

Cantilever deflection versus distance curves were analyzed using Igor Pro

(WaveMetrics, Lake Oswego, Oregon) and a collection of macros written for

Igor Pro by Dmitri Venezov, modified here to facilitate bond-rupture

detection. The modified macros essentially take the first derivative of the

deflection versus distance curves and search the resulting data for abrupt

changes in slope. False positives are decreased by filtering the initial data

with a low-pass filter and requiring that the change in slope for a positive

result be larger than four times the change in slope due to random vibrations

of the cantilever. The cantilever deflection measurements are converted to

force values using the slope of the cantilever on a hard surface and the

cantilever spring constant determined as above. Bond-rupture distances are

determined from the deflection versus distance curves as the point at which

the tip contacts the hard substrate, subtracted from the point at which

a negative deflection returns to zero. This is essentially the distance between

the AFM tip and the substrate when both the tethered protein and tethered

ligand are fully extended.

RESULTS

Rupture distances

AFM direct-force measurements were acquired to charac-

terize both the strength of the adhesive interactions between

the polymer-tethered ConA protein and the mannose

functionalized substrate, and the bond-rupture distance at

which the interactions took place. We found adhesive

interactions clustering at three characteristic length scales,

\10 nm, between 10 and 33 nm, and between 33 and 43 nm,

as shown in Fig. 1, in comparison with the nominal PEG

length of 25 nm. Fig. 1 A shows a representative interaction

occurring close to the point of contact between the AFM tip

and the substrate, Fig. 1 B shows an additional interaction at

a tip-substrate distance of ;20 nm, and Fig. 1 C shows an

additional interaction at a tip-substrate distance of ;40 nm.

This latter interaction at about twice the PEG length is the

proposed specific interaction between the tethered ConA and

the tethered mannose, as depicted in the schematic diagram

in Fig. 1.

Mass spectrometry

To assess the contribution to the rupture distance due to the

lack of monodispersity in the polymer tether lengths, the

distribution of tether lengths was measured using MALDI-

TOF mass spectrometry. The data are presented as a table

(published as Table 1 in the supporting information; see

Supplementary Material) together with the calculated mass

for a PEG with a molecular composition of H2N(CH2-

CH2O)nCH2CH2NH2 where n is the number of monomer

units. From the mass data, a range of polymer lengths were

derived and ranged from;20-nm to 30-nm long as shown in

Fig. 2. This length is based on a monomer unit length of 3.36

Å and assumes a fully extended PEG in its lowest energy

conformation. Specific interactions occur over a distance

FIGURE 1 Experimental AFM retraction curves and schematics showing

interactions at three characteristic distances. (A) Proposed nonspecific tip-

substrate interactions (\10 nm); (B) proposed nonspecific tip-ligand

interactions (between 10 and 33 nm); and (C) proposed specific protein-

ligand interactions (between 33 and 43 nm). Note that the zero point along

the x axis denotes the point of contact between the tip and the substrate.

Force curves A andC have been rescaled in the y axis to fit all three curves on
one graph.

FIGURE 2 Length distribution of the a,v-diamino PEG polymer tethers

with a nominal mass of 3400 amu measured by MALDI. The solid line is

a best-fit Gaussian with a distribution of 25 nm 6 2.8 nm.
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range of 33–43 nm, a value that is consistent with the ;10-

nm width of the length distribution of the polymer tethers.

Specific bond-rupture forces

To establish criteria for the determination of specific versus

nonspecific interactions we obtained sets of deflection versus

distance curves using a variety of functionalized tips and

found that if data taken with more than one tip were mixed

before analysis, it became difficult to determine bond-rupture

distances, most likely due to variability in tip functionali-

zation. For this reason we analyzed over 500 adhesive

interactions from a set of deflection versus distance curves

taken using a single functionalized AFM tip. Histograms of

the frequencies of adhesive interactions at tip-substrate

distances between 1 and 50 nm for a ConA functionalized tip

on a mannose functionalized substrate are shown in Fig. 3 A.
The same data are graphed as the rupture force versus tip-

substrate distance in Fig. 3 C to show how the rupture forces

are clustered as a function of tip-substrate distance. We find

that the most frequent rupture force for the single-molecule

ConA-mannose bond is 47 6 9 pN at a bond-loading rate of

;10 nN/s. To demonstrate that the observed adhesive

interactions seen between 33 and 43 nm are indeed due to

specific ConA-mannose bond rupture, we replaced the

working buffer with buffer containing 5 mM a-D-mannose,

known to be a competitive inhibitor of ConA. Competitive

inhibition of binding is commonly used as an indicator of

protein-ligand specificity. The adhesive interactions between

33 and 43 nm were almost completely eliminated by the

presence of the blocking agent whereas the interactions

below 33 nm were mostly unaffected (see Fig. 3, B and D).

