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ABSTRACT

Rational structure-based drug design aims at identifying ligand molecules that bind to the active site of a
target molecule with high affinity (low binding free energy), to promote or inhibit certain biofunctions.
Thus, it is absolutely essential that one can evaluate such affinity for the predicted molecular complexes
in order to design drugs effectively. A key observation is that binding affinity is proportional to the geo-
metric fit between the two molecules. Having a way to assess the quality of the fit enables one to rank the
quality of potential drug solutions. Other than experimental methods that are associated with excessive
time, labor and cost, several in silico methods have been developed in this regard. However, one of the
main challenges of any computation-based method is that, no matter how efficient the technique is, the
trade-off between accuracy and speed is inevitable. Therefore, given today’s existing computational pow-
er, one or both is often compromised. In this paper, we propose a novel analog approach, to address the
aforementioned limitation of computation-based algorithms by simply taking advantage of Kirchhoff’s
circuit laws. Ligand and receptor are represented with 3D printed molecular models that account for the
flexibility of the ligand. Upon the contact between the ligand and the receptor, an electrical current will
be produced that is proportional to the number of representative contact points between the two scaled-
up molecular models. The affinity between the two molecules is then assessed by identifying the number
of representative contact points obtainable from the measured total electrical current. The simple yet accu-
rate proposed technique, in combination with our previously developed model, Assemble-And-Match,
can be a breakthrough in the development of tools for drug design. Furthermore, the proposed technique

can be more broadly practiced in any application that involves assessing the quality of the geometric

match between two physical objects.
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1. INTRODUCTION

Although virtual screening is many orders of magni-
tude faster than the experimental screening, it re-
mains a combinatorial problem as the binding affinity
of a large number of ligands with a specific target
must be evaluated, each at several different orienta-
tions relative to the receptor. Further, each ligand can
adopt different conformations. Regardless of which
scoring method is utilized or how efficient the uti-
lized algorithms are, an inescapable trade-off lies at
the heart of any computational method, between
speed and accuracy of a single affinity evaluation. As
a result, with the available in silico power, often
speed, accuracy or both are compromised.

We propose a novel analog approach that unlike
computation-based methods, is not subject to the
trade- off between speed and accuracy for a single
evaluation. In fact, our tool which, represents ligand
and receptor with scaled 3D printed models, ena-
bles instantaneous evaluation of the affinity, by
simply taking advantage of Kirchhoff’s circuit
laws. The quality of the match between ligand and
receptor which, is reflective of the affinity between
the two molecules, is evaluated by identifying the
number of representative contact points between
ligand and receptor. These contacts occur where any
of the connection’s spots (uniformly distributed on
the outer surface of the receptor molecule) meets
the surface of the ligand. The number of these con-
tacts is indicated by measuring one single electrical
current value. Depending on how well the ligand
fits into the binding pocket of the receptor, it forms
a certain number of connection spots that directly
or indirectly (depending on the used method) pro-
voke some flow of electrical current, when a volt-
age is applied to the system. The system is de-
signed such that these electrical pathways are dif-
ferent routes of a parallel circuit. Therefore, by en-
suring that all the different paths have the same
electrical resistance, the overall current can reflect
the number of the contact points and subsequently,
the affinity of binding (Fig. 1).

In combination with our previously developed tool,
Assemble-And-Match [19] the proposed affinity
evaluation technique provides a powerful tool for
rapid screening of candidate ligands, where the tangi-
ble experience offered by the tool enables the expert
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drug designer to apply their insight to the fullest to-
wards solving the challenging problem of drug de-
sign. Moreover, one can picture a much broader ap-
plication scope for this technique, particularly in all
problems in which there is some interest in the as-
sessment of geometric match quality between pairs of
physical objects, including but not limited to assem-
bling products in factories.

2. METHODS

2.1. Previously developed: Assemble-And-Match

We previously developed a hybrid tool, so-called as
Assemble-And-Match, comprised of computational
and physical modules, that, enabled customized fabri-
cation of ligand fragments as well as the receptor,
using a 3D printer. The fragments then could be
hinged together in various combinations and then
conformed to different tertiary structures until they fit
into the binding pocket of the receptor. Embedded
measurement marks would be used to report the con-
formation (i.e., a set of torsion angles) to the software
module to reconstruct the molecular complex, in sili-
co, and evaluate its different properties. Herein, the
proposed affinity evaluation is developed as a new
feature of the Assemble-And-Match tool. For further
details, the reader is referred to [19].
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Figure 1: The setup for the proposed affinity evalua-
tion technique is shown. The conformable ligand
which is assembled using 3D printed fragments is
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placed into the binding pocket on the 3D printed re-
ceptor. The affinity between the two molecules,
which is reflected in the quality of the geometric
match between the ligand and the receptor, is evaluat-
ed by identifying the number of contact points. This
is done by measuring the electrical current passing
through the formed parallel circuit when a voltage is
applied to the system. Two different setups are pro-
posed. Both of these setups have a parallel electrical
circuit at their core and each path of the parallel cir-
cuit corresponds to one of the potential connection
spots. In the first setup (a) any contact between lig-
and and receptor will indirectly close the circuit in
another part of the setup, partially contributing to the
measured total electrical current. In the second setup
(b) the ligand itself is made of conductive material
and is part of the electrical circuit. Therefore, the
points of contact between the ligand and the receptor
directly close the circuit. The lines passing through
the receptor are conductive for the second setup.
Springs are embedded in both setups and among their
functions are adding flexibility and ensuring a realis-
tic evaluation of the geometric match quality. Use of
resistors, electrical resistances of which are identical
and much greater than that of other conductive com-
ponents, guarantees that the overall electrical current
is proportional to the number of resistors and subse-
quently proportional to the number of contact points.

