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ABSTRACT The binding of the antimicrobial peptides temporins B and L to supported lipid bilayer (SLB) model membranes
composed of phosphatidylcholine and phosphatidylglycerol (4:1, mol/mol) caused the formation of fibrillar protrusions, visible by
fluorescent microscopy of both a fluorescent lipid analog and a labeled peptide. Multicolor imaging at low peptide-to-lipid ratios
(P/L ,;1:5) revealed an initial in-plane segregation of membrane-bound peptide and partial exclusion of lipid from the peptide-
enriched areas. Subsequently, at higher P/L numerous flexible lipid fibrils were seen growing from the areas enriched in lipid.
The fibrils have diameters,250 nm and lengths of up to;1 mm. Fibril formation reduces the in-plane heterogeneity and results
in a relatively even redistribution of bound peptide over the planar bilayer and the fibrils. Physical properties of the lipid fibrils
suggest that they have a tubular structure. Our data demonstrate that the peptide-lipid interactions alone can provide a driving
force for the spontaneous membrane shape transformations leading to tubule outgrowth and elongation. Further experiments
revealed the importance of positive curvature strain in the tubulation process as well as the sufficient positive charge on the peptide
($12). The observed membrane transformations could provide a simplified in vitro model for morphogenesis of intracellular
tubular structures and intercellular connections.

INTRODUCTION

Synthesis and secretion of antimicrobial peptides (AMPs)

constitute an important element of innate immunity in all

organisms ranging from prokaryotes to humans. In higher

animals, AMPs provide the first line of defense against mi-

crobial infection because of their ability to quickly kill various

pathogens in locations, such as skin, mucosae, and lesions,

exposed to the external environment (1,2). AMPs isolated

from different sources exhibit varying degrees of specificity

for bacteria, fungi, and enveloped viruses, often combined

with a low toxicity to eukaryotic cells (3). The above charac-

teristics of AMPs have inspired intensive research into their

mechanisms of action and selectivity, aiming at the devel-

opment of a new family of antibiotics less amenable to the

development of bacterial resistance (3).

It is now widely accepted that central to the bactericidal

activity of most AMPs is their interaction with bacterial

membrane(s). More specifically, their toxicity appears to be

related to the disruption of the surrounding lipid bilayer or

effects on certain cytoplasmic targets after peptide translo-

cation through the membrane. Accordingly, irrespective of the

tissue and organisms from which they are isolated, all AMPs

share common physicochemical features, which facilitate

their accumulation on and interaction with bacterial mem-

branes. In brief, these molecules possess a net positive charge,

with the lower limit of 12, and in their active conformation

hydrophilic and hydrophobic residues are segregated, yield-

ing a highly amphiphilic overall structure (4,5). On the other

hand, their selectivity against particular microbial pathogens

appears to be related to rather subtle variations in both peptide

structure (charge, conformation, amphipathicity, hydropho-

bicity) and membrane lipid composition (charge density, un-

saturation, curvature strain, presence of sterols). Numerous

studies have been devoted to the determination of minimal

structure and sequence requirements for AMP activity and

selectivity (6,7).

The current investigation is focused on the antimicrobial

peptides from the temporin family, first isolated from the

skin secretion of European red frog Rana temporaria (8).

These peptides are of particular interest because they contain

only 10 to 13 residues and thus are among the shortest AMPs

found to date. Moreover, unlike other known short AMPs

(e.g., indolicidin, 13 amino acids, and bactenecin-1, 12 amino

acids), temporins are weakly charged linear peptides com-

posed of conventional amino acids. Despite their small size

and weak charge, temporins cause significant perturbations
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of membrane structure (9–11). Temporins A and B are active

against gram-positive bacteria minimal inhibitory concen-

tration (MIC) in the range of 2–5 mM), protozoa (Leishmania
donovani), and fungi (C. albicans) but show no hemolytic

activity (8,12). Temporin L was found to be less selective,

efficiently killing both gram-positive and -negative bacteria,

fungi, and cancer cells and lysing erythrocytes (11). Studies

on the mechanisms of antimicrobial effect of temporins have

revealed that their activity is mediated by disruption of the

plasma membrane rather than by a receptor-mediated pathway

or by affecting some specific target inside the cell (11,13).

Similarly to some other AMPs, temporins act synergistically

with the antimicrobial secretory phospholipase A2, enhancing

its activity (14). Temporins thus represent a good minimal

model for membrane-destabilizing peptides with varying se-

lectivity. In addition, their antimicrobial activity was shown

to be relatively insensitive to ionic strength (12), which

together with their selective activity against different types of

cells makes these peptides promising for possible pharma-

cological applications.

A wide variety of model membrane systems and membrane

mimetic environments have been employed in biophysical

studies on the interactions of AMPs with membranes, in-

cluding Langmuir monolayers, large unilamellar vesicles, giant

liposomes, and micelles (10,15,16). However, use of sup-

ported lipid bilayers (SLBs) has so far been more limited.

Yet, because of the well-defined bilayer geometry and con-

finement on a solid support, this membrane model is of

particular interest when combined with surface-sensitive mi-

croscopic and spectroscopic techniques. Here we describe

morphological transformations of a glass-supported phos-

pholipid bilayer in response to binding of temporin B (wild

type and two variants), temporin L, and melittin observed

using fluorescence microscopy. In brief, these amphiphilic

peptides were found to initiate a rapid outgrowth of flexible

fibrils from the surface of the supported bilayer. The fibrils

were composed of both lipid and the amphiphilic peptide.

Characteristics of these fibrils further indicated them to have

a tubular structure. Wild-type temporin B was found to be the

most effective, giving rise to numerous long (up to several

hundred micrometers) tubules. The extent and morpholog-

ical features of peptide-induced perturbations were found to

be very sensitive to modifications of the peptide sequence as

well as to the SLB lipid composition, with lipids having

negative spontaneous curvature attenuating the tubulation.

EXPERIMENTAL PROCEDURES

Materials

Hepes, EDTA, bovine heart cardiolipin (CL), hen egg lysozyme, and horse

heart cytochrome c were from Sigma (St. Louis, MO). 1-Stearoyl-2-oleoyl-

sn-glycero-3-phosphocholine (SOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-rac-glycerol (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

ethanolamine (POPE), 1-oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)

amino]dodecanoyl]-sn-glycero-3-phosphocholine (NBD-PC), 1-oleoyl-2-

[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-

3-[phospho-rac-(1-glycerol)] (NBD-PG) were from Avanti Polar Lipids

(Alabaster, AL). Texas red C2-maleimide was from Molecular Probes

(Eugene, OR).

