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Abstract:

Amphiphilic molecules that can crystallize often form molecularly thin nanosheets in
aqueous solutions. The possibility of atomic-scale corrugations in these structures has not yet
been recognized. We have studied the self-assembly of amphiphilic polypeptoids, a family of
bio-inspired polymers that can self-assemble into various crystalline nanostructures. Atomic-
scale structure of the crystals in these systems has been inferred using both X-ray diffraction and
electron microscopy. Here we use cryogenic electron microscopy to determine the in-plane and
out-of-plane structures of a crystalline nanosheet. Data were collected as a function of tilt angle
and analyzed using a hybrid single-particle crystallographic approach. The analysis reveals that
adjacent rows of peptoid chains, which are separated by 4.5 A in the plane of the nanosheet, are
offset by 6 A in the direction perpendicular to the plane of the nanosheet. These atomic-scale
corrugations lead to a doubling of the unit cell dimension from 4.5 to 9 A. Our work provides an
alternative interpretation for the observed A X-ray diffraction peak often reported in polypeptoid

crystals.



Amphiphilic diblock copolymers comprising amorphous and crystalline blocks form a
variety of “core-shell” morphologies in solvents that dissolve the amorphous block''’. The

crystalline cores are often planar due to the fact that this geometry is commensurate with the

1,2, 11-14

underlying unit cells . The question we seek to answer is how the peptoids interact with

one another in the lattice and to understand their molecular conformation on the atomic scale.
Polypeptoids are a family of bio-inspired polymers which comprise a similar N-substituted
glycine backbone. Diblock copolypeptoids (in a wide range of molecular weight) with a
hydrophilic amorphous block and a crystalline hydrophobic block from nanosheets when
dissolved in water'>*%. These crystalline nanosheets are ideally suited for atomic-scale cryogenic
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electron microscopy The molecular shape and rough packing geometry of the crystal

structure has been revealed by these experiments but the atomic details are absent. The
polypeptoid backbone adopts an all-cis configuration®> ? 2, The absence of folded-chain
crystals in lower MW nanosheets (<6 kDa) is due to the fact that the chain lengths are
sufficiently short. The hydrophobic side chains emanate from an extended backbone on both

sides to form a V-shaped crystalline motif. Adjacent rows of polypeptoid molecules adopt either

2!

anti-parallel V-shaped or parallel V-shaped side chain conformations *, depending on the

chemical structure of the hydrophobic side chains and processing conditions®” %, This structural
information obtained thus far is based on through-plane electron micrographs coupled with

atomistic molecular dynamics simulations. Complementary information (not on the atomic

19-22, 29, 30 19, 20

scale) can be obtained from from X-ray diffraction , neutron scattering , and atomic

) 21,29, 30

force microscopy (AFM . These polypeptoids often form planar crystals with thicknesses

in the range of nanometers thick and lateral dimensions in the range of micrometers. In addition,



crystalline polypeptoid nanosheets contain numerous defects, including poorly ordered domains
and grain boundaries®'. The through-plane cryogenic transmission electron microscopy (cryo-
TEM) experiments thus far have only resolved atomic structure in two-dimensions (2D) within
the nanosheet plane®- %" %3132,

Electron crystallography, which is a well-established 3D reconstruction method for
radiation sensitive materials, e.g. proteins, polymers, and coordination frameworks, comprises
either aligning the Bragg reflections in low-dose cryo-TEM electron diffraction patterns or
images obtained from ultra-thin planar crystals oriented at different tilt angles relative to the
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incident electron beam These approaches have been used to resolve the 3D structures of

34, 37, 39-44 33, 35, 45-47

several systems including membrane proteins and polymer single crystals using
XDS*®, MRC¥, or 2dx software packages™. Nevertheless, the averaged structural information
can lead to ambiguity if the planar crystals are heterogeneous — projections of tilted samples may
contain superpositions of fundamentally different crystalline motifs, especially at large tilt
angles. More recently, a hybrid processing method that combines electron crystallography and
single particle analysis (SPA) has been developed’" 2. In this approach, electron crystallography
is used to obtain a approximation of the 3D structure of planar crystals. Sophisticated refinement
algorithms in SPA software packages, such as Frealign® or Relion **, are then used to refine and
realign the local tilt geometry of unit cells to improve the spatial resolution of 3D structures.
Constraints on the flatness of the crystals that reside on a supporting grid become thus far more
stringent when images are collected from tilted samples compared to through-plane imaging. In
through-plane images, data from flat portions of the sample can readily be sorted and averaged,

reducing the effect of data from crinkled sections. In tilted samples, however, the spatial

resolution of lattice structure and the local tilt geometries obtained from flat samples can easily



be affected by crinkles®™. In order to overcome the crinkling, we applied the ultra-flat supporting
grid*?, which reduces crinkles significantly, to collect data from tilted specimens. -

While the XRD measurements have been frequently used to investigate the internal
ordered structure of nanosheets by comparing the fingerprint peaks with atomic models
generated by DFT or MD simulations, the assignments of some structural features are still under
debate **> %, To directly reveal the structural information, which is buried in the direction
parallel with the incident electron beam, in the nanosheet, images must be collected from tilted
nanosheets and merged to reconstruct the 3D density map of the crystal lattice.

