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ABSTRACT Recent developments in single molecule force spectroscopy have allowed investigating the interaction between
two redox partners, Azurin and Cytochrome C 551. Azurin has been directly chemisorbed on a gold electrode whereas cytochrome
¢ has been linked to the atomic force microscopy tip by means of a heterobifunctional flexible cross-linker. When recording force-
distance cycles, molecular recognition events could be observed, displaying unbinding forces of ~95 pN for an applied loading rate
of 10 nN/s. The specificity of molecular recognition was confirmed by the significant decrease of unbinding probability observed in
control block experiments performed adding free azurin solution in the fluid cell. In addition, the complex dissociation kinetics has
been here investigated by monitoring the unbinding forces as a function of the loading rate: the thermal off-rate was estimated to be
~14 s~ much higher than values commonly estimated for complexes more stable than electron transfer complexes. Results here

discussed represent the first studies on molecular recognition between two redox partners by atomic force microscopy.

INTRODUCTION

Over the last decade, redox metalloproteins have gained
particular interest for possible applications in the challenging
field of molecular bio-nanoelectronics (1—4). Their nanoscale
dimension, as well as the variety of exploitable biological
functions—such as recognition capability, catalysis, and elec-
tron transfer (ET)—may be combined with the progressing
power of modern microelectronics for implementation of hy-
brid nanodevices. The possible integration of metalloproteins
with electronic transducers has been recently explored with
the aim to *‘wire them up’’ in efficient ET chains for biosensing
applications at the level of the single molecule (1,5).

Planar gold surfaces appear as attractive solid supports for
such applications, thanks to the ability to stably bind various
kinds of proteins without affecting their biological activity
(5) as well as for enabling both optical and electrical trans-
duction schemes (6,7). Several groups have addressed this
issue exploiting the high affinity of protein disulphides and
thiols for gold, resulting in efficient conduction through the
molecule toward the electrode (8—13).

Once the metalloprotein is successfully coupled with the
electrode, a further step toward the applications in nano-
biosensing devices may be represented by the recognition of
the biomolecule physiological partner. Indeed, intermetallo-
protein ET occurs through several steps (14,15) including
protein recognition, which implies discriminating between
reaction partners and other proteins, and after protein-
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specific binding with the formation of a (transient) complex
(16). Once the specific complex is formed, ET can take place
with optimal efficiency; the complex subsequently disso-
ciates to yield the products (14,17).

Even if the ET process between two metalloproteins has
been subject of investigation by many groups, most experi-
ments were focused on the study of the free proteins in liquid.
In this article we focus on the individual recognition between
two redox partners after one of them has been immobilized on a
gold electrode. The recognition of a metalloprotein by its redox
partner directly linked to a metal electrode may, in principle, be
detected as an electric signal, with potential applications for
ultrasensitive biosensing at the single-molecule level.

The coupling of the redox protein Azurin (AZ) (from
Pseudomonas aeruginosa) to gold electrodes has been
extensively studied by our group (9,18). This small metal-
loprotein (MW = 14.6) bears a single copper ion that switches
between Cu(l) and Cu (II) oxidation states during the ET
process. Opposite to the active site there is an exposed di-
sulfide moiety (Cys’-Cys”®) which is capable to provide a
stable binding of the protein to a gold substrate (19,20),
resulting in efficient conduction through the molecule toward
the electrode (9,11). The retention of AZ redox functionality
upon chemisorption on gold has been clearly assessed by
differential pulse voltammetry experiments (12) as well as
by cyclic voltammetry measurements and electrochemical
scanning tunneling microscopy (9,11,18).

P. aeruginosa cytochrome ¢ 551 (C551) is aredox partner of
AZ. This small protein (MW = 9) has a heme-iron redox center,
the iron switching its oxidation state between +2 and +3 in
biological function. Both C551 and AZ are involved in the
anaerobic respiratory chain of P. aeruginosa, and several ex-
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perimental evidences of ET between these two metalloproteins
have been provided (21-25). In particular, the observed effi-
ciency of this ET process—in both directions—is consistent
with the formation of an ET complex (17).