Temporins and their variants were from SynPep (Dublin, CA). Their

purity was checked by HPLC (.95%) and compositions confirmed by mass

spectrometry. Sequences and structural details of these peptides are com-

piled in Fig. 1. Bee venom melittin from Sigma was used after additional

purification by HPLC (purity . 95%).

Unless otherwise indicated, all experiments were carried out in buffer

containing 20 mMHepes, 0.1 mMEDTA, pH 7.0, and prepared using Milli-Q

water.

Fluorescence labeling of the peptides

To avoid aggregation and precipitation of Texas Red maleimide and/or the

peptide during conjugation, the labeling was done in mixed organic/aqueous

buffer solution: 20% acetonitrile in 20 mM Hepes, 0.1 mM EDTA, pH 7.0.

Texas red maleimide and cysteine-containing variants of temporin B were

mixed in 1:1 molar ratio at final concentrations of 50 mM. The mixture was

incubated for 3 h in the dark with stirring. Labeled peptide was purified by

reversed-phase HPLC (mRPC C2/C18 ST 4.6/100 column, ÄKTÄ Purifier

10 system, Amersham Biosciences, Uppsala, Sweden) and eluted with a

linear gradient from 20% to 80% acetonitrile with 0.05% trifluoroacetic acid.

No unreacted Texas red maleimide was detected, indicating that the peptide

was completely labeled. This was further confirmed by mass spectrometry

using a flexControl MALDI-TOF spectrometer (Bruker Daltonics, Bremen,

Germany) and a saturated solution of a-cyano-4-hydroxycinnamic acid as a

matrix.

Preparation of supported bilayers

Standard glass coverslips (223 22 mm, O. Kindler, Freiburg, Germany) and

Lab-Tek chambered coverglasses (Nunc A/S, Roskilde, Denmark) were

FIGURE 1 Sequences and helical wheel diagrams of temporins used in

the study. Segregated hydrophobic residues in a-helical conformation are

highlighted by gray shading. Radii of the unshaded sector subtend the

peptide’s polar angle. Sites of modifications in the temporin B variants

are shown within ovals. C-temB-COOH variant contains cysteine addition at

the N-terminus and a carboxylic group at the C-terminus, C-temB-K variant

has cysteine addition at the N-terminus and L/K substitution at the

C-terminus.
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cleaned by sonication for 30 min in 2% Hellmanex II cleaning solution

(Hellma, Müllheim, Germany) at ;50�C. The coverglasses were used within

12 h after cleaning and were thoroughly rinsed with hot tap water, ethanol, and

Milli-Q water immediately before use.

Lipid vesicles were prepared as follows. Appropriate amounts of lipid

stock solutions were mixed in chloroform to obtain the desired composi-

tions, with fluorescent lipid derivatives NBD-PC or NBD-PG constituting

2 mol % of total lipid. The solvent was removed under a stream of nitrogen,

and the lipid residue was subsequently maintained under reduced pressure

for at least 1 h. The dry lipids were hydrated with buffer at room temper-

ature. The resulting dispersions were extruded through a polycarbonate filter

(50-nm pore size, Millipore, Bedford, MA) using a LiposoFast low-pressure

homogenizer (Avestin, Ottawa, ON) to obtain unilamellar vesicles.

SLBs were formed by vesicle fusion (17,18). To avoid exposure of sup-

ported membrane to air, bilayers were formed directly in microscopy obser-

vation chambers. Both commercial chambered coverglasses (Lab-Tek) and

homemade chambers, consisting of a glass frame to which two coverslips

are attached using silicon grease, were used for microscopy. Chambers were

filled with liposome suspension containing 100 mM total lipid and 5 mM

CaCl2, the latter added immediately before the bilayer deposition. After

incubation for 20 min in the dark, excess liposomes were washed with at

least 20 ml of buffer run through the chamber, and the final volume of

solution in each chamber was adjusted to 600 ml.

In most of the experiments, we used membranes composed of SOPC and

POPG in molar ratio of 8:2. Twenty percent of PG imparts a sufficient

negative surface charge to the bilayer, thus ensuring efficient association of

the cationic peptides, as occurs on bacterial membranes. On the other hand,

this percentage of the acidic lipid is not too high to hamper reproducible

vesicle fusion and SLB formation (18).

The supported bilayers were examined visually by epifluorescence (19).

After washing, SLBs revealed uniform surface fluorescence without dark

defects or bright spots caused by adhering lipid particles. Continuity of the

SLBs was confirmed by fluorescence recovery after photobleaching, with

the dark bleached spot, observed after intense excitation light illumination,

dissipating in;20–30 min for a continuous bilayer in which lateral diffusion

of the fluorescent lipid molecules is not obstructed.

Total amount of lipid in an SLB was determined by solubilizing SLBs

with 1% Triton X-100. Fluorescence spectra of solubilized lipids were then

recorded (Cary Eclipse, Varian, Mulgrave, Victoria, Australia) with excitation

at 470 nm and bandpasses of 20 and 5 nm for excitation and emission,

respectively. Integrated intensity under these spectra was compared to that of

the reference sample of solubilized fluorescent liposomes with known amount

of lipid. Glass surface was found to accommodate 525 6 8 pmol of lipid per

1 cm2, which corresponds to mean area per lipid of 0.63 nm2, in good

agreement with the values estimated for phospholipid bilayers (20).

Fluorescence microscopy

Epifluorescence from supported membranes was observed with an inverted

microscope (IM-35, Zeiss, Jena, Germany) using a 403 Neofluar objective

and a mercury arc lamp as an excitation source. Filter sets appropriate for the

observation of NBD (BP450-490, FT510, LP520) and Texas Red (BP546/12,

FT580, LP590) were used. A neutral-density filter (optical density 1.0) was

used to attenuate the excitation light.

