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1 | INTRODUCTION

Abstract

Conformational control in peptoids, N-substituted glycines, is crucial for the design and synthesis of
biologically-active compounds and atomically-defined nanomaterials. While there are a growing
number of structural studies in solution, most have been performed with conformationally-
constrained short sequences (e.g., sterically-hindered sidechains or macrocyclization). Thus, the
inherent degree of heterogeneity of unconstrained peptoids in solution remains largely unstudied.
Here, we explored the folding landscape of a series of simple peptoid tetramers in aqueous solution
by NMR spectroscopy. By incorporating specific 2*C-probes into the backbone using bromoacetic
acid-2-13C as a submonomer, we developed a new technique for sequential backbone assignment
of peptoids based on the 1,n-Adequate pulse sequence. Unexpectedly, two of the tetramers, con-
taining an N-(2-aminoethyl)glycine residue (Nae), had preferred conformations. NMR and molecular
dynamics studies on one of the tetramers showed that the preferred conformer (52%) had a trans-
cis-trans configuration about the three amide bonds. Moreover, >80% of the ensemble contained a
cis amide bond at the central amide. The backbone dihedral angles observed fall directly within the
expected minima in the peptoid Ramachandran plot. Analysis of this compound against similar pep-
toid analogs suggests that the commonly used Nae monomer plays a key role in the stabilization of
peptoid structure via a side-chain-to-main-chain interaction. This discovery may offer a simple, syn-
thetically high-yielding approach to control peptoid structure, and suggests that peptoids have
strong intrinsic conformational preferences in solution. These findings should facilitate the predictive
design of folded peptoid structures, and accelerate application in areas ranging from drug discovery
to biomimetic nanoscience.

KEYWORDS

peptoid structure, 2D NMR, conformational control, molecular dynamics

dominate the molecular properties and restrict water solubility, hinder-

ing the development of biological applications. As a result, most peptoid

The peptoid backbone without any imposed conformational constraint
is considered to be flexible.?! To design effective drugs or protein
mimetic materials from peptoids, it is essential to understand and con-
trol their conformation. Thus, researchers have developed a variety of
methods to constrain peptoid structure, including macrocyclization,®®

[4.5] [5-7]

steric congestion, side chain chirality, and electronic interac-

tions.®?! Most of these rely on bulky, hydrophobic groups, which can

structures obtained thus far have been determined in either the solid
state or in organic solvent.[”!

To better understand the solution structure of minimally constrained
peptoids in water, we examine a family of tetramers that contain simple
ethyl-substituted side chains that have been widely used in peptoid sci-
ence: N-(2-phenylethyl)glycine (Npe), N-(2-aminoethyl)glycine (Nae), and

N-(2-carboxyethyl)glycine (Nce). These three monomers, when arranged

Biopolymers. 2019;110:e23267.
https://doi.org/10.1002/bip.23267
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in longer chains with an alternating aromatic-ionic sequence motif, form
highly ordered supramolecular nanosheets in aqueous solution. Peptoid
nanosheets are a functionally diverse class of materials™!! that show
great promise as affinity reagents, templates for mineralization, and as
cell-surface mimetics. Nanosheets have a well-defined molecular struc-
ture with their backbones containing primarily cis amide bonds,*? as
determined by solid-state NMR, X-ray diffraction, electron microscopy
and atomic force microscopy, despite being comprised of only these
three sterically unhindered monomers. However, because the
nanosheets are micron-scale objects (in length and width) and tumble
very slowly in solution, their detailed molecular conformations cannot be
probed by solution NMR, which is very often the technique of choice for
studying molecular structure and dynamics in solution.

NMR is often used to determine the solution structure of
moderately-sized proteins.[m The procedure typically involves uni-
form *°N and 3C isotope labeling via bacterial expression using °N
ammonium chloride and 3C glucose as the sole nitrogen and carbon
sources. For proteins predominately in a folded state, the well-
dispersed amide proton and nitrogen resonances provide a good start-
ing point for resonance assignment and structure determination.
Peptoid NMR structure determination, in contrast, involves several
additional challenges. Because the peptoid backbone lacks an amide
proton, assignments must center on the backbone CH, groups (the
alpha carbons). The proton and carbon shifts of these methylene
groups show poor dispersion relative to protein amide proton and
nitrogen shifts, leading to spectral crowding. Crowding is further exac-
erbated by the fact that the amide bonds in peptoids tend to readily
adopt both cis and trans conformations, leading to as many as 20"~
amide states, for a peptoid of n residues. Fortunately, specific 13C
labeling at backbone CH, and carbonyl positions!*#! is straightforward
for peptoids, but labeling the sidechains is laborious, generally necessi-
tating less sensitive natural abundance *3C experiments. The problem
with longer oligomers then becomes assigning and obtaining structural
information on a growing number of resonances. The longest peptoid
structure determined by solution NMR was a 9mer homo-oligomer of
the hindered, structure-inducing monomer N-(1-phenylethyl)glycine.[7]

