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ABSTRACT

The rigid geometry and tunable chemistry of D,L-cyclic peptides makes them an intriguing
building-block for the rational design of nano- and microscale hierarchically structured
materials. Herein, we utilize a combination of electron microscopy, nanomechanical
characterization including depth sensing-based bending experiments, and molecular modeling
methods to obtain the structural and mechanical characteristics of cyclo-[(Gln-D-Leu)4]
(QL4) assemblies. QL4 monomers assemble to form large, rod-like structures with diameters
up to 2 um and lengths of 10s to 100s of um. Image analysis suggests that large assemblies
are hierarchically organized from individual tubes that undergo bundling to form larger
structures. With an elastic modulus of 11.3 +£3.3 GPa, hardness of 387 + 136 MPa and
strength (bending) of 98 + 19 MPa the peptide crystals are among the most robust known
proteinaceous micro- and nano-fibers. The measured bending modulus of micron-scale fibrils
(10.5 £ 0.9 GPa) is in the same range as the Young’s modulus measured by nanoindentation
indicating that the robust nanoscale network from which the assembly derives its properties is
preserved at larger length-scales. Materials selection charts are used to demonstrate the
particularly robust properties of QL4 including its specific flexural modulus in which it
outperforms a number of biological proteinaceous and non-proteinaceous materials including
collagen and enamel. The facile synthesis, high modulus, and low density of QL4 fibers
indicate that they may find utility as a filler material in a variety of high efficiency,
biocompatible composite materials.
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Research into the structure, chemistry and functionality of biomaterials has
accelerated in recent years with the goal of creating environmentally benign materials that
have optimized physical and mechanical properties." Many of these materials (e.g. silks,”
collagens™) derive their properties from protein constituents,’ which form specific secondary
structures that assemble into higher order structures with robust yet efficient mechanical
behavior.” Another class of proteinaceous materials, amyloid fibrils, are particularly
interesting because they can be formed from many different protein sequences.® Amyloids
were first studied in conjunction with neurodegenerative diseases such as Alzheimers,” but
newly discovered amyloidogenic gene products are increasingly being associated with
functional (as opposed to pathogenic) biological performance.'® Amyloids are classified by
their fibrillar structure in which p-strands associate to form an extended network of
supramolecular S-sheets perpendicular to the long-axis of the fiber.'" This structural motif is
intriguing in that it is largely defined by the properties of the peptide backbone itself, namely
the propensity for hydrogen bonding between carbonyl oxygen and amide hydrogen.'? This
allows a variety of different proteins, when subjected to various denaturing and assembly
processes, to form amyloid-like structures.”” These nanoscale fibrils, self-assembled from
individual protein and peptide molecules, continue to grow and form robust fibers with
hierarchical order. Indeed, the dense hydrogen bonding and ordered structure of amyloid
materials renders them among the most robust known proteinaceous materials with
experimentally determined Young’s moduli at the nanoscale in the range of 2-4 GPa.'*'"> The

combination of self-assembly, nanoscale order and high stiffness provides a breadth of



potential applications including light-harvesting,'® carbon capture,'” drug delivery,'® and

nanowire fabrication."
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Figure 1. QL4 structure and assembly. (a) Chemical structure of QL4 and schematic of QL4 fiber. (b) Optical
micrograph of QL4 fibers highlighting the size and rod-like structure. (c) Polarized light micrograph indicating
that there is nanoscale order present in large QL4 structures.

D,L-cyclic peptides (DLCPs) share certain characteristics with amyloid fibrils
including self-assembly, dense intermolecular hydrogen bonding along the peptide backbone,
and chemical and mechanical stability. However, their molecular structure and geometry
allow for an enhanced ability to chemically modify the monomers and to guide assembly.*’
The peptide cycles are composed of six to ten amino acids with alternating D- and L-
stereochemistry, causing a planar geometry in which the amino acid side chains radiate from
the center of the ring and the amide backbone is perpendicular to the plane of the ring. This
geometrical arrangement promotes their assembly into high aspect ratio nano- and
microstructures through p-sheet-like hydrogen bonding in which each ring sits flat on the
surface of another ring (Figure 1a). Unlike linear amyloids in which $3-sheets are able to slide
with respect to one another,” DLCP assemblies are only able to stack directly atop each

other. Depending on the sequence of the peptides, the nanotubes may also associate laterally



into bundles to create structures that can be microns in width and hundreds of microns in

length.”

