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Abstract

An all-atom model for the m-Poly(phenylene ethynylene) (mPPE) class of foldamers was
developed for the CHARMM?27 force field. The folding behavior of mPPEs of different residue
lengths with triethylene glycol exohelical side chains in explicit water were studied by all-atom
molecular dynamics simulations with the CHARMM?27 force field. mPPEs were studied in both
the helical and extended conformations in water to find the minimum energy structures. The
unfolding pathway and free energy landscapes of the foldamers were probed using metadynam-

ics, in which the folded state was determined to be 8.5 and 16.3 kcal - mol~! more favorable in
implicit solvent and explicit solvent, respectively.

Introduction

Biological macromolecules, such as proteins, lipids, and DNA self-assemble into compact

solution structures.! Folded conformations are determined by temperature, hydrogen bonding,
and van der Waals interactions. Due to the prevalence of folding in bio-macromolecules, a deep

understanding of the folding process is of particular importance.2 Consequently, significant work

has been done to understand the fundamental science behind the folding process.> Because of the
complex nature of proteins and other bio-macromolecules, compounds that mimic the way

proteins behave have been sought out.* Nonetheless, despite a-helices being one of the most
common protein structures,’ there exist relatively few synthetic molecules that mimic an a-helix.

!'This has led to the development of m-Poly(phenylene ethynylene) or mPPEs.° oligomers that
fold using non- covalent interactions between atoms to adopt a helical structure that is more

thermodynamically favored in solution. J. Moore and others®-19 have shown that mPPEs with
ester side chains and a residue length of 12 or more adopt a specific a-helix conformation in
acetonitrile and water.

mPPEs have been both synthesized”l’12 and modeled,!3-13 but few are water soluble, which
presents a significant limitation on their application to biological systems.”"!® Both Saven!? and

Sen!” have independently shown that the folded a-helix conformation is a minimum energy
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structure. Bruce and others1?: 1320 have shown that mPPEs with small exohelical side chains
(COOMe, CONH2 , etc.) prefer a folded conformation over an extended conformation.

Additionally, Elmer 2! has shown that mPPEs can get trapped in misfolded states during the
folding process, similar to that of proteins.

In this study, we examine the effect of residue length on the folding propensity of mPPE with
triethylene glycol ester side chains (COOTg) in both explicit and implicit solvent. Moore has
previously shown experimentally that an mPPE with residue length of eight will not fold, and a

residue length of ten will form a semi-folded state.!? Additionally, the free energy landscape of

unfolding was investigated using metadynamics, an accelerated sampling method used to study

free energy surfaces and force systems out of local minima in molecular dynamics simulations.>?

Parameterization of mPPE and Simulation Details

Figure 1: Structure of mPPE monomer. C8 is connected to C2 of the following unit. 1, 2, and 3 have
monomer lengths of 8, 10, and 12, respectively. Triethylene glycol (Tg) side chains were used in this study.
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Figure 2: Structure of tolane. The potential for the dihedral angle ¢ between the two benzene rings was
calculated by Okuyama experimentally to be 0.6 kcal-mol~'%°

Atom  HF/631G** Charges mPPE Charges

C2.Co 0.9 0.20
C4 0.0) 0.4
C71.C8 -0.17 0.20

Table 1: Comparison of HF charges to the charges used for mPPE (atoms labeled in Figure 1)



Parameterization

The potential energy term for the CHARMM force field?? is given by:
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where the force constants Ky, Kg, Kyp., Kq), pr are the bond, angle, Urey-Bradley, dihedral,

and improper dihedral force constants, respectively; b, 0 , s, ¢ , 1 are the bond length, bond
angle, Urey-Bradley distance, dihedral angle, and improper dihedral, respectively.

Force field parameters for 3 (mPPE 12-mer, Figure 1) were either obtained from analogous

residues in the CHARMM?27 force field** or were developed to fit experimental results and
quantum mechanical calculations. The triethylene glycol side chain parameters were taken from

the CHARMM ether force field. 2> The ester functional group parameters were taken from the
CHARMM lipid parameters for deoxylysophosphatidyl-choline (LPPC).2% The triple bond
carbon parameters were taken from the CGenFF parameters of 2-butyne.?’ The benzene carbons
and hydro- gens were matched to the benzene parameters of phenylala- nine.>* The missing

charges (C2, C4, C6-8, Figure 1) were calculated using Gaussian0928 using HF/631G ™" basis
set and fit to ensure charge neutral groups. The parameters for the dihedral, ¢, between the two

benzene planes (Figure 2) were derived from Gaussian09 HF/63 1G** calculations, and using
experimental data of tolane,” to produce the correct rotational potential energy surface. The ab
initio torsional potential energy surface was obtained from a 90 ° rotational scan in 100
increments due to the periodicity of the potential energy surface. Parameters were then created
Kq) ,n, and O to match the potential energy surface. The best-fit parameters were determined to

be a force constant Kq) =0.06 kcal - mol~! - rad=2, periodicity n =2, and 6 = 180 °.

Simulation Details

Initial helical configurations of mPPE were generated using the CHARMM?36 package and the
new mPPE param- eters. Explicit solvent simulations had one mPPE solvated in TIP3P water in
truncated octahedra (8469 TIP3P waters and side of length of 80 A for 3). Equilibration runs
(500 ps) and production runs (10-50 ns) were performed using 1 fs integration timesteps using

the NAMD?2 package.3” The NPT ensemble was generated using Langevin piston method at 1
atm with a piston temperature of 300 K, a piston period of 200 fs, and a damping time constant
of 100 fs. Electro- statics were treated using Particle Mesh Ewald. Non-bonded interactions were
calculated using a switching function between 12 and 14 A.



