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A  stochastic  simulation  of  adsorption  processes  was developed  to  simulate  the  coverage  of an  atomic  force
microscope  (AFM)  tip  with enzymes  represented  as  rigid  polyhedrons.  From  geometric  considerations
of  the  enzyme  structure  and  AFM  tip,  we  could  estimate  the  average  number  of active  sites  available  to
interact  with  substrate  molecules  in  the bulk.  The  procedure  was exploited  to determine  the  interaction
omputational rigid model
tochastic adsorption
nzyme modeling
CC enzyme
MD

force  between  acetyl-CoA  carboxylase  enzyme  (ACC  enzyme)  and  its substrate  diclofop,  for  which  steered
molecular  dynamics  (SMD)  was  used.  The  theoretical  force  of (1.6  ±  0.5)  nN  per  enzyme  led  to  a total  force
in remarkable  agreement  with  the experimentally  measured  force  with  AFM,  thus  demonstrating  the
usefulness  of the  procedure  proposed  here  to assist  in  the  interpretation  of  nanobiosensors  experiments.
FM

. Introduction

Nanobiosensors are highly sensitive and selective sensors with
anoscale resolution (1–100 nm)  [1], which can be based on atomic

orce microscopy (AFM). Since with AFM one is capable of mea-
uring forces of the order of magnitude of a chemical bond [2],
pecific molecular detection can be achieved in the so-called Chem-
cal Force Microscopy (CFM). Various combinations of sensing

olecules (e.g. enzymes, antibody) and substrates (e.g. inhibitors,
ntigens) can be used to build nanobiosensors with AFM. The
esign of an effective sensor, however, requires understanding of
he specific interactions leading to detection signals, such as those
enerated by enzyme-inhibitor pairs [3–6]. Owing to the complex-
ty of the enzyme–substrate interaction, in silico studies are now
mployed, including molecular dynamics (MD) simulations [7–9].

ith the present computational capabilities, even using enhanced

ampling techniques, the simulation of these interactions cannot
e made at the atomistic level due to the size of the system and
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the time scale of the phenomena taking place during operation of
a nanobiosensor [10–12]. Therefore, the development of approxi-
mated methodologies is needed.

In this study, a coarse grained model is proposed to determine
the interaction between acetyl-CoA carboxylase (ACC) and diclofop,
a commercial herbicide known to block ACC activity by occupying
its binding pocket [13–17] in a non-covalent, reversible interac-
tion. The coarse-grained model for the AFM tip surface covered by
enzymes uses atomistic information obtained from MD  simulations
and technical specifications from the manufacturer of the AFM tip.
The model was used to determine the average interaction energy
per active site while the number of active sites available to interact
with the herbicide substrate was  obtained using a stochastic model,
where the enzymes were represented by polyhedrons adsorbing
on the tip. The theoretical forces are compared to experimentally
obtained values.

2. Methodology
2.1. ACC as dimeric structure

The initial structure of the ACC enzyme, shown in Fig. 1, was
obtained from the Protein Data Bank online repository [18] under

dx.doi.org/10.1016/j.jmgm.2014.07.009
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Table 1
Number of actives sites available according to the polyhedron faces orientations.

Faces Contact area (nm2) Covered area of the
AFM tip (nm2)

Active sites
available

1 42.4 33.9 0
2  42.4 33.9 0
3  30.2 36.7 1
4  30.2 36.7 1
5  17.0 33.9 1
ig. 1. Artwork of the ACC enzymes arrangement on the AFM tip and substrate
urface with functionalized diclofop molecules for detection.

DB ID 1UYR. The enzyme was assumed to adopt a dimeric con-
ormation in solution, according to molecular dynamics simulation
ith an all-atom model [19,20]. The coverage of the AFM tip with

he enzymes was simulated with a stochastic process in MD  simu-
ations, where a coarse-grained model had to be used. The enzyme
imers were represented as rigid structures, as already applied in
olecular docking calculations of inhibitor-enzyme interactions

21,22]. The use of a rigid model is justified based on the stabil-
ty of the dimeric structures. Indeed, a stable dimeric ACC structure

as reached within 10 ns of MD  trajectory with a RMSD of 0.3 nm
19], whereas the dimeric structure was attached to a functional-
zed surface, it remained stable within a RMSD of 0.35 nm after a
0 ns MD  trajectory [20].

