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ABSTRACT: Peptoids, or N-substituted glycines, are peptide-like
materials that form a wide variety of secondary structures owing to L /N L /
their enhanced flexibility and a diverse collection of possible side

chains. Compared to that of peptides, peptoids have a substantially

more complex conformational landscape. This is mainly due to the -
ability of the peptoid amide bond to exist in both cis- and trans- ¢
conformations. This makes conventional molecular dynamics
simulations and even some enhanced sampling approaches unable <
to sample the complete energy landscapes. In this article, we present

an extension to the CGenFF-NTOID peptoid atomistic forcefield by N
adding parameters for four side chains to the previously available Wel-Tempered Metacynanics

collection. We employ explicit solvent well-tempered metadynamics

simulations to optimize our forcefield parameters and parallel bias metadynamics to study the cis—trans isomerism for Syl-
phenylethyl (sIpe) and Syl-naphthylethyl (sIne) peptoid monomers, the free energy minima generated from which are validated
with available experimental data. In the absence of experimental data, we supported our atomistic simulations with ab initio
calculations. This work represents an important step toward the computational design of peptoid-based materials.
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1. INTRODUCTION 0 CHs

Peptoids, or N-substituted glycines, are peptidomimetics that ) Y
have gained huge significance in recent years due to their wide N

scope of application as highly tunable foldamers.'™® Unlike ~ NG
peptides, in which the residue-defining side chains are attached ReC w N CH,
to the a-carbon, peptoids have their side chains attached to the X

backbone nitrogen atoms, making the a-carbon achiral. Thus, R(sidechain) O
their stereochemistry is determined by the residue bonded to the
N-atom.”~” For peptides, the secondary structures are mainly

governed by backbone hydrogen bonding, which allows them to Figure 1. Peptoid monomer that we studied through our simulations.
adopt conformations such as polyproline-type a-helices and f- “R” represents the location where the side chains are placed. The four
sheets.””'? In contrast, peptoid backbones are not capable of major peptoid dihedrals to be considered are w, ¢, y, and y.
hydrogen bonding; therefore, their secondary structures are

controlled by residue-specific interactions, the most common Since peptoid secondary structures are strongly dependent on

being steric effects due to the side chain size.2®° Based on the steric interactions, their native backbone configurations are

molecular structure of the side chains, inter-residue hydrogen resistant ltflghanges.in external conditions such as temperature
bonding and n — 7* interactions (prevalent for aromatic side ar.ld pH. " Peptoid secon‘dary structures are fur.ldlamentélly
chains) can also influence the peptoid secondary structure. /12 d¥fferent from thgse .of peptides, with the major minima being

Most peptoid molecules have a large accessible conforma- disp l"?ced by 180° with respect to the ¢ and.l// dihedral ang'les
tional space compared to that of peptides.”*'3 This is because of mentioned above, as shown in Figure 2. For this reason, peptoids

the higher flexibility seen in the peptoid @ dihedral (Figure 1),

which controls the cis—trans isomerism. Like peptides, the other Published: November 8, 2023 ICTC -
important peptoid dihedrals contributing to the larger - ‘iﬁ‘\
conformational landscape are ¢ and y dihedrals. Another . )
important dihedral is y, which controls the side chain planarity : ﬁ .
with the backbone. The many possible combinations of these

dihedrals vastly expand the conformations for any peptoid chain.
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Figure 2. The major local minima states available for any peptoid are ap =, az, and C,4+, accessible for both the (a) cis- and (b) trans-isomers as shown
above in the free energy surface of r1pe (Figure 3b). Reproduced with permission from ref 48. Copyright 2019 John Wiley and Sons.

are also resistant to protease action as they do not fit into
protease-binding pockets, which are usually tuned specifically to
peptides.'®'” The folding properties and the secondary
structure expressed by a peptoid polymer can be controlled by
altering the conditions during manufacturing.”*'*'® Experi-
ments have also shown that peptoids have enhanced cellular
uptake properties while maintaining reduced immune responses,
unlike most peptidomimetics."”*’ All of these features make
peptoid attractive candidates for investigation using both
experimental and computational means. Potential applications
of peptoids as curative and preventative medicine and
intracellular drug delivery vehicles rely heavily on these
properties.”' "> Peptoids are well suited for a wide variety of
material discovery applications such as antimicrobial and
antifungal coatings,”>°"*" energy transfer or storage sys-
tems,”””’ and mimics of biologically occurring materials.**
These uses, along with the ease of synthesizing them using the
submonomer synthesis method,” make them one of the most
promising biomolecules currently being investigated.

