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Abstract

Recent studies have shown that antimicrobial peptides (AMPs) can self-assemble into 

supramolecular structures, but this has been overlooked as causative of their antimicrobial activity. 

Also, the higher antimicrobial potency of D-enantiomers compared to L-enantiomers of AMPs 

cannot always be attributed to their different resistance to protease degradation. Here, we tested all 

L- and D-amino acid versions of GL13K, an AMP derived from a human protein, to study 

structural links between AMPs secondary structure, supramolecular self-assembly dynamics, and 

antimicrobial activity. pH dependence and the evolution of secondary structures were related to a 

self-assembling process with differences among these AMPs. The two GL13K enantiomers 

formed analogous self-assembled twisted nanoribbon structures, but D-GL13K initiated self-

assembly faster and had notably higher antimicrobial potency than L-GL13K. A non-antimicrobial 

scrambled amino acid version of LGL13K assembled at a much higher pH to form distinctively 

different self-assembled structures than L-GL13K. Our results support a functional relationship 

between the AMPs self-assembly and their antimicrobial activity.

Graphical Abstract

All L- and D- antimicrobial peptides had different self-assembly dynamics with implication in 

their antimicrobial activity.

Electronic Supplementary Information (ESI) available: High-resolution TEM micrographs of L-GL13K self-assembled structures; CD 
spectra of L-GL13K peptides at high pH that were titrated back to low pH.
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Introduction

The development of antimicrobial peptides (AMPs), also called host defense peptides, has 

notably advanced in past decades due to increasing prevalence of bacterial resistance to 

conventional antibiotics. Cell-secreted or synthetic AMPs are typically cationic amphiphilic 

molecules, which accumulate on bacterial surfaces and disrupt the integrity of the bacterial 

membrane or attack protoplasmic targets1. In addition to the direct killing of bacteria, some 

AMPs show immunomodulatory properties2. The low toxicity of AMPs against mammalian 

cells has been attributed to the inherent structural and functional differences in the 

membranes of mammalian cells and bacterial pathogens. Compared to mammalian cells, 

bacterial cytoplasmic membranes contain much more anionic components, such as 

phosphatidylserine and cardiolipin3. As a result, cationic AMPs are more likely to be 

attracted to the bacterial surfaces by electrostatic forces and neutralized by negatively 

charged components. Several models have been proposed to describe membrane 

permeabilization mechanisms by AMPs, including the barrel-stave model, the carpet model, 

and the toroidal-pore model4. All of these models are based on interactions between a group 

of individual antimicrobial molecules and the bacterial membrane lipids, without 

considering the self-assembly or oligomerization of AMPs.

It is known that a number of amphiphilic peptides can self-assemble to supramolecular 

nanostructures, which has been mainly exploited to build structures for tissue engineering 

and drug delivery5. However, little is known about the functional link of self-assembly of 

peptides and their antimicrobial activity6. Instead, peptide secondary structures have been 

the focus of study and found to be closely related to the bacterial membrane 

permeabilization. Many AMPs are mainly unordered in solution or in the vicinity of neutral 

phospholipids, but present molecular structures rich with α-helix or β-sheet components in 

the vicinity of negatively charged phospholipids7. The secondary structure change is 

commonly attributed to reorganization of residues within a single AMP molecule and 

triggered by interactions of the peptides with the anionic and hydrophobic components of 

the bacterial membrane. However, the secondary structures are usually not stable but would 

change with time, suggesting that a process of self-assembly or supramolecular 

reorganization of the molecules is involved8.
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In contrast to AMPs, molecular self-assembly has been widely discussed in the context of 

amyloid peptides. Amyloid peptides share key structural and functional features with 

AMPs9. As it is the case of AMPs, most amyloid peptides contain cationic and hydrophobic 

residues. Some amyloid peptides also display antimicrobial activity10–13. Several 

neurological diseases, including both Alzheimer’s disease and Parkinson’s disease, are 

associated with the initial formation of fibrillar amyloids of self-assembled/aggregated 

peptides and proteins. The amyloids can then disrupt the cell membrane. Similar interaction 

between self-assembled fibers and lipid vesicles or bacterial membranes has been discovered 

with surfactant-like peptides14,15 and peptide amphiphiles16. Different from AMPs, the 

membrane disrupting mechanisms of amyloids have been commonly related to peptide 

assembly. That might be related to the fact that amyloid peptide self-assembled 

nanostructures can be readily found in physiological solutions, whereas AMPs are hardly 

found as supramolecular assemblies in neutral or bacterial culture media. However, charge 

density and hydrophobicity near or on bacterial cell membranes is markedly different from 

the aquatic ionic environment of the bacteria culture and thus, self-assembly of AMPs on the 

bacterial membrane cannot be disregarded as a potential mechanism for the antimicrobial 

activity of these peptides. In a recent study, L. Schnaider et al. demonstrated the significance 

of self-assembled nanostructures of diphenylalanine on membrane permeation and 

depolarization, upregulation of stress response regulons and damage to bacterial 

morphology17.

