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Abstract
Natural rubber is a biomaterial with unique physical and chemical features that are indispensable for many industrial
applications. It is widely accepted that the α-terminal groups of its biopolymer molecules play a critical role in its exceptional
characteristics. Herein, we used molecular dynamics to model recently structurally defined α-terminal groups and their
interaction with L-quebrachitol, which is the second most common compound found in natural rubber particles.

Introduction

Natural rubber is a biopolymer of industrial importance
because of its unique chemical and physical properties [1, 2]. It
has high elasticity, resilience, and resistance to abrasion and
impact, among other advantages. Therefore, it finds indis-
pensable use in many fields and products, such as the pro-
duction of tires for vehicles and planes and medical devices.
Natural rubber is a secondary metabolite produced by different
plant species, but most plants offer very low yields of rubber or
low-molecular-weight polymers, affecting its properties [2]. In
that context, the almost exclusive source of commercially
viable raw biomaterial is extracted from the rubber tree Hevea
brasilensis. Moreover, the commercialized synthetic rubber
materials available through petrochemical industry derivatives
do not possess the unique features, especially strain-induced
crystallization behaviors, of natural rubber [3], making

substitution challenging in many applications. The poor prop-
erties of existing synthetic rubber can ultimately be attributed to
a lack of understanding of the molecular mechanism of natural
rubber biosynthesis, its structural and molecular characteristics
and the composition of its alternative secondary constituents.

Natural rubber is composed mainly of high-molecular-
weight polymeric chains of cis-1,4-polyisoprene. This isoprene
is created by a membrane-bound enzyme, cys-prenyl transfer-
ase (EC 2.5.1.20), located at the surface of cytoplasmic rubber
particles and microscopic particles in the cytosol of H. brasi-
lensis, where rubber is compartmentalized [3]. The quality of
natural rubber is dependent on several factors, with the high
molecular weight of the polyisoprene chains and its stereo-
regularity regarded as the most important ones. In addition,
other factors also include the composition of other elements
present in the rubber [4, 5] and the structures of its terminal
groups in the rubber chains [6]. Recently, Oouchi et al. [7]
studied the terminal groups of natural rubber, suggested to be
of paramount importance to the mechanical properties of rub-
ber, and determined its structure.

The most abundant component after cis-1,4-isoprene
rubber particles is the cyclic polyol L-quebrachitol [8], with
an estimated abundance of ~1.2% (w/v) in H. brasiliensis
latex compared to sucrose, which has been estimated to be
~0.4% (w/v) [9]. The role of L-quebrachitol in rubber or in
its production is still not clear, but several sugar transporters
have been identified in specialized cells for rubber pro-
duction (laticifiers) in H. brasiliensis [10], and there is
evidence that high amounts of sugars are imported into
laticifer cells [11]. Furthermore, the expression levels of this
transporter are upregulated after treatment with ethylene
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[10]. Treatment with ethylene is a common practice used to
increase the production of latex [12]. Although there is still
no direct evidence of the involvement of L-quebrachitol in
rubber synthesis, it is known that it has an important role in
maintaining an increase in osmotic pressure in the cells and
maintaining and increasing turgor pressure, which is
essential for latex outflow [13]. However, the molecular
mechanisms of L-quebrachitol or its interaction with rubber
are still unknown; furthermore, due to its abundance in
rubber particles and probable interplay with the isoprene
molecules, it is important to understand how these com-
ponents interact with one another, increasing the knowledge
of the molecular rubber structure. Moreover, the role of the
α-terminal groups of rubber is poorly understood, and its
interactions with other components in rubber particles are
even less well understood. Therefore, we modeled the
interaction of L-quebrachitol with rubber molecules with
specific α-terminal groups using atomistic molecular
dynamics simulations. Our objective was to study the pos-
sible interaction of quebrachitol with rubber and whether
this interaction can differ between different α-terminal
groups. Thus, this study could be useful for future rubber
applications or improvement of synthetic rubber.

Materials and methods

System construction

We manually constructed rubber monomer molecules based
on the study of Oouchi et al. using GaussView16. Six

different monomers were constructed with the omega-
terminal group, in addition to six repeats of the cis-1,4-
isoprene group and one of the six different α-terminal
groups suggested in the study of Oouchi et al. [7] (Fig. 1a).
The molecules were parametrized using an antechamber
[14] of AmberTools21 [15] at the AM1 semiempirical level
and assigned AMBER GAFF atom types.

The L-quebrachitol molecule was constructed using
GaussianView (Fig. 1b), energy minimization and geometry
optimization were performed with quantum mechanics at
Hartree-Fock/6-31G, and the restraint electrostatic potential
(RESP) charges were calculated on the Hartree-Fock/6-31
G* basis set with Gaussian16 [16]. The Antechamber
module in AMBER20 [15] was used to RESP fit the cal-
culated potentials to generate amber files.