Experiments have been instrumental in studying the influence
of side chain chirality and aromaticity on peptoid-folding
behavior.'”""*® Peptoids with achiral nonaromatic side chains
such as sarcosine form helices with no turn direction preference
when dissolved in polar solvents.”*” Most chiral peptoids that
form helices display helix turn preference based on the side chain
chirality, with S-side chains displaying a left-handed helix and R-
side chains displaying a right-handed helix.”**” Since peptoid
secondary structures are often governed by steric forces, bulky
aromatic substituents have higher helical-forming preferences
than those of aliphatic side chains.'"*® As is the case with most
peptidomimetics, peptoids have the capability of forming
secondary structures similar to those of peptides. The most
common ones include polyproline type I (PPI) helices and
parallel/antiparallel S-sheets.”*”*' Precise control of residue
location during synthesis allows peptoids to exhibit unique
secondary structures™>~** as well as replicate the ones prevalent
in peptides.

There have been several attempts to accurately describe
peptoids through computational approaches.'”*>* Initial
attempts used computationally expensive quantum mechanical
ab initio approaches to optimize backbone dihedral angles for
peptoid monomers/dimers.">*’ In those calculations, the
peptoids predominantly exhibit polyproline-type helices with
the global torsional minima + ap, near (¢, w) = (£75, 180°)
(Figure 2). A recent study also related these minima to the turn
of the helices formed by peptoids, where +ap, corresponds to a
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left-handed helix and —ap corresponds to the right-handed
helix.*® The other major minima seen in peptoids, the C,
center around (¢, w) = (120°, —75°) and its mirror image (¢, )
= (—120°, 75°) (Figure 2). Since the major peptoid minima lie
near the edges of a conventional Ramachandran plot, peptoid
Ramachandran plots are usually displaced in both the ¢ and y
axes by 180°, as shown in Figure 2.

Previous all-atom computational approaches to study
peptoids were based on peptide forcefields like AMBER* and
CHARMM,*® which had limited success in predicting peptoid
secondary structures. General-purpose forcefields such as
GAFF* and OPLS™ also had difficulties in analyzing the
peptoid-cis conformations since the new parameters developed
for these forcefields were only fitted to the peptoid-trans
conformations. This led to refitting parameters in conventional
forcefields, especially AMBER and CHARMM22, to better
represent peptoid secondary structures and experimental
observations. In particular, the Molecular Foundry Peptoid
(MFTOID) forcefield was developed by partial refitting of the
CHARMM?22 parameters to reproduce the structural properties
of a disarcosine peptoid molecule.”’ This parameterization led
to overstabilization of the trans-minima. Since the parameters
were fitted to the sarcosine residue, the issue of transferring
parameters between different side chains remains unresolved.

More recently, a peptoid all-atom forcefield was developed by
Weiser and Santiso, who adjusted the CHARMM General
ForceField (CGenFF)*>>® to generate parameters for the
peptoid nitrogen and introduced a new atom type, NTOID.**
They fitted all of the dihedral and improper parameters for the
peptoid nitrogen, resulting in good agreement with exper-
imentally observed structural conformations for the peptoids
studied. They showed that the CGenFF-NTOID forcefield is
able to correctly predict the secondary structures and major free
energy minima of both the cis- and the trans-forms of two
peptoid side chains, sarcosine and 1-phenylmethyl glycine. For
the chiral side chain Ry1-phenylethyl glycine, CGenFF-NTOID
was able to reproduce the helix-forming capability but was not
able to predict the handedness expressed by the helix (Figure 2),
indicating the need for further improvement of parameters
developed for chiral side chains.

Recently, studies have also analyzed the formation of
secondary structures in peptoid oligomers with aromatic
sidechains. Molecular Dynamics simulations on sIpe and rlpe
oligomers confirmed their left-handed and right handed helix
structure, respectively.”> Another study was able to determine
the entropic and enthalpic contributions to folding of 12-mer
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chiral peptoid oligomers, providing insight into competing
forces responsible for peptoid secondary structures.

