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Abstract

Antimicrobial peptides (AMPs) have been an area of great interest, due to the high selectivity of 

these molecules toward bacterial targets over host cells and the limited development of bacterial 

resistance to these molecules throughout evolution. Previous work showed that when Histidine 

was incorporated into the peptide C18G it lost antimicrobial activity. The role of pH on activity 

and biophysical properties of the peptide was investigated to explain this phenomenon. Minimal 

Inhibitory Concentration (MIC) results demonstrated that decreased media pH increased 

antimicrobial activity. Tricholorethanol (TCE) quenching and red-edge excitation spectroscopy 

(REES) showed a clear pH dependence on peptide aggregation in solution. Trp fluorescence was 

used to monitor binding to lipid vesicles and demonstrated the peptide binds to anionic bilayers at 

all pH values tested, however, binding to zwitterionic bilayers was enhanced at pH 7 and 8 (above 

the His pKa). Dual Quencher Analysis (DQA) confirmed the peptide inserted more deeply in 

PC:PG and PE:PG membranes, but could insert into PC bilayers at pH conditions above the His 

pKa. Bacterial membrane permeabilization assays which showed enhanced membrane 

permeabilization at pH 5 and 6 but vesicle leakage assays indicate enhanced permeabilization of 

PC and PC:PG bilayers at neutral pH. The results indicate the ionization of the His side chain 

affects the aggregation state of the peptide in solution and the conformation the peptide adopts 

when bound to bilayers, but there are likely more subtle influences of lipid composition and 

properties that impact the ability of the peptide to form pores in membranes.
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1. Introduction

The development of antimicrobial resistance (AMR) in bacteria has been identified as a 

major threat by a number of international health agencies (1). As bacteria develop resistance 

to conventional antibiotics, treatment options are restricted for patients who have infections, 

as well as an increase in the number of deaths worldwide associated with antibiotic resistant 

bacteria. This threat highlights the need for the development of novel antimicrobials with 

lower potential for resistance development.

Antimicrobial peptides (AMPs) have been a topic of a significant amount of study since the 

isolation of magainin from Xenopus laevis in the 1980’s (2). These peptides are naturally 

occurring in all higher organisms, indicating bacteria have not been able to mount significant 

evolutionary resistance to AMPs (3,4). The majority of characterized AMPs work via a 

membrane-active mechanism, utilizing a cationic, facially amphiphilic sequence/structure to 

selectively bind bacterial membranes and insert hydrophobic residues into the core of the 

bilayer, disrupting the bacterial cell membrane leading to cell death (5-7). The membrane 

active mechanism follows the lack of evolutionary resistance as bacteria could not easily 

evolve away from using lipid bilayers as the cell membrane. As such, AMPs are continually 

studied as a potential platform for novel antimicrobials with low potential for resistance 

development(4,6,8,9).

AMPs have been isolated from numerous organisms, been designed de novo, and developed 

from larger proteins (10-12). C18G is a short, 18 aa peptide derived from the C-terminus of 

the human platelet factor IV protein (13). This peptide exhibits broad spectrum antibacterial 

activity, effectively binds anionic lipid bilayers, adopts a helical conformation upon binding 

bilayers or bilayer mimics, and induces membrane disruption in both Gram positive and 
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Gram negative bacteria (14,15). Notably, the peptide is primarily composed of Leu and Lys 

residues, 33% and 39% respectively, with a net charge of +8 at neutral pH. Previous 

experiments on this peptide demonstrated that both the hydrophobic content and the type of 

residues giving the cationic charge greatly affect the properties and activity of C18G. 

Notably, replacing the original Lys residues with His resulted in a complete loss of activity 

against all bacterial strains investigated (14,15).

The loss of activity with His in C18G was interesting as the result was not completely 

expected. On one hand, the experiments on the C18G-His peptide, in which the Lys residues 

were replaced with His, were performed at neutral pH, where the peptide should have only a 

+1 charge, thus likely exhibiting a reduced affinity for anionic bacterial cell surfaces. On the 

other hand, the C18G-His peptide was shown to interact with anionic bilayers and adopt a 

helical conformation upon binding, similar to +8 charged analogs with Lys or other cationic 

residues. Additionally, His is a major amino acid component of the naturally occurring host 

defense peptides known as histatins, found in mammalian oral cavities and salivary 

secretions (16,17). Histatins are known to also exhibit strong antifungal activity, and are 

already in clinical trials for antifungal mouthwashes used in treatment of oral candidiasis in 

HIV patients (18-20). In general, histatins are thought to act against bacteria and fungi in a 

similar fashion, disrupting the cell membrane and causing content leakage(18). Additionally, 

the multitude of His residues in histatins have been shown to chelate heavy metals, leading 

to the generation of reactive oxygen species in and around target cells (21,22). Beyond 

histatins, His residues are found in AMPs at approximately the same frequency as in full 

length proteins: 2.07% in AMPs, 2.27% in mammalian proteins. Indeed, ~36% of sequences 

in the APD3 antimicrobial peptide database contain at least one histidine residue, and ~16% 

that contain multiple His residues (23). Still, the role of His in AMPs and the mechanism of 

action has only been studied for a limited number of sequences compared to Lys and 

Arg(24,25).

