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Abstract

Reported here is a combined experimental-computational strategy to determine structure-
property-function relationships in persistent nanohelices formed by a set of aromatic peptide 
amphiphile (APA) tetramers with the general structure KSXEKS, where KS= S-aroylthiooxime 
modified lysine, X = glutamic acid or citrulline, and E = glutamic acid. In low phosphate buffer 
concentrations, the APAs self-assembled into flat nanoribbons, but in high phosphate buffer 
concentrations they formed nanohelices with regular twisting pitches ranging from 9–31 nm. 
Coarse-grained molecular dynamics simulations mimicking low and high salt concentrations 
matched experimental observations, and analysis of simulations revealed that increasing 
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strength of hydrophobic interactions under high salt conditions compared with low salt 
conditions drove intramolecular collapse of the APAs, leading to nanohelix formation. 
Analysis of the radial distribution functions in the final self-assembled structures led to several 
insights. For example, comparing distances between water beads and beads representing 
hydrolysable KS units in the APAs indicated that the KS units in the nanohelices should undergo 
hydrolysis faster than those in the nanoribbons; experimental results verified this hypothesis. 
Simulation results also suggested that these nanohelices might display high ionic conductivity 
due to closer packing of carboxylate beads in the nanohelices than in the nanoribbons. 
Experimental results showed no conductivity increase over baseline buffer values for 
unassembled APAs, a slight increase (0.4 x 102 µS/cm) for self-assembled APAs under low 
salt conditions in their nanoribbon form, and a dramatic increase (8.6 x 102 µS/cm) under high 
salt conditions in their nanohelix form. Remarkably, under the same salt conditions, these self-
assembled nanohelices conducted ions 5–10-fold more efficiently than several charged 
polymers, including alginate and DNA. These results highlight how experiments and 
simulations can be combined to provide insight into how molecular design affects self-
assembly pathways; additionally, this work highlights how this approach can lead to discovery 
of unexpected properties of self-assembled nanostructures. 

Introduction

Complex self-assembly processes occur in natural and synthetic systems to form functional 

nanostructured materials; well-known examples include the supramolecular polymerization of 

tubulin to form microtubules that give cells their shape1, 2 and the non-covalent association of 

synthetic peptide amphiphiles into various one-dimensional nanostructures that can entangle 

to form hydrogels.3-7 In an effort to determine structure-property-function relationships in self-

assembled materials, researchers seek to understand how specific nanostructures form from 

certain building blocks, with the ultimate goal of controlling the shape, nanoscale dimensions, 

and resultant applications of self-assembled materials through rational molecular design.8-10 

Often some knowledge of how molecular design influences the ultimate self-assembled 

structure can be determined experimentally, for example by using TEM to measure 

nanostructure dimensions or molecular level techniques such as IR spectroscopy to determine 
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how hydrogen bonds align. Furthermore, how the self-assembled structure affects the potential 

applications can be probed experimentally as well,11, 12 for instance, by applying impedance 

spectroscopy to evaluate the conductivity of peptide fibers.13, 14 However, even the combination 

of several experimental techniques only provides limited information on self-assembled 

structures, pathways, and properties. Fortunately, simulations that accurately reproduce 

experimental results can often fill in the gaps, revealing details that experiments cannot by 

enabling direct visualization of self-assembly processes over time.15, 16 Therefore, combined 

experimental-computational approaches, with results from each feeding the other, can reveal 

new insights into how molecular design influences structure and function in self-assembled 

materials. In some cases, combined studies may even suggest new phenomena that might be 

overlooked using experiments or computations alone.17

We recently reported on a self-assembling aromatic peptide amphiphile (APAs) that forms 

persistent and regular helical nanostructures (Fig. 1) with the structure KSEEKS, where KS= 

S-aroylthiooxime modified lysine and E = glutamic acid.18 Surprisingly, we found that these 

nanostructures were very stable, in contrast with most other reported self-assembled 

nanohelices, which lie on a self-assembly pathway between nanoribbons and nanotubes19-23 

and need chemical crosslinking to stabilize the helical structure.24, 25 Notably, a similar APA 

formed nanohelices that were even stable enough to grow silver nanoparticles (AgNPs) on 

them to make helical arrays of AgNPs.26 However, the self-assembly process through which 

these nanohelices form, the intermolecular forces leading to nanohelix formation, and the 
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question of why these APA nanohelices do not collapse to form nanotubes remained unknown. 