DISCUSSION

Several features of the large cluster of interactions between

33 and 43 nm seen in Fig. 3 A indicate these rupture forces

correspond to the breaking of specific protein-carbohydrate

bonds that form between a single-tethered protein on the

tip and the tethered ligands on the substrate. First, the

interactions are clustered around 40 nm, greater than the

length of a single tether but less than the additive length of

two tethers. Second, this cluster was not seen in either the

experiment in which the ConA-mannose interaction was

blocked by the addition of free mannose into the buffer

solution (Fig. 3 C) or when an unfunctionalized tip was used
to probe the substrate. The width of the cluster of interactions

can be directly attributed to the 10-nm wide distribution

of polymer lengths as measured by MALDI, which is

representative of the length distribution of the polymer-

tethered ligands on the substrate. If there were more than one

tethered protein on the AFM tip we should have observed

either additional clusters of interactions at different locations

along the force curve or a much broader cluster reflecting the

differing locations of the tethers along the radius of curva-

ture of the AFM tip. Finally, the rupture forces for the

interactions between 33 and 43 nm are clustered around

47 6 9 pN (Fig. 4 A), whereas the rupture forces for the

interactions between 5 and 33 nm show a much broader

distribution of values, ranging from;20 to 350 pN (see Fig.

4, B and C). Thus, we can state with some certainty that the

fraction of measurements represented by the 33–43-nm

cluster consists of specific bonding events between a single

ConA and mannose, however, there may be other specific

bonding events that lie outside the cluster.

FIGURE 3 Histograms of the fre-

quency of interactions (A and B) and

magnitude of the rupture forces (C and

D) at increasing distances from the

point of contact between the AFM tip

and the surface. A and C show the

specific interactions between the ConA

and mannose at the characteristic

lengths between 33 and 43 nm. When

the buffer solution in the AFM liquid

cell is exchanged with buffer-contain-

ing free mannose, binding between the

ConA on the AFM tip and the mannose

attached to the substrate is blocked, and

the specific interactions seen at the

characteristic lengths between 33 and

43 nm can no longer be seen (B and D).
Note that the number of interactions at

lengths \33 nm also decreases upon

addition of free mannose, implying that

specific interactions may also occur at

these lengths. These may be due to the

tethered protein adhering to the AFM

tip or tethered ligands adhering to the

substrate before the formation of a bond.
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Single-molecule force spectroscopy measurements of the

ConA-mannose bond rupture force have been attempted

previously. One paper reported that the single-bond rupture

force was 966 55 pN (Touhami et al., 2003) at a loading rate

of 4 nN/s whereas an earlier article reported the value to be

between 75 and 200 pN (Gad et al., 1997). The decrease to

\1/5 the width of the previously reported force ranges

([100 pN compared to 19 pN) is almost certainly due to our

exclusion of the majority of nonspecific interactions. Also, in

both cases it is likely that the authors were measuring

multivalent ConA-mannose bond ruptures rather than the

single-molecule measurement because the previous experi-

ments were carried out above pH 7.2. Above pH 7, ConA is

found in its tetrameric form (Kanellopoulos et al., 1996). The

differing loading rates may also play a role, as bond rupture

forces have been shown to be loading-rate dependent (Evans,

2001; Friedsam et al., 2003; Kienberger et al., 2003; Riper

et al., 1998).

Distribution breadths

There are several effects that contribute to the breadth of

the force and rupture location distributions observed. One

contribution is a result of the distribution of PEG tether

lengths. A second contribution comes from the geometry of

the binding pair, because the point at which the PEG attaches

to the AFM tip may be offset laterally from the point of

attachment of the second PEG to the substrate. Fig. 5 shows

a schematic of the molecular configuration of the interaction.

