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Abstract

“Peptoids” was proposed, over decades ago, as a term describing analogs of peptides that exhibit
better physicochemical and pharmacokinetic properties than peptides. Oligo-(N-substituted glycines)
(oligo-NSG) was previously proposed as a peptoid due to its high proteolytic resistance and mem-
brane permeability. However, oligo-NSG is conformationally flexible and is difficult to achieve a
defined shape in water. This conformational flexibility is severely limiting biological application of
oligo-NSG. Here, we propose oligo-(N-substituted alanines) (oligo-NSA) as a new peptoid that
forms a defined shape in water. A synthetic method established in this study enabled the first isola-
tion and conformational study of optically pure oligo-NSA. Computational simulations, crystallo-
graphic studies and spectroscopic analysis demonstrated the well-defined extended shape of oli-
g0-NSA realized by backbone steric effects. The new class of peptoid achieves the constrained con-
formation without any assistance of N-substituents and serves as an ideal scaffold for displaying
functional groups in well-defined three-dimensional space, which leads to effective biomolecular

recognition.



Introduction

“Peptoids™!?

was coined for analogs of peptides that exhibit better physicochemical and pharmaco-
kinetic properties than peptide (Figure 1a). Oligo(N-substituted glycines) (oligo-NSG) was pro-
posed as an example of peptoid in 1992° because the oligomer is highly resistant to proteolytic deg-
radation* and exhibits high membrane permeability’ due to its N-substituted amide backbone. Be-
sides, submonomer synthetic methods of oligo-NSG allow introduction of a diverse set of proteino-
genic and nonproteinogenic functional groups as N-substituents.®’” However, backbone of the
NSG-type peptoid is intrinsically flexible, therefore, peptoid that exhibits high affinity to biomole-
cules has not been reported except for rare exceptions.® To overcome the limitation, extensive re-
searches have been devoted to constrain the conformation of peptoids by using elaborate
N-substituents but such conformational regulation generally requires introduction of multiple bulky
hydrophobic N-substituents that severely compromise water solubility®'4. Introduction of charged
groups is effective to compensate the water solubility of these peptoids'>~!® but these restrictions re-
duce the design flexibility of oligo-NSGs.

Introduction of methyl substituents on backbone a-carbon of oligo-NSG to make the molecule as
oligo-(N-substituted alanines) (oligo-NSA) was previously proposed to constrain the conformation
of peptoid via the local steric effects on backbone (Figure 1a).'°2° The constrained conformation
was reasoned from an analogy of N-methylated peptides. More specifically, the introduced methyl
substituent would produce steric repulsion, known as pseudo-1,3-allylic strain?'-*?, with the carbonyl
oxygen of the preceding residue and the N-substituent of the following residue and restrict rotation
about ¢ and vy angles (Figure 1b). Moreover, steric repulsion between two methyl substituents on
neighboring residues would destabilize cis conformation of the intervening amide bond and bias the
amide bond to trans; ® angles are restricted to the value around 180° (Figure 1c). Because it does
not require introduction of bulky N-substituents but require introduction of only a small methyl sub-
stituent, it is an ideal strategy to realize “peptoid” that forms a defined shape in biological environ-
ment and displays various functional groups as N-substituents into well-defined three-dimensional
space. Despite the potential utility of oligo-NSA, there have been no reports of optically pure oli-
g0-NSAs possessing N-substituents other than methyl due to the synthetic difficulty of such oligo-
mers. Thus, the validity of the constrained conformation of oligo-NSA remains to be examined and
establishment of synthetic scheme for such a useful oligomer has been awaited.

We here established a synthetic method of oligo-NSA and isolated optically pure oligo-NSAs for
the first time. With the synthesized olio-NSAs, conformational studies of oligo-NSAs were con-
ducted and the studies revealed that oligo-NSA achieves a defined shape in water and serves as a
scaffold of an extended shape displaying functional groups in well-defined three-dimensional space

in water.
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Figure 1 | Chemical structure and proposed conformational regulation by steric effects of oligo-NSA.
(a) A brief overview of the history of peptoid. (b) Bond rotations about ¢ and y angles of oligo-NSA are re-
stricted due to the pseudo-1,3-allylic strains. (¢) ® angle of oligo-NSA is biased to ~180° due to the steric re-

pulsion between backbone structures.



Quantum mechanical studies

First, we performed computational simulations to predict how the pseudo-1,3-allylic strain would
constrain the conformation of peptoid and how the conformation of oligo-NSA would look like. A
minimal component of 0ligo-NSG, i.e. acetyl-N-methylglycine dimethylamide, and oligo-NSA, i.e.
acetyl-N-methylalanine dimethylamide, were subjected to quantum mechanical (QM) calculations to
generate Ramachandran-type energy diagrams over ¢ and y angles. The diagram of oligo-NSG had a
relatively large region within 10 kcal/mol from the lowest energy point (Figure 2a), which is con-
sistent with the previous reports of similar calculations.?»?* In contrast, the diagram of oligo-NSA
had a narrow region with the lowest energy at around (o, y) = (—120°, 90°) and the surrounding re-
gion was predominantly favored over other regions (Figure 2b). To understand how the
N-substituents will be oriented on oligo-NSA, we have also examined preferred y angles of ace-
tyl-N-ethylalanine dimethylamide with fixed ¢ and y angles of the lowest energy point; (¢, y) = (—
120°, 90°). As a result, 100° and —100° were determined to be the y angles of the lowest energy
(Figure S1). Based on this  scan, energy diagrams of NSA over ¢ and y angles were re-examined
using the ¥ angle of 100° and —100° for acetyl-N-ethylalanine dimethylamide as a minimal model of
oligo-NSA with N-substituents larger than methyl. For y angle of 100°, the lowest energy angles
were slightly shifted and became (¢, y) = (—105°, 105°) but, overall for both the y angles, the al-
lowed region was similar to the above-mentioned landscape of acetyl-N-methylalanine dimethyla-
mide (Figure 2¢ and d), suggesting that the structure of N-substituent does not largely affect to the
backbone conformation. These results support the hypothesis that introduction of a methyl substitu-
ent on a-carbon of NSG would locally restrict the bond rotations about all the backbone dihedral an-
gles.