Confocal fluorescence microscopy was performed using an inverted mi-

croscope (IX 70, Olympus, Tokyo, Japan) equipped with a spinning disk

confocal scanner (CSU10, Yokogawa, Tokyo, Japan) and a krypton argon

ion laser (Melles Griot, Carlsbad, CA). The argon line at 488 nm was used

for NBD excitation, and a long-pass filter for emission. High-resolution

imaging was carried out with an oil immersion 1003 objective (UPlanSApo,

Olympus).

Fluorescence images were collected using a Peltier-cooled 12-bit B/W

CCD camera (C4742-95, Hamamatsu, Hamamatsu City, Japan) interfaced to

a computer and operated by the software (HiPic 5.1 or AquaCosmos 1.2)

provided by the camera manufacturer. Additional image processing was

done using ImageJ software developed at NIH/RSB (21).

Microinjection

Micropipettes with inner tip diameter of;10 mmwere made from borosilicate

capillaries (1.0 mm o.d., 0.58 mm i.d.) by a microprocessor-controlled

horizontal puller (P-87, Sutter Instrument, Novato, CA). Micropipettes were

positioned several micrometers over the supported bilayer using motorized

micromanipulators (MX831/MC2000, SD Instruments, Grants Pass, OR).

Temporin B solution (20 mM in 20 mM Hepes, 0.1 mM EDTA, pH 7.0) was

injected pneumatically as a continuous flow with a flow rate of ;100 nl/s

using a syringe actuated by a micrometer screw.

RESULTS

Tubule formation

Interactions between the indicated amphiphilic peptides and

SLBs were studied by adding the former either into the bulk

of the solution contacting the bilayer or by local application

over a small area of the membrane. In the first set of ex-

periments, we used the antimicrobial peptide wt-temB, which

was added into the buffer in the observation chamber (final

concentration 0.1–2.5 mM) and the contents mixed by gentle

repeated suction and dispensing using a handheld pipette.

Accordingly, the bulk peptide concentration and hence the

total peptide/lipid ratio (P/L) is defined. Because the mem-

brane association of temB is enhanced by acidic phospho-

lipids, SLBs composed of phosphatidylcholine (PC) and

phosphatidylglycerol (PG) in molar ratio of 8:2 were em-

ployed. Before the addition of the antimicrobial peptide, the

SLBs were characterized by a uniform NBD fluorescence

(Fig. 2 A), with occasional bright dots most likely repre-

senting bilayer imperfections. Interestingly, the addition of

temporin B triggers a rapid (,30 s) outgrowth of long fluo-

rescent fibrils (Fig. 2 B), which are influenced by the liquid

flow and undergo rapid Brownian motion (see complemen-

tary material), revealing high flexibility and evidently a small

diameter. The length of the fibrils varies from ,1 mm to

hundreds of micrometers, depending on the peptide concen-

tration (see below). The persistence length of the fibers is

estimated to be on the scale of 1–5 mm. The transverse di-

mensions of these structures are beyond the resolution of

optical microscopy (i.e., below ;250 nm). The even fluo-

rescence evident along the whole length of fibrils suggests

that their thickness is uniform along the fibril and is similar in

different fibrils when the SLB is exposed to the same peptide

concentration. The fibrillar structures normally extend out of

the supported bilayer with one end fixed at the surface, being

immobile and remaining in focus exactly at the surface.

Instead, the loose end is moving freely in the aqueous phase

and is observed in focus several micrometers from the sur-

face. Occasionally the fibrils detach from the SLB and float

freely close to the surface with both ends loose. The forma-

tion of the fibrils does not lead to the development of any

apparent defects in the bilayer. The fibrils seem to grow more

readily from the edges of preexisting bilayer defects or at the

bilayer boundaries (Fig. 2C). These fibrillar structures were not
seen in control experiments in which plain buffer was added.
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The fibrils appear to be quite stable, maintaining their

length and shape on the time scale of tens of minutes. How-

ever, some of them undergo abrupt morphological changes

with time. More specifically, a long thin fibril occasionally

collapses into a shorter and thicker structure, which is less

susceptible to fast Brownian motion, indicating increased

rigidity. Such a thicker structure is depicted in Fig. 2 D, to-
gether with the remaining thinner filament from which it

originated (white arrow). Judging by the high fluorescence

from the interior of the thicker fibril, it has a multilamellar

structure, because for a hollow unilamellar structure we would

observe more fluorescence from the periphery than from the

center. These cylindrical structures occasionally collapse fur-

ther into spherical multilamellar liposomes. Although these

morphological transformations are quite rare (e.g., one out of

10–50 thin fibers collapsed in 1 min), they were consistently

seen in different samples.

The fibrils could be stretched by pulling their free end with

a micropipette and were found to withstand more than a

twofold increase in length, with a significant decrease of

their apparent thickness upon stretching. These findings are

consistent with the notion of a tubular as opposed to the

cylindrical-micellar structure of the lipid protrusions (see Dis-

cussion). Thus, based on the features mentioned above, we

may conclude that the fibrillar structures are tubules formed

by a closed lipid bilayer with diameters below the light dif-

fraction limit, i.e., below ;250 nm.

To follow the dynamics of tubule formation in response

to a local increase in peptide concentration, temporin B was

added onto a small area of SLB. Shown in Fig. 3, A–D, is a
time-lapse sequence of images made during the peptide

addition over PC/PG/NBD-PC (78:20:2, mol/mol) bilayer

(pipette tip is located in the lower right-hand corner). Tubule

formation starts immediately on the contact of peptide with

the SLB, and the fluorescence from the membrane exposed

to the peptide becomes attenuated. The area of decreased

fluorescence expands progressively during the application

and is accompanied by an increase in the number of tubules.

Some of these structures remain attached to the surface, and

others detach and move beyond the periphery of the site of ap-

plication. To study if the acidic phospholipid from the PC/PG

bilayer becomes incorporated into the tubular structures,

NBD-PG was used instead of NBD-PC (see Fig. 7 D). In this
case, fluorescence from both the SLB and the lipid tubules

was observed, which confirms that the charged lipid com-

ponent redistributes between the planar bilayer and the tubules

without marked preference for a type of membrane organi-

zation. Similarly to the experiments with the peptide added to

the bulk solution, application of buffer alone did not perturb

the bilayer.

