4028 Biochemistry2003,42, 4028-4034

The Binding Potential between the Cholera Toxin B-Oligomer and Its Recdeptor

Xian-E Cai and Jie Yang*
Physics Department, Upersity of Vermont, Cook Building, Burlington, Vermont 05405
Receied October 16, 2002; Réesed Manuscript Recegéd February 17, 2003

ABSTRACT. Employing atomic force microscopy as an in situ molecular force probe, we have measured
the binding strength between cholera toxin B-pentamer (ctB) and its membrane receptor, ganglioside
Gwmi. By application of the basic principle of the reaction rate theory, key parameters of the-tigand
receptor binding potential can be obtained from our data. The potential has a well with a spatial span of
about 2.5 A and a depth of at least six times the thermal energy at room temperature. The very short
range nature of the binding potential leads to the specificity of the-Gfs coupling.

Formation and dissociation of chemical compounds have Atomic force microscopy has shown great potential in
been well characterized by the reaction rate theory following biological applications, ranging from high-resolution struc-
the pioneer work by Kramerd). Ligand—receptor bindings  tural studies 11) to the investigation of macromolecular
in biological systems are special cases of compound forma-interactions. As a sensitive force probe, AFM has been used
tion and should be governed by the reaction rate theory. Weto determine the binding strength of the covalent bdif), (
have used atomic force microscopy (AFM) to investigate ligand—receptor attraction between biotin, its derivatives, and
the binding between cholera toxin B-pentamer (ctB) and its their corresponding conjugated3j, the hydrogen bond
receptor, ganglioside gz. Analyzing a large number of force  strength 14, 15), and the binding between complementary
curves automatically, we obtained a distribution function of strands of DNA 16). AFM has also been used to investigate
the ligand-receptor bond for the ctBGy; compound. On the elastic properties of sugar backbon&3).( Recently,
the basis of the reaction rate theory, the distribution function Evans has proposed a model to postulate a dynamic nature
indicates that the binding potential for the etBM1 of noncovalent bonds on the basis of the reaction rate theory
compound has a spatial span of about 0.25 nm and a depttand showed the consistency of the model to the bietin
of at least six times the thermal energy at room temperature.streptavidin bond in their experiments using the biomembrane

Cholera toxin has been extensively studied over the pastforce probe (BFP)X8).
several decades because of its profound effect in causing A major task using AFM as a molecular force probe is to
massive diarrhea, a devastating disease that causes water tpeat the tip so that the detected force represents the strength
flow from the blood through epithelial cells into the small of a specific intermolecular bond. Our success in probing
intestine 2, 3). This toxin has the A-B structure seen in many the molecular bond strength of the etBy; compound lies
bacterial toxins, with the A-subunit catalytically active and in the development of a method that treated an AFM tip to
B-subunits (ctB pentamer) responsible for the binding to the allow covalent attachment of ctB at the very tip with the
membrane receptor (a gangliosiden§(4, 5). The doorway  receptor-binding site still available. Our results provide, for
for the toxin to attack a host cell is the strong binding of the the first time, an elucidation of the molecular nature of the
ctB pentamer to the cell membrane where receptors arebinding process of the ctBGy; compound. We also show
naturally hosted. Although biochemical studies have deter- that, for the ctB-Gy; bond in the time scale of milliseconds
mined the dissociation constant for the €tBy, compound, to 0.1 s, the bond strength distribution function is described
ranging from 4.6x 107> M with a surface plasma resonance by a static limit of a very slow dynamic process with the
BlAcore apparatusg) to about 10° M in earlier cell assay ~ bond formation governed by the reaction rate theory.
studies 7) and 2.5x 10°8 M according to surface spectro-
scopic measurement8)( the molecular basis of the binding MATERIALS AND METHODS
process has not been established. An understanding of the . o
molecular details of the binding process may help to establish Materials.Ganglioside G (catalog no. G-7641) and ctB
an efficient means to allow certain cells to fend off the Pe€ntamers (catalog no. C-9903) were obtained from Sigma-
devastating offense by the toxin or to use the toxin to attack Aldrich as lyophilized powder and used after dilutions. Lipids
selected cell types, such as cancer cells. X-ray diffractional ©f €99 Yolk phosphatidylcholine (egg PC) were obtained from
studies have identified the structure of the binding pocket Avanti Polar Lipids (Alabaster, AL). All chemicals and salts
of ctB (9, 10), providing an essential insight to the Were also obtained from Sigma-Aldrich.
microscopic nature of the ctBGy; coupling. Force ProbeForce curves were obtained in 20 mM NacCl

with a nanoscope E AFM from Digital Instruments (Santa
 Partially supported by the Army Research Office. Barbara, CA). Typical pH values in the solution were about
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solutions without any constituent to cause a significant
change in the concentration offHons and, hence, the pH
value. Thus, the buffering is not as important as in the

incubation procedures where proper buffers (described later)
were used. Force curve data were converted to ASCII format

for analysis.