Systems construction included one system with 18
monomer molecules, with 3 molecules of each α-terminal
type (Fig. 1c). In addition, 6 systems contained 12
molecules of only one of each α-terminus. All rubber
molecules were oriented with their α-termini oriented at
the same side, stacked closed together. The systems were
constructed using the tleap program including
Amber Tools20 [15] using the GAFF2 force field [17]. In
all systems, 5 L-quebrachitol molecules were added near
the α-terminal groups of the molecules. All systems were
created to run under vacuum conditions, and additional
systems, created exactly from the same initial structures
and force field as the vacuum systems, were solvated
using TIP3P water molecules with a 10 Å minimum dis-
tance between any solute atom and the edge of the
periodic box.

Fig. 1 Schematic representation of the systems modeled. a Schematic
representation of the chemical structure of natural rubber showing the
omega-terminal, the polyisoprene repeated unit (n= 6 in this study)
and the distinct α-terminal structures suggested by Oouchi et al. b
Chemical structure of L-quebrachitol in top and chair representation. c

Representation of the initial conformation of the simulated systems,
with 18 rubber molecules (carbon atoms in gray sticks) located close
together. Five L-quebrachitol molecules (carbon atoms in blue sticks)
are positioned close to the α-terminal groups. Oxygen and hydrogen
atoms are displayed in red and white, respectively
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The systems were run using AMBER18 in vacuum or in a
TIP3P water box. A time step of 2 fs was used along with the
SHAKE algorithm [18], while the particle-mesh Ewald (PME)
method was used to calculate long-range interactions, with a
cutoff of 12Å. The systems were energy-minimized for
20,000 steps using the conjugate gradient minimization algo-
rithm; then, they were slowly heated using the Langevin
dynamic algorithm with a collision frequency gamma = 0.001
ps−1 to 300K over 600 ps with the atoms fixed with a 10-kcal
mol−1 constraint. The solvated systems were equilibrated for
300 ps in the NPT ensemble to equilibrate the pressure with the
Berendsen barostat with all solute atoms restrained with 2 kcal
mol−1. Productive simulations were conducted for 260–300 ns
for both explicit simulations and systems in vacuum. Analysis
of the simulations was carried out with CPPTRAJ [19] analysis
simulation software including amber tools.

Results

To analyze the possible role of L-quebrachitol in rubber, we
constructed a small rubber system and analyzed the inter-
actions of the molecules by molecular dynamics. Based on
the recent work of Oouchi et al. [7], the individual rubber
molecules consisted of three main parts: one side of the
rubber molecule containing an omega-terminal rubber, a
middle internal part consisting of six isoprene unit repeats,
and the other end with the six α-terminal groups (Fig. 1c
shows the rubber scheme with L-quebrachitol). According
to a previous study [7], six α-terminal groups can be found
in natural rubber, and we constructed and parametrized
rubber molecules with each of the different α-terminal
groups (Fig. 1a). To model the highly hydrophobic envir-
onment expected to be found in natural rubber particles
without water molecules, we constructed our systems using
a small group of short rubber molecules with fewer isoprene
units than in natural rubber and simulated them under
vacuum conditions. We selected this methodology with
short rubber molecules because simulating high-molecular-

weight rubber molecules with a molecular weight of hun-
dreds of thousands of Da at a high concentration of rubber
molecules would be extremely computationally demanding,
and vacuum conditions could provide an appropriate model
for the hydrophobic heart of a rubber molecule. In total,
7 systems were constructed: one with 3 rubber molecules of
each α-terminus for a total of 18 rubber molecules and then
systems containing 18 rubber molecules with one specific
α-terminal group (named a1 to a6) stacked closely together
with the α-terminal groups oriented in the same direction as
a simplified model of the natural rubber structure. In addi-
tion, all systems contained 5 molecules of L-quebrachitol
located on the surface of the rubber near its α-terminal
groups (Fig. 1c). After equilibration, each system was
equilibrated and simulated for more than 250 ns, allowing
time to differ from the original structures and explore the
energy landscape. We decided to include the α-6 terminal
group in the study, although its presence was not clearly
determined in a previous study [7].

Using atomistic molecular dynamics, we explored how L-
quebrachitol interacts with rubber molecules. In all systems,
L-quebrachitol rapidly made contact with rubber and bound
to its surface. After a few nanoseconds, the L-quebrachitol
molecules were surrounded by rubber molecules and were
internalized completely inside a rubber particle, where they
remained for the rest of the simulation time (Fig. 2). To
quantify the degree of internalization of L-quebrachitol
within the rubber molecules, we calculated the exposed
surface area (the surface area of a biomolecule that is
accessible to a solvent) of all L-quebrachitol molecules for
the simulation time (Table 1). This quantification of the
exposed surface area confirmed that L-quebrachitol was
almost completely surrounded by rubber molecules, as the
exposed surface area of L-quebrachitol was below 5 Å2 in all
systems. For comparison, the calculated exposed surface
area of L-quebrachitol when simulated in pure water was
330.8 ± 2.1 Å2 (Table 1). This suggests that L-quebrachitol
could be present in hydrophobic rubber particles. We per-
formed additional simulations of the same systems using

