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ABSTRACT: Peptoid polymers are often crystalline in the
solid-state as examined by X-ray scattering, but thus far, there
has been no attempt to identify a common structural motif
among them. In order to probe the relationship between
molecular structure and crystal structure, we synthesized and
analyzed a series of crystalline peptoid copolymers, systemati-
cally varying peptoid side-chain length (S) and main-chain
length (). We also examined X-ray scattering data from 18
previously reported peptoid polymers. In all peptoids, we found
that the unit cell dimensions, 4, b, and ¢, are simple functions of
Sand N: a (A) = 4.55, b (A) = [2.98]N + 0.35, and ¢ (A) =
[1.86]S + S.5. These relationships, which apply to both bulk
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crystals and self-assembled nanosheets in water, indicate that the molecules adopt extended, planar conformations. Furthermore,
we performed molecular dynamics simulations (MD) of peptoid polymer lattices, which indicate that all backbone amides adopt
the cis conformation. This is a surprising conclusion, because previous studies on isolated molecules indicated an energetic
preference for the trans conformer. This study demonstrates that when packed into supramolecular lattices or crystals, peptoid
polymers prefer to adopt a regular, extended, all-cis secondary structure.

B INTRODUCTION

Poly N-substituted glycine materials (peptoids) have the
capacity for prolific diversity due to a large library of
monomers, synthetic sequence control, and monodispersity.' ~*
These properties make peptoids an ideal platform with which
to study the relationship between chemical structure and folded
or supramolecular structure.”® Additionally, peptoids are
nontoxic and can self-assemble in water, providing a useful
platform for biomimetic, foldamer, and nanoscale research.”®
Though peptoids are generally thought to be flexible in
solution,”'” many well-defined molecular structures have been
identified, typically from short oligomers. Ribbons,"" loops,"”
helices,"”'* and macrocycles'>'® have been observed in short
chains, all resulting from the deliberate introduction of
conformational constraints (e.g, sterically hindered mono-
mers). Higher molecular weight peptoid polymers (> 10mers)
are receiving increased attention,”” due to their convenient and
efficient synthesis,'” and a growing interest in the impact of
sequence-control on polymer properties."® Peptoid polymer
structure in the bulk phase has been probed by many
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investigators, but so far, there has been no consensus on
identifying any underlying common motifs to their structure or
packing interactions.

The unit cell dimensions of several crystalline peptoid
polymers in the bulk state (ie., without solvent) have been
previously reported. Rosales et al.'” and Lee et al.”’ have
studied the effect of side-chain length on unit cell dimensions in
peptoid homopolymers, and Sun et al.”"** have studied the
crystal structure of diblock copolypeptoids. Peptoid diblocks
with appropriate hydrophobic and hydrophilic domains have
also been shown to form crystalline nanosheets in aqueous
solution.”® These sheets have lengths and widths of at least
hundreds of nanometers and have thicknesses on the order of a
few nanometers, and are a useful platform for mimicking cell
membranes.”* Thus, far, there has been no complete attempt to
relate the crystal structure observed in these studies'”™>**° to
molecular structure. In particular, all of these studies present
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the peptoid backbones in the trans conformation without clear
evidence.

In order to systematically probe the relationship between
molecular structure and crystal structure, we synthesized a
series of peptoid block copolymers to explore the dependence
of unit cell dimensions on side-chain length (S) and backbone
main-chain length (N). We use small angle and wide-angle X-
ray scattering (SAXS and WAXS) to examine the lattice
dimensions, and molecular dynamics simulations on a
representative peptoid polymer to interpret the data at the
molecular level. Unexpectedly, we discovered a unifying
relationship between molecular structure and crystal structure
using S and N as the sole parameters. This relationship, which
applies to all of the known peptoid polymer crystals reported in
the literature,"”~>>** indicates the prevalence of the cis
backbone conformation in both peptoid bulk phases and in
certain supramolecular assemblies.