As the AFM tip is retracted, the PEGs straighten leading to

a configuration at the point of rupture that is tilted from

the vertical by an angle u. The angle changes the apparent

rupture force, Fapparent, and length, lapparent, according to

Fapparent ¼ Fintrinsic cosðuÞ and lapparent ¼ lintrinsic cosðuÞ. Also
note that the apparent strain rate is affected:
_llapparent ¼ _llintrinsic cosðuÞ, where the dot signifies the rate of

change in time. Suppose we make a standard ansatz that the

intrinsic rupture force is proportional to a power of the strain

rate for, Fintrinsicð_llÞ } _llb; then the apparent force is further

affected according to Fapparent ¼ Fintrinsicð_llapparentÞ cosðuÞ1�b
.

This is particularly interesting because Evans and others

have argued that typically b ¼ 1, the angle-independent case

(Evans, 2001). Thus, any angle dependence of the force is

a measure of the departure from canonical scaling. However,

it should be noted that b ¼ 1 is only a general trend, and the

force spectrum typically shows significant structure about

the general trend of b ¼ 1.

The formulas we have just presented assume that the angle

at rupture is known, but in practice there is no simple way to

measure the angle during a force-distance measurement.

Instead we employ modeling to understand the statistical

probability distribution of angles at rupture and its impact on

the measured length and force distributions. This probability

distribution is reflected in the distribution of rupture forces

and length due to the geometry of the binding pair. Fig. 6

contains the angle distributions for two PEGs of the same

FIGURE 4 Frequency versus force histograms showing the distribution of

forces from the three characteristic regions of the force curves. (A) Shows the

distribution of forces measured between 33 and 43 nm from the point of

contact between the tip and substrate. A Gaussian best fit to the histogram

reveals the proposed single molecule most frequent rupture force for the

ConA-mannose interaction of 476 9 pN. The distributions of forces for the

other two length scales are much broader, varying between;20 and 350 pN.

Note that these forces were measured at bond loading rates of 10nN/s.

FIGURE 5 A schematic of the molecular configuration of the binding

system. RG1 and RG2 are the radius of gyration of the polymers on the tip and

substrate. u is the angle that the extended polymers make to the vertical. LC1
and LC2 are the fully extended contour lengths of the polymers on the AFM

tip and the polymers on the substrate, respectively. Lapp is the projection of

the extended linked polymers along the vertical axis. Note that because we

only measure the change in position along the vertical axis when acquiring

data in force mode, Lapp is the apparent length at which we measure

interactions. Lapp is dependent on the angle, u, as well as LC1 and LC2.
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length from a Monte Carlo simulation, measured in terms of

the persistence length or ‘‘links.’’ The PEG persistence

length is the size of one monomer. The modeling is based on

a freely jointed chain model, constrained to remain on one

side of the substrate and outside the AFM tip, but otherwise

free to self-intersect. End hiding phenomena were neglected,

as were polymer thickness effects such as knotting. A worm-

like chain model would show similar trends. Each curve

represents the probability distribution arising from 100,000

Monte Carlo samples.

The trend in the angle distributions is for narrower peaks

at smaller angles as the PEG length increases. This trend is

consistent with the expectation that the binding end of the

PEG will spend most of its time within its radius of gyration,

RG, a quantity that grows like
ffiffiffiffi
N

p
where N is the number of

links in the chain. The root-mean-square of the sine of the

binding angle is then proportional to
ffiffiffiffi
N

p
=N or 1=

ffiffiffiffi
N

p
. Thus

in the limit of long chains (large N), the angles become small.

This trend is depicted quantitatively through the peaks in the

distributions coming from the freely jointed chain model

plotted in Fig. 6.

With some additional development it might be possible to

calculate the probability distributions analytically. To

facilitate further analysis and to provide the data in a compact

form, we have fit the distributions to an analytic form. The

angle distributions are fit well by a modified Gaussian form

f ðuÞ ¼ ½ðA1BNÞu1DðNÞu2�e�CNu2 , where A, B, and C are

constants,andD ¼ 2½2CN � ðA1BNÞ� ffiffiffiffiffiffiffiffiffiffiffiffiffi
CN=p

p
,determined

by normalization. The values for these coefficients de-

termined by a least-squares fit are A¼�0.0043, B¼ 0.0023,

and C¼ 0.00076 with the angles measured in degrees. Given

the angular distribution, the apparent length distribution is

given by, f̃ðlapparentÞ ¼ +
i
Pif ðuðlapparentÞÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2i � l2apparent

q
,

where Pi is the probability of bonding to the ith kind of

substrate PEG such that the total length of the PEG pair is li.
By convention f(u(lapparent)) is taken to be zero if lapparent[li.
This apparent length distribution is plotted in Fig. 7. The

result is a length distribution whose width is dominated by

the intrinsic width in the PEG length distribution, spread by

only ;1 nm due to the angle distribution for the long

polymer chains of interest consisting of ;77 monomers

each. The width of the measured length distribution in the

33–43-nm peak is in good agreement with the Monte Carlo

model using PEG length estimates obtained from the

MALDI mass spectrometry measurements, further support-

ing the conclusion that the peak is due to specific binding

events.