FIGURE 2 Temporin B induced formation of fibrillar lipid structures

from a supported bilayer. The fluorescence images were taken before (A) and

after (B–D) the addition of temB to yield a final peptide concentration of

0.3 mM (P/L ¼ 1:7.8). Lipid composition of the bilayer was SOPC/POPG/

NBD-PC, 78:20:2 (mol/mol). Some parts of the fluorescent threads are seen

to be out of focus, revealing that they protrude out of the SLB plane. Dif-

ferences in the intensity of the background surface fluorescence (B–D) are

mainly to the result of rapid photobleaching of NBD. The boundary between

the supported bilayer and bare glass is visible in C.

FIGURE 3 Localized addition of peptide by microinjection. Time-lapse

sequence of images acquired 1, 2, 5, and 10 s (A–D, respectively) after the

beginning of peptide injection over the bilayer composed of SOPC/POPG/

NBD-PC, 78:20:2 (mol/mol). Temporin B solution (20 mM) was injected

continuously with a flow rate of;100 nl/s. Micropipette tip is located in the

lower right corner of the images.
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Comparison of different peptides

To ascertain if the tubule formation described above is spe-

cific to temporin B, we investigated other membrane-active

peptides and proteins. Temporin B variants used were

C-temB-COOH and C-temB-K, which both have an addi-

tional cysteine residue at the N-terminus to allow labeling

with thiol-reactive fluorescent probes. The former variant has

a carboxyl group at the C-terminus, whereas the wild-type

peptide and C-temB-K are amidated. In the latter peptide, the

C-terminal leucine is further substituted for lysine to increase

the polar angle (see Fig. 1). We also studied temporin L,

another antimicrobial peptide of the temporin family, which

differs from temporin B in its membrane association and

target cell specificity (10). Melittin was selected because its

interactions with membranes have been extensively studied

(22–24). Finally, two water-soluble basic proteins associating

with acidic phospholipids, cytochrome c and lysozyme, were

also investigated.

Both wild-type temB and its C-temB-K variant induced

rapid formation of tubules (Fig. 4, A and C, respectively). In
contrast, even relatively high concentrations of C-temB-COOH

(up to P/L ¼ 1:1) did not induce tubules. At P/L ¼ 1:1.4,

heterogeneous surface fluorescence was observed (Fig. 4 B),
whereas at P/L ¼ 1:7 no membrane perturbation was evident

at all (data not shown). TemL produced lipid structures of

varying morphology including thin tubules similar to those

formed by temB, thicker tubules, and multilamellar vesicles

of different size (Fig. 4 D). Addition of relatively low

quantities (0.33 mM or P/L ¼ 1:7) of melittin gave rise to the

formation of numerous relatively short tubules (Fig. 4 E),
many of which featured stable regions of different thickness

(inset). In contrast to the above amphiphilic peptides, cyto-

chrome c and lysozyme caused very different changes in the

organization of SLB, and their addition caused large areas with

increased surface fluorescence. These areas are not vesicular

structures and in general remain in the plane of the SLB, being

in focus at the level of the SLB and characterized by a stepwise

change in fluorescence intensity (Fig. 4 F, inset). Interestingly,
the step size between the areas of different intensity is discrete

and approximately equals the intensity level of the parent

bilayer (quantified after subtraction of camera noise). Signif-

icantly lower overall fluorescence was observed for cyto-

chrome c, which is readily explained by efficient resonance

energy transfer from NBD to the heme moiety of this protein.

The above experiments also revealed tubule formation to

depend on the peptide concentration. After the addition of

0.5mM (P/L¼ 1:4.7) of temporin B variant C-temB-K (Fig. 1),

initially uniform surface fluorescence (Fig. 5 A) became het-

erogeneous (Fig. 5 B). Because of the resolution limit of the

optical system used, it was not possible to determine exactly

what structures account for this heterogeneity. However, it

can be surmised that the spots with higher fluorescence in-

tensity are bundles of very short nanotubules or areas with

increased surface density of lipid (compared to the darker

areas). Confocal microscopy at higher magnification revealed

that the bright areas (Fig. 5 B) consist of clusters of smaller,

intensely fluorescent microdomains (Fig. 5 E). Further addi-
tion of the peptide (up to P/L ¼ 1:2.8, Fig. 5 C) caused short

lipid tubules to appear, while at the same time the back-

ground fluorescence from the supported bilayer became

FIGURE 4 Effect of different membrane-active peptides and proteins on

supported bilayers. The bilayers were imaged after bulk addition of wt-temB

at P/L ¼ 1:7.8 (A), C-temB-COOH at P/L ¼ 1:1.4 (B), C-temB-K at P/L ¼
1:1.4 (C), tpL at P/L ¼ 1:2.8 (D), melittin at P/L ¼ 1:7 (E), lysozyme at

P/L ¼ 1:7 (F), and cytochrome c at P/L ¼ 1:7 (G). Lipid composition of the

SLBs was SOPC/POPG/NBD-PC, 78:20:2 (mol/mol). The inset in E is a

twofold magnification relative to the main image. The inset in F shows the

intensity profile along the horizontal black line.

Peptide-Induced Nanotubules on SLB 4431

Biophysical Journal 91(12) 4427–4439



more homogeneous. Finally, after the addition of a total of

1.7 mM of peptide (P/L¼ 1:1.4), numerous long tubules were

observed. The concentration dependence was strongly influ-

enced by the peptide sequence. Accordingly, whereas ;1.7

mM of C-temB-K was used above, only ;0.3 mM (P/L ¼
1:7.8) of wt temporin B was needed to obtain a similar effect

(Fig. 2).

Data obtained for different peptides from a series of obser-

vations on SLBs are summarized in Table 1.