Herein, we present detailed solution NMR characterization of four
peptoid tetramers. Tetramers were chosen to be short enough to charac-
terize, but long enough to avoid chain termini effects. Unexpectedly, we
found that two of the peptoids examined have preferred conformations
in solution. The central residues in both these sequences are Npe-Nae,
and we observe a clear preference for the amide bond between these

two residues to be in the cis conformation.

2 | MATERIALS AND METHODS

2.1 | Peptoid synthesis

All peptoid tetramers were synthesized using the solid-phase submono-
mer method!*®! at 50°C. Before starting the submonomer cycle, rink
amide resin was first swelled in NMP for 10 minutes and then depro-
tected with 20% 4-methyl-piperidine in NMP for 10 minutes. During
the bromoacetylation step of the submonomer cycle, the resin was
treated with a 1:1 mixture of 2 M bromoacetic acid and 2 M

N,N’-diisoproplycarbodiimide in NMP and mixed for 5 minutes. At steps
where 13C labeling was desired, bromoacetic acid-2-1°C was used in
place of bromoacetic acid. The displacement step was carried out using
a 1 M solution of the amine in NMP for a duration of 5 minutes. Crude
peptoid products were cleaved from resin using a cocktail of 95:2.5:2.5
trifluorocetic acid (TFA):triisopropylsilane:water for 1 hour at room tem-
perature. The cleavage solution was then filtered and the volatiles
removed in vacuo using a Biotage V10 Evaporator. Crude peptoid prod-
uct was dissolved into a 5:95 acetonitrile:water solution and further
purified using reverse-phase chromatography on a Waters Prep150LC
system with Waters 2489 UV/Visible Detector on a Waters XBridge
BEH300 Prep C18 column using a 5-40% acetonitrile in water with
0.1% TFA gradient over 30 minutes. Final products were dissolved in
water and lyophilized. All final products were analyzed by Waters
Acquity UPLC system with Acquity Diode Array UV detector and
Waters SQD2 mass spectrometer on a Waters Acquity UPLC Peptide
BEH C18 Column over a 5-50% gradient.

2.2 | NMR spectroscopy

All NMR samples were prepared at a peptoid concentration of 10 mM
solution in 90% D,0 and 10% 40 mM sodium phosphate buffer in water
at pH 7.4. All peptoids are in the presence of TFA salt, and amino groups
on Nae sidechains are expected to be protonated at pH 7.4.

NMR spectra (*H and HSQC) for peptoids 1-4 were recorded on
a Bruker Avance500 I, using locking to the deuterated solvent and
using tetramethylsilane as an internal standard. All chemical shifts are
quoted using the & scale, and all coupling constants (J) are expressed
in Hertz (Hz). Further NMR experiments for peptoids 1 and 5-9 were
recorded on a Bruker-Biospin Inc Avance Il NMR spectrometer oper-
ating at 900 MHz, and controlled with Topspin software (version 3.2)
and equipped with a TCI cryoprobe at 25 °C.

221 | Peptoid 1

An edited *H-13C HSQC spectrum of peptoid 1 was recorded using pulse
sequence hsqcedetgpsisp2.2 using spectral widths of 16 ppm (*H) and
165 ppm (*3C), carrier frequencies of 4.69 ppm (*H) and 70 ppm (*3C),
and with 1024 (*H) and 128 complex points (*3C). A total of four scans
were recorded for each t1 increment along with a recycle time of 2 sec-
onds, resulting in an experiment time of 36 minutes.

A 2D H-13C HMBC experiment on peptoid 1 was recorded using
pulse sequence hmbcgplpndgf using spectral widths of 11 ppm (*H) and
222 ppm (*3C), carrier frequencies of 4.69 (*H) and 100 ppm (*°C) and
with 1024 (*H) and 128 (*3C) complex points. The Yy and long-range
Jcn coupling values were set to 145 Hz and 10 Hz, respectively. A total
of 16 scans were recorded for each t1 increment with a recycle delay of
1.5 seconds, resulting in an experiment time of 57 minutes.

A gradient COSY experiment was recorded with pulse sequence
cosygpgf using spectral widths of 16 ppm in both dimensions, carrier
frequency of 4.69 ppm, and 2048 (direct dimension) and 128 complex
points (indirect dimension). A total of four scans were averaged for
each t1 increment and the recycle delay was set to 1.5 seconds,
resulting in a total experiment time of 28 minutes.