In this work, we extend the CGenFF-NTOID atomistic
framework by fitting parameters for additional aromatic chiral
side chains and predicting their cis/trans backbone isomerism
through enhanced sampling simulations. We begin by
readjusting the forcefield partial charges on Syl-phenylethyl
(Figure 3a) to obtain a better agreement with its experimentally

H3C, HiC 2
H\\“‘w “
VaVaVaval (VaVaVaVal
a.) slpe b.) ripe
HaC, H;C 2 Q
" B

[VaVaAVAV [VaVavaVal

c.) slne d.) rine

Figure 3. Aromatic side chain residues we studied in this paper. (a) Sy1-
phenylethyl (sIpe), (b) Ryl-phenylethyl (rpe), (c) Syl-naphthylethyl
(sIne), and (d) Ryl-naphthylethyl (rine).

predicted helix-forming preferences than we had observed in our
previous work.”* We also add two new side chains, Sy and Ry1-
naphthylethyl glycine (Figure 3c,d), to our atomistic peptoid
model. Well-tempered metadynamics (WTMetaD)>’~>” simu-
lations were used to show that our parameters are invariant with
the side chain R—S optical isomerism. We also perform parallel
bias metadynamics (PBMetaD)®*°" simulations to look at
CGenFF-NTOID’s treatment of cis- and trans-isomers and
study their relative stabilities. This atomistic forcefield gives us
the opportunity to study the effects of side chain chirality,
aromaticity, and steric interactions on secondary structures
exhibited by peptoid polymers.

In the following sections, we first present our parameter
prediction and adjustment methodology, followed by details of
our WI'MetaD and PBMetaD simulations and a brief overview
of these enhanced sampling methods. This is followed by a
description of the results for WTMetaD of acetonitrile-solvated
peptoid monomers before and after parameter fine-tuning for
the S-side chains. PBMetaD is used to obtain the relative
stabilities of all of the local peptoid minima, which show
agreement with experimental observations. We also compared
the results from the two enhanced sampling methodologies to
see the difference in the backbone dihedral space sampled using
them. We conclude by performing WTMetaD simulations for
the R-side chains, comparing the free energy minima obtained
with potential energy results from ab initio calculations.

2. METHODS

Peptoids have unusually high energy transition barriers between
various minima for each dihedral. For instance, the transition
potential energy barrier for the w dihedral, which controls the
cis—trans isomerism, is usually larger than 10 kcal/ mol.*” For
another backbone dihedral, ¢, this barrier often fluctuates
around 8—10 kcal/mol. These dihedrals and the associated
barriers make accessing the complete peptoid energy landscape
a tough task for most simulation techniques. To overcome these
barriers, we utilize WTMetaD and PBMetaD enhanced
sampling techniques with molecular dynamics, the details of
which are provided in Section 2.2.

2.1. Development and Optimization of Parameters for
1-Naphthylethyl Glycine (7ne) and 1-Phenylethyl Gly-
cine (7pe) Side Chains. The 1-naphthylethyl glycine side
chain is one of the bulkiest side chains studied in experiments,
and the helical propensity of cis-Sy1-naphthylethyl glycine (cis-
snlne) is well documented.””*>® Our initial parameters, for
atom types specific to 1-naphthylethyl, were generated using
ParamChem,”* an open-source web utility developed to
estimate parameters for the CGenFF forcefield. The cross-
interaction parameters for NTOID with atom types not
previously included in CGenFF-NTOID (such as angle and
dihedral parameters involving atom types for the extended
aromatic ring, additional information is provided in Supporting
Information Section I) were taken from the NG2SO (proline
nitrogen) atom type.65 This was done to maintain consistency
with the existing CGenFF-NTOID architecture.

Forcefield parameters

(Bond/Angle/Dihedral interactions)

Run Well Tempered
Metadynamics for

Monomer

[ Peptoid

HParamChem l [

Partial Charges

peptoid with explicit
solvent

N

Readjustment of partial charges
based on CGenFF-NTOID residues

S S —

[ Use AM1 semiempirical partial
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observed?
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Figure 4. Partial charge and forcefield parameter optimization methods used to add side chains to the CGenFF-NTOID peptoid forcefield. The initial
values generated from ParamChem are subjected to a verification algorithm and adjusted to obtain consistency with experiments.
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The initial partial charges were also generated from the
ParamChem utility using the peptoid monomer shown in Figure
1. Since the terminal residues of the peptoid monomer are
already incorporated in CGenFF-NTOID,>* adjustments were
made to the partial charges to ensure consistency with the
previously included residues so that each residue is neutral on its
own. This allows us to use these developed parameters in
conjunction with the already-fitted residues and perform
simulations of peptoid hetero-oligomers.

