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Abstract

There are many opportunities to use macromolecules, such as peptides and oligonucleotides, for 

intracellular applications. Despite this, general methods for delivering these molecules to the 

cytosol in a safe and efficient manner are not available. Efforts to develop a variety of intracellular 

drug delivery systems such as viral vectors, lipoplexes, nanoparticles, and amphiphilic peptides 

have been made, but various challenges such as delivery efficiency, toxicity, and controllability 

remain. A central challenge is the ability to selectively perturb, not destroy, the membrane to 

facilitate cargo introduction. Herein, we describe our efforts to design and characterize peptides 

that form pores inside membranes at acidic pH, so-called pH-switchable pore formation (PSPF) 

peptides, as a potential means for facilitating cargo translocation through membranes. Consistent 

with pore formation, these peptides exhibit low-pH-triggered selective release of ATP and miRNA, 

but not hemoglobin, from red blood cells. Consistent with these observations, biophysical studies 

(tryptophan fluorescence, circular dichroism, size-exclusion chromatography, analytical 

ultracentrifugation, and attenuated total reflectance Fourier transformed infrared spectroscopy) 

show that decreased pH destabilizes the PSPF peptides in aqueous systems while promoting their 

membrane insertion. Together, these results suggest that reduced pH drives insertion of PSPF 

peptides into membranes, leading to target-specific escape through a proposed pore formation 

mechanism.
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Despite years of dedicated research, efficient delivery of macromolecular substances to the 

cytosol of target cells or intracellular compartments is still a major challenge.1,2 For certain 

macromolecules cellular uptake can be spontaneous. However, the general task, known as 

the delivery problem, is largely unsolved.1,3 This is primarily because biological membranes 

serve as effective barriers that prevent most substances from freely flowing in and out of 

cells and between organelles. Many approaches have been developed to deliver 

nonpermeable molecules to intracellular compartments, including encapsulation of the 

desired molecule in a lipid or polymer framework, attachment to a molecule capable of 

facilitating uptake, or coadministration with cell permeable peptides.4 While powerful for in 
vitro and some in vivo applications, they suffer from either poor efficacy or unacceptable 

toxicity. In general, lipid nanoparticle and polymer-based systems are the most active and 

rely upon a membrane lysis mechanism. Although effective, these systems typically exhibit 

unacceptable toxicity, which is thought, in part, to be a result of unselective membrane 

perturbation. Thus, there is still a critical need to develop systems that facilitate 

macromolecular cargo translocation across membranes in a controlled and minimally 

disruptive manner.

In nature, various pathogens must reach the cytosol to replicate or better exert their 

biological activity. Commonly, this is achieved by first hijacking pre-existing entry 

mechanisms (e.g., endocytosis) followed by translocation into the cytoplasm. Critically, this 

latter endosomal escape occurs before reaching the degradative environment of the 

lysosome. Since the intracellular membrane also presents a strong barrier for translocation of 

larger molecules, different mechanisms for cytosolic delivery have evolved. Some 

macromolecules, like Shiga and Ricin toxins, use the cell’s own translocation machinery in 

the endoplasmic reticulum,5 whereas others take advantage of molecular cues within the 

cells.6 One such cue is the difference in pH between the neutral pH in the extracellular space 

and the lower pH within endosomes. For enveloped viruses like influenza A, endosomal 

escape is mediated by fusion of viral lipids with endosomal membrane lipids at low pH.7,8 

Other pathogens do not require lipid–lipid fusion events but form defined pores in the 

endosomes. One example is the escape mechanism of the Anthrax toxin.9,10 This toxin 

forms defined pores in endosomes, allowing the enzymatic subunits of the toxin (lethal 

factor and edema factor) to be translocated into the cytosol. Importantly, because the pore 

formation is efficiently triggered by the low pH in the endosome, a catastrophic loss of cell 

integrity due to disruption of the plasma membrane is avoided. Endosomal pore formation is 

more likely to be tolerated by the cell since a few pores at the plasma membrane may 
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quickly lead to complete cell destruction. It is important to note that antimicrobial peptides 

derived from nature also form pores as a defense mechanism.11,12

From a delivery perspective, pore formation provides an opportunity to create a well-defined 

system to mimic these powerful biological examples and thereby potentially overcome 

limitations with current synthetic approaches. On that premise, we aim here to design 

peptides that bind nonspecifically to biological membranes at pH 7.4 (mimicking the 

extracellular environment13), selectively form pores only at pH 5.5 (resembling the 

environment of an endosome or lysosome), and do not rupture membranes at any pH. This 

concept is illustrated schematically in Figure 1. We envision that following endocytosis a 

drop in pH would trigger the formation of pores. This is in contrast to a detergent 

mechanism, which would destroy the endosomal integrity.11,12 From a cargo delivery 

perspective, this pore formation would then facilitate release of the cargo into the cytosol. A 

pore-driven mechanism also has a practical advantage in that it requires a lower 

concentration of an appropriately designed peptide; a nonselective detergent mechanism 

generally requires higher peptide density across the entire membrane surface. As such, a 

lower dose of pore-forming peptide would potentially be required for successful application 

of cargo delivery. Inspired by nature and the potential advantages conferred by pore 

formation, we focused on rationally designing and characterizing peptides that form pores in 

membranes at endosomal pH. If these design criteria are ultimately understood and defined, 

then we envision applying this strategy to therapeutic macromolecular cargo delivery via 

selective pore formation.

