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Abstract

Membrane curvature remodeling induced by amphipathic helices (AHs) is essential in many 

biological processes. Here we studied a model amphipathic peptide, M2AH, derived from 

influenza A M2. We are interested in how M2AH may promote membrane curvature by altering 

membrane physical properties. We used atomic force microscopy (AFM) to examine changes in 

membrane topographic and mechanical properties. We used electron paramagnetic resonance 

(EPR) spectroscopy to explore changes in lipid chain mobility and chain orientational order. We 

found that M2AH perturbed lipid bilayers by generating nanoscale pits. The structural data are 

consistent with lateral expansion of lipid chain packing, resulting in a mechanically weaker 

bilayer. Our EPR spectroscopy showed that M2AH reduced lipid chain mobility and had a 

minimal effect on lipid chain orientational order. The EPR data are consistent with the surface-

bound state of M2AH that acts as a chain mobility inhibitor. By comparing results from different 

lipid bilayers, we found that cholesterol enhanced the activity of M2AH in inducing bilayer pits 

and altering lipid chain mobility. The results were explained by considering specific M2AH-

cholesterol recognition and/or cholesterol-induced expansion of interlipid distance. Both AFM and 

EPR experiments revealed a modest effect of anionic lipids. This highlights that membrane 

interaction of M2AH is mainly driven by hydrophobic forces. Lastly, we found that 

phosphatidylethanolamine (PE) lipids inhibited the activity of M2AH. We explained our data by 

considering interlipid hydrogen-bonding that can stabilize bilayer organization. Our results of 

lipid-dependent membrane modulations are likely relevant to M2AH-induced membrane 

restructuring.
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1. Introduction

Many membrane-associated proteins and peptides contain a structural motif called 

amphipathic helix (AH) such that polar residues are segregated on one face and hydrophobic 

residues are clustered on the opposite face [1]. Examples include the Huntington's disease-

related α-synuclein [2] and membrane lytic antimicrobial peptides [3]. One important 

consequence of the amphipathic characteristic is that AHs have a large preference for 

interacting with organellar and plasma membranes. In a membrane environment, the polar 

face of AHs prefers to be exposed to the aqueous medium, whereas the hydrophobic face of 

AHs prefers to interact with membrane's hydrocarbon core. The unique disposition of AHs 

has been attributed to physiological functions of many AH-containing proteins [4]. For 

example, the lipid biosynthetic enzyme, CTP:phosphocholine cytidylyltransferase (CCT), 

senses membrane deficiency of phosphatidylcholine; membrane binding of CCT is 

facilitated by folding the M domain into an AH [5].

Membrane surface binding AHs will cause an imbalanced stress exerted on lipid headgroup 

and acyl chains. (We use "surface binding" as a general term to describe that an AH is 

mainly located near the lipid headgroup region.) One physical manifestation is a modified 

membrane curvature. Enhancement of membrane curvature by AH-containing proteins plays 

an essential role in many biological functions. Secretory protein trafficking from the 

endoplasmic reticulum (ER) to the Golgi requires vesicle biogenesis; the N-terminal AH of 

Sar1p, one of five core COPII proteins involved in forming cargo-loaded vesicles, was found 

to sculpt ER membranes into highly curved structures [6]. Neural transmission requires 

synaptic vesicle retrieval from synaptic plasma membranes. Several proteins have been 

identified to use AH motifs to facilitate synaptic vesicle endocytosis by inducing membrane 

curvature. A few of them are endophilin [7-9], amphiphysin [10], and Epsin [11].

In addition to generating membrane curvature, AHs can also function as a membrane 

curvature sensor. N-terminal AHs of several nonstructural proteins of hepatitis C virus 

(HCV) were found to mediate virus binding to intracellular lipid droplets with high 

curvature – binding to lipid droplets is a critical step for the organization of the virus 

replication complex [12, 13]. Interestingly, the antiviral protein viperin used an AH motif to 

inhibit HCV by competitively binding to lipid droplets [14]. Lipid packing is affected by 
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membrane curvature; larger curvature will result in more packing defects. The Golgi-

associated protein ArfGAP1 was found to use an AH motif called amphipathic lipid packing 

sensor (ALPS) to distinguish between curved and flat membranes [15]

M2 of influenza A virus is a versatile protein composed of an extracellular domain, a 

transmembrane helix, and a cytoplasmic domain. M2 forms a low-pH activated proton 

channel [16]. The channel activity of M2 is essential for virus unpacking. At a later stage of 

the virus cycle, M2 was found to localize at the neck of budding virions, facilitating virion 

scission [17, 18]. M2 is also required for the formation of filamentous virion [19]. It seems 

that M2 is capable of modulating membrane curvature, so the budding neck can be narrowed 

below a threshold to complete virion release. Truncation of the M2 cytoplasmic domain 

caused a reduction in virion budding and release [20, 21]. The cytoplasmic domain of M2 

contains a membrane-associated AH called M2AH that spans residues 47–62 [22]. 

Biophysical studies have shown that M2AH can cause budding of giant unilamellar vesicles 

(GUVs) [19]; the addition of M2AH to lipid assemblies in a cubic phase revealed that 

M2AH increased the negative Gaussian curvature [23]. M2AH can also generate positive 

Gaussian curvature as evidenced by the formation of vesicle buds and tubules [19, 24]. 