In this work, a more thorough investigation of the C18G-His peptide was carried out to 

further elucidate the membrane binding properties and potential antibacterial activity using a 

combination of spectroscopic and microbiological methods. The C18G-His peptide 

exhibited significantly enhanced activity at pH 5 and 6, indicating that the charge-state of the 

histidine, and the peptide in general, is an important driver for antibacterial activity. The 

interactions of the peptide with bilayers was then investigated using the Trp in the C18G-His 

sequence as a reporter. Binding to lipid bilayers was evaluated under several solution pH 

conditions and with a “mammalian” and a “bacterial” lipid composition with varied anionic 

lipid content. Quenching of Trp fluorescence was used to investigate both bilayer orientation 

and peptide aggregation in solution, indicating that both environmental pH and bilayer 

composition affect the depth at which the peptides insert into the bilayer. Circular dichroism 

spectroscopy was used to characterize the secondary structure of the peptides at different pH 

conditions and when in solution vs. bound to a lipid bilayer. In aggregate, the results show 

that while C18G-His can bind to lipid bilayers of either composition and at all pH values 

tested, the depth and orientation of the peptide when bound is significantly different between 

the electrostatic-enhanced binding (low pH, anionic lipids) and the neutral form (neutral pH, 

zwitterionic lipids).
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2. Experimental Methods

2.1 Materials

Peptides were purchased from Genscript (Piscataway, NJ, USA) or synthesized in-house by 

solid phase FMOC-chemistry methods. In-house synthesized sequences were synthesized on 

rink-amide resin with DMF as the main solvent, 20% piperidine in DMF as the deprotecting 

agent, HATU (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium3-oxid 

hexafluorophosphate) as the activator, with a 5:1 amino acid excess during coupling. Peptide 

cleavage from the resin was achieved using a standard mixture of 92.5:2.5:2.5:2.5 

trifluoroacetic acid (TFA)/water/triisopropylsilane/ethanedithiol. Cleaved peptides were 

separated from the resin via gravity filtration and subsequently flocculated in ice-cold 

diethyl ether followed by sedimentation by low speed centrifugation. All peptides were 

purified by reversed-phase HPLC (RP-HPLC) with a linear gradient of water and acetonitrile 

each containing 0.1% TFA using a Jupiter 300 C4 column (Phenomenex). Peptide identity 

was confirmed by ESI-MS analysis. Lipids, (16:0–18:1) 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphatidylcholine (POPC, PC), and (16:0–18:1) 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphatidylglycerol (POPG, PG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 

(POPE, PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA), and stored as 

stocks in chloroform at −20 °C. Lipid vesicles were prepared were prepared as described 

previously (26). Small unilamellar vesicles (SUVs) were created through sonication of 

multilamellar vesicles (MLVs) in a high-power bath sonicator (Avanti Lipids, Alabaster, AL, 

USA) for 20 min to yield small unilamellar vesicles (SUVs).

The buffers used were ABS (150 mM NaCl, 50 mM NaCH3CO2/CH3CO2H; pH 5.0), CBS 

(150 mM NaCl, 50 mM C6H8O7/Na3C6H5O7; pH 6.0), PBS (150 mM NaCl, 50 mM 

Na2HPO4/NaH2PO4; pH 7.0), TBS ((150 mM NaCl, 50 mM NH2C(CH2OH)3; pH 8.0), 10× 

diluted buffer (for circular dichroism (CD) measurements), or Z-Buffer (0.1 M 

Na2HPO4/NaH2PO4, 10 mM KC1, 1 mM MgSO4, 0.05 M β-mercaptoethanol, adjusted to 

appropriate pH).

2.2 Minimal Inhibitory Concentration / Minimal Bactericidal Concentration Assays

Bacteria were streaked onto LB-Miller agar (BD-Difco, Franklin Lakes, NJ, USA) plates 

from a frozen permanent stock (E. coli D31(27), S. aureus ATCC: 27660, P. aeruginosa 
PAO1, and A. baumatmii ATCC: 19606). Overnight cultures were inoculated with a single 

colony of each bacterial strain into fresh LB or Mueller Hinton broth (MH, BD-Difco) and 

placed in a 37 °C shaking incubator (250 rpm) for ~18 h. After the overnight incubation, a 

1:200 dilution of the culture was made in fresh LB or MH for use in subsequent 

experiments.

Minimal Inhibitory Concentration (MIC) was determined using a broth microdilution assay 

as reported previously (28,29). Briefly, bacteria were grown as described above, and upon 

reaching mid-log phase were subsequently diluted to ~105 cfu/mL in pH-adjusted MH 

media. Next, 90 μL of this diluted culture was added to wells of a sterile 96-well plate 

containing serially diluted aliquots of the peptide for a final volume in the well of 100 μL. 

The plate was covered and incubated at 37 °C for 18 h. The OD600 was measured after 
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incubation with a Spectramax M5 multimode plate reader. The minimal bactericidal 

concentration (MBC) was determined by taking 1 μL of culture from each well of the MIC 

plate and spotted on a fresh LB-agar plate which was incubated overnight at 37°C. MBC 

was determined from the presence or absence of growth on each spot after the overnight 

incubation.

2.3 Fluorescence Spectroscopy

Fluorescence spectra were recorded on a JY-Horiba Fluoromax4 instrument with emission 

and excitation slits set to 2.5 nm. Emission spectra for binding assays, samples were excited 

at 280 nm with emission measured over the range of 300–400 nm. All samples contained 2 

μM peptide and were titrated with a lipid vesicle stock ranging in concentration from 1–2 

mM. The barycenter of the spectrum is an intensity-weighted average over the wavelengths 

measured, and Δbarycenter is the difference between the barycenter of the sample lacking 

lipid, and that of a given sample (14). Spectra were corrected for background and dilution. 

Red-edge excitation spectra (REES) were excited at 280, 290, 295, 300, 305, or 307 nm and 

emission spectra were collected from 310-410 nm.