RESULTS

Design Strategy

Our initial focus was to design 28-residue peptides composed of four seven-residue repeats. 

The overall length of a 28-residue linear and helical peptide is approximately 42 Å, which is 

sufficient to span the hydrophobic and headgroup region of the bilayer.14 A seven-residue 

repeat was chosen to encourage coiled-coil formation and to simplify the design 

process.15–21 Finally, each amino acid was chosen for its ability to facilitate a controlled 

interaction with membranes and water at different pH values.

To realize this pH-switchable behavior, we considered three thermodynamic states in our 

design process, as illustrated in Figure 2. At physiological pH, the peptide should be stored 

in a water-soluble form that does not interact with the membrane (State 1). A good way to 

encode this is to ensure the formation of a stable water-soluble helical bundle at high pH. 

Upon lowering the pH, this state must destabilize and allow individual peptides to interact 

with the membrane (State 2). Here, we consider either a surface-adsorbed form, in which 

helical individual peptides are engaged with the membrane surface, or a fully inserted state 

capable of self-associating to form a channel. Because insertion and channel formation are 

thermodynamically linked, the relative stability of the inserted versus surface-adsorbed 

states will have a concentration dependence with higher peptide concentrations favoring 

insertion and channel formation (State 3).
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We postulate that we can achieve this pH modulation of stability and hydrophobicity by 

including amino acids in the peptide sequence whose charge state and hydrophobicity are 

pH-dependent, such as Asp, Glu, and His, and by considering the stability of the water-

soluble coiled-coil-like bundle. In addition, we must also consider the specific inter-residue 

interactions of the membrane-inserted pore in selecting the design sequence, as we are 

interested in stabilizing a specific pore-forming state at low pH rather than simply ensuring 

membrane insertion. Importantly, there are already numerous examples of natural and 

synthetic peptides that insert into membranes or those that insert and form indiscriminately 

large pores.22 While informative, these motifs would constitute unsuccessful end points in 

our design efforts either because of lack of pore formation or potential toxicity. Thus, our 

overall design procedure combined the use of pH-switchable residues with the consideration 

of inter-residue contacts and stabilities of both the water-soluble as well as membrane-

inserted pore states.

Amino Acid Selection Strategy

The design goal was to create a water-soluble peptide that associates into a stable coiled-coil 

bundle at neutral pH while preferring a membrane-inserted channel state at low pH. This 

means that upon pH decrease the nonpolar residues facing inward in the soluble bundle 

should invert and face the lipid phase in the membrane-inserted channel (Table 1 and Figure 

3). Canonical coiled coils have only seven environmentally distinct positions, which are 

referred to as the heptad and designated with letters a–g, as shown in Figure 3A.23,24 We 

therefore focused on choosing the appropriate amino acids for each of these seven sites. 

Furthermore, each site in our design must play two roles: stabilizing the water-soluble 

hydrophobic-inside state at high pH and changing to the membrane channel hydrophobic-

outside state at low pH. To impart stability on the water-soluble bundle, we chose to adhere 

to the canonical Leu-zipper coiled-coil motif, meaning that coiled-coil positions a and d 
were set to Leu. As illustrated in Figure 3B, these same residues face the lipid phase in the 

membrane channel state, and Leu residues are ideal for this task as well. The solvent-

exposed b, c, and f positions in the water-soluble bundle should be polar to impart solubility 

and fold specificity, and these can also be used to modulate bundle stability through their 

innate helix-forming propensities. In the membrane-channel state, these positions point into 

the center of the channel and therefore remain water-facing, so their polar nature is 

appropriate here as well. However, unlike in the water-soluble state, the b and c positions are 

also located at the interhelical interface of the channel. Thus, the importance of these 

positions goes beyond their physicochemical character and includes potential interactions 

stabilizing specific interfacial conformations of channel helices. The interhelical geometry in 

the channel state is important, as it ultimately defines the shape and size of the entire 

channel.

At the f position, we chose to consider Lys or Gln, which have favorable helix propensities 

and are common at this position in coiled coils.25 At position b, we considered Ser because 

of its slightly polar nature and intermediate helix propensity. The packing of Ser and other 

small residues provides a potent driving force for helix–helix association in transmembrane 

proteins.26–29 The c position was chosen as the pH-sensing switch. We considered amino 

acids Glu and Asp at this position, as their ionization state is dependent on pH, causing them 
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to become neutral and thus more hydrophobic at lower pH. Nature uses this strategy in pH-

triggered fusion proteins such as the hemagglutinins from influenza virus. These proteins 

have an N-terminal fusion peptide domain rich in negatively charged Glu and Asp residues 

that stabilize the water-soluble form at neutral pH. As the pH is lowered, these interactions 

are disrupted, and the affinity of the peptides for membranes is increased.30,31

Although the pKa of the carboxylic side chain groups of Glu and Asp in water are around 4 

(somewhat lower than the typical endosomal pH of ~5.5), significant shifting in protonated 

populations would still be expected relative to neutral pH, and the collective effect of having 

multiple closely spaced acidic groups on one face of a helix will likely increase the effective 

pKa of the side chains. An additional significance of Glu and Asp residues is their potential 

ability to participate in interhelical hydrogen bonding, as shown in Figure 3B, thus further 

dialing in a specific, closely packed interhelical geometry in the membrane-channel state. As 

a way of testing the importance of the pH-switch residue, we also considered the amino acid 

His at the c position. The side chain of His has a pKa of ~6.1 and is positively charged at 

acidic pH. Because of the opposite charge state as compared to that of Asp and Glu, His 

provides a convenient point of reference.