A 2D ROESY experiment was recorded using pulse sequence roe-

syetgp.2 that was modified to include presaturation of the residual HDO
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resonance during the recycle delay. The mixing time was composed of
100 ps 180,,180. pulses applied for a total time of 300 ms. The spec-
trum was recorded with spectral widths of 11 ppm in each dimension, a
carrier frequency of 4.69 ppm, and with 2048 complex points in the
direct dimension, and 256 complex points in the indirect dimension. A
total of 32 scans was used for each t1 increment, along with a recycle

time of 2 seconds, resulting in an experiment time of 3 hours.

2.2.2 | Peptoids with **C-enriched backbones
A 2D H-'3C HSQC experiment focused on the backbone 3C reso-

nances was recorded with spectral widths of 11 ppm (*H) and 20 ppm
(*3C) and with carrier frequencies set to 4.69 ppm and 50 ppm. A total
of 1024 (*H) and 128 complex points (*3C) were recorded using four
scans and a recycle delay of 2 seconds, for a total experiment time of
36 minutes. Similar spectra were recorded on the singly labeled peptoids
6-9. Because these data were used to quantify the abundance of each
conformer, the delay between scans was increased to 4.25 seconds, to
ensure that the magnetization was fully recovered between scans. For
these experiments the total experiment time was 77 minutes.

A 2D 1,n-Adequate spectrum was recorded with pulse sequence
adeqlnetgprdsp using spectral widths of 11 ppm (*H) and 20 ppm (*3C),
carrier frequencies of 4.69 ppm (*H) and 50 ppm (*3C),and with 1024
(*H) and 128 (*3C) complex points. The ey, Yee, Jee, and "Jec cou-
pling constants were set to standard values of 145 Hz, 45 Hz, 9.5 Hz,
and 8 Hz, respectively. Optimization of these parameters for the small
three-bond couplings between backbone *3C spins of neighboring resi-
dues, may improve the sensitivity of the experiment. A total of 16 scans
per t1 increment were recorded and the recycle delay was set to 2 sec-
onds, resulting in a total experiment time of 5 hours.

A 2D *H-3C HSQC-ROESY experiment was recorded using pulse
sequence hsqcetgprosp.2 with spectral widths of 6 ppm (*H) and
10 ppm (*3C), carrier frequencies of 4.70 ppm (*H) and 50 ppm (*3C)
and 1024 (*H) and 100 (*3C) complex points. Similar to the *H-H
ROESY, the mixing time was composed of 100 ps 180x,180-x pulses
applied for a total time of 300 ms. A total of 128 scans was used for
each t1 increment, along with a recycle time of 2 seconds, resulting in

a total experiment time of 18 hours.

223 | 3D experiments

Three dimensional hCCH-TOCSY and two HcCH-TOCSY experiments
with different mixing times were recorded on peptoids 6-9 labeled
with 13C at each backbone position on a Bruker Avance 800 MHz
spectrometer equipped with a room-temperature TXI probe operating
at 25 °C. These experiments were designed for the assignment of the
sidechain *H and *3C signals of proteins, taking advantage of strong
single-bond 13¢-13C spin couplings (~35 Hz) and were optimized for
the large chemical shift dispersion of protein sidechain *C resonances
(~70 ppm). The three-bond 3C-13C spin couplings are significantly
smaller (estimated to be less than 2 Hz), and the dispersion of the sig-
nals is significantly less (4 ppm). To account for these differences, the
pulse sequences were unmodified, but the rf field strength of the mix-
ing time was reduced to 1.67 kHz, and the duration was increased to
260 ms for complete transfer among the four carbon (hCCH-TOCSY)

or proton (HcCH-TOCSY) resonances, and to 97.5 ms for limited
transfer to adjacent proton spins.

In each experiment a total of 1024 (F3,'H) and 24 (F1,*3C) complex
points were recorded with spectral widths of 11 ppm (*H) and 10 ppm
(*3C), and carrier frequencies of 4.69 and 50 ppm. A total of 16 scans
were averaged for each fid, and the recycle delay was set to 2 seconds.

In the hCCH-TOCSY experiment (pulse sequence hcchdigp3d2),
the mixing time was set to 260 ms, and 32 complex points were col-
lected in the indirect TOCSY dimension (F2, *3C). The experiment was
recorded in 33.5 hours. In the HcCH-TOCSY experiment (pulse
sequence hcchdigp3d), 128 complex points were collected in the indi-
rect TOCSY dimension (F2, *H). The HcCH-TOCSY experiments with
the longer, and shorter mixing times were recorded in 67 hours, and
62.5 hours, respectively.