Conversely, mutation of M2AH was found to inhibit budding of transfected virus in vivo 
[25].

Membrane curvature modulation requires overcoming an energy penalty imparted by the 

curved geometry. In this paper, we studied how M2AH may compensate the curvature-

associated energy penalty by altering membrane physical properties. In particular, we used 

high-resolution atomic force microscopy (AFM) and electron paramagnetic resonance (EPR) 

spectroscopy to explore changes in membrane material properties. Our AFM imaging 

experiment allows direct visualization of local membrane structures, and our AFM-based 

forced force spectroscopy experiment can reveal modulations of lipid membrane mechanical 

properties within a nanoscopic regime. Our EPR measurements probe lipid chain mobility 

and lipid chain orientational order near a spin probe. The obtained biophysical data highlight 

that M2AH may facilitate membrane curvature reorganization by altering membrane 

material properties. Viral pathogens exploit lipid complexity of host cell membranes [26]. 

Membranes with different lipid compositions can aid or negate AH recruitment by altering 

lipid packing defects [27]. To determine the role of different lipid species in mediating 

M2AH-membrane interactions, we selectively studied model lipid membranes containing 

cholesterol (Chol), anionic phosphatidylglycerol (PG), and phosphatidylethanolamine (PE) 

lipids. By determining the impacts of M2AH on physical properties of lipid bilayers 

containing different lipid species, our study provides useful insights into the role of various 

lipids in regulating M2AH-mediated membrane restructuring.

2. Materials and Methods

Lipids including 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC), 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), 1,2-dihexanoyl-sn-glycero-3-

phosphocholine (DHPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and Chol 

were purchased from Avanti Polar Lipids (Alabaster, AL). 5-doxyl stearic acid (5-SASL) 
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was purchased from Sigma-Aldrich (St. Louis, MO). The 16-residue peptide M2AH of 

sequence F47FKSIYRFFEHGLKRG62 was synthesized by Genscript. The vendor confirmed 

peptide purity >90% by HPLC and mass spectroscopy. Fresh peptide stock solution was 

prepared by dissolving lyophilized powder in 10 mM HEPES pH 7.4. Unless noted 

otherwise, all ratios and percentages are molar based in this paper.

2.1. Atomic force microscopy (AFM)

Appropriate ratios of lipid stock solutions were mixed to obtain different lipid mixtures. 

Organic solvents were removed by a gentle stream of nitrogen gas, followed by vacuum 

pumping for ~2 hours. Lipid films were hydrated in 10 mM HEPES pH 7.4. We used a 

Sonic Dismembrator and a 3-mm microprobe to produce small unilamellar vesicles (SUVs). 

A Multimode 8 AFM (Bruker, Santa Barbara, CA) was used for solution AFM imaging 

(room temperature). Experimental procedure has been reported elsewhere [28-30]. Mica-

supported planar bilayers were prepared by injecting SUVs into a fluid cell. Planar bilayers 

were formed by the vesicle rupture and fusion mechanism [31, 32]. Excess SUVs that did 

not participate in bilayer formation were removed. The peak-force quantitative 

nanomechanics (QNM) mode was used for bilayer imaging. AFM height images were 

acquired using a DNP-S10 probe at a scan rate of ~1 Hz. The obtained height images were 

leveled by subtracting a polynomial background. Image analysis was performed using in-

house developed Matlab scripts.

We also used AFM to perform force spectroscopy measurements on the same bilayer used 

for AFM imaging. An automated force-ramping function was used for the force 

measurements as a function of the piezo z-position. A z-range of 100 nm and a tip speed of 

200 nm/s were used. To describe the position of the AFM tip, we used a parameter s, which 

is the distance between the mica surface and the tip end position.

2.2. Electron paramagnetic resonance (EPR) spectroscopy

EPR measurements on liposomes.—Liposomes were prepared as described in Hope 

et al. [33] and Szoka et al. [34]. Lipids in chloroform were mixed in a glass tube and dried as 

thin films under a stream of nitrogen gas. 1–2 mol% of 5-SASL was added to the lipid 

mixture. Lipid films were further dried by using a vacuum pump for ~16 hours to remove 

the residual organic solvent. The lipids were resuspended in 10 mM HEPES pH 7.4 by 

vortexing for 1–2 min and then subjected to ≥6 freeze/thaw cycles. The lipid suspension was 

extruded ≥30 times through a mini-extruder with a 100-nm polycarbonate membrane (Avanti 

Polar Lipids).