Positions e and g are located along the helix–helix interface in both the water-soluble and 

the membrane-channel states. Because the primary driver of the water-soluble bundle 

stability is the canonical leucine-zipper motif, we opted to choose small hydrophobic 

residues at e and g with the primary purpose of stabilizing a closely packed transmembrane 

helical interface.29 On the basis of the criteria listed above, a group of sequences has been 

generated for the pH-switchable pore formation (PSPF) peptide, as listed in Table 2. Finally, 

a tryptophan residue was added to the N-terminus to help stabilize the membrane-bound 

state through interactions with the head-group region of the bilayer while also providing a 

convenient fluorescent probe of membrane interactions.

Cellular Release Examination

Red Blood Cell Hemolysis Assay—For initial characterization, the designed peptides 

were tested in a red blood cell (RBC) lysis assay, which is commonly used to determine 

membrane disruption properties of peptides via quantification of hemoglobin release.32 In 

our hands, this assay was carried out at pH 5.4 and 7.4 to mimic endosomal and extracellular 

pH, respectively. While total cell rupture was assessed by measuring the amount of 

hemoglobin released, the assay was expanded to include miRNA and ATP. We reasoned that 

the different hydrodynamic volumes of hemoglobin, miRNA, and ATP would offer a 

potential method (albeit crude) for inferring pore formation, as it would be expected that 

diffusion rates from RBCs would be different depending on the species being released. As 

shown in Table 3, none of the peptides listed in Table 2 resulted in the release of hemoglobin 

under our assay conditions at either pH, indicating that these peptides do not alter the overall 

integrity of the plasma membrane. Encouragingly, relatively high percentages of release of 

miRNA (>10%) and ATP (>20%) were observed for some of the peptides under the same 

assay conditions.
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Peptide Binding to Lipid Bilayers Measured by Tryptophan Fluorescence—As 

some of the peptides triggered a pH-dependent release of molecules from red blood cells, we 

next tested membrane–peptide interactions more directly via tryptophan fluorescence. Single 

unilamellar vesicles were prepared as described in the Material and Methods, and tryptophan 

fluorescence was measured for selected peptides at different pH values in the presence of a 

large molar excess of phospholipid. As summarized in Table 4, the extent of environmental 

change around the N-terminal Trp was assessed by measuring the fluorescence emission 

profile and tabulating intensities and shifts in maxima. Given the position of the Trp at the 

N-terminus of the peptide and its expected location within the headgroup of the bilayer, we 

expected that binding to membranes would give rise to an increase in intensity and a small 

shift in the emission profile.14

Despite different experimental conditions between the two assays, increases in Trp emission 

intensities and shifts in emission maxima values are strongly correlated with increasing ATP 

release at pH 5.5, as illustrated in Figure 4. At pH 5.5, a blue-shift and larger increase in 

total Trp fluorescence (attributable to shielding of the Trp residue from water molecules and 

therefore indicative of insertion into the membrane) corresponds to greater release of ATP. 

This suggests that the peptides are acting in a similar manner in both experimental assays 

and is consistent with pH-sensitive insertion with concomitant release of small molecules 

from the cells.

The Association Properties of PSPF Peptides in an Aqueous System

At this point in our approach, we opted to focus resources on a more in-depth 

characterization of the most promising peptides: PSPF-EKG and PSPF-DKG. These 

peptides exhibited the desired pH-switch behavior, acceptable miRNA and ATP release, and 

strong membrane association characteristics.

Size-Exclusion Chromatography—The association states of the designed peptides 

PSPF-EKG and PSPF-DKG were investigated by size-exclusion chromatography (SEC)33 

using a GE Healthcare Superdex 75 column eluted with aqueous buffers containing 150 mM 

NaCl and either 50 mM Tris adjusted to pH 7.4 or 50 mM MES adjusted to pH 5.5. Figure 5 

summarizes the SEC results for both PSPF peptides under each condition. For comparison, 

the chromatograms for PSPF-DKG (red) and PSPF-EKG (green) are overlaid with the 

standard mixture (blue). PSPF-EKG produced well-defined chromatographic peaks with 

apparent molecular weights approximately 6- and 5-fold higher than the known single 

peptide molecular weight at pH 7.4 and 5.5, respectively (apparent molecular weights were 

19 000 and 15 000 Da). As compared to the pH 7.4 conditions, the peak for PSPF-EKG at 

pH 5.5 was somewhat broader and more tailed, indicating that the lower pH increases 

nonspecific interactions with the column. Dissociation equilibria might also contribute to the 

poorer peak shape at pH 5.5, consistent with lower stability of the water-soluble helical 

bundle at the lower pH. Similarly, PSPF-DKG produced a well-defined chromatographic 

peak having an apparent molecular weight approximately 5-fold higher than the known 

peptide molecular weight at pH 7.4. Under the pH 5.5 conditions, PSPF-DKG produces a 

very broad, tailing peak, again attributable to interaction with the column. To rule out the 

possibility that electrostatic interactions with the stationary phase were responsible for the 
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asymmetric peaks at low pH, the chromatography was repeated in the presence of 2 M NaCl, 

which failed to significantly improve the peak shape (data not shown).