The assembly of cyclic peptides was first theorized by De Santis et al.”® and later
demonstrated using a pH sensitive peptide 8-mer that was found to assemble into large,
micron-scale fibers.”> As DLCPs are synthesized via common solid-state peptide synthesis
methods®, one has the freedom to explore limitless combinations of amino acids and post-
synthetic modifications.” This versatility has been leveraged to study DLCPs in a variety of
applications including structural antibiotics,”® ion channels,”’ selective ion transporters,”® and
reinforcing agents.”” Additional research has focused on the fundamental properties of cyclic
peptides including the thermodynamics of assembly and the breadth of structural flexibility.*’
One area that remains largely unexplored is the utility of cyclic peptides as structural
components of composite materials, perhaps because there is little information on the
mechanical properties of DLCP structures themselves. While several computational analyses
of DLCP structures indicate that they are quite stiff,’'>> there have been no direct
measurements of their mechanical properties. As amyloids represent some of the stiffest
known protein-based materials, we hypothesized that the similarly structured DLCP
assemblies would also exhibit high modulus and strength. The unusual ability of DLCPs to
position functional groups precisely in space, coupled with their relatively straightforward
synthesis, make them well suited to study the combined effects of geometry and sequence on
mechanical properties. Such a study would provide essential information for downstream

applications of DLCPs within medical devices and tissue scaffolds.

In this study we demonstrate that assemblies of the DLCP cyclo-[(Gln-D-Leu)s],
abbreviated here as QL4, are among the stiffest and strongest known peptide-based materials.
This was accomplished through computational, structural and nanomechanical analyses

including molecular dynamics simulations, electron microscopy, nanoindentation, and micro-



bending studies. QL4 was selected because it is known to form assemblies, herein referred to
as fibers, that are large and stable enough to be probed with accessible nanomechanical probe
tools. This particular DLCP has also been shown to increase the elastic modulus of
polylactides when incorporated as the filler component of a composite fiber.”” While previous
attempts at molecular dynamics simulations have given clues regarding the elastic modulus
of a DLCP assembly,’’ this study represents the first experimental characterization of the

mechanical properties of DLCP fibers.
RESULTS AND DISCUSSION

QL4 was synthesized (Figure S1), dissolved in neat trifluoroacetic acid and incubated
in the presence of milli-Q water in a closed vessel. Over the course of approximately 72
hours, QL4 assemblies formed at the surface of the solution and were visualized with an
optical microscope in bright field mode (Figure 1b). Some QL4 fibers reach 100s of microns
in length while maintaining nanoscale order, which is indicated by their birefringence
demonstrated under cross-polarized light (Figure 1c). It is evident from the size of the
structures that an individual fiber is composed of thousands of individual nanotubes
assembling laterally. The hydrogen-bonded network is apparent through the specific shift in
the Amide bands of the Raman and FT-IR spectra, which is similar to that of f-sheets™"
(Figure S2). SEM analysis of the QL4 fibers indicates that there are two classes of assembled
structures, those which are not bundled and have diameters on the order of ~100 nm and
those that are bundled and have diameters on the order of a few microns (Figure 2a). Present
within the larger bundles are striations that indicate a bundle is composed of several ~100 nm
assemblies. Furthermore, within larger bundles, one observes gaps in which fibers have
broken free as is highlighted in Figure 2b, indicating that the ~100 nm assemblies are discrete

elements in the larger bundle. We hypothesize that this bundling may occur naturally due to

hydrophobic effects between the surfaces of QL4 assemblies in an increasingly aqueous



environment during the assembly process or, alternatively, may be a function of the
evaporation necessary in sample preparation. High-resolution TEM micrographs of fibers
show striations with thicknesses of approximately 2 nm along the long-axis of the fiber,
providing evidence that the QL4 fibers are composed of individual DLCP nanotubes (Figure
2c¢ and d). Taken together, this information suggests that there are three levels of hierarchy in
a large QL4 assembly: Individual tube (~2 nm diameter), fiber (~ 100 nm diameter), and
bundled fiber (~ 1 um diameter) (Figure 2¢). While it is possible to verify the existence of the
fiber, and bundled fiber, we have not obtained evidence that individual QL4 tubes exist in
solution. Prior work has shown that conjugation of polymers to the DLCP side chains can
lead to stable assemblies of individual DLCP tubes,”® ** however, we have found that without

modification, individual tubes continue to grow until a larger fiber or bundled fiber is formed.