Therefore, we set out to address these questions by exploring and expanding on this class of 

APAs using a combined experimental/computational approach, with the goals of answering 

these questions and providing more general insight into how to design self-assembled helical 

nanostructures. 

Fig. 1 (A) Molecular structure of APA KSEEKS. (B) Cryo-TEM and (C) AFM phase images 

of nanohelices formed by KSEEKS in 10 mM phosphate buffer at the concentration of 1 mM. 

Inset in the top right corner of panel B shows the zoomed-in image of the area outlined by the 

dashed red rectangle. Reproduced with permission from reference 18.

Specifically, we aimed to understand the self-assembly process for APAs with the general 

structure KSXEKS (X = variable amino acid residue) with the goals of understanding which 

forces lead to formation of nanohelices (rather than other nanostructures), how the molecular 

shape of the APAs influences helix formation, and what amino acids are required for self-

assembly into nanohelices. In terms of experimental parameters, we envisioned that we could 
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vary salt concentration to change the degree of charge screening in the carboxylate residues, 

and vary the amino acid in the X position to tune the shape of the molecules and learn which 

amino acids are key for helix formation. We also envisioned that coarse-grained (CG) 

molecular dynamics (MD) simulations could complement experiments. For example, by 

varying interaction parameters between beads as well as the type of beads, we could mimic 

changes in salt concentration or amino acid sequence, respectively, and visualize how changing 

these parameters would affect nanostructures. Analysis of the nanostructures formed in the MD 

simulations would confirm that our MD models matched experimental results and then allow 

us to determine what interactions were critical for nanohelix formation. Finally, we aimed to 

allow the MD simulations to direct additional experiments that would both confirm their 

structural accuracy and point toward new applications. Overall, we describe here how our 

integrated experimental/computational approach revealed how supramolecular interactions can 

be tuned to generate persistent helical nanostructures, and we detail how these studies led to 

our discovery of unexpected ion conductivity properties in these APAs.

Results and discussions

Molecular Design 

We began by synthesizing two APAs that contained S-aroylthiooximes (SATOs),27 an aromatic 

unit developed in our lab that drives self-assembly in APAs.18, 28-30 Specifically, S-

benzoylthiohydroxylamine (SBTHA) was added in a condensation reaction, affording two 

different APAs with the general structure KSXEKS: KSNEKS and KSC’EKS (Fig. 2G). We 
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chose asparagine (N) and citrulline (C’) as the variable residues because their amide and urea 

groups, respectively, offer the potential for additional hydrogen bonding beyond the backbone 

amide groups. Two control APAs that included an oxime in place of the SATO linkage were 

also prepared (KONEKO and KOC’EKO, where KO represents an oxime-functionalized lysine 

residue), replacing SBTHA with O-benzylhydroxylamine. Detailed synthetic procedures and 

characterization can be found in the Supporting Information (Figs. S1 and S2).

Molecular Self-Assembly and Salt-induced Morphological Transition

Cryogenic transmission electron microscopy (cryo-TEM) (Fig. 2A−D) and conventional TEM 

imaging (Fig. S3) revealed that both APAs assembled into one-dimensional nanostructures in 

aqueous solution. In 10 mM phosphate buffer (PB), both KSNEKS and KSC’EKS assembled 

into nanoribbons, with widths of 6 ± 1 nm and irregularly spaced twists at long intervals (Figs. 