In this work, crystallization-driven self-assembled nanosheets were obtained by
dissolving diblock polypeptoids in a mixture of solvents (THF and water) and then removing the
more volatile solvent (THF) by slow evaporation. The hydrophilic blocks are exposed to water
and the hydrophobic blocks, which have Br atoms in the para position of the phenyl group, form
the crystalline core of planar sheets. We determine the structure of the polypeptoid nanosheets
using hybrid electron crystallography. High-resolution cryo-TEM images are obtained from
vitrified nanosheets at different tilting angles. The electron density maps of tilted nanosheets
indicate the presence of structures that were not observable in the non-titled nanosheets. The
analysis reveals that adjacent rows of peptoid chains, which are separated by 4.5 A in the plane

of the nanosheet, are offset by 6 A in the direction perpendicular to the plane of the nanosheet.

The chemical structure of the amphiphilic peptoid used in this study, Nte,-b-N4Brpes, is shown
in Figure 1A. It comprises a hydrophilic N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine block

(Nte) and a hydrophobic N-2-phenylethylglycine (N4Brpe) block bearing bromine atoms as para



substituents on the aromatic rings. The N4Brpesblock forms the crystalline nanosheet, which is

stabilized in water by hydrophilic Nte, blocks. An image of the nanosheet with both

Figure 1. A The chemical structures of Nte,-b-N4Brpes, B. A schematic shows the structures of
crystallization-driven self-assembled polypeptoid nanosheets. The hydrophilic blocks are shown
in blue, and the hydrophobic blocks are shown in green. C. A TEM micrograph obtained from

dry specimen shows the morphology of the self-assembled Nte,-b-N4Brpes nanosheets.



blocks, based on molecular dynamics simulation® validated by XRD, AFM, and 2D cryo-TEM
is shown in Figure 1B. Figure 1C shows a low-resolution electron micrograph of dry Nte,-b-
N4Brpes, which reveals the overall shape of the nanosheets. The projection plane of the
nanosheets, which reside on a carbon-supporting film, is indicated in Figure 1B.

Figure 2A shows a typical high-resolution low-dose cryo-TEM micrograph obtained from
the vitrified Nte,-b-N4Brpes nanosheet (top), and the corresponding Fourier transform filtered
image (bottom, one-pixel diameter filter was applied to reflections). The dark vertical lines in
the bottom image represent the end view of electron dense backbones of the N4Brpes blocks
arranged in rows. The spacing between two rows is 18 A along the ¢ direction, see Figure 1 for
definitions of a, b, and c axes. Figure 2B shows the power spectrum of the micrograph in Figure
2A. In addition to the ¢ spacing at 18 A, a strong row of reflections corresponding to a spacing
of 4.5 A, are seen. The spacing gives the distance between two adjacent backbones. An atomic-
scale electron density map of the Nte,-b-N4Brpes nanosheet is shown in Figure 2C. The map is
obtained by averaging the amplitude and phase of all reflections in the Figure 2B (see SI for
details). The contrast of electron dense regions is inverted as compared to the images in Figure
2A. The bright areas represent electron dense regions in the nanosheet. The electron density
map of the Nte,-b-N4Brpes nanosheet reveals that polypeptoid chains are oriented perpendicular
to the plane of the nanosheet, as evidenced by the chevron-shaped end view of the glycine
backbones, which adopt an all-cis conformation, in polypeptoids. The less dense arms, which
emanate from the backbone, represent the side view of aromatic rings at the side chains in
polypeptoids. The first two white spheres in these arms represent the side view of carbon atoms
on aromatic rings. The third white sphere is the projection view of bromine atoms in a column.