CGenFF partial charges are generally constructed using the
Austin model 1 (AM1) semiempirical method.®”®” We also
performed an AM1 optimization using Gaussian09*® to get a
second set of partial charges to ensure we get a better
representation of the peptoid secondary structure. Like the
ones generated from ParamChem, these partial charges were
also adjusted to preserve agreement with the existing terminal
groups from NTOID. Our partial charge and parameter
optimization protocols are summarized in Figure 4. Further
information on the partial charges obtained after each step of
optimization and the alterations made is provided in Supporting
Information, Section L

A similar partial charge optimization protocol was also used
for the snlpe side chain. As reported in a previous paper, initial
attempts to develop parameters for the snlpe residue were not
able to predict the helix turn directions for snlpe monomers
based on free energy calculations via explicit solvent
simulations.”% In this work, those partial charges have been
modified using the algorithm represented in Figure 4 to get
better agreement with experiments.

2.2. Enhanced Sampling with Metadynamics and
Simulation Details. We used enhanced sampling techniques
along with molecular dynamics in our simulations to ensure
complete sampling of the free energy landscape. Particularly, we
used two methods, WTMetaD*® and PBMetaD,’® which allow
peptoid monomers to overcome the high transition barriers
between different conformations, mainly along the ¢, y, and @
dihedrals. A brief explanation of these methods is provided
below.

For a system with N collective variables, WTMetaD uses an
N-dimensional Gaussian biasing potential to improve sampling
for the collective variables within a molecular dynamics
simulation. The added potential is modified such that the
Gaussian height decreases with time to ensure that the algorithm
terminates once the simulation reaches convergence.’® Since the
biasing potential is an N-dimensional Gaussian curve, the
efficiency for WI'MetaD decreases exponentially with the value
of N. This leads to long runtimes of WTMetaD-enhanced
simulations, even for as few as 3 collective variables.

PBMetaD is a modified MetaD approach that allows efficient
enhanced sampling with more than 2 collective variables.
Instead of an N-dimensional potential as in WTMetaD,
PBMetaD uses N 1-dimensional potentials for a system with
N collective variables.”” Even though the reweighting process for
PBMetaD is more mathematically involved, it makes the
simulation significantly faster for a large N. A comparison
between WTMetaD and PBMetaD can be seen in Figure 5,
where the initial structure before biasing of the snlpe monomer
is compared with one of the resulting biased structures. A typical
construction of the biasing potentials for both MetaD
techniques is also shown through a pictorial representation of
the added potentials in Figure S.

Due to the aforementioned simulation runtime constraints,
our choice of the enhanced sampling technique is based on the
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Figure 5. Comparison between WTMetaD and PBMetaD, where we
show the biasing of @ and ¢ dihedrals. WTMetaD uses a 2D Gaussian
biasing potential, whereas PBMetaD employs 2 1-D Gaussian biases,
with the resulting biased structures being effectively identical.

number of collective variables. For simulations with only two
collective variables (¢ and ), we used WTMetaD, whereas for
the cases with three collective variables (¢, y, and ), we applied
PBMetaD. The simulation details for both the enhanced
sampling techniques are provided in Supporting Information
Section IIL.

In our simulations, we looked at the peptoid monomer shown
in Figure 1. Experiments have shown that peptoids are highly
soluble in organic polar solvents such as acetonitrile and
methanol.*>*” Therefore, using the software package Packmol,”’
we solvate the molecule in acetonitrile at 298 K and 1 bar in a 40
A x40 A X 40 A box. The initial structure is then allowed to relax
for 10 ns in the NPT ensemble at this temperature and pressure.

