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Electrochemical scanning tunneling microscopy (EC-STM) was employed to study the aggregation of trichogin OMe
(TCG), an antimicrobial peptide, incorporated into a lipid monolayer. High-resolution EC-STM images show that
trichogin molecules aggregate to form channels in the lipid monolayer. Two types of aggregates were observed in
the images. The first consisted of a bundle of six TCG molecules surrounding a central pore. The structure and dimen-
sions of this channel are similar to aggregates that in bilayers are described by the barrel-stave model. The EC-STM
images also reveal that channels aggregate further to form a hexagonal lattice of a two dimensional (2D) nanocrys-
tal. The model of 2D lattice was built from trimers of TCG molecules that alternatingly are oriented with either hy-
drophilic or hydrophobic faces to each other. In this way each TCG molecule is oriented partially with its hydrophilic
face towards the hexameric pore allowing the formation of the column of water inside this pore.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Antimicrobial peptides (AMPs) are important components of the in-
nate immunity which is the first line of defense of all organisms, includ-
ing plants and humans [1]. AMPs have typically 12-50 amino acids and
about 50% of them are hydrophobic [1-3]. They are involved in antisep-
tic, immunomodulatory and chemotactic processes [4]. AMPs are mobi-
lized immediately after microbial infection and are able to rapidly
neutralize a broad range of microbes [5]. They aggregate in the cellular
membrane of pathogens and form pores leading to cell death as a result
of the osmotic shock and leakage of intracellular content [4,5]. Possible
mechanisms of pore formation by AMPs have been proposed on the
basis of barrel-stave, toroidal, and carpet models [3].

Due to its unique features, trichogin provides a very interesting case
of AMP. Trichogin-OMe, [6] (TCG) is an 11 residue peptide with the fol-
lowing sequence:

N-term 1 2 3 4 5 6 7 8 9 10 11 C-term

n-Oct-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-Ile-Leu-OMe

Abbreviations: AMPs, antimicrobial peptides; TCG, trichogin; DMPC, 1,2-dimyristoyl-sn-
glycero-3-phosphocholine; EC-STM, electrochemical scanning tunneling microscopy; NMR,
nuclear magnetic resonance; FT-IR, Fourier transform infrared absorption spectroscopy
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It is an analog of trichogin GA IV isolated from fungus Trichoderma
longibrachiatum [7] in which leucinol is replaced by leucine methyl ester
(Leu-OMe) [6,8]. The structure of TCG combines distorted 31¢-helix (res-
idues 1 to 3) with irregular a-helix formed from 5 to 11 residues [7,9-11]
with all side chains of hydrophobic groups located on one side of the helix
(n-octanoyl, lle,o, Leus 7 and Leu-OMe) and four hydrophilic Gly, 569 res-
idues located on the opposite side of the helix [10]. The methyl groups of
a-aminoisobutyric acid (Aib) residues Aib; 45 are aligned along the bor-
derline between the two helical fragments. Although trichogin is a linear
peptide, its size at the N- and C-termini is different due to the presence of
the n-octanoyl group at the N-terminus. According to the crystallographic
data[10], the length of TCG is 2.0 £ 0.1 nm and its diameters at the N- and
C-termini are 1.0 & 0.1 and 0.9 4 0.1 nm, respectively. Trichogins belong
to the sub-class of peptabiotics termed lipopeptaibols [12]. The amphi-
philic character of trichogins determines their antibiotic activity. The pep-
tide shows a good activity against Gram-positive bacteria like
Staphylococcus aureus strains and stability towards proteolytic degrada-
tion [13,14]. These properties make trichogins promising candidates in
therapeutic treatments.