B RESULTS AND DISCUSSION

Peptoid polymers are thought to pack into extended
conformations in the bulk phase,zo’21 and their backbone
configuration and is most often depicted in a trans
conformation (Figure 1). We designed a set of acetylated
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Figure 1. Extended peptoid diblock copolymers, shown in an all trans
(left) and an all cis (right) configuration, with side chains R, and R,.
The main-chain length (N) listed in Table 1 is equal to n + m.

peptoid polymers based on a diblock family consisting of one
crystalline, hydrophobic block based on n-alkane side chains,
and a noncrystalline }?drophilic block consisting of ethyl-
eneoxy side chains.”"*® In this study, we varied N and S
independently as indicated in Table 1 (compounds 1—4). The
parameters g, b, and ¢ in Table 1 are the dimensions of the unit
cells determined by X-ray scattering. We borrow the crystal
dimension nomenclature (a, b, ¢) used previously.””*"*

Peptoids 1—4 were synthesized by the solid-phase
submonomer method™® and acetylated at their N termini.”’
The peptoids were purified by reverse phase high performance
liquid chromatography (HPLC) using a cyano column to >90%
molecular purity. The synthesis methods and analytical
characterization are described in detail in the SI. Small-angle
and wide-angle X-ray scattering (SAXS and WAXS) measure-
ments were performed at ALS beamline 7.3.3*" and at SSRL
beamline 1—35. An atomistic model of bulk Ac-Ndcy,-Nte, was
constructed using molecular dynamics (MD) simulations with
the CHARMM-based”' force field for peptoid backbones,
MFTOID.*

The modeling of peptoids is necessary to interpret their X-
ray scattering data in the context of a specific molecular
conformation. To our knowledge, there is no extended cis
backbone conformation model with which to interpret bulk
phase peptoid polymer scattering in the literature. We therefore
performed two MD simulations of periodic boxes consisting of
288 molecules of compound 1 (Ac-Ndcy-Nte,), one simulation
starting from a cis and one starting from a trans backbone
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conformation. The cis backbone starting conformation was
similar to that of the omega strand, which has been
experimentally observed in constrained peptoid trimers,” and
the trans backbone starting configuration was similar to that of
the sigma strand, which is a computational model of a peptoid
28mer within a supramolecular nanosheet assembly.’* Of the
four peptoids we synthesized, we chose to model peptoid 1
because it had been previously reported to form crystalline
assemblies.”® The simulations were run for about 120 ns in an
isothermal—isobaric (NPT) ensemble at 298 K and 1 atm
pressure where all three orthogonal box dimensions were
allowed to fluctuate independently (details in SI).

Typical molecular conformations obtained at the end of the
simulation for the cis and trans backbone assemblies are shown
in Figure 2. We show three views: one perpendicular to the
backbone, one along the backbone, and one at a nonorthogonal
angle to the backbone. We additionally show finer backbone
structure with characteristic distances; the red arrows display
the backbone width, and the black arrows display the length of
two peptoid monomers along the backbone direction. It is
evident that in both simulations, the relaxed molecules remain
extended, and roughly planar. They appear to be confined to a
board-like box as depicted in Figure 2. As expected, the trans
conformation is more extended along the backbone direction
than the cis conformation. The Nte block exhibits more
disorder than the Ndc block. This is clearer in the case of the
trans backbone; compare views along the backbone in Figure 2.

It is clear that the simulations starting from the cis and trans
conformation initial conditions do not relax to the same
equilibrium configuration. We posit that this is due to the
infrequency of cis—trans isomerization in our simulation, which
has slow kinetics compared to simulation time.””*> We
estimated the absolute Gibbs free energies of the bulk phase
of the Ac-Ndcy-Ntey in cis and trans backbone conformations
using the two-phase thermodynamics (2PT) method.”*™**
With this method, one can calculate equilibrium thermody-
namic properties of condensed phases from relatively short MD
trajectories without thermodynamic integration. The entropic
contribution to the free energy is estimated by using the power
spectrum, ie., the vibrational density of states.”® Our
calculations (details in SI) show that the Gibbs free energy of
the relaxed cis backbone conformation is lower than that of the
trans backbone conformation: the difference is approximately
158 kJ/mol peptoid (8.8 kJ/mol per monomer), suggesting that
the relaxed cis backbone conformation is closer to the global
free energy minimum.