Here, we used a designer AMP, GL13K, its D-enantiomer, DGL13K and a non-antimicrobial 

scrambled amino acid sequence of GL13K, L-GL13K-R (Figure 1a–c) to explore relevant 

environmental and molecular properties that affect secondary structure, self-assembly, 

antimicrobial activity, and associations between these peptide properties. We also aimed to 

study the effect of time on the structural and self-assembly properties of these peptides.

GL13K was derived from the human salivary protein BPIFA2 (formerly human Parotid 

Secretory Protein, hPSP)18. The original peptide sequence, GL13NH2 (hPSP 141–153) did 

not exhibit bactericidal activity, whereas substitution of three of its polar residues for 

cationic lysines converted it to the AMP, GL13K19. LGL13K is bactericidal and effective 

against gram negative bacteria; e.g. Pseudomonas aeruginosa and Escherichia coli; and 

gram-positive bacteria, Streptococcus gordonii19. It also kills P. aeruginosa biofilms20. L-

GL13K immobilized on titanium surfaces kills and reduces biofilm burden of bacterial 

pathogens, such as Porphyromonas gingivalis21 and primary colonizers, such as S. 
gordonii22. Previous studies demonstrated that L-GL13K disrupts anionic bacterial model 

membranes, but did not affect the integrity of neutral eukaryotic model membranes23,24. 

This was consistent with their observation that the secondary structure of L-GL13K 

selectively changed in solutions with high concentration of negatively charged 

phospholipids.

D-GL13K is significantly more active than L-GL13K against gram positive bacteria, such as 

Enterococcus faecalis and S. gordonii25. The higher bactericidal potency of D-amino acid 

versions of AMPs than their L-amino acid counterparts is often attributed to their increased 

stability against enzymatic degradation as bacteria secreted proteases are composed of L-

amino acids26. Recent work by H. Hirt et al. suggests that protease-resistance is not the only 
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difference on killing effectiveness of E. faecalis between L- and D-enantiomers of AMPs25. 

Structural differences between L- and D-enantiomers of the same peptide have been scarcely 

explored27, mainly because identical mirrored structures between the two enantiomers are 

expected. However, recent work has noted that peptide chirality induces differences in the 

molecular structure and self-assembly of peptides in solution. S. Marchesan et al. found the 

circular dichroism (CD) spectra peak of a tripeptide DPhe-LPhe-LVal was at 228 nm whereas 

the peak of its enantiomer LPhe-DPhe-DVal shifted to 224 nm, indicating nonidentical 

secondary structures28. However, all L-amino acid and all D-amino acid tripeptides did not 

show similar structural differences. Z. Luo et al. observed that self-assembled structures of 

the D- and L-enantiomers of EAK16 peptide had different temperature-dependent 

responses29. L-EAK16 formed and maintained a β-sheet structure after heating from 25 °C 

to 110 °C, whereas D-EAK16 changed from β-sheet to α-helix and remained α-helix after 

cooling back to 25 °C. These structural and self-assembly differences might result in distinct 

biological responses. A better understanding of the differences in self-assembly and 

antimicrobial activity between L- and D-enantiomers could guide the design of AMPs to 

increase their bactericidal efficiency and broaden their spectrum of activity and applications.

Experimental section

Peptide solutions

GL13K with all L-amino acids, L-GL13K (GKIIKLKASLKLL-NH2), GL13K with all D-

amino acids, D-GL13K (Gkiiklkaslkll-NH2), and a scrambled amino acid sequence of 

GL13K, L-GL13K-R (IGIKLLKSKLKAL-NH2) peptides were purchased from AAPPTec, 

LLC (Louisville, KY, USA) with purity > 98 %. Stock solutions of LGL13K, D-GL13K, and 

L-GL13K-R peptides were dissolved in deionized (DI) water at a concentration of 10 mM. 