For implicit solvent simulations, Generalized Born Implicit Solvent modeling water as a
dielectric continuum with a dielectric of 78.5 was used. Equilibration runs (1 ns) and production

runs (100 ns) were performed using 1 fs integration timesteps using the NAMD?2 package’® with
langevin temperature control. An alpha cutoff of 16 was used for calculating Born radius. Non-
bonded interactions were calculated using a switching function between 16 and 18 A.

Results and Discussion

Solvent Oligomer Length R, (A) Pitch (A)

Explicit 8-mer(1) 666 £0.14 342 £ 031
12-mer (3) 654 £023 342 +0.15

[mplicit S-mer (1) 633+£02] 353:032
12-mer(3) 6,68 £0.13 342103

Table 2: Structural conformation data for mPPEs of different oligomer lengths. Rg refers to radius

gyration of the mPPE backbone. The pitch refers to the average distance between the planes of benzenes
six residues apart

Figure 3: Time evolution of Rg for 3 in explicit solvent beginning in the folded conformation (red) and
extended-coil conformation (green). The extended-coil conformation collapses into a misfolded knotted
structure that is not escaped for the rest of the simulation.



Figure 4: Time evolution of R, for 3 in implicit solvent beginning in the folded conformation (red) and
extended-coil conformation (green). The extended-coil conformation collapses into a semi-folded
structure after 2 ns and eventually collapses into a misfolded state, which it does not escape.

Structure

In explicit solvent, mPPEs 1-3 remained in the folded conformation throughout simulations up to
50 ns, and for simulations of 100 ns in implicit solvent. The time evolution of Rg for 3 is shown
in Figure 3 (explicit solvent) and Figure 4 (implicit solvent). Rg remained constant at a value of
nearly 6.5 A (Table 2) for all three foldamers, in both explicit and implicit solvents, which
indicates a strong favoring of the folded structure. The helix pitch, measured as the average
distance between the planes of benzenes six residues apart, was determined to be 3.42 A, which

is consistent with the experimental value of 3.5 A.10

Simulations of 3 beginning in a random coil show a sharp decrease in R, at 12 ns in explicit

g
solvent, which corresponds to a collapse in structure from an extended-coil into a misfolded

structure (Figure 3). In implicit solvent, a semi-folded structure was achieved after 2 ns (Figure
4). Furthermore, a misfolded structure, with Rg equivalent to the folded structure, occurs at 30 ns

Figure 5: Potential of mean force for 3 calculated using metadynamics on RS collective variable, in
explicit (red) and implicit (green) solvent. The folded state is found to be 8.5 kcal - mol™! (implicit solvent)
and 16.3 kcal - mol™! (explicit solvent) more stable than the extended conformation.



and persists for the remainder of the 100 ns simulation. While R, of 3 in implicit solvent

g
beginning in an extended-coil eventually reaches that of the folded structure, examination of the

structure shows a compressed, misfolded structure.

Metadynamics

The free energy associated with uncoiling of the mPPEs was determined using metadynamics?!

where a history- dependent bias potential is used to fill the free energy surface (FES) over time
and allow efficient sampling of the FES. The form of the bias potential on a collective variable §
is given as:
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where W is the gaussian hill height and 0 is the hill width. Rg was chosen as the collective

variable to study the unfolding pathway (W = 0.1 kcal - mol~! ,8=03 A, and gaussians were
added every 1000 steps).

The folded conformations were the global minima in the free energy profiles along Rg, in both
explicit and implicit solvent, which is consistent with the experimental results (Figure 5). In
explicit solvent, the folded conformation was found to be 16.3 kcal - mol~1 more stable than the

extended-coil conformation. As expected, the implicit sol- vent model leads to increased

sampling of the non-native states>? and the free energy of unfolding (8.5 kcal - mol~! for 3 in
implicit solvent) is significantly lower than that predicted by the explicit model. Furthermore, the
minimum observed in implicit solvent was located at a slightly larger radius of gyration (Rg =

6.8) than in explicit solvent (Rg = 6.4), due to the fact that the helix in implicit solvent achieved

a slightly larger helix radius before unfolding. Additionally, the broadening of the implicit
solvent free energy well is due to the prevalence of thermodynamically- favorable semi-folded

structures that occur with Rg near 7. Nonetheless, there is good qualitative agreement between

the results for the unfolding pathway generated in implicit and explicit solvent.
Conclusions

In this paper, the parameterization of the mPPE class of foldamers is discussed. The new
CHARMM parameters for mPPE have been shown to correctly reproduce the experimentally
determined folded structure for oligomers of 8, 10, and 12 monomers. Simulations on these
mPPEs starting in the folded conformation remain folded in both implicit and explicit solvent.
Additionally, mPPEs starting in the extended-coil conformations collapse into mis-folded and
semi-folded conformations, which are more stable than the extended-coil conformations. Free
energy sampling from metadynamics further confirms that the folded conformation is preferred

over the extended state by 8.5 and 16.3 kcal-mol~! in implicit and explicit solvent, respectively.
As expected, implicit solvent simulation underestimate the free energy of folding.



Our results indicate that the mPPE model correctly pre- dicts the equilibrium structure of the
native state for oligomers of length 8-12 monomers and provides a free energy of unfolding that
is consistent with the experimental results in acetonitrile. The relative free energies of unfolding
of different length oligomers, and the relative free energies of unfolding in different solvents,
deserve a separate study.
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