EPR spectra were collected using a Bruker E680 spectrometer in X-band (9.5 GHz) with a 

high sensitivity cavity (ER 4119HS) and a variable temperature controller (ER 4111VT), all 

from Bruker BioSpin GmbH, Rheinstetten, Germany. The equipment is located at the 

National High Magnetic Field Laboratory (NHMFL). EPR spectra of liposomes were 

acquired with 100 kHz modulation frequency, 2.5 mW incident microwave power (18 dB), 

0.16 mT modulation amplitude, 81.92 ms time constant, 81.92 ms conversion time, and 15 

mT scan width. Samples were loaded in 0.6 mm or 0.9 mm inner diameter glass capillary 

tubes.
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EPR measurements on bicelles.—The lipid composition of each preparation was 5.6 

μmol of DMPC, 1.55 μmol of DHPC, and 50 nmol of 5-SASL (0.7% of the total lipids). The 

Q ratio (Q=[DMPC]/[DHPC]) for these bicelles was 3.6. The M2AH peptide was co-dried 

with the lipids to obtain the desired peptide-to-lipid (P/L) ratios relative to the DMPC 

concentration. The dried film was rehydrated in 22.5 μL of 50 mM HEPES pH 7.0, and the 

suspension was repeatedly vortexed and sonicated in ice-cold water for ~15 min. The 

solution was then subjected to 4 freeze/thaw cycles. The resulting bicelle solution appeared 

transparent and viscous.

We followed a reported procedure to align bicelles in the magnetic field [30]. Briefly, 

TmCl3·6H2O was mixed with a bicelle/peptide solution for a final Tm3+/lipids molar ratio of 

0.2. A glass tube containing the bicelle solution was placed in the EPR cavity at room 

temperature (295 K). Under a magnetic field of 1350 mT, the sample temperature was 

slowly raised to 318 K (about 15 min) and then slowly lowered to the desired temperature of 

308 K. The EPR spectra of bicelles were acquired with 100 kHz modulation frequency, 4.9 

mW incident microwave power (16 dB), 0.10 mT modulation amplitude, 40.96 ms time 

constant, 81.92 ms conversion time, and 15 mT scan width. Changes in lipid chain 

orientational order were determined by the order parameter S2o[35, 36]. S20 describes the 

orientational order of lipid acyl chains relative to each other near the spin probe. A reduction 

in S20 upon peptide binding reflects a loss of chain order. To calculate S20, EPR spectra were 

simulated and fitted using the Multicomponent program (http://www.chemistry.ucla.edu/

directory/hubbell-wayne-l) as described before [30]. Briefly, the experimental spectra of all 

P/L ratios were simulated using the same magnetic and motional parameters, while the 

orientational order parameter S20, calculated from the orienting potential coefficient c20, is 

varied to fit the spectra [30].

3. Results

3.1. AFM experiments on planar lipid bilayers

POPC.—We conducted solution AFM imaging to visually detect structural changes of a 

POPC bilayer caused by M2AH. Figure 1A shows the topographic image of the control 

bilayer over an area of 500 nm × 500 nm. The bilayer exhibited a homogeneous structure. 

Height profile along an arbitrary path is shown in Fig. S1-A (Supplementary Material). The 

height of each pixel is within a range of ~−0.2–0.2 nm. This is further corroborated by the 

height probability distribution of the entire bilayer (Fig. S1-D). Gaussian curve fitting to the 

height distribution resulted in a full width at half maximum (FWHM) of 0.25 nm. Once the 

quality of the control bilayer was confirmed, we used a syringe pump to inject a 4 μM 

M2AH solution. Figure 1B shows the peptide-treated bilayer structure. The bilayer exhibited 

many small pits as indicated by the darker color (Fig. 1B). AFM probes lipid bilayer 

structure in a three-dimensional space. The sub-Å sensitivity along the bilayer normal 

direction enables us to assess the depth scale of the bilayer pits. Height profile along an 

arbitrary path revealed that the bilayer pits have a depth of ~0.2–0.5 nm. We also plotted the 

height probability distribution of the modified bilayer (Fig. S1-D, SI). The FWHM became 

0.27 nm, a slightly larger value than that of the intact bilayer. An increase in the FWHM 
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reflects that M2AH enhanced the roughness of the POPC bilayer, primarily contributed by 

the emerging pits.

POPC/Chol.—We used a POPC+30%Chol bilayer to study the role of Choi in mediating 

M2AH-bilayer interactions. AFM height image of the control bilayer is shown in Fig. 2A. 

Exposure to 4 μM M2AH resulted in significant changes of the bilayer topographic structure 

(Fig. 2B). Many pits were observed over the entire region. At selective locations where small 

pits overlap, larger pits with deeper penetration depth were generated. This is confirmed by 

the height profile along a path going over two larger pits (Fig. S2, SM). The larger pits have 

a depth of ~1 nm compared to <0.5 nm for the smaller ones. Calculation of the height 

distribution of the entire bilayer showed that the FWHM is 0.26 nm for the intact bilayer. 

The height distribution for the peptide-treated bilayer deviates from a Gaussian curve; 

nevertheless, it is clear that the width of the height distribution curve is increased 

significantly by M2AH. The results from POPC and POPC+30%Chol bilayers indicate that 

Chol augmented the capability of M2AH in inducing bilayer pits.