2.3 | Molecular dynamics

NAMD simulation™™® package was used for our classical Molecular
Dynamics simulations. The interactions between the peptoid residues
were described by the MFTOID forcefield!”! developed at the Molecu-
lar Foundry. A single peptoid was solvated in a cubic water box of size
(40 A x 40 A x 40 A). Two negatively charged ions were added to the
system to keep it net neutral. We used the TIP3P potential to describe
the interactions of water molecules. The SHAKE algorithm was used to
fix the positions of the hydrogen atoms. Short range interactions were
cut-off at 12 A and electrostatic interactions were estimated using
Ewald summation with a grid spacing of 1 A. The integration time step
was set to 1 fs. A Langevin thermostat was used to fix the temperature
at 298 K. The system was initially equilibrated in the NPT ensemble for
1 ns, followed by an NVT run for 10 ns. The simulation trajectory is pro-
vided as supporting information and consists of 10 structures taken at

equal time intervals over the 10 ns simulation.

2.4 | Quantum mechanics

All DFT modeling was done with Gaussian16.1'® DFT analysis of peptoid
1 began with 30 starting conformations: 20 extracted from periodic
snapshots of the unrestrained trans-cis-trans MD trajectory described
above, and 10 were built manually (also with a trans-cis-trans amide pat-
tern). The 30 structures were initially optimized with +2 charges and pro-
tonated Nae sidechains at the B3LYP/6-31G* level of theory (in vacuo)
and the 12 lowest energy structures (0-14.3 kcal/mol range of relative
energies) were selected. These 12 were further geometry optimized at
both the B3LYP/6-311G** (with PCM) and M06-2X/6-311G** (with
PCM) levels of theory.

3 | RESULTS AND DISCUSSION

3.1 | Structural survey of peptoid tetramers

We selected a set of four peptoid tetramers, three of which represent
short sections of the nanosheet-forming sequence, Block28 (Figure 1).1%
Peptoids 1 and 2 were taken from the amino and carboxy termini,
respectively, while peptoid 4 is taken from the center of the chain. Pep-

toid 3 is a control sequence. Tetramer segments were chosen for ease of
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FIGURE1 The nanosheet forming sequence, Block28 (above), was broken into a series of shorter tetramer sequences in order to examine their

conformational preferences by solution NMR

structural analysis, and to mimic the interior of longer peptoid chains.
Peptoids 1-4 were synthesized by the solid-phase submonomer method
and purified to homogeneity by reverse-phase HPLC (Table 1). These
four peptoids were dissolved in 90% D,O and 10% sodium phosphate
buffer at pH 7.4 in water and analyzed for structural homogeneity
using NMR.

1D *H and 2D *H-13C HSQC experiments were used to identify the
presence or absence of a major conformation in solution for the four
tetramers.*”) As can be seen in Figure 2, peptoids 1 (Figure 2A) and 3
(Figure 2C) exhibit preferred conformations (e.g., four distinct backbone
methylene singlet peaks), while peptoids 2 (Figure 2B) and 4 (Figure 2D)
show less conformational preference. The *H peaks for peptoid 2 were
broader, indicating conformational exchange on the millisecond time
scale. Notably, the most ordered peptoids, 1 and 3, both have Npe-Nae
in the central two positions, suggesting these residues have a role in
driving a preferred conformation. Because compound 1 appeared to be
the most conformationally-defined, it was chosen for detailed analysis of

its major and minor conformations by 2D and 3D NMR.

3.2 | Peptoid 1 major conformation structural
analysis

Peptoid 1 has 12 methylene groups—four in the backbone (BB) and
eight in the side chains (SC)—that serve as the principal guideposts for
determining the structure (see Figure 3 for naming convention). The
general method for structure assignment follows: (a) HSQC to assign

1H-13C connections of the major conformation, (b) COSY to group SC

methylenes by residue, (c) HMBC to connect SCs to BBs and assign
monomer type, (d) 1,n-Adequate to place residues in sequence order,
and (e) ROESY to identify key through space interactions between

protons.