2A, 2B, S3A, and S3C). In both cases, the thickness of these twisted nanoribbons was around 

5 nm, which is equal to the expected thickness of a partially or fully interdigitated bilayer, 

implying that the observed nanoribbons were likely bilayer structures generated by association 

of the aromatic SATO surfaces. This type of bilayer molecular packing behavior is widely 

found in peptide systems composed of uniform (AB)n amino acid periodicity (where A and B 

are polar and nonpolar residues, respectively).6, 13, 31-33 

Because KSNEKS and KSC’EKS assembled into nanoribbons, we originally concluded that 

only KSEEKS, studied previously, was capable of self-assembling into nanohelices. However, 
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given their similar chemical structures to the nanohelix-forming APAs, we expected that 

KSNEKS and KSC’EKS might form nanohelices under specific conditions. Thus, we were 

inspired to investigate self-assembly in solutions with variable PB concentrations based on 

work from others on salt-induced morphological changes in self-assembled peptides.34-36 In 

general, addition of salts can facilitate peptide self-assembly because salts can screen charges 

in peptides with acidic or basic residues, weakening repulsive forces and promoting molecular 

packing. For example, Castelletto and coworkers showed that increasing salt concentration 

induced a morphology change from twisted nanofibers to nanotubes in a specific 

heptapeptide.34 Encouraged by these and related reports,35, 37, 38 we investigated how the self-

assembled morphology changed at different PB concentrations. 

When the concentration of PB was increased from 10 mM to 100 mM, dramatically different 

self-assembled morphologies were observed for the APAs. Specifically, KSNEKS assembled 

into tight nanohelices (similar to a telephone cord) along with twisted nanoribbons at 100 mM 

PB (Figs. 2C and S3B). The pitch for KSNEKS nanohelices was 13 ± 2 nm which is much 

tighter than that of KSEEKS nanohelices (32 ± 4 nm) found in our recent report.18 We attribute 

the formation of these tight nanohelices to the uncharged nature of the N residue in KSNEKS, 

which has one fewer charged amino acid residue than KSEEKS, leading to reduced repulsion 

between individual APAs and tighter molecular packing under high salt conditions. In contrast, 

APA KSC’EKS assembled into only helical nanostructures in 100 mM PB, as a mixture of both 

loose and tight nanohelices (Figs. 2D and S3D). The pitch of the loose nanohelices was 31 ± 2 
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nm, and that of the tight ones was 9 ± 1 nm; each had diameters of ~6 nm. Given that the 

diameter of nanohelices formed at 100 mM PB was identical to those at 10 mM PB, it can be 

inferred that the nanohelices of KSNEKS and KSC’EKS evolved from nanoribbons because of 

charge screening effects provided by buffer salts, decreasing the repulsive force among the 

APAs. Remarkably, although there are two types of morphologies for both APAs in high PB 

concentration, they were kinetically stable; for example, no significant difference in 

morphology was observed for KSC’EKS even after incubation in 100 mM PB for 14 d at rt 

(Fig. S8). To the best of our knowledge, this is the first reported observation of nanohelix 

formation triggered by an increase in salt concentration. Interestingly, nanoribbons rather than 

nanohelices were found for both control APAs (KONEKO, KOC’EKO) in both 10 mM and 100 

mM PB (Fig. S4), which indicates that the SATO group is critical, at least in these APAs, for 

driving nanohelix morphology.
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Fig. 2 (A-D) Cryo-TEM characterization in aqueous solution illustrates the effect of salt 

concentration on the self-assembled morphology of both APAs. In 10 mM PB: (A) Cryo-TEM 

image of twisted nanoribbons formed by KSNEKS; (B) Cryo-TEM image of twisted 

nanoribbons formed by KSC’EKS. In 100 mM PB: (C) Cryo-TEM image of nanohelices and 
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twisted nanoribbons formed by KSNEKS; (D) Cryo-TEM image of nanohelices formed by 

KSC’EKS. Insets in the top right corners of panels A-D show zoomed-in images of the areas 

outlined by the dashed red rectangles. Solution concentration: 1 mM APAs in phosphate buffer 

(pH 7.4). Circular dichroism (CD) spectra of (E) KSNEKS and (F) KSC’EKS in 10 mM or 100 

mM phosphate buffer (pH 7.4) at a concentration of 100 μM. (G) Molecular structures of both 

APAs studied in the present work. Residues asparagine (N) and citrulline (C’) are highlighted 

in color.

