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Abstract

Peptoids are a family of sequence-defined, non-natural biomimetic polymers which show excellent
properties including good chemical and enzymatic stability and high structural tunability. The solid-phase
submonomer synthesis method allows precise control over the identity and sequence of chemically
diverse side chains, enabling the atomic engineering of their chemical structures for a variety of
applications. This unprecedented level of structural control enables access to atomically defined three-
dimensional chain conformations and assemblies, facilitating the design and optimization of a variety of
nanoscale architectures that can function in biology and materials science. In order to approach the
rational design of peptoid materials in a more predictive and precise manner, it is crucial to fully
understand how chemical information, in the form of the monomer sequence, encodes their folding and
assembly into structurally defined, functional 3D shapes. This perspective focuses on recent studies into
the atomic engineering of peptoid nanostructures by examining the impact of sequence variations on
their secondary and three-dimensional structures, as well as their functional properties.

1. Introduction

Natural biopolymers such as proteins and nucleic acids have precisely defined monomer sequences which
endow them with the informational, structural and functional complexity necessary to support life.
Sequence changes of even a single amino acid in a protein can influence its three-dimensional structure,
binding specificity or catalytic activity.[1, 2] Inspired by nature, considerable efforts have been devoted to
the design and synthesis of synthetic polymers that are sequence-defined, aiming to ultimately engineer
the structures, properties, and functions at the atomic level by tailoring the monomer sequences.[3-6]
This would enable a new class of materials with the sophistication of biopolymers, but with improved
stability and expanded chemistry. However, despite much effort, there are relatively few synthetic
polymers for which this level of sequence control is synthetically feasible, while also achieving significant
molecular weights. Among the most promising are poly(N-substituted glycines) (a.k.a. peptoids), which
have attracted growing interest due to their synthetic accessibility, structural tunability, biocompatibility,
and chemical and enzymatic stability.[7-9]

Peptoids are a class of synthetic biomimetic heteropolymers with the side chains appended to the
nitrogen rather than the a-carbon as in peptides. Compared to peptides, peptoids lack hydrogen-bond
donors and chiral centers along their backbones, which makes their structure and properties dominated
by the side-chain chemistry and monomer sequence.[7, 8] This simple structural change also renders
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peptoids with excellent thermal processability, good solubility in common solvents, and enhanced
chemical and enzymatic stability.[8-11] Because of their polar amide backbone and a similar density of
sidechains to peptides, peptoids are biocompatible and exhibit varied biological activities.[12] Studies
have shown that peptoids exhibit minimal cytotoxicity[13, 14], good cellular permeability[15] and low
immunogenicity[16]. Peptoids have shown promise as drug and gene delivery vehicles[17, 18], antifouling
materials[19, 20], antimicrobial agents[21-23], anti-cancer therapeutics[14], antibody mimetic scaffolds
for molecular recognition[24], and as a tissue-engineering scaffold[13] among others. Several review
articles with particular emphasis on the biological applications of peptoids have been published in recent
years.[25, 26]Although peptoids lack hydrogen-bond donors and chiral centers on their backbones, they
nonetheless can fold or assemble into well-defined nanostructures that mimic some of the fundamental
aspects of the structures and functionalities found in nature.[7, 27, 28] The focus of this perspective will
be on recent studies on the atomic engineering of sequence-defined peptoid nanostructures, and in
particular, the ability to tune their structure and function by creating subtle variations in the peptoid
sequence. These efforts collectively aim to bring the folding paradigm of biology, and the precision of
protein engineering, to synthetic materials. Peptoid research from a broad set of investigators is
successfully demonstrating that the programming of chemical information into synthetic polymer chains
is a practical synthetic route to rival the architectural and functional complexity found in proteins. We are
at an exciting time in the advent of peptoid-based materials, where universal design rules that govern
peptoid folding and assembly are emerging, that should inspire further development of nanostructured
peptoid materials in a more predictable and precise manner.

2. Synthesis of sequence-defined peptoids

From a synthetic point of view, compared to most synthetic polymers, the chemical structures of peptoids
are highly engineerable and controllable. The development of the step-wise but highly efficient solid-
phase submonomer synthesis method in 1992, enabled ready access to a variety of sequence-defined
peptoids with controlled chain length and near absolute monodispersity.[8, 29, 30] The method employs
an iterative two-step monomer addition cycle, using cheap, simple building blocks, and no main chain
protecting groups (Figure 1).[8] The first step is an acylation reaction of a resin-bound amine with bromo-
or chloroacetic acid, and the second step is a nucleophilic substitution reaction with a primary amine
submonomer.[8, 29, 30] The key synthetic synthons for peptoids, primary amines, are chemically diverse
and readily available. Thus, a wide variety of side chains (e.g., ionic[31], aliphatic[10, 32], aromatic[33, 34],
heterocyclic[21, 22, 35] and chiral[36, 37] etc.) can be incorporated to peptoids. In addition, the high-
throughput “split-and-pool” combinatorial approach allows the synthesis of very large libraries of peptoid
sequences simultaneously, such that a single bead contains a single unique sequence.[38-40] This
synthesis method combined with a functional screen and a mass spectrometry-sequencing method,[41]
allows the efficient identification of the “hit” sequence for specific applications. This method has been
successfully applied to discover high-affinity peptoid ligands for numerous pharmaceutically relevant
receptors[38, 40, 42, 43].
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Figure 1. The solid-phase submonomer synthesis method allows the rapid synthesis of a large diversity of sequence-defined peptoids using an iterative two-step
monomer addition cycle of acylation followed by nucleophilic displacement with primary amines. Reproduced with permission from ref. [8]. Copyright (2013) American
Chemical Society.