Based on the QM calculation of the monomeric NSA structure, we generated model structures of
oligo-NSA. The models were built with the dihedral angles (y, ¢, v, ®) of either (100°, —105°, 105°,
180°) or (=100°, —=120°, 90°, 180°) and optimized with QM calculations with an implicit water mod-
el (Figure 2e and f). With either set of dihedral angles, the optimized structure of the oligo-NSA re-
sulted in an extended shape. The conformation with y angle of —100° was 1.4 kcal/mol more stable
than the conformation with y angle of 100°, indicating that y angle form —100° a little more prefera-
bly in an oligomer. The extended shape of oligo-NSA is realized by the iterative regulation of back-
bone dihedral angles driven by the steric effects. This backbone-dictated shape would be an ideal
scaffold for biomolecular recognition because the backbone conformation does not require elaborate
N-substituents and functional groups introduced as N-substituents would be displayed in

well-distributed space without the oligomer collapsing into a more compact shape.
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Figure 2 | Ramachandran-type energy diagrams of NSG and NSA. (a) An energy diagram of ace-
tyl-N-methylglycine dimethylamide as a minimal model of oligo-NSG. (b) An energy diagram of ace-
tyl-N-methylalanine dimethylamide as a minimal model of oligo-NSA. (¢, d) An energy diagram of ace-
tyl-N-ethylalanine dimethylamide as a minimal model of oligo-NSA with N-substituents larger than methyl. y
angle was fixed to 100° for ¢ and —100° for d based on the result of x scan (Figure S1). For these diagrams,
regions that have energies above 10 kcal/mol from the lowest energy point were colored in white. (e¢) A model
structure of acetyl-N-ethylalanine pentamer that was optimized from an initial conformation of (y, ¢, v, ®) =
(100°, —105°, 105°, 180°) with a QM calculation. (f) A model structure of acetyl-N-cthylalanine pentamer that
was optimized from an initial conformation of (y, @, v, ®) = (—=100°, —120°, 90°, 180°) with a QM calculation.



Svynthesis

To experimentally validate the extended conformation of oligo-NSA, optically pure oligomers
need to be isolated in multi-milligram quantity. Although there are reports about peptides or oli-
g0-NSGs with non-consecutive NSA residues, there have been no reports for oligomers with con-
secutive NSA residues with N-substituents other than methyl. The extended shape of oligo-NSA
would be realized only realized by such oligomers with consecutive NSA residues, therefore, we
first established a synthetic method for optically pure oligo-NSAs. The most promising synthetic
method was the submonomer synthetic method using chiral 2-bromopropionic acid and primary
amine (Figure S2a) that was proposed by Zuckerman and Kodadek'®?3 because this method does
not require prior preparation of individual N-substituted alanines but only requires commercially
available simple submonomers. However, due to the racemization prone nature of 2-bromopropionic
acid®¢, efficient synthesis of optically pure oligo-NSAs using the method was unsuccessful (Figure
S2). Therefore, we turned to another synthetic method of oligo-NSAs reported by Pels and Kodadek
that utilizes Fmoc-Ala-OH and aldehydes as submonomers’ (Figure S3a). This method also only
requires commercially available submonomers and equally attractive to the abovementioned sub-
monomer synthetic method. However, in their report, consecutive introduction of NSA residues was
avoided due to the inefficient coupling reaction of Fmoc-alanine on N-substituted alanine terminus.
Therefore, we investigated various coupling conditions for Fmoc-alanine on N-substituted alanine
terminus to achieve introduction of consecutive NSA residues (Figure S3b). Among the tested con-
ditions, coupling reaction using 1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) in diox-
ane gave the highest coupling yield (Figure S3c¢ and Figure S4). Double coupling at 60 °C for 3 h
each or at 100 °C by microwave heating for 1 h each using EEDQ gave a quantitative conversion
with no detectable amount of racemization (Figure S3c and d). Encouraged by the quantitative
conversion for the challenging acylation reaction, 1-5 mer of NSAs were synthesized on resin using
the optimized conditions (Figure 3a). Note that trityl linker was recruited to allow cleavage of the
synthesized oligomers from resin with a mild acidic condition (30% hexafluoroisopropanol in di-
chloromethane) due to the highly acid labile nature of NSAs?”?® and piperazine spacer was inserted
between trityl linker and NSA oligomers to prevent diketopiperazine formation during synthesis. All
the 1-5 mer of NSAs were obtained with decent yields (Figure 3b, S5-8). There have been reports
about o0ligo-NSGs containing skipped NSA residues’!*?°=33 but this is the first report of isolation of
optically pure oligo-NSAs containing consecutive NSA residues with N-substituents other than me-
thyl.
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Figure 3 | Submonomeric synthesis of oligo-NSA using Fmoc-Ala-OH and aldehyde. (a) Synthetic
scheme of oligo-NSA. Resin with trityl linker was utilized to allow cleavage of the synthesized compounds
from resin using mild acidic conditions. The piperazine spacer was introduced between the trityl linker and
oligo-NSAs to prevent diketopiperazine formation during synthesis. (b) Yields of N-isobutylalanine 1-5 mer
(1-5). HPLC chromatograms of crude and purified products are listed on Figure S5 and S6. For monomer (1),
1H and 13C NMR spectra are shown on Figure S7 and S8.