Borax-NaOH buffer solutions were prepared by mixing a 0.025 M borax solution and a 0.1 

M NaOH solution to final pH. A stock solution of 10 μl was added into a 990 μl buffer 

solution to a final concentration of 0.1 mM. L-GL13K and D-GL13K solutions were 

prepared at pH of 9.4, 9.6, 9.8, 10.0, 10.4, and 10.8; L-GL13K-R solutions were prepared at 

pH of 9.0, 10.0, 11.0, and 12.0. All peptide solutions were stored at 4 °C before testing.

Circular dichroism (CD)

All aqueous peptide solutions were measured right after preparation (t = 0 d) and after 1 d, 2 

d, 4 d, and 8 d storage at 4 °C. 200 μL of peptide solution were dispensed into a quartz 

cuvette with a 1 mm path-length. CD spectra were obtained with a Jasco J-815 CD 

spectrometer (Easton, MD, USA) at room temperature. CD signal was monitored over a 

range of wavelengths from 190 to 260 nm with data pitch of 1.0 nm, a scanning speed of 50 

nm/min and a response time of 2 s. All measurements were averaged over 3 scans and were 

corrected by subtracting their corresponding buffer spectrum. CD signal for the pH 12.0 L-

GL13K-R sample had excessively high noise to signal ratio for wavelengths below 205 nm.

Transmission electron microscopy (TEM)

TEM samples were prepared by dropping 3 μl peptide solution onto negatively charged 

copper grids with carbon film, followed by negative staining with 0.75% uranyl formate. 
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TEM visualization of negatively stained samples was performed using a FEI Tecnai G2 F30 

(Hillsboro, Oregon, USA) with an accelerating voltage of 300 kV.

Cryogenic TEM (cryo-TEM) samples were initially prepared by plunging 2.5 μl peptide 

solution on lacey carbon/formvar grids for 7 s using an FEI Vitrobot (Hillsboro, Oregon, 

USA). Cryo-TEM visualization was performed using a FEI Tecnai G2 Spirit BioTWIN 

(Hillsboro, Oregon, USA) with an accelerating voltage of 120 kV. To improve our ability to 

find self-assembled nanostructures, we increase peptide concentration to 1mM to conduct 

our Cryo-TEM experiments. To validate the existence of peptide self-assembled structures in 

pH 10.8 solution at the lower concentration of 0.1 mM, the critical aggregation 

concentration was assessed to be 0.02–0.05 mM by Nile Red assay (Figure S1). Thus, 

solutions used for both the negative-staining TEM (0.1 mM) and cryo-TEM (1 mM) 

experiments contained self-assembled structures in aqueous environment.

Estimation of secondary structure contents

Estimations for the different secondary structure contents were obtained from further 

analysis of CD spectra using CDPro software (http://sites.bmb.colostate.edu/sreeram/

CDPro/, last accessed September 7, 2018)30. We used a reference set of 48 proteins from 

four sources (reference set 7 in CDPro) in a wavelength range of 190–240 nm. Before 

conducting the secondary structure analysis, CD spectra data was converted from ellipticity 

(θ) to mean residue ellipticity ([θ]) and molar circular dichroism (Δε), where [θ] = 

millidegrees/(path length in mm × the concentration of peptide in mg/ml × the number of 

residues) and Δε=[θ]/3,298. The data was analyzed by three common methods implemented 

in software packages, SELCON3, CDSSTR, and CONTIN/LL. Data obtained from each of 

the methods was analyzed and we report average values from the three methods.

pH titration

To determine the pKa values of L-GL13K, D-GL13K, and L-GL13KR, pH titration curve 

was assessed between pH 2.0 and 11.0. Each peptide was prepared at 0.1 mM in DI water 

and 10 ml solution was used for titration with a Zeta potential analyser (Stabino, Particle 

Metrix, Meerbusch, Germany). 0.1 M HCl solution was added at an increment of 100 μl to 

reach pH 2.0 as the pre-dosage step. Then 0.1 M NaOH solution was added dynamically to 

finally reach pH 11.0. At each step, the pH and accumulated NaOH volume was recorded. 

The dynamic time interval was set at 4–20 s and the dynamic NaOH volume was set at 2–50 

μl to keep 0.1 ≤ ΔpH ≤ 0.2. Each pKa value was determined by the half-way point of each 

buffer region according to the Henderson-Hasselbalch equation.

