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We report a critical advance in the generation and characterizaBén
of peptoid hetero-oligomers. A library of sub-monomers wdith
amine and carboxylate side-chains are combined in differddt
sequences using microwave-assisted synthesis. Their sequer&8-
structure propensity is confirmed by circular dichroism, 3%
conformer subtypes are enumerated by NMR. Biasing the y-arle
backbone totrans(180°) in Monte Carlo modelfidg
favors i to i+3 naphthyl-naphthyl  stacking, and  matcf2s
experimental ensemble distributions. Taken together, high-yfkid
synthesis of heterooligomers and NMR with structure predictiéh
enables rapid determination of sequences that induce seconchpy
structural propensities for predictive design of hydropHKific
peptidomimetic foldamers and their future libraries. 47

48
Peptoids are peptidomimetic oligomers composed of N-substitu4&d
glycine units with potential applications in fields spanning 5e
biomedical to the materials sciences, provided their macromolec§lar
structures can be controlled.’® Peptoids have the same C-BN
backbone repeat as naturally-occurring proteins, but the5B-
substitution makes the backbone achiral and precludes any (prot&i4-
like) backbone hydrogen-bonding networks (Fig. 1).>° Chirality 5§&d
backbone hydrogen-bonding are responsible for energetic8-
preferred local structural biases in proteins and are key element§ gf
‘secondary structure’. These protein secondary structures,5&
combination with side-chain interactions and chemical function8®y
(i.e. hydrophobicity, polarity, n-stacking, and hydrogen bonds), 60
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dictate three-dimensional folding and function. Thus, the challenge
for peptoid-based foldamers, is developing control over structure
and design at the level of proteins. This challenge requires
identification of
developing comprehensive methods to generate, individual, self-

sequence-to-structure relationships, while
folding, water-soluble hetero-peptoids.t'13 The first step toward this
goal is to design and model peptoids with the chemical and structural

functionality of protein secondary structures.

Encouragingly, several publications suggest individual peptoids can
achieve three-dimensional order. Wu et. al. and Patch et. al.
demonstrated that hydrophobic peptoid homooligomers, could
assume secondary structure in organic solvents or when embedded
into lipid membranes.?**> Armand et. al. demonstrated that three-
dimensional order can be achieved for a hetero-oligomeric pentamer
in methanol.'® Finally, Darapaneni et. al. partially improved upon
hydrophobic peptoid solubility by post-synthetic addition of
piperazines to a homooligomer, demonstrating that the peptoid
maintained its secondary structure once transferred into aqueous
phase.'” Most of these studies used bulky chiral side-chains to reduce
peptoid conformational freedom, providing an approach to generate
secondary structural elements.!*!® Unfortunately, these peptoids
lack the structural and sidechain chemical precision of proteins, or
their hydrophilicity, precluding downstream complex functions such
as catalysis and molecular recognition in any peptoid foldamer.
Further, many of these studies only rely on circular dichroism (CD) to
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characterize structures.’®23 Finally, beyond the limited structdral
understanding achievable from ensemble measurements (e.g.4®
cannot resolve ensemble heterogeneity as well as NMR), past
modelling of peptoid structures have assumed that pep

backbones had a flexibility similar to peptide backbones: limiting the
potential for studying the driving forces for peptoid seconnéaﬁy
structure formation. 53

These facts open many opportunities for greatly improving aquebds
peptoid design by merging the insights obtained from previbbs
analyses of peptoids?*?7 and leveraging refined synthetic proto&ds
with characterization by nuclear magnetic resonance spectroscg&y
(NMR)” and molecular modelling.28-34
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Fig. 1. Structural comparison of peptide and peptoid backbdf8s
(backbone dihedral angles o, ¢, y, and side-chain angle y shown).sﬁi
represents the side-chain group. 70

In this study we demonstrate an integrated methodology by
developing short hetero-oligomers of individual, water-soluble
peptoids, with conformational biases based on sequence. Our airh3s
to identify patterns that limit the secondary structure palgt{le
sufficiently to allow folding to occur, and to measure the degree of
diversity — conformational freedom - in induced secondafy
structures. Using a microwave synthesis method that facilitates
efficient hetero-peptoid synthesis, and incorporates polar,
hydrophilic side-chains with amine and carboxyl functional groups,
we achieved high-purity syntheses. We refined the ensemble
characterization of CD by incorporation of NMR to determine the
diversity of structures in solution. Finally, we employed a modelling
technique with demonstrated success for peptides, and extensible
methods for peptoids3436, and for the first time demonstrated the
importance of enforcing peptoid-specific backbone parameters (i.e.
v ~ 180°).282° The success of this approach is highlighted for a
pentameric peptoid sequence that exhibits a restricted set of
conformers in aqueous solution.

