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A B S T R A C T

There is a current interest in the fabrication of electrochemical sensors based on conducting polymers, such as
polypyrrole, (Py)n, for the highly selective sensing of amino acids, for instance, tryptophan, Trp. When (Py)n and
other polymers grow in the presence of a target analyte, the material develops cavities that are complementary
in size and shape to the analyte. These materials, called molecularly imprinted polymers, MIPs, are very useful
for the selective detection of many compounds of biomedical interest. The detailed structure of the MIP com-
plementary cavities is not known. For the design and fabrication of highly selective sensors, information about
the structure of such cavities in MIPs is highly desirable. However, this kind of information is not accessible
through experimental methods. As a first approach to study the interaction between (Py)n and Trp, in this paper,
we use molecular dynamics simulations of Trp and small oligomers of (Py)n (where n=1, 2, 3, 5) in aqueous
solutions. The most significant interactions occur between the indole ring of Trp and the pyrrole pentamer.
Attractions occur mainly between the nitrogens of the oligomer chain and the Trp heterocycle, causing the
amino acid to walk on the oligomer surface. This process starts with the attraction of Trp by one of the terminal
rings in the chain, then, in a concerted way, the nitrogens of the subsequent rings can make a sequence of dipole
dipole interactions with the amino acid. Further simulations will address the interaction of Trp with several (Py)
n chains simultaneously.

1. Introduction

Tryptophan (Trp, Fig. 1a) is an essential amino acid, precursor of a
series of molecules with neurological activity, namely serotonin, a
mood regulator; melatonin, which participates in signaling sleep cycles;
kynurenic acid (KINA), which prevents degeneration of nerve cells; and
3-hydroxykynurenine (3-HK), a neurotoxic. Some studies show that the
relative concentrations of KINA and 3-HK in the brain may play an
important role in Parkinsońs and Alzheimeŕs diseases [1].

Given Trp biochemical and nutritional importance, analytical
methods have been developed for the determination of this amino acid
[2]. A typical problem is that Trp readily degrades during the analysis
routines, which leads to inaccuracies in the results. Thus, the devel-
opment of non destructive, low cost analytical methods that can be used
in biological fluids is highly desirable.

Molecularly imprinted polymers (MIPs) are materials of interest for
the fabrication of highly selective sensors towards a wide variety of
analytes. MIPs are polymers that grow in a medium that also contain
some target molecules and crosslinking agents in porogenic solvents.

The polymer grows around these target molecules and so they behave
as templates. Removal of the template after polymerization creates
cavities in the polymer network that are complementary in size and
shape to the templates. The crosslinker influences the morphology and
mechanical stability, thus helping to preserve the cavities in the
polymer, which can then recognize the templates with high selectivity.
Because of their molecular recognition capabilities, MIPs are also called
plastic antibodies.

MIPs have been synthesized mainly by conventional free-radical
polymerization or copolymerization synthetic routes and, more re-
cently, by controlled radical polymerization methods. Many acrylate
derivatives and others have been used as crosslinkers [3]. MIPs can also
be prepared by electrochemical synthesis of conducting polymers such
as polypyrrole, polyaniline, and others [4]. Conducting polymer films
deposited on electrodes can reversibly switch from an insulating to a
conducting state by control of the electrode potential. The redox state
change is accompanied by ion exchange (cations or anions) with the
contacting medium and changes in the hydrophilicity/hydrophobicity
of the polymer surface.
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Polyprrole (Py)n, (Fig. 1b) has been widely used in the preparation
of MIPs for the detection of many analytes of biomedical interest, in-
cluding caffeine, adenosine, and amino acids such as aspartic acid (Asp)
and Trp.

The structure of reduced and oxidized polypyrrole has been char-
acterized through experimental, quantum mechanics and molecular
dynamics methods. These studies reveal aspects of ion and solvent
transport [5–7] through thin films and relaxation of the polymer chains
[8].

Recently, molecular dynamics methods have been used to obtain
information on the interaction between MIPs and template molecules at
the molecular level [9]. This kind of information is not accessible
through experimental methods and it is useful for the rational design of
MIPs [10].

We are interested in MIP-based electrochemical sensors for Trp and
Trp metabolites. Information on the molecular level interactions of Trp
with polypyrrole chains will help us to understand the structure of the
complementary cavities, which, in turn, may help to improve the sen-
sitivity, selectivity, and long term stability of these MIPs.