HyN

Figure 2. Structure of QL4 fibers. (a and b) Scanning electron micrographs highlight two major classes of
fibers, single fibers (~100 nm diameter) and bundled fibers (~1 um diameter). Bundled fibers have characteristic
striations and points of fracture in which a single fiber was removed from the bundle. (c and d) High-resolution
transmission electron micrographs indicate that single nanotubes (~2 nm diameter) are the building blocks of
individual fibers. (¢) A schematic representation of the hierarchical order present in a large, bundled QL4 fiber.

Through molecular dynamics simulations, we obtained a theoretically ideal structure

for QL4 fibers and used this as a reference for both structural and mechanical analyses.



Along the longitudinal axis of assembly, QL4 monomers assemble through the creation of 12
hydrogen bonds, 8 along the peptide backbone and 4 mediated by glutamine sidechains,
locking the monomers together with a spacing of 9.62 A (Figure 3A) along the z-axis. Along
the lateral axes of assembly (x and y) the fiber is most stable in a square-packed
conformation with a unit cell spacing of 17.73 A. In this orientation, glutamine residues and
leucine residues provide interlaced hydrogen bond and hydrophobic interactions in the x-y
plane. The density of the resultant peptide assembly is calculated to be 1000 kg/m’. For
further detail on the computational method and structure, please refer to the supplemental
figures S3-S6. One can appreciate a key difference in the geometry of QL4 versus a typical
amyloid in that for QL4, hydrophobic interactions are interdigitated with the hydrogen bonds
in the lateral direction, while in a typical amyloid fibers, hydrogen bonds and hydrophobic
interactions (or other —R group-mediated interactions) are present in two separate, orthogonal
planes (Figure S7).”> We hypothesize that these interlocking interactions are partially
responsible for the solvent stability, large size, and general robustness of the assembled
fibers- hydrogen bonds maintain their strength in the presence of nonpolar solvents while the

interspersed leucine residues may act to prevent the ingress of polar solvents.
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Figure 3. Molecular dynamics simulation of assembled QL4 structure. (a) A single nanotube assembles by
forming anti-parallel B-sheet-like structures in which each monomer is connected to its neighbor via 8 hydrogen
bonds along its peptide backbone. Amino acid side chains are free for lateral (x- and y- axis) and longitudinal
(z-axis) interactions. (b) The lateral packing of individual nanotubes is governed by hydrogen bonding between
glutamine side chains. This results in a stable, square packed structure in which glutamine-mediated hydrogen
bonds interlace with hydrophobic leucine-leucine interactions.



We used the structural model to analyze the elastic modulus of the QL4 assembly in
the X-, Y- and Z- axes as described in Figure 3. In the Z-axis, along the length of the tube,
the theoretical modulus is 22.6 GPa, in line with the stiffest known protein-based materials.®
In the X- and Y-axes, the modulus is approximately 2.7 GPa due to the decrease in hydrogen
bonds per unit area within the structure (Figures S3-S6). It is worth noting that even in the
comparatively compliant axes, our model suggests that QL4 assemblies possess a stiffness in
the range of 2-4 GPa, equal to the measured value in amyloid fibers. Along the stiff axis, the
theoretical modulus of 22.6 GPa is significantly higher than what has been measured at the

nanoscale for amyloid or other protein-based fibrils.

The direct mechanical characterization of QL4 fibers was performed experimentally
through both nanoindentation and micro-scale bending experiments, which were conducted
using a depth-sensing nanoindenter. Both analyses were performed on large QL4 assemblies
with widths ranging from 1-2 pm. In indentation studies, QL4 samples were deposited on a
fused quartz substrate and probed with a cube corner diamond tip (Figure 4a). The position of
each indent was accurately defined in the Scanning Probe Microscopy (SPM) mode and
multiple indents were performed along the length of several fibers (Figure 4b). To confirm
that indents occurred directly on the center of the fibers, FESEM micrographs were obtained
after testing (Figure 4d). For each indent, modulus and hardness were calculated from the
load versus depth curve generated with the indenter in load-controlled mode using the
classical Oliver-Pharr analysis (Figure 4d-f and Figure S8). The average elastic modulus and
hardness of a large QL4 fiber were determined to be 11.3 + 3.3 GPa and 387 + 136 MPa,
respectively. It is intriguing to note that the average modulus (measured perpendicular to the
fiber axis) is significant larger than the computed moduli in the x and y directions (2.72 GPa).