Localization of adsorbed peptides

To determine the distribution of the peptides in the lipid

membrane and during the subsequent morphological trans-

formations, a temporin B variant labeled with the Texas red

fluorophore was used. The absorbance and emission of Texas

red are well separated from those of NBD, thus allowing

two-color imaging of these fluorophores, with fluorescence

images of the same SLB area observed in the green or red

channel (Fig. 6). As illustrated above, when the peptide

concentration is below a certain threshold, no lipid tubules

form, and microscopic domains of higher fluorescence inten-

sity appear in the bilayer, most likely representing areas with

increased local surface density of lipids (Fig. 6 A). Interest-
ingly, the same area imaged in the red channel for the lo-

calization of the fluorescent peptide (Fig. 6 B) exhibits spots
of decreased fluorescence exactly coinciding with the bright

spots in the green channel. Accordingly, the areas enriched

in lipids appear to be depleted of peptide, and vice versa, as

demonstrated by superimposing the images from red and

green channels (Fig. 6 C). This observation could further be

confirmed using digital colocalization analysis after inver-

sion of one of the input images (25). After further addition

of the peptide, tubular protrusions become visible in both

channels (Fig. 6, D and E), revealing these structures to be

composed of both lipids and peptides. At this stage the back-

ground fluorescence from the surface becomes more homo-

geneous, indicating that the segregation of the peptide and

lipid in the plane of the bilayer is partially relieved.

Effect of lipid composition

Acidic phospholipids have been demonstrated to promote the

membrane association of the peptides used in the above

experiments. Accordingly, it was of interest to investigate the

effect of the lipid composition of SLBs on the tubule for-

mation described above. Interestingly, for SLBs composed of

zwitterionic PC (Fig. 7 A) temB causes the formation of large

(.1 mm) vesicular structures as well as a somewhat reduced

number of tubules. Yet compared to PC/PG bilayers, longer

exposure to peptide and/or higher flow rate is needed for neat

PC SLBs. In keeping with its truncated cone-like effective

molecular shape, cardiolipin (CL), another abundant acidic

phospholipid of bacterial membranes, is known to have a

negative spontaneous curvature, which is manifested, in parti-

cular, in its propensity to form an inverted hexagonal phase

in the presence of divalent cations (26). Substitution of PG by

CL also changes the nature of membrane perturbation by temB

(Fig. 7 B). More specifically, for PC/CL (8:2, mol/mol) SLB,

only very few tubules are observed, yet the fluorescence de-

crease on exposure of the SLB to temB is significant. Another

phospholipid with negative spontaneous curvature is phospha-

tidylethanolamine (PE). Presence of the latter lipid in SLBs

inhibited tubule formation (Fig. 7C), and instead a largenumber

of smaller structures (seemingly small vesicles) were formed.

DISCUSSION

Amphiphilic molecules, and lipids in particular, are known

to self-organize in aqueous environments, adopting a variety

FIGURE 5 Progressive elongation of lipid nanotubules as a function of

peptide concentration in the bathing solution. The fluorescence images were

taken before peptide addition (A) and after adding C-temB-K temporin B

variant at P/L¼ 1:4.7 (B and E), 1:2.8 (C), and 1:1.4 (D). Lipid composition

of the bilayer was SOPC/POPG/NBD-PC, 78:20:2 (mol/mol). Note that

images were acquired at different regions of the bilayer. Differences in the

intensity of the surface fluorescence (background in B–D) are mainly the

result of rapid photobleaching of NBD. Filaments in D are seen to be

partially aligned with the direction of liquid flow during peptide addition and

mixing. Panel E shows high-resolution confocal image of NBD fluorescence

in a sample similar to the one in panel B.
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of structures of different geometries and properties (27).

Changes in physicochemical parameters (e.g., temperature,

chemical structure of amphiphilic molecules, and ion com-

position of aqueous phase) may further induce interconver-

sions between the various types of organization. Of these

self-assembled structures, tubules formed by amphiphilic

molecules have only recently attracted more attention yet

demonstrate great potential in nanofabrication techniques in

electronic engineering, drug delivery, and analytical appli-

cations (28,29). Here we demonstrate, using fluorescence

microscopy, the transformation of solid-supported phospho-

lipid bilayers by antimicrobial peptides to long fibrillar

structures, incorporating both lipids and peptide. These

fibrillar structures could represent long cylindrical micelles

made by a single cylindrical leaflet of lipids, with the lipid

alkyl chains forming the hydrophobic interior of the micelle

(27). Yet, our observations of the high plasticity of the

tubules, including their remarkable stretchability as well as

micropipette-induced deformations (see Movie 3 in Supple-

mentary Material) provide support for a tubular geometry,

where a closed lipid bilayer forms a tube with the lipid

leaflets surrounding an aqueous core. Because the diameter

of the tubules is below the resolution limit of our optical

setup, i.e., below ;250 nm, we refer to these structures as

nanotubules.

The mechanical basis for higher plasticity of tubules as

opposed to cylindrical micelles can be rationalized as follows.

To have a lipid-water system in equilibrium during mem-

brane shape transformations, the volume of the hydrocarbon

chains and the surface area per lipid should remain constant

at their equilibrium values. If the area per lipid increases

above the equilibrium value, the hydrocarbon chains become

exposed to aqueous environment, resulting in a drastic

decrease of entropy (27). On stretching a cylindrical micelle,

in order to keep the hydrocarbon volume constant, the area of

lipid-water interface has to increase proportionally to the

square root of length, which is associated with a high energy

cost of monolayer stretching deformation. On the other hand,

when bilayer tubule is stretched, it can maintain both total

interfacial area and hydrocarbon volume constant at the ex-

pense of its diameter decreasing proportionally to the in-

crease in length. The energy cost associated with the latter

process is mainly the energy of the bilayer bending de-

formation. In brief, the free energy of elastic stretching of a

cylindrical micelle, e.g., from l0¼ 1 mm to l1¼ 2 mm, can be

approximated by Emicelle ¼ plhcl0kað
ffiffiffi

2
p � 1Þ2= ffiffiffi

2
p

, where

lhc is the radius of the hydrocarbon core of the micelle, and ka
is the membrane surface tension (per monolayer). Corre-

sponding energy of bending deformation caused by the

stretching of a bilayer tubule is Etubule ¼ pr0l0kbð1=r1�
1=r0Þ2, where kb is the bending rigidity of a bilayer, and

r0 and r1 are the tubule radii before and after stretching

(r1 ¼ r0=2 when the tubule length increases twofold). By

taking measured values for ka ¼ 0:1 J=m2, kb ¼ 5310�20 J

(27), r0 ¼ 50 nm, and lhc ¼ 1.5 nm, the ratio of the cor-

responding stretching energies is found to be Emicelle=
Etubule ¼ 18. Thus, for the geometries of the structures rel-

evant to the current study, these processes appear to differ by

more than an order of magnitude in free energy cost.