3.3 | HSQC

An HSQC experiment was used to verify the presence of a major
conformation, and correlate the 12 methylene carbons to their
attached hydrogens. For peptoid 1, the presence of 12 intense dis-
tinct correlations indicated that one conformation predominates in
solution (Figure 4). This is in contrast to peptoids 2 and 4, where the

HSQC spectra of both showed at least 24 correlations at a similar

TABLE1 Peptoid tetramer sequences

Expected Observed
Peptoid  Sequence mass mass Purity®
1 Nae-Npe-Nae-Npe 540.3 540.5 >99%
2 Nce-Npe-Nce-Npe 597.3 598.0 >99%
3 Nce-Npe-Nae-Npe 568.3 569.0 >99%
4 Nae-Npe-Nce-Npe 568.3 570.0 >99%
5 NaeP-NpeP-NaeP-Npe®  544.3 544.5 >99%
6 Nae®-Npe-Nae-Npe 541.3 541.5 >99%
7 Nae-Npe®-Nae-Npe 541.3 542.0 >99%
8 Nae-Npe-Nae®-Npe 541.3 541.2 >99%
9 Nae-Npe-Nae-Npe® 541.3 542.0 >99%
2After HPLC purification.

bContains *3C at the alpha carbon.
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FIGURE2 1D 'H NMR spectra of the four peptoids in 90% D,0 and 10% sodium phosphate buffer at pH 7.4 in water (A) peptoid 1, (B) peptoid
2, (C) peptoid 3, (D) peptoid 4

contrast level (Supporting Information Figure S7 and Figure S13), strong grouping along the 3C axis, with R2 BB being a noteworthy
indicating greater than two major conformers. Peptoid 3 similarly outlier in the BB type. As would be expected, the clustering is weaker
displayed 12 intense correlations (Supporting Information Figure S9), in the H axis, but separates SC2 protons from those closer to the BB.
indicating one predominant conformation. HSQC conformational

homogeneity analyses were consistent with 1D 'H data (Figure 2).

All 12 peptoid 1 *H-13C pairs were identified at a high contour 3.4 | cosy
view of the *H-13C HSQC spectrum. Each correlation arises from a *H We established connectivity of the two sidechain methylene groups
directly bonded to a *3C, allowing us to take advantage of *3C shift within a single residue via 2D COSY.??! As can be seen in Figure 5, four
values in successive assignment experiments. Correlations are strong cross peaks associated with the sidechains of the major confor-
grouped according to their position on the peptoid chain, with distinct mation were clearly visible in the spectrum, allowing for identification
clusters for BB, SC1 and SC2 type peaks. The cluster types have of the four pairs of sidechain CH, resonances. Transferring the proton
R3 ‘ l | ' I IAd |
+
35
R1 NH3 0 _o0R2sC2

R4 SC2

SC2 0 N BB NH 0 OR3 SC2 40
so) o) j/ \)LN/\n/ 2 R1SC2
B

BB -
HN\)LN B SC1 o 45 &
BB Sk R1 SC1 é’
SC1 Rsosc1 A
(1) SC2 R2°BB
R4 BB 50
[ R3 BB )
' J 0 o o R1BB
R4 R4 SC1 R2 sC1
l J 55
4.0 3.5 3.0
R2 HPPM
FIGURE 3 Atom labeling scheme for peptoid 1. The four residues FIGURE4 ‘H-'°C HSQC spectrum of peptoid 1 at a high contour
(R) each have their own backbone methylene (BB) and two sidechain threshold, showing both backbone and sidechain correlations for all
methylenes (SC1 and SC2). The sequence is Nae-Npe-Nae-Npe four residues of the major conformer
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FIGURE5 2D COSY spectrum of peptoid 1 showing correlations
between sidechain atoms SC1 and SC2 for each residue in the major
conformer

shifts to the HSQC spectrum, the corresponding *H-13C signals were
catalogued as belonging to sidechains, and the *3C signals for each of
the side chain's ethyl groups was determined. The four remaining peaks
in the HSQC spectrum were classified as belonging to backbone CH,»
groups. Because the backbone CH, groups are isolated, that is, have no
proton neighbors, they do not appear in the COSY spectrum, allowing

us to analyze each sidechain independently.

3.5 | HMBC

Each sidechain SC1 CH, resonance correlated with its own backbone
alpha carbon resonance via three-bond proton-carbon couplings in an
HMBC experiment“‘” (Figure 6). Additionally, the SC2 proton resonances

of the two aromatic groups were identified through correlations between

N P VNV W Y

35

640

z
45 &
R3 BB : 4
0 R3SC10' R1BB0°° 0 0
| R1SC1 0 50
0 [}
R4SC10 0 \ 0 b #-rR2 sc1 W@m
R4 BB R2EE
55
4.0 3.5 3.0
H PPM

FIGURE 6 2D 'H-'3C HMBC spectrum of peptoid 1. Correlations
between backbone protons and the sidechain carbon atoms of SC1
for the major form are labeled. These correlations were used to
connect the sidechain and backbone resonances

the SC2 CH, protons and carbon resonances of its own aromatic group
(Supporting Information Figure S4), providing classification of the spin
systems as belonging to Nae or Npe residues. *H-*C HMBC experi-
ments have been used previously to sequentially assign adjacent back-
bone CH, groups to one another in peptoids using correlations between
carbonyl carbons.?Y In the case of peptoid 1, overlap of *CO reso-
nances made sequential assignment by this method difficult. We there-

fore developed a new method based on 1,n-Adequate experiments.