Using these solvated setups, we ran multiple WITMetaD
simulations starting from the 6 local minima states applicable to
peptidomimetic molecules, +ap, +a, and +C,; (Figure 2). In
the WTMetaD setup, we biased the ¢) and y angles (Figure 1) as
this allows us to create modified Ramachandran-like plots for
peptoids where the ¢ and y dihedrals are displaced by 180°.
After running for approximately 100 ns, the free energy
histograms from each of the 6 different initial configurations
were averaged together to obtain smoother free energy surfaces
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Figure 6. Original free energy surfaces generated from the partial charges taken from ParamChem for (a) Syl-phenylethyl cis form, (b) Syl1-
phenylethyl trans form, (c) Syl-naphthylethyl cis form, and (d) Sy1-naphthylethyl trans form. The FESs are calculated after taking the average from 6

different simulations. The black “x”s represent experimental data points where the ¢ and y dihedrals for the stable conformations were reporte
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(FESs). These plots form our initial results and help us optimize
the CGenFF-NTOID forcefield parameters. We also confirmed
the chiral invariance of the optimized parameters by employing
WTMetaD using the same parameters and partial charges for the
side chains with R-chirality, where we were able to observe the
expected global minima through our simulations.

To compare the relative free energies of all the 12 probable
metastable states for the S-side chains (cis- and trans- +ap, +a,
and +C,), we performed PBMetaD simulations where we
biased the ¢, ¥, and w dihedrals (Figure 1). This enables
simultaneous sampling of the cis- and trans-minima states, along
with the different ¢p—y conformations. This helps us confirm
that the global minima predictions for the backbone dihedral
free energy coincide, irrespective of the backbone cis—trans
isomerism of the initial state. The three different initial state runs
for both peptoid monomers are averaged after the simulation is
run for 200 ns. Additional information about these calculations
and the comparison between results from WTMetaD and
PBMetaD is presented in Supporting Information Section IV.

3. RESULTS AND DISCUSSION

Using the WTMetaD enhanced sampling simulation method-
ology described in Section 2.2, we generated FESs for the Sy
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isomer of the 1-phenylethyl and 1-naphthylethyl side chains
using both the unadjusted partial charges obtained from the
ParamChem utility (Figure 6) and the optimized partial charges
obtained through the AM1 method (Figure 7). From the
available experimental peptoid literature, we know that the S-
peptoid isomers with chiral side chains form left-handed
polyproline type I (PPI) helices, and for the stable
configurations, the backbone dihedrals lie around ¢ = 285°
and y = 180° corresponding to the —ap position on the
FES.”'>%>%° Experimental observations involving the formation
and crystallization of these peptoid oligomers further show that
for Sy1-phenylethyl and Sy1-naphthylethyl, the cis-isomer is the
stable configuration when the oligomer is solvated in
acetonitrile.

Figure 6 shows the FES for Syl-phenylethyl and Syl-
naphthylethyl generated using WTMetaD with the initial
parameters and partial charges obtained from ParamChem
before refinement. As mentioned in Section 2.2, separate
WTMetaD simulations were performed for the cis- and trans-
isomers of the side chains starting from 6 different
configurations. Since the side chains are chiral, we expect the
FES to be asymmetric around (¢, y) = (180°, 180°). This is also
referred to as point asymmetry and is visible in our FES. An
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Figure 7. FESs generated after adjusting the charges according to the method detailed in Section 2.1 for (a) Syl-phenylethyl cis form, (b) Sy1-
phenylethyl trans form, (c) Syl-naphthylethyl cis form, and (d) Sy1-naphthylethyl trans form. The FESs are calculated after taking the average from 6

»

different simulations. The black “x”s represent experimental data points where the ¢ and y dihedrals for the stable conformations were reported.éz‘69

easier way to visualize it is to look at the free energies of the
major minima, as none of the ‘+’ minima have the same free
energy as their ‘~’ counterparts. These chiral aromatic peptoid
side chains prefer to form PPI-type helices in their secondary
structures, which is also observed in our simulations since the
major minima for both the cis- and trans-isomers lie around =+
ap. As mentioned earlier, experimental predictions for the cis-
isomer of these side chains show that the global minima should
lie at —ap. From Figure 6, we get the free energy difference
(AFE) between the two major minima for cis-sI1pe, AFE ;.
0.61 + 0.04 kcal/mol, and for cis-sIne, AFE_,. = 0.38 + 0.09
kcal/mol, with +ap, being the global minima. Therefore, it is
clear that the parameters with unadjusted charges do not give the
correct helical preference, and there is no noticeable difference
in the free energy values of the two major minima (—ap, and
+ap) for the cis-forms of both the residues.