We used SAXS and WAXS to determine the unit cell
dimensions for peptoids 1 through 4. Figure 3A shows SAXS
intensity versus magnitude of the scattering vector, g. For Ac-
Ndcy-Nte,, we see two peaks q = 0.120 and q = 0.255 A7),
corresponding to spatial dimensions (2 7/q) of 52.3 and 24.6
A, respectively. These dimensions are very close to the b
dimension of 51.9 A and ¢ dimension of 24.6 A calculated from
the cis backbone simulation, and less consistent with the b
dimension of 57.4 A and ¢ dimension of 19.6 A calculated from
the trans backbone simulation. We therefore label these
scattering peaks in Figure 3A as b (010) and ¢ (001) in
accordance to the cis backbone model. The values for N and S
for Ac-Ndcy-Ntey are 18 and 10. For each polymer in Figure
3A, N and S are labeled, and the ¢ peak shifts to lower g with
increasing S, whereas the b peak shifts to lower g with
increasing N. These observations are consistent with the
molecular model displayed in Figure 2. It appears from this data
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Table 1. Compiled Peptoids, Their Chemistry, and Dimensions from X-ray Scattering Data

Polymer Side chain 1 | Sidechain2, [N |S |a(A) | b(A) | c(A) | Author
Nomenclature | (R)) if diblock (R»
1 Ac-Ndco-Nte, | 23 by 18 |10 [ 464 |523 |24.6 | Thiswork
2 Ac-Ndco-Ntes | 2 (3 AN 14 |10 | 463 | 41.8 |24.6 | Thiswork
3 Ac-Ndco-Nteys | 2 Jg g 24 |10 | 4.63 | 66.4 |24.6 | Thiswork
4 Ac-Nhpy-Ndey | 2z sy, 18 |7 [463 [51.8 |186 | Thiswork
5 Niag s 6 4 |-° 204 | 14.6 | Rosales”
6 Nia, s e 15 |4 460 [455 |14.6 | Rosales”
7 Nbus vy 15 |4 [453 |444° | 134 | Rosales”
8 Nhx;s =T 15 |6 [456 |- - Rosales"
9 Noc;s 7 15 |8 [456 |506° |17.8 | Rosales”
10 | Npes s A) 15 |6 |45 488 | 17.0 | Rosales”
11 | c-Nbupy® A 120 |4 | -© 4 13 Lee®
12 | c-Nhxo,® U 72 |6 |- g 16 Lee”
13 | c-Nocgs? BT 88 |8 |46 g 20 Lee™
14 | c-Ndcys;° P UH 133 [ 10 | 45 g 24 Lee®
15 | c-Nddes3° BN o 133 | 12 | 45 g 27 Lee®
16 | c-Nttdes 2, 30 |14 | 44 A 33 Lee”
17 | Ndcy-Ntey, 25 by, 36 |10 | 45 104 25 Sun?!
18 | Ndcj,-Ntey, 25 gy 33 (10 | 45 99 25 Sun?!
19 | Ndeg-Nteyg AT oy 36 [ 10 |45 108 |25 Sun”'
20 | Ndcos-Ntey, 2 Ns b 36 |10 | 45 113 25 Sun?!
21 | NCIPes-Neces | A ) oS 12 |7 [45 33 18 Jin™
22 | Neeg-NCIPes | . 1, Ao 12 |7 |45 35 18 Jin®

“The presence of many peaks in the vicinity occluded a precise a determination

. PThese values came from WAXS peaks very near the beamstop,

limiting their accuracy; these points are not included in Figure 4 or linear regression fits. “These values were not included due to the reported
concern about “an effect of the thermal history of the sample”. “These samples were polymerized homogeneously in solution as a cyclic polymer;
their b cannot be measured because of the polydispersity and cyclic nature. “The peak corresponding to a coincides with a peak corresponding to a
higher order of ¢, and cannot be deconvoluted without additional fitting.