3.6 | 1,n-Adequate

Because the HMBC data did not allow us to assign the sequential back-
bone methylene group connectivity, we developed a new sequential
assignment method based on 1,n-Adequate experiments.??! In the pro-
tein ubiquitin, three-bond Ca-Ca coupling constants range from one to
two Hertz.?®! We reasoned that the three-bond coupling constants in
our peptoids should have similar values, and could be useful for making
sequential assignments. The Adequate family of experiments is often
used in the assignment of the *H and *3C resonances of small mole-
cules.?*! Of interest here was the 1,n-Adequate experiment which cor-
relates protons with carbons several bonds removed via multi-bond
carbon-carbon couplings. It is typically employed on samples without
13C enrichment. In our case, to increase sensitivity, all the backbone
alpha carbons of peptoid 1 were specifically labeled with *3C to make
peptoid 5 (Table 1). This was readily achieved by using bromoacetic
acid-2-*3C during routine submonomer synthesis.[*4*°!

A 1,n-Adequate spectrum of peptoid 5 is shown in Figure 7. Weak
one-bond H-13C correlations for each of the backbone resonances
appear opposite in phase (blue) to the stronger cross peaks (green).
Strong cross peaks can be seen, which correlate each backbone pro-
ton with the 3C resonances of neighboring residues. For example,
backbone proton R3 at 3.80 ppm (R3 BB) is correlated to carbon

o7
——l- O
0 0 49
0 0
0 0 i 50 =
Re_ ° go 0—:, &
: 0 oo -
; ;
l— & o ® 51
) R3
v 0 0
0
52
45 4.0 3.5 3.0
H PPM

FIGURE7 1,n-Adequate spectrum of peptoid 5 labeled with 13C at
all backbone positions. Blue peaks correspond to one-bond *H-3C
correlations, and are labeled with residue number for the major form.
The green peaks result from magnetization transfer to adjacent 13C
spins (dashed lines), allowing for sequential assignment of the peptoid
backbone (black/gray arrows)
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atoms at 48.8 ppm and 50.4 ppm, corresponding to the carbon reso-
nances of R2 and R4, respectively. These data were sufficient to
determine the connections between backbone *H-13C signals for the
major conformer. Together with residue type assignments from the
HMBC experiment, we were able to unambiguously assign the chain
directionality and all backbone and sidechain ethyl resonances for this
conformer.

3.7 | ROESY

ROESY experiments'?® use the Nuclear Overhauser effect to give pairs
of protons with separations of less than 5 A. ROESY experiments can
be used to identify peptoid backbone cis/trans patterns using ROEs that
arise between backbone alpha carbon protons to identify cis amide
bonds, and a lack of ROEs between backbone protons to infer trans
amide bonds.””! Upon analysis of the ROESY spectra for the major con-
form of peptoid 1 (Figure 8A), an ROE was observed between the
backbone protons of R2 and R3, indicating a backbone pattern of
trans-cis-trans. An additional inter-residue ROE was observed between
R1 backbone (BB) and R2 sidechain 1 (SC1). Both observed distance
constraints can be rationalized in minimized molecular dynamics model
(Figure 8C) as described below. Other ROEs arise from expected intra-
residue correlations.

3.8 | Minor conformation structural analysis

In order to determine the cis-trans backbone pattern of the minor
conformers, we employed 3D NMR techniques because of their
low abundance and spectral crowding. Based on the success of the
1,n-Adequate experiment in correlating neighboring *3C spins along
the peptoid backbone, we hypothesized that 3D hCCH-TOCSY and
HcCH-TOCSY experimentsi?®! could be used to assign the backbone

1H and *3C resonances of the minor forms, in analogy to the use of

3.5
H PPM

these experiments in assignment of protein sidechain resonances. The
advantage of the HCCH-TOCSY methods over the 2D 1,n-Adequate
is that it is possible to correlate all four *H and *3C resonances of a
conformer with each *H-'3C pair, rather than just the *C resonances
of neighboring residues. Another advantage is that the data are sepa-
rated into three dimensions, helping to resolve this crowded region of
the spectrum.