In this work, we discuss the molecular dynamics simulation of
neutral pyrrole and small oligomers, (Py)n, where n= 2, 3 and 5, in
aqueous solutions that also contain L-Trp. The simulation shows sig-
nificant interactions between the indole ring of L-Trp and the pyrrole
pentamer.

2. Computational methods

In this work, the solvent molecules are implicit. Thus, water mole-
cules are not included in the simulation and an effective, distance de-
pendent, dielectric constant is used, ɛeff=rij. A TIP3 implicit water
simulation with a 10 Å rigid cubic cell measured from the atom with the
largest coordinate in every direction. Table 1 shows the number of
water molecules used in all simulations.

The structures (PDB files) and coordinates (PSF files) were gener-
ated from topologies and initial force field parameters obtained from
the Protein Data Bank (RCSB) [11] for L-Trp used in all simulations and

the pyrrole monomer used in simulation A. For the (Py)n oligomers in
simulations B, C, and D, the structures, topologies, and force field
parameters were obtained from the Swiss Institute of Bioinformatics
[12] The initial orientation was attained with Swiss.pdb Viewer.
CHARMM force fields were used all throughout [13–16].

To include long range electrostatic interactions in the simulations,
the particle mesh Ewald method for periodic systems was used. It cre-
ates a 3D grid over which the charge is distributed. Grid size was
configured to 1 Å.

The values corresponding to the periodic boundary conditions were
set to those of the water box [13,17].

The energy of the Trp(Py)n complex was minimized every 100 steps
with a 12 Å cutoff. The MD simulation visualization file was set to 250
steps per visualization.

The simulation time was 3000 ps with 1 fs per step (3000000 steps).
The temperature and pressure were 310 K and 1 atm, respectively, for
an isobaric-isothermal ensemble.

In this work, the Visual Molecular Dynamics (VMD 1.9.3) for vi-
sualization and the Scalable Molecular Dynamics (NAMD 2.12) simu-
lation software were used.

The phase point equilibrium runs the simulation until properties get
stable with respect to time. Average energy routine parameters were
calculated as stated in Eq. (1):
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where N atoms is the numbers of atoms whose positions are being
compared, and ri(t) is the position of atom i at time t.

3. Results and discussion

3.1. Optimized structures for polypyrrole and Trp

Five optimized structures were obtained at the Protein data bank
(RCSB), namely, L-Trp, molecular pyrrole and three small (Py)n oligo-
mers. These structures were compared to geometric parameters of
computational and theoretical studies [8,18–20]. The increase in ring
number did not considerably affect bond lengths and angles or the di-
hedral angles [18].

Four simulations were performed for the complexes between L-Trp
and the oligomers as shown in Table 1.

The final simulated structures were oriented with respect to the
mass center of (Py)n and L-Trp in order to optimize the number of in-
termolecular attractions, then energy minimization was performed by
fixing L-Trp in several positions around the oligomer chain. Finally, the
correct position of L-Trp with optimized energies for every simulation
was obtained (Fig. 2(a)–(d)). After energy optimization of the oligo-
mers, the pyrrole rings exhibit an alternate conformation (anti-gauche),
with the nitrogen atoms in neighboring rings pointing at opposite di-
rections.

This is the most stable conformation for pyrrole rings according to
experimental results and calculations at different levels of theory [21].

Fig. 1. Chemical structure of (a) the zwitterion form of L-tryptophan (Trp), (b)
Polypyrrole (Py)5. The zwitterion form of L-Trp is the predominant species in
aqueous solutions in the pH range between 4 and 8, approximately.

Table 1
Description of the carried simulations.

Simulation (Py)n (n= number of
rings)

Number of water
molecules

Simulation time
(ps)

A 1 489 3000
B 2 546
C 3 558
D 5 790
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As shown in Figs. 1 and 2, the zwitterion form of Trp is used
throughout the simulation because it is the most stable species in
aqueous solutions in the pH range from 4 to 8, approximately.

3.2. RMSD simulations

During the first few picoseconds of all simulations, the root mean
square deviation (RMSD) analysis shows a dipole-dipole electrostatic
interaction that depends on the initial orientation. But this interaction
is lost as the simulation proceeds. Simulations A, B and C show very
short, although frequent attractions. In simulation D, however, the in-
termolecular attractions last longer but are less frequent than those in
A, B, and C. The atomic fluctuations and weak forces between Trp and
(Py)n increase with the number of rings, which results from the higher
degrees of freedom at the non- binding zone. At the molecular level, the
analysis of these weak forces can be performed by using quantum
chemistry approaches such as bond critical points or energy decom-
position analysis combined with the natural orbitals for chemical va-
lence theory [25].