Substrate Egg PC bilayers were prepared as described
earlier (L9). Gangliosides (6. at 95% purity) were incor-
porated into a bilayer by incubation at a concentration of
0.05 mM fa 1 h atroom temperature, and extra gangliosides
were removed by thorough solution exchanges.

AFM Imaging and Sample Characterizatidrhe integrity
of ctB pentamers was characterized using direct AFM
imaging in solution. For a receptor-incorporated bilayer in
a buffer containing 0.12 mM Tris, 20 mM NaCl, and 0.0024
mM EDTA, pH 7.5, ctB pentamers were introduced at a
concentration of 0.0002 mM. The incubation lasted several

hours at room temperature and then continued overnight at

4 °C. The incubation bubble had a volume of about 0.3 mL.
After the incubation, the sample was washed with 20 mM
NaCl, and then images were obtained in 20 mM NaCl. The

above procedure usually resulted in closely packed mem-

brane-bound ctB pentamers as seen with in situ AFM
imaging (a typical example is shown in Figure 3). However,
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Ficure 1: Cartoon representation of the 3-D structure of ctB in a
side view, with the upper part the ctB pentamer and the lower part
the positions of S, T, and Y residues. The five colors represent
the five B-subunits. The VMD program downloaded from the

UIUC Theoretical Biophysics Group generated the two pictures

for pure bilayers without incorporated receptors, the same (MtP-/www.ks.uiuc.edu).

procedure of incubation with c¢tB did not result in any
adsorption of ctB to the bilayer. The fluidity of the bilayer
is also essential for the incorporation of sufficient receptors
into the bilayer. We have tried to incorporate receptors at
0.05 mM in bilayers of other lipid species in the gel phase
for 1 h at room temperature and did not detect any
incorporated receptor with in situ AFM imaging using ctB
as the labeling protein, employing the same ctB incubation

procedure. This is in sharp contrast to the closely packed

labeling ctB when receptors were incubated with fluid phase
bilayers. The high quality of closely packed ctB in AFM
images shows the integrity of the protein. The fact that ctB

only bound to receptor-incorporated bilayers demonstrated

the specificity of the binding and thus the good activity of

these ctB pentamers. Because supported bilayers have only?

slightly higher main phase transition temperatures than
normal lamellar bilayers20), our results also showed the
importance of the fluidity for efficient receptor incorporation.
Tip TreatmentOur method stems from the well-developed
protocol of treating the inner wall of a glass capillary tube
to eliminate the electroosmotic flow in capillary electro-
phoresis of DNA molecule(). Residue oxides of an oxide-
sharpened silicon nitride tip facilitated the silanization of the
tip with (methacryloxypropyl)trimethoxysilane (MAPS).
Ammonium persulfate (APS) initiated opening of the alkene
double bond of the MAPS to allow a covalent attachment
of a reactive residue of the ctB, witkd,N,N',N'-tetrameth-
ylethylenediamine (TEMED) as a catalyst. Therefore, if a
MAPS-silanized tip is exposed to ctB pentamers in the

a very low final concentration of 0.01%. Immediately after
the treatment the tip was swiftly transferred to a cell
containing a (gi-incorporated bilayer to obtain force curves,
and the tip remained hydrated through the process. The swift
transfer and the low concentration of APS helped to minimize
any effect the APS may have on an attached ctB. Not all
such prepared tips showed binding tas@ncorporated
supported bilayers. Those that showed the binding were used
for our study, and the binding was specific since so treated
tips did not show binding to bilayers without any receptor
(see Figure 2b). Those that did not show any binding could
be due to several scenarios, such as the lack of a free ctB in
the vicinity of the tip, an attached ctB at a nonpreferred
rientation, or even that APS occasionally might have some
effect on the binding efficiency of ctB. By no means is the
above list complete, but for our purpose we only worked
with those treated tips showing ct&5y, binding charac-
teristics.