hCCH-TOCSY (Supporting Information Figure S17) and HcCH-
TOCSY (Supporting Information Figure S18) spectra were used to cat-
alog four *H-'3C correlations for five conformers and three *H-3C
correlations for one conformer. An HcCH-TOCSY experiment with a
shorter mixing time (Supporting Information Figure S19) was then
used to identify neighbors in analogy to the COSY experiment, and
hence, the relative order of the resonances. Even though the order of
the resonances was now known, the start and end of each sequence
remained ambiguous. The ambiguity was resolved by identifying the
1H-13C pairs for all of the R1 residues from an HSQC spectrum
recorded on a sample in which only the R1 position was labeled with
13C (peptoid 6). To confirm the assignments, the *H-*3C resonances
of residues R2, R3, and R4 were also identified from HSQC spectra of
singly labeled samples (peptoids 7-9). Integrated peaks of these singly
labeled samples were also used to determine the abundance of each
conformer (Supporting Information Table S1).

The cis-trans configuration of the three predominate forms were
determined from ROEs observed in a 2D *H-*3C HSQC-ROESY spec-
trum (Supporting Information Figure $16). The 2D *H-3C version was
chosen to alleviate signal overlap of *H signals in the 2D *H-H ROESY.
For further confirmation, additional HSQC-ROESY spectra (Supporting
Information Figure S21, $23, S25, and S27) were recorded on each of
the singly labeled peptoids (peptoids 6-9). Interestingly, the three high-
est abundance conformers, which in total represent 80% of ensemble
population, exhibit a cis amide bond between R2 and R3 (Table 2).

FIGURES (A) 2D ROESY spectrum of peptoid 1. Blue peaks correspond to ROEs, indicating that the protons are close in space (<5 A). (B) For the
major conformer, ROEs are observed between backbone (BB) protons of R2 and R3, and between the backbone (BB) protons of R1 and the SC1
sidechain protons of R2. (C) Inter-proton distances, superimposed on a molecular dynamics minimized structure, are indicated by dashed lines.
Distances are reported as the average between the four protons in each ROE correlation
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TABLE2 Predominant conformations of peptoid 1

Conformer Abundance (%) Backbone cis/trans pattern
1 (major) 52 trans-cis-trans
2 18 cis-cis-trans
3 10 trans-cis-cis
3.9 | Major conformation of peptoid 3

As was the case for peptoid 1, the 1D *H and 2D HSQC spectra indi-
cated the presence of a major conformation. A similar conformation
analysis was applied to the major conformation of peptoid 3. Results
showed similar inter-residue ROEs between R2 BB and R3 BB, indica-
tive of a cis amide bond, and between R1 BB and R2 SC1. The
sequence identity of the two central residues in peptoids 1 and 3,
Npe-Nae, suggest that these play an important role in stabilization of
the major conformation. Molecular dynamics modeling and quantum
mechanics computations were done to help elucidate stabilizing

interactions.

3.10 | Molecular dynamics simulation

Classical molecular dynamics simulations were performed on peptoid
1 in water. We simulated the predominant (as determined by NMR)
trans-cis-trans backbone pattern of this compound (conformer 1,
Table 2). Simulations were run using the NAMD package for 10 ns,
the last 5 ns of which were analyzed for conformational preferences.
The simulations indicate that the 3-dimensional backbone trace is
well preserved over the trajectory, while there is significant variation
in side chain orientations (Figure 9A). In all cases, the structures were
consistent with the distance constraints derived from the ROESY
experiment (Figure 8C). Further analysis of the backbone dihedral
angles for the central two residues, R2 and R3, was performed
because they are internal and separated from the chain termini. Over
the last 5 ns of simulation time, we computed the dihedral angles on a
Ramachandran plot (Figure 9B). Interestingly, the spread in dihedral
angles was very narrow for both of these residues, and they populate

the known energy minima of the Ac-Sar-Sar-N(Me), Ramachandran

(A)

plot.[27] Specifically, residue 2 and residue 3 occupy the Zg; and Zs,

conformations, respectively.’?®!

3.11 | Quantum mechanics modeling

We asked whether the observed preference for the cis conformation
at the central amide bond might be driven by backbone interactions
with the Nae side chain. We first surveyed the relative conformational
energies of a simple peptoid monomer model compound: protonated
N-(2-aminoethyl)-N-methylacetamide (Supporting Information Figure
$28). The lowest energy conformation (by ~5 kcal/mol) contained a cis
amide bond with a hydrogen bond between the ammonium group and
the carbonyl (Supporting Information Table S2).