X-ray crystallographic study and molecular dynamics simulations

With the optimized synthetic method, several oligo-NSAs were synthesized and X-ray crystallo-
graphic analysis was conducted to experimentally reveal a preferred conformation of oligo-NSA.
Several oligo-NSAs were synthesized and applied to crystallization. Among various conditions test-
ed for the synthesized oligomers, crystals of N-benzylalanine pentamer (Figure 4a, compound 6)
were grown via slow evaporation from a co-solvent of hexane and dichloromethane. The structure
was solved by X-ray crystallographic analysis (Figure 4b and c, and Figure S9). In the crystal, the
oligomer exhibited an extended shape that is consistent with the predicted steric effects and QM
calculations (Figure 4c¢). First, all the amide bonds were trans as expected from the steric repulsion
of backbone structures. Second, pseudo-1,3-allylic strains were seen at all the ¢ and y angles and, as
a consequence, dihedral angles of all the residues were restricted to the region within 2 kcal/mol
from the lowest energy point on the energy diagram generated by the QM calculations (Figure 4d).
To assess how the crystal structure relates to the above-described model structure, the crystal struc-
ture was overlayed with one of the model structure shown in Figure 2f that gave a lower energy than
the other model structure shown in Figure 2e. Overall, the backbone conformation of the crystal
structure and the model structure almost completely overlapped with each other except for the
N-terminal residue that is inevitably different because the N-terminal amine of the crystalized oli-
gomer is not acylated and do not experience pseudo-1,3-allylic strain (Figure 4e). As seen in the
model structure, also in the crystal, all the N-substituents were well separated on the oligomer and no
obvious contacts with backbone or other N-substituents were observed, suggesting that the extended
shape of oligo-NSA is dictated solely by backbone steric effects and independently from
N-substituents. This makes the oligo-NSA as an ideal scaffold for displaying functional groups into
well-dispersed three-dimensional space.

To obtain insights on how much the conformation of oligo-NSA observed in the crystal is stable
in aqueous solution, molecular dynamics (MD) calculations of the N-benzylalanine pentamer were
conducted using the crystal structure as the initial conformation. The calculation was performed for
500 ns at 298 K with five trials using the CHARMM36m force field and the TIP3P water model. As
a result, ¢ and y angles were in the region within 4 kcal/mol from the lowest energy point on the en-
ergy diagram generated from the QM calculations for 95% of the simulated time (Figure 4f). © an-
gles were also kept at around 180° for all the simulated time (Figure S10) although this does not
necessarily support the stability of trans amide bond because the kinetics of trans/cis isomerization
N-substituted amide is much slower than the simulated time.>* Therefore, the » angles need to be
also evaluated spectroscopically. (See the NMR analysis below.) As a consequence of the restricted
rotations about these backbone dihedral angles, the oligomer well sustained the extended shape with
a root mean squared deviation (RMSD) value of the a-carbons of the oligomer of only 0.5-0.9 A on
average, when compared to the initial crystal structure, for all the five runs (Figure 4g). As an ex-

ception, the RMSD value of the third run increased to ~2 A at around 400 ns. The conformations
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observed during the last 100 ns of the third run are little bent from the initial extended conformation
due to transitions of ¢ angles from around at —120° to around at 70°. However, the dihedral angles
seen in the bent conformations correspond to a high-energy region on the Ramachandran-type plot
(the upper right blue region of Figure 2b), therefore the conformations are presumably a minor pop-
ulation. In addition, x angles of the oligomers were also restricted to around —100° and 100° that
were calculated to be low in energy in the QM calculations (Figure S11). In contrast, when the same
MD simulations were run for the oligomer of NSG backbone using the same backbone conformation
as the initial structure of oligo-NSA, ¢ and y angles of all the residues were distributed in much
larger ranges (Figure S12) and the RMSD value was also much larger; 1.7 A on average (Figure
4h). Interestingly, when an oligomer with alternate NSA and NSG residues were subjected to the
same calculation, dihedral angles of NSA residues were constrained but those of NSG residues were
not constrained (Figure S13a), which led to distortion of the initial extended shape and a large con-
formational fluctuation (Figure S13b). This result agrees with the assumption that the extended
shape is only realized by oligomers with consecutive NSA residues with no intervening NSG resi-
dues. This is consistent with the previous report that oligo-NSGs with alternate NSA residues are

intrinsically disordered.*°

10



-]

¢ Crystal structure

RMSD (A)

o}

N\)OLN N\)LN

bbb

RMSD (A)

Run 1
0.8+0.2

b

Residue [} Y w X
2 -87.7 1127 -166.8 103.6
3 -143.4 858 -179.3 -100.5
4 -1343 918 1798 951
5 -1128 933 - -101.9
d
180 - 10
A 2nd residue
1204 A3rd residue 9
A )
MAA A 4th residue 8
60 Ab5th residue 7
°t
3> 0 5 E
4 X
-60 3
120 2
1
-180 . . : . 0
-180 -120 -60 0 60 120 180
¢
f . Counts .
2nd residue 0 3rd residue
180 180
904 / 90{ w
> 0 04
—90 -90-{
-1804————1— -180 ,
~180-90 0 90 180 ~180-90 0 90 1
] ¢
4th residue 5th residue
180 180
90w 901
> 0 [