The freely floating lipid-peptide tubules are able to

maintain their prolate shape because the peptides inserted

in their outer monolayer induce positive curvature strain, i.e.,

change its spontaneous curvature to significantly positive

values, which means that such strained membranes would

achieve equilibrium only by adopting a highly curved shape.

The simplest high-curvature geometry for a continuous

bilayer is a tube. Additional argument in favor of the tubular

geometry may be obtained from the comparison of the per-

sistence length of the observed structures with the literature

data on the persistence lengths of lipid tubules and cylindri-

cal (worm-like) micelles. The persistence length of the

temporin B–induced protrusions is on the order of 1–5 mm,

as mentioned in the Results section. The persistence length

of a lipid bilayer tube can be calculated as prkb=kT, where r
is the tube radius (30). Taking kb ¼ 10kT (27) and r in the

range of 10–100 nm, we get persistence length of 0.3–3 mm,

in excellent agreement with our estimate from experimen-

tal data. In contrast, relevant cylindrical micellar structures

have persistence lengths on the order of tens of nanometers

(31,32).

What provides the driving force for the observed morpho-

logical changes induced by the antimicrobial peptides? Both

temporin B and temporin L are short cationic peptides having

no secondary structure in aqueous solutions. However, on

binding to lipids or in water-trifluoroethanol mixtures, they

form amphipathic a-helices and are known to intercalate into

TABLE 1 Approximate threshold amounts (P/L) of membrane-active peptides and proteins needed to induce the indicated

morphological changes for glass-supported PC/PG (8:2) bilayers

Peptide/protein Uneven surface density of lipid Thin tubules Thick tubules/cylinders Multilamellar vesicles Multilayer stacks

wt-temB ,1:7.8* 1:7.8 ,1:2.3 No No

C-temB-COOH 1:2.8 .1:1 (rare) .1:1 (rare) 1:1 No

C-temB-K ,1:4.7 1:2.8 1:2.8 1:1.4 (rare) No

temL ,1:7 1:7 (rare) 1:2.8 1:2.8 No

Melittin No 1:7 .1:7 .1:7 No

Lysozyme No No No No ,1:7

Cytochrome c No No No No .1:7

*Expressed as molar ratios of total (nominal) peptide to total lipid.
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lipid membranes (13,33). In a membrane environment and at

low P/L ratios, these peptides orient with their helix axis

parallel to the membrane surface (34). Detailed studies on the

interactions of the above antimicrobial peptides with lipid

monolayers at the air-water interface have been performed

previously in our laboratory (10). Monolayer experiments

show that these peptides cause a significant increase in sur-

face pressure under constant-area conditions, with the magni-

tude of this increment diminishing when the initial pressure

of the monolayer increases. For temB and an SOPC/POPG

(8:2) film, the monolayer exclusion pressure, i.e., the limiting

initial lateral packing of lipid at which the peptide no longer

inserts into the lipid monolayer (35), was estimated at 54

mN/m (10). This value is significantly higher than the es-

timate for the equilibrium surface pressure in bilayer vesi-

cles, ;35 mN/m (36), and therefore a considerable insertion

of temporins B and L into the SLBs is expected. Accord-

ingly, this should cause a substantial increase in the lateral

packing in the resulting lipid-peptide composite membrane.

In addition, localization of the amphiphilic peptides within

the polar/apolar interface of the outer phospholipid leaflet of

the SLB would cause a change in the lateral pressure profile

across the monolayer, increasing the pressure in the inter-

facial region and lowering it in the hydrophobic core. This

strain caused by increased net lateral pressure and altered

pressure profile across the membrane can be relieved in two

ways: by the monolayer dilation and concomitant membrane

thinning (37), providing that such dilation is not restricted,

and/or by protrusion of the membrane out of the support and

adoption of a structure with an overall positive curvature

(38–40). Our microscopy observations provide support in

favor of both of the above processes, the latter being observed

at higher P/L ratios.

Membrane thinning caused by antimicrobial peptides was

first observed by Huang et al. for magainin 2 and alamethicin

(41,42), and subsequent studies have revealed this ability for

various amphiphilic peptides including a-helical peptides

in the so-called S state, residing parallel to the membrane

FIGURE 7 Topical application of temporin B onto supported bilayers

with different phospholipid compositions. Temporin B solution (20 mM)

was applied continuously with a flow rate of ;100 nl/s. Micropipette tip is

located in the lower right corner of the images. Images were acquired at the

indicated times after the beginning of peptide application over the SLBs

composed of SOPC/NBD-PC, 98:2 (after 10 s, A), SOPC/CL/NBD-PC,

78:20:2 (after 2 s, B), SOPC/POPE/POPG/NBD-PC, 28:50:20:2 (after 2 s,

C), and SOPC/POPG/NBD-PG, 80:18:2 (after 2 s, D).

FIGURE 6 Pseudocolor visualization of fluorescent temporin B and lipid

derivatives in SLBs. NBD-labeled lipids were visualized using the green

channel (A and D), and the red channel was used to observe Texas red-

labeled temporin B (B and E). Imaging was performed at the stage of lipid

segregation (A and B) and at the stage of tubule formation (D and E). The

images were pseudocolored using image-processing software. Panel C

represents pixel-by-pixel superposition of images in panels A and B. Lipid

composition of the bilayer was SOPC/POPG/NBD-PC, 78:20:2 (mol/mol).

Occasional black spots and very bright dots are bilayer defects present

before the peptide addition.
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surface and embedded in the interfacial region (43,44). By

decreasing its thickness, the bilayer accommodates the inter-

facial area expansion caused by the peptide insertion while

keeping the volume of lipid hydrocarbon chains constant.

Membrane thinning has been shown to be roughly propor-

tional to P/L (43). In addition, both theoretical analysis (45)

and AFM measurements on supported lipid bilayers (44)

have revealed that membrane thinning can mediate peptide

lateral segregation into distinct domains with reduced thick-

ness. Our fluorescence microscopy observations are consis-

tent with the membrane-thinning effect of temporin B and its

derivatives on SLBs. Indeed, upon two-color imaging at low

amounts of peptide, we observed a clear initial segregation of

red and green fluorescence (Fig. 6, A–C), corresponding to

domains enriched in the peptide and fluorescent lipid (devoid

of peptide), respectively. This situation is schematically

depicted in Fig. 8 A, where the peptide helices in an SLB are

shown with their hydrophobic facets in gray. Heterogeneity

of lipid fluorescence was also observed when using the

unlabeled peptide (Fig. 5 B). In a similar manner, following a

topical application of the antimicrobial peptides on an SLB,

the expanding circles of decreased fluorescence should cor-

respond to a diminished lipid surface density (Fig. 7) as a

result of membrane thinning in the area exposed to the

applied peptide.