The position and orientation of trichogin and its analogs in model
membranes have been studied using pulsed electron-electron double
resonance (PELDOR) [15,16], fluorescence spectroscopy [17,18], and
electron spin echo [19]. The effect of trichogin incorporation on the mo-
lecular properties of the membrane was investigated by multinuclear
solid-statenuclear magnetic resonance (NMR), Fourier transform infra-
red absorption spectroscopy (FT-IR) [20], and neutron reflectivity [21].
These results showed a significant decrease in the membrane thickness
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with increasing trichogin concentration [21]. At low concentrations the
peptides lie just below the polar head region, parallel to the membrane
surface [16,19]. At higher concentrations the peptide molecules aggre-
gate and insert deeply inside the membrane, causing membrane leak-
age [4,18]. In particular, electron paramagnetic resonance studies [16,
19] indicated that an increase of TCG concentration causes an orienta-
tion change resulting in the N-terminus of the peptide buried deeper in-
side the membrane forming head-to-head transmembrane dimers [19].
The leakage of unilamellar vesicles has been observed at peptide to lipid
(P:L) ratios between ~5 x 10~ > and 2 x 10~ for vesicles made of eggPC
[6] and 1:1 eggPC and cholesterol mixture [22]. Measurements of the
rate constant for ion diffusion across the membrane (k) in the presence
of trichogin showed that k depends on TCG concentration to power N
(k o< TCG]Y), where N, estimated to be between 3 and 4, is the number
of peptide molecules forming the transmembrane channel [23]. Recent-
ly, TCG was incorporated into a bilayer tethered to a Hg electrode sur-
face and observed that peptide molecules aggregate to form voltage-
gated channels similar to those exhibited by the peptaibol alamethicin
[24]. Although, there is a significant body of evidence that at sufficient
P:L ratios TCG is inserted into the membrane and that in the inserted
state peptide molecules aggregate to form an ion conductive pore, the
exact structure of this pore is still unknown.

The objective of this work is to apply electrochemical scanning tunnel-
ing spectroscopy (EC-STM) to image TCG aggregates in a phospholipid
matrix to determine the nature of the aggregation and the structure of
the aggregates. We build on our recent success to image aggregates of
gramicidin [25] and alamethicin [26] in monolayers of phospholipids de-
posited on a gold electrode surface. High-resolution EC-STM images ac-
quired in this study provided unique direct evidence that TCG forms
pores in the 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
monolayer. Similar to alamethicin [26], TCG has also a tendency to form
2D-nanocrystals of a variable size. However, due to the shorter length of
the helix (ca. 2 nm), the nanocrystals of TCG have a smaller size than
those formed by alamethicin (helix length of 3.2 nm) [26]. The EC-STM
images revealed the presence of individual channels formed by six TCG
peptide molecules in the DMPC matrix. The structure and dimensions of
this channel are similar to aggregates that in bilayers are commonly re-
ferred to as the barrel-stave model. The results presented in this work
are important for the understanding of the biocidal activity of TCG. The
relevance of these results is also significant because trichogin is a versatile
template for the synthesis of novel peptaibiotics [11,27].

Monolayers of phospholipids have been frequently used as a model
to study interactions of antibacterial peptides with lipids [28]. At pres-
ent, high-resolution STM images of a film of phospholipid in solution
can be acquired for a monolayer only and, therefore, here we provide in-
formation concerning the peptide-lipid interaction in a monolayer.
However, molecular resolution STM images of a phospholipid bilayer
supported at a conductive surface in air have already been reported
[29]. With further methodological improvements, imaging of the sup-
ported bilayer in a solution should also be possible.

2. Materials and methods
2.1. Surface preparation

The working electrode was a small Au bead formed by melting a gold
wire (Alfa Aesar, 99.999% purity). The bead was welded to a gold plate.
The atomically flat (111) facets at the bead surface were used for image
acquisition. Before each experiment the gold electrode and the Kel-F
parts of the STM electrochemical cell were cleaned in a piranha solution
(concentrated H,SO4/30% H,0, 3:1 v/v) for at least 6 h and rinsed thor-
oughly with Milli-Q ultra-pure water. (CAUTION: piranha solution reacts
violently with organic materials and should be handled with extreme care).
The gold electrode was then flame annealed and quenched in Milli-Q
water prior to the experiment. The EC-STM images were acquired
using a Nanoscope Il EC-STM connected to a Nanoscope Illa controller