(A) trans-backbone peptoid molecule

(8)

cis-backbone peptoid molecule

Figure 2. Relaxed molecular conformations cis and trans backbones are displayed. Each molecule is a representative taken from a 288-molecule MD
simulation and is shown from three angles. The backbone in each conformation is displayed in higher detail, and the approximate width (red) and
twice monomeric length (black) is given.
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Figure 3. X-ray scattering measurements for compounds 1—4 (Table
1), plotted as intensity in arbitrary units vs scattering vector g. The
traces are offset vertically for clarity. (A) In the small angle regime, the
peaks corresponding to the b and ¢ dimensions can be seen. (B) In the
wide angle regime, the peaks corresponding to the a spacing can be
seen, along with some higher order reflections. (C) The high-q data
and fit for Ac-Ndcy-Ntey, with the peaks indexed and their g positions
labeled. The fit is plotted in blue on top of the data, and the
background fit is shown in green.

that the b dimension is independent of S, and the ¢ dimension
is independent of N. Figure 3B shows WAXS intensity versus
magnitude of the scattering vector, gq. For Ac-Ndcy-Ntey
(peptoid 1), we see a peak at ¢ = 1.35 A™', corresponding to
spatial dimensions of 4.63 A. This dimension is very close to
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the a dimension of 4.6 A obtained from the cis backbone
simulation, as opposed to the a dimension of 4.7 A obtained
from the trans backbone simulation. We therefore label this
scattering peak in Figure 3A as a (100). The WAXS profiles
from peptoids 2—4 (Figure 3B) also contain a peak at the same
g. It is evident that a is independent of both N and S, as
suggested from the molecular model displayed in Figure 2B.
The 4, b, and ¢ spacings for these four polymers are listed in
Table 1, and were calculated by fitting Gaussian functions to
the peaks.

We further identified the higher order peaks present in the
WAXS data in Figure 3B, which inform the relationship
between a and c. Figure 3C displays the higher order reflections
for Ac-Ndcy-Ntey. The peaks found in this regime are due to
reflections from the (100), (101), (102), and (103) planes,
assuming an angle of 93.6° between a and ¢ directions. A
visualization of these crystal planes is provided in Figure S3.
The curve in Figure 3C is a fit through the experimental data
with the higher order peak locations at g values specified by
using the a and ¢ dimensions given in Table 1 and an angle of
93.6 degrees between these dimensions. In Figure 2, we have
neglected the difference between 93.6° and 90°. The same
fitting procedure was used to analyze the WAXS data from the
other three peptoids in Figure 4B. The angles between a and ¢
for the other Ndc-containing polymers (S = 10) were
approximately 93.6 as well, and angle between a and ¢ for
Ac-Nhpy-Nde, (S = 7) was 96.1°. We posit that these small
deviations from orthogonality relieve intermolecular steric
repulsions between side-chain —CHj; groups adjacent in the ¢
direction (Figure S3). Higher order reflections corresponding
to the ¢ direction, (003) and (005) are also seen in the WAXS
data. With all the WAXS peaks accounted for, it is notable that
no peaks were observed which could be assigned to other
aspects of the crystalline structure such as side chain
crystallinity. We posit that coherent scattering from the unit
cell overwhelms other contributions. Taken together, this data
indicate that the chains adopt a board-like planar shape with an
all-cis backbone conformation, and are packed in lattices with
main chains parallel to one another in the g and ¢ dimensions.