Run 2

~180-90 0 90 1

¢

Run 3
0905

M

~180-90 O 90 180

Run 4
0.6 +0.2

Run 5
0.8+0.2

Time [ns]

100 300 500 100 300 500 100

Time [ns]

300 500
Time [ns]

100 300 500 100 300 500
Time [ns] Time [ns]

Time [ns]

100 300 500 100 300 500 100

Time [ns]

Time [ns]

300 500 100

300 500 100 300 500
Time [ns] Time [ns]

Figure 4 | X-ray crystallographic analysis of oligo-NSA and MD simulations of the structure. (a) Chem-

ical structure of N-benzylalanine pentamer 6 that was subjected to the X-ray crystallographic analysis. (b)

Dihedral angles of 0ligo-NSA 6 observed in the crystal. (¢) Crystal structure of oligo-NSA 6. An ORTEP dia-

gram of the structure is shown in Figure S9. (d) Dihedral angles observed in the crystal structure were spot-

ted on the Ramachandran-type plot of acetyl-N-methylalanine dimethylamide (Figure 2b). (e¢) An overlay of

the crystal structure and the model structure shown in Figure 2f (cyan). (f) Distribution of dihedral angles of

each residue of oligo-NSA 6 during the last 400 ns (out of 500 ns) x 5 of MD calculations. The calculations

were conducted using the crystal structure as the initial conformation. (g) RMSD value of the oligo-NSA 6
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during each MD runs. The average and standard deviations are shown above each plot. (h) The same MD
calculations were conducted for oligo-NSG using the same initial backbone conformation with oligo-NSA 6.

RMSD value of the oligomer from the initial conformation is plotted.
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Spectroscopic studies

To evaluate the solution structure of oligo-NSA, NMR studies were conducted. To obtain infor-
mation about spatial proximity of protons from 2D-NMR spectrum, several heteropentamers that are
expected to exhibit dispersed proton peaks on NMR spectrum were designed and synthesized.
Among those, NSA heteropentamer 7 satisfied the requirement and all the a-protons of the oligomer
and N, protons on 1H NMR spectrum (Figure S14) were successfully assigned unambiguously for
this oligomer using COSY (Figure S15), 13C NMR (Figure S16) and HMBC spectra (Figure S17).
Although the N-substituents are different between oligomer 6 that is used for crystallographic analy-
sis and oligomer 7 that is used for NMR analysis, backbone conformation must be closely resembled
with each other, not to say exactly the same, because the extended backbone conformation is dictat-
ed without the aid of N-substituents as described above. To obtain information about spatial proximi-
ties among backbone atoms in an oligomer, NOESY spectrum of the pentamer 7 was measured
(Figure Sa and Figure S18 and S19). To evaluate backbone conformation, inter-residue NOEs
among protons on a, 3, and N, positions were analyzed. As a result, first, all the amide bonds were
confirmed to be in trans from inter-residue NOEs between protons on an N,-carbon and the back-
bone a-proton of preceding alanine residue (Figure 5a left). Restriction of bond rotations about ¢
angles by pseudo-1,3-allylic strain is expected to result in the intra-residue B and N, protons to be
close with each other while intra-residue o and N, protons to be away from each other. Existence of
strong NOEs between intra-residue B and N, protons and absence of NOEs between intra-residue o
and N, protons support the restricted rotation about ¢ angles around the value observed at the crystal
structure (Figure 5a middle). Similarly, restriction of bond rotations about y angles by pseu-
do-1,3-allylic strain is expected to result in the N, protons and a proton of preceding alanine residue
to be close with each other while N, protons and 3 protons of preceding alanine to be away from
each other. Existence of strong inter-residue NOEs between N, protons and a proton of preceding
alanine residue support the restricted rotation about y angles around the value observed at the crystal
structure (Figure 5a right). Validity of the interpretation of the observed NOEs was ensured with
QM calculations of a model NSA dimer where a ¢ or y angle was systematically rotated and dis-
tances between N, protons and a or  protons on each optimized structure were measured (Figure
S20). Because B protons of 4™ residue exhibited a weak NOE with the N, protons of 5% residue de-
spite the fact that those protons are more than 3 A away from each other in the crystal structure
(Figure 5a right, red dotted lines), some degree of rotation may be allowed for the y angle. To-
gether with the absence of NOEs among non-neighboring remote residues, the NMR results overall
indicate that the extended conformation of oligo-NSAs seen in the crystal is persistent in aqueous
solution.

We also conducted a CD spectroscopic analysis of oligo-NSA to evaluate the effects of the
N-substituents, concentration, solvent and length of the oligomer on conformation of oligo-NSA.