Sedimentation Equilibrium of Analytical Ultracentrifugation—Analytical 

ultracentrifugation (AUC) was employed as a complementary technique to further probe the 

association state and affinity of the water-soluble bundles of both PSPF-EKG and PSPF-

DKG.33,34 The peptides were subjected to AUC at a constant 100 μM starting level in pH 7.4 

and 5.5 media and at multiple rotor speeds (35, 40, 45, and 50 krpm). Finally, sedimentation 

and equilibrium parameters were fitted globally to the data collected. Fitting the curves to a 

single MW species gave apparent molecular weights for PSPF-EKG of 18 000 ± 300 Da and 

16 000 ± 300 Da at pH values 7.4 and 5.5, respectively. These values agree well with the 

data from size-exclusion chromatography (apparent molecular weights were 19 000 and 15 

000 Da) and suggest a hexameric association state across this pH range for PSPF-EKG. The 

data can be further fit to a monomer–hexamer equilibrium, as summarized in Table 5, 

resulting in association energies of −6.3 and −5.6 kcal/mol at pH 7.4 and 5.5, respectively. 

To illustrate the relationship between pH and the association state, overlaid AUC data, curve 

fits, residuals, and weight fraction distributions were assembled, as shown in Figure 6. As 

seen in panels B and D, dissociation is shifted to lower concentrations at pH 7.4 versus pH 

5.5, consistent with decreasing pH destabilizing a water-soluble helical bundle.

As shown in Figure 7, a global fit of AUC data for PSPF-DKG resulted in a single-species 

apparent molecular weight of 17 000 at pH 7.4, which is, again, 6-fold higher than the 

known molecular weight of the peptide and once more agrees well with size-exclusion 

chromatography. AUC data for PSPF-DKG at pH 7.4 have also been fit to a simple 

monomer–hexamer equilibrium, producing an association energy of −6.5 kcal/mol peptide 

(Table 5). The single-species apparent molecular weight for PSPF-DKG at pH 5.5 was 24 

000 (consistent with higher order aggregates); however, we did not attempt to fit the data to 

an association equilibrium owing to the poor SEC peak shape for this peptide under these 

conditions.

Circular Dichroism and Thermal Denaturation—Circular dichroism (CD) was 

employed to characterize the secondary structure of the PSPF-EKG peptide. CD data 

suggest that PSPF-EKG adopts an α-helical secondary structure at both pH values, as seen 

in Figure 8. Thermal denaturation and thermodynamic stability of the PSPF-EKG peptide 

were assessed by collecting CD data as a function of temperature35 and over a range of 

concentrations (2, 4, and 20 μM) at both pH values. A summary of the results is given in 

Figure 9 and Table 6. For each pH and concentration, the raw data were fitted to a curve 

according to the Gibbs–Helmholtz equation and using ΔHm, Tm, and baselines as global 

parameters:

Here, ΔG refers to the unfolding energy upon thermal denaturation, T refers to temperature, 

Tm refers to the melting temperature at which ΔG equals to zero, ΔHm refers to the enthalpy 
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at Tm, and ΔCp refers to the change in the heat capacity over the temperature range. For the 

purposes of curve fitting, Tm was defined with a reference concentration of 4 μM; ΔCp was 

also included, but, over the range of experimental data examined, this parameter was not 

well-defined. Given these inputs, the enthalpy was found to be approximately 12% higher at 

pH 7.4 than at pH 5.5 (22.0 and 19.6 kcal/mol peptide, respectively). These values are 

comparable to those of other water-soluble helical peptide bundles in the literature.36 The 

melting temperatures (Tm) are found to be 339.0 and 333.4 K at pH 7.4 and 5.5, respectively, 

a decrease of 5.6 K. The cumulative effect of these observed differences can be summarized 

by calculating the concentration of PSPF-EKG required to have 50% of the total amount of 

peptide remain folded at a given temperature and for each pH value. At 300 K, these values 

are 0.31 and 0.14 μM at pH 5.5 and 7.4, respectively, approximately a 2-fold difference. 

Taken together with the SEC and AUC data, these results suggest that a decrease in pH 

destabilizes not only the water-soluble associated state but also the helical structure of 

individual PSPF-EKG peptides.

The Structural Properties of PSPF Peptides in a Membrane Micelle System

To assess the relative strength of the self-association of the PSPF-EKG peptide, AUC 

experiments were carried out in a membrane-mimicking micellar medium at both pH values. 

PSPF-EKG was first dissolved in a micellar solution of N-tetradecyl-N,N-dimethyl-3-

ammonio-1-propanesulfonate (C-14 betaine) in water. The density of the peptide solution 

was then adjusted with D2O to precisely match the known density of the betaine alone at 

both pH 7.4 and 5.5 so that only the peptide component contributed to the sedimentation 

equilibrium.28,37 For each pH, three samples were then prepared at different peptide-to-

betaine ratios (1:50, 1:100, 1:200), and each was subjected to AUC at four rotor speeds (35, 

40, 45, 50 krpm). The raw data could be fit equally well into monomer–trimer, monomer–

tetramer, and higher order aggregate equilibria, suggesting that PSPF-EKG weakly 

associates in detergent micelles. Figure 10 shows an example in which a monomer–trimer 

equilibrium is fit to the data at pH 7.4 (panel A) and pH 5.4 (panel C); the corresponding 

weight fraction distributions are shown in panels B and D.