Effect of Salt Concentration on Molecular Packing

To understand the assembly differences between these two APAs, we conducted Nile Red 

assays to evaluate their critical aggregation concentrations (CACs), along with circular 

dichroism (CD), and Fourier-transform infrared (FTIR) spectroscopy measurements to study 

the molecular packing of the self-assembled APAs. The Nile Red assay showed that the CAC 

value for both APAs was in the range of 30 μM in 10 mM PB (Fig. S5 and Table S1). This is 

consistent with previous CAC measurements on similar APAs.18, 29, 39, 40 CD spectroscopy 

revealed that the secondary structures of these peptide nanoassemblies were similar, and both 

displayed strong signals in the peptide region (190−240 nm) and in the SATO characteristic 

absorption region (300−360 nm), consistent with SATO absorptions in the corresponding 

UV−vis spectra (Fig. S6). In 10 mM PB, both KSNEKS and KSC’EKS showed spectra 

consistent with a mixture of random coil and β-sheet secondary structures (black curves, Figs. 

2E and 2F). The spectra for both APAs changed significantly as the salt concentration increased 
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from 10 mM to 100 mM (blue curves, Figs. 2E and 2F), consistent with their morphological 

changes. The absorption peak in the SATO region for KSNEKS remained nearly identical at 

the different PB concentrations, but it decreased greatly in intensity for KSC’EKS. As SATOs 

also have absorptions in the 190–240 nm region, definitive interpretations of the CD data are 

difficult; however, the spectral differences observed in the APAs upon increasing the salt 

concentration indicates that the molecular packing within the nanoassemblies changed in 

response to salt addition. Regardless of salt concentration, both APAs exhibited amide I peaks 

located near 1630 cm-1 in FTIR spectra (Fig. S7), indicative of β-sheet secondary structures.29, 

41 However, due to the complexity of these APAs, we cannot rule out the possibility that other 

carbonyl compounds absorb in this range.

To explore how PB buffer concentrations influenced the observed morphological changes from 

nanoribbons to nanohelices in KSNEKS and KSC’EKS, we used conventional TEM to monitor 

the transition. KSNEKS was chosen as the example APA because it contains a traditional amino 

acid residue in the X position, making the secondary interactions simpler to model in 

simulations (see below) than in KSC’EKS. As shown in Fig. 3A, twisted nanoribbons were 

observed in 10 mM PB, consistent with our observations using cryo-TEM. At 20 mM PB (Fig. 

3B), some nanoribbons began to roll up (red arrows), but twisted nanoribbons were still the 

dominant morphology. Further increasing the salt concentration to 25 mM, tight nanohelices 

began to appear, as indicated by the bright edges of the helices and the dark middle regions 

(Fig. 3C). Closer examination of the ends of these tight nanohelices revealed that they resulted 
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from a transformation of the original nanoribbons shown in Fig. 3A. We base this conclusion 

on two observations: 1) The diameter of the nanohelices was identical to the width of the 

nanoribbons; and 2) The ends of these tight nanohelices were flat (red arrows in Fig. 3C). A 

small number of toroids were also observed under these assembly conditions, possibly as a 

result of the drying process in conventional TEM considering that they were not observed by 

cryo-TEM. Further increasing salt concentration to 30 mM induced the generation of more 

nanohelices and toroids (Fig. 3D). Remarkably, when the salt concentration reached 50 mM or 

above, almost all the nanoribbons turned into nanohelices (Figs. 3E and 3F). The flat ends of 

the nanohelices (red arrow in Fig. 3E) confirmed the morphological transition from 

nanoribbons to nanohelices as the salt concentration increased. 