First, CD spectra of oligomer 7, another heteropentamer 8, and a homopentamer 5 were measured to
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check the sequence dependency of the backbone conformation. All the three oligomers exhibited
strong signals and a similar spectral shape that have a maximum around at 195 nm and a minimum
around at 225 nm (Figure 5b). This result indicates a specific set of backbone dihedral angles is re-
peated in an oligomer that is independent from N-substituent structures. This is consistent with the
highly restricted backbone dihedral angles in the QM calculation. The spectrum of homopentamer 5
did not show concentration dependence of the oligomer that eliminates the possibility that the or-
dered structure is realized by aggregation of the oligomer (Figure S21a). The spectral shape did not
change in acetonitrile, less polar solvent than water (Figure S21b), validating that the conformation
is realized by local steric effects on backbone as expected and not dictated by other remote interac-
tions such as hydrophobic interactions or electronic interactions among N-substituents. Shorter oli-
gomers, tetramer and trimer, exhibited similar spectra to the pentamers and even dimer exhibited a
similar spectral shape although the intensity was little weaker than longer oligomers (Figure Sc).
This result suggests that an NSA residue is intrinsically restricted in rotations about backbone dihe-
dral angles and oligomers with sequential NSA residues uniformly exhibit a constrained confor-
mation composed of repetition of a similar set of backbone dihedral angles, most probably around (o,

y) = (-120°, 90°) that was found to be the lowest energy point in the QM calculation.
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Figure 5 | Conformational studies of oligo-NSAs in aqueous solution. (a) A summary of spatial proximity
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right figures, a part of the crystal structure is shown to visualize the proximities of N, protons and  protons

(middle) or N, protons and a proton (right). (b) Chemical structures and CD spectra of NSA pentamers 7, 8,

and 5. (¢) Chemical structures and CD spectra of oligo-NSA 2-5. The CD spectra were recorded at 25 °C with
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Conclusions

As a conclusion, we have established a synthetic scheme of oligo-NSA and conducted a confor-
mational study of oligo-NSA for the first time. The conformational study supported that oligomers
with sequential NSA residues form an extended shape in aqueous solution. The extended shape is
dictated by backbone steric effects and not dependent on N-substituent structures, therefore the oli-
gomer does not collapse into a more compact shape like peptides or other flexible peptidomimetic
oligomers.>>>7 This is a stark contrast with NSG-type peptoid that has intrinsically flexible back-
bone structure and requires elaborate N-substituents to achieve constrained conformation. The sub-
monomeric synthetic method of oligo-NSAs allows facile introduction of a diverse set of functional
groups as N-substituents using readily available aldehydes. These features make oligo-NSA as an
ideal scaffold for displaying functional groups into a well-defined three-dimensional space in aque-

ous solution that realizes efficient biomolecular recognition and catalytic activity.
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Methods

General remarks. Chemicals and solvents used in this study were purchased from commercial sup-
pliers and used without further purification. Synthesis under microwave conditions was performed
on Initiator+ (Biotage). Preparative HPLC was performed on a Prominence HPLC system (Shimazu)
with a 5C18-MS-II column (Nacalai tesque, 10 mm [.D.x150 mm, 34355-91). Analytical HPLC was
performed on a Prominence HPLC system with a SC18-AR-II column (Nacalai tesque, 4.6 mm
[.D.x150 mm, 38144-31). HRMS data was obtained using micrOTOF II (Bruker Daltonics). MAL-
DI-TOF MS analysis was performed on autoflex speed (Bruker Daltonics) using super-DHB (Santa
Cruz Biotechnology) as matrix. All quantum calculations were carried out with the Gaussianl6
package®® and all molecular dynamics simulations were carried out with the Gromacs 2018 package
and the CHARMM36m force field.

Generation of Ramachandran-type energy diagrams of NSG and NSA. Ramachandran-type en-
ergy diagrams® of acetyl-N-methylglycine dimethylamide and acetyl-N-methylalanine dimethyla-
mide were generated by combinatorialy fixing ¢ and y at every 15° from —180° to 180°. Each con-
former was optimized at the B3LYP/6-31G* level. The o angle was fixed to 180° through the calcu-
lation._Ramachandran-type energy landscapes of acetyl-N-ethylglycine dimethylamide was generat-
ed by combinatorialy fixing ¢ and y at every 15° from —180° to 180°. Each conformer was opti-
mized at the B3LYP/6-31G* level. The ® angle was fixed to 180° through the calculation. Calcula-

tions were performed for two molecule with a fixed y angle of either 100° or —100°.

¥ scan of acetyl-/V-ethylalanine dimethylamide. y scan was performed by optimizing a conformer
with y angle of —180° to 180° with 10° increment. The calculation started with an initial confor-

mation of (y, ¢, y) = (0°,-120°, 90°).

Computationally optimized conformations of a model NSA pentamer. Conformations of ace-
tyl-N-ethylalanine pentamer dimethylamide with dihedral angles (y, ¢, v, ®) of either (100°, —105°,
105°, 180°) or (-100°, —120°, 90°, 180°) were optimized by quantum mechanical calculations. The
two sets of the angles are the ones that were calculated to be the lowest energy angles in the Rama-
chandran-type diagrams of acetyl-N-ethylalanine dimethylamide. Each conformer was optimized at
the B3LYP/6-31G* level using a self-consistent reaction field (SCRF) model with water as the sol-
vent. Single point energy of the optimized conformer was also calculated at the B3LYP/6-31G* level

using a SCRF model with water as the solvent.