We attribute this discrepancy to two factors. First, the indentation stress field beneath the



indenter is complex and characterized by principal tensile stresses whose direction lay almost
perpendicular to the direction of indentation,’® namely along the fiber axis. Since the
computed modulus along the fiber axis is high (22.6 GPa), the results may be a consequence
of some peptide nanotube sustaining tensile stresses during indentation, resulting in a higher
apparent modulus. Second these results may also be a result of the strong lateral interactions
between the individual peptide nanotubes, leading to increased mechanical stability, a
hypothesis that is also supported by the micro-bending experiments presented next. Despite
the large size of the fibers tested here, the measured modulus and hardness of QL4 fibers are

also significantly higher than those measured for individual amyloid fibers by AFM-based

methods.
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Figure 4. Nanoindentation of QL4 fibers. (a) QL4 fibers were deposited on a fused quartz substrate and probed
directly with a cube corner indenter tip. (b) Scanning probe microscopy (SPM) was used to select multiple
points to test along an individual fiber. (c) Residual indents were verified by FESEM analysis to confirm the
spatial accuracy of each indent. (d) An individual load versus depth curve for a single indent. (e,f) The elastic
modulus and hardness of over 100 individual indents were used to calculate the average values.

To elucidate the fracture strength of QL4 fibers and to gain a deeper understanding of

the fiber modulus, fibers were subjected to a micro-scale bending analysis (Figure 5a). QL4



fibers were deposited on uncoated molybdenum TEM grids with 40 pm circular pores
(Figure 5b). After locating individual fibers spanning pores in the grid, the fiber was bent,
orthogonal to the long axis, by a cono-spherical tip with a 5 pm nominal radius. To confirm
that fiber loading neither compressed the fiber nor bent the grid, the same force was applied
to fibers on a flat surface and the measured displacement was negligible. Because the fibers
are very long in comparison to the grid pore, and because the ends of the fiber did not appear
to move during or after the experiment, we have used a clamped beam as a model for our
calculations (Figure S9). The bending modulus and strength, 10.5 = 0.9 GPa and 97.8 + 18.8
MPa, respectively, were calculated from individual force versus displacement curves (Figure
Se and f). In the displacement curve, partial fracture is indicated by sudden decreases in the
measured load (Figure 5d). We hypothesize that these micro-fractures occur as individual
fibers within the larger bundle are broken and/or delaminated from one another (Figure 5c¢). It
is worth noting that microscale modulus values via bending analysis are nearly identical to
those obtained through nanoindentation perpendicular to the fiber axis. Unlike many other
molecularly self-assembled systems, QL4 DLCPs are able to grow to such large sizes that
direct nano- and micro-scale measurements can be obtained on the same samples and
compared, providing an understanding of the mechanical properties across higher length

scales.
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Figure 5. Bending analysis of QL4 fibers. (a) A 5 um spherical tip was used to bend individual and bundled
fibers over pores in a Mo grid. (b) A large QL4 bundled fiber bridges the pore of a Mo grid. (c) High
magnification shows individual fracture events that occurred during the bending experiment. (d) Combined raw
bending data for individual tubes. Curves exhibit a linear elastic region followed by a series of fracture events.
A fracture point is presented at the inset image. (e-f) The bending modulus and fracture strength of QL4 fibers.

Prior bending analyses of other tube-based assemblies including single-walled carbon
nanotube ropes and microtubules have shown that the shear modulus of the bundle is much

weaker than the axial (Young’s) modulus.’’>®

This is due primarily to a lack of inter-tube
interaction within the bundle, which leads to bending and flexing as tubes slide with respect
to one another. Conversely, QL4 fibers contain a dense network of inter-tube hydrogen
bonds, mediated by glutamine side chains that act to stabilize each tube with respect to its
neighbors (Figure S6). We suggest that these lateral interactions are directly responsible for
the robust flexural and Young’s moduli because they lead to more efficient load transfer
between the tubes, which is also in line with the high modulus measured by nanoindentation.
Indeed high load transfer will enhance the development of a continuum-like stress field

beneath the indenter that results in regions of the fibers to be under tensile stresses, as

discussed above. Furthermore these interactions contribute to the remarkably rigid, rod-like