Even if, to the best of our knowledge, crystallographic
evidence of the AZ/C551 complex is not yet available, protein
residues involved in the interaction have been explored ex-
perimentally by means of site-directed mutagenesis strategy
by Cutruzzola et al. (24): these authors established that the
interface between the two partners, during mutual interaction,
comprises the hydrophobic patches surrounding residues Val*?,
Ile™ for C551 and Met**, Met®* for AZ.

A possible configuration of the AZ/C551 complex has been
provided by computational docking methods (Brunori, E.,
A. R. Bizzarri, B. Bonanni, and S. Cannistraro, unpublished).
Indeed, starting from the structures of component proteins
and applying the docking method known as GRAMM
(26,27), we were able to determine a configuration for the
AZ/C551 complex which is consistent with experimental data
about residues involved in AZ/C551 interaction (24). The
best complex provided by our docking procedure (Brunori,
E., A. R. Bizzarri, B. Bonanni, and S. Cannistraro, unpub-
lished) has been selected by optimizing a variety of complex

FIGURE 1 Schematic representation of best C551/AZ complex as ob-
tained by GRAMM computational docking method (Brunori, E., A. R.
Bizzarri, B. Bonanni, and S. Cannistraro, unpublished). The active sites (Cu
for AZ, Fe for C551) are represented with small spheres. The disulfide group
Cys’-Cys®® of AZ is represented in golden-yellow. Residues involved in
protein interaction (Met44 and Met®* for AZ, Val?* and 1le* for C551, as
from Ref. 24) are evidenced as well.
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characteristic quantities (distance Fe-Cu, accessible surface
area, H-bond, etc.) and is shown in Fig. 1.

The molecular interaction between AZ and C551 can,
in principle, be investigated by atomic force microscopy
(AFM). Undoubtedly, AFM has been proven to be an ideal
tool for measuring intermolecular forces, thanks to force
sensitivity of the order of no more than a few picoNewtons,
contact areas as small as 10 nm?, displacement sensitivity of
0.1 nm, and the ability to operate in physiological
conditions. By using a measuring tip with ligands bound
and recording force versus distance cycles on surface-bound
receptors, unbinding forces of ligand-receptor pairs can be
probed at the level of single-molecule (28-32). Ligands have
been often covalently coupled to the tip via long flexible
spacer molecules (33-35). By this linkage method, the
ligand on the tip is free to move and orient for unconditioned
recognition of the surface-bound receptor, thus favoring
complex formation. The characteristic stretching of the spacer
(36), preceding complex dissociation, allows us to better
discriminate specific unbinding events from unspecific
adhesion, with great advantages for the study of low-affinity
physiological partners (37).

In this article the molecular interaction between C551 and
gold-immobilized AZ has been investigated by force spec-
troscopy. For optimal interaction between the two partners,
proteins have been linked to substrate and tip with proper
orientation for mutual interaction. More specifically, AZ has
been immobilized on gold via Cys® and Cys?® residues, thus
directing the protein to a configuration in which the hydro-
phobic patch, involved in interaction with C551 (24), is
oriented up (38)—away from the electrode surface—i.e.,
facing the tip of an AFM (see Fig. 1). Conversely, C551
molecules have not been adsorbed directly on the AFM tip,
but by employing a few-nm-long cross-linker that allows
protein reorientation over the AZ sample, thus facilitating
mutual interaction.