The submonomer solid-phase synthesis developed by Zuckermann is
ubiquitous for synthesis of up to 50-mer peptoids (Supporij

Information, Scheme S1, ESIt).3738 However, long reaction times
(>2.5 hrs per residue), high reagent stoichiometry requirements, and
lack of commercial precursors for many side-chains limit the
potential for high-throughput combinatorial production 8]c_>f

H 39
peptoids. 32

Microwave irradiation can accelerate solid-phase synthesis_ of
peptoids; however, previous applications focused exclusively on
homo-oligomeric non-water soluble peptoids and used excess
submonomer precursors.*%4! Here we expand this technique to the
domain of water-soluble peptoid heteropolymers, enablingga)w

2 | T. Rajale, 2021, 00, 1-4

economical synthetic method that is amenable to diverse

submonomer precursors.

The various submonomers used to construct our peptoid hetero-
oligomer library are shown in Fig. 1. Critically, these side-chains
supply hydrophobicity, hydrophilicity, chirality, and hydrogen
bonding otherwise absent from peptoid backbones. Further, we
incorporated chiral phenyl (Nspe) or chiral naphthyl (Nslnpe)
submonomers periodically at i and i+3 positions in order to favor n-
7 stacking, which we anticipated could induce polyproline type-I-like
turns. 4243

To compare the performance of microwave-assisted synthesis to the
conventional batch submonomer method, we first synthesized an a-
chiral pentameric peptoid with naphthyl (Nslnpe) groups (H5 in
Table 1).* We found that conventional synthesis of H5 at room
temperature required approximately 21 hrs for coupling five peptoid
submonomers. This reaction required high stoichiometric
equivalents of bromoacetic acid, N,N'-diisopropylcarbodiimide (DIC)
and submonomers to produce crude H5 at 66% purity. Under
optimized microwave conditions the reaction time was reduced to
approximately 2.5 hrs, required fewer equivalents of submonomers,
and produced crude H5 at 90% purity (Supporting Information Fig.
S1, ESIT). Additional purification to >95% homogeneity was achieved
via semi-preparative reverse-phase HPLC (Fig. S2, for details see
ESIt), and these samples were used in our structural analyses.

While purity in any one synthesis can be achieved by post-synthetic
purification, the crude purity of our techniques will be a critical
feature of future, high-throughput combinatorial applications and
peptoid design.

Table 1. Microwave synthesis of peptoid hetero-oligomers

entry peptoid sequence? MSP purity

(%)°
H1 H-Nspe-Nsce-Nme-Nspe-Nsce-NH, 713.5 94
H2 H-Nspe-Nae-Nme-Nspe-Nae-NH, 655.4 91
H3 H-Nae-Nspe-Nae-Nme-Nspe-NH, 669.8 90
H4 H-Nslnpe-Nae-Nme-Nslnpe-Nae-NH, 754.9 87
H5 H-Nslnpe-Nae-Nae-Nslnpe-Nsce-NH, 768.9 90
Hé6 H-Nae-Nspe-Nme-Nae-Nspe-NH, 654.8 84
H7 H-Nspe-Nae-Nsmp-Nspe-Nae-NH, 668.8 87

2 Peptoids were synthesized on Rink amide resin (0.05 mmol scale). Nae
submonomer as Boc-protected and Nsce submonomer as tert-butyl
protected. PESI-MS data. “Percent purity estimated by analytical reversed-
phase HPLC of crude dry peptoid after ether precipitation and washing.