Minimal inhibitory concentration (MIC)

The antimicrobial activity of L-GL13K, D-GL13K, and L-GL13K-R were assessed by MIC 

assays with Gram-positive S. gordonii M5 and Gram-negative P. aeruginosa Xen41 (a 

luminescent derivative from the parental strain P. aeruginosa PAO1, PerkinElmer Inc., 

Waltham, MA, USA) as previously described31. S. gordonii M5 was grown in brain heart 

infusion (BHI) broth and P. aeruginosa Xen41 was grown in Luria-Bertani (LB) broth at 

37 °C overnight. Overnight cultures were diluted to a concentration of 5×105 CFU/ml in 

BHI or Mueller-Hinton broth (MHB), respectively. 90 μl of the bacteria solution was 
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incubated with a 10 μl serial peptide dilution from a 10 mg/ml stock solution in 96-well 

polypropylene plates at 37 °C for 20 h. The bacteria growth was evaluated by optical density 

(OD) at 570 nm. Two control groups were tested, bacterial growth in the absence of peptides 

and growth medium without bacteria. Each experiment was repeated at least three times.

Results and discussion

Effect of pH and time on L-GL13K self-assembly

We analyzed changes of the L-GL13K secondary structure in varying pH solutions (9.4 – 

10.8) for up to 8 days using CD (Figure 2). In solutions with pH ≥ 9.6, L-GL13K peptides 

showed a progressive transition over time from mostly unordered to β-sheet structures. The 

rate of structural transition increased with increasing solution pH. At pH ≥ 10.4, the 

structural transition occurred almost spontaneously upon the dissolution of the peptides (t = 

0 d). At pH 9.4, L-GL13K peptides maintained unordered structures for the whole 

experiment period.

To explore whether the changes of the secondary structure of L-GL13K peptides were 

caused by molecular self-assembly, we visualized the formation and evolution of 

supramolecular structures by both negative-staining TEM (Figure 3a–3e) and cryo-TEM 

(Figure 3f). We selected a set of conditions that showed different secondary structures with 

gradual transition from a few small aggregates at low pH to highly-organized and self-

assembled nanostructures increasing in number when pH and/or time increased. The self-

assembled structures were nanoribbons with varying widths from less than 10 nm to ~ 30 

nm and a length of as high as a few microns. TEM images at higher magnifications revealed 

that the nanoribbons were composed of twisted bundles of smaller nanofibrils with a 

uniform width of ~ 3 nm (Figure S2, S3). Notably, the progressive formation of the self-

assembled supramolecular structures was in accordance with the progressive transformation 

of the secondary structure; from unordered to β-sheet signal in the CD spectra (insets in 

Figure 3a–3e). In solutions with the lowest pH 9.4, the peptides did not self-assemble and 

the CD spectrum was dominated by the characteristic signal for an unordered structure 

(Figure 3a). When the solution pH was 9.8, a portion of the peptide molecules started to 

form nanofibrils after 2 days in solution, which was recorded in the CD spectra as a small 

peak at around 220 nm (Figure 3b). Longer times (Figure 3c, 3d) and/or higher pH (Figure 

3e) resulted in larger portions of self-assembled peptides with increasing number of 

nanofibrils and nanoribbons and increasing dominance of β-sheet signal. Thus, changes in 

the secondary structure determined by CD spectra were induced by the self-assembling of L-

GL13K peptides.

The self-assembly of the peptides was pH reversible. For example, the transformation to a β-

sheet rich structure of the peptides by increasing pH to 10.5 was reverted to a mostly 

unordered structure after titration back to pH 7.4 (Figure S4).

As the structural transformation of the L-GL13K was slowed down; i.e., not immediate at 

the pH range between 9.6 and 10.0 we were able to investigate in detail specific 

characteristics of this transformation. Thus, we further used CDPro software to estimate the 

secondary structure contents from the CD spectra by using three common methods30,32. We 
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report averages and standard deviations calculated by the three methods against the time the 

peptides were dissolved in the solutions (Figure 4). When peptide molecules were not self-

assembled, 75% unordered structure was estimated in the peptide solutions. The unordered 

peptide structures transformed to β-sheet and β-turn before transformed to α-helix. In 

peptide solutions at pH 9.6 and pH 9.8 (Figure 4a, 4b), β-sheet and β-turn contents started to 

increase after 2 days and 1 day, respectively; whereas α-helix only started to notably 

increase after 4 days and 2 days, respectively. At pH 10.0 (Figure 4c), the peptide solutions 

had notable β-sheet and β-turn contents immediately after dissolution of the molecules (t = 0 

day), but the α-helix content increased between 1 day and 2 days. When stable 

conformations were reached, the final content of each secondary structure was also 

dependent on solution pH. The higher the pH the higher the α-helix content (30–34% for pH 

10.0 vs 22–23% for pH 9.8) and the lower the β-sheet content (20% for pH 10.0 vs 30% for 

pH 9.8).