RESULTS

The basis for the attachment with the receptor-binding site
available lies in the structure of ctB itseB,(10). Figure 1
shows a cartoon view of the ctB pentamer in the top panel.
The arrow points to the receptor-binding pocket for one
subunit. The bottom panel shows the positions of the three
reactive residues (S, T, and Y) of ctB. It is seen that the
density of reactive residues is much higher at the top of the
molecule. Then, itis likely to attach ctB to a MAPS-silanized

presence of the catalytic agents APS and TEMED, ctB cantip at those top reactive residues with the binding pocket
be attached to the tip. The treatment started by first applying available, allowing the attached ctB to catch receptors

a drop of MAPS on a fresh oxide-sharpened silicon nitride
tip and letting the tip dry briefly. Then, the silanized tip was
immersed in a buffer (0.5 mM Tris, 22 mM NaCl, 0.03 mM
NaN;, 0.01 mM EDTA, pH 7.5) containing ctB at a
concentration of 0.01 mg/mL for 30 min. While being

incorporated in a fluid-phase lipid bilayer.

A typical force curve to measure the binding strength is
shown in Figure 2a, where the baseline is set as zero with
attraction negative and repulsion positive. The maximum
magnitude of the attractive force is the binding strength

incubated, APS and TEMED were introduced as droplets at before the tip snaps to detachment from the sample surface.
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Ficure 2: Part a shows a typical force curve obtained with a ctB- £ L 125 150175
attached tip on a bilayer of egg PC containing the recepigr. G 8 nm
Part b shows a force curve by a similarly treated tip on a bilayer of )
pure egg PC, with no sign of any binding activity. The insert in E
(b) shows that the same treated tip in (b) did show a significant OF S
binding on a Gyi-incorporated egg PC bilayer. L L .

The binding of ctB to G has been known to be noncovalent, Tip Z.m\lg? (nm)
as also supported by the X-ray structure of the binding
pocket. Therefore, it is likely that electrostatic and van der pation of the binding strength. Two linear fits (dark dashed lines)
Waals forces play the main role for the affinity. However, coincide mostly with the force curve (in light shadow) except in
our force curves showed that the binding lacks any long- the region around the tipsample contact point. The insert shows
range character, indicating that there must exist substantial@ typical example of the noise level of a force curve baseline.
screening, similar to a number of cases where screened

electrostatic interaction mediates interaction among bio- Our method of incorporating  into a planar bilayer has
macromolecules2?, 23). Figure 2b shows a force curve the advantage of using a much smaller amount of materials
without any tip-sample attraction with a treated tip on pure for the purpose. It is possible to mix/gwith lipids initially

egg PC bilayers, indicating that the binding is receptor- before the process of bilayer preparation so that the
specific. The same tip did show significant binding on a concentration of G, might actually be determined, assuming
receptor-incorporated bilayer (see the insert in Figure 2b). perfect miscibility, and that the process of planar bilayer

Ficure 4: Graph showing our method to automate the determi-

The receptor gangliosidens, which is a lipid molecule

(24), was incorporated into a supported egg yolk phospha-

tidylcholine (egg PC) bilayer via direct incubation of the
bilayer with a solution containing & at a concentration of
0.05 mM, well above the CMC of g (25). The incorpora-

formation may not alter the mixing. However, in that case a
large number of ; molecules would be required, and it is
likely that the process of planar bilayer formation actually
alters the mixing because of a strong lipslibstrate interac-
tion. This interaction makes it intrinsically difficult to

tion of the receptor into the bilayer was assured experimen-determine the concentration of incorporategh @&olecules
tally by examining such prepared surfaces using ctB pen- with other analytical methods so that our estimation of the
tamers as labeling proteins with in situ AFM in the contact receptor concentration on the basis of surface density of
mode. It was found that bound ctBs on g:@ncorporated bound ctB at least provides a valid lower limit.