The Orientation of PSPF-EKG in a Lipid Bilayer

The secondary structure and orientation of PSPF-EKG in deuterium oxide (D2O) hydrated 

bilayers were evaluated using attenuated total reflection IR spectroscopy (ATR-IR).38–40 As 

shown in Figure 11, the IR spectra of PSPF-EKG in the amide I region showed a single peak 

at 1656 cm−1, indicative of a dehydrated helical conformation within a bilayer. The dichroic 

ratio for parallel versus perpendicularly polarized light was 1.5, corresponding to an order 

parameter of −0.42. This order parameter would correspond to an orientation of 

approximately 75° relative to the membrane normal, assuming that the bilayers are well-

ordered, that the entire peptide is fully helical, and that it adopts only a single conformation. 

Alternatively, the majority of the peptide might be predominantly at a 90° orientation with a 

small population adopting the transmembrane orientation. In either case, the data indicate 

that the majority of peptide lies roughly parallel to the lipid surface and rules out the 

possibility of the peptide being oriented predominantly perpendicular to the bilayer surface.
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DISCUSSION

Therapeutic macromolecules such as peptides and proteins are easily cleared from the 

bloodstream. Furthermore, delivery to the cytosol to achieve desirable therapeutic effects is 

often hindered by a limited ability to cross cellular membranes. Decades of research effort 

have been devoted to develop delivery agents with high efficiency and low toxicity in order 

to overcome these obstacles.41,42

Most nonviral carriers are synthetic chemical conjugates. Active ingredients (drugs) are 

usually linked or enclosed into a vehicle and delivered into the cell via endocytosis, 

membrane fusion, or another unspecified mechanism.43,44 These vehicles are typically 

designed as liposomes/lipoplexes,45 cationic polymers,46 polypeptides,47 proteins,48 

amphiphilic polymers/ peptides,49 nanoparticles,50–52 and cell-penetrating peptides.53 

Native sequences such as fusogenic peptides from viral fusion proteins54 have also been 

manipulated as a cargo carrier to cross the barrier of cell membranes. A number of these 

approaches have progressed as far as clinical trials in humans, but most of them have failed 

due to high toxicity or lack of manipulability.44

Here, we have designed a series of pH-switchable pore-forming peptides as potential 

candidates for intracellular drug delivery. One of the top candidates (PSPF-EKG) stands out 

on the basis of relatively higher levels of miRNA and ATP from RBCs at pH 5.4. 

Importantly, a lack of hemoglobin release in this same assay and at both pH values suggests 

that PSPF-EKG does not cause membrane rupture. Taken together with the strong 

correlation observed between ATP release and tryptophan fluorescence properties for the 

series (Figure 4), membrane insertion appears to play a key role in the mechanism of action.

RBC lysis data also provide a means to compare how amino acid choice in our design 

strategy impacts activity. First, we have three options of pH-trigger residues in this peptide 

series. Asp and Glu residues both presented expected pH-switchable ATP and miRNA 

release in peptides PSPF-DQA and PSPF-DKG, indicating the carboxyl side chain groups 

respond efficiently to environmental pH change, with intrinsic pKa values of the unperturbed 

side chains around 4. The third trigger candidate, His, failed to show significant pH 

preferences in terms of ATP or miRNA release. However, PSPF-HKG induced high ATP 

release percentage at both pH values. Presumably, His will induce pore formation in a pH-

independent manner. Nevertheless, the poor solubility of the His variants prevented more 

detailed biophysical characterization and thus were not further studied.

Second, Lys and Gln were placed in the f position in order to promote helix formation in 

aqueous systems and to provide a solvent-exposure surface in membrane systems. The RBC 

lysis results did not discriminate between these two residues when comparing the 

performance of the aspartate and glutamate peptide variants (PSPF-EKG versus PSPF-EQG 

and PSPF-EKA versus PSPF-EQA).

The third screened parameter is the choice between Ala or Gly for residues packed in the 

helix interface. This element of the design follows from the fact that small residues are 

known to stabilize the final folded state in transmembrane helix interfaces.28,29 In the case 

of PSPF-EKG versus PSPF-EKA, Gly resulted in a much higher pH-switchable ATP and 
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miRNA release. The results collected here agree with the previous conclusion that Gly in a 

transmembrane helical interface drives stronger association than Ala, presumably because 

Gly stabilizes the helix interaction via weak Cα–H interactions.55

A variety of biophysical assays have been applied in order to obtain a comprehensive view 

of the mechanism of pH-dependent pore formation for the PSPF-EKG peptide, a model of 

which is depicted in Figure 12. We first looked at the structural conformation and folding 

stability of PSPF-EKG in aqueous solutions. CD, AUC, and SEC data all suggest that PSPF-

EKG forms a stable helical bundle at both pH values, which is expected due to the designed 

canonical Leu-zipper coiled-coil motif. AUC and thermal denaturing have been further used 

to study the folding stability difference between pH 7.4 and 5.5. The free energy of the 

helical bundle increases by 0.7 kcal/mol peptide as the pH decreases from 7.4 to 5.5. 

Likewise, both ΔCp and Tm decrease at pH 5.5, suggesting that PSPF-EKG is better packed 

at higher pH. The relative stability of the PSPF-EKG aggregates as a function of pH was 

also reflected empirically in the SEC data. While this peptide produced a sharp peak at pH 

7.4, the pH 5.5 conditions resulted in a broad and tailing peak. Because the peak shape at pH 

5.5 did not improve as the NaCl concentration was increased from 150 mM to 2 M, we 

conclude that a drop in pH destabilizes the self-association of PSPF-EKG in aqueous 

systems. Thus, we considered the first design element to be validated for this peptide.