Fig. 3 Conventional TEM characterization of KSNEKS illustrates the salt-induced 

morphological transition from nanoribbons to nanohelices. All grids were stained with uranyl 

acetate prior to imaging. APA concentration was 100 μM. PB concentration was (A) 10 mM; 

(B) 20 mM; (C) 25mM; (D) 30 mM; (E) 50 mM; (F) 100 mM.
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Coarse-grained Molecular Dynamics Simulations on Molecular Self-Assembly

To gain more insight into nanohelix formation, we explored the interactions and mechanism 

involved in nanoribbon and nanohelix formation using coarse-grained (CG) molecular 

dynamics (MD) simulations.42-44 Details on the simulation set-up are provided in the 

Supporting Information. The CG MD simulations allowed us to easily alter the interaction 

parameters between different types of beads in an effort to probe which interactions are vital 

for nanoribbon and nanohelix formation, and how changes in these interactions drive the salt-

induced conversion from nanoribbon to nanohelix. We envisioned that key interactions would 

be between QAE beads, which represent the glutamic acid COOH group (this bead was kept 

neutral in this study), and between SC4F beads, which represent the benzene rings in the SATO 

units (see Fig. S9 for mapping scheme). We began by using the original MARTINI force-field 

(FF) parameters for ε[QAE-QAE] and ε[SC4F-SC4F], which are 1.19503 and 0.62739 

kcal/mol, respectively (Table S2).42 These ε values in the 12-6 Lennard-Jones potential depict 

the strength of interactions between two beads.45 Under these parameters, concentrations of 

APAs in simulations were explored first. We found that nanoribbons with bilayer structures 

formed over the course of 15 μs when the number of APA molecules was 150 in an equilibrated 

water box with the size of ~ 17 x 17 x 17 nm3. When the number of APA molecules was 

decreased (50 or 100 molecules) or increased (300 molecules), micelles and hybrid irregular 

nanohelix/nanofibers formed, respectively. Therefore, we used 150 APA molecules in all 

subsequent simulations. Figure S10A shows the snapshot of the structure of the resulting 

nanoribbon with a thickness of ~4.5 nm and a width of ~15 nm. The final bilayer thickness 
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measurement was consistent with cryo-TEM observations of KSNEKS at low PB concentration 

(5 nm), but the simulated nanoribbon width (15 nm) was substantially bigger than that observed 

by cryo-TEM (6 nm). We attribute this expansion of the ribbon width to interactions between 

APAs that this model did not perfectly capture. To further probe how ε[SC4F-SC4F] 

interactions affected the dimensions of the nanoribbons, we gradually increased the ε[SC4F-

SC4F] from 0.62739 to 1.0 kcal/mol while keeping the value of ε[QAE-QAE] constant at its 

original value. At ε[SC4F-SC4F] = 0.8 kcal/mol, a nanoribbon formed with a width of ~7.5 nm 

and a thickness of ~4.5 nm (Fig. S10B), which was in good agreement with the dimensions of 

the experimentally observed nanoribbons.

Using these interaction parameters that reproduced the experimentally observed nanoribbon 

dimensions, we conducted time-course studies to gain molecular-level insights into a possible 

self-assembly pathway (Fig. 4A). These efforts revealed that KSNEKS APAs first aggregated 

to form small clusters of ~40 KSNEKS molecules each, with each cluster merging into one U-

shaped intermediate at ~0.6 μs. The U-shaped intermediates gradually moved closer to each 

other until they were connected at ~1.3 μs; they further evolved into a continuous ribbon-like 

structure with rough edges (bumps) at 3.3 μs. These bumps disappeared as the self-assembly 

process continued, and a nanoribbon structure finally formed at ~10 μs, which was stable for 

the remainder of simulation up to ~15 μs. Movies showing the formation of nanoribbons in the 

above CG MD simulations can be found in the Supporting Information. As expected, 

hydrophobic beads (e.g., SC4F) were located inside the nanoribbon, while the hydrophilic QAE 
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(COOH) and P5 (CONH2) beads were at the outer surfaces (Fig. S10B).46, 47 Because the 

ε[QAE-QAE] interaction parameter was stronger than ε[SC4F-SC4F] in these simulations, the 

interactions between hydrophilic QAE beads with themselves and between the hydrophilic 

QAE beads with water (P4 beads) dominated the self-assembly process (ε[QAE-P4] = 1.3 

kcal/mol and ε[SC4F-P4] = 0.6 kcal/mol). 