Synthesis of NSA-containing peptide using bis(trichloromethyl)carbonate (BTC) as a coupling
reagent. Rink amide ChemMatrix resin was swelled with minimal volume of

N,N-dimethylformamide (DMF) in a syringe for 30 min. DMF was filtered off and the resin was
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treated with  DMF  solution of  Fmoc-Trp(Boc)-OH (4  equiv., 02 M),
1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy) dimethylaminomorpholino)] uronium hexafluor-
ophosphate (COMU) (4 equiv., 0.2 M) and DIPEA (N,N-diisopropylethylamine) (8 equiv., 0.4 M)
with continuous shaking for 2 h. After removing solution, the resin was washed with DMF three
times. The resin was treated with 20% piperidine/DMF (3 min and 12 min) and then washed with
DMF and tetrahidrofuran (THF) three times each. The resin was incubated with 27 equiv. of DIPEA
in anhydrous THF for 15 min. A solution of BTC (4 equiv., 0.1 M) and (R)-2-bromopropionic acid
or (S)-2-bromopropionic acid (0.1 M, 12 equiv.) in anhydrous THF was cooled at —20 °C for 15 min
and mixed with 36 equiv. of 2,4,6-Trimethylpyridine. The solution was immediately applied to the
resin and the reaction mixture was shaken for 2 h. After the reaction, the resin was washed with THF
and DMF three times each. The resin was incubated with 2 M (80 equiv.) of an isobutylamine solu-
tion in anhydrous DMF for 18 h at 60 °C. The solution was filtered off and the resin was washed
with DMF and dichloromethane (DCM) three times each. The peptides were cleaved by treating the
resin with 95/5 TFA (trifluoroacetic acid)/H>O for 2 h. The solution was transferred to a recovery
flask and TFA solution was removed under reduced pressure. The crude product was dissolved in

10/90 acetonitrile/water and analyzed by a reversed phase column on HPLC.

Investigation about coupling conditions and evaluation of racemization during synthesis. Rink
amide ChemMatrix resin was swelled with minimal volume of DMF in a syringe for 30 min. DMF
was filtered off and the resin was treated with DMF solution of Fmoc-Trp(Boc)-OH (4 equiv., 0.2
M), COMU (4 equiv., 0.2 M) and DIPEA (8 equiv., 0.4 M) with continuous shaking for 40 min. Af-
ter removing solution, the resin was washed with DMF three times. The resin was treated with 20%
piperidine/DMF (3 min and 12 min) and then washed with DMF three times. After deprotection, the
resin was treated with DMF solution of Fmoc-Ala-OH (4 equiv., 0.2 M), COMU (4 equiv., 0.2 M)
and DIPEA (8 equiv., 0.4 M). After 40 min, the resin was washed with DMF and Fmoc group was
removed by treatment with 20% piperidine/DMF. The resin was incubated with 1 M (20 equiv.) of
an isobutylaldehyde solution in anhydrous DMF. Aldehyde solution was filtered off and the resin
was quickly washed with DMF and DCM. A freshly prepared suspension of NaBH4 (10 equiv.) in
75/25 DCM/MeOH was added to the resin and shaken for 30 min. The cap of the syringe was occa-
sionally detached for degassing to prevent inner pressure is increased too much. After reduction, the
resin was washed with MeOH five times then with DCM, DMF and dioxane three times each. When
using COMU or 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) as a coupling reagent, a solution of Fmoc-L-Ala-OH (4 equiv., 0.2 M),
coupling reagent (4 equiv., 0.2 M) and DIPEA (8 equiv., 0.4 M) in anhydrous DMF was added to the
resin and shaken under the condition shown in Figure S3. After the reaction, the resin was washed
with DMF three times. When BTC was used as the coupling reagent, the resin was washed with THF
three times and incubated with 8 equiv. of DIPEA in anhydrous THF for 15 min. A solution of
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Fmoc-L-Ala-OH (3.5 equiv., 0.1 M) and BTC (1.17 equiv., 0.1 M) in anhydrous THF was cooled at
—20 °C for 15 min and mixed with 10 equiv. of 2,4,6-trimethylpyridine. The solution was immedi-
ately applied to the resin and the reaction mixture was shaken under the condition shown in Figure
S3. After the reaction, the resin was washed with THF and DMF three times each. When using
1-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ), the resin was washed with dioxane three
times and a solution of Fmoc-L-Ala-OH or Fmoc-D-Ala-OH (4 equiv., 0.2 M) and EEDQ (4 equiv.,
0.2 M) in dioxane was added to the resin and shaken under the condition shown in Figure S3. After
the reaction, the resin was washed with dioxane and DMF three times each. After the coupling reac-
tion to N-substituted alanine terminus with each coupling reagent, Fmoc protecting group was re-
moved with 20% piperidine/DMF. The peptides were cleaved by treating the resin with 95/5
TFA/H>O for 2 h. The solution was transferred to a flask and TFA solution was removed under re-
duced pressure. The crude product was dissolved in acetonitrile and water and analyzed by a re-

versed phase column on HPLC.