3. Peptoid structures: single chain conformations and assemblies

Peptoids have the capacity to form single-chain folded structures, assemble into supramolecular
structures, and phase-separate/crystallize into different bulk morphologies, depending on their monomer
sequence and solution conditions. Despite lacking hydrogen-bond donors and chiral centers along their
backbones as found in natural polypeptides, investigators have revealed several key strategies to control
their structure. It has been shown that individual peptoid chains in solution can fold into a variety of robust
secondary structures such as helices[36, 44], ribbons[45], and square-helices[46] depending on their side
chain chemistry and monomer sequence. Peptoids can also phase-separate, crystallize, and self-assemble
into a variety of structures through intra- and inter-molecular interactions. Amphiphilic peptoids,
especially diblock copolypeptoids, are well-known to phase-separate into lamellar morphologies in
bulk.[10, 47-50] In solution, they have been shown to self-assemble into different structures including
nanosheets[34, 51-54], nanotubes[55, 56], vesicles[57, 58], superhelices[59], and spherical micelles[60].
For example, peptoids bearing alternating hydrophobic and ionic hydrophilic side chains can form highly
ordered, free-floating nanosheets through collapse of an intermediate monolayer formed at the air-water
interface.[31] Diblock copolypeptoids containing a hydrophilic block and a hydrophobic block have also
been shown to form free-floating crystalline nanosheets in solution driven by the crystallization of the
hydrophobic block.[34, 51] In both types of nanosheets, the peptoid chains adopt extended
conformations (cis-sigma strand) that pack face-to-face into rectangular lattices. This recently discovered
packing rule is poised to guide the future design of peptoid nanostructures more predictively and precisely.

4. Backbone conformations of peptoids

In order to predictively design peptoid-based nanoarchitectures, it is essential to understand the
conformation preferences of the backbone. Researchers have studied this in detail for decades, and their
structural propensities are now quite well understood[61]. Peptoids are structurally distinct from peptides
in three major ways: the peptoid backbones have no hydrogen bond donor or chiral center, and they are
composed of tertiary amide bonds that have nearly isoenergetic cis (©=0°) and trans (©~=180°)
conformations. Thus, peptoids have intrinsic conformational preferences different than that of peptides.

3



Polymer, 202, 122691 (2020).

The folded structure of a peptoid chain can be explicitly defined by understanding its backbone bond
rotational preferences, which consist of three dihedral angles (¢, v, and w). To better understand the
distribution of these dihedrals, we recently analyzed 46 high quality, experimentally determined peptoid
structures reported in literature. We found that the backbone dihedral angle pairs (¢ and v) all fall within
the expected, calculated energy minima of the peptoid Ramachandran plots derived from both cis and
trans amide conformations (Figure 2)[61] Interestingly, only two regions of the plot were found to be
populated. These regions are referred to as the Zz and Zs conformations, and because of the achirality of
the peptoid backbone, these two regions are mirror images of each other (Figure 2). Since these minima
are present for both the cis and trans amides, this means that there are only four predominant
conformations that comprise peptoid structures (Zgc, Zzt, Zsc, and Zs:). These preferences provide guidance
for the design of folded structures in a more predictive way. Manipulation of the backbone dihedral angles
by engineering the chemistry and position of side chains is enabling the de novo design of folded peptoids
with predictable and precise three-dimensional structures and functional properties.

Interestingly, while peptoid chains undergo cis-trans isomerization in solution due to their near
isoenergetic states, in the solid state or in supramolecular assemblies, the amides have been shown to
predominantly adopt the cis conformation, as evidenced by the X-ray scattering, cryo-TEM, NMR
spectroscopy, and molecular dynamics simulations.[51, 62-64] This is due to the fact that cis conformation
is more compact along the backbone direction than the trans conformation enabling a higher density of
intra- and intermolecular interactions, as evidenced by the MD simulation.[62, 63] By alternating between
the Zgz. and Zs. conformations, the all-cis backbone can adopt an extended structure where the side chains
are displayed on opposed faces. This fold is referred to as the cis-sigma strand and it has been observed
in all the peptoid polymer crystals and in many supramolecular nanostructures reported, regardless of the
chemistry of side chains.[62] These insights on the backbone conformation of peptoids lay the foundation
for the rational design of functional biomimetic nanoarchitectures.
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Figure 2. Ramachandran plots of peptoids representing ¢ and y from 0° to 360°. (A) Line drawing of trans-amide backbone conformations in peptoids. (B) Free-
energy plot of trans disarcosine and ¢ and y combinations derived from trans-amide conformations in peptoid X-ray crystal structures (A ) and NMR structures (X).
(C) Line drawing of cis-amide backbone conformations in peptoids. (D), Free-energy plot of cis disarcosine and ¢ and y combinations derived from cis-amide
conformations in peptoid X-ray crystal structures (A ) and NMR structures (X). Adapted with permission from Ref. [61] Copyright (2019) John Wiley and Sons.