In order to explore the generality of this molecular
conformation and chain packing motif, we examined 18
additional crystalline polymers previously reported in the
literature. We found four other studies that reported X-ray
scattering from crystalline peptoid polymers (peptoids 5—22,
Table 1). In this set, there are 12 homopolymers with
hydrocarbon side chains, and 10 diblock copolymers with a
hydrophilic block and a crystalline hydrophobic block. Taken
together, these polymers cover a wide range of backbone and
side-chain lengths: N varies from 6 to 133, whereas S varies
from 4 to 14. We pooled lattice dimensions taken from X-ray
scattering data for all 22 compounds in Figure 4, wherein the
relationship between the g, b, and ¢ dimensions and N and S are
examined. The relationships between molecular structure and
crystal structure found in our study of peptoids 1—4 appear to
be universal to all known peptoid polymer crystals.

We first explored the a dimension of all peptoid polymers
plotted as a function of side chain length, S (Figure 4A). The a
dimension is not dependent on S or N. The mean value of a is
4.55 + 0.02 A. The origin of the WAXS peaks in peptoid
polymers is the subject of some controversy. Sun et al.”" and Jin
et al*® ascribed the (100) peak to the distance between
adjacent backbones, consistent with the interpretation
presented in this paper. However, Lee et al.”® have ascribed
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Figure 4. Collection of 4, b, and ¢ dimensions taken from the
scattering data listed in Table 1. (A) The a dimension of peptoid
polymers is always seen around 4.6 A regardless of the side chain,
arranged here by S. (B) The b spacing increases linearly with N. (C)
The ¢ spacing increases linearly with S and has an intercept of 5.5 A. In
all plots, the calculated trend for the trans conformation is displayed as
a dashed red line for reference. The linear fits (solid black line) in all
plots are consistent with the cis conformation but not the trans
conformation.

this peak to side-chain crystallization without specifying a
particular plane, whereas Rosales et al.'” assume a hexagonal
crystal and assign the WAXS peak corresponding to the spatial
dimension of about 4.6 A to reflections from the (300) planes.
Neither Lee et al.”” nor Rosales et al.'” were able to explain the
presence of all the observed WAXS peaks. To our knowledge,
the unit cell proposed in this study is the only interpretation
that is consistent with all the observed WAXS peaks for all S
and N (see Figure 3B,C). Therefore, when compiling data for
Table 1, the lowest g peak in the WAXS regime that cannot be
attributed to higher order reflections of b and ¢ dimensions
gives the a dimension. We used our simulations of peptoid 1
(Figure 2) to calculate the expected a dimension for cis and
trans backbone conformations. This calculation was performed
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by measuring distances between nitrogen atoms on molecules
adjacent in the a direction. These a dimensions are 4.6 A for
the cis backbone and 4.7 A for the trans backbone, which are
close but readily distinguishable. In an important study,
Mannige et al.** performed MD simulations and calculated
an a dimension of 4.7 A in trans backbone peptoids. The a
dimension of the polymers in Table 1 is more consistent with
cis backbone models than trans backbone models.

We next examined the b dimension of the peptoids polymers
as a function of main chain length, N (Figure 4B). It is evident
from the scattering data that b is a linear function of N. The
linear fit through these data gives b (A) = [2.98 + 0.08]N +
[0.35 + 1.70], r* = 0.99. The b dimension is proportional to
backbone length and independent of side-chain length. One can
also calculate the relationship between b and N using a
molecular model. In our cis simulation, we found the distance
between adjacent monomers on the same side of the backbone
to be 5.7 A (see Figure 2B), which corresponds to b being a
linear function of 2.9 A per monomer. In contrast, Mannige et
al.** reported this value to be 3.5 A per monomer in an all-trans
model of an extended peptoid. The dotted line in Figure 4B
shows the expected b versus N relationship if this were true.
The measured slope of 2.98 A per monomer in Figure 4B is
consistent with the peptoid cis conformation, and not in the
trans conformation. The value of the linear fit at N = 18 is 54.0
A, which is consistent with the dimension of 51.9 A calculated
from our cis backbone simulation and not consistent with the
dimension of 57.4 A calculated from our trans backbone
simulation.