The whole crystal structure exhibits an anti-parallel V-shape arrangement of the molecule. It is



noteworthy that the electron density map, Figure 2C, was generated by using the electron
crystallographic method to analyze one micrograph obtained from a non-tilted nanosheet. The
shape of the backbone and the position of
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Figure 2. Structures of the self-assembled nanosheets revealed by cryo-TEM 2D images from
non-tilted (A-C) and 30° tilted (D-F) specimens. A. A section of a low-dose cryo-EM
micrograph of a vitrified hydrated Nte,-b-N4Brpes nanosheet (top) and Fourier filtered image of
the micrograph (bottom) nanosheet obtained from untilted specimen. The inset image in white
box shows the enlarged region of the Fourier filtered image. A mask with one-pixel diameter was

applied at each reflection. B. The FFT of the low-dose cryo-EM micrograph in A showing



reflections and Thon rings due to the thin carbon support. The reflections at 4.5 A represent the
spacing between two adjacent N4Brpes backbones in a row (a direction) as indicated by the
arrow. The dashed circle indicates the reflection corresponding to 18 A, which is the spacing
between adjacent rows of N4Brpes backbones (c direction). Resolution rings are shown in yellow
dashed circles at 18 A, 6 A, and 4 A, from the center. C. A projected electrostatic potential map
was obtained by averaging the phase and amplitude information of all reflections in the
micrograph. The corresponding spacings in B are indicated by dashed arrows. The mirror plane
and the two-fold screw axis of the crystal symmetry, pmg, are shown in dark arrows. D-F,
Analogous to figures A-C for a vitrified hydrated Nte,-b-N4Brpes nanosheet obtained from a 30°
tilted specimen. Figures 2C and 2F show two unit cells along the a and one unit cell along the ¢

directions, respectively.

atoms in side chains are more clear as compared to the image obtained by the method based on
sorting and averaging about 100,000 box-shaped micrographs®.

The lattice symmetry of crystalline Nte,-b-N4Brpes nanosheets exhibits a pmg planar
symmetry in non-tilted cystals. Forbidden symmetries in the crystal motif lead to the absence of
reflections at h=0 and k=o0dd, such as (0,1) and (0,3) in Figure 2B. The unit cell dimension in the
plane is 4.5 x 36 A, and it includes two molecules in a cell along the a and ¢ directions in the
non-tilted nanosheets. The mirror plane and screw axis are indicated by arrows in Figure 2C.
Reflections corresponding to the forbidden symmetries are not detectable in the conventional

XRD measurement 2" > % but they can be directly observed by direct imaging.



In order to obtain the 3D structure of nanosheets, more images were collected from
nanosheets tilted at selected angles (15°, 30°, 45°, and 60°). Each nanosheet was only imaged one
time. One of the images collected at 30° is shown in Figure 2D. Images obtained at other tile
angles are given in Figures S2 to S6. Interestingly, rows of reflections at 9 A appear in the
power spectrum of the tilted nanosheet as shown in Figure 2E. It is a unique feature that is not
observed in the untilted crystal (Figure 2B). More importantly, it is close to a prominent peak
frequently seen in the XRD measurements of crystallized polypeptoids that are similar to
N4Brpes (containing side chains with halogen-substituted aromatic rings)*" *> . Different
researchers have proposed different explanations for the presence of a peak in the vicinity of 9 A.
Zhao et al. carried out all-atom MD simulations of the diblock copolypeptoid, which contains the
same crystalline hydrophobic block as the one in this work®. The sharp peak that appears at 9.1
A in the experimental XRD was attributed by Zhao et al. to the second order of the distance (18.2
A) between neighboring columns in the ¢ direction. However, the simulated XRD, which was
generated using the atomic models obtained from MD simulations, shows a much weaker peak at
the same spacing. Hammons et al. reported the in situ XRD and MD simulations in the early
stages of assembly of crystalline polypeptoid nanosheets, which contain different halogenated
aromatic rings in hydrophobic blocks?. They concluded that the peak at 9 A was not a harmonic
peak from the spacing between two adjacent backbones in a row, 4.5 A, along the a direction. It
was attributed to the presence of herringbone packing of side chains in the a direction, which in
fact resulted in the doubled unit cell dimension along the a direction.

In addition to the sharp reflections described above, more diffuse reflections are observed
at the high spatial frequency in Figure 2E; such a reflection at 2.5 A is indicated in the Figure.

Figure 2F shows the electrostatic potential map generated based on the image in Figure 2D.



While the alternating white and dark stripes are apparent, it is difficult to interpret the map due to
the lack of dominant features related to the atomic structure of N4Brpe¢ (e.g., aromatic rings in
side chains). The images and FFTs were rotated to align the reflections for clarity. The
canonical image quality (IQ) plots of the images in Figure 2C and 2F are shown in Figure S1.

To explore the molecular arrangement in the crystal, a 3D electrostatic potential map of
Nte,-b-N4Brpes nanosheet was obtained by using a hybrid electron crystallographic processing
method.” (See experimental section, Table S1, Figures S7 to S13 in SI for details.). This
approach utilizes images obtained at all of the tilt angles. Selected slices through the 3D
reconstruction are shown in the top row of Figure 3. In order to interpret these images, different
views of an atomic model, which exhibits the molecular arrangement with an offset along the b
direction, are shown directly below. It is noteworthy the resolution is anisotropic because of the
limited tilting angles of crystals in 3D reconstruction. The resolution is higher in the a-c plan but

lower in the a-b and b-c plans (Figure S12).