egg PC bilayer were closely packed, as shown in Figure 3. Since AFM is an extremely localized force probe, it is
The high-resolution image was very stable against repeatableequally important to record a great number of force curves
scanning regardless of the fact that bound ctB pentamers werdo achieve enough statistical significance. For this purpose,
on a fluid-phase egg PC bilayer. AFM imaging in the contact we wrote a program facilitating automatic analysis of a large
mode, even operated in solution, still applied significant force number of force curves to avoid artificial error. Figure 4
(about 0.1 nN) on the sampld ). Thus, all five binding shows our method. Two linear fits to both the slope and the
sites of the ctB pentamer must be bound to receptors for thebaseline were first obtained. Then, the program calculated
sample to sustain the lateral probe drag in AFM imaging. If the difference between the force curve and the fitting lines
all incorporated gangliosides were bound to ctB, the ratio and assigned the maximum adhesion force as the binding
of gangliosides to PC lipids is close to 10%, according to strength before the bond breakage. The main error for the
the headgroup sizes of the two lipid 26). Thus, it is highly above procedure lies on the limit of the instrument, which
likely that the surface coverage of incorporated gangliosides can be obtained by examining the noise level of the baseline.
is at an even higher percentage. The insert in Figure 4 is a typical baseline, demonstrating
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8 20 g%eszi 003 '!( \ Total 1100 energyU. The dissociation ratky and the recombination rate
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10} ) . .
i 50 rate theory has been well developed following pioneer work
|| | | || 1 | ] by Kramers (). For the ctB-Gy; association, the binding
005 04 0415 005 04 015 pptential energyJ as a function of theT Iigandreceptor .
Bond Strength (nN) distance must have a well and a barrier, as illustrated in

Ficure 5: Histograms of measured binding strength (in nN) F'gqre _6' The depth O_f the welkf — '_Ea) governs _the rate
normalized between a ctB monomer and its receptor ganglioside Of binding, and the height of the barrie) determines the
Gmi in 20 mM NaCl at the vertical raster frequencies shown difficulty to initiate the binding. The distribution function

(A—E). The fit in part F is of the functional form (3 10°)F? of the binding strength allows us to deduce a value of the
exp(0.25-/kgT), with Fin nN, 0.25 in nm, and a & 10* prefactor. microscopic spatial paramer  a) = 0.25 nm. On the

;ir\]/(;na\i/r? ;aNg.e value and the standard deviation for each case %asis that the binding of ctB to its receptor is quite strong
the noise level of our force measurements. An average of(7)’ itis Iik_ely that the barrier is low and the erth IS deep.
202 baselines resulted in an average of an absolute baSé)urexperlmental results also lead to a lower limit of potential
amplitude of 0.017+ 0.013 nN, leading to our force well depth of about six times the thermal energy at room
measurements in units of 0.03 nN. temperature. . o .
Figure 5 summarizes our results. In our experiments, the To analyze our_expe_nrr_lental situation, we realize that the
! binding and the dissociation of the cti&y; compound are

tip-attachment reaction time was reduced to a minimum. At . : o R
the final adopted condition, not all treated tips showed the characten_zed .by the dissociation an_d re‘r‘omb'”a“o'." rates
§ (ko andkg in Figure 6; note that the dissociation rate is not

adhesion force. Therefore, our measured bond strengthth l the di iation constant). According to th
corresponds to that of a ctB pentamer. For a single—tB € same as Ihe dissociation consta ). According to the
reaction rate theory, at equilibrium we have

Gwm1 bond, the strength is one-fifth the detected value. Bond

strengths were obtained at five vertical raster frequencies n, = ny(k/Ko) (1)

(10, 3, 1, 0.3, and 0.1 Hz). Judging from the standard a

deviation at each frequency, our results indicate that, in the with ks 0 exp[—Ey/ksT] andkp [ exp[(Ea — Ep)/keT], and

time scale of our experiments that covered a span of two g, negative, withn, the probability that the compound stays

decades, no systematic frequency dependency of the bongound andhy the probability of the two being separated.

strength was observed. In our force curves only about one-  An external force £) changes the energy landscape of the

tenth of the time was the tip in contact with the sample (see pinding potential and affects both of the ratés,and k.