The two redox partners here investigated display a relative
low affinity (the estimated value of equilibrium constant
for complex dissociation being in the range 107 °~10"* M;
Ref. 22)—that is, lower than values for ligand-receptor pairs
commonly studied by force spectroscopy, but still compara-
ble to that for cadherin dimers, which have been successfully
investigated by this technique (37). It is also important to keep
in mind that the likely transient nature of the ET complex here
investigated (16) renders such ligand-receptor pairs very
different from more stable complexes commonly studied by
force spectroscopy experiments. To the best of our knowl-
edge, this article represents the first study of molecular recog-
nition of two redox partners by means of force spectroscopy.
Here, the specificity of molecular recognition has been clearly
demonstrated at the level of single molecule even after im-
mobilization on gold of one of the partners. Additionally, by
exploring the unbinding force of the complex for different
values of loading rate, the dissociation kinetics has been in-
vestigated.
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MATERIALS AND METHODS
Sample preparation

The AZ was purchased from Sigma-Aldrich (St. Louis, MO) and used
without further purification, after dissolving in 50 mM sodium phosphate
buffer solution, pH 7. The substrates used in our experiments consist of
vacuum-evaporated thin gold films (thickness 250 nm) on borosilicate glass
(using the product arrandee, Dr. Dirk Schroer, Werther, Germany). Before
incubation with 35 uM AZ solution, the gold substrates have been flame-
annealed, to obtain recrystallized Au(111) terraces. The annealed Au(111)
substrates were then incubated overnight at 4°C. Samples were gently rinsed
with buffer solution to remove any unadsorbed material and immediately
immersed in buffer for fluid imaging and force spectroscopy.

Tip functionalization

Cytochrome ¢ 551 from P. aeruginosa (C551) was purchased from Sigma-
Aldrich and used without further purification. The cross-linker used to bind
C551 to the AFM tip is a heterobifunctional polyethylene-glycol derivative
(PEG) which has been synthesized by some of the authors (33). The linker is
10-nm-long and bears an aldehyde (ALD) moiety at one end and n-hydroxy-
succinimide (NHS) at the other end. A schematic representation of tip
functionalization (with a success rate of ~40%) is shown in Fig. 2 a. The
SizN, cantilevers (Veeco Instruments, Santa Barbara, CA) were contact
microlevers with backside gold coating and an oxide-sharpened tip. Probes
have been first cleaned in three changes of chloroform and then treated with
amine groups by overnight incubation with ethanolamine-HCI dissolved in
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FIGURE 2 (a) Schematic representation of the AFM tip functionalized
with C551 via the ALD-PEG-NHS cross-linker. (b) Schematic representa-
tion of C551, with the heme group in red. Binding of C551 to the ALD-PEG
is achieved via one of the eight lysine residues (highlighted in /ight blue)
homogeneously distributed on the molecule surface. Residues Val*® and
Ile®, belonging to the protein surface involved in interaction with AZ (as
from Ref. 24), are represented as well.
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dimethylsulfoxide. Subsequent incubation of tips with PEG solution results
in stable binding of the cross-linker NHS-end with the amino-treated tip
surface (being that the amine-NHS reaction is faster than the amine aldehyde
reaction). PEG solution has been adjusted to ensure low density of cross-
linkers on the Si;N, surface, and therefore single-molecule detection by the
tip. Tips functionalized with the PEG were finally incubated with the C551
solution. The cytochrome molecules stably bind to the ALD-end of the
flexible PEG via one of its eight lysine residues, homogeneously distributed
on the molecule surface (see Fig. 2 b). Before tip incubation with cyto-
chrome, the C551 solution was passed through a Sephadex G-25 desalting
column (PD10, Pharmacia, Peapack, NJ), to change the initial ammonium
acetate pH 4.7 buffer (which may interfere with final aldehyde-lysine
binding) to 50 mM sodium phosphate buffer solution, pH 7. Functionalized
tips were stored in buffer solution at 4°C until use. The cantilever spring
constant of the functionalized tips (nominal value 0.030 N/m) was exper-
imentally determined by thermal noise analysis (39) with uncertainty of
~7% on each cantilever. Measured values for used cantilevers ranged from
0.022 to 0.038 N/m.

AFM imaging and force measurements

Measurements were carried out by using alternatively a PicoSPM (Molecular
Imaging, Phoenix, AZ) or a Nanoscope IlIa/Multimode AFM (Digital Instru-
ments, Santa Barbara, CA).