In parallel with the study of bilayer topographic structure, we used AFM-based force 

spectroscopy to explore mechanical properties of mica-supported planar bilayers. Figure 3 

shows force curves for a POPC+30%Chol bilayer exposed to 0, 4, and 10 μM M2AH. The 

force exerted by an AFM tip increases as the tip indents into a mica-supported bilayer. A 

maximum force called the puncture force is reached when the bilayer is punctured by the tip 

(indicated by arrowheads in Fig. 3) [29]. For the intact bilayer, the puncture force is ~3 nN 

and the bilayer puncture takes place at a distance of ~4 nm away from the mica surface 

(located at zero distance). Exposure to M2AH caused a decrease in the puncture force and a 

shift of the puncture position. This is most evident at 10 μM M2AH. The puncture force 

became ~2 nN, and the puncture position was at ~2.5 nm. A smaller puncture force implies 

that the bilayer had weaker mechanical stability after treatment with M2AH. This conclusion 

agrees with the observation of many pits in the topographic image (Fig. 2).

POPC/POPG.—Host membranes contain many different species of anionic lipids, such as 

phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidic acid (PA). Because 

M2AH contains several basic residues, it is interesting to investigate how M2AH modulates 

anionic lipid bilayers. We used a POPC+20%POPG bilayer as a model system to evaluate 

the effect of anionic lipids in regulating M2AH-bilayer interactions. Figure 4 shows the 

AFM image of the bilayer before and after exposure to 4 μM M2AH. The intact bilayer has a 

smooth surface. Calculation of the height probability distribution revealed a FWHM of 0.31 

nm. The addition of 4 μM M2AH caused many shallow pits, whose depth was ~0.2–0.5 nm 

(Fig. S3, SM). The shallow pits enhanced the roughness of the bilayer surface. This is 

evidenced by a larger FWHM value, 0.37 nm, obtained from the height probability 

distribution (Fig. S3, SM). Compared to the POPC bilayer, the presence of the anionic 

POPG lipid seems to slightly increase the degree of bilayer perturbation exerted by M2AH.

POPC/POPE.—PE lipids have a conical shape owing to the smaller headgroup compared 

to the acyl chains. We used two POPC/POPE bilayers to study the role of PE lipids in 

modulating bilayer perturbations conferred by M2AH. Figure 5A shows AFM images of a 

POPC+20%POPE bilayer exposed to 0, 4, and 10 μM M2AH. The intact bilayer has a 
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homogeneous topography. Height probability distribution resulted in a FWHM of 0.31 nm 

(Fig. S4, SM). Exposure to 4 μM M2AH did not cause noticeable changes in the bilayer 

structure. This is confirmed by height distribution analysis, which showed a FWHM of 0.31 

nm. Increasing the peptide concentration to 10 μM yielded many small pits that are similar 

to those observed in the POPC bilayer treated with 4 μM M2AH. It seems that the presence 

of 20% POPE increased the concentration of the peptide that is required to generate bilayer 

pits. This statement is further supported by the study of a POPC+40%POPE bilayer (Fig. 

5B). Increasing the peptide concentration to 10 μM did not yield discernable pits. The 

resistance of the POPC+40%POPE bilayer to M2AH treatment is also reflected by the 

height probability distributions (Fig. S5, SM). Collectively, the content of POPE in POPC/

POPE bilayers correlates with the concentration of M2AH that is required to generate 

bilayer pits; higher contents of POPE suppressed the capability of M2AH in modulating 

bilayer structure.

3.2. EPR spectroscopy experiments on lipid vesicles

Lipid chain mobility.—Next, we used EPR spectroscopy to investigate the effect of 

M2AH binding on lipid chain mobility. Chain mobility in a lipid bilayer can be influenced 

by the binding of peptides and proteins [37, 38]. The analysis of EPR spectral line-shape 

changes upon macromolecule binding represents a suitable tool to determine lipid chain 

mobility because EPR spectra are affected by molecular motion [39, 40]. In particular, an 

increase in the spectral peak-to-peak splitting and/or a broadening of the spectral line-shape 

indicates slower molecular motion. We used 5-SASL as a spin probe to assess the chain 

mobility changes induced by M2AH. 5-SASL is a suitable spin probe because position five 

of the acyl chain has been demonstrated to be the most sensitive to mobility changes in 

several molecular models [35, 41]. It is noteworthy that EPR spectroscopy relies on the spin 

probe; therefore, EPR spectral changes mainly reflect changes of the microenvironment near 

the spin probe. The lipid mobility changes are quantified using the motional parameter 2A//, 

i.e., the peak-to-peak splitting of the spectrum, upon peptide binding to lipid membranes 

with different lipid compositions and peptide-to-lipid (P/L) ratios. Liposomes with four lipid 

compositions were studied: POPC, POPC+30%Chol, POPC+40%POPE, and POPC

+20%POPG. An example of typical EPR spectra is shown in Fig. S6 (SM). For all lipid 

compositions studied, the peak-to-peak splitting of the EPR spectrum was increased on the 

addition of M2AH (Fig. 6). The result can be interpreted as reduced mobility of lipid acyl 

chains. Moreover, it is evident that POPC+30%Chol liposomes showed greater mobility 

changes upon M2AH binding than that of POPC alone. Indeed, at P/L of 1/50, POPC 

liposomes displayed a 0.5±0.1 Gauss (G) splitting increase, whereas POPC+30%Chol 

liposomes displayed a 1.0±0.2 G increase. The 2A// value for POPC+20%POPG liposomes 

was also increased upon M2AH binding; the value was 0.7±0.1 G at P/L of 1/50, slightly 

larger than the increase for POPC liposomes. For POPC+40%POPE liposomes, the peak-to-

peak splitting changes were much smaller than those of POPC liposomes; negligible 

increases were observed for P/L≤1/100, and a moderate increase was found at P/L=1/50. 