11



morphology of QL4 fibers. The overall rigidity, characterized by the persistence length (/, =
El/kyT), where [ is the moment of inertia of the fibers, is on the order of meters (assuming a
circular cross-section), which explains the lack of any noticeable bending within the fibers
observed to date. This brings to light an interesting lever with which one may be able to tune
the properties of DLCP structures. By tuning the side chain chemistry of the individual DCLP
monomer that composes the fiber, one may be able to tune the flexural modulus and control
the general morphology and properties of the assembled fiber to be more rod-like or more
flexible in nature. A summary of the mechanical results for both the computational and

experimental analyses is presented in Figure 6.
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Figure 6. Summary of mechanical analyses and deformation modes. (a) Molecular dynamics simulations
suggest that the elastic modulus parallel to the long axis of a fiber is 22.34 GPa. In the ‘weak’ directions, the
elastic modulus is 2.72 GPa. (b) Nanoindentation experiments and (c) bending experiments confirm a ~11 GPa
modulus.

In order to place the modulus and strength of QL4 within the context of other natural
and synthetic materials, we have constructed two material selection charts (Ashby plots): one

modulus vs. density plot (Figure 7a), with the density inferred from the computational

12



modeling, and one modulus vs. strength plot (Figure 7b). A subset of the data on the plots is
also tabulated in numerical form in the Supplementary Information (Figure S10). Guidelines
drawn on the modulus vs. density plot allows one to compare the specific performance of
materials in tension (given by E/p ) or in bending (given by E/p).” * One sees that the
efficiency of QL4 fibers in tension outpaces a variety of materials, including collagen,
tendon, and cancellous and compact bone. The material outperformance is more significant
when considering the material efficiency in bending, where QL4 fibers also outperform
enamel and even steel. The relatively facile synthesis, high aspect ratio, high modulus, and
low density of QL4 fibers indicate that they may find utility as a filler material in a variety of

high efficiency, biocompatible composite materials.
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Figure 7. Comparison of materials properties modified from references 7 and 37. (a) Young’s modulus versus
density of a variety of materials. Tie lines represent the efficiency of materials in tension (£/p) and bending
(EUZ/p). QL4 fibers are among the stiffest known protein-based materials and surpass collagen, tendon, and
compact bone in density-adjusted flexural modulus. (b) Young’s modulus versus strength for a variety of
materials. Tie lines represent the ability of a material to store elastic energy (afZ/E). In comparing the stiffness
and strength, it is evident that QL4 fibers exhibit similar behavior to bone and that their modulus is on par with
the stiffest known proteinaceous materials including spider dragline silk.

The stiffness vs. strength selection chart of QL4 (Fig. 7b), together with the materials
index o//E (guidelines with slope of 2) allows one to compare the materials performance in

7,39

terms of their ability to store elastic energy prior to fracture.” " In both stiffness and strength,

13



QL4 fibers are most directly comparable to bone. The stiffness of QL4 fibers exceed that of
all but the most robust known proteinaceous materials such as spider dragline silk. Although
the elastic energy to failure of silks is superior, as evidenced by their location along the far-
right guideline in Figure 7b, QL4 fibers exhibit a performance metric on par with commonly
known biological materials such as collagen, tendon and keratin. Perhaps unexpectedly,
Figure 7a and 7b support the claim that the mechanical response of QL4 fibers is more

similar to ‘light’ bone than to other protein based materials.
CONCLUSION

Our multi-scale mechanical analysis of QL4 fibers by nanoindentation and micro-
bending demonstrates that DLCP assemblies are comparable to the most robust known
protein and peptide materials. Indeed, the properties exceed those of amyloid fibrils and are