Combined results of CD, TEM and estimation of molecular structural contents indicate that 

the L-GL13K peptides initially self-assembled to form nanofibrils (Figure 3b, pH 9.8 2d). 

The process of self-assembly was triggered by the increasing neutralization of positive 

charges (increased pH and/or time) and the self-assembled structures were stabilized by the 

establishment of β-sheet intermolecular structures. Subsequently, twisted nanoribbons 

formed (Figure 3d, pH 9.8 8d) from bundles of parallel nanofibrils and the content of 

peptides in α-helix conformation increased, which suggest that the transformation to α-helix 

is triggered by further neutralization of positive charges in the L-GL13K peptides. In 

summary, L-GL13K peptides completed supramolecular self-assembly and structural 

changes in 2 to 8 days at solution pH from 10.0 to 9.6, respectively.

Previous work also showed that the secondary structure of LGL13K peptides was affected 

by either the pH of the aqueous solution or the concentration of surrounding bacterial model 

membranes23,24. Those findings support that the detected molecular transformations are 

triggered by the neutralization of the charged groups in the peptides. Here, we demonstrate 

that the secondary structure of the peptides in solution not only was affected by the solution 

pH, but also was not stable over time and changed in both cases as a result of the 

supramolecular self-assembly of the peptides. Together, these results suggest that the self-

assembly of the peptides into supramolecular structures are favored in high pH solutions 

and/or highly negatively charged interfacial environments. Thus, our findings might 

contribute to a better understanding of the mechanism of bactericidal activity of these 

peptides by further investigating the process by which the peptides challenge the integrity of 

model or real bacterial membranes.

Effect of chirality and amino acid sequence on peptide self-assembly

We tested an all D-amino acid version of the GL13K peptide to study the effect of chirality 

on the peptides structural change and self-assembly process. Though D-GL13K and L-

GL13K had analogous CD spectra (Figure 5), substantial differences were detected in 

solutions of pH 9.8 and pH 10.0 (Figure S5). In this pH range D-GL13K initiated the 

structural transformation from unordered to ordered structures distinguishably faster (Figure 

5c, 5d and Figure 6a, b) compared to LGL13K (Figure 2c, d and Figure 4b, c). Thus, D-
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GL13K underwent a faster self-assembly initiation than L-GL13K. Note that after 2 days in 

solutions with pH 9.8, L-GL13K had only initiated the formation of self-assembled 

nanofibrils (Figure 3b), whereas D-GL13K had assembled into a high concentration of long 

twisted nanoribbons, each formed by a number of bundled nanofibrils (Figure 6c).

At higher solution pH these time-dependent differences in the formation of the 

supramolecular assemblies were most likely masked. At pH ≥ 10.4 the driving force for 

triggering molecular transformation by the two peptides seemed to be high enough that the 

two peptides immediately started molecular transformations and assembly after dissolution.

The faster assembly initiation of D-GL13K compared to L-GL13K suggests structural 

differences between the two peptides that result in different effect on molecular 

transformation and/or intermolecular interactions during charge neutralization. Others have 

shown that L-peptides with specific amino acids substituted by their D-enantiomers induce 

changes in amphipathicity of the peptides that favour molecular self-assembly33. However, 

the same has not been yet demonstrated for all D-amino acid peptides when compared to 

their all L-amino acid counterparts. Also, the additional chiral side chain of isoleucine might 

affect the backbone conformations and contribute to the different self-assembly dynamics of 

L- and D-GL13K. Molecular dynamics simulation of conformational propensities of the 

GGXGG host-guest pentapeptide for three isoleucine antipodes (X=L-Ile, D-Ile, and D-allo-

Ile) showed that both D-Ile and D-allo-Ile exhibited significant differences in conformational 

regions compared to L-Ile34.