Collectively, the lipid chain mobility data are in good agreement with our AFM results.

Lipid chain orientational order.—We used EPR and magnetically aligned DMPC/

DHPC bicelles to study how M2AH perturbs lipid chain orientational order [30]. 
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Importantly, the configuration of M2AH in bicelles can be deduced by comparing the order 

parameter S20 from M2AH and reference peptides. Again, we note that the obtained EPR 

data mainly reflect the effect of M2AH on the microenvironment near the spin probe. The 

result is summarized in Fig. 7. For aligned bicelles without the peptide, EPR spectrum 

showed three broad peaks that are typical for a nitroxide spin probe partially oriented in the 

magnetic field with an orientational order parameter S20 of 0.439. The addition of M2AH at 

P/L ratios from 1/500 to 1/50 resulted in minuscule changes in spectral line-shape and the 

order parameter S20. The lowest S20 value was found to be 0.419 at P/L of 1/50. The trend of 

S20 induced by M2AH is in stark contrast to those of the two reference peptides: alamethicin 

and magainin 2 [35, 42]. Alamethicin is known to form voltage-dependent barrel-stave pores 

[43]. This type of ordered pores caused a slow and modest decrease of S20. Magainin 2 

induces more substantial membrane perturbations by forming toroidal pores and acting 

ultimately as a detergent [44-46]; as such, magainin 2 caused a rapid decrease of S20. 

Compared to the two reference peptides, M2AH had a minimal effect on the orientational 

order parameter, suggesting that M2AH interacts with lipid membranes without forming 

transmembrane pores.

4. Discussion

4.1. Mechanism of membrane perturbation by M2AH.

M2 of influenza A virus is a multifaceted protein that is required for ion channel activity and 

virion release. M2AH is located at the intercellular domain of M2. The relevance of M2AH 

in virus cycle is highlighted by the finding that M2AH is necessary and sufficient to cause 

membrane scission of progeny virions [25]. Here we used high-resolution AFM imaging to 

explore structural remodeling of lipid bilayers induced by M2AH. We studied several lipid 

bilayers composed of different lipid species. A common theme is the observation of shallow 

pits on bilayer surfaces with a depth scale of ~0.2–1 nm. M2AH is unstructured in aqueous 

solution; it converts into an α-helix once bound to lipid membranes [24]. Helix analysis 

using a web server [47] predicted that M2AH has a hydrophobicity of 0.442, a hydrophobic 

moment of 0.630, and a net charge is +3. The amphipathic characteristic represents a driving 

force for membrane association of M2AH. Unlike the amphipathic peptide melittin, which 

produced transmembrane defects (or pores) [28], we did not observe transmembrane defects 

induced by M2AH. This leads to the proposition that M2AH is oriented parallel to the 

bilayer surface. Binding of M2AH to the lipid headgroup region is also supported by the 

lack of changes in the orientational order parameter S20 derived from our EPR 

measurements of magnetically aligned bicelles. Insertion of M2AH is likely facilitated by 

interactions with lipid headgroup through the polar face of M2AH, whereas partial 

intercalation into bilayer hydrocarbon core is driven by hydrophobic interactions through the 

hydrophobic face of M2AH. The wedge-shaped insertion of M2AH expands lipid packing 

laterally, resulting in a smaller bilayer thickness locally surrounding the peptide. It is 

noteworthy that bilayer thinning by surface-bound AHs has been widely reported [48-50]. 

When there are several M2AH molecules located nearby, the cooperative effect of bilayer 

thinning due to multiple M2AH can cause the development of shallow pits observed in our 

AFM images. Note that M2 forms a tetramer in lipid membranes. The proximity of four 

copies of M2AH in a tetramer assembly makes the cooperative bilayer thinning effect even 
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more appealing. Expansion of lipid packing laterally may increase the probability of lipid 

bulging from a flat bilayer, thus changing bilayer curvature.

In addition to AFM imaging, we used AFM-based force spectroscopy to explore changes in 

membrane mechanical properties induced by M2AH. The obtained force spectroscopy data 

revealed that the bilayer became weaker as manifested by a smaller bilayer puncture force. 

The magnitude of the bilayer puncture force serves as a fingerprint for bilayer mechanical 

stability [29]. The reduced bilayer puncture force by M2AH highlights a mechanically 

weaker bilayer. The impaired bilayer mechanical stability is also reflected by a shift of the 

position where bilayer puncture takes place. A similar position shift was reported for 

bilayers treated with membrane destabilizer ethanol [51]. The bending energy of a lipid 

bilayer is dependent on the bending rigidity [52]. Because M2AH caused a mechanically 

weaker (softer) bilayer, the corresponding bending rigidity is likely decreased [29]. 