Fig. 4 Self-assembly process of (A) nanoribbon and (B) nanohelix formation by CG MD 

simulations. Beads for water are not shown for clarity. Red dotted lines represent periodic 

boundaries. Simulations were performed for 15 μs, and the nanoribbon and nanohelix 

structures were stable from 10 through 15 μs. Color schemes of beads can be found in Fig. S9. 

Zoomed-in snapshots for both nanostructures at ~15 μs are shown in Fig. S10. 
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Experimental and computational studies have shown that screening of charges under high salt 

conditions causes hydrophobic interactions to dominate the self-assembly process.48-51 This 

phenomenon is consistent with our experimental results, where we found that hydrophobic 

interactions increased when the salt concentration was increased from 10 mM to 100 mM, as 

indicated by a hypochromic shift in the local absorption maximum of each APA (Fig. S6).41, 52 

In the Lennard-Jones  potential, ɛ values represent the strength of interactions between specific 

atom/bead pairs in a system, with larger ɛ values representing stronger the interactions.53, 54 To 

mimic this increase in the hydrophobicity of the APAs, we gradually increased ε[SC4F-SC4F] 

from 0.62739 kcal/mol to 1 kcal/mol and decreased ε[QAE-QAE] from 1.19503 kcal/mol to 

0.6 kcal/mol. In this series of simulations, these changes to the interaction parameters resulted 

in nanohelix formation, with dimensions similar to those observed in experiments. In other 

words, the CG MD simulations supported our hypothesis that relatively stronger interactions 

between hydrophobic beads and relatively weaker interactions between hydrophilic beads 

resulted in the nanohelix structure (Figs. 4B and S10C).55 Different from the assembly pathway 

in nanoribbon formation, small, discrete aggregates of ~15 KSNEKS molecules formed at the 

early stages of the simulation (0–0.15 μs). These small aggregates quickly merged to create 

larger aggregates of 50–100 KSNEKS molecules at ~0.2 μs and further developed into twisted, 

fiber-like aggregates. As the twisted fibers moved closer to each other, they connected at ~2.5 

μs, further evolving into nanohelices during the final 7.5 μs of the simulations. Movies showing 

the formation of nanohelices in the above CG MD simulations can be found in the Supporting 

Information. The diameter of the final nanohelices was ~4.5 nm, and their pitch was ~8 nm, 
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close to the tight nanohelices measured by cryo-TEM shown in Fig. 2 (6 nm in diameter and a 

13 nm pitch). 

To validate that the QAE-QAE interactions are critical in determining this nanohelix structure, 

we performed additional CG MD simulations, in which we decreased the interaction strength 

between other hydrophilic beads such as P5 in the neighborhood of QAE beads. Details on the 

scaled parameters can be found in Table S3. We did not observe nanohelix formation in any of 

these simulations, which further validates the critical role played by QAE-QAE and SC4F-

SC4F beads in determining these self-assembled structures. Thus, our simulations clearly 

suggest that the balance between hydrophilic and hydrophobic interactions is important in 

driving the self-assembled structures of these APAs. 

To further understand the effect of the change in hydrophilic and hydrophobic interactions on 

the structure of assembled APAs, the end-to-end distance of each KSNEKS molecule was 

analyzed in both simulations. The strong interactions between the hydrophobic SC4F-SC4F 

beads led to smaller end-to-end distances in KSNEKS molecules under simulations mimicking 

high salt conditions (nanohelix formation) than under low salt conditions (nanoribbon 

formation) (Fig. 5A). For example, the probability of KSNEKS molecules with end-to-end 

distances from 4–12 Å was higher in nanohelices than in nanoribbons (42% vs. 31%). 