5. Atomic engineering of peptoids and their assemblies

The atomic-level synthetic control over the chemical structures of peptoids enables a fine degree of
control over the backbone dihedral angles (y, ¢, @) to manipulate their chain conformations. The precise
control over the chain length, sequence and side-chain identity of peptoids also greatly impact their
crystallization, phase-separation, and self-assembly behaviors. Given these preferred backbone
conformational preferences, researchers have been able to dramatically modulate peptoid properties by
controlling the side chain sequence chemistry. Over the years, several structural classes have been
identified and their sequence-dependencies studied. Here, we examine the ability of peptoids to form
phase-separated morphologies in bulk, functional nanosheets, nanosheets, surface coatings and
metalloprotein mimetics. Understanding the folding code and assembly rules associated with their
essential structures and functions allow us to optimize their properties more precisely and predictively.

5.1. Engineering the phase-separated bulk morphologies of peptoids

Amphiphilic peptoids have the capacity to phase-separate in bulk. The precise control over the chemical
structure of amphiphilic diblock copolypeptoids allows systematic investigation of the effect of monomer
sequence on their phase-separation behavior. Segalman et al. reported the tunable phase behavior of
diblock copolymers bearing a polystyrene block (PS) and a sequence-specific peptoid with 2-methoxyethyl
side chains (Nme).[65] They showed that incorporation of a styrene-like residue, N-2-phenylethyl glycine
(Npe), within the Nme block significantly decreased the segregation strength and therefore the order-
disorder transitions of the diblock copolymers. We studied the phase separation of a series of diblock
copolypeptoids, poly(N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine)-b-poly(N-(2-ethylhexyl)glycine)
(Nte-b-Neh).[47] The total chain length was held at 36 while the volume fraction of pNte block (¢nte) was
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systematically varied from 0.11 to 0.65. Interestingly, all the compounds, except the one with ¢nte = 0.65,
phase-separated to a lamellar morphology. We also studied the phase-separation behavior of diblock
copolypeptoids bearing the same hydrophilic Nte block adjacent to a crystalline poly(N-decylglycine) (Ndc)
block.[32, 62] All the samples studied phase-separated into a lamellar morphology with a rectangular
crystal lattice. We found that the diblock copolypeptoids (Ndc-b-Nte) with an acetyl N-terminus exhibited
a more ordered bulk morphology than its analogue with free amine N-terminus, presumably due to the
difference in hybridization of the N-terminal amine atom (sp°).[32]

5.2. Engineering the atomic structure of sheet- and tube-forming peptoids

Amphiphilic peptoids can self-assemble into either nanosheets[31, 34, 51] or nanotubes[55, 56] in
solution depending on their chain length, side-chain chemistry and sequence. Nanosheets result from
peptoids bearing alternating hydrophobic and hydrophilic ionic side chains or from amphiphilic diblock
copolypeptoids. The propensity of these peptoids to form a planar, rectangular-like molecular shape with
an extended backbone conformation (cis-sigma strand) and apposed side chain display, allows them to
readily form rectangular lattices, hence the prevalence of nanosheets. Because these nanostructures are
well-defined, we can essentially “mutagenize” their assembled structure, similar to the ability of the
protein engineer tuning the structure of an enzyme. The solid-phase submonomer synthesis allows us to
investigate the impact of atomic structural change on their self-assembled structures and functional
properties.

5.2.1. Engineering the atomic structure of nanosheet interior

We initially discovered that peptoids with a sequence of alternating hydrophobic and hydrophilic ionic
monomers can self-assemble into free-floating, highly ordered two-dimensional nanosheets.[31, 66, 67]
The formation mechanism and atomic structure of the nanosheets have been well investigated.[68-70].
We also demonstrated that the nanosheets are readily engineerable in their hydrophobic interior through
selective structural substitutions at the hydrophobic monomer positions. The nanosheet structure
tolerated a wide variety of modifications to the N-2-phenylethyl side chain including many meta and para
substituents.[33, 71] Photoreactive monomers were successfully introduced to the nanosheet sequence
such that the sheets could be photo-crosslinked in their hydrophobic interior after their assembly to
improve their chemical and mechanical stability.[72]

Recent advances in characterization tools such as X-ray scattering, cryo-TEM, and computational modeling
greatly deepen the understanding of the assembled structures of peptoids at the atomic scale[51, 58, 62,
63, 69], and thus facilitate their atomic-engineering. X-ray scattering is a common technique widely used
in polymer field. This technique, however, can only provide structural information in reciprocal space.
Low-dose cryo-TEM, combined with single particle analysis methods, has emerged as an ideal technique
to directly image soft materials in position space, though many challenges remain.[51] Single particle
analysis is widely used in structural biology to solve protein structures.[73] It is an image processing
technique used to improve the resolution of TEM images by analyzing and aligning numerous low signal-
to-noise ratio images obtained under low-dose conditions.[73] In addition, different force fields, such as
PEPDROID[74], MFTOID[63] and CGenFF[75], have been developed to facilitate accurate molecular
dynamics (MD) simulations of peptoid structures. Using the feedback between precise synthesis, cryo-
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TEM imaging, and MD simulations, we can now begin to engineer peptoid structures with the same atomic
precision that structural biologists use to tune protein structure and function.