2.2. The new feature: rapid affinity evaluation

As briefly discussed in the introduction section, the
idea behind the proposed technique for rapid evalu-
ation of affinity is taking advantage of the well-
known Kirchhoff circuit laws. In the proposed
method, affinity is taken to be proportional to the
geometric fit between the receptor and the ligand.
The geometric fit itself is quantified by the num-
ber of representative contact points between the
receptor and the ligand. The idea is to identify the
number of these contact points in a rapid analog
way by only measuring a single electrical current
value, after applying a voltage to the system. For
that, we introduce two different setups. Both of
these setups have a parallel electrical circuit at their
core and each path of the parallel circuit corre-
sponds to one of the potential connection spots,
which are uniformly embedded on the outer surface
of the receptor in the binding pocket region. In the
first setup (Fig. 1a), the extensions of these connec-
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tion points provoke electrical current in another
section of the tool by closing open paths. In the
second setup (Fig. 1b), the extensions themselves,
as well as the ligand components, are parts of the
electrical circuit. That is, a contact between a con-
nection spot on the receptor and the surface of the
ligand allows the flow of electrical current across
the molecular pair. In both setups, by selecting a
resistance which is equal among the resistors and is
much greater than that of the other conductive ele-
ments in the model, the integrated current meas-
ured at the amperage meter is guaranteed to be rep-
resentative of the number of contact points be-
tween the ligand and the receptor. This way, we are
able to evaluate the affinity by reading only one
value, namely the electrical current. Also, springs
are used in both setups. Among their functions are
adding flexibility and compensating for the imper-
fections in the scaled model. The accuracy of the
model can be enhanced by populating more con-
nections spots on the receptor.

2.3. 3D Printing

For the examples shown in this paper, we have
used Monoprice Select Mini 3D  Printer
(Monoprice, CA, USA) with heated plate along
with 1.75mm ABS filament (HATCHBOX, CA,
USA) as well as 1.75mm conductive PLA filament
(BLACKMAGIC3D, NY, USA). The following
conditions were used for printing: temperature of
the heating bed = 70°C; temperature in nozzle =
230-240°C; layer height = 0.2 mm; shell thickness
= 0.8 mm; bottom/top thickness = 0.6 mm; fill den-
sity = 25%; print speed = 50 mm/s. Also, Kapton
tape (Tapes Master, CA, USA) was adhered on top
of the printing platform to help the bottom layer of
the print stick well to the bed. ABS was dissolved
in acetone and rubbed using cotton to deposit a thin
layer of ABS on the Kaptontape.

3. RESULTS AND DISCUSSION

3.1. An example of the first setup

A test was designed to assess the feasibility of the
first proposed setup and to investigate whether our
solution can provide a consistent meter for quantita-
tive measurement of the quality of geometric match
or in other words affinity between receptor and lig-
and. For this purpose, one receptor and three potential
ligands were designed, and 3D printed. Note that the
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geometric shapes of the printed components in this test did not mimic those of biomolecular entities. This
was deliberately so, to make it easier to verify the validity of ~ the method and further to showcase the gener-
ality of the method. In fact, by doing this, we attempted to deconvolve the molecular affinity from the perfor-
mance of the tool in evaluating this affinity, so that we can have a fair assessment of the tool’s performance. By
choosing an arbitrary ligand and receptor, which we know (by design) will fit perfectly at a known configuration,
we have investigated the capability of the proposed tool in identifying that configuration.

d Pushed down when in
contact with ligand

Conductive material

behavior

Identical
resistors

h

Figure 2: (a) The first ligand in binding with the receptor. (b) The second ligand in binding with the receptor.

(c) The third ligand in binding with the receptor. (d) The component that will be inserted from the bottom into the
receptor to detect the contacts between the ligand and the receptor. This component is comprised of vertical columns
that are pushed down when in contact with the ligand, cantilever structures to show spring-like behavior as well con-
ductive metal to close the corresponding circuits when the columns are pushed down. The printed part has a one-
piece structure. Left and right are top and bottom views respectively. (¢) The receptor with the embedded holes to
accommodate the vertical columns. (f) The part that encompasses the electronic circuits. The two conductive wires
are not connected initially. However, once a column is pushed down as a result of contact between the ligand and the
receptor, the corresponding open circuit will be closed with the aid of the conductive element from the part that has
the columns. The printed part has a one-piece structure. (g) The circuit is closed when the column is pushed down.
(h) A multi-meter used for measuring the overall resistance of the circuit.
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Figure 2 shows the receptor and the three ligands in binding with it. The holes embedded in the receptor

are to accommodate the vertical columns that detect single contacts between the receptor and the ligands. Each
vertical column, when pushed down, as a result of the contact between the receptor and the ligand, closes an
originally open electrical circuit with the aid of a metallic piece at the leg of the column. The cantilever structure
used in the design negates the need for using spring components and thus promotes a one-piece printed structure
which significantly facilitates the fabrication process of the tool.