We also tested L-GL13K-R, a randomized-amino acid sequence of L-GL13K, with the 

purpose of studying the effects of the arrangement of cationic and hydrophobic peptide 

residues on the supramolecular assembly and antimicrobial activity. This scrambled peptide 

was designed to preserve a similar distribution of cationic residues and hydrophobic residues 

than that of L-GL13K. L-GL13K-R maintained an unordered molecular structure for up to 8 

days in buffer solutions with pH 9.0–11.0 (Figure 7a–c). Only when the solution pH was as 

high as 12.0 a weak characteristic peak for β-sheet configuration was detected (Figure 7d). 

Negative-staining TEM images revealed that L-GL13K-R formed small aggregates of about 

10–15 nm at pH ≤ 11.0; i.e., when no obvious β-sheet peak was detected on CD spectra 

(Figure 7e). At pH = 12.0, when LGL13K-R showed partial transformation to β-sheet, these 

peptides assembled into sphere-like nanostructures with a diameter of around 40 nm (Figure 

7f); which were distinctively different structures than the nanofibrils and nanoribbons 

obtained with L- and D-GL13K. Thus, the self-assembly process was not only determined 

by the total charge and overall hydrophobicity of the molecules, but also significantly 

affected by the distribution of the cationic and hydrophobic residues of these peptides.

Both L- and D-GL13K had 4 pKa values, but each pKa value of D-GL13K was slightly 

lower than L-GL13K, which might have contributed to the faster initiation of self-assembly 

of D-GL13K (Figure 1d–1f). In contrast, L-GL13K-R had 6 pKa values and showed 

markedly different self-assembled process and structures.
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Peptide self-assembly and antimicrobial activity

Chirality and specific amino acid sequence markedly affected the molecular self-assembly 

process and the supramolecular nanostructures obtained with L-GL13K, D-GL13K, and L-

GL13K-R. We then explored potential relations between the structural differences of the 

peptides and their biological function; i.e., antimicrobial activity. We determined MICs of 

the three peptides against both Gram-positive, S. gordonii M5 and Gram-negative, P. 
aeruginosa Xen41 bacteria (Table 1). MICs for D-GL13K were much smaller than for L-

GL13K against both strains, which demonstrated that the D-enantiomer had a higher 

antimicrobial potency. L-GL13K-R was not antimicrobial against either of the two 

bacterium strains in the range of concentrations tested; i.e., up to 512 μg/ml.

When intrinsically structural differences of L- and D-enantiomers of antimicrobial peptides 

are not considered, the lower antimicrobial potency of the L-peptides in comparison to the 

D-peptides is commonly attributed to the higher susceptibility of L-peptides to be degraded 

by bacteria secreted proteases. However, different protease susceptibility did not seem to 

explain differences in antimicrobial activity between L-GL13K and D-GL13K peptides. H. 

Hirt et al.25 compared MICs of L-GL13K and D-GL13K against wild-type E. faecalis and a 

protease deficient mutant of this bacterium strain, TX5128. D-GL13K had low MICs for 

both wild-type (13 μg/ml against) and TX5128 (11 μg/ml); however, L-GL13K did not show 

antimicrobial activity against any of the two strains up to concentrations of 200 μg/ml or 

higher. This suggested that the different antimicrobial potency of L-GL13K and D-GL13K 

against E. faecalis was not only caused by the bacteria secreted proteases. In addition, not all 

L-enantiomers have lower antimicrobial potency than D-enantiomers. S. Porter et al.35 found 

that L-diphenylalanine self-assembled nanotubes had increased antimicrobial activity against 

Gram-positive S. aureus and Gram-negative E. coli and P. aeruginosa compared to D-

diphenylalanine.

The MICs for L-GL13K and D-GL13K were close to or lower than the concentration in the 

buffer solutions (0.1 mM or 140 μg/ml) used for molecular structural analysis. Also, the 

MICs for L-GL13K against both strains (0.091 and 0.023 mM, Table 1) were in the range of 

or higher than the critical aggregation concentration of L-GL13K in pH 10.8 buffer solution 

(0.02–0.05 mM) (Figure S1). Although there are notable differences in the physiochemical 

conditions on a bacteria membrane than in a buffer solution, V. Balhara et al.24 and N. 