For the characterization of Au(111) substrates, images were taken in air
in contact mode configuration, by using silicon nitride contact microlevers
(Veeco Instruments) with backside gold coating and an oxide-sharpened tip.
The nominal spring constant was 0.3 N/m.

Imaging of AZ/Au(111) samples was performed in buffer solution by
intermittent contact AFM, either by magnetic AC mode (MAC mode by
PicoSPM) or by conventional Tapping Mode (TMAFM by Nanoscope I1Ia).
In this case, the silicon nitride cantilevers (Veeco Instruments) had nominal
spring constant of 0.1-0.5 N/m and typical correspondent resonant frequency
of 830 KHz were used. The amplitude set point was selected to be ~85% of
free amplitude value.

To perform force spectroscopy experiments, the imaging tip was then
replaced with the PEG-C551 functionalized tip. With such tips no images
were taken, but only force-distance cycles were recorded over the AZ sample
in buffer solution (50 mM sodium phosphate, pH 7) at constant lateral
position. To limit the force that the tip applied to the surface, as well as to
minimize deviations between experiments, a relative trigger of 15-30 nm was
used in all deflection-distance curves. Approach and pulling velocity were
identical in all experiments and varied from 30 nm/s to 3000 nm/s. All force-
distance cycles here presented have been recorded setting the encounter time
equal to zero.

RESULTS AND DISCUSSION

The quality of the annealed gold surface was assessed by
contact-mode AFM measurements, which showed the pres-
ence of atomically flat (111) terraces over hundreds of nano-
meters, with a typical roughness of ~0.05-0.1 nm.

The AZ/Au(111) sample was characterized in buffer solu-
tion by intermittent contact AFM. A typical MAC-Mode
image of such a sample is reported in Fig. 3, which shows
a stable and dense layer of molecules over the gold surface.
The presence of a stable AZ monolayer on the gold surface
after overnight incubation is also assessed by further AFM
and scanning tunneling microscopy analysis performed by
our group on analogous samples (9,18). In particular, samples
prepared following such a protocol display reproducible
good-quality scanning tunneling microscopy imaging, even
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FIGURE 3 MAC-Mode AFM image of AZ monolayer over Au(l11)
substrate. The image has been recorded in buffer solution. Scale bar: 100 nm.

after repetitive scans, indicative of full coverage with mol-
ecules stably bound to gold, as for covalent binding (9). The
functionality of adsorbed AZ has been demonstrated by cyclic
voltammetry experiments, shown elsewhere (9,11). The high
concentration of molecules on the substrate, the stable linkage
to gold and more importantly the preserved AZ functionality,
are characteristics which make the sample suitable for force
spectroscopy analysis. In particular, the retention of ET capa-
bility is indicative of redox center, and residues close to it
(likely involved in interaction with C551; Ref. 24) being not
significantly affected by immobilization.