The acrylamide quenching assays were performed as previously described. Briefly samples 

were prepared containing 2 μM peptide and 250 μM total lipid. Samples were excited at 295 

nm (to reduce the inner filter effect of acrylamide) and emission was measured at 340 nm. 

After measurement, an aliquot of 4M acrylamide was added to the sample, mixed, allowed 

to equilibrate for ~2 minutes, and the fluorescence emission was re-measured. All data were 

corrected for dilution, background, and remaining inner filter effects as described previously 

(14).

The TCE quenching experiments were performed by adding successive aliquots of TCE 

from a 10M stock to samples containing 2 μM peptide in buffer. Fluorescence was measured 

after each addition. Samples were excited at 280 nm and emission was measured at 340 nm. 

All data were corrected for dilution and background fluorescence.

Dual quencher analysis (DQA) was performed as previously described (26,30). Briefly, two 

sets of samples containing 2μM peptide and 200μM total lipid were created. One set was 

used as the unquenched sample (F0) and 0.235M acrylamide would subsequently be added 

to those (Fac). The other set contained 10 mol% 10-doxyl nonadecane (10-DN) in the 

vesicles (Fdox). The Q-ratio was calculated as described previously (26,30,31).

2.4 Circular Dichroism Spectroscopy

CD spectra were collected using a Jasco J-815 spectropolarimeter. Samples for CD 

spectroscopy contained 5 μM peptide in 0.1X buffer, 0.1X buffer with 200 μM lipid vesicles, 

or 0.1X buffer supplemented with 50% (v/v) trifluoroethanol. All spectra shown are the 

average of 64–128 scans and were corrected for backgrounds by subtracting the spectra of 

the samples lacking peptide. Lipid vesicles for CD spectra were created using the ethanol 

dilution method (32). Lipid films were created as described above, but after vacuum the 

films were first dissolved in 10 μL of ethanol and vortexed vigorously while adding the 

appropriate volume of buffer.
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2.5 Vesicle permeabilization assays

Assays were carried out as previously described (33). Briefly, vesicles were formed in the 

presence of 60μM of Ru(bpy)3
2+ and subjected to 15 rounds of extrusion through two 

stacked 0.2 micron polycarbonate filters using an extruder apparatus (Avanti Polar lipids, 

Alabaster AL). The vesicle mixture was then loaded onto a Sephadex G-25 column in pH 7 

buffer. Vesicle fractions eluted first and were visibly turbid. An aliquot of the vesicles was 

diluted in pH-adjusted buffer and mixed with 2μM peptide. The Ru(bpy)3
2+ fluorescence 

lifetime was measured with a home-built laser-induced fluorescence (LIF) instrument, 

described previously. Intensity decays were fit with a single exponential decay function 

where the reciprocal of the decay constant is the fluorescence lifetime. Fractional leakage 

was determined by comparing sample lifetimes to those of untreated vesicles and free 

Ru(bpy)3
2+

Calcein leakage assays were performed similar to Ru(bpy)3
2+ assays but instead using a 

solution of 75mM calcein as the fluorophore as described previously (34). Aliquots of 

vesicles were mixed with pH-adjusted buffer and mixed with serial dilutions of peptide. 

Fluorescence intensity was measured in a SpectraMax M5 plate reader (Molecular Devices, 

San Jose CA). Fractional leakage was calculated based on untreated vesicles (0% leakage) 

and vesicles treated with 20μL Triton X-100 (100% leakage). Notably, intensities varied at 

each pH as calcein fluorescence is pH sensitive.

2.6 E. coli membrane permeabilization assays

Permeabilization of the E. coli outer membrane was carried out similar to previously 

described (28,35). Briefly, a single colony of E. coli D31 was inoculated in LB broth 

supplemented with 100 mg/mL ampicillin and allowed to grow in a shaking 37 °C incubator 

overnight. The next day, the overnight culture was diluted 1:200 in fresh LB-Amp and 

grown at 37 °C with shaking until the OD600 was ~0.2. The culture was subsequently 

centrifuged at 2500 rpm for 15 min. The pellet was re-suspended in an equal volume of pH-

adjusted buffer and 80~L of this bacterial suspension was added to a 96-well plate 

containing serially diluted peptides or detergent (positive control). Immediately before the 

first measurement, an aliquot of 0.5mg/ml nitrocefin was added to each sample well (final 

concentration 0.05 mg/mL) and mixed by pipetting to ensure homogeneous distribution and 

minimize bubble formation. The sample absorbance was measured at 486 nm every 5 min 

for a total of 90 min. All assays were performed in triplicate.

Permeabilization of the E. coli inner membrane was carried out similar to previously 

described (28,35). The procedure is similar to that of the outer membrane assay with several 

modifications. Bacteria were grown overnight in LB media without Amp, and dilutions were 

made in LB supplemented with 1mM IPTG. Assay plates were prepared the same, except 

that cells were not centrifuged before the assay, and were added to the plate directly in the 

culture medium. Each well contained peptide or control molecules to which 57μL of pH-

adjusted buffer and then 18μL of culture were added. The ONPG substrate was dissolved in 

pH-adjusted buffer and added to each well at a final concentration of 0.6 mg/mL. The 

sample absorbance was measured at 420 nm in 5 min intervals for 90 min. All assays were 
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performed at least in triplicate. Absorbance values were converted to moles of ONP product 

to account for varying molar absorptivity of the product as a function of pH.