In order to improve our prediction of the relative stabilities of
the metastable states predicted for these chiral aromatic side
chains, we adjusted the partial charges on the residue containing
each side chain using the algorithm shown in Figure 4.

9462

Implementing the same algorithm for WT'MetaD using these
new partial charges, as detailed in Section 2.2, led to the FES for
both the cis- and trans-isomers of the two side chains sIpe and
sIne shown in Figure 7. As intended, the new partial charges do
not significantly change the location of the free energy minima
but can adjust their relative stability. This partial charge
adjustment gave the correct handedness prediction for the cis-
form, where the experimental observations tell us that the global
minima should be at —ayp,. Furthermore, AFE along y = 180° for
cis-sIpe iSAFE ;. = 1.34 % 0.09 kcal/mol and for cis-slne is
AFE . = 0.84 + 0.10 kcal/mol, with the —ay, state as the
global minima. This makes us confident that the new parameters
and partial charges can accurately predict the most stable
secondary structures for these peptoid residues.

We also employed PBMetaD simulations with the newly fitted
partial charges to study the relative stability of all of the local
minima of the Syl-phenylethyl glycine and Syl-naphthylethyl
glycine peptoid monomers. As mentioned in Section 2.2, we
biased three dihedrals, ¢, y, and w, for each side chain and
performed three runs with different initial states to calculate free
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(b) Sy1-Naphthylethyl glycine
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experimental data points where the ¢ and @ dihedrals for the stable conformations were reported.”>* Also shown are 1-D free energy profiles for (c)
Sy1-phenylethyl and (d) Sy1-naphthylethyl side chains generated from PBMetaD simulations. The error bars (blue lines) in (c,d) are the RMSE from

three simulations starting with different initial configurations.

energies. These were then averaged to improve the smoothness
of the results, as shown in Figure 8. Before averaging, the average
free energy difference between the runs with the three different
initial states was less than 0.3 kcal/mol, which makes us
confident that the simulations have converged. As we expected,
the PBMetaD simulations are in good agreement with the
WTMetaD computations, which can be seen by comparing the
¢—w Ramachandran plots (Supporting Information Section
IV). After reweighing the biased simulations to remove the effect
of the added Gaussian potential, we were also able to generate
¢—ow FES for both the peptoid monomers, snlpe and snlne,
shown in Figure 8ab, respectively. The lowest free energy
configurations observed in our PBMetaD simulations for sIpe
correspond to (¢, ®) = (273.5°, 8.04°), and for the sine
monomer, they correspond to (¢h, @) = (283.5°, 349.94°). This
matches e?erimental observations that the most stable state is
cis-atp(—).%%° These FESs also inform us of a possible cis—trans
transformation route, where the free energy barrier of least
height is seen along ¢ = 283° (Figure 8a,)b). The PBMetaD
simulations predict an isomerization-free energy barrier of 5.12
=+ 0.11 kcal/mol for the sI1ne monomer and 4.80 + 0.09 kcal/mol
for the sIpe peptoid monomer. The slightly higher barrier for
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slne is due to the larger size of the naphthyl substituent in the
sIne monomer, which increases the steric hindrance between the
side chain and backbone, thereby restricting its motion. It is
important to note that this barrier is likely an underestimation as
most experimental observations tell us that this barrier is usually
~10 kcal/mol. CGenFF-NTOID was made such that this barrier
remains low to enable efficient transitions between the cis- and
trans-isomers for the different side chains. Barrier under-
estimation notwithstanding, this is an important starting point
for researchers interested in studying peptoid cis—trans isomer-
ism as it informs us of the most probable path these peptoid side
chains take during the cis—trans transition. Furthermore, from
Figure 8c,d, we can deduce that the free energy difference
between the cis- and trans-isomers for s1pe is 0.88 + 0.13 kcal/
mol, whereas for slne, this difference is 1.17 + 0.14 kcal/mol,
with the cis-form being more stable. This is also consistent with
expegiél;entally observed values of the global peptoid mini-
ma.