The table below compares the binding affinity of the receptor with the three different ligands. Here, instead
of applying a voltage and measuring the electrical current, we have alternatively measured the overall re-
sistance of the circuit. The electrical resistance of the resistors was 46.3 K€Q. The number of contacts was
obtained by dividing this value by the measured resistance.

Ligand | Measured resistance (KQ) | Obtained number of contacts | Expected number of con-
tacts
1 5.14 9.008 9
2.89 16.020 16
3 1.44 32.153 32

Note that due to the tolerance of the resistors, small differences are observed between the obtained and ex-
pected number of contacts.

3.2. An example of the second setup

To test the second setup, a small portion of a peptide chain with the PDB code 2MZU was 3D printed using PLA
-based conductive filament with a nominal volume resistivity of 0.6 Qcm. Further, the “semi-perfect” receptor
[19] was printed using ABS material and holes were embedded in it to accommodate the conductive columns.
Fig. 3 demonstrates the setup including the electrical circuit that enables affinity measurement.

b C

Figure 3: Second proposed setup
is shown. (a) 3D printed receptor
and the conductive columns for
capturing the number of contact
points. (b) The first residue (From
a portion of a peptide chain with
PDB code 2MZU).

The second residue (From a por-
tion of a peptide chain with PDB
code 2MZU). (d) Measuring the
affinity of the first residue with
the receptor. (e) Measuring the
affinity of the second residue
with the receptor. (f) Measuring
the affinity of the combination of
the first and the second residues
with the receptor. (g) An over-
view of the setup. (h) Multi-
meter. (i) The electrical circuit.
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The table below compares the binding affinity of the receptor for three different ligand/receptor scenarios:
()only residue #1 is in contact with the receptor; (2) only residue #2 is in contact with the receptor; (3)
Both residue #1 and #2 are in contact with the receptor. Similar to the case of the first setup, instead of ap-
plying a voltage and measuring the electrical current, we have alternatively measured the overall resistance of
the circuit. The electrical resistance of the resistors was 46.3 KQ. The number of contacts was obtained by
dividing this value by the measured resistance.

Ligand Measured resistance (KQ) Obtained number of contacts Expected number of contacts
#1 9.6 4.823 5
#2 8.0 5.787 6
#1 & #2 4.3 10.767 11

Note that due to the tolerance of the resistors as well as the non-zero resistance of the conductive printing
material, small differences are observed between the obtained and expected number of contacts. The ex-
pected number of contact points is calculated using our model of the ligand and the receptor. The obtained number of
contact point, on the other hand, is derived from the measured resistance and as can be seen from the table, there is a
close agreement between expected and obtained values.

Note that, the receptor, instead of being chosen from PDB, has been designed as a “semi-perfect” template
of the ligand, using the method described in [19]. This was because we wanted to deconvolve the molecu-
lar affinity from the performance of the tool in evaluating this affinity, so that we can have a fair assess-
ment of the tool’s performance. In fact, by choosing a ligand/receptor pair, which we know will fit perfect-
ly at a known conformation and configuration, we have investigated the capability of the proposed tool in
identifying this conformation/configuration. Note that, the conformation of the ligand, which can be ad-
justed by changing the dihedral angles (revolute joints in our model) plays a role in the affinity of the lig-
and and the receptor.

FUTURE WORK

It is realized that several factors are involved in determining the affinity of the ligand and the receptor. In this paper,
we have focused on one of the most important ones, namely, the geometric complementarity. That said, we plan to
develop solutions that could also evaluate charge/charge interactions, hydrophobic effect and hydrogen bonding in
regard to the interplay of ligand and receptor.

CONCLUSION

In this paper, we presented a novel solution for measuring the affinity between ligand and receptor that can
be used in scaled molecular models. The proposed method addresses the inevitable trade-off between ac-
curacy and speed in computational methods for measuring the quality of the geometric match between two
molecules, by taking advantage of Kirchhoff’s circuit laws. A parallel circuit consisting of identical resis-
tor elements is used to evaluate the number of contact points between receptor and ligand, by measuring
the electrical current passing through the circuit, when a known voltage is applied. Two different imple-
mentations are described, and their performances are demonstrated via two test cases. There is no theoreti-
cal restriction on the accuracy that this method can offer and the only limiting factor is the capacity of the
used fabrication techniques to accommodate a large number of contact points on the receptor’s binding
surface. The utility of the proposed method goes beyond the molecular models and the proposed tool can be
used in any application that involves assessment of geometric match between two objects.
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