The imaging tip was then replaced with the PEG-C551
functionalized tip for force spectroscopy experiments in
contact mode. A representative force versus distance cycle
recorded with the functionalized tip is plotted in Fig. 4. The
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FIGURE 4 Typical force-distance curve recorded with a PEG-C551 func-
tionalized tip over an AZ/Au(111) sample showing a rupture event during
retraction. A graphical representation of unbinding length (L) and unbinding
force (F) is provided.
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retrace curve displays the characteristic stretching of the
flexible PEG-linker, which shows a typical nonlinear behav-
ior of the force versus distance retraction curve (36), and
following C551-AZ recognition and unbinding. Similar
curves have been recorded, at a scan rate of 3000 nm/s, over
different sites on the sample surface. Many specific
recognition events (characterized by the delayed nonlinear
course in the retraction curve) were observed in every lateral
position probed with same tip, indicative of reproducible
behavior during force-distance cycles, whereas very few
adhesion events (characterized by linear retrace force slope)
were observed. Reproducibility of unbinding events with the
same tip is indicative of molecules not being pulled off the
surfaces of the probe or the substrate during the process,
since if AZ (or C551) molecules had remained attached to
the probe (sample) surface, no repeatability would have been
observed. Thousands of curves have been recorded and
analyzed to evaluate the unbinding probability as well as the
most probable unbinding force and typical unbinding length
(see Fig. 4 for their definition). The unbinding force was
measured from the pull-off jump of the retraction curve; in
the case of multi-event retraces, only the last pull-off jump
was considered. Values below the noise level, namely the
standard deviation of the flat portion of sampled force-
distance curve (for instance, 10 pN for the force-distance
curve plotted in Fig. 4), were not taken into account.
Statistical distribution of unbinding forces was found to be
reproducible when hundreds of curves were recorded over
different sites on the sample surface. In Fig. 5 a, the
histogram of pull-off forces measured in AFM force-distance
curves between C551-PEG tip and AZ substrate (scan rate =
3000 nmy/s) is represented. Data come from the analysis of
268 unbinding events over 1500 force-distance cycles,
which correspond to a binding probability of ~18%. From
the force histogram we estimate for the most probable
unbinding force a value of 74 pN. To ensure that the most
probable values are independent of the histogram arrange-
ment, different classes of variable width were compared, and
no significant differences in the maxima were found.
Regarding the binding probability, 18% is a bit lower
than binding probabilities usually experienced by other com-
plexes. For instance, many antigen-antibody investigated by
force spectroscopy experiments show a binding probability
close to 50% (40% for Human Serum Albumin and its
antibody, Ref. 34; 60% for single-chain Fv antibody and
antigen, Ref. 40; and 50% for y-glutamyltransferase and
anti-y-glutamyltransferase AFM tip, Ref. 41). On the other
hand, a binding probability as low as 15% is also found for
some complexes such as P-selectin/ligand complexes (10—
15% at a loading rate close to 10 nN/s; Ref. 42), or in some
experiments on streptavidin-biotin complexes (25%; Ref.
43), as well as for cadherin dimers (44). In the latter case, the
binding probability is found to be ~10%, even if such a value
significantly increases when the tip is allowed to rest on the
sample hundreds of milliseconds before retracting. As a
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matter of fact, a similar increase in the binding probability is
also observed for our complex, the frequency of recognition
events almost doubling for encounter time varying between
0 and 500 ms, even if in the latter case multiple interactions
cannot be ruled out (37). Undoubtedly, the steric hindrance
of the binding process, due to the densely packed AZ-
monolayer as well as to the low flexibility of the molecules
on the gold substrate, is likely to have an effect in lowering
binding probability (45) and, on the other hand, in increas-
ing it for longer tip-surface contact times. In this respect, a
different immobilization strategy (namely with lower AZ
concentration and/or with the introduction of a spacer be-
tween AZ and gold) might somehow help in protein recogni-
tion. Nevertheless, it is also worth noticing that the relative
low binding probability we observe may be a particular
aspect of AZ/C551 interaction, since the not-high-specificity
is thought to be a characteristic of ET complexes (16).

From the unbinding curves, a distribution of unbinding
length was calculated, by evaluating the extension corre-
sponding to the nonlinear portion of the force versus distance
retraction curve (see Fig. 4). The resulting length statistical
distribution, correspondent to force distribution of Fig. 5 a,
is reported in the histogram of Fig. 5 b. The most probable
unbinding length is ~18 nm, a value which well compares to
typical values found in other force spectroscopy experiments
using similar PEG cross-linkers (34). Moreover, this value is
in good agreement with the extension expected for similar
PEG upon stretching (36). Such finding provides further
evidence that the corresponding pull-off events, selected as
specific unbinding events, derive from the stretching of the
PEG linker and following protein unbinding (46), whereas a
possible unfolding of one of the interacting proteins is
unlikely.