Figure 2). Therefore, the binding must have established aThen, the bound state is no longer a true thermal equilibrium

quasi-static dynamic equilibrium in less than 10 ms becausestate, and the compound must eventually dissociate. How-

the fastest frequency of our experiments was 10 Hz. ever, there is a time scale for the dissociation to occur. If
Combining our results for all of the five frequencies that time scale is rather long, we can then approximate the

resulted in a large number of data to obtain a statistically sjtuation as the force only affecting the two ratesandkg.

significant histogram of the bond strength for a single€tB  |n this static approximation of a rather long dynamic process,

Gw1 bond. The distribution function fits well to a functional  the major effect of the force on the two rates is a change of

form of BF2 exp(—aF/ksT), with  anda two constants. This  the Arrhenius exponential factor, wittye = ko exp[F(b —

may allow a better understanding of the physical mechanisma)/ksT] and ksr = ks exp[-F(x — b)/kgT], leading to an

of the binding process. The main character of the distribution jncrease of the dissociation rate and a decrease of the

function is an asymmetric pattern with a long shoulder at recombination rate and resulting in a probability
the higher force side, markedly different from a recent

theoretical investigation of single bond dynamics where an Nue = N,exp[—F(x — a)/kgT] (2)
asymmetric distribution of bond strength had a long shoulder
at the lower force end2(, 28). Whenx > b, any recombination is actually unlikely, so that

the above approximation is only valid farlarger than but

DISCUSSION in very close vicinity ofb. Then, in the static approximation
The process of binding and unbinding is intrinsically a limit we have

chemical reaction with the rates of dissociation and recom-

bination governed by the reaction kinetics, and the reaction Nae = Naexp[—F(b — a)/kgT] (3)
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The physical meaning of the static approximation is that, Gy, bond with the Gy in a bilayer,Me« is essentially the
under an external fordg, the bond cannot be stretched more mass of a ctB monomer. For a tip-attached ctB, the effective
than the spatial span of the potential well for the compound mass also includes the mass of the tip, and even the mass of
to stay intact and that the depth of the potential well is the bilayer is no longer necessarily larger because the mass

reduced by a factor of expfF(b — a)/ksT].

Within the potential well, the compound behaves like an
oscillator, and the application of a forEecauses the system’s
energy to increase by an amount proportiondFtoa similar

conclusion can also be drawn if one considers the collision

model where the forc& causes an increase (decrease) in
velocity (Av) of a particle as it bounces back and forth within
the potential well, withAv proportional to the forceF

of the tip is macroscopic. Then, the effective mass can be
very large, leading to a very slow attempt frequency. This
would lead to a case with a very slow time dependence of
the bond strength, like that in our experiments.

The fact that the spatial span of the attractive potential is
only about 0.25 nm supports a recent conclusion drawn from
neutron scattering studies that the stretchable length of a
noncovalent bond is rather short, of the order of the diameter

according to the Newtonian mechanics. This process resultsof a hydrogen atom2@). This short range is also consistent

in a net increase of the kinetic energy proportional\t@?
and, hence, proportional f&. Realizing that the probability
for ctB bound to G is Ny, we see that the actual energy
delivered to the system by an applied fofeds therefore
proportional ton,#=2. Thus, the external force causes an
increase of the compound’s free energy N that is
proportional ton,#2. According to statistical physics, the
probability of compound breaking is then proportional to
[1 — exp(—AFE/kgT)], which is directly proportional to\E

in the limit of small AE.

The distribution function of the binding strength is a direct
map of the bond breakage probability. Remarkably, the
experimental distribution fits well to the functional form of
BF? exp(-aF), as seen in Figure 5F. Our fit results in a
spatial parameter of the potential well, with  a) = 0.25
nm. The depth-€E,) of the original potential well is difficult
to determine solely from the distribution function. However,

with the 3-D structure of the binding pocket. At a distance
of 0.25 nm away from the binding pocket the structural match
between the receptor and pocket skeleton no longer exists
and thus no more ctBGy, bond @, 10). Therefore, the
binding between ctB and its receptor, and possibly in general
any ligand-receptor bindings of noncovalent nature, is
governed by an attractive potential of deep depth and a rather
short spatial span. The short-range attraction makes the
specificity more prominent in most ligandeceptor bindings

in which a structural match between the receptor and its
binding pocket plays a more important role than the overall
environment such as ionic strength and species.