We have shown that we can directly observe the heterogeneity of chain packing within peptoid
nanosheets assembled from poly(N-decylglycine)-b-poly(N-2(2-(2-methoxyethoxy)ethoxy)ethylglycine)
(Ac-pNdc-b-pNte), in position space using cryo-TEM. Recently, in a related system with aromatic side
chains, we were able to clearly image individual molecules within the nanosheet lattice. These aromatic
nanosheets are highly crystalline with a ~60°C higher melting temperature than that of the Ac-pNdc-b-
pNte nanosheets, which facilitated the characterization of their atomic structures using cryo-TEM and X-
ray scattering. We demonstrated that substituents could be introduced onto the aromatic groups and
varied without disrupting the packing preferences within the lattice.[76] We synthesized a series of
diblock copolypeptoid decamers composed with the same hydrophilic poly(N-2(2-(2-
methoxyethoxy)ethoxy)ethylglycine) (pNte) block and different N-2-phenylethylglycine-based
hydrophobic blocks bearing a systematic series of aromatic ring substituents, varying in size and their
electron withdrawing or donating character (Figure 3A). These sequence variants all formed free-floating
2D monolayer nanosheets. The crystal structures of nanosheets were well-characterized by a combination
of cryo-TEM, X-ray scattering and MD simulations. Not only individual peptoid chains but also their relative
packing orientations were directly observed by cryo-TEM at 1.5 A resolution (Figure 3D). Bromine atoms
at the para position of the aromatic side chains were directly visualized by cryo-TEM (Figure 3D), revealing
atomic details in position space inaccessible by conventional scattering techniques. Interestingly, the
organization of the chains within their crystal lattices were very similar, allowing subtle changes in the
structure to be directly compared to one another. The spacing of adjacent rows along the c direction
(Figure 3C) increased from 16.2 to 18.2 A as the size of para substituents of aromatic side chains increased
from hydrogen to bromine. All the nanosheets shared the same rectangular crystal lattice, and MD
simulation revealed that the peptoid backbone conformation (cis-sigma strand) for all the molecules was
conserved with the backbone dihedral angles all falling within the conformational minima of the peptoid
Ramachandran plots. However, some variations in chain packing were observed depending on the
chemical structure. The projection of an individual peptoid chain (V shape) as seen from the top view of
the nanosheet (Figure 3D and E), arranged into different packing geometries along the c direction (parallel
vs. anti-parallel V) depending on the para-substituents. The exact driving force behind this phenomenon
has not been fully elucidated yet. This systematic atomic-level engineering of a crystal lattice, directly
observed by cryo-TEM, has only been previously done in biological materials such as proteins.



Polymer, 202, 122691 (2020).

o _/—Nuo

Io Io R, Ry é\m
R
Nte,-Npeg (1): R;=R,=H, R;=H
Nte,-N4Fpes (2): R, =R,=F, R;=H
Nte,-N4Clpeg (3): R;=R,=Cl, Ry=H
Nte,-N4Brpeg (4): R,=R,=Br, R;=H
Nteg-N4Ipeg (5): R,=R,=1, R,=H
Nte,-N4NO,peg (6): R,=R,=NO,, R;=H
Nte,-N4mpeg (7): R,=R,=CH;, R;=H

Nte,-N4OMepeg (8): R, =R,=OMe, R;=H
Nte,-(N4BrpeNpe); (9): R, = R;=H, R,=Br
Nte,-N3Brpeg (10): R,=R,=H, R;=Br

Figure 3. Atomic engineering of nanosheets. (A) Chemical structures of diblock copolypeptoids with various para-substituents of aromatic side chains. (B) Chemical
structures of Nte,-N4Brpeg (4). (C) Molecular model of sheet 4. The molecules are packed antiparallel along c direction and parallel along a direction. (D) Cryo-TEM
image of sheet 4 from b direction (top view) showing anti-parallel V shapes along the c direction. The Br atoms showed a tip-to-tip packing (red box). (E) Top view of
the hydrophobic domain in (C) from b direction showing anti-parallel V shapes along the c direction. The structure is overlapped with cryo-TEM image shown in (D).

5.2.2. Engineering the functionality of nanosheet exterior

Just as the crystal structure of the nanosheet interior can be engineered at the atomic level, the
functionality of its solvent-exposed exterior (surface) of the nanosheet can also be tuned through
engineering the polar side chains. Chen et al. incorporated a variety of functional moieties (e.g., crown
ether for metal binding) at the N-terminus or side chain positions of the hydrophilic block of the sheet-
forming diblock copolypeptoids, poly(N-2-carboxyethyl glycine)-b-poly(N-2-(4-chlorophenylethyl) glycine)
(pNce-b-pN4Clpe), to display and pattern different functionalities on the surface of nanosheets.[34]
Introducing conformationally constrained “loops” is also an ideal way to expose chemically diverse shapes
on the nanosheet surface for different purposes. We previously covalently linked a pre-cyclized peptide
to the N-terminus of the sheet-forming peptoid to display streptavidin-binding sites on the surface of the
nanosheets.[66] We also inserted a variety of short, functional sequences to the middle of the sheet-
forming peptoids to form nanosheets with a high density of loops exposed on the surface.[24, 77]
Depending on the sequences inserted, these loops can mimic the multi-valent binding properties of
antibodies to specificaly proteins, serving as a potentially general platform for molecular recognition.
Nanosheets with kinase-binding and gold-binding peptide loops exposed on the surface exhibited high
affinity to protein casein kinase Il (CK2a) and serves as templates for the growth of gold nanoparticles,
respectively.[24] We also successfully introduced carbohydrate moieties on the nanosheet surface using
different linker lengths on one of the hydrophilic side-chains, or within loops containing 2 to 6 hydrophilic
peptoid monomers.[77] Both the linkers and loops contained one alkyne-bearing monomer, to which
diverse carbohydrate units (e.g., mannose, N-acetylglucosamine and galactose) were covalently attached
by copper-catalyzed azide-alkyne cycloaddition (CUAAC) reactions. Depending on the type of saccharides
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displaced, nanosheets were able to selectively bind multivalent lectins, Concanavalin A and Wheat Germ
Agglutinin. We also developed an even simpler nanosheet display method, where small-molecule lipid-
conjugates could be co-assembled with sheet-forming peptoids to create a diversity of functionalized
nanosheet bilayers with varying display functionality and densities.[78] These large-area multivalent 2D
nanosheets on the micron scale could be ideal to combat pathogens by direct immobilization of entire
organism in solution. We have demonstrated the ability of mannose-coated sheets to directly bind E. coli
bacterial cells and inhibit their growth.[78]