Fig. 2 Image of representative
snapshots of the simulation
trajectory of rubber with
l-quebrachitol. Rubber
molecules are displayed in a
gray surface and stick
representation with oxygen
atoms in red, and L-quebrachitol
molecules are represented with
blue spheres
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explicit solvents, including water molecules (Supplemen-
tary Fig. S1). Due to the hydrophobic nature of the rubber,
the rubber molecules rapidly compacted in the simulations,
excluding the water molecules outside. In addition, the
calculated exposed surface area (Table 2) indicated that due
to its hydrophilic nature, L-quebrachitol did not interact with
the rubber molecules. This was an expected result due to the
hydrophobic and hydrophilic natures of rubber and L-
quebrachitol, respectively. Rubber particles are isolated
from the cytosol by a lipid-protein membrane, with the
polyisoprene chain enclosed inside, which makes the par-
ticle core very hydrophobic [6]. In addition, we did not
observe any difference in the interaction of L-quebrachitol
and rubber with different α-terminal groups (Table 2).

We investigated how the L-quebrachitol molecules inter-
acted with the rubber molecules. Visual inspection of the
simulation trajectories revealed that L-quebrachitol was sur-
rounded by rubber particles in all vacuum systems and that L-
quebrachitol clustered together. The molecules are found to

make H-bond interactions with other L-quebrachitol molecules
and occasionally with α-terminal groups of rubber, with their
methyl groups oriented preferentially toward the rubber iso-
prene groups. Thus, we observed that they interacted pre-
ferentially with the α-terminal groups of water molecules to
avoid the hydrophobic isoprene groups of rubber. We further
hypothesized that the molecules could interact differently with
different α-terminal groups, even if the interaction they dis-
played with the rubber molecules was similar (Table 1). Thus,
we quantified the number of contacts L-quebrachitol molecules
have during the simulation time, in which a contact is defined
as a L-quebrachitol molecule located at less than 3Å of an α-
terminal group of a rubber molecule. Figure 3 clearly reveals a
pattern in the number of contacts for the distinct rubber with
different α-termini. L-quebrachitol makes between 1 and 2
contacts (molecules are located in close proximity, less than 3
Å) from an α-terminal group of a rubber molecule in systems
with α1-, α3- and α5-termini, which have an ester group in
their α-terminus. However, in systems α2, α4 and α6, which
have an alcohol group in their α-terminus, the number of

Table 2 Mean exposed surface area of all L-quebrachitol molecules
and standard deviation in simulations performed in water for the
systems containing only one α-terminal rubber (α1–α6) and the system
containing 3 molecules of each α-terminal rubber (α1–α6)

System Surface area (Å2)

α1 329.9 ± 1.0

α2 322.7 ± 0.5

α3 322.9 ± 1.9

α4 322.7 ± 1.2

α5 331.8 ± 1.0

α6 321.7 ± 2.0

α1–α6 325.9 ± 1.6

Table 1 Mean exposed surface area of all L-quebrachitol molecules
and standard deviation in simulations in vacuum for the systems
containing only one α-terminal rubber (α1–α6), the system containing
3 molecules of each α-terminal rubber (α1–α6) and for a molecule of
L-quebrachitol (as a reference for all exposed surface area)

System Surface area (Å2)

α1 3.5 ± 1.4

α2 3.7 ± 2.1

α3 4.6 ± 2.7

α4 1.4 ± 0.5

α5 2.5 ± 1.1

α6 1.8 ± 0.9

α1–α6 2.0 ± 1.8

L-quebrachitol 330.8 ± 2.1

Fig. 3 Contacts between L-quebrachitol and rubber molecules with different α-terminal groups, from α1 (a) to α6 (f) in order, over the trajectory
frames (1000 frames represent one ns)
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contacts was higher during all simulation times, showing a
number of contacts higher than 4. This means that more L-
quebrachitol molecules are located in closer proximity to the
rubber α-terminal molecules that have an alcohol group (α2, α4
and α6) compared with rubber molecules with an α-terminus
having an ester group (α1, α3 and α5). Therefore, we conclude
that rubber molecules with α-termini having an alcohol group
can interact more easily with L-quebrachitol molecules, possi-
bly impacting the physical properties of rubber particles,
although the α-terminal groups could also interact with non-
rubber constituents by H-bonding or ionic interactions [20].

In summary, the analysis of the simulations shows that
rubber and L-quebrachitol can interact in the highly
hydrophobic environment of rubber particles. Moreover,
although the L-quebrachitol molecules display a similarly
low level of surface exposed area with all rubbers inde-
pendent of their α-terminal groups, from the individual
analysis of the contacts, we can infer distinct interactions. L-
quebrachitol clearly shows a higher number of contacts with
rubber molecules with α-termini having an alcohol group in
their structure. This reinforces the idea of the importance of
the specific α-terminal groups on rubber and how subtle
differences in its α-terminal groups could impact its unique
physical and chemical properties [7]. A better under-
standing of the molecular interactions of the rubber com-
ponents will allow the synthesis of synthetic rubbers with
better properties resembling those of natural rubber.
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