To demonstrate sequence effects on the structure of peptoids, a
small library of hetero-oligomers, with an expanded repertoire of
chemical functionality, was prepared by our microwave protocol on
a solid support (Table 1). Collectively, good to excellent (84-94%)
crude purity was obtained in short (5-hr) reactions for all sequences
in Table 1. Moreover, we were able to synthesize octamer hetero-
oligomers (H8 and H9) with moderate (62-68%) purities (Table S1).

Secondary structure preference was first assessed using CD. Each
peptoid showed distinct CD patterns, varying in peak wavelength and
intensity (degree of ellipticity), suggesting the CD pattern depends
on the sequence (Fig. S3, ESIt). In contrast to phenyl-containing
peptoids (H1, H2, H3, H6 and H7, Supporting Information Fig. S3A,

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5


https://pubs.rsc.org/en/content/articlelanding/2014/cc/c3cc49373c#_blank
https://pubs.rsc.org/en/content/articlelanding/2014/cc/c3cc49373c#_blank
https://pubs.rsc.org/en/content/articlelanding/2014/cc/c3cc49373c#_blank
https://pubs.rsc.org/en/content/articlelanding/2014/cc/c3cc49373c#_blank

Page 3 of 5
1 ESIt), the naphthyl-containing peptoids (H4 and HS5, Supporéfig
2 Information Fig. S3B, ESIt) show strong features at 230 nm and 415
3 nm, suggesting a chiral preference induced in the backbd&e
4 structure. While H4 and H5 have the same number of naphéfjl
5  groups, the H4 peaks are larger and sharper, suggesting a mbge
6  stable structure than H5 (Fig. S3B, ESIt), as also observed in NSIR.
7  Subsequent analyses therefore focus strictly on structures of H4.52
8  Assignments by Fuller et. al. suggests that minima near 230 nmage
9 analogous to helix bands in peptides, and represent i to 5&3
10 interactions consistent with naphthyl-naphthyl stacking.** Howegq,
11  the lack of defined aqueous solution phase structures of hetg’g—
12 peptoids limits the interpretation of CD for these compounds gnd
13  only describes their average helicity.® 58
14  We employed NMR to determine the occupancies of distinguishabfe
15 conformational motifs. This contrasts with how NMR is normém/
16  employed, where peaks are assigned, coupling provides confelt
17  information, and through-space coupling provides distafide
18 information leading to determination of a structure. However,617’h
19  complex mixtures it is nearly always the case that NMR peaks caffe
20  observed but not assigned. Even so, critical information can ofte®Be
21 found in the spectra. When conformational motifs comprise Gk
22 majority of signal, we can partition these into states and deternfife
23 an occupancy ratio. Thus, we can estimate the occupancy of cerfeth
24 conformers even though we can neither determine structures G8r
25  assuredly associate NMR peaks with particular defined states. 70
- n
ch‘f- o> 55‘5 72
=) Il
26 S0 se s 57 S5 55 1m 1o 1es 1e0 % 10 145 Le0 1% 130
27  Fig. 2. Structural analysis of H4 using ROESY spectra (400 ms mi)zg’g
28  time) shows two major conformers. (A) Exchange cross-peaks atf45
29 ppm and 6.2 ppm indicate two long-lived, exchanging conformﬁg.
30 (B) Through-space magnetization shows both conformers exist
31 simultaneously based on opposite-sign cross-peaks (blue). 77
32  The observability of any cross-peak in the TOCSY or ROESY spedi®a
33 (Fig. 2 and Figs. S4-56) necessarily indicates a conformational st&%e
34 thatis well occupied on NMR time scale. Although we cannot as§gh
35  these peaks, we can simply count the largest peaks and put a lower-
36  bound on the minimum fraction of the total population in th&b.
37  From spectral deconvolution of 1D spectra for H4 peptoid &e
38  obtained approximately 24 doublets, which would correspond &
39 different conformational states; most of them present in very sl
40 quantities (see ESIt). Crucially, the ROESY intensity of the two nfvh
41  conformers comprises 80% of the total intensity observed, and ige
42  deconvolved 1D NMR intensity fraction is roughly 65%. s
43  difference is consistent with the small fractions representedgly
44  several of the conformers (as deduced from 1D deconvolution)ggt
45

being observed in the ROESY spectra with lower signal to noise. ébe

This journal is © The Royal Society of Chemistry 20xx
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ratio between the two main conformers by 1D NMR is approximately
2:1 (see Sl). Further, the existence of exchange peaks for the major
conformers indicate two long-lived peptoid conformers that
interconvert. However, not every exchange peak is observable due
to a combination of factors: 1) The exchange rates are outside of the
range of the experimental modality, 2) overlapping spectra, 3) signals
too close to the diagonal, or 4) signal is below the noise threshold.