2.7 Hemolysis Assay

Hemolysis of sheep red blood cells (RBCs) was used to quantify membrane destabilization 

by leakage of hemoglobin. A 5mL aliquot of defibrinated sheep blood (HemoStat 

Laboratories) was mixed with 5mL sterile PBS and subsequently sedimented via 

centrifugation. The supernatant was aspirated and the cell pellet was resuspended to a final 

volume of 10 mL in PBS. This was repeated three times. The final cell pellet was 

resuspended to 10ml and 135 μL of this cell suspension was added to all wells of a conical-

bottom 96-well plate containing 15 μL of serially diluted peptide or the detergent Triton-X 

100 as a positive control. The plate was covered and allowed to incubate for 60 min at 37°C 

while shaking (100rpm). The plate was centrifuged for 15 min at low speed to pellet the in-

tact RBCs. Leakage analysis was performed by carefully removing 6 μL of the cell 

supernatant and mixing with 94 μL of fresh PBS followed by absorbance measurements at 

420 nm using a Molecular Devices M5 plate reader. Percent hemolysis was calculated based 

on the absorbance of each well compared to those wells with no additive and those with 

Triton-X100.

3. Results

3.1 Peptide Sequence –

The original sequence of C18G is a modified sequence based on the 13-amino acid C-

terminal helix of human platelet factor IV (13). This modified sequence was subsequently 

shown to activate a number of bacterial signaling pathways and exhibit broad spectrum 

antimicrobial activity (36,37). The modified C18G peptide sequence in which Lys are 

replaced with His was first characterized in previous work (14). The peptide is predicted to 

form a facially amphiphilic α-helix (Figure 1) (38).

3.2 Antimicrobial Activity

The effect of pH on antimicrobial activity was investigated using MIC and MBC assays. The 

MIC is the concentration of peptide which prevents bacterial growth in an overnight culture, 

while the MBC is the concentration required to kill the bacteria in the overnight culture. This 

distinction allows for discrimination between bacteriostatic and bactericidal mechanisms, 

and if these mechanisms are dose dependent. The MICs and MBCs of the C18G-His peptide 

at pH 5, 6, 7, and 8 are shown in Table 1. In all cases, the C18G-His peptide exhibited strong 

antibacterial activity at pH 5 which diminished at increasing pH values for all bacteria tested 

(S. aureus, E. coli, A. baumatmii, and P. aeruginosa). Similarly, the MBCs at all pH values 

were determined and showed the same pattern of pH dependence.

3.3 Peptide-peptide interactions in solution

Due to the significant change in peptide charge over the pH range investigated coupled with 

the relatively high content of hydrophobic residues, aggregation of the peptides in solution 

was investigated as factor in the decreased antimicrobial activity. First, red-edge excitation 

spectra (REES) were collected for the peptide at all pH values tested. REES relies on the 
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conformational flexibility of the Trp side chain, with more conformationally restricted Trp 

residues yielding red-shifted emission spectra as the excitation wavelength increases(39). As 

shown in Figure 2A, the C18G-His peptide REES exhibits upward curvature in the plot of 

barycenter vs. excitation wavelength, indicative of restricted motion around the Trp. 

Notably, although the absolute values of the barycenters vary as a function of pH, but the 

overall shape of the curve is the same regardless of pH. The REES of C18G which contains 

Lys instead of His and thus undergoes no change in net charge across the pH range tested as 

well as NATA (a model of fully conformationally free Trp), are shown in Supplemental 

Figure 1. These results show that at all pH values the Trp in C18G-His is somewhat 

restricted in local mobility.

Peptide aggregation in solution was also interrogated using fluorescence quenching. In this 

case, TCE is a nonpolar molecule that effectively quenches Trp fluorescence only when the 

Trp is located in a nonpolar environment. Thus, if the C18G-His aggregates, the Trp would 

likely be exposed to a less polar local environment compared to the aqueous milieu in the 

monomeric form, and thus exhibit enhanced quenching by TCE. TCE quenching of C18G-

His at all 4 pH values is shown in Figure 2B. Additionally, the TCE quenching of NATA is 

shown for comparison in Supplemental Figure 2. Overall, there was a significant change in 

quenching from low pH to neutral, indicating the Trp is in a more nonpolar environment at 

neutral pH.

3.3 Peptide Interactions with Lipid Membranes

In order to better understand the underlying cause for the differential antimicrobial activity, 

the peptide interactions with small unilamellar vesicles was investigated. Vesicles were 

composed of either 100% DOPC lipids resulting in a zwitterionic, net neutral charge or 

75:25 DOPC:DOPG and 75:25 DOPE:DOPG, resulting in a net negative surface charge 

(DOPG has a - 1 charge). The charged groups of PC, PE, and PG lipids have pKa values that 

are sufficiently far from the pH range being investigated that there should be negligible 

influence of pH on the charge state of the lipids (40). Binding to the bilayers was determined 

by changes in the Trp fluorescence emission from the peptide. Briefly, Trp is an 

environmentally sensitive fluorophore that exhibits a blue-shift in the emission spectrum 

when the Trp encounters a less polar environment compared to the aqueous milieu. This 

spectral shift is quantified by calculating the spectral barycenter, or weighted average of 

intensities over the spectral range, and how this barycenter changes as a function of the 

concentration of lipids titrated into the sample (Figure 3, Supplemental Figure 3). The 

results from the titrations show a clear preference for anionic bilayers compared to 

zwitterionic bilayers. Interestingly, this trend is also apparent at pH 7 and 8 where the 

peptide should be closer to neutral charge.

The binding to the lipid bilayer is only one component of how the peptides interact with the 

bilayer. Upon binding, the conformation that the peptide adopts in the bilayer can be 

impacted by both sequence and the charge state of the ionizable residues. Acrylamide 

quenching was used to gain deeper insight to how the peptides orient in bilayers. 