In order to confirm the invariance of these parameters for
optical isomers, we also generate FES for the Ry isomers of both
the peptoid monomers, ie., Ryl-phenylethyl glycine (Figure
3b) and Ryl-naphthylethyl glycine (Figure 3d). Even though
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Figure 9. FESs generated from altered charges but the same parameters as used in Figure 7 for (a) Ry1-phenylethyl cis form, (b) Ry1-phenylethyl trans
form, (c) Ryl-naphthylethyl cis form, and (d) Ry1-naphthylethyl trans form. The black filled circle represents the lowest potential energy configuration

observed through MP2/6-31G* ab initio computations.

there is a lack of experimental structural predictions for these
isomers, there is consensus among experimentalists that these
Ry isomers should form helices that exhibit the opposite
handedness than their Sy forms. This is reproduced in our FESs,
which show the global minima centered around the +ay, state,
i.e, ¢ = 75° and y = 180° for the cis-form (Figure 9).

As a means to further validate our predictions for the Ry
isomers, we also performed ab initio calculations using
Gaussian09.”® Here, we started with the two major minima
(+ap) and let the monomer relax at the MP2/6-31G* level of
theory, in concurrence with most peptoid computations
performed at the ab initio scale.”* After the initial relaxation,
we calculated the single-point potential energy for the monomer
at the same level of theory. These simulations are performed in
triplicates and averaged to give the potential energy (Table 1).
According to these calculations, the lowest potential energy
isomer for both of the peptoid monomers was predicted to be
close to cis-ap(—), which corresponds with our free energy
calculations. Furthermore, the relative ordering of the local
minima predicted by WTMetaD is in agreement with the results
obtained through ab initio calculations for both rlpe and rine.
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Table 1. Potential Energy Values for Ry1-Phenylethyl
Glycine (rIpe) and Ryl-Naphthylethyl Glycine (rlne)
Calculated from Ab Initio Simulations Using the MP2/6-

31G* Basis Set”
peptoid
monomer ¢ (°)  w(°)
rlpe-cis 75 180
rlpe-trans 75 180
rlpe-cis =75 180
rlpe-trans =75 180
rlne-cis 75 180
rlne-trans 75 180
rlne-cis =75 180
rlne-trans =75 180

minim
name
Cis-Op+
trans-
ap+
cis-Qp-
trans-
ap-
cis-Op+
trans-
ap+

cis-Qp-
trans-
ap-

a

potential energy

(kcal/mol)

—3.78 £ 0.02
—3.26 £ 0.005

—1.97 £ 0.01
—1.71 £ 0.02

—5.86 + 0.02
—4.96 + 0.02

—1.91 £ 0.01
—0.45 £ 0.005

free ener

(kcal/moglg
—4.85 + 0.1S
-3.83 + 0.1S

—2.58 £ 0.18
—1.25+0.21

—5.07 £ 0.12
—4.82 £ 0.16

—4.27 £0.17
-3.35+£0.2$

“The reference states for both rlpe and rlne are set to their respective
cis-C,p local minima.
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4. CONCLUDING REMARKS

1-Phenylethyl glycine and 1-naphthylethyl glycine are some of
the most studied peptoid side chains. They have been used for a
variety of applications, ranging from biomedical uses to the
development of new and improved materials. Through our
simulations, we have shown that the CGenFF-NTOID forcefield
coupled with WTMetaD is able to predict the global structural
minima accurately. We artificially reduce the high transition
barriers between various minima to maintain backbone
flexibility so that the forcefield can be used for different
biological and material discovery applications.

Using PBMetaD, we have been able to study the relative
energies of the peptoid cis—trans isomers, which have been
largely unexplored for peptoids to date. WTMetaD simulations
have been used to verify the chiral invariance of the parameters
developed in this work (Figure 9). This gives us confidence that
the CGenFF-NTOID parameters developed for new chiral side
chains will enable us to analyze both the optical isomers (R- and
S-) using WTMetaD and PBMetaD simulations.

A pressing challenge for simulations is studying the behavior
of these side chains in longer peptoid chains. Even though
conventional molecular dynamics cannot completely sample the
peptoid energy landscape, PBMetaD has the capability of biasing
alarge number of collective variables, which could overcome this
limitation.

CGenFF-NTOID represents one of the first atomistic
forcefields developed, especially for peptoids, that is able to
accurately predict free energy minima, including the accurate
sampling of both the cis- and trans-amide bond configurations.
This also provides us the opportunity to obtain information
available only through simulations, such as the relative heights of
the free energy barriers and the free energy differences between
various minima. The parameters developed for atomistic
simulations will provide a much-needed step for accurate
structure and binding property prediction of these peptoid side
chains.
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