To test the reproducibility of the experiment, thousands of
force-versus-distance curves were also recorded with differ-
ent C551-PEG tips over AZ/Au(111) samples (data not
shown here). The statistical distributions found for unbinding
force and unbinding length provided similar peak values to
those shown in Fig. 5, a and b, previously discussed, indica-
tive of the good reproducibility of our results.

As already mentioned, the selection of curves displaying
specific unbinding events is facilitated by the introduction of

FIGURE 5 (a) Histogram of the unbinding
forces as measured from 268 rupture events
observed over 1500 force-distance cycles. (b)
Unbinding length statistical distribution eval-
uated for same series of curves providing the
force distribution shown in a.

30 40 50 60 70
unbinding length (nm)

the PEG cross-linker, since its stretching preceding the pull-
off and characterized by nonlinear behavior of force versus
distance curve allows us to discard aspecific adhesion curves.
Nevertheless, to sustain the specificity of rupture events,
control experiments were performed to test inhibition of
AZ/C551-tip recognition. To this aim, force-distance curves
were recorded over the AZ/Au(111) sample using the same
C551 functionalized tip which provided the 18% probability
of unbinding events, but after the addition of free AZ
solution in the fluid cell. To ensure that most of the C551 on
the tip was in complex with free AZ, the added AZ solution
concentration was 15 wM, that is, comparable to K4 for
C551/AZ complex (Kq ~ 107°-107* M; see Ref. 22). After
free AZ addition, the tip and substrate were incubated 30 min
in the AZ solution before starting to record force-versus-
distance cycles. A corresponding increase of number of
curves displaying no rupture events was observed, the un-
binding probability progressively changing from the initial
average value of 18% down to a final stable value of 5.5%,
therefore resulting in 70% overall decrease of number of un-
binding events. The significant decrease of binding proba-
bility is indicative of blocking recognition between C551 on
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FIGURE 6 Comparison of unbinding force statistical distribution before
(dashed) and after (solid) tip-blocking. After tip-blocking, the total number
of unbinding events significantly decreases, corresponding to a final 70%
reduction of unbinding probability.
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the tip and the AZ adsorbed on the Au(111) surface, likely due
to binding of free AZ to the C551 proteins on the tip (i.e., tip-
blocking).

The unbinding force distribution before and during tip-
blocking is represented in Fig. 6. The similarity of the
two histograms seems to indicate that the observed 5.5%
pertaining unbinding events are related to C551/AZ specific
recognition not-blocked. The 70% decrease in unbinding
events is consistent with choosing blocking agent concen-
tration close to Ky (as also observed for other complexes;
Ref. 37), K, representing the concentration of ligand that—at
equilibrium—causes binding to half receptors (47). It is worth
noting that the persistence of a 3—-6% residual unbinding
activity is, however, observed in most blocking experiments,
even in very effective blocking conditions (34,41), and that
such residual activity is likely to be induced by the forced
interaction between the two molecules, due to the experi-
mental setup. Nevertheless, the lack of full blocking may be
ascribed, to some extent, also to the transient nature of the
complex, which may determine the occurrence of a sort of
dynamic exchange of binding between the cytochrome on the
tip and the free AZ in solution.

After the tip-blocking experiment, the measuring tip
was washed out in copious buffer solution. By recording
force-distance cycles in temporal sequence, a progressive
recovering in the number of unbinding events was observed,
up to a final stable unbinding probability of 17%. Unbinding

1 Ll I I I Ll T T I

20 tip blocking -

unbinding probability (%)

az/c551
az/c551
az/c551

after tip block.
after tip block.
after tip block.
after wash
after wash
after wash

FIGURE 7 Unbinding probability before (shaded) and during (solid) tip-
blocking, as well as after tip-washing (dashed shaded line). The reported
values refer to a statistical analysis of a force-distance curve series recorded
in a temporal sequence.
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probability during tip-wash is shown in Fig. 7, together with
values before and during tip-blocking (note that reported
values refer to statistical analysis of force-distance curve
series recorded in temporal sequence). The recovering of un-
binding events during the washout is indicative of a reversible
blocking mechanism, and reminds us of the weak nature of
the ET complex here investigated (16).