Importantly, we found that the nanosheet surface loop display strategy described above was quite
tolerant to sequence variation-within-in the loop. This is likely explained by the fact that the loops are
solvated and surface exposed, thus they do not appreciably interfere with the molecular packing in the
hydrophobic core. We therefore reasoned that the nanosheets could be used as a planar substrate upon
which we could display diverse combinatorial libraries of loop variants, much like an antibody serves as a
structural scaffold to display sequence diverse loops in its binding sites. Recently, we reported a method
to prepare a library of nanosheets bearing a diversity of 6-mer peptoid loops, that could be screened
against a variety of protein targets. [79] High affinity nanosheets were found to specifically bind to anthrax
protective antigen ((PA63)7). The sequence and chemistry of the hexapeptoid loops were designed to
balance the overall water solubility and surface activity, promoting self-assembly and the correct folding
of loops on the nanosheet surface. A basis set of 7 hydrophilic (P) and 13 hydrophobic (H) peptoid
monomers, showing distinct chemical properties similar to the natural amino acids, were employed
(Figure 4). We eliminated sequences that would likely interfere with the self-assembly mechanism, such
as those with alternating H and P monomers, =3 H monomers, or with =2 large H monomers per
sequence. In this way, a set of 256 specific sequences were synthesized to maximize the chemical
distinctness of each loop. We prepared the nanosheet library simultaneously and in parallel at the milliliter
scale using a pipetting method performed in multi-well plates with automated pipetting robot for high-
throughput library generation and screening. “Hit” sequences which selectively bound to anthrax
protective antigen (PA63); were identified by a homogeneous fluorescence binding assay. The (PA63);-
binding hit has a loop sequence, Namd-Ntyr-Ntyr-Ntyr-Ntyr-Namd, showing a “PHHHHP” pattern with
four aromatic 2-(4-hydroxyphenyl)ethyl (Ntyr) side chains flanked by two polar carboxamidomethyl
(Namd) side chains. Computer simulation of the loop-functionalized nanosheet indicated that the spatially
dense display of loops enables high binding affinity to the target protein via multivalent interactions. The
atomic control over the chemistry and sequence of loop peptoids combined with the high-throughput
combinatorial screening method allow rapid and effective discovery of recognition elements for various
pathogens (e.g., toxin proteins, viruses, and cells).



Polymer, 202, 122691 (2020).
g,q ?/E\N l)

(A) P monomer (B)
o HNH;
NH, Oy OH CN( \/ﬁ\ gi\ \)oj\ .
H\ NH, OH OH NH, H N A N. “/\[)f /\!)r ) N N Y NH,
25 A0 A | T 5" 6 »C{ P
Nab Nae Nce Ncm Nhe Namd Npp N

[ 20¢ possible loop sequences (64 million) ]

H monomer )
O O Consider monomers as H or P
& [ 64 possible HP sequences ]
Y o % o 0 o o o o
’N\)k "N\)k'\ /N\)J\ "N\)K XN\)\ b ‘N\)L'\ HP rules
Nipr Ncpr Nbu Nia Ncpe Ndpe Nfu

1.No alternating H &P

- - - - 2.< 3 Hin 90% of sequences

3.< 2 LlargeH per sequence
O2NH2

OH
PR . [ 12 sequences with varied H:P ratios ]

@ o o o [o] o <o©\ )
A SR NG S N S R A 4 v A

Nph Npe Nbsa Ntyr Ntrp Npip

I I . I Enumerate each HP sequence 3 times
2 monomer 3 monomer 4 monomer
types types types

M Cationic M Anionic M H-bond donor [ H-bond acceptor M Heterocycle
M Small aliphatic M Large aliphatic B Large hydrophobic B Aromatic

>
>

Increasing monomer diversity

Figure 4. Design of the chemically diverse binding loops, built from a basis of 20 efficiently incorporated monomers. (A) P (hydrophilic) and H (hydrophobic) amine
monomers exhibiting various properties. Colored rectangles represent primary and secondary properties of monomers. (B) Design algorithm for creating a maximally
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Society.