*41 and diphenylalanine nanotubes,” the most robust

on par with those of silks, suckerins,
known self-assembling peptide based materials. Furthermore, they maintain those properties
even at the micron length scale. This is a noteworthy feature given that the larger scale
assembly is not stabilized by covalent, electrostatic, or coordination bonds between the
individual monomers. In terms of stiffness and strength, QL4 is similar to bone, despite being
roughly half the density. We hypothesize that the stiffness in both indentation and flexural
deformation modes is supported by the rigid geometry as well as the density of hydrogen
bonds in the lateral and longitudinal axes within the fibers, leading to the high persistence
length and rod-like morphologies observed. Looking forward, there are a number of
parameters worth considering in order to modulate the properties of the assembled fiber
including modifying the primary sequence, inducing covalent linkages, and assembling
structures in situ within other materials to form nano-composites. The simple synthesis, ease

of modification, potential for biocompatibility, rod-like morphology, and robust mechanical

properties of DLCPs make them a promising class of peptides for further exploration in

14



materials science, chemistry and biology, particularly as mechanical fillers in low-weight,

high-stiffness composite materials.
Methods

Chemicals and  Reagents  Acetone, dichloromethane, dimethylformamide,
diisopropylamine, and piperidine were purchased from Sigma Aldrich. Dichloromethane and
dimethylformamide were dried over molecular sieves. The following chemicals were used as
provided: Acetone, trifluoroacetic acid, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate  (HBTU), and (benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate) (PyBOP) (Sigma Aldrich). All amino acids and Rink Amide-MBHA

resin were purchased from AAPPTEC, Louisville Kentucky.

Cyclic Peptide Synthesis and Assembly D-,L-cyclic peptides were synthesized in
accordance with the procedure of McMurray.** Fmoc-Glu-OAll was coupled to a Rink
Amide-MBHA resin through the side-chain carboxylate. When cleaved, this residue is
converted to a GIn. Standard Fmoc synthesis produced an uncyclized 8-mer which was
cyclized through a PyBop assisted coupling reaction. Peptides were cleaved from the resin
with 95% TFA, 2.5% water and 2.5% triisopropylsilane. To isolate the peptide, the TFA
solution was concentrated by evaporation and dropped into cold diethyl ether causing
precipitation. The mixture was centrifuged, resuspended in TFA and precipitated again to
increase purity. Cyclic peptide identity was verified by liquid chromatography electrospray
ionization mass spectroscopy. Self-assembly was achieved by dissolving 2.5 mg/ml of QL4
in a mixture of 60% TFA and 40% water. The assembly occurred in a glass vial over 48-72
hours at which point microcrystals could be seen by eye. Assemblies were harvested by
diluting the assembly with a mixture of acetone and dichloromethane and pelleting the

crystals by centrifugation.
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Light Microscopy QL4 samples were deposited on glass slides and viewed on a Zeiss
Axio Observer inverted microscope. Assembled fibers were suspended in water, deposited on
a slide, allowed to dry and were viewed under both brightfield and cross-polarized light

conditions.

Field emission scanning electron microscopy of QL4 assemblies QL4 samples were
deposited on a quartz substrate and sputter coated to a projected thickness of ~5 nm. All
samples were sputter-coated with Au/Pd and then imaged on a Zeiss FE-SEMSupra55VP
(Carl Zeiss, Oberkochen, DE) in SE2 mode. After indentation observations were performed
using a FESEM (JEOL, 7600 F) at a 5 kV accelerating voltage using a lower secondary

electron detector (LEI) to prevent surface charging.

Transmission electron microscopy of QL4 assemblies A suspension of QL4
assemblies in water was spotted on a quantifoil TEM grid, wicked away, and stained with
uranyl acetate. Sample was viewed on a JEOL2100 TEM at 200kV. For higher resolution

images, spots were selected in which the assembly was overlapping a pore in the quantifoil.

Molecular dynamics simulation of QL4 structure and stiffness We employed the
COMPASS force field (Condensed-phase Optimized Molecular Potentials for Atomistic
Simulation Studies) - developed by H. Sun,* to optimize the geometry and calculate the
energy of all molecules. The COMPASS force field is based on state-of-the-art ab initio and
empirical parametrization techniques. The valence parameters and atomic partial charges
were supported by ab initio data, and the van der Waals (vdW) parameters were derived by
fitting the experimental data of cohesive energies and equilibrium densities. For more details,

please refer to the supplemental information.