Additional experiments have been performed to investigate
the unbinding kinetics of C551/AZ complex. In principle,
from loading rate-dependent measurements of the unbinding
force (dynamic force spectroscopy), it is possible to deter-
mine the dissociation rate of a bond (48,49). More specifi-
cally, the unbinding process of a ligand-receptor pair under
the influence of an external loading force can be treated, in
terms of the Bell model (50), as a kinetic problem of escape
from a potential well: the effect of the external load is then to
tilt the interaction potential and facilitate thermally activated
escape from the bound state (48,51,52). As a consequence,
the dissociation rate constant k. of a bond is amplified by the
application of an external force F as

kott (F) = kot (0) - exp[FXg /(KsT)], (D

where k,¢(0) is the natural thermal off-rate for dissociation in
the absence of applied force, Kg the Boltzmann’s constant,
and Xg has the dimension of a length and can be interpreted
as the difference in separation between ligand and receptor
in the bound and transition states. Assuming that the bond
dissociation is a random process, and in the case of load on
complex increasing with constant rate v (F = v - ), the most
probable unbinding force F* is given by

F' = KT /X, - In[vX, ) (ko (0) - KT)]. 2)

Therefore by plotting F* versus v and fitting data using Eq. 2
it is possible to estimate the length scale Xg (describing the
difference in separation of C551 and AZ between the bound
and the transition state) and, more importantly, an AFM-
measured off-rate k,s(0) can be determined. The nominal
loading rate (calculated as the product of the cantilever
nominal spring constant and the scan rate, i.e., ¥ = Kjominal X
scan rate) has been varied between 7 nN/s and 150 nN/s. The
value of nominal loading rate is then substituted with the real
loading rate, which has been evaluated by taking into account
the PEG spacer elasticity (36), namely the cantilever effective
spring constant. For every value of applied loading rate, 1000
force-distance cycles have been recorded. For increasing
loading rate, we observed a progressive clear upward shift
of measured forces, as shown in the histograms of Fig. 8 a
corresponding to minimum and maximum values of applied
loading rate. The most probable unbinding force F*, resulting
from a Gaussian fit to the histogram distribution, has been
plotted in Fig. 8 b as a function of the loading rate v. A nearly
linear increase of the unbinding force with the loading rate
on the half-logarithmic scale can be observed over almost two
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FIGURE 8 (a) Statistical distributions of unbinding
force for maximum and minimum values of applied
loading rate. At every loading rate, 1000 force-distance
curves have been recorded. (b) Loading-rate depen-
dence of the most probable unbinding force F* resulting
from a Gaussian fit to the histogram distribution. Force
statistical errors are given by standard deviation (20/N"/?
for 95.4% confidence level). Error on loading rate is
evaluated from uncertainty in the effective spring constant
of the cantilever. The solid line is a numerical fit of ex-
perimental data to the Bell model (see Eq. 2 in the text).
Best-fitting parameters are ko (0) = (14 £ 2) s ! and
Xp = (0.14 = 0.01) nm.
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orders of magnitude in v, which suggests that our data may
be described in terms of the Bell model, as for rupture forces
characteristic for a single energy-barrier in the thermally
activated regime (48,50,51). Experimental data have been
thus fitted with Eq. 2; from fitting procedure, an estimate of
kofr (0) and X has been obtained. Best-fitting value for ko in
absence of applied force is found to be kg (0) = (14 = 2) s~ L

It is commonly accepted that ET complexes, such as AZ/
C551, have high off-rates (as well as on-rates) with typical
kogrup to 10°s™! (whereas k,, is the range 10-10°M ! sfl)
(16). Such peculiarity renders the AZ/C551 complex very
different from most complexes usually studied by force spec-
troscopy experiments, which are more stable. As a matter of
fact, for the well-known biotin-avidin complex, the typical
timescale of the binding process is of the order of months
(kogt = 9-1078 s ! and k., = 7-10" M~ ' s7!; see Ref. 53),
whereas antigen-antibody complexes have higher off-rates,
but are still in the range of 0.01 s .