Figure 3. 3D reconstructed map of the Nte,-b-N4Brpes nanosheets. Electron dense regions are
shown in bright, and the slice thickness is 2.8 A. A. The slice view of the a-c plane. Green and
blue arrows indicate the position of two backbones of peptoid molecules. B. the slice views of a
a-b plane. The adjacent backbones indicated in A are shown correspondingly. A 6 A offset is
clearly observed between two backbones along the b direction, which is close to the length of
two monomers. C. The slice view of the b-c¢ plane. The same molecule in A and B is indicated
by a green arrow. Backbones are shown in grey, and side chains are shown in green and blue in
the atomic model, respectively, according the alternative spatial arrangement in a row. D. The
view of a a-c plane in the atomic model. E. The view of a a-b plane shows the presence of a 6

A offset. F. The view of a b-¢ plane shows two molecules in adjacent rows.



each slice in 3D reconstruction. A slice in the plane of the crystal, the a-c plane, is pictured in
Figure 3A and the corresponding view in the atomic model is shown in Figure 3D. It shows the
expected anti-parallel V-shaped motif. In this view, there is no difference between the two
neighboring polypeptoid blocks along the a direction. For clarification, we show green and blue
arrows to indicate the adjacent molecules in a unit cell along the a direction. Figures 3B and 3E
show the cross-sectional slice in the a-b plane at the row indicated by the blue and green arrows,
respectively. The bright "rod-like” domains represent the glycine backbones of the N4Brpes
polypeptoid blocks. It is clear that the chains at the blue arrow are displaced by about 6 A
relative to the chains at the green arrow along the b direction. This distance equals the length of
two monomers. The b-c planes at the green arrow position are shown in Figures 3C and 3F. The
adjacent molecules in two rows exhibit no offset along the b direction. The glycine backbones
have the bright “sausage-like” morphology. The 9 A XRD peak arises due to this displacement
of adjacent backbones along the b direction, which results in the change of a unit cell from 4.5 A
x36Atoa supercell with the dimension at 9 Ax36A (Figure S10).

The visualized surface of backbones of N4Brpes blocks overlaid with a summed slice (4
slices thick) of the corresponding slices is shown in Figure 4A. To validate the quality of the 3D
reconstruction, the atomic model was fitted into the 3D map using UCSF Chimera *°. Figure 4B
shows the atomic model fitted into the electrostatic potential map of a unit cell in the a-c plane.
Both backbones and side chains are reasonably fitted in to the electron dense regions except the
bromine substituents at the para positions of aromatic rings. Figure 4C shows the atomic model
fitted into the electrostatic potential map in the b-c plane. Some of the aromatic rings in the side

chains fit within the electron dense regions. However, the aromatic rings in the bottom of the left



row and those in the top of the right row do not fit into the electron dense regions. We posit that

this inconsistency

Figure 4. A. Visualized surface of backbones of N4Brpe6 blocks overlaid with one of the
corresponding slices. B. The fitting map of visualized mesh surface of N4Brpe6 blocks and the

atomic models in a-c plane. C. The same map rotated 90 degrees to show the b-c plane. The



surfaced volume of the reconstructions is shown in yellow. The atomic model of N4Brpe6 bloc
is shown in green and blue to follow the same manner. The threshold level is set to 0.02 to show
backbones in A and 0.0055 to show both backbones and side chains in B and C. The range of
threshold is from -1 x ¢ to 1 x ¢*° in the reconstructed map with 32-bit grayscale. Stick atomic

models are shown for clarity.

arises due to the limited tilt angles used in this study, and that improving the resolution will
resolve these discrepancies. In spite of these limitations, the 3D data in Figure 4 provide
important information about the polypeptoid nanosheets that was not evident in the through

plane images.

The spatial arrangement of the polypeptoid molecules in self-assembled crystalline
nanosheets was studied using cryo-electron crystallography as a function of tilt angle. In the
non-tilted specimens (zero tilt angle), the electrostatic potential map revealed the lattice
symmetry of the unit cell, which has a two-fold screw axis along the c¢ direction and a mirror
plane along the a direction, with the dimension at 4.5 A x 36 A. The correct unit cell dimension
is, however, not revealed in the images of the non-tilted specimens. In the tilted specimens, aa
additional row of 9 A reflections was observed. 3D reconstruction of nanosheets carried out
using a hybrid electron crystallographic method indicates these reflections arise due to
displacement of the N4Brpes polypeptoid backbones along the b direction, giving rise 9 Ax36A
supercell. This study shows how structural information that is "buried” in 2D images can be

revealed by 3-D cryogenic electron microscopy. The molecular underpinnings of the corrugated



nature of the crystalline nanosheets formed by halogenated polypeptoids remain to be
established.
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