5.2.3. Engineering the atomic structure of nanotube

The Ac-pNdce-b-pNtes, as mentioned above, can form crystalline nanosheets in water. Interestingly, we
found that increasing the length of the sequence to Ac-pNdci3-b-pNte;s and Ac-pNdcis-b-pNtessled to the
formation of crystalline nanotubes of uniform diameter.[55] Black stripes with 2.4 nm adjacent spacing
along the nanotube axis, corresponding to the adjacent rows of backbones, were clearly visible by cryo-
TEM. (Figure 5A-C). The spacing (2.4 nm) is nearly identical to that observed in the Ac-pNdcs-b-pNteg
nanosheet (Figure 5D-E)[51, 52], suggesting their similar packing between adjacent rows of backbones.
The diameter of tubes increased from ~4.3 to ~9.3 nm as the chain length of peptoid increased from Ac-
pNdci3-b-pNteis to Ac-pNdcis-b-pNtess. Chen et al. discovered that in contrast to the 2-phenylethyl based
diblock nanosheet, pNce-b-pN4Clpe,[34, 80] a benzyl analog of the same sequence, pNce-b-pNbpm,
initially formed nanosheets followed by curving into single-walled stiff nanotubes.[56] Similarly, early
studies by our group showed that longer amphiphilic diblock copolypeptoid, pNpeis-b-pNcess, initially
formed nanosheets in water, which slowly transformed into homochiral left-handed superhelices.[59] The
left-handed homochirality was remarkably robust that-either introduction of chiral side chains or addition
of chiral counterions could not change the overall superhelix chirality. It's remarkable that chain length
and side chain length of peptoids have such a great impact on their self-assembled structures. However;
a The fully understanding of the atomic structure of the nanotubes and superhelices as well as the driving
force of their formation is lacking and needs further investigation.
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Figure 5. (A) Chemical structure of Ac-pNdc;g-b-pNteys. (B) Cryo-EM 2D projection image shows nanotubes of uniform diameter in a vitrified thin film. (C) Cryo-EM
close-up of a single nanotube (scale bar, 20 nm) shows regular latitudinal stripes (Top). A line profile along the longitudinal direction of the nanotube indicates a
periodicity of 2.4 + 0.2 nm (Bottom). (D) TEM images of nanosheets formed by Ac-pNdcs-b-pNtey. (E) Cryo-TEM image of the nanosheets showing a 24 nm
spacing between adjacent rows of backbones along the c direction. (D) is adapted with permission from Ref. [51]. Copyright (2018) American Chemistry
Society. (E) is adapted from Ref. [52]. with permission from The Royal Society of Chemistry.

5.3. Surface passivation with sequence-defined peptoids

The atomic structure of peptoids also greatly affect their interaction to various nanoscale substrates such
as carbon nanotubes, DNA origamis and lipid vesicles.[81-83] We showed the deposition of functionalized
loopoid monolayers with high degree of uniformity on planar hydrophobic substrates, including to the tip
of glass optical sensing fibers, by a Langmuir-Schaefer method.[84] We demonstrated the successful
display of globotriose- and peptide (TYWWLD)-functionalized loops on the surface of optical fibers which
can detect the specific binding of the pathogen derived protein, shiga toxin and anthrax protective antigen.
The Landry group reported the design, synthesis and evaluation of a series of amphiphilic peptoids of
variable sequences, charges, polarities, and lengths to identify sequences that could be adsorbed to
single-walled carbon nanotubes (SWNTSs) with high stability (Figure 6).[81] They found that the stability of
peptoid-coated SWNTs under a variety of conditions (e.g., ionic strength, protease exposure, and cell
culture media) was dependent upon on the composition and length of peptoids. Chain hydrophilicity, high
charge, and n-m interaction from aromatic side chains were found to be important contributors to the
peptoid-SWNT adsorption efficiency. Repeats of (Nce-Npe) were identified as a highly stable peptoid
sequence for SWNT stabilization at physiological pH. Peptoid-SWNT adsorption efficiency was roughly
proportional to peptoid length, owing to the increased number of contacts between a longer peptoid and
the SWNT surface. Incorporation of a lectin-binding 6-monomer loop sequence, consisting of three N-
butylglycine (Nbu) and three N-(N-pyrrolidinonylpropyl)glycine (Npp) monomers (Nbu-Nbu-Bpp-Npp-
Nbu-Npp), to the middle of an (Nce-Npe):s anchor sequence, was also shown to adsorb to the carbon
nanotubes. The loops within this peptoid were shown to be surface exposed and interact semi-selectively
with Wheat Germ Agglutinin (WGA), a sugar-binding lectin (Figure 6A).
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Monomer Sidechains

(C) Peptoid Sequence
Name
Block36
DB1
DB2
Pep1
Pep2*
Pep3
PA28
PC18

PC28* Nce-N
Peptoid Anchors W PCa6* (Nee-Npe)
Pept0|d LOOpS ProLoop* | PC18-(Nbu-Nbu-Npp-Npp-Nbu-Npp)-PC18

Figure 6. Electrostatic assemblies of single-walled carbon nanotubes (SWNT) and peptoids. (A) A cartoon showing adsorption of peptoids onto the surface of SWNT
with peptoid loops well displaced for the detection of a lectin protein. (B) Monomers used to create the peptoids in this study. (C) Library of 11 Peptoid structures
tested for adsorption to SWNT. Peptoids denoted with an asterisk (*) successfully adsorb on SWNT to form peptoid-SWNT assemblies, while other peptoids do not
suspend SWNT at pH 7. Adapted with permission from Ref. [81]. Copyright (2019) American Chemistry Society.