Even if the value of 14 s~ we estimate is not as high as
typical koe expected for ET transient complexes (16), it is,
however, much higher than off-rates typically estimated by
dynamic force spectroscopy for ‘stable’’ ligand-receptor
pairs. For these, conversely, dynamic force spectroscopy
provided k¢ (0) values in the range of 1073-10" " s ! (as for
antigen-antibody; Ref. 54) or even lower (for the well-known
biotin-avidin, ko (0) ~107> s~ !; Ref. 43); still, for the low-
affinity complex of cadherin dimers a value not larger than
1.8 s! has been provided experimentally (37).

The best-fitting value for Xg, describing the difference in
separation of C551 and AZ between the bound and the
transition state, is (0.14 = 0.01) nm—which is comparable to
values found for other ligand-receptor pairs.

As widely discussed, the unbinding force may strongly
depend on loading rate; thus the comparison of the AZ/C551
unbinding forces with values from literature for other com-
plexes can be made only if considering the data recorded at

T T T T

10°

same loading rate. Therefore, to complete the comparison of
data from our experiments with similar studies—available
from literature—on other complexes, we focus our attention
on a particular value of the real loading rate, namely 10 nIN/s.
As a matter of fact, many force spectroscopy experiments on
several ligand-receptor pairs have been performed applying
such loading-rate value. From the plot shown in Fig. 8 b, we
can provide an estimate for the most probable unbinding
force F* of ~95 pN when a real loading rate of 10 nN/s is
applied. This value can be now compared to unbinding forces
of other ligand-receptor pairs, as summarized in Table 1 from
literature. From the table, we may conclude that the force we
measure for AZ/C551 is in the range of forces typically
measured for many ligand-receptor complexes, varying be-
tween 20 and 240 pN.

TABLE 1 Unbinding forces for different complexes, as
measured by force spectroscopy experiments at
loading rate of 10 nN/s

Force
Complex Reference (pN)
asB; integrin ligand/GRGDSP peptide receptor (55) 20 £ 7
Cadherin/cadherin (35,37) 35 £ 16
Selectin/sialyl Lewis X tetrasaccharide (56) 50 = 15
Lysozyme/anti-lysozyme 35) 52 £ 18
Anti-lysozyme Fv fragment/lysozyme 57 55 =10
Regulatory protein (His)¢sExpG/DNA (58) 75 £ 15
promoter regions
Biotin/avidin 599) 80 *= 15
AZ/C551 This 95 £ 15
study
ICAM-1 (Intracellular Adhesion Molecule)/ 35) 100 = 50
anti-ICAM-1
P-selectin/ligand 42) 115 = 40
Anti-Sendai-antibody/Sendai bacteriorhodopsin (60) 126 £ 15
Single-chain Fv fragment of fluorescein binding (54) 160 = 15
antibody/fluorescein antigen
HSA (Human Serum Albumin)/anti-HSA (35) 244 + 22
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CONCLUSION

The study of individual recognition between C551 and gold-
immobilized AZ has been, for the first time, accomplished
by atomic force spectroscopy and the specificity of this mo-
lecular interaction has been clearly demonstrated by control
block experiments. The dissociation kinetics of the complex
has been explored and an estimate of the complex off-rate has
been provided, which (as expected) results much higher than
typical values for more stable complexes usually investigated
by this technique.

Importantly, the effectiveness of molecular recognition
between two redox partners when one of them is directly
linked to a metal electrode is a good starting point for pos-
sible detection of single recognition events as a recordable
electric signal. Our results thus confirm the great potentiality
of redox proteins for implementation of ultrasensitive bio-
nanodevices designed for biological screening at the single-
molecule level.
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