We also characterized PSPF-EKG in micelles and bilayers. Equilibrium sedimentation AUC 

suggests that PSPF-EKG is in equilibrium with multiple associated states in C14-betaine 

micelles at both pH values. Furthermore, the orientation of PSPF-EKG has been studied by 

ATR-FTIR in POPC lipid bilayers. The average dichroic angle is about 75° with respect to 

the lipid normal, revealing that the majority of peptides are in a membrane-surface-absorbed 

state. Conceivably, this state corresponds to the AUC results in the presence of C14-betaine. 

We postulate that some of the peptides adopt a transmembrane orientation, which might 

reflect a weakly associated aggregated form. This dynamic equilibrium between vertical 

individual peptides in the membrane-surface-absorbed and transmembrane associated states 

is consistent with transient membrane pore formation and consequently can play a role in 

ATP and miRNA release.

The biophysical and red blood cell data are also consistent with a pH-controlled pore 

formation. The factor that determines the fraction of peptide that is inserted in a given 

orientation depends on the free energy between the states. In the inserted fully assembled 

state, the peptides would bury their hydrophobic residues within the membrane and engage 

in favorable helix–helix interactions, and their polar side chains would be hydrated in the 

pore. Additionally, the transmembrane voltage might enhance unidirectional insertion. The 

primary future direction for enhancing the designs at this point is to increase the population 

of transmembrane peptide relative to the surface-absorbed state. To our minds, there are two 

avenues to pursue toward this aim. First, the interpeptide interactions in the transmembrane 

state should be strengthened to favor self-association. Second, the energetic cost of insertion 

into the bilayer should be decreased by modulating the hydrophobicity of these peptides. It 

is our belief that understanding the properties that control aggregation, pore formation, and, 

ultimately, size will allow for the rational design of selective membrane-permeating tools 
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that can be specifically designed to allow release of bioactive cargo from endosomal 

membranes.

MATERIALS AND METHODS

Peptides and Reagents

The PSPF peptides were all obtained from New England Peptide and used as received. All 

other chemicals and reagents were commercially available and used as received without 

further purification.

RBC Lysis Assay and Analysis

The human red blood cell hemolysis assay was by carried out as described elsewhere56 with 

some modifications. Briefly, 5 mL aliquots of human blood from healthy individuals were 

dispensed into 50 mL centrifuge tubes and resuspended in 35 mL of buffer containing 150 

mM NaCl and either 20 mM MES adjusted to pH 5.4 or 20 mM HEPES adjusted to pH 7.4. 

Red blood cells (RBCs) were washed 3 times via centrifugation with buffer and finally 

resuspended in a total of 50 mL of buffer. For the final assay, 175 μL of buffer solution was 

dispensed into each well of a clear-bottom 96-well plate followed by 50 μL of final 

resuspended RBCs (approximately 2.5 × 107 cells). For transfers of RBCs, wide-bore pipet 

tips were used to avoid cell damage. Test PSPF peptides at the appropriate concentration 

were first diluted in 25 μL of buffer and then added to the cells. All steps prior to incubation 

were carried out with chilled buffers and on ice. Finally, the suspension was mixed 

reciprocation with a wide-bore tip, and the plate was covered and incubated at 37 °C for the 

indicated time. After incubation, the cells were centrifuged for 5 min at 500 rcf, and 150 μL 

of the supernatant was transferred into a new 96-well clear-bottom plate. Absorbance was 

measured at 541 nm, and the resulting raw hemolysis figures were normalized to a matching 

set of RBCs incubated in the presence of 1% Triton X-100 (100% hemolysis control). 

Alternatively, ATP and micro-RNA release measurements were performed on samples of the 

final supernatant as described below.

Micro-RNA (mir-16)

The release of micro-RNA mir-16 from RBCs was determined using stem-loop PCR as 

described elsewhere.57 Briefly, 5 μL of final supernatant was processed with TaqMan 

MicroRNA cells-to-CT kit (Applied Biosystems) according to the manufacturer’s protocol, 

and quantitative PCR reaction was performed on an ABI (Life Technologies; Carlsbad, CA) 

7500 fast real time PCR system using standard cycling conditions.58 The derived Ct values 

for mir-16 (Applied Biosystems cat. no. 4373121) in each experiment were transformed into 

copy numbers using a linear equation derived from a standard curve that was run in parallel.

ATP

To quantitatively determine the amount of adenosine triphosphate (ATP) in the supernatant, 

the ATPLite assay kit (PerkinElmer; Waltham, MA) was used according to the 

manufacturer’s instructions. A 100 μL aliquot of supernatant was employed for each assay 

per reaction point.

Zhang et al. Page 11

ACS Chem Biol. Author manuscript; available in PMC 2016 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tryptophan Fluorescence

Fluorescence emission spectra for each peptide were collected with constant excitation on a 

Fluorolog spectrofluorometer at both pH 5.5 and 7.4 with and without lipid titration.59 The 

lipid stock was prepared with 90% POPC and 10% POPG, and the final concentration of 

lipid after titration was 200 μM. The peptide concentration in each measurement was 2 μM.