General procedure for oligo-NSA synthesis. Trityl resin was swelled with minimal volume of THF
in a flask for 10 min. THF solution of piperazine (4 equiv., 0.2 M) and piperidine (16 equiv., 0.8 M)
was added to the resin. Piperidine was added in order to reduce the reactive points on the resin. After
stirring for 2 h, resin was moved to syringe and washed with THF and DCM three times each. The
resin was treated with 85/10/5 DCM/MeOH/DIPEA solution for 15 min and washed with DCM and
DMF three times each. The resin was treated with DMF solution of Fmoc-Ala-OH (4 equiv., 0.2 M),
COMU (4 equiv., 0.2 M) and DIPEA (8 equiv., 0.4 M) with continuous shaking for 2 h. After re-
moving solution, the resin was washed with DMF and DCM three times each and dried. A small part
of the resin was treated with 2% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)/DMF solution and then
the load amount of Fmoc-alanine was determined from the UV absorbance of dibenzofulvene at 304
nm as described in reference®. In the following procedures, the amount of reagents was calculated
based on the determined load amount. After Fmoc quantification, the resin was swelled with mini-
mal volume of DMF for 30 min. The resin was treated with 20% piperidine/DMF (3 min and 12
min) to remove Fmoc protecting group and washed with DMF three times. The resin was incubated
with 1 M (20 equiv.) of an aldehyde solution in anhydrous DMF. Aldehyde solution was filtered off
and the resin was quickly washed with DMF and DCM. A freshly prepared suspension of NaBH4
(10 equiv.) in 75/25 DCM/MeOH was added to the resin and shaken for 30 min. The cap of the sy-
ringe was occasionally detached for degassing to prevent inner pressure is increased too much. After
reduction, the resin was washed with MeOH five times then with DCM, DMF and dioxane three
times each. Fmoc-Ala-OH (4 equiv.) and EEDQ (4 equiv.) were dissolved in dioxane to prepare 0.2
M solution and the mixture was shaken. After 30 min, the mixture was added to the resin and shaken
for 3 h at 60 °C. This coupling reaction was repeated once more. After double coupling, Fmoc pro-

tecting group was removed with 20% piperidine/DMF and substituents were introduced by reductive
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amination. The coupling, deprotection and reductive amination procedures were repeated to afford
objective oligomers on resin. The oligomers were cleaved by treating the resin with 30%
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)/DCM for 20min five times. The solution was transferred
to a glass vial and HFIP solution was removed under reduced pressure. The crude product was dis-
solved in acetonitrile and water and purified by a reversed phase column on HPLC. The yields were
calculated by comparing molecular weight of each obtained compound as TFA salt and determined
load amount of the first Fmoc-alanine. The crude and purified products were analyzed on a reversed
phase column by HPLC and ESI-TOF MS.

N-Isobutylalanine piperazineamide (1). 42 mg of trityl resin (1.96 mmol/g, 83 umol) was used for
synthesis. Fmoc-alanine and isobutylaldehyde were used as submonomers. After loading first
Fmoc-alanine, load amount was determined as 0.48 mmol/g. Yield was 7.2 mg (80%). 'H NMR
(CD3CN, 400 MHz): ¢ 1.00-1.04 (q, 6H, J = 6.9 Hz), 1.55 (d, 3H, J = 6.9), 1.97-2.10 (m, 1H),
2.74-2.82 (dd, 1H, J=7.3, 12.4),2.74-2.99 (dd, 1H, J= 6.9, 12.4), 3.33-3.43 (m, 4H), 3.83-3.97 (m,
4H), 4.48 (q, 1H, J = 6.9 Hz). *C NMR (CDsCN, 400 MHz): 6 14.7, 19.1, 19.2, 25.9, 39.1, 42.0,
42.8,42.8,53.9,54.4,168.3. The 'H NMR is shown in Figure S7 and '3C NMR spectra is shown in
Figure S8. HRMS (ESI-TOF MS) m/z: [M + H]" Calcd for C11H24N30" 214.1914; Found 214.1929.

N-Isobutylalanine dimer piperazineamide (2). 42 mg of trityl resin (1.96 mmol/g, 83 umol) was
used for synthesis. Fmoc-alanine and isobutylaldehyde were used as submonomers. After loading
first Fmoc-alanine, load amount was determined as 0.48 mmol/g. Yield was 8.2 mg (71%). HRMS
(ESI-TOF MS) m/z: [M + H]" Calcd for Ci1gH37N4O>" 341.2911; Found 341.2889.

N-Isobutylalanine trimer piperazineamide (3). 41 mg of trityl resin (1.96 mmol/g, 80 pmol) was
used for synthesis. Fmoc-alanine and isobutylaldehyde were used as submonomers. After loading
first Fmoc-alanine, load amount was determined as 0.33 mmol/g. Yield was 5.1 mg (54%). HRMS
(ESI-TOF MS) m/z: [M + H]- Calcd for C25HsoNsO3" 468.3908; Found 468.3916.

N-Isobutylalanine tetramer piperazineamide (4). 39 mg of trityl resin (1.96 mmol/g, 76 pmol)
was used for synthesis. Fmoc-alanine and isobutylaldehyde were used as submonomers. After load-
ing first Fmoc-alanine, load amount was determined as 0.46 mmol/g. Yield was 8.1 mg (55%).

HRMS (ESI-TOF MS) m/z: [M + H]" Caled for C3:Hs3N6O4" 595.4905; Found 595.4905.

N-Isobutylalanine pentamer piperazineamide (5). 42 mg of trityl resin (1.96 mmol/g, 83 pmol)
was used for synthesis. Fmoc-alanine and isobutylaldehyde were used as submonomers. After load-
ing first Fmoc-alanine, load amount was determined as 0.48 mmol/g. Yield was 9.2 mg (47%).

HRMS (ESI-TOF MS) m/z: [M + H]" Caled for C39H76N705" 722.5902; Found 722.5890.
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N-Benzylalanine pentamer piperazineamide (6). 38 mg of trityl resin (1.96 mmol/g, 75 pumol) was
used for synthesis. Fmoc-alanine and benzaldehyde were used as submonomers. After loading first
Fmoc-alanine, load amount was determined as 0.56 mmol/g. Yield was 6.4 mg (27%). HRMS
(ESI-TOF MS) m/z: [M + H]" Calcd for Cs4HssN705" 892.5120; Found 892.5132.