In simulation A, (RMSD, Fig. 5) an atomic fluctuation is observed in

Fig. 2. Initial positions oriented with respect to the mass center, after energy minimization and average distances between (Py)n and L-Trp for (a) A 4,4 Å. (b) B 3,6 Å.
(c) C 3,7 Å. (d) D 2,9 Å.

Fig. 3. Attractive atomic interactions between L-Trp and Py. Trp: HD1-Py:N5
3,43 Å; Trp:HE1-Py:N5 3,55 Å; Trp:NE1-Py:H5 1,95 Å; Trp:HZ2-Py:N5 4,36 Å.

Fig. 4. Interactions in simulation B (a) Five attraction points (Py)2:H-Trp:OT1
3,53 Å; (Py)2:H-Trp:OT2 3,41 Å; (Py)2:H6-Trp:OT2 1,56 Å; (Py)2:N-Trp:HA
3,74 Å; Trp:OT2-(Py)2:H3 3,20 Å. (b) Four-attraction points Trp:NE1-(Py)2:H7
3,29 Å; Trp:NE1-(Py)2:H1; (Py)2:N1-Trp:HD1 3,30 Å; Trp:HD1-(Py)2:N 4,09 Å.
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the range between 5 and 20 Å, which is stable throughout the simula-
tion, specially for Trp. Other variable moments of attraction were ob-
served but were discarded because they did not exceed 7 ps. In contrast,
two intervals, between (2412–2430) ps and (2457–2489) ps, in which
the molecular attractions were stable and constant, can be highlighted
(see Fig. 3).

In simulation A (Fig. 3), the strongest interaction is between Py:H5
and Trp:NE1 due to the electronegativity of the N atoms. Observe that
there is a slight torsion between the two rings in L-Trp and that the
peptide region points away from the Py ring. During the interaction, the
Trp rings are perpendicular to the NH bond in Py. Overall, the main
intermolecular interactions correspond to hydrogen bonds between the
endocyclic nitrogen of L-Trp and all of the hydrogen atoms of Py

(Trp:NE1 - Py:H1, H2, H3, H4 and H5) and between the Py nitrogen
(Py:N5) and some of the hydrogens in the Trp indole ring Trp:HE1, HD1
and HZ2. However, these interactions rapidly lose strength, meaning
that the N——HeC is not sufficiently strong to hold the Py ring in one
position because the CeH groups and the Py resonant system act as
weak hydrogen donors and acceptors, respectively.

In simulation B, the RMSD (Fig. 5) is relatively stable, slightly
fluctuating around 10 Å. The longest attraction interval last 89.5 ps
(796–881 ps), followed by a 66.2 ps interval (2858–2924 ps) as seen in
Fig. 4. In the interval from 796 to 881 ps, the N———HeO and N——
HeN interactions are noticeable, making (Py)2 to move from the indole
ring to the peptidic side of Trp; this behavior is the same for the two Py
rings without loss of atomic attraction.

Fig. 5. RMSDs for simulations A, B, and C. Trp in red and (Py)n in black (n=1,2,3). (For interpretation of the references to colur in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Simulation C. Five point atomic attractions. Trp:HZ2-(Py)3:N2 2,87 Å;
(Py)3:N2-Trp:HE1 3,09 Å; (Py)3:H10-Trp:NE1 3,70 Å; Trp:NE1-(Py)3:H4 3,73 Å;
Trp:HE1-(Py)3:N1 3,07 Å.

Fig. 7. Attractions in simulation E. Sequential displacement of Trp (a1)
Trp:HZ3-(Py)5:N4 3,91 Å. (a2) Trp:HH2-(Py)5:N2 3,74 Å; Trp:HZ3-(Py)5:N1
4,11 Å. (a3) Trp:NE1-(Py)5:H5 3,82 Å; Trp:HZ2-(Py)5:N1 3,33 Å; (Py)5:N1-
Trp:HH2 3,03 Å; Trp:HH2-(Py)5:N 4,04 Å (b) Five contact points Trp:OT1-(Py)
5:H16 3,25 Å; Trp:OT2-(Py)5:H13 3,38 Å: Trp:OT2-(Py)5:H16 1,58 Å; Trp:OT2-
(Py)5:H 2,61 Å; (Py)5:H4-Trp:NE1 3,36 Å.
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The main intermolecular attractions involved the two oxygen atoms
of Trp: O2 Trp: O1 and (Py)2: H6, H3 and H or Py: H7, H2 and H5
making contact with at least three atoms, Trp: NE1 and (Py)2: H6, H3 or
Py: H7, H2. Interactions were also observed between (Py)2: N, N1 and
some of the hydrogens of the Trp heterocycle with at least two contact
points (Fig. 4).