(Digital Instruments, Santa Barbara, CA) with an A scanner. The constant
current mode was used for imaging. The tungsten EC-STM tips were
electrochemically etched in 2 M NaOH and then coated with polyethyl-
ene in order to minimize faradaic currents. The EC-STM experiments
were carried out at 21 + 1 °C. A0.1 M NaF (MV Laboratories Inc.) solu-
tion was used as a supporting electrolyte. Milli-Q ultra-pure water (final
resistivity > 18.2 MQ cm) was used to prepare all solutions. During the
image acquisition, the electrode was kept at an open circuit potential
(OCP) of +0.2 V vs Ag/AgCl with a bias voltage of —400 mV.

2.2. Langmuir-Blodgett transfer

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (Avanti) was
used without further purification. The TCG-OMe was synthesized, puri-
fied, and characterized [24] following the procedure described by Toniolo
et al. [6]. These compounds were used to make 1 and 0.3 mg mL™! stock
solutions, respectively, in chloroform (Sigma-Aldrich) solvent. Langmuir—
Blodgett monolayers were prepared from both pure lipid and peptide and
a 1:9 peptide/lipid solution. A few drops of each of these solutions were
spread at the surface of a water-filled Langmuir-Blodgett trough (KSV
LB5000, Finland) to form a corresponding monolayer. The trough was
controlled by a computer using KSV LB5000 v.1.70 software. The pure
or the mixed monolayer was transferred from the Langmuir trough
onto the Au(111) substrate using the Langmuir-Blodgett technique at a
surface pressure of 35 mN m™ . During the compression and transfer of
the film the temperature of the aqueous subphase was kept at 30 °C.
After the deposition, the sample was dried 4 h at room temperature
(~21 °C) and then transferred into the STM electrochemical cell. The
EC-STM experiments were carried out at 21 4- 1 °C. This temperature co-
incides with the gel to liquid phase transition temperature of a monolayer
of DMPC [30]. Consequently, the lipids were less ordered than in the pre-
vious study by Pieta et al. [26]. However, at this temperature we were able
to observe a better order of trichogin aggregates and hence this condition
was chosen in the present study. When the Langmuir-Blodgett method is
used, the film transferred onto the gold surface retains its orientation
from the air-solution interface. The polar head groups of DMPC interact
quite strongly with the gold surface, reducing mobility of the monolayer.
At the air solution interface the peptide molecules assume a tilted orien-
tation with the hydrophilic side oriented towards the water and the hy-
drophobic side towards the air. When the electrode is dried in air,
DMPC molecules favor the orientation with the polar heads turned to-
wards the metal. In contrast, when peptide molecules are losing water,
the tilted orientation is energetically unfavorable. In the dry state, peptide
molecules aggregate into a two-dimensional structure that ensures opti-
mum polar with polar and nonpolar with nonpolar interactions. When
the electrode is immersed into the solution, the acyl chains of that film
are exposed to the water. Energetically this is an unfavorable configura-
tion. However, we did not observe the flip-flop of the molecules. Appar-
ently, the structure of the film is stabilized by interactions between
polar heads of lipids and the metal or due to the solid like nature of the
film such reorganization is kinetically hindered. This behavior has already
been observed by Sek et al. [25] and Pieta et al. [26].

3. Results and discussion

Prior to EC-STM experiments, the mixed 1:9 TCG-DMPC monolayer
was formed at the air-solution interface of a Langmuir trough and char-
acterized by recording compression isotherms shown in Fig. 1a. For
comparison, compression isotherms for monolayers of pure DMPC and
pure TCG are also plotted in this figure. The compression isotherm for
pure DMPC is in agreement with published results [30,31]. The isotherm
for the monolayer of TCG displays a collapse at the film pressure of
~40 mN m~"' and the minimum area per molecule ~1.2 nm?. The crys-
tallographic data indicate that the maximum packing of TCG molecules
corresponds to an area per molecule of ~0.9 nm? for the vertical and
~2 nm? for the horizontal helix orientation at the interface. Therefore,
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Fig. 1. Langmuir-Blodgett compression isotherms of DMPC and TCG molecules. a) Compression isotherms for: 1—pure DMPC monolayer; 2—mixed 1:9 TCG and DMPC monolayer and
curve; and 3—pure TCG monolayer recorded at 30 °C of the water subphase. b) Area per TCG molecule in the mixed monolayer determined using Eq. (1). For comparison the data
from compression isotherm of a monolayer of pure TCG are also plotted as curve 3. The error bars represent reproducibility of three independent measurements.