On further binding and insertion of the amphipathic

peptide into the membrane, the resulting augmented molec-

ular packing and molecular crowding can no longer be

sustained by a planar geometry, causing the outgrowth and

elongation of nanotubules from the SLB (Fig. 8 B). Notably,
this transformation relieves excess surface pressure as well

as the positive curvature strain in the upper leaflet of the sup-

ported bilayer. Although only the outer leaflet of the bilayer

may be initially influenced by the peptide insertion, both leaf-

lets undergo shape transformation because of the coupling of

the leaflets in the bilayer (46). Because of the difference in

the lateral pressure between the two leaflets, we may also

expect augmented transfer of lipid from the outer to the inner

monolayer (the latter contacting the solid support) via the

defects in SLB, which are likely to be numerous as suggested

by the electrochemical, AFM, and fluorescence (NBD re-

ductionwith dithionite) studies (19,47). Another possible path-

way for the relief of excess surface pressure is the dilation of

the outer monolayer or the bilayer as a whole. However,

during the binding of the peptide to SLB, complete dilation is

likely to be retarded by the viscous friction between the

upper and lower monolayers (48) and by the pinning of the

bilayer to the support (49).

Another intriguing characteristic of the above tubules is

that we never observed them to branch. The mechanistic

basis for this feature of the tubules is uncertain yet could

relate to the tendency of these peptides to arrange into linear

arrays. More specifically, we have recently reported several

antimicrobial peptides to form amyloid-type fibrils in the pres-

ence of liposomes containing acidic phospholipids (50,51).

These amyloid-like fibers have diameters on the micrometer

scale and incorporate lipid from the liposomes (50,52). Our

further studies in this area revealed this property also for

temB (R. Sood, Y.A. Domanov, and P. K. J. Kinnunen, un-

published data). The linear, nonbranching organization of

lipids and peptides in the observed lipid-peptide nanotubules

further suggests that they may represent an intermediate stage

in the formation of the amyloid-like fibers by these peptides.

In accordance with the available literature for different

model lipid membranes (see below), our current results with

SLBs demonstrate that lipid-peptide interactions alone can

provide a driving force for spontaneous membrane shape

transformations in the absence of any external pulling force.

Moreover, the transformation can be effectively regulated by

the lipid composition of themembrane and the peptide structure.

In particular, our observations demonstrate that spontaneous

curvature of peptide-free bilayer can affect the morphology

of membrane perturbations. As shown for SLBs composed

of SOPC/POPG, 8:2 mol/mol, temporin B induces numerous

stable tubular structures (Fig. 3, A–D, Fig. 7 D). On the other
hand, for an SLB that contains cardiolipin, a lipid with neg-

ative spontaneous curvature, the formation of stable tubular

structures was not observed (Fig. 7 B). In a similar manner,

the presence of PE in the SLB efficiently inhibits tubule

growth (Fig. 7 C). Still, some occasional tubules are seen in

FIGURE 8 Tentative mechanism of tubule outgrowth from a supported

membrane induced by amphiphilic a-helical peptides. Peptide a-helices are

represented by cylinders with their hydrophobic sides shaded gray. (A) For
low peptide/lipid ratios (P/L , 1:5), segregation of bound peptides into

domains enriched in lipid and lipid-protein arrays together with membrane

thinning take place. (B) At P/L. 1:5, augmented molecular packing (lateral

pressure) and positive curvature strain trigger the outgrowth of tubular

membrane protrusion from the planar bilayer, with the bound protein

redistributing over the SLB and the tubules.
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SLBs with CL or PE, but in contrast to PC/PG and neat PC

bilayers, these tubules are very scanty and unstable, main-

taining a tubular geometry for no more than a few seconds

after the addition of the antimicrobial peptide. This lack of

tubule formation could be explained by the insertion of the

AMP into a bilayer containing cone-shaped lipids failing to

develop a sufficient positive curvature strain, necessary for

the formation of strongly curved structures in the outer leaflet

of the tubules. Because for both CL and PE the membrane

thinning and release of lipid particles occur, it appears that

the overall dilation of the membrane does take place, yet the

negative curvature strain imposed by these lipids prevents

the formation of the tubular structures. Interestingly, disrup-

tion of membranes by positive curvature strain induced

by antimicrobial peptides has been recently observed by
31P-NMR and DSC (53–56), where amphipathic a-helical
peptides MSI-78, MSI-843, and MSI-594 hindered the fluid

lamellar to inverted hexagonal (La/HII) phase transition for

PE while promoting the formation of the normal hexagonal

phase (HI) in PC. Furthermore, it appears that different pep-

tides can destabilize bilayer membranes by two opposing

mechanisms, depending on the peptide structure: whereas

peptides like temporin B, MSI-78, MSI-594, MSI-843, and

LL-37 (57) induce positive curvature strain (MSI-78 is also

known to cause membrane thinning), another class of pep-

tides including paradaxin (58), tachyplesin (59), and poly-

phemusins (60) induce negative curvature strain in the

bilayer. In this context it is of interest to compare our

findings to those made for MSI-78 (53), as the latter peptide

and temporin B have very similar physicochemical proper-

ties (strong amphipathicity, positive charge). MSI-78 has

been demonstrated to promote the formation ofHI phase, i.e.,

cylindrical micelles with a hydrophobic interior. Although

the driving forces in both cases are likely to be the same, the

HI phase is topologically distinct from the bilayer tubules.

However, because of the different methods of sample pre-

paration, direct comparison is ambiguous. More specifically,

our experiments were performed on single supported bilayers

in excess water, whereas Hallock et al. used weakly hydrated

stacks of bilayers (with a few tens of water molecules per

lipid) sandwiched between two glass surfaces. In fact, FTIR

studies have demonstrated that the mode of lipid-peptide

interactions differs substantially between the weakly hydrated

multibilayers and the single bilayers in the excess water (61).