Therefore, M2AH may assist membrane bending by affecting membrane mechanical 

properties. Our mechanical perspective agrees with other reports. For example, a reduction 

in bilayer surface tension was used to explain endophilin A1-induced membrane shape 

transition [53].

We used EPR spectroscopy to examine lipid chain mobility modulated by M2AH. An 

increase in the spectral peak-to-peak splitting was observed for almost all lipid compositions 

– the lipid-dependent effect is discussed below. This suggests that M2AH decreases lipid 

chain mobility after inserting into lipid bilayers. The reduced chain mobility can be 

understood by considering that membrane surface-bound M2AH acts as a mobility barrier; 

lipid chains in the vicinity of M2AH has reduced mobility owing to steric interactions. As a 

result, the overall chain mobility is decreased. It is conceivable that the impact on lipid chain 

mobility will be different when AHs are orientated parallel to the bilayer normal because the 

number of neighboring lipids is different. The membrane surface binding state of M2AH is 

corroborated by our EPR measurements on magnetically aligned bicelles. We showed that 

compared to the two reference peptides, M2AH had a minimal effect on the orientational 

order parameter S20. Because both barrel-stave and toroidal pores caused substantial changes 

of S20, we suggest that a surface-bound state of M2AH is likely to exert little impact on lipid 

chain orientational order.

4.2. The effect of Choi.

Chol plays an important role in influenza virus cycle; the level of Chol was found to affect 

virus infectivity [54]. Chol is an effective modulator of membrane material properties. The 

modified membrane thickness and mechanical aspects have been attributed to Chol-induced 

protein sorting [55]. Chol also plays an important role in forming ordered membrane 

domains called rafts [56]. Influenza virion was suggested to bud and pinch off at a budozone 

that is formed by coalescing rafts of the plasma membrane [57]. This view is supported by 

findings that newly formed viral membranes are enriched in raft lipids. Interestingly, HIV 

particles also have higher contents of raft-associated Chol and sphingolipids [58]. To 

facilitate influenza virion budding and scission, M2 is sequestered at the edge of the 

budozone. Interaction with Chol was suggested to be responsible for governing M2 
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localization. Indeed, M2 prepared from infected cells contained 0.5–0.9 Chol per monomer 

[59].

Biophysical studies have shown that Chol immobilizes M2 in lipid bilayers; Chol-stabilized 

M2 has a larger helical content [60]. Sequence analysis revealed that M2AH contains a 

consensus Chol-binding CRAC motif [59]. However, removal of the CRAC motif did not 

affect virus replication, suggesting that other factors dominate M2-Chol association [61, 62]. 

Similarly, alteration of the M2 CRAC motif did not change virus replication but does 

decrease the virulence in a mouse model [63]. Although the CRAC motif may not be 

responsible for M2-Chol binding, several studies indicated that M2AH is the primary region 

where Chol associates with M2. For example, M2AH-induced GUV budding is dependent 

on Chol content [25]. Examination of M2AH in lipid bilayers without and with Chol 

revealed that Chol suppressed the dynamics of M2AH [64]. More recently, nuclear magnetic 

resonance (NMR) spectroscopy determined strong interactions between Chol and 

hydrophobic residues of M2AH [65]. Collectively, M2AH is responsible for M2 binding to 

Chol, although the transmembrane domain of M2 may also participate in Chol binding by 

hydrophobic interactions [66].

We used AFM imaging and ERP spectroscopy to investigate the effect of M2AH on Chol-

containing lipid bilayers. Both measurements showed that Chol enhanced the activity of 

M2AH in modulating lipid bilayer structure and organization. Specifically, bilayer pits 

became more pronounced in terms of the size and depth when 30% Chol was added to 

POPC bilayers. In parallel, the decrease in lipid chain mobility by M2AH was markedly 

enhanced by the addition of 30% Chol to POPC liposomes. An earlier study showed that 

GUV budding induced by M2AH was dependent on Chol content [25]. We examined the 

effect of the Chol content by using a POPC+17%Chol bilayer. AFM topographic images of 

the planar bilayer exposed to 4 and 10 μM M2AH are shown in Fig. S7 (SM). Shallow pits 

were observed at 4 μM MAH; the depth of the pits became larger at 10 μM M2AH. By 

comparing AFM images of POPC, POPC+17%Chol, and POPC+30%Chol exposed to 4 μM 

MAH, we conclude that the resulting bilayer pits by 4 μM M2AH are not linearly related to 

the Chol content; bilayer pits are similar at 0 and 17% Chol, while bilayer pits are markedly 

elevated at 30% Chol.

The enhanced activity of M2AH in the presence of 30% Chol can be caused by Chol binding 

to hydrophobic residues of M2AH [65]. Chol-M2AH recognition increases the binding 

affinity of M2AH to the bilayer surface, accompanied by a reduced peptide dynamics [64]. 