Finally, we examined the ¢ dimension of the peptoid
polymers as a function of the side-chain length, S (Figure
4C). The side-chain length, S, is defined as the number of non-
hydrogen atoms contained in an equivalent linear side chain. In
side chains that are branched, we exclude the redundant
branches, and in side chains containing a phenyl group, the
redundant ortho and meta carbon are not counted. The ¢
spacing increases linearly with side-chain length and the fit gives
¢ (A) = [1.86 + 0.10]S + [5.5 + 0.8], * = 0.97. It is evident that
¢ is independent of N. Note that the intercept of the fit is 5.5 A.
This length represents the ¢ dimension of a hypothetical
peptoid crystal as the side-chain length approaches zero. One
can readily estimate the expected intercept from a molecular
model. As shown in Figure 2, these intercepts are 4.4 A for cis
and 3.5 A for trans backbones. For both cases, these values are
calculated by projecting the polymer into the plane normal to a
and calculating the distance between an a carbon side-chain
atom and the line connecting the two @ carbon side-chain
atoms on the opposite side of the backbone (see red arrows in
Figure 2). The simulations also enable determination of the ¢
dimension for S = 10 (box size in Figure 2): ¢ = 24.6 A for the
cis backbones and ¢ = 19.6 A for the trans backbones. Assuming
a linear relationship between ¢ and S, the simulations predict
the slope of this relationship to 2.02 A for cis and 1.61 A for
trans. The dotted line in Figure 4C shows the expected
relationship for trans backbones. The measured slopes and
intercepts, 1.86 and 5.5 A, are much closer to those obtained
from the cis simulations.

The peptoid diblock copolymers 1—4 and 17-22 all self-
assemble to form crystalline nanosheets in water. We used
WAXS to examine the nanosheet form of compound 1 and
compared it to its structure in the bulk phase to reveal the
structural similarities (Figure S). WAXS traces were obtained
from a 6 mg/mL aqueous solution of Ac-Ndcy-Ntey as well as
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Figure S. WAXS scattering of Ac-Ndcy-Ntey in bulk, as aqueous
nanosheets with a subtraction for water, and as dried nanosheets.
Traces are offset vertically for clarity and peaks are labeled. Inset is of
aqueous sheets at high g. Peak locations and indexing are consistent
among samples.

from dried nanosheets and from a bulk sample. The peak
locations in all three samples are identical. Therefore, our
conclusion regarding the prevalence of the extended, all-cis
conformation applies to both bulk crystals and aqueous diblock
nanosheets. In addition, the dependence of 4, b, and ¢ on S and
N given above also applies to these diblock nanosheets.

B CONCLUSION

We present a universal relationship between the molecular
structure and crystal structure of peptoid homopolymers and
diblock copolymers. Our conclusions are based on X-ray
scattering and molecular dynamics simulations. The crystal
dimensions are simple linear functions of main-chain length N

and side-chain length S:
a (A) = 4.55 + 0.02
b (A) = [2.98 + 0.08]N + [0.35 + 1.70]
¢ (A) = [1.86 + 0.10]S + [5.5 + 0.8]

These relationships, which apply to all 22 known crystalline
peptoid polymers, indicate the prevalence of the cis backbone
conformation, despite numerous previous studies which either
implicitlg or explicitly assumed a trans peptoid back-
bone.'7*¥*>?73%%% These relationships reveal a common,
extended backbone conformation that display the side chains
in an apposed geometry, creating a planar, board-like shape.
Furthermore, in both the bulk phase and in aqueous
nanosheets, these polymers pack together with their backbones
in close contact and alignment with one another. This suggests
that the all-cis peptoid backbone itself is capable of forming
multiple weak interchain attractive interactions, likely the result
of CH-O hydrogen bonding*>*' or amide dipole interac-
tions.”” This new structural motif can be used to design broad
classes of assemblies which have specific unit cell sizes,
functional group densities, or nanosheet thicknesses, based
upon a specific backbone conformation and packing preference.
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