Nanoindentation and Bending of QL4 assemblies QL4 assemblies were suspended

in water and dropped onto a fused-quartz substrate. The droplet was wicked away, leaving

16



numerous assemblies along the surface. A Triboindenter TI-950 Nanomechanical tester
(Hysitron, Minneapolis, MN, USA) equipped with a 2D standard transducer and a 50 nm
cube-corner tip was used to do SPM imaging and indent along the length of individual
structures. The tip was calibrated using a standard fused quartz sample. For bending studies,
QL4 assemblies were deposited on a Mo TEM grid with circular pores of 40 um diameter.
Assemblies overlapping pores were bent using a 5 pm cono-spherical indenter tip. The force
and displacement curves were used to identify the modulus and strength as well as the nature

of fracture of the material.
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The Supporting Information Available: Diagram and mass spectrometric characterization of
QL4, FTIR and Raman spectra, detailed description of molecular dynamics approach,
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Figure S1: Analysis of cyclo-[(QL)4]. [left] QL4 structure and molecular weight. [right] A singly
charged [M+H'] QL4 ion is visible at 965.6 m/z and the doubly charged [M+2H'] is visible at

483.4 m/z.



Figure S2:
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Figure S2: FTIR and Raman Spectroscopy of QL4 Crystals. (a) [left] The characteristic N-H
stretching frequency at 3278 cm™ indicates a hydrogen bonded network with an average
intersubunit distance of 4.7-4.8 A,! providing evidence that QL4 fibers are composed of peptide
nanotubes. [right] In concordance with prior literature, Amide la, Amide 1b, and Amide II are
present at 1629 cm™, 1688 cm™, and 1540 cm™, respectively.! (b) [left] Characteristic Raman
spectra of an assembled QL4 fiber. Strong peaks at 1242 cm™ and 1676 cm™ correspond to

Amide III and Amide I beta sheet signals, respectively.” [right] Raman map of peptide

peptide (1676 cm-1)

2000

assemblies obtained by monitoring the intensity of the amide peak at 1676 cm™



Method for modeling peptide behavior

In this paper, we employed the COMPASS force field (Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies) - developed by H. Sun’, to optimize the
geometry and calculate the energy of all molecules. The COMPASS force field is based on state-
of-the-art ab initio and empirical parametrization techniques. The valence parameters and atomic
partial charges were supported by ab initio data, and the van der Waals (vdW) parameters were
derived by fitting the experimental data of cohesive energies and equilibrium densities.

The convergence tolerance is 2x107 kcal/mol for the energy, 0.001 kcal/mol/A for the
force, 0.001 GPa for the stress and 10 A for the displacement. The Ewald method is used for
calculating the electrostatic and the van der Waals terms. The accuracy is 10~ kcal/mol. The
repulsive cutoff is 6 A for the van der Waals term. For the periodical structure, the box vectors
are also optimized together with the molecules. The Mechanical Properties are calculated by
applying strain using static approach. The elastic constants were calculated from a polynomial fit

to the calculated stress—strain relation.

Elastic constants of cyclic peptide nanotubes

Table 1:
Cij of Modell (GPa) Cij of Model2 (GPa)
Cl1 2.72 Cl1 4.43
C22 2.72 C22 1.36
C33 22.62 C33 20.21

Table 1: Elastic constants of cyclic peptide nanotubes.

The lattice constants are calculated as a= 17.73 A b=17.73 A ¢=9.62 A at the optimized
structure. The elastic constants are reported in Table 1. The value of C33 is the highest since the

cyclic peptides are assembled by strong H-bonds along the z direction. This is the major source



for stabilizing the peptide in the nanotube form. The values of C11 and C22 are smaller
compared with the C33 coefficient, which is due to the decrease in hydrogen bond density as
well as the comparatively weaker interactions, such as van der Waals and electrostatic type,
among cyclic peptides in the x-y plane. Hence, the anisotropy of the system is manifested by the
more rigid character in the z direction. When taking the Cii (i=1,2,3) as the approximate Young’s
moduli, the data in Table 1 are in good agreement with previously reported results for similar
peptide nanotubes and protein crystalline systems™ and also with the experimental data

measured in this work.

The hydrogen bonds network forms axial periodicities

Figure S3:
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Figure S3: The hygrogen bonds between the backbones (a) and sidechains (b) in the Peptide
nanostructures (Model 1)



As shown in figure 1, the hydrogen bonded peptide subunits stacked tightly in an ideal
antiparallel f-sheet-like arrangement. Along z-axis there are eight hydrogen bonds of 2.05-2.10
A between the backbone of subunits and four hydrogen bonds of 1.98 A between the sidechains
of subunits, this supports the presence of the highly ordered axial periodicities (along the z

direction).