It is possible that the cluster of interactions between 33

and 43 nm in Fig. 3 A is due to multiple polymer tethers on

the AFM tip, rather than only one as we have depicted in the

schematic representation shown in Fig. 1. Multiple tethers

would result in a broader distribution of lengths, due to the

lack of length monodispersity in the synthesized polymers

(as shown in the MALDI data), and also from the variable

location of the tethers along the radius of the tip itself.

Multiple tethers contributing to the distributions measured in

this study are unlikely, however, as even one other polymer

tether on the tip would broaden the distribution significantly,

unless it was the same length and attached at the same

distance up the side of the tip as the other polymer. Another

possibility is that the distribution is indeed due to one single

tether but that transient higher-order structures exist within

the polymer itself. Knot theory applied to the topology of

macromolecules indicates that the simple trefoil or ‘‘over-

hand’’ knot can be present in any long polymer strand

FIGURE 6 The distribution of bond angles at the instant of bond rupture

calculated using a freely jointed polymer model for each PEG, assuming

monodisperse PEG lengths and full extension. The peak in the distribution is

determined by the ratio of the radius of gyration of the polymer on the

surface to the polymer length (in particular, it is the arc-cosine of this ratio).

As the contour length of the PEG (measured in units of the persistence

length, i.e., links in the model) increases, the ratio decreases as 1=
ffiffiffiffi
N

p
, where

N is the number of links. This trend to small angles suggests that long PEG

tethers act to limit unwanted angle dispersion effects.

FIGURE 7 Experimental (shaded bars) and simulated (solid bars) length

distributions for the specific interactions between tethered ConA and

tethered mannose. For the simulation, the system included a single fixed-

length tether on the AFM tip and a range of tether lengths (taken from the

mass spectrometry data) on the substrate.
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(Farago et al., 2002). Knots could have various effects, but

principally they would move specific binding events out of

the peak we have identified as specific binding in the length

distributions, and may account, at least in part, for events

having the rupture force associated with specific bond

rupture at shorter lengths. They would not tend to move

nonspecific events into the specific peak. The formation of

a temporarily looped section of polymer would be expected

to decrease the effective length of a tether and thus generate

a wider variability of measured lengths than predicted from

the angular dependence alone. A final possibility is that the

tether may interact either with the ConA molecule, possibly

by wrapping around the protein or with the AFM tip itself.

This could also shorten the effective length of the polymer

tether, however, these scenarios are less likely due to the

requirement that the hydration shell surrounding the polymer

would need to be disrupted before binding.

CONCLUSIONS

Through a combination of atomic force spectroscopy, mass

spectroscopy, and Monte Carlo simulations we have shown

that tethering both the protein and the ligand enables the high

sensitivity determination of the rupture force required to

separate a single ConA protein from its mannose ligand. In

all, we report narrower force distributions than previously

measured from which nonspecific binding has been largely

eliminated through spatial isolation. In addition, the remain-

ing force and location distribution widths have been

understood even further through the angle analysis (i.e.,

the intrinsic distribution is narrower yet, and we have

identified the leading source of error). Finally, this double-

tethered approach can be used to validate the presence of

a single-tethered functional molecule on the AFM tip. We

consider these measurements to be crucial for developing an

understanding of the molecular configurations of tethered

molecules, a key requirement in the design of bioactive

surfaces and a necessity for developing an understanding of

biologically tethered proteins. In future experiments, this

approach will be used to examine multivalent protein-ligand

interactions using cells plated onto substrates that have been

functionalized with tethered ligands. This will allow each

functionalized tip to be characterized before being used to

measure the forces associated with ligand binding to cell

surface receptors imbedded in the membranes of living cells.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting

BJ Online at http://www.biophysj.org.
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