Acrylamide, an aqueous collisional quencher of Trp, is only effective at quenching Trp 

residues which are exposed to the aqueous environment. Thus, if a peptide is bound such 
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that the Trp is occluded from water, the quenching will be weaker. Quenching experiments 

were performed and the Stern-Volmer quenching constants were extracted from the data 

(Table 2, Supplemental Figure 4). At all pH values except pH 8, the results surprisingly 

show an increase in the Ksv between buffer and bound to PC bilayers, indicating the Trp 

becomes more exposed upon binding. Uniformly at all pH values the Ksv decreases between 

peptides bound to PC compared to peptides bound to PC:PG bilayers and a small further 

decrease when bound to PE:PG bilayers.

The quenching experiments were expanded using the dual-quencher analysis (DQA) method 

that incorporates the membrane bound quencher 10-doxyl nonadecane (10-DN). This assay 

uses both aqueous and membrane bound quenchers, acrylamide and 10-DN respectively, to 

determine the relative depth of a fluorophore in the bilayer. The output of this assay is 

referred to as the Q-ratio: a higher Q-ratio indicates a shallow depth in the bilayer while a 

low Q-ratio indicates a deeper location buried in the nonpolar core of the bilayer. Figure 4 

shows the results of DQA in PC and PC:PG bilayers at the 4 different pH values tested. 

Overall the results show the peptide adopts a more deeply buried conformation in both 

PC:PG and PE:PG bilayers, consistent with the acrylamide Ksv analysis. Notably, the depth 

trends for PC is in the opposite directioncompared to PC:PG and PE:PG as a function of pH. 

According to the Q-ration, the peptide adopts a more deeply buried conformation at high pH 

in PC but is more shallowly buried in PC:PG and PE:PG at higher pH.

3.4 Membrane Permeabilization Assays

While there are clear differences in antibacterial activity and peptide-bilayer interactions at 

different pH values, the mechanism by which the peptide is exerting antibacterial activity is 

still not clear. As such, a series of bilayer or membrane permeabilization assays were carried 

out. First, vesicle dye-leakage assays were performed using the Ru(bpy)3
2+ fluorophore 

which exhibits differential fluorescence lifetime when it is trapped inside lipid vesicles as 

opposed to when it is free in solution, such as when released from the vesicle lumen (33). 

The results of the leakage assay are shown in Figure 5A. Additional dose-dependent leakage 

assays were performed using the self-quenching fluorophore calcein (Supplemental Figure 

9).

While model membrane studies have revealed differences in binding conformation at 

different pH values, interactions with the significantly more complex bacterial cell 

membrane are inherently more representative of the normal functionality of AMPs. As the 

proposed mechanism of action for many AMPs is membrane destabilization, coupled with 

previous work from our group demonstrating the membrane activity of C18G, bacterial 

membrane permeabilization was investigated. Briefly, an enzyme-chromogenic substrate 

pair were used to monitor the permeability of the outer membrane (β-lactamase and 

nitrocefin) and the inner membrane (β-galactosidase and ONPG). The substrates are only 

minimally permeable across the membrane under normal conditions, but if the peptide (or 

other agent) permeabilizes the membrane, transit across the membrane increases resulting in 

an increased amount of substrate converted into the chromophoric product. In general, there 

is little to no permeabilization of PC and PC:PG bilayers at low pH, but increased 
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permeabilization of PE:PG at low pH, consistent with the MIC results. However, leakge is 

significantly enhanced from PC and PC:PG vesicles at pH 7 and 8.

The results of the membrane permeability assays are shown in Figure 5B-C. The 

permeabilization of both the outer and inner membranes exhibited the standard dose-

dependent permeabilization previously reported for C18G at low pH, but the 

permeabilzation was significantly reduced at pH 7 and 8. The data in Figure 5 is a snapshot 

of the 30 minute timepoint, with full kinetics traces shown in Supplemental Figures 5 and 6. 

Interestingly, in both the outer and inner membrane studies, there was some destabilization 

of the membranes at pH 7 and 8, but this took significantly longer to develop compared to 

the lower pH conditions. It should be noted that the chromogenic product of ONPG 

hydrolysis by β-galactosidase is pH sensitive, so extinction coefficients of the product were 

determined at the 4 pH values tested and used to convert to moles product in Figures 5B and 

S6. These calibration curves are shown in Supplemental Figure 7.

In addition to bacterial membrane permeabilization, the pH dependence of red blood cell 

(RBC) membrane disruption by C18G-His was also examined. Notably, the peptide was 

shown to induce minimal RBC lysis (< 2%) under all pH conditions at all concentrations 

tested except pH 5, 15μM peptide, which resulted in ~ 9% RBC lysis. The results of these 

experiments are shown in Supplemental Figure 8.

3.5 Peptide Secondary Structure

As many AMPs, including C18G, are known to adopt an α-helical conformation when 

bound to lipid bilayers, CD spectroscopy was used to investigate the structure of C18G-His 

in solution and when bound to PC:PG bilayers as a function of pH (Figure 6). Generally, the 

peptide did not display significant α-helical spectral signatures in buffer, nor did the spectra 

reflect β-strand or PPII. Upon binding to bilayers, the spectra display a more traditional α-

helical pattern at all pH values.