.2. Stochastic coverage of the AFM tip

The dimeric form of ACC was represented by a polyhedron with
ix faces, which dimensions A through F, depicted in Fig. 2, were
btained using the procedures described in [23,24] with the MD
ata by Franca et al. [19]. Because the charge distribution on the
CC enzyme dimer surface is homogeneous [19], there is no prefer-
ntial region for enzyme adsorption on the AFM tip. Therefore, the
nzyme-surface energy interaction will be assumed proportional
o the contact area, and so will be the probability of each of the six
aces (A–F) of the polyhedron to be in contact with the AFM tip. The
dsorption process is then assumed to be stochastic with adsorp-
ion probability proportional to the contact area, which is defined
n Fig. 2. As a consequence of the ACC dimer symmetry a twofold
egeneracy is found between faces {A, B}, {C, D} and {E,F}. Hence,
here are only three energetically distinct attachment positions.

.3. Number of functionalized enzymes on the AFM tip surface

For a given configuration of polyhedrons covering the tip sur-
ace, geometric considerations can be used to determine the
vailability of the enzyme cavity to interact with substrates from
he bulk. The number of ACC dimers attached to the AFM tip, which
re effective for interacting with substrates, is required to nor-
alize the signal measured in an AFM experiment. This number

epends on geometrical parameters of the substrates as well as on
he density of enzyme dimers on the AFM tip surface. The latter den-
ity depends on the tip radius and on the average area occupied by a
ingle enzyme dimer. Fig. 3 shows a monolayer of adsorbed enzyme

imers which will effectively interact with the substrate molecules
rom the bulk.

The ACC dimer hydration energy calculated by Franca et al.
19] is −23.36 · 103 kJ/mol, and its isoelectric point is 6.23 [25]. As
6  17.0 33.9 1

the hydration energy is small and electrostatic repulsion can be
neglected, we assume that the AFM tip surface is uniformly cov-
ered by ACC dimers represented by rigid polyhedrons. The spherical
AFM tip area A is calculated using A = 2�ıR, where R is the radius
given by the manufacturer [26] and ı is a parameter depending on
the substrate geometry as indicated in Fig. 3. The calculated area
for the AFM tip available for adsorption is A = (220 ± 31) nm2.

A modeling software [23,24] was  employed to obtain distri-
butions of polyhedron conformations that could be adsorbed on
the tip surface. The contact area for each face, and the area of the
AFM tip covered by a given face were determined in Table 1. Also
included in the table, the availability of the active site is showed.
The stochastic program [27] to obtain sets of configurations for the
adsorption of polyhedrons has a 4-step procedure, as follows:

Step 1: choose the number N of dimers on the surface.
Step 2: sort a given polyhedron face. For a given polyhedron face its
Boltzmann probability is calculated assuming that the interaction
energy is proportional to the contact area given in Table 1.
Step 3: using information from Table 1, the number of active sites
available for interaction is obtained.
Step 4: return to Step 2 until N is reached.

For a given number N of dimers, random sets of arrangements
for the polyhedrons on the AFM tip surface were generated. The
average number of active sites available for interacting with the
substrates is obtained in Step 3 at the end of the iterative stochastic
procedure. Note that the number of active sites is smaller than the
number of adsorbed enzymes because some sites are not exposed
to the substrates, as will be discussed later on.

2.4. Steered molecular dynamics

Steered molecular dynamics (SMD) [10,28] calculations were
carried out to simulate the average force required to detach the
herbicide diclofop from the ACC active site cavity. As shown in
Fig. 4, a vector toward the entrance of the active site was  imposed
to represent the pathway for detachment of the diclofop molecule.
The calculations were performed using GROMACS computational
package version 4.5.4 [8,29] with the following protocol: (i) the
enzyme structure reported by Franca et al. was  solvated by SPC [30]
water molecules and ions were added to balance/equilibrate charge
distribution in the system; (ii) the calculations were performed
in the NpT ensemble at p = 1 bar and T = 298 K. Standard Berend-
sen barostat and Langevin thermostat procedures implemented in
GROMACS were used; (iii) a cutoff radius of 1.4 nm was  used and
long range corrections for electrostatic potential were considered
using the Particle Mesh Ewald (PME) formalism; (iv) using a 1 fs
time step for integration, equilibrium was achieved within a 50 ps

NVT calculations and a further 1 ns NpT trajectory was used for aver-
aging; (v) a constant force of 3670 pN nm−1 and a speed rate of
0.001 nm/ps were used in the detachment process.
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Fig. 2. Proposed rigid model of the ACC enzyme according to its dimensions.