Alternatively, Chol expands lipid headgroup-headgroup spacing, resulting in larger packing 

voids in the headgroup region; the induced packing voids can augment the insertion of 

M2AH [67]. Note that the induced packing voids do not have a linear relationship with the 

Chol content. The umbrella model predicted that lipid headgroups shield Chol (and lipid 

acyl chains) from the aqueous medium [68]. At low Chol content, the bilayer can shield 

Chol by straightening lipid acyl chains. Therefore, lipid headgroup-headgroup spacing 

remains similar. The chain straightening effect is saturated at a certain Chol level [69], after 

which the bilayer is no longer able to shield Chol completely. The additional Chol expands 

lipid headgroup-headgroup spacing, causing more packing voids in the headgroup region to 

allow M2AH binding and insertion.
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The effect of Chol on M2AH-induced vesicle budding has been reported earlier [25]. It was 

found that M2AH caused vesicle budding at a Chol content ≤17%, whereas higher Chol 

contents inhibited vesicle budding. The authors also found that inward and outward budding 

was induced at low and high peptide concentrations, respectively. Moreover, M2AH induced 

vesicle leakage at low Chol contents. In general, the reported study showed that the activity 

of M2AH in inducing vesicle budding is enhanced by low Chol contents and inhibited by 

high Chol contents. The switch is at 17% Chol. This result is different from our observation 

that 30% Chol increased the activity of M2AH in generating bilayer pits (AFM data) and 

changing lipid chain mobility (ERP data). We do not have a clear answer to the difference. A 

possible explanation is that vesicle budding does not correlate with bilayer pits or lipid chain 

mobility. For example, bilayers can have modified pits and chain mobility without 

undergoing shape transition.

4.3. The effect of anionic lipids.

M2AH has a net charge of +3, contributed by two lysine, two arginine, and one glutamate 

residues. The presence of anionic lipids in lipid membranes might enhance M2AH binding 

by electrostatic interactions. The significance of anionic lipids has been well documented for 

many membrane-associated proteins. One example is α-synuclein, which contains an AH 

motif; the binding affinity of α-synuclein to lipid membranes was significantly enhanced in 

the presence of anionic lipids [70]. We investigated the role of anionic lipids in mediating 

M2AH-membrane interactions by using a POPC+20%POPG bilayer. Our AFM 

measurements showed that POPG caused a slightly larger degree of bilayer perturbation 

induced by 4 μM M2AH. This is evidenced by the distribution of bilayer pits, as well as the 

bilayer surface roughness. A similar result was obtained from our EPR measurements, which 

showed that at the same P/L ratio, lipid chain mobility change is comparable for POPC and 

POPC/POPG liposomes. Together, the anionic lipid does not seem to have the ability of 

significantly impacting M2AH-induced membrane modulation. The lack of dramatic 

changes between POPC and POPC/POPG indicate that M2AH binding to lipid bilayers is 

mainly driven by hydrophobic interactions [24]. The dominant role of the hydrophobic 

driving force is supported by alanine substitution study of M2AH; the mutated peptide with 

a smaller hydrophobicity was more dynamic and penetrated less into lipid bilayers [71]. 

Another possible explanation for the mild impact of anionic lipids in our study is that 

regardless of initial peptide binding, which could be larger for anionic lipid-containing 

bilayers, the determinant for changes in bilayer pits and lipid chain mobility is the 

availability of bilayer packing voids to accommodate M2AH insertion. It is possible that 

both POPC and POPC/POPG bilayers have similar packing voids; therefore, the resulting 

bilayer changes caused by M2AH are similar.

4.4. The effect of PE lipids.

PE lipids have a conical shape owing to their smaller amino headgroup. Concomitantly, lipid 

assemblies (e.g., monolayer and bilayer) composed of PE lipids have a negative spontaneous 

curvature [72]. When PE lipids are confined in a flat bilayer, there is an energy penalty 

called "curvature strain energy"; protein activity can be regulated by altering the stored 

curvature strain energy [73]. The smaller PE headgroup also yields more packing voids in 

the headgroup region compared to PC bilayers. The difference in packing voids (or defects) 
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has been attributed to different binding behaviors of several AHs, such as the H0 helix of 

endophilin [74] and the ALPS motif [75]. Another important feature of PE lipids is that the 

amine group is a good hydrogen bond donor. Interlipid hydrogen-bonding initiated by the 

amine moiety of PE lipids contributes to enhanced bilayer stability [76, 77]. This is 

manifested by a smaller area per PE lipid than that of the PC counterpart [78]. Similarly, the 

gel-to-fluid phase transition temperature is higher for PE than for PC bilayers (https://

avantilipids.com/). Hydrogen-bonding renders PE-containing membranes more stable 

against membrane modulators. For instance, PE bilayers are less susceptible to ethanol-

facilitated lipid desorption [79]. Our recent study of an amphipathic peptide derived from the 

Prion protein also showed that the peptide exhibited distinctive perturbations on PC and PE 

lipid vibrational dynamics [30].