Representative CG KSNEKS models with different end-to-end distances are shown in Fig. 5D. 
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We also analyzed the radial distribution functions (RDFs) between various bead pairs in both 

types of simulations (Figs. 5B and S11). In the RDF between SC4F (aromatic groups in the 

SATO units) and P4 (water) beads in Fig. 5B, the first peak was observed at 5 Å, which 

suggests that P4 beads accumulate around SC4F beads at a distance of 5 Å, forming a hydration 

shell. The higher peak in the nanohelices RDF indicates that SCF4 beads are on average more 

hydrated in nanohelices than in nanoribbons. We attribute the higher hydration of the 

nanohelices compared with the nanoribbons to their helical nature, allowing for water to more 

easily access the nanohelix core. One possible explanation is that the helical nature of the 

nanohelices may expose more surface area of SATO units to water compared to nanoribbons. 

We carried out solvent accessible surface area (SASA) calculations, which suggest that the 

SASA for nanohelices is higher than that of nanoribbons (1250 ± 80 nm2 versus 1140 ± 30 

nm2).

Investigations into Molecular Hydrolysis and Ion-conductivity Guided by CG MD 

Simulations

To test whether the SATO groups in the nanohelices were in fact more hydrated than those in 

the nanoribbons, we performed a hydrolysis experiment. SATO groups hydrolyze slowly in 

water,56 and we expected that if the RDF data derived from the simulations was correct, then 

hydrolysis of KSNEKS should be faster in 100 mM PB than in 10 mM PB (both pH 7.4). Using 

UV-vis to follow SATO hydrolysis, we found that KSNEKS (1 mM) hydrolyzed nearly twice 

as fast in 100 mM PB than in 10 mM PB (Fig. S12). This experimental result supports our 
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conclusion from the RDFs derived from the simulations, indicating that the cores of the 

nanohelices are more hydrated than those of the nanoribbons.

Fig. 5 (A) Probability distributions of end-to-end distance of KSNEKS molecules in 

nanoribbons and nanohelices with three bins in the range from 4 to 48 Å. (B) Radial distribution 

function between SC4F beads (aromatic groups) and P4 beads (water). (C) Radial distribution 

function between QAE and QAE beads (carboxylic acid groups) from 4 Å to 6 Å. (D) 

Representative structures of KSNEKS molecules with different end-to-end distances; color 

schemes for beads in panel D can be found in Fig. S9.

We also noticed from RDFs between QAE beads (Fig. 5C), which represent carboxylic acid 

groups, that these beads were, on average, closer together in the nanohelices than in the 
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nanoribbons. Because carboxylates can conduct ions, we asked whether the assembly state of 

KSNEKS (unimer, nanoribbon, or nanohelix) might affect its ability to conduct ions in solution. 

As shown in Fig. 6, addition of 1 mg/mL unimeric APA KSNEKS to buffer (i.e., without 

allowing any time for self-assembly), regardless of salt concentration, did not increase the ionic 

conductivity of the solution (Buffer+unimers entries). Addition of 1 mg/mL assembled 

KSNEKS in 10 mM PB (nanoribbons) led to a small increase in conductivity over 10 mM buffer 

(increase of 0.4 x 102 µS/cm). However, addition of 1 mg/mL KSNEKS in 100 mM PB 

(nanohelices) led to a distinct increase in conductivity over 100 mM buffer alone (increase of 

8.6 x 102 µS/cm). We also found that this increase in conductivity was much greater than 

addition of other charged polymers to 100 mM PB, all at 1 mg/mL (Table S4). These included 

poly(acrylic acid) (increase of 1.0 x 102 µS/cm), poly(sodium 4-styrene-sulfonate) (increase of 

0.6 x 102 µS/cm), and alginic acid (increase of 0.7 x 102 µS/cm). The ability of KSNEKS 

nanohelices to increase conductivity was especially surprising considering that all three 

charged polymers have a greater number of charged species (carboxylates or sulfonates) per 

gram than the KSNEKS nanohelices. Finally, we also tested the ability of DNA to increase 

conductivity under the same conditions, measuring an increase of 1.7 x 102 µS/cm over 100 

mM PB alone, which is 5-fold less than the KSNEKS nanohelices. We attribute the ion-carrying 

ability of KSNEKS to the close packing of the charged carboxylates in the nanohelices, which 

may enable rapid transport of sodium ions between the two electrodes in the conductivity meter; 

however, further experiments will need to be conducted to fully test this hypothesis.
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Fig. 6 Conductivity measurements of KSNEKS in monomeric state or assembled state at room 

temperature.