The meaning of this short spatial span is that on average
the bond surely breaks if it is stretched to this length.
However, as a force is applied, the conformation of the
protein may also be altered because of the stretching, so that
the total stretching of the protein can be actually larger than

a reasonable estimate can be made according to our datathe bond stretching. In our experiments, the spring force of

Numerical solution shows that the distribution function
reduces to 1/e of its maximum value Bi(b — a)/kgT =
4.7, corresponding tB(b — a) = 4.7kgT. This value is the
net reduction of the original potential deptkE,) by the
applied force. Because the distribution function is only 1/e
of the maximum under the applied forEg it is reasonable

the cantilever determines the magnitude of the binding force.
The stretching of the cantilever is much larger than the
stretching of the protein and the bond combined, because of
the much smaller spring constant of the cantilever (0.06 vs
1.6 N/m), so that the bond stretching is not directly measured.
Instead, it is determined through the fitting. It is preferable

to assume that the well still exists and it must be at least of to directly measure the stretching of the bond, but then the

the order of the thermal enerdgT. Then, the minimum
depth of the original potential welHE,) should be about
six times the thermal energy at room temperature.

We can also obtain a lower limit of the bond spring

constant according to the above energetic estimation. As-

suming a parabolic potential profile smoothly rises over to
the barrier, we obtain

(4)

with k the spring constant of the ctB5y; bond, resulting
in a k of about 1.6 N/m. According to Figure 5F, the
maximum of the bond strength distribution function is at

(1/2)K[(b — a)/2]* = 6ksT/2

differentiation of the bond stretching from the protein
stretching due to conformational changes may still be
problematic. Besides, if one uses a much harder cantilever,
the instrumental sensitivity must also be significantly im-
proved from the current level for the detection of the same
magnitude forces. However, it is possible in the future to
achieve the goal of directly measuring the combined stretch-
ing of the protein and bond with technology developments
and then open avenues for researchers to differentiate protein
stretching and bond stretching to directly measure the
stretched length of the bond.

The ctB-Gy; bond strength does not have any systematic
time dependence, as shown in Figure 5. We can examine

0.034 nN, so that the corresponding stretch of the bond isthe sijtuation in a different perspective by a plot of the average

about 0.02 nm. The depth ok#&T is a lower estimation and,
hence, the spring constanso obtained is also a lower limit.
Thus, the actual stretching of the et®&y; bond can be even
smaller, well below the spatial span of the potential well.
This condition favorably supports the validity of the static

bond strength vs frequency with error bars shown (Figure
7). The frequency range of G-1L0 Hz in our experiments
corresponds to a tipsample contact time of about 10 ms to

1 s. This does not rule out the possible time dependence at
time scales outside this window. It may also be that the actual

limit approximation, since the delivered energy to the system time dependence is a rather slow varying function so that a

is much smaller than the depth of the potential well.

time window of two decades is still not significant to show

With the estimated spring constant, we can obtain a rough any effect beyond the experimental error. This situation is

analysis of the attempt frequency, which is of the order of
VKM/27, with Mg an effective mass. For a bare etB

in contrast to that of the biotinstreptavidin bond, where
the use of BFP resulted in a systematic time dependence of
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Ficure 7: Plot of average bond strength with the standard deviation substrate.