In addition to lipid specificity of the tubulation, we ob-

served a strong variation of the membrane response to dif-

ferent peptides and proteins tested in this study. The lack of

membrane transformation by C-temB-COOH (with carboxyl

substituted for C-terminal amide) reveals the significance of

sufficient positive charge of the peptide for the membrane

perturbation. Tubular structures similar to those caused by

temB were also induced by melittin. Because melittin bears

no relation to the temporin family, this suggests that tubule

formation may represent a rather general property of a range

of amphiphilic cationic peptides (38). However, water-soluble

polycationic proteins cytochrome c and lysozyme give rise to

a different mode of bilayer perturbation, our observations

suggesting that they induce the squeezing out of the SLB of

flat multibilayer structures stacked on the parent bilayer.

Similar structures have been observed on contraction of lipid

monolayers containing surfactant proteins B and C (62,63).

The biological significance of our findings remains un-

certain at this stage, yet the outgrowth of tubules could be

involved in the mechanisms of perturbation of bacterial

membranes by these peptides. In this regard the lipid se-

lectivity of this process is of interest, and we are currently

exploring this issue in more detail. Prevention of tubule

formation by 50% POPE in the supported bilayers may be

related to the selectivity of temporin B against bacteria,

relevant with respect to the difference in PE content of the

membranes of gram-positive and gram-negative bacteria.

However, extensive additional experiments with various lipid

compositions, as well as comparison of different membranes

(e.g., vesicles and bacteria), are mandatory to establish any

causalities. These types of mechanisms could also be in-

volved in membrane transformations in eukaryotic cells. It is

known that cells are able to develop and maintain dynamic

networks involving tubular structures both extending out of

their plasma membrane and intracellularly connecting dif-

ferent organelles, involved along with vesicular carriers in a

number of important intracellular trafficking routes (64). An

interesting example of intercellular communication by

means of dynamically forming lipid nanotubules has recently

been reported (65). Futhermore, dynamically forming lipid

nanotubules have been shown to represent a major means of

communication between the stacks of cisternae in Golgi

apparatus as well as in the retrograde traffic of membranes

from Golgi to endoplasmic reticulum, visualized using GFP

fusion proteins (66). Combined light and electron micros-

copy revealed tubular interconnections dynamically forming

between cisternae in a stack during an induced traffic wave

(67), and these tubular continuities were suggested to play a

key role in the recycling of Golgi enzymes (68). Obviously,

several mechanisms are likely to account for the formation

and maintenance of the above dynamic structures, involving

the inherent properties of both lipids and proteins. Using

optical microscopy, Akiyoshi et al. observed spontaneous

formation of tubular lipid structures connecting liposomes

and forming complex networks in the presence of ganglio-

sides (69) or cholesterol (70) mixed with PC. Orwar et al.

have elaborated a set of tools and procedures allowing forced

retraction of lipid nanotubules from giant liposomes and

subsequent manipulation of the liposome-tubule networks

(28,71). There is also evidence that in vivo the opposing

activities of cytoplasmic phospholipase A2 and lysophos-

pholipid acyltransferase can regulate membrane shape

transformations by changing the lysophospholipid content of

membranes, thus affecting their spontaneous curvature (64,72).

Interestingly, transformation of liposomes composed of

egg yolk PC, mixtures of PC and PG, and mixtures of
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Golgi-specific phospholipids into long nanotubular struc-

tures after interaction with the amphiphilic a-helical peptide
Hel 13-5 has been demonstrated (38,39,73). These authors

have suggested that this membrane transformation could be

related to the morphogenesis of the tubular structures of

Golgi apparatus in cells.

Roux and co-workers were able to construct an in vitro

minimal system allowing membrane tubulation with molec-

ular motor kinesin pulling on giant liposomes (74,75). Al-

though this is likely to represent a major means of directing

the tubule growth in the cell, other mechanisms of initial

tubule formation are possible. In accordance with recent results

mentioned above (38–40,69,70,73) and studies reviewed by

Brown et al. (64), our observations demonstrate that the

initial tubule formation is possible in the absence of any

pulling machinery. Likewise, tubular budding of erythrocyte

membrane induced by nonionic surfactant dodecylmaltoside

was observed using TEM (40) and is most likely driven by

the membrane expansion and positive curvature strain im-

posed by the surfactant insertion in the outer leaflet of the

erythrocyte membrane. It is tempting to speculate that

peptide-induced membrane shape transformations could also

be involved in processes such as neurite outgrowth. More

specifically, although the dynamic polymerization and depoly-

merization of F-actin and tubulin provide a structural support

for newly forming neurites (76), they may not be sufficient

for the initiation of the neural membrane transformation or

for the elongation of the tubular processes. In other words,

the cytoskeletal elements could be secondary to initial mem-

brane transformations rather than being the primary factor

pushing the membrane from the inside and providing a

driving force for the elongation. Membrane-active peptide

gradients in the neural tissue could be involved in directing

neurite outgrowth and thus chemically pattern the develop-

ment on new interneuron connections, in parallel with spe-

cific ligand-receptor guiding systems (77). In fact, Liesi et al.

(78) have demonstrated that a synthetic amphiphilic peptide

derived from laminin, an extracellular matrix protein, stimu-

lates the outgrowth of neurites in mouse neuron cultures at

concentrations comparable to those used in our study.

CONCLUSIONS

This study represents the first report on the formation of

bilayer lipid nanotubules from solid-supported bilayer mem-

branes triggered by the membrane interaction with amphi-

philic cationic peptides. The well-defined geometry of our

experimental system allows us to conclude that amphiphilic

peptide-lipid interactions alone can provide a driving force

for the spontaneous membrane shape transformations lead-

ing to tubule outgrowth and elongation, requiring no external

pulling or pushing force. Experiments with different mem-

brane lipid compositions provide evidence for the primary

role of positive curvature strain in the tubulation process.

In addition to the membrane perturbation of bacteria by

antimicrobial peptides, this process, driven by proper am-

phiphilic peptides, could also play an important role in mor-

phogenesis and stability of intracellular tubular structures as

well as in the intercellular communication.
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