NSA heteropentamer (7). 32 mg of trityl resin (1.96 mmol/g, 63 umol) was used for synthesis.
Fmoc-alanine, benzaldehyde, isobutylaldehyde and acetaldehyde were used as submonomers. After
loading first Fmoc-alanine, load amount was determined as 0.51 mmol/g. Yield was 6.2 mg (41%).

HRMS (ESI-TOF MS) m/z: [M + H]" Caled for C3sHssN7O5" 700.5120; Found 700.5120.

NSA heteropentamer (8). 40 mg of trityl resin (1.96 mmol/g, 78 umol) was used for synthesis.
Fmoc-alanine, acetaldehyde, isobutylaldehyde, cyclohexanecarboxaldehyde, n-butylaldehyde and
cyclopropanecarboxaldehyde were used as submonomers. After loading first Fmoc-alanine, load
amount was determined as 0.38 mmol/g. Yield was 4.9 mg (35%). HRMS (ESI-TOF MS) m/z: [M +
H]" Calcd for C40H74N705" 732.5746; Found 732.5742.

Crystallization. A lyophilized product of N-benzylalanine pentamer piperazineamide (6) was dis-
solved in a mixture of hexane and dichloromethane. The solution was left in a glass vial capped with

a plastic cap with small holes to let solvent slowly evaporate until crystals appeared in solution.

X-ray crystallography. A single crystal was mounted with mineral oil on a loop-type mount and set
on VariMax Dual (Rigaku). The X-ray diffraction data was measured at —180 °C using Mo Ka radia-
tion (A=0.7107 A). Data was processed using the CrystalClear software (Rigaku). The structure was
solved by a direct method using SHELXT*! and refined using SHELXL. The non-hydrogen atoms

were refined anisotropically. Hydrogen atoms were placed on ideal positions.

Molecular dyanamics simulations. MD simulations of the oligo-NSA, the oligo-NSG and the oli-
gomer of alternate NSA and NSG residues were performed using GROMACS 2018.14* with the
CHARMM36m force field and the CMAP correction*? and the TIP3P water model.** The force field
for the peptoid molecules was derived from the CGenFF.*> The initial structure of each simulation
was derived from the crystal structure of NSA and was solvated with TIP3P water in a rectangular
box such that the minimum distance to the edge of the box was 15 A under periodic boundary condi-
tions through the CHARMM-GUIL* Na and Cl ions were added to imitate a salt solution of concen-
tration 0.14 M. The system was energy-minimized for 10,000 steps and equilibrated with the NVT
ensemble (298 K) for 1 ns. Further simulations were performed with the NPT ensemble at 298 K for

500 ns. For each system, the simulation was repeated 5 times with different initial velocities (i.e. 2.5
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us in total for each peptoid). The time step was set to 2 fs throughout the simulations. A cutoff dis-
tance of 12 A was used for Coulomb and van der Waals interactions. Long-range electrostatic inter-
actions were evaluated by means of the particle mesh Ewald method.*® Covalent bonds involving
hydrogen atoms were constrained by the LINCS algorithm.*” A snapshot was saved every 10 ps. For

the analysis of each trajectory, we employed the last 400 ns.

NMR spectroscopic studies. NMR spectra of NSA pentamer 7 were recorded at 5 mM in D>O on a
JEOL ECS-400. 1H NMR and 13C NMR spectrum are shown in Figure S14 and Figure S16. COSY
spectrum was recorded with relaxation delay of 1.5 s and receiver gain of 42 (Figure S15). HMBC
spectrum was recorded with x points of 2048, y points of 2048, relaxation delay of 1.5 s and receiver
gain of 90 (Figure S17). NOESY spectrum was recorded with relaxation delay of 1.5 s, mixing time
of 0.8 s and receiver gain of 42 (Figure S18 and S19). Chemical shifts of IH NMR, HMBC, CO-
SY and NOESY spectrum are reported in p.p.m relative to solvent peaks as internal standards (oH,
H>0 4.79 ppm). Assignment of 1H NMR was assisted by COSY and HMBC spectrum. Sequential
assignment of main chain alpha protons was completed from their intra-residual and inter-residual
cross peaks with carbonyl carbon in HMBC spectrum. Sequential assignment of alpha protons on
N-substituents was completed from their inter-residual cross peaks with carbonyl carbon in HMBC
spectrum. All assignment was shown in Figure S14. The obtained cross peaks were interpreted
based on QM calculations of a model NSA dimer. More specifically, acetyl-N-ethylalanine dimer
dimethylamide with dihedral angles (y, ¢, v, ®) of (—100°, —120°, 90°, 180°) was systematically ro-
tated at the ¢ angle of C-terminal residue or y angle of N-terminal residue with 15° increment at a
time and optimized at the B3LYP/6-31G* level using a SCRF model with water as the solvent. The
distances between a or  protons and N, protons on each conformer were listed as tables on Figure
S20.

Circular dichroism studies. Solution of oligo-NSA was prepared by dissolving lyophilized com-
pounds in water or acetonitrile followed by diluting to the desired concentration solution in 10 mM
phosphate buffer or acetonitrile. CD spectra were acquired at 25 °C with a CD spectrometer (JASCO,
J-1500) using 1 mm path length quartz cell (JASCO, 209J). Data pitch was set to 0.1 mm. The scan-
ning speed was set to 100 nm/min and spectra were averaged from three scans. Spectral baseline was
recorded using 10 mM phosphate buffer or acetonitrile. All data points were baseline subtracted,

converted to a uniform scale of molar ellipticity per residue and plotted.
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