Proposed Mechanism of Nanohelix Formation

Our results suggest that both hydrophilic and hydrophobic interactions modulate the 

nanostructure morphology in these APAs. A possible mechanism for the formation of 

nanohelices at high PB concentrations as a consequence of charge screening is as follows: In 

general, the self-assembly pathway of these APAs proceeds via the formation of β-sheet tapes 

through hydrogen bonding at low buffer concentration (Figs. 2E and 2F black curves; Fig. S7). 

These β-sheet tapes have an intrinsic tendency to twist as a consequence of the constituent 

amino acid chirality, a propensity that is enhanced/impacted by electrostatic repulsions 

between like-charges. As revealed in the cryo-TEM images in Figs. 2A and 2B, KSNEKS and 

KSC’EKS nanoribbons possess bilayer molecular packing, which allows the glutamic acid 

residue in each APA to stabilize the nanostructures in PB. This molecular packing arrangement 
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would prevent nanoribbons from coiling up or aggregating due to repulsive forces among the 

negatively charged carboxylates on glutamic acid residues. Put succinctly, under low buffer 

concentration conditions, hydrophilic interactions dominate. Under high buffer concentration 

conditions, charge screening leads to a decrease in this repulsive force. With reduced repulsion 

between nearby glutamic acid residues in the nanoribbons, the nanoribbons then roll up to form 

the observed nanohelices. In the nanohelix morphology, the hydrophobic SATO components 

of the APAs pack more closely to minimize free energy and stabilize the nanostructure 

(hydrophobic interactions dominate). Meanwhile, the partially charged glutamic acid residues 

under high salt conditions continue to provide some amount of repulsion, stabilizing the 

nanostructures in the solution. Accordingly, the twisting of β-sheets within nanostructures 

becomes more homogeneous during the morphological transition, as indicated by the red shift 

in the amide I stretch in the FTIR spectra of both APAs (Fig. S7). In other words, in twisted 

nanoribbons, β-sheets near the center of the ribbons are more twisted than those at the periphery, 

while in nanohelices, β-sheets have a similar twist throughout the width of the ribbon (due to 

the cylindrical curvature); this phenomenon has been observed previously.41 Thus, this delicate 

balance of forces that drive molecular packing allows persistent nanohelices to form, where the 

precise structure of the APA controls the distance between neighboring glutamic acid residues 

and ultimately the helical pitch. An illustrated depiction of the correlation among hydrophilic 

interactions, hydrophobic interactions, and the resultant self-assembled nanostructures is 

shown in Fig. 7.
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Fig. 7 Correlation among hydrophilic interactions, hydrophobic interactions, and the resultant 

self-assembled nanostructures.

Conclusions

In summary, we report here a simple strategy to induce formation of stable nanohelices from a 

series of APAs with the general structure KSXEKS. Nanoribbons were observed at low 

concentrations of PB regardless of the X residue. Elevating the salt concentration facilitated 

formation of stable nanohelices due to suppressed repulsive interactions among glutamic acid 

residues. Coarse-grained molecular dynamics simulations of one APA, KSNEKS, further 

revealed that hydrophilic interactions dominated the self-assembly process at low buffer 

concentration, leading to formation of nanoribbons, while hydrophobic interactions drove the 

formation of nanohelices at high buffer concentration. Interestingly, the nanohelices showed 

an marked increase in solution conductivity, while the nanoribbons did not, demonstrating the 

potential to use these nanohelices for charge transport. Overall, this work shows how subtle 
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changes in assembly conditions can be harnessed in short peptides to dictate different 

morphologies and new functions, potentially opening up a new field of ion-conducting, 

peptide-based materials.
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