4. Discussion

4.1 Solution properties of C18G-His

Although the near neutral pKa of His is well known and well studied in the context of 

enzyme catalytic mechanisms and biological sensors, the role in AMPs and membrane 

active peptides is less understood. Many studies on pH-triggered membrane active peptides 

such as pHLIP (41-43) rely on carboxylic acid containing side chains as the ionizable group 

driving changes in bilayer binding or orientation. However, the net cationic charge coupled 

with the decreased frequency of Asp and Glu in AMPs make this mode of pH trigger less 

viable. Considering the mechanism of many AMPs involves an electrostatic interaction 

between the cationic AMP and the anionic bacterial cell surface, the His pKa inherently 

yields a neutral side chain at physiological pH and cationic at low pH. However, the 

hydrophobic moieties of the AMPs are unaffected by pH and could thus still contribute to 

activity/binding to bilayers.

The REES and TCE quenching results indicate that the C18G-His peptide is aggregating to 

some extent in solution. While specific aggregation numbers cannot be determined, there 
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appears to be some differential aggregation based on the comparison of these experiments. 

On the one hand, the REES data indicate that the peptide aggregates despite the pH and thus 

the net charge of the peptide. The upward curvature of barycenter vs. excitation wavelength 

is the hallmark of restricted Trp motion, similar to that seen in melittin(39,44-46). However, 

TCE quenching clearly shows a pH dependence, indicating there is some difference in local 

environment at low pH and neutral pH. This change in exposure of the Trp to TCE is similar 

to that seen for different aggregated states of melittin (39). Another AMP, dermaseptin 

PD-3-7, has also been shown to undergo pH-dependent oligomerization at pH 5-6 (47) while 

the pHlip peptide has also exhibited pH-dependent aggregation state changes (48,49). The 

discrepancy between REES and TCE may be the result of different aggregation number, 

changes in local conformation within the aggregate, or variable exposure of the Trp to 

solution. The GALA peptide, a designed amphipathic peptide, showed a similar pH-

dependent change in aggregation state in solution by Trp emission changes (50). The 

comparison to the original C18G sequence containing Lys as the cationic amino acids 

(Supplemental Figure 1) indicates that the aggregation is directly linked to the presence of 

the His amino acids. Regarding the REES data, an alternative explanation may include more 

restricted local motion of the Trp side chain as the bulky His residue is in a neighboring 

position.

In addition, evidence of C18G-His aggregation is also seen in the acrylamide quenching 

experiments. This is evident when comparing the Ksv values obtained for acrylamide 

quenching in solution vs. those when the peptide was interacting with 100% PC 

(zwitterionic) bilayers. At pH 5-7, the Ksv values increase upon binding to lipid bilayers, 

indicating the Trp becomes more exposed to the aqueous acrylamide upon binding to the 

bilayer. This is contrary to what was observed for C18G and other AMPs containing Lys and 

other cationic amino acids (14,26) and what would be expected for a peptide transitioning 

from a monomeric, soluble state to a membrane bound state. However, this change in 

exposure is consistent with an aggregated conformation in which the Trp is buried at the 

interior of the aqueous aggregate but then becomes more exposed as the peptide interacts 

with the bilayer in a shallow position. Alternatively, if there is an equilibrium between 

aggregate, monomer, and membrane bound conformations, the quenching in the presence of 

PC bilayers may reflect incomplete binding and some subpopulation of peptides existing in a 

monomeric state which would be highly susceptible to quenching by acrylamide.

The likelihood of C18G-His aggregation could add an additional step in the binding & 

insertion pathway and could impact both the equilibrium and kinetics of the process. If the 

peptide must undergo a de-oligomerization before interaction with the bacterial membrane, 

this would impact the apparent affinity for bilayers and potentially the time required for the 

antibacterial activity.

4.2 Membrane interactions of C18G-His

The interactions of the C18G-His with lipid bilayers is also a likely contributing factor to the 

loss of antimicrobial activity at neutral pH. The first and most obvious area of interest is the 

binding to anionic bilayers which mimic bacterial membranes. The neutralization of the 

peptide above the His pKa should reduce or remove the electrostatic driving force that 
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contributes to binding and is often cited as a major factor in AMP selectivity for bacterial 

cells over host cells(51). However, the hydrophobic amino acids are unaffected by this pH 

change, and can still be a driving force for membrane binding. Using the MPEx software 

suite, at neutral pH the total hydrophobic moment of the peptide is calculated at 6.17 and the 

ΔG of partitioning from water to bilayer is slightly favorable (−1.91 kcal·mol−1), however 

when the His residues are charged at lower pH, the hydrophobic moment increases to 16.44 

and most importantly the ΔG of partitioning increases to an unfavorable 13.63 kcal·mol
−1(52). These calculations are based on an experimentally determined hydrophobicity scale 

based on partitioning from water to a zwitterionic PC bilayer, which is consistent with the 

binding titrations (48). At neutral pH, the C18GHis bound to PC bilayers, presumably 

through favorable hydrophobic interactions between the peptide and the nonpolar core of the 

bilayer. As such, the mode of binding likely changes between lower pH and neutral pH as 

well as between zwitterionic and anionic bilayers. It should be noted that quantification of 

the binding affinity, traditionally reported as Kd, is inappropriate to calculate in the reported 

experiments. There is some slight variability in the final emission barycenter in the bound 

state, likely due to local environmental differences around the Trp arising from either Trp 

depth in the bilayer, local polarity from the various lipid headgroups used, vesicle curvature 

differences as a result of bilayer composition, or some combination of all of these. As such, 

global fitting of the data to compare binding affinities at different pH and lipid conditions 

would be less than appropriate.