error bar vs vertical raster frequency. The bond strength is in pN.
the bond strength distribution functiongj. In their study, needs developments in modeling to take into account the
they pointed out the similarity of the average bond strength effect of the width of the potential well. Most current theories
at loading rates comparable to that of earlier AFM investiga- are mainly concerned with the energetics and, hence, the
tions @3, 30). However, the distribution functions of the two  depth of the binding potential8, 32).
cases are markedly different. The experiments with BFP on In our force measurements, the cantilever was pressed
the measurements of the biotistreptavidin bond showed against the sample for a force up to about 3 nN, allowing to
a very broad distribution function at loading rates close to obtain a good slope, crucial for accurate measurement of
that operating of an AFM 18). In contrast, the earlier the bond strength with the automatic program. It has been
experiments with AFM did show well-defined distribution reported that a covalent bond could only sustain a pulling
functions (3, 30). No explanation was given about this force as large as about2 nN (12). Would the compression
difference by Merkel et al. According to the single bond be too large to cause any sample damage? Figure 8 shows
molecular dynamics model, the distribution function at the scenario in our experiments. Because the average radius
loading rates close to that of AFM is rather broad, with of curvature of an AFM tip is much larger than the dimension
standard deviation intrinsically even much broader than the of a ctB pentamer, effectively the attached ctB is sandwiched
maximum value, leading to a much less defined meaning of between the tip and the substrate after the tip engagement.
any average value. In view of the model, it is conceivable So the question becomes, will the ctB be distorted too
that the theory may be more appropriate when it predicts a severely? It can be seen that a ctB monomer hgs-sixands
well-defined distribution function. When it reaches the limit and one a-helix spanning the region between the two
resulting in a very broad distribution function, the model sandwich surfaces, the substrate and the AFM tip. The five
may not be suitable to describe the system. o-helices of the pentamer apparently stand out to initiate
It is also worth examining structural characteristics of the the contact between the treated tip and the substrate. The
environments around ligardeceptor bonds in different  mechanical support for as-helix is mainly due to hydrogen
experiments. For the biotinstreptavidin bond measured by bonds. The spring constant for a hydrogen bond is about 12
BFP, the bond was connected to a rather long soft polymerN/m (33, 34). For ana-helix of 11 residues, the overall
(PEG) (8). For the much earlier measurements, polymeric effective spring constant is about 20 N/m, because of the
beads, instead of a single polymer strand, were u&8d (  parallel arrangement of a number of individual H-borgs) (
30). For another case showing systematic time dependencelhe maina-helix in ctB has 20 residues and thus has a spring
with the P-selectin PSGL-1 bond, rather soft biomolecules, constant of about 11 N/m. Then, the figehelices in the
IgG, were used to bridge the connection of the bond to both ctB pentamer have a combined spring constant of 55 N/m.
the substrate and the tig1). In our case, ctB was directly  Under a force of 3 nN, they would be compressed a net 0.05
attached to an AFM tip, and the receptor is incorporated into nm, much smaller than the dimension of the molecule, and
the substrate. Therefore, for the two cases with systematicwe expect the molecule to respond to the compression
time dependence of the bond strength, there were soft elastielastically. Moreover, g-strand is much stronger than an
materials in direct contact with the weakest link, the ligand  a-helix. The spring constant for a normgstrand is mainly
receptor bond that was eventually broken under the pulling determined by the vibration mode of covalent bonds and
force. These bridging materials are effectively soft springs. hence is rather high. Typical vibration modes of covalent
Intuitively, it is hard to picture how these springs would bonds range from 1000 to 4000 ch(36), with an average
affect the strength of the bond. However, the energy mass of amino acids of about 0.135 kDa; the lowest spring
landscape is certainly changed. These soft springs will makeconstant of a covalent bond is about 16 kN/m. Thus, for
the binding potential to have a much larger spatial span. -strands of about-810 residues, such as those six strands
Thus, although the depth of the potential well is still spanning the space between the-tjubstrate sandwich, the
determined by the strength of the of the ligatrdceptor average spring constant for each strand is about 2 kN/m.
bond, the width of the potential well is, possibly greatly, Therefore, a force of 3 nN results in a negligible deformation
broadened by the soft bridging materials. The broadening for any of these si-strands, should it so happen that these
of the potential makes the energy landscape much moregS-strands are in direct contact with the substrate surface.
susceptible to an external force field. It is possible that time Thus, under compression, the force has been shared by a
dependence of bond breakage is more profound with agreat number of bonds so that a serious damage to the
broader potential well. A thorough analysis of the situation molecule requires a much larger force, in sharp contrast to
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the case of stretching where the force is propagated through 10. Zhang, R.-G., Westbrook, M. L., Westbrook, E. M., Scott, D. L.,

each bond so that the weakest link would break. Therefore,
in our experiments, the sandwiched ctB molecule should

11.

remain intact throughout the force measurements as long as 12

it is not dehydrated.

We note that our results show the promise of using a
molecular probe to investigate activities of bacterial toxins.
Monoclonal antibodies against cholera toxin have shown
specific effects on the binding of ctB toys (37), and a
natural extension of the present work is to see how the
presence of antibodies affects the €iBy; binding strength.

It is also possible to combine the molecular force probe with
the molecular engineering approach to study the effect of
heteropentamers3{, 398). It is certain that the use of the
molecular force probe will obtain useful information in
complement to biochemical and biological studies.

In summary, we have shown that the advantage of AFM
being a sensitive force probe and our development of an
automated data analysis program allow us to elucidate the
molecular detail of a specific binding between the bacterial
toxin, cholera toxin, and its receptor. Our results demonstrate
that even at the molecular level the law of statistical physics
still governs the binding and provide the key parameters of
the binding potential.
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