For more detailed predictions of the types of internal interactions
that may stabilize the solution structure, we analyzed a series of peptoid
1 geometries via DFT. We used two levels of theory B3LYP/6-311G**
and M06-2X/6-311G**, both in implicit water solvent (see methods for
further details). The overall lowest energy structure predicted by B3LYP
features hydrogen bonds between the central Nae amine and both the
preceding and succeeding carbonyl oxygens (Figure 10A). The second
most favorable B3LYP structure (Figure 10B, 0.98 kcal/mol relative
energy) is similar but the central Nae only participates in a single hydro-
gen bond (with its neighboring N-terminal carbonyl). Also in this struc-
ture, the N-terminal Nae amino and C-terminal amide are both involved
in hydrogen bonds with their nearest backbone carbonyls. The lowest
energy M06-2X structure (Figure 10C) is a compact reverse turn, remi-
niscent of a touch-turn.?”*%The central Nae hydrogen bonds with its
neighboring N-terminal carbonyl and the N-terminal Nae participates in
both a hydrogen bond with the C-terminal carbonyl and a n-cation inter-
action with the second Npe side chain. The second lowest energy
M06-2X geometry (Figure 10D, 0.46 kcal/mol relative energy) features
the central Nae forming a hydrogen bond with both of the following
backbone carbonyls rather than with its neighboring N-terminal car-
bonyl. The N-terminal Nae side chain also participates in a hydrogen
bond with the C-terminal carbonyl and a n-cation interaction with the

fourth Npe. The more compact geometries of the tetramer optimized by

>
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FIGURE9 Molecular dynamics simulation of compound 1, confined to a trans-cis-trans backbone configuration, as determined by NMR, reveals
a predominant backbone conformation. (A) Overlay of five structural snapshots from the last 5 ns of the molecular dynamics simulation
trajectory. (B) The two internal peptoid monomers, residue 2 (green), and residue 3 (purple) have well-defined dihedral angles as overlaid on

a cis Ramachandran plot!?”! that fall within known energy minima for peptoids
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FIGURE 10 The two lowest energy sampled geometries of peptoid 1 as predicted by B3LYP/6-311G** (A) and (B); and by M06-2X/6-311G**
(C) and (D). Both DFT models included PCM solvent water. Hydrogen bonds are highlighted in light green and Npe aromatic carbons involved in

n-cation interactions are shaded darker

MO06-2X are likely due to the better representation of dispersion forces

in this functional driving self-interaction.

4 | CONCLUSIONS

We use a simple model peptoid to demonstrate a new, straight-
forward and broadly applicable peptoid backbone resonance assign-
ment method. The procedure uses the 1,n-Adequate experiment with
selective 3C labeling of backbone alpha carbons to correlate protons
of each backbone to the carbon of a neighboring residue backbone
alpha carbon, thus efficiently assigning backbone connectivity. This
method is ideally suited for the study of peptoids, as backbone label-
ing is readily achieved using commercially available bromoacetic acid-
2-13C as a submonomer. This method addresses an inherent challenge
faced in peptoid NMR, as the absence of the backbone nitrogen pro-
tons precludes the use of many NMR tools available for peptides.
While we demonstrate this method on tetramers, it is expected to be
applicable to longer peptoid chains because of this new ability to cor-
relate any given monomer to its direct neighbors. Additionally, we
successfully apply 3D HCCH-TOCSY spectra on peptoids labeled with
13C at all backbone alpha carbons.

We find that a peptoid tetramer with unconstrained sidechains
has a predominant conformation (>50%) in aqueous solution. Further-
more, >80% of the total conformers contain a cis amide bond at the
central amide bond (between R2 and R3). The degree of conforma-
tional homogeneity was considerably higher than expected. Dihedral
angles taken from molecular dynamics simulations of the trans-cis-
trans configuration fall into narrow regions which coincide with the
expected low energy wells of the peptoid Ramachandran plot. The
clear impact of these low energy wells on peptoid conformation will
be essential for the predictive design of folded peptoids.

NMR analysis of peptoid 1 and peptoid 3, as well as quantum
mechanical calculations, suggest that the central residues (Npe-Nae)

play an important role in stabilizing conformation. Most low energy

structures obtained from quantum mechanical calculations suggest
the presence of a hydrogen bond between the central Nae residue
and its neighboring N-terminal carbonyl. It is likely that this structural
motif, which is repeated seven times in succession in the nanosheet
forming sequence Block 28, plays a role in the assembly of highly
ordered supramolecular structures. The Nae residue itself may be use-
ful for future conformational control of peptoid chains without requir-
ing the use of sterically congested or large hydrophobic sidechains.
Most importantly, this deeper understanding of the intrinsic confor-
mational preferences of minimally constrained peptoid oligomers
should facilitate the rational design of folded peptoids.
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