Further analyzing the lipid dependence on binding shows some enhancement of binding to 

PE:PG vesicles compared to PC:PG vesicles. The enhancement could result from the 

inherent packing differences between PC and PE, resulting in easier access to the 

hydrophobic core, or from curvature differences in the vesicles. MD simulations support 

differential binding and conformational arrangements of some AMPs in PC vs. PE bilayers 

(53,54) while others indicate a more complex balance of headgroup and acyl-chain 

composition driving selectivity (55). Similarly, experimental studies have demonstrated a 

clear preference of some AMPs for PE-containing bilayers (56-58), however other peptides 

do not show this PE-dependent preference (59,60).

The DQA measurements (Figure 4) provide evidence that although the peptide binds to both 

neutral and anionic bilayers, the conformation is likely different. At low pH, the peptide 

exhibited a very high DQA with PC vesicles, consistent with the barycenter results. This 

indicates extremely weak binding to zwitterionic vesicles, which is consistent with a model 

that has the peptide favoring the aqueous soluble and potentially aggregated form under 

these conditions. However, once the pH favors neutralization of the His side chains, the 

peptide is able to bind to bilayers, although likely in a shallow orientation. Conversely, with 

anionic vesicles the peptide adopts a more deeply inserted topology at low pH, consistent 

with the electrostatic driving forces promoting interactions between the peptide and the 

bilayer. As the side chains are neutralized, the peptide appears to adopt a more shallowly-

inserted orientation quenching, mimicking that observed in zwitterionic bilayers. This 

indicates that once the electrostatic binding force is eliminated, the peptide adopts a similar 

conformation in zwitterionic and anionic vesicles, likely driven through hydrophobic 

interactions. From this analysis there seems to be little effect of the PE vs. PC headgroup on 

peptide conformation in the bilayer with respect to Trp penetration depth.
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The impact of pH and amino acid ionization state on topography of membrane associated 

peptides and proteins has been documented in a number of systems. London and coworkers 

showed that ionization of Asp or Lys in polyLeu peptides could alter both transmembrane 

insertion, peptide orientation, and oligomerization state(32,61,62) as well as in the Erb b2 

TM helix(63). Similarly, Asp and Glu protonation events are the primary drivers of TM 

insertion and behavior in the well characterized pHLIP peptide system(41-43). Additionally, 

simulations have shown that protonation events can also affect the secondary structure of 

bilayer embedded pHLIP (64). Recent findings from the Hristova and Wimley labs have 

demonstrated highly potent, pH-dependent membrane permeabilizing peptides which are 

designed to become active at low pH (65).

Histidine mediated changes in membrane orientation have been reported in both model 

peptide systems and natural proteins. Koeppe and coworkers demonstrated that histidine 

protonation/deprotonation can impact the helical tilt as well as overall transmembrane 

conformation of model GWALP23 peptides, with charged histidine side chains driving 

orientations to reduce charge exposure to the nonpolar core of the bilayer (66). In natural 

proteins, Gillet and coworkers showed that the protonation of several histidine residues in 

the T-domain of diphtheria toxin serve as the trigger for T-domain interaction with bilayers, 

serving as an initiator for membrane insertion and translocation of the catalytic domain(67).

In antibacterial peptides, the closest sequence to C18G-His reported in the literature is the 

LAH4 peptide, characterized by Bechinger and coworkers. The LAH4 peptide exhibits 

similar pH-dependent antibacterial action to C18G-His, however retains more antibacterial 

activity at neutral pH (68). This difference can likely be attributed to the inclusion of 4 Lys 

residues in LAH4, yielding a more strongly cationic sequence at neutral pH which should 

enhance binding to bacterial membranes. Similarly, LAH4 disrupts lipid bilayers and 

exhibits higher degrees of aggregation at neutral pH compared to acidic pH (69,70). Notably, 

the LAH4 peptide undergoes a pH-dependent topographical transition from a shallow, 

surface topography to a TM orientation(71,72). A topographical shift was observed in 

PC:PG vesicles for C18G-His between low pH and neutral pH, which could be a similar 

phenomenon. The quenching data cannot unambiguously distinguish between a surface 

orientation with the Trp buried in the bilayer and a TM orientation in which the Trp is in the 

bilayer but near the headgroup region (61). Due to the position of the Trp in the C18G-His 

sequence, a surface conformation with a buried Trp and TM conformation with a slightly 

more aqueous exposed Trp is possible.

Finally, the membrane permeabilizing activity of this peptide demonstrates clear differences 

between model membrane systems and in-tact bacteria. The results of the vesicle leakage 

assays demonstrate both a clear enhancement of bilayer disruption at low pH for those 

vesicles containing PE vs. PC, but also a dose-dependent activity for both PE:PG and PC:PG 

vesicles. These results are consistent with findings by Leber et. al. who demonstrated a clear 

lipid dependence on permeabilization (57) as well as numerous reports of dose-dependent 

vesicle permeabilizing activity of AMPs (15,73). The differences in activity with PE 

containing vesicles may again be linked to binding differences (56-58) or due to the inherent 

differences in curvature strain associated with bilayers composed of PC vs. PE lipids 

(56,57). Nonetheless, the activity of C18G-His in vesicles is not a perfect mimic of the 
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activity shown with in-tact bacteria which exhibited extensive peptide-induced 

permeabilization of the E. coli outer and inner membranes at low pH, and reduced 

permeabilization at neutral pH. This difference may be attributed to the inherently more 

complex bacterial membrane composition, size and curvature differences of the LUVs used 

in this study (spherical with d = 0.2 μm) vs. the average E. coli cell size (rod-like 0.5 × 2 

μm), or increased susceptibility due to the bacterial membrane or LPS remodeling as part of 

the pH stress response (74-77). Alternatively, the different orientations of the peptide at 

neutral pH may enhance the ability to permeabilize PC or PC:PG bilayers compared to the 

binding/orientation at low pH. It is worth noting that the lack of permeabilization of ovine 

RBCs (Supplemental Figure 8) which are enriched in PE lipids indicates that PE alone is not 

sufficient to allow C18G-His to permeabilize bilayers. There may be combinatorial effects 

that include peptide orientation (driven by binding and electrostatics) and lipid curvature 

preferences that play into the final, membrane active conformation.