Fig. 3. Schematic monolayer section of both substrate surface and AFM tip radius covered by diclofop molecules and ACC enzymes respectively.

Fig. 4. Steered molecular dynamics representation of the herbicide diclofop decoupling process from the active site of the ACC enzyme.
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Table  2
For a given number (N) of enzyme dimers covering the AFM tip, estimations were made of the area of the tip covered and the average number of active sites available for
interaction, in the second and third columns, respectively. Using the force obtained from SMD  simulations per enzyme dimer, the theoretical force was obtained. For full
coverage of the tip, N = 6, the predicted force agrees with the experimentally measured average force from Ref. [26]. These values are highlighted in bold in the third line.
Because  the experimental results led to a histogram of force values, from 3 to 8 nN, it is possible to predict how many active sites are responsible for the interaction. Here, N
would  vary from 4 to 7, as indicated in lines from 1 to 4. Results with confidence of 95%.

Number of enzyme (N) AFM tip area covered by enzymes (nm2) Average number of active sites Theoretical force (nN) Experimental force (nN)

4 139.4 2.53 4.0 ± 1.3 3.9 ± 1.8
5  174.5 3.20 

6  208.8 3.86
7  243.5 4.54 
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ig. 5. Integrated force curve of the diclofop decoupling from the ACC active site.
he calculated average force was estimated from 0 to 1500 ps time step.

. Results

The force curve along the detachment pathway in Fig. 4,
btained with SMD  simulations, is presented in Fig. 5. The average
orce was calculated in the time interval from t = 0 to tf = 1000 ps,
ince the diclofop molecule is outside the cavity of the enzyme
ctive site after a time tf. An average force FS = (1.6 ± 0.5) nN was
btained per enzyme, with a confidence level of 95%. Using the tech-
ical specifications from the manufacturer, the AFM tip radius (R)
as assumed to be (17.5 ± 2.5) nm.  With A = 2�ıR and ı = 2.0 nm,

he AFM available area is (220 ± 31) nm2.
Table 2 shows the AFM tip area covered by enzymes for a given

 of ACC dimers, obtained from averaging thousands of combina-
ions of polyhedron faces generated by the stochastic program. Full
overage of the AFM tip corresponds roughly to adsorption of 6
nzyme dimers (N = 6), to which the average number of active sites
ould lead to a force of (6.2 ± 1.9) nN, using the average force per

nzyme of (1.6 ± 0.5) nN. The agreement with the experimental
ata is remarkable. For a fully covered AFM tip, Bueno et al. [26]
easured forces varying from 3 to 8 nN, leading to a histogram of

orces which most probable value is (6.1 ± 2.0) nN. These values
re highlighted in line 3 of Table 2. It is also shown that the aver-
ge number of active sites is smaller than N, as one should expect
ince some active sites are not exposed to the substrates and this
as taken into account in our stochastic model. Moreover, with the

heoretical results we may  predict the number of enzymes covering
he tip to account for the measured forces in the histogram, which
as also indicated in Table 2.

. Conclusions
In this paper we introduced a procedure that allows the esti-
ation of the interaction force between the ACC enzyme and its

ubstrate diclofop, as well as compare this value with experimen-
al results from AFM experiments. This was achieved with steered

[

[

5.1 ± 1.6 4.9 ± 1.9
6.2 ± 1.9 6.1 ± 2.0
7.2 ± 2.3 7.0 ± 2.2

molecular dynamics (SMD), where the enzyme dimers were repre-
sented as rigid polyhedrons and the coverage of the AFM tip with
enzymes was simulated using a stochastic process. The dimension
of each polyhedron face was  calculated using routines provided by
the programs [23,24,31] and the interaction energy between the
enzyme and AFM tip surface was  assumed to be proportional to
the contact area. From geometry considerations it was possible to
determine the number (N) of enzymes attached to the AFM tip and
the average number of active sites effectively interacting with the
substrate. The remarkable agreement between the theoretical and
experimental results demonstrates that the procedure proposed is
useful to interpret AFM experiments.
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