Harmouche et al.23 demonstrated that the secondary structure of L-GL13K could be 

similarly controlled either by the buffer pH or by the concentration of bacterial model 

membranes. Their observations and conclusions were restricted to spectroscopic analysis of 

the molecular structures and to conditions analogous to the ones that produced the final and 

stable structures we show here. When comparing D-GL13K and LGL13K at final stable 

conditions, we did not find structural differences between the two peptides, including the 

self-assembled nanostructures. However, we assessed relevant differences in the respective 

self-assembly processes as D GL13K peptides initiated assembly faster than L-GL13K 

peptides. We also assessed that the non-antimicrobial L-GL13KR peptides self-assembled in 

a different range of pH and into markedly different self-assembled structures. These findings 

suggest a link between the process of antimicrobial peptide self-assembly and antimicrobial 

activity, which has also been recently suggested by others6,9–13,17.
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Conclusions

We have demonstrated that all L- and D-amino acid enantiomers of GL13K, a designer AMP 

derived from a human protein, transformed with time in secondary structures that 

subsequently evolved into supramolecular self-assemblies. However, differences in the 

chirality and the arrangement of the cationic and hydrophobic residues led to distinct 

differences in the dynamics of the assembly process and the nanostructures formed (fibrils, 

twisted ribbons, and spheres), which was indicative of a functional relation between AMPs 

self-assembly and antimicrobial activity. A better understanding of the effect of AMPs self-

assembly on their antimicrobial activity will enable a greater understanding of their 

mechanism of action, a more efficient design of AMPs, and processing routes to obtain 

supramolecular nanomaterials made of AMPs to prevent infection in regenerative medicine 

and other biomedical applications.
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Fig. 1. 
(a-c) molecular structures and Mw of L-GL13K, D-GL13K, and L-GL13K-R. Cationic 

residues are marked in green and highly hydrophobic residues are marked in red. (d-f) 

titration curves and pKa values of L-GL13K, D-GL13K, and L-GL13K-R.
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Fig. 2. 
CD spectra of 0.1 mM L-GL13K in borax-NaOH buffer with pH ranging from 9.4 to 10.8 

for 0 day, 1 day, 2 days, 4 days, and 8 days.
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Fig. 3. 
TEM images of negatively stained 0.1 mM L-GL13K agglomerations or self-assembled 

supramolecular structures (nanofibrils and nanoribbons) in buffer solutions of (a) pH 9.4 

after 8 d, (b) pH 9.8 after 2 d, (c) pH 9.6 after 8 d, (d) pH 9.8 after 8 d, (e) pH 10.0 after 2 d. 

The inset plots are the corresponding CD spectra. (f) Cryo-TEM image of 1 mM L-GL13K 

nanoribbons in buffer solution at pH 10.8 for 1 d. The nanoribbons were embedded in 

vitreous ice and the arrow points at the lacey carbon/formvar support grid. All scale bars are 

100 nm.
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Fig. 4. 
Estimation of secondary structure (α-helix, β-sheet, β-turn, and unordered) contents from 

CD spectra of 0.1 mM L-GL13K in buffer solutions of pH 9.6, 9.8, and 10.0 for up to 8 

days. Content values were averaged from estimations by three different methods, SELCON, 

CDSSTR, and CONTIN/LL.

Ye et al. Page 15

Nanoscale. Author manuscript; available in PMC 2019 December 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Inverted CD spectra of 0.1 mM D-GL13K in borax-NaOH buffer with pH ranging from 9.4 

to 10.8 for 0 day, 1 day, 2 days, 4 days, and 8 days.
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Fig. 6. 
Estimation of secondary structure (α-helix, β-sheet, β-turn, and unordered) contents from 

inverted CD spectra of 0.1 mM D-GL13K in buffer solutions of (a) pH 9.8 and (b) pH 10.0. 

Content values were averaged from estimations by three different methods, SELCON, 

CDSSTR, and CONTIN/LL. (c) TEM image of negatively stained D-GL13K self-assembled 

nanoribbons in pH 9.8 solution for 2 days. Inset is the corresponding inverted CD spectrum. 

Scale bar is 50 nm.
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Fig. 7. 
(a-d) CD spectra of 0.1 mM L-GL13K-R in borax-NaOH buffer solutions with pH ranging 

from 9.0 to 12.0 for 0 day, 1 day, 2 days, 4 days, and 8 days. (e, f) TEM images of negatively 

stained L-GL13K-R aggregates and nanospheres in pH 11.0 and 12.0 buffer solutions, 

respectively for 1 day. Arrows point at small aggregates. All scale bars are 100 nm.
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