CD Measurement and Thermal Denaturation

CD spectra were collected with a Jasco J-810 spectropolarimeter using a 1 nm step at 4 °C at 

both pH 5.5 and 7.4.49 The PSPF-EKG peptide concentration was 2 μM, and the final CD 

spectrum was obtained by averaging over three scans. To assess thermal denaturation of the 

helix, the ellipticity at 222 nm was monitored for the peptide at 2, 4, and 20 μM 

concentrations as the temperature was increased from 4 to 96 °C in 2 °C steps at both pH 5.5 

and 7.4.33 The parameters from the Gibbs–Helmholtz equation were fit to the data as 

demonstrated elsewhere.36

Size-Exclusion Chromatography

Size-exclusion chromatography (SEC) was carried out for the PSPF-EKG and PSPF-DKG 

peptides with the aid of an AKTA FPLC (GE) fitted with a Superdex 75 column (GE) and 

eluted at 25 °C with aqueous media containing 150 mM NaCl and either 50 mM Tris 

adjusted to pH 7.4 or 50 mM MES adjusted to pH 5.5.33 Peptide samples were prepared at 

100 μM. Four size standards were employed for calibration: blue dextran (2 000 000 g/mol), 

carbonic anhydrase (29 000 g/mol), cytochrome C (12 400 g/mol), and aprotinin (6500 g/

mol). In order to test the effect of salt concentration upon peptide elution, SEC data were 

also collected in media containing 2 M NaCl (data not shown).

Sedimentation Equilibrium of Analytical Ultracentrifugation (AUC)

Analytical ultracentrifugations (AUC) for PSPF-EKG were performed at 25 °C using a 

Beckman XL-I analytical ultracentrifuge operated at 35, 40, 45, and 50 krpm. Solutions 

containing 100 μM PSPF-EKG were prepared in 150 mM NaCl containing either 50 mM 

Tris adjusted to pH 7.4 or 50 mM MES adjusted to pH 5.5. The data were globally fit via a 

nonlinear least-squares algorithm with IGOR Pro (WaveMetrics) as discussed 

previously.28,60–62 The errors quoted in the text are standard deviations associated with the 

fitting procedure. The largest contribution to the error of the computed MW arises from the 

use of the group-additivity method to compute partial specific volumes, which we estimate 

to lead to 5–10% error. AUC data for PSPF-EKG were also collected in the presence of 8 

mM N-tetradecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate (C-14 betaine) in media 

containing 150 mM NaCl and 50 mM sodium phosphate adjusted to pH 7.4 or 5.5. To 

precisely match the known density of the micellar phase, 17% D2O was required at pH 7.4 

and 22% D2O was required at pH 5.5. Three groups of samples at each pH were prepared 

with peptide/betaine molar ratios of 1:50, 1:100, and 1:200. AUC data were collected for 

each of the three peptide/betaine ratios and at each pH at four rotor speeds (35, 40, 45, and 

50 krpm) and were fit as before.49,60–62
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Attenuated Total Reflection IR Spectroscopy (ATR-IR)

ATR-IR spectra for the PSPF-EKG peptide were collected with the aid of a Nicolet Magna 

IR 4700 spectrometer at 1 cm−1 resolution.38–40 A sample containing 0.5 μmol PSPF-EKG 

in trifluoroethanol (TFE) was mixed with a 20-fold molar amount of 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphocholine (POPC) and dried into a thin film on the surface of the ATR 

Ge crystal by means of dry N2 gas. The film was rehydrated by D2O-saturated air overnight 

in the closed environment of a D2O bath. During data acquisition, the polarized mirror was 

adjusted to 0° and 90°, creating incident light oriented parallel and perpendicular to the lipid 

normal, respectively. The infrared spectra under each condition were collected with 256 

scans. The dichroic ratio of the 1656 cm−1 amide I bond absorption was computed for 

parallel (0°) versus perpendicular (90°) polarized incident light relative to the membrane 

normal and was employed to calculate the peptide orientation as discussed previously.38
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Figure 1. 
Comparison of a detergent mechanism for membrane disruption versus pore formation.12
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Figure 2. 
Desired free energy diagram of the designed peptide as a function of pH. Lowering pH 

should destabilize the water-soluble bundle (State 1) and stabilize first the membrane-

associated individual peptide (State 2) and then, in a concentration-dependent manner, the 

membrane-inserted channel (State 3).
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Figure 3. 
Design concept illustrated using one of the designed sequences (PSPF-DKG). Hydrophobic 

residues are either lining the core of the bundle in the water-soluble state (A) or are facing 

the lipid membrane in the membrane channel state (B). Dotted circles illustrate potential 

hydrogen bonding in the channel state. Heptad positions in both panels are labeled according 

to the water-soluble state. The amino acid choices at each position are shown in Table 1.
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Figure 4. 
Correlation between ATP release by PSPF peptides and the degree of lipid engagement as 

assessed by the relative increase of Trp fluorescence emission and Δλmax upon addition of 

200 μM lipid vesicles. The correlation coefficient for the increase in Trp florescence 

intensity as a function of ATP release is 0.88 (significant at P = 0.001 using the ρ-test).
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Figure 5. 
Size-exclusion chromatography of PSPF-EKG and PSPF-DKG at pH 5.5 and 7.4. At pH 7.4, 

both PSPF-EKG and PSPF-DKG produce a single well-behaved peak with an apparent 

molecular weight corresponding to an aggregation state of n ≈ 6 (B). At pH 5.5, PSPF-EKG 

produces a single major peak corresponding to n ≈ 5, whereas PSPF-DKG produces only a 

poorly defined peak (A).
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Figure 6. 
AUC sedimentation data, fitted curves, and residuals for PSPF-EKG at pH 5.5 (A) and 7.4 