The Gang group demonstrated the stabilization of DNA origami nanostructures via the electrostatic
adsorption of sequence-defined peptoids.[82] Adsorption of polycations onto the negatively charged DNA
backbone via electrostatic interaction is a common approach to protect origamis against nuclease
degradation and enhance transfection efficiency. However, there is limited understanding on how the
charge density and charge distribution of polycations impact their interaction with DNA origamis.
Sequence-defined peptoids, with atomically controlled structures, were identified as a great platform to
investigate this impact. Thus, a series of peptoid sequence patterns composed of positively charged (Nae)
and neutrally charged (Nte) moieties, varying charge density and distribution, were synthesized and
systematically explored regarding their protection of DNA origami (Figure 7). It was found that the brush-
type peptoid Naei>-Ntes; (PE2) (Figure 7A) exhibited the best protection of DNA origamis in conditions
including Mg** depletion and presence of degrading nuclease. This is attributed to the persistent
multivalent interactions of Nce moieties with DNA spread across the DNA backbone (Figure 7C), as
evidenced by the molecular dynamics (MD) simulations.
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(A)
PE1: Naeg-Nteg

PE2: Nae,,-Nte,,

PE3: Naeg-Nte,,

PE4: NaegNte;

PES5: Naeg-Nte,,

Figure 7. Peptoids with different molecular architectures for DNA origami protection. (A) Chemical structures of peptoids designed to protect 3D octahedra-shaped
DNA origamis (OC). PE1, PE2 and PE3 represent brush-type peptoids; PE4 and PE5 are block-type peptoids. Nae: N-(2-aminoethyl)glycine, Nte: N-2-(2-(2-
methoxyethoxy)ethoxy)ethylglycine and Nme: N-(2-methoxyethyl)glycine. (B) TEM image and schematic view (inset) of the OC structure (scale bar: 50 nm). (C)
Schematic view showing the different surface coating of the two types (“brush” and “block”) of peptoids on the OC structure proposed in this work, which leads to
varied protection effect.

5.4. Engineering the atomic structure of peptoid chain conformation

The preferred local conformational minima of peptoids in the Ramachandran plot as shown in Figure 2,
combined with their excellent chemical and enzymatic stability, makes peptoids an ideal platform to
design peptoids that can fold into single-chain, protein-like structures. One such approach takes
advantage of peptoids that can serve as ligands for targeted metal coordination.[85-89] However, there
are limited reports on metallopeptoids with atomically-defined structure in solution. The first examples
of atomic structures of metallopeptoids were characterized in the solid-state using crystallography and
not in solution.[90]. It is important to fully understand the atomic structures of metallopeptoids in
solutions correlated to their in situ catalytic activities. Thus, through structural design, combinatorial high-
throughput synthesis and subsequent screening of a library of peptoids, we discovered and optimized a
series of peptoids oligomers (< 7 residues) that fold into a single stable conformation to provide
unprecedented tetra-and hexadentate chelation to a tetrametallic [Co404] cubane cluster via multiple
simple carboxylate moieties.[91] The solution-phase structures of the peptoid-metalloclusters at the
atomic-level were well-characterized by a combination of 2D NMR spectroscopy and molecular dynamics
(MD) simulations. Inspired by the crystal structure of the multimetallic enzyme photosystem Il (Figure 8a)
showing that three carboxylate residue of a peptide sequence bind to the cubane cluster, we first
synthesized a peptoid analogue of the C-terminal trimer peptide fragment, Asp-Leu-Ala-OH, as Fm-Ncm-
Nbn-NAla-NH, (H2A) (Fm = formyl, Ncm = N-carboxymethyl glycine, Nbn = N-benzyl glycine) (Figure 8b) to
target two-face binding of the cobalt cubane. To remove the amide isomerization at each terminus, formyl
was replaced with p-toluenesulfonyl (Ts) and NAla was changed to Ala-OH to obtain the Ts-Ncm-Nbn-Ala-
OH (H2B) (Figure 8b). Reaction of one and two equivalents of H,B with the tetrametallic cobalt cluster,
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C0404(0OAC)Py4, produced a single conformer with cis-amides of mono- and bis-peptoid complex (1-B and
1-2B), respectively, as shown in Figure 8c the lowest energy NMR structures of 1-2B determined by
replica-exchange molecular dynamics (REMD). We also attempted to link the sequence of H,B and a
carboxylate residue Nce with a tripeptoid loop to allow carboxylate binding to the third face of cobalt
cubane. We employed a combinatorial approach, the “split-and-pool” strategy, to synthesize a library of
125 resin-bond sequences varied at the loop positions and identified a predominant hit sequence, Ts-Nce-
Nae-Nhe-Nrpe-Ncm-Nbn-Ala-OH (HsC), by direct colorimetric analysis. The mono-peptoid complex of HsC
(1-C) exhibits ~ 51% of a single conformation. Single-site sarcosine mutations of each of the three loop
residues revealed that the H-bond from Nae, and steric constraints of Nrpe, are critical in decreasing
backbone flexibility to rigidify the peptoid ligands for better binding. Looking forward, the target of the
fourth face of the cubane, or even the pyridine faces, can be approached using this method combining
both structural design and combinatorial screening. This efficient ligand design strategy holds promise for
creating new scaffolds for the synthesis and manipulation of multimetallic cluster-base metalloenzyme
mimics.