Here we used POPC/POPE bilayers to examine the effect of PE lipids on M2AH-induced 

bilayer perturbation. Our AFM measurements showed that the degree of bilayer perturbation 

is inversely related to the PE content in the POPC/POPE binary mixtures. This is evidenced 

by the diminished bilayer pits at higher POPE contents. Similarly, our EPR measurements 

revealed a much weaker impact of M2AH on lipid chain mobility in the presence of 40% 

POPE (P/L≤1/100). Because the available packing voids in POPC/POPE bilayers are 

proportional to the PE content, our experimental data highlight that packing voids are not the 

determinant in regulating M2AH insertion into POPC/POPE bilayers. Interlipid hydrogen 

bonding facilitated by PE lipids creates a network that likely negates the binding and 

insertion of M2AH. This view is in line with the observation that PE lipids conferred a 

reduced capability of ethanol in extracting lipid molecules [79]. Studies of three influenza 

strains revealed that the PE content of virion envelopes is significantly elevated compared to 

the host cell [80]. The rise in PE content in newly released virions suggests that PE lipids are 

sequestered at the budozone. Because M2AH interacts unfavorably with PE lipids, it is 

reasonable to argue that M2AH does not cluster in the budozone during virion release. This 

view is supported by the finding that in progeny virions, the number of M2 is markedly 

lower than the budozone-enriched glycoproteins (e.g., hemagglutinin and neuraminidase) 

[17]. PE-induced exclusion of M2 from the budozone may be important for M2 to cluster at 

the budozone edge during virion release.

5. Conclusions

In this paper, we used high-resolution AFM and EPR spectroscopy measurements to 

investigate membrane modulations caused by an amphipathic peptide, M2AH, which is 

located at the intracellular domain of influenza A M2 protein. We used lipid bilayers with 

several lipid compositions to explore different lipid species in regulating M2AH-membrane 

interactions. We found that M2AH perturbed lipid bilayer structures by forming nanoscale 

pits, yielding a rough texture of the bilayer surfaces. A summarization of lipid bilayer height 

probability distributions before and after exposure to 4 μM M2AH is shown in Fig. S8 (SM). 

The obtained results are explained by considering that the wedge-type insertion of M2AH 

expands lipid packing locally. We also used AFM-based force spectroscopy to examine 

modulations of membrane mechanical properties. M2AH caused a mechanically weaker 

bilayer as reflected by a smaller bilayer puncture force and a shift of the bilayer puncture 

position. Our EPR measurements showed that M2AH decreased lipid chain mobility and had 
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a minimal effect on the lipid chain orientational order. The EPR data are consistent with the 

surface-bound state of M2AH that acts as a mobility inhibitor. By comparing results from 

different lipid bilayers, we found that membrane modulation by M2AH is significantly 

enhanced by the presence of Chol. This is evidenced by the formation of more extensive 

bilayer pits and a larger decrease in lipid chain mobility. The effect of Chol can be explained 

by specific Chol-M2AH recognition and/or Chol-induced expansion of lipid-lipid distance. 

Both our AFM and EPR experiments revealed a modest effect of the anionic POPG lipid in 

mediating M2AH-induced bilayer perturbation. This result implies that membrane binding 

of M2AH is mainly driven by hydrophobic interactions [24]. Lastly, we found an inhibitory 

effect of the cone-shaped POPE lipid on M2AH-induced membrane remodeling. We 

explained our data by considering interlipid hydrogen-bonding that stabilizes bilayer 

organization. The obtained changes in bilayer structural and mechanical properties may play 

a role in M2AH-assisted membrane curvature remodeling that is required during virion 

budding and scission.
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Highlights

• Amphipathic helices are important membrane curvature modulators

• M2AH perturbs lipid bilayer by forming nanoscale pits

• M2AH alters lipid chain mobility and chain orientational order

• Lipid species determine membrane modulations caused by M2AH
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Figure 1. 
AFM height images of a POPC bilayer before (A) and after (B) being exposed to 4 μM 

M2AH. Height scale is indicated by the color bar at the right. Scale bars are 100 nm.
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Figure 2. 
AFM height images of a POPC+30%Chol bilayer before (A) and after (B) being exposed to 

4 μM M2AH. Scale bars are 200 nm.

Pan et al. Page 20

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
AFM force curves for a POPC+30%Chol bilayer exposed to 0 (A), 4 μM (B), and 10 μM (C) 

M2AH. Bilayer puncture is indicated by the black arrowheads.
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Figure 4. 
AFM height images of a POPC+20%POPG bilayer before (A) and after (B) being exposed 

to 4 μM M2AH. Scale bars are 100 nm.
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Figure 5. 
AFM height images of bilayers composed of POPC+20%POPE (A) and POPC+40%POPE 

(B) exposed to 0, 4, and 10 μM M2AH. Scale bars are 100 nm.
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Figure 6. 
EPR spectroscopy revealed M2AH-induced changes of lipid chain mobility for liposomes 

composed of (A) POPC, (B) POPC+30%Chol, (C) POPC+40%POPE, and (D) POPC

+20%POPG. For each lipid composition, four P/L ratios were examined. Positive changes of 

the peak-to-peak splitting (2A//) reflect lower lipid chain mobility.
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Figure 7. 
Lipid chain orientational order analysis upon M2AH binding studied using EPR and 

bicelles. (A) Experimental (solid lines) and simulated (dashed lines) EPR spectra of DMPC/

DHPC bicelles containing the spin label 5-SASL. The bilayer normal of the bicelles is 

aligned parallel to the magnetic field at 308 K. (B) Plot of the orientational order parameter 

S20 as a function of the P/L ratio. For comparison, the reported values for alamethicin and 

magainin 2 are also displayed.
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