(C). Single species fitting suggests an association state of n = 6 at both pH 7.4 (apparent 

MW = 18 000) and pH 5.5 (apparent MW = 16 000). The corresponding weight fraction 

distributions are plotted for pH 5.5 (B) and pH 7.4 (D), and the free energies of association 

are listed in Table 5.
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Figure 7. 
AUC sedimentation data, fitted curves, and residuals for PSPF-DKG at pH 5.5 (A) and pH 

7.4 (B). Single-species fitting suggests an association state of n = 7 at pH 7.4 (apparent MW 

= 17 000), whereas the apparent molecular weight at pH 5.5 is approximately 24 000.

Zhang et al. Page 23

ACS Chem Biol. Author manuscript; available in PMC 2016 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Circular dichroism of PSPF-EKG at pH 5.5 (A) and 7.4 (B). α-Helical secondary structure is 

clear at both pH values.
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Figure 9. 
Thermal denaturation of PSPF-EKG at pH 7.4 (A) and pH 5.5 (B). The raw data are fitted to 

the Gibbs–Helmholtz equation.
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Figure 10. 
Single-species fitting of AUC data for PSPF-EKG in detergent micelles at pH 5.5 (A) and 

pH 7.4 (C). Weight fraction distributions for monomer–trimer equilibria at pH 5.5 and 7.4 

are shown in panels B and D, respectively.
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Figure 11. 
ATR-IR spectra of PSPF-EKG in phospholipids (POPC) bilayers. The peak at 1656 cm−1 is 

indicative of α-helical secondary structure. The orientation is demonstrated by the ratio of 

areas for the 1656 cm−1 peak for incident light polarized parallel (0°) and perpendicular 

(90°) to the membrane normal.
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Figure 12. 
Model for PSPF peptide membrane insertion and pore formation upon pH decrease.
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Table 1

Amino Acid Design Elementsa

position in water function in water, high pH function in membrane, low pH amino acid choice

a helical bundle hydrophobic core membrane-facing Leu

b solvent-exposed, imparts solubility small residue for helical interface, potential interhelical 
hydrogen bonding

Ser

c solvent-exposed, imparts solubility trigger residue, changes protonation state/hydrophobicity at 
low pH; potential interhelical hydrogen bonding

Asp, Glu, His

d helical bundle hydrophobic core membrane-facing Leu

e modulation of helical propensity small residue for helical interface Ala

f solvent-exposed, imparts solubility solvent-exposed in channel state (inner channel lining); 
imparts folds specificity by encoding helical orientation 
preference

Lys, Gln

g modulation of helical propensity small residue for helical interface Ala, Gly

a
Refer to Figure 3 for corresponding helical description.
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Table 2

Sequences and Molecular Weights of PSPF Peptides

peptide sequence MW (g/mol)

heptad in membrane cdefgab cdefgab cdefgab cdefgab

PSPF-DQA WSDLAQA LSDLAQA LSDLAQA LSDLAQA 2886.3

PSPF-DQG WSDLAQG LSDLAQG LSDLAQG LSDLAQG 2830.1

PSPF-DKA WSDLAKA LSDLAKA LSDLAKA LSDLAKA 2886.3

PSPF-DKG WSDLAKG LSDLAKG LSDLAKG LSDLAKG 2830.3

PSPF-EQA WSELAQA LSELAQA LSELAQA LSELAQA 2942.3

PSPF-EQG WSELAQG LSELAQG LSELAQG LSELAQG 2886.2

PSPF-EKA WSELAKA LSELAKA LSELAKA LSELAKA 2942.5

PSPF-EKG WSELAKG LSELAKG LSELAKG LSELAKG 2886.3

PSPF-HQA WSHLAQA LSHLAQA LSHLAQA LSHLAQA 2974.4

PSPF-HQG WSHLAQG LSHLAQG LSHLAQG LSHLAQG 2918.3

PSPF-HKA WSHLAKA LSHLAKA LSHLAKA LSHLAKA 2974.6

PSPF-HKG WSHLAKG LSHLAKG LSHLAKG LSHLAKG 2918.4

heptad in water abcdefg abcdefg abcdefg abcdefg
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Table 5

Analytical Ultracentrifugation (AUC) Sedimentation Equilibrium Parameters for PSPF-EKG and PSPF-DKG 

at pH 5.5 and 7.4

PSPF-EKG PSPF-DKG

pH 7.4 pH 5.5 pH 7.4 pH 5.5

apparent MW 18 000 16 000 17 000 24 000

aggregation statea 6.2 5.5 6.0 N/A

–log(Kdissociation) 28.0 ± 0.4 24.8 ± 0.1 28.7 ± 0.4 N/A

association ΔGb (kcal/mol peptide) −6.3 −5.6 −6.5 N/A

a
Calculated as follows:

b
Calculated as follows:
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Table 6

Fitting Results for Thermal Denaturation of PSPFEKG at pH 7.4 and 5.5 by CD

pH ΔH (kcal/mol peptide) Tm (K) [PSPF-EKG] at 50% folded and 300 K

7.4 22.0 ± 0.1 339.0 ± 0.1 0.14 μM

5.5 19.6 ± 0.1 333.4 ± 0.1 0.31 μM
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