Notice that, in simulation B, Trp showed four electrostatic interac-
tions, that involve N and H atoms, with several atoms of (Py)2, whereas,
in simulation A, Trp presented multiple electrostatic attractions, via H
and O atoms, with the N and the H atoms in Py. The Trp-Py attraction is
rapidly lost because the occupation of the single electronegative atom
of Py allows the movement of the rest of the Py molecule that is not
retained by any other Trp site.

In simulation C, the RMSD shows molecular fluctuations at around
13 Å. Relevant molecular interactions happen in the time intervals
(1367–1400) ps and (1125–1175) ps (Fig. 5). The most noteworthy
molecular interactions are those among the nitrogen atoms in (Py)3 and
the H atoms in the Trp heterocycle, evidencing, once again, that the
NeH———N hydrogen bonds are stronger than the N——HeC ones
(Fig. 6).

In simulation D, in the interval (992–1063) ps, the interaction is
such that Trp moves over the (Py)5 chain, where the N atoms of the
oligomer: N, N1, N2, and N4 interact in a coordinated manner with Trp:
HZ3, HH2, and HZ2. The interaction sites involve two to five electro-
static attractions (Fig. 8).

The main intermolecular attractive interactions are those between H
and N atoms, and, to a lesser degree, between O and H atoms. Taking
into account van der Waals forces, the maximum distance for attraction
was set to 4 Å. Comparing simulations A and D, while in the former, the
position of Trp rings is parallel to the cartesian plane of Py, in the later,
the position of Trp allows the Trp ring to stand close to the (Py)5.

One of the most important characteristics of the molecular dynamics
of simulation D is that attractions occur mainly between the nitrogens
of the oligomer chain and the Trp heterocycle, that generates a
“walking” effect for the amino acid on the oligomer surface (Fig. 7).
This process starts with the attraction of Trp by one of the terminal
rings in the chain, then, in a concerted way, the nitrogens of the sub-
sequent rings can make a sequence of dipole dipole interactions with
the amino acid. The attraction is generated along four consecutive Py
rings and then Trp returns to the starting point. Interestingly, Density
Functional Theory (DFT) calculations in surfaces consider that the

interactions NeH—N are not stable because of stacking [24], but Trp's
ability to gain and lose affinity at several points of the oligomer at the
same time, provides it with some stability.

Finally, as the number of rings increases in the oligomer chain, the
fluctuations become more stable, rotation of the dihedral angle located
at the beta carbon (CB) in Trp, allows the Trp ring to stand close to the
(Py)n surface, producing an increased number of interaction points
between Trp and (Py)n.

A theoretical study based on molecular dynamics made use of this
polymer as an ammonium gas sensor [18] and determined that the
presence of the analyte not only manages to generate intermolecular
interactions of hydrogen bonds NeH with polypyrrole, but also induces
a change in the dihedral angles. Furthermore, several simulations have
shown the ability of L-tryptophan to interact through hydrogen bonds in
protein-lipid complexes [22,23].

4. Conclusions

Strong interactions between L-Trp and the (Py)n oligomers occur
mainly through the NeH bonds in the oligomers and the NeH bonds in
Trp. The interactions last for several tens of ps but the time of the in-
teractions and the number of dipole dipole attractions and hydrogen
bonds increase with the oligomer chain size.

(Py)5 induces the L-Trp molecule to walk over the pyrrole rings
because of intermolecular interactions N——HeN y N——HeC be-
tween the Py rings and the indole group. Rotation of the dihedral angle
located at the beta carbon (CB) in Trp allows the indole bicyclic ring of
Trp to stand close to the (Py)n surface, which, in turn, increases the
number of interaction points between Trp and (Py)n.

The current study does not suggest that one single (Py)n chain
espontaneously wraps around the L-Trp molecule. Thus, in order to
understand the formation of complementary cavities of L-Trp and
polypyrrole, further work will address the simultaneous interaction of
the amino acid with several (Py)n chains.
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interpretation of the references to colur in this figure legend, the reader is referred to the web version of this article.)

M. Holguín et al. Computational and Theoretical Chemistry 1147 (2019) 29–34

33



Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.comptc.2018.11.012.
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