(A)

Glu333

Leu343

,B  N-tosyl peptoid Co,0,(B),(py), (1-2B)

Figure 8. (A) Selected amino acid residues from the D1 subunit (blue) that bind to the Mn,Ca oxygen-evolving complex (OEC). (B) Design of the peptoid analogues
based on D1. (C) Ensemble of the five lowest energy NMR structures of 1-2B (pyridine ligands omitted for clarity). (D) The lowest energy structure of 1-2B. Reprinted
from Ref. [91]. with permission from The Royal Society of Chemistry.
Controlling the cis- and trans-amide conformations (rotation about w) in peptoid backbones is critical to
rigidify the local conformation and thus control the folded structures of peptoids. Peptoid backbones
preferentially generally adopt all cis-amide conformation in peptoid crystals regardless of the chemistry
of side chains, as previously reported.[52, 62, 76] However, free in solution, peptoids undergo cis-trans
isomerization due to the similar energy of the two conformers. A common strategy to induce one
conformer over the other is to utilize local non-covalent interactions, including n>m*, steric, electronic,
and hydrogen bonding interactions, to regulate the amide bond rotation of peptoid backbones.[92-94]
Several side chains have been reported that are capable of enforcing a specific amide conformation. N-
aryl side chains have been shown to strongly enforce trans-amide geometries in peptoid backbone.[45,
95, 96] Peptoids with extremely bulky and a-branched side-chains, such as chiral 1-naphthylethyl[95] and
tert-butyl[93] side chains, adopt predominantly cis-amide conformation as the steric interaction present
in the trans-amide conformation is disfavored. Triazolium and N-alkylpyridinium side chains also promote
14
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cis-isomers via electronic interactions between backbone carbonyl and side-chain.[92, 94] These
conformation-inducing side chains, however, often suffer from being either too hydrophobic, have low
monomer addition yields, or are incompatible with acid cleavage in solid-phase synthesis. Surprisingly,
hydrogen bonding in peptoids between the side-chain and the backbone carbonyl oxygen has not been
widely recognized to promote the cis-amide isomers. Thus, we developed a novel class of water soluble
peptoids, bearing cationic alkyl ammonium ethyl side chains, which showed the strongest enforcement
of the cis-amide backbone conformation to date (Kcistrans Up to 70) (Figure 9).[97] We demonstrated that
the preference of cis-amide conformation is due to an unexpected ensemble of weak intramolecular CH-
O and/or NH-O hydrogen bonds between the side-chain and the backbone carbonyl moieties, as
evidenced by X-ray crystallography, variable-temperature NMR spectroscopy, and DFT calculations. Many
of these alkylamino sidechains are commercially available or are obtainable via simple synthesis and can
be readily functionalized. Furthermore, a propargyl group can be easily incorporated to the side-chain
which allows further diversification of the side-chain through CuAAC “click” chemistry on resin. We further
synthesized a water soluble 10mer with alternating hydrophobic N-aryl side chains (strong trans-inducers)
and the newly developed hydrophilic cationic alkyl ammonium ethyl side chains (strong cis-inducers),
mimicking the sequence which formed ribbon structure[45] reported by Blackwell et al. The ribbon
structure with a pattern of alternating cis- and trans-amides was identified in polar protic solvents (MeQOD
and D,0), as evidenced by *H NMR spectroscopy. This is, so far, the longest known peptoid sequence that
can fold into ribbon structure.

7
N H sftrans

‘% ;\ ) Up tO 70 '%N
oA <R via H- bondlng J\ jk
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PNIN ~e D
wﬁ “ﬁ CH-0 hydrogen bonds

Figure 9. Cationic alkyl ammonium ethyl side chains, highly diverse, induced cis-amide conformation of peptoids through an ensemble of weak CH-O hydrogen bonding.

The Keis/trans could reach up to 70. Reprinted with permission from Ref. [97]. Copyright (2019) American Chemistry Society.
6. Conclusions and outlook

Peptoids, lacking hydrogen-bond donors and chiral centers along backbones, have intrinsic
conformational preferences different than those of peptides. The structure and property of peptoids are
predominantly determined by their chain length, side chain chemistry and monomer sequence. A
comprehensive understanding on how the peptoid chemical structure impacts the dihedral angles of the
peptoid backbone is needed in order to achieve the precise folding of peptoids into protein-like structures
in a predictive way. Amphiphilic peptoids are known to self-assemble into a variety of supramolecular
structures (e.g., nanotubes, nanosheets, vesicles and superhelix) via intra- and intermolecular interactions
depending on their sequence. A clear understanding of their atomic structures, as well as their assembly
mechanisms is a prerequisite to further precisely engineer their structure and function for specific
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applications. Advances in the submonmer solid-phase synthesis enable chemists to readily access an
enormous diversity of sequence-defined peptoids with precise control over their chain length, side-chain
chemistry and sequence. The vast diversity and atomic-level precision of peptoid sequence offered by this
synthetic method allow us to systematically investigate how the atomic modification of peptoid chemical
structures impact their higher order structures as well as physicochemical and functional properties,
paving the way to design peptoid materials that rival the structural and functional complexity found in
nature. The intrinsic packing preferences of peptoid chains, as described above, can now be utilized to
confer additional precision and hierarchical complexity to the nanostructures. For example, within a
peptoid crystal lattice, voids could be created to form binding pockets, or functional groups could be
introduced to certain side chains to introduce specific binding interactions or catalytic activities. Pairwise
chemical or steric interactions between two polymers can be introduced to promote inter-chain
complementarity like in DNA.[98] Overall, sequence-defined peptoids are an ideal platform for the
generation of information-rich, folded and self-assembled nanostructures bearing molecular recognition
sites, catalytic cites, stimuli-responsive properties and hierarchical architectures. Looking forward, the
combination of automated synthesis, detailed structural characterization, molecular dynamics simulation
and functional screening hold great promise to develop atomically-defined biomimetic nanostructures.
The feedback obtained from the growing number of atomic structures will further deepen our
understanding of the folding and assembly rules, and guide us to design peptoid materials more precisely
and predictively.
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