the compression isotherm suggests that TCG molecules change orienta-
tion from horizontal to tilted, upon compression. Curve 4 in Fig. 1b plots
the area per one TCG molecule in the mixed monolayer (Arcg) calculat-
ed with the help of the formula:

A,—0.9A
Areg = % (1)

where for a given film pressure A; is the mean area per molecule taken
from the compression isotherm of the mixture and A; is the area per
molecule in the monolayer of pure DMPC (curve 1 in Fig. 1a). For com-
parison the area per molecule in the pure monolayer of TCG is also plot-
ted in Fig. 1b. For an ideal mixture the two curves should coincide. The
data show that the area per one peptide molecule is larger in the mix-
ture than in the monolayer of pure TCG. This behavior suggests that
the peptide and the lipid do not mix well at low film pressures and
that their interactions are repulsive or that this monolayer has excluded
volume due for example to a pore formation. At the film pressure of
35mNm™ !, the areas per TCG in the mixture and in the pure monolayer
are comparable. Its value ~1.2 nm? suggests that the helix assumes a
tilted orientation at the interface, consistent with the inserted state of
the peptide.

The monolayer was transferred from the air-solution interface onto
the gold surface for EC-STM studies at this value of the film pressure
(35 mN m™!), with the help of the Langmuir-Blodgett technique.
Using this transfer method, the polar heads of lipids are oriented to
the metal and their tails to the air. The film was dried in air during
~4 h, the electrode was then transferred to the electrochemical cell of
the EC-STM instrument and the cell was filled with 0.1 M NaF solution.
The electrode was allowed to equilibrate with the solution for a period
of about 2 h. When the Langmuir-Blodgett method is used, the film
transferred onto the gold surface retains its orientation from the air-so-
lution interface. The polar head group of DMPC interacts quite strongly
with the gold surface, reducing mobility of the monolayer. At the air so-
lution interface the peptide molecules assume a tilted orientation with
the hydrophilic side oriented towards the water and the hydrophobic
side towards the air. Consistent with the earlier observation [25], the
monolayer becomes smoother and more ordered and the contrast in
the image becomes sharper as the time proceeds. The improved stability
of the piezo scanner and the improved thermal equilibrium at later
times contribute to the improved quality of the EC-STM images. The
ability to image an insulating molecule by EC-STM may be explained
in terms of a weak coupling between electronic states in the adsorbate
and in the substrate near the Fermi level that gives the adsorbate a prop-
erty of an antenna capable of receiving tunneling electrons [32-34]. The
electrolyte assists in ordering of the monolayer. Water molecules may

play a role in tunneling through biomolecules [35]. However, the role
of solvent in STM imaging in solution is still poorly understood [32,34].

Figs. 2a and b show unprocessed EC-STM images of the gold electrode
surface covered by the mixed TCG:DMPC monolayer. The images consist
of several ordered and disordered domains formed by molecules at the
metal surface. The distinction between the contrast due to the lipid and
the peptide is difficult in the disordered region, hence no attempt was
made to calculate the peptide to lipid ratio from the contrast in these im-
ages. Two types of ordered domains may be identified in these images.
The first consists of characteristic molecular stripes. Fig. 3a is a zoomed
in image of such a domain. To get further insight into the nature of this
contrast, the height distance profiles were measured in the four directions
marked in Fig. 3a. The profiles taken along the direction of the bright
stripes (lines 1 and 3) and the dark valleys (lines 2 and 3) are shown in
Fig. 3b. These profiles show periodic changes of the contrast with period-
icity of 0.5 +0