An important bridge toward predictive design depends on closing the
gap between models and experiments. Using Rosetta,3**> an
efficient biomolecular structural sampling tool with MC capabilities
and peptoid parameters,*>*’ we generated ensembles of the H4
peptoid that involve initializing the y angle to 180°. Comparisons
with NMR ensembles of H4 peptoid confirms the anticipated i to i+3
secondary structure with a stacking metric based on pairwise
distances of six-membered rings.*® Distances between proximal and
distal rings in naphthyl side-chains (Fig. S16, ESIT), and the average
of both values in each conformer (Fig. 3) describes two general
conformer types: ‘stacked’ (3—6 A), and ‘unstacked’ (610 A), with all
other conformers described by several minor peaks at naphthyl-
naphthyl distances >10.0 A. These two conformers account for 86%
of the ensemble (27% stacked, 59% unstacked) and demonstrate
that the accessible basins of attraction for the energy landscape are
dominated by two conformers. The major finding here is that when
v is initialized to 180°, Rosetta, like NMR, identifies two major
conformers rather than a continuum of states (our precision is not
sufficient to say if the larger Rosetta population corresponds to the
more populated conformer in NMR).

1500 T
' Proximal—Proximal — - —
Distal-Distal - - -

1250 Average

B
~~*’-‘4t’3t -
YARXL ™
T:;‘L-‘-‘-‘{—L
y - -
! -_

1000 -

Counts

750 F

500 -

Vi A -

)i : G A

250 1
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Distance (r, [])

Fig. 3. (A) Naphthyl-naphthyl distances in peptoid H4 divides the
ensemble into preferred conformers consistent with NMR and CD
results. Distances between naphthyl ring centers show well-defined
peaks corresponding to ‘stacked’ (3 < r < 6 A) and ‘unstacked/
extended’ (6 <r <10 A) conformers (separated by a dashed blue line).
(B) The median centroid structure for the lowest energy conformers
in the H4 ensemble.

While it has long been assumed that n—n stacking of i to i+3 species
was the critical component for reducing peptoid conformational
flexibility, our results instead suggest that the reduced flexibility of
the y backbone angle may be the determining factor for limiting
peptoid conformational freedom (Fig. S17 & S19, ESIt).

In conclusion, this work represents a crucial step toward design of
peptoid secondary structural elements, and their larger foldamers,
with the chemical diversity required to mimic the complex functions
of proteins (e.g. catalysis and molecular recognition). In addition to
developing a rapid, economical synthetic procedure to generate

T. Rajale., 2021, 00, 1-4 | 3
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high-purity peptoid hetero-oligomers (required for downstréafh
combinatorial production of peptoid foldamers from suites of unigdue
secondary structural elements), we confirm through CD and N

experiments, and molecular modelling, the significance of sequebge
on structural propensity. Based on CD and NMR spectrosc58y
interpretations, we observe a significant dependence of structiiral
propensity on sequence. Detailed NMR analysis of the naphtgﬂ-
containing H4 hetero-oligomeric peptoid indicates the ensemblg3s
dominated by two major conformers, and Monte Carlo modelﬁﬁ‘g
recapitulates these results with the critical inclusion of a pept é-
specific bias (y backbone angle initialization at 180°) (Fig. S17 & g9,
ESIt). Model conformers of the H4 peptoid ensemble can6ie
represented by (1) a close naphthyl-naphthyl stacking arrangem@rsc
and (2) more extended conformations. Thus, incorporating pepty%
specific backbone parameters with naphthyl-naphthyl stacking {a
successful and re-usable design principle for inducing constraid&d
secondary structure in individual, self-folding, water-soluble het

oligomeric peptoids: a critical step towards synthesis of thFﬁs-
dimensional foldamers that mimic the natural chemical divergigy
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