Figure S4:
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Figure S4: The structures for Model 1 and Model 2.

By rotating the cyclic peptide along z-axis, another conformer is found. (As shown in
Figure S4). The lattice constants are calculated as a= 17.94 A b= 18.11 A c= 9.92 A at the
optimized structure. This conformer of cyclic peptide nanotubes is classified as anisotropic due
to the differences in the mechanical properties along x and y direction. For example, the elastic
constant C11 is 4.43 GPa for x direction and 1.36 for y direction. Along z direction, the

interaction is comparatively weaker due to a smaller elastic constant C33 of 20.21 GPa than that



of Model 1. The total energy of Model 2 is calculated to be 67.6 kcal/mol higher than that of
Model 1.
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Figure S5: The hygrogen bonds between the backbones (a) and sidechains (b) in the Peptide
nanostructures (Model 2)

The reason why Model 2 is higher in energy can be explained by weakening hydrogen bonds
along z-axis. As shown in Figure S5, in Model 2, the inter subunit hbonds increased by about 0.2
A for each hydrogen bond. The side chain hydrogen bonds increase by 0.2 A for each hydrogen
bond. This is also consistent with the longer lattice constant ¢ of 9.92 A for Model 2 compared

with the more compact modell (c=9.62 A).



Figure S6:

Figure S6: The lateral packing of QL4 tubes in a fiber. QL4 fibers are stabilized by interlocking
hydrogen bonds and van der Waals interactions. In the ideal structure, glutamine sidechains point
towards the center of the unit cell, creating two hydrogen bonds with its neighbors (red circle).
Meanwhile, leucine residues are packed tightly together between each pair of tubes, allowing for

close contact and favorable van der Waals interactions (blue circle).



Figure S7:
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Figure S7: Simplified schematic diagram of an amyloid fibril and a DLCP assembly. (a) A
typical amyloid fibril assembles by f—sheet formation orthogonal to the principle axis of the
fiber. These sheets then bundle together such that side chains may or may not interact in the
space between. Often these interactions are hydrophobic in nature and mediated by aromatic
amino acids such as phenylalanine. (b) DLCP structures also assemble through backbone B—
sheet-like hydrogen bonding. The side chains of the DLCP monomer may be tuned such that
specific interactions can occur between individual tubes. For example, a QL4 fiber is stabilized
by interlocking hydrogen bonds and hydrophobic interactions as described in Figure S6, creating

a very stabile, solvent resistant structure.



Figure S8:
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Figure S8: Nanoindentation of QL4 fibers. (a) A schematic representation of a single indent
depicting the loaded and unloaded surface. Elastic energy stored in the material is responsible for
the surface recoil and is used to calculate the elastic modulus. (b) Calculation of the hardness and
the elastic modulus (stiffness) of a QL4 fiber. (c) A load versus depth curve from an individual
indent. As the tip is withdrawn, the slope of the resulting curve (dP/dh) is used to calculate the
material stiffness. (d) In order to process the data, a standard curve was created in which depths

of 12-100 nm were probed and the corresponding indent-area was calculated.
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Figures S9: Bending analysis of QL4 fibers. (a) Schematic representation of a cylindrical
clamped beam in bending. (b) A load versus deflection curve of an individual bending

experiment highlighting the initial slope and fracture of a single fiber.



Figure S10:

Material Elastic Density Strength Method Reference
modulus [mg.m™] [GPa]
[GPa]
~11 - Nanoindentation
~11 ] ~0.1 Bending
QL4 fibers ~ 22 i Current
[ direction] ~1 Simulation study
~3
[X,Y directions] ]
Diphenylalanine - 19 i i AFM-based (5]
nanotubes indentation
Collagen 1.2-7 ~ 1.5 0.03-0.3 Bending (AFM) [6, 7]
Dragline silk ~10 - ~1 Tensile [8]
. . Bending/tensile
Amyloid fibrils 0.2-14 - 0.1-1 (AFM) [9, 10]
Suckerin ~7 - - Nanoindentation [11,12]
[Dry]

Figures S10: Tabulated modulus, strength, and density values used to create the Ashby plots in

Figure 7.
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