Taken together, the C18G-His peptide clearly demonstrates pH-dependent antibacterial 

activity which is likely related to the binding and orientation of the peptide when bound to 

bilayers under different pH conditions. Lipid dependent effects such as anionic charge and 

curvature propensity appear to modulate this activity. Moving forward, His-containing 

AMPs may be of significant interest in targeting acidic tissues or acidic infection sites. The 

low membrane activity at neutral pH will minimize deleterious interactions with host cells 

and commensal bacterial flora. These His-containing peptides can be models for the design 

and development of potential peptidomimetic therapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

1. Histidine containing antimicrobial peptide C18G-His loses activity at neutral 

pH

2. C18G-His exhibits pH-dependent changes in aggregation state in solution

3. Membrane binding and conformation is affected both by pH and lipid 

composition

4. Peptide induced bacterial membrane permeabilization is enhanced at low pH
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Figure 1. Helical wheel diagram of C18G-His.
Hydrophobic residues are shown in green, His in blue, and polar uncharged in yellow. 

Peptide sequence and physiochemical properties are shown below the wheel.
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Figure 2. Peptide aggregation assays
(A) Red Edge Excitation Spectra (REES), (B) Tricholoroethane (TCE) quenching. In both 

panels colors represent pH 5 (blue), pH 6 (orange), pH 7 (yellow), pH 8 (gray). In all cases 

samples contained 2μM C18G-His peptide. All data are averages of 3-5 samples and error 

bars represent the standard deviation.
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Figure 3. Peptide binding to small unilamellar vesicles
Peptide binding was assayed using Trp fluorescence emission by titrating SUVs into a 

sample containing 2μM peptide. The spectral barycenter was calculated after each addition 

of lipid vesicles and the Δbarycenter is the difference between the initial barycenter and that 

after each addition. Binding was assayed at (A) pH 5, (B) pH 6, (C) pH 7, and (D) pH 8. In 

all panels red symbols represent vesicles composed of 3:1 PC:PG, blue symbols represent 

vesicles composed of 3:1 PE:PG, and black symbols represent PC vesicles . All data are 

averages of 2-3 samples and the error bars represent the standard deviation.
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Figure 4. Dual Quencher Analysis (DQA) of C18G-His at different pH values.
Q-ratios were calculated for peptides bound to PC (Black), PC:PG (red), or PE:PG (blue) 

bilayers. The high Q-ratio for C18G-His with PC vesicles at pH 5 (13.3) is off scale for 

clarity of presentation purposes. Q-ratio is calculated from the ratio of F0/F values for 

quenching by 10-Doxyl nonadecane and acrylamide at fixed concentrations. Fluorophore 

depth in the bilayer is inversely proportional to Q-ratio. Values are calculated from average 

F0/F values of 3-5 samples.
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Figure 5. Membrane permeabilization of vesicles or E. coli by C18G-His at different pH 
conditions.
(A) Ru(bpy)3

2+ leakage from PC (black), PC:PG (red), or PE:PG (blue) vesicles. (B) Outer 

membrane permeability assayed by nitrocefin hydrolysis by β-lactamase in the bacterial 

periplasm measured at 486m. (C) Inner membrane permeability assayed by ONPG 

hydrolysis by β-galactosidase in the bacterial cytoplasm measured at 420m. In both panels 

B&C colors represent pH 5 (blue), pH 6 (orange), pH 7 (gray), pH 8 (yellow); data represent 

hydrolysis measured after 30min of exposure to varying concentrations of peptide. All data 
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in B&C are averages of 3 samples with data in A being the result of fitting of exponential 

intensity decay functions.
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Figure 6. Circular Dichroism (CD) spectroscopy of C18G-His.
In all panels colors represent pH 5 (blue), pH 6 (orange), pH 7 (gray), pH 8 (yellow). 

Spectra of samples containing 5 μM peptide were recorded in (A) buffer, (B) buffer 

containing PC:PG vesicles (250 μM total lipid), or (C) in buffer supplemented with 50% 

TFE (v:v). All spectra are the average of 64 scans and have been background corrected by 

subtraction of spectra lacking peptide.
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Table 1:

Antibacterial Activity (μM)

S. aureus P. aeruginosa A. baumannii E. coli

pH MIC MBC MIC MBC MIC MBC MIC MBC

5 0.47 0.94 3.75 3.75 0.23 0.94 0.47 0.94

6 15 15 7.5 7.5 1.88 3.75 1.88 1.88

7 15 >15 >15 >15 7.5 7.5 3.75 7.5

8 15 >15 >15 >15 >15 >15 15 15
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Table 2

Acrylamide Quenching Ksv (M−1)

pH Buffer PC PC:PG PE:PG

5 3.65 ± 0.36 7.24 ± 0.86 2.24 ± 1.16 1.32 ± 0.57

6 2.68 ± 0.62 10.61 ± 0.55 5.33 ± 4.11 0.88 ± 0.06

7 4.42 ± 0.87 6.36 ± 0.59 3.52 ± 0.12 1.42 ± 0.37

8 22.91 ± 1.96 6.12 ± 1.81 3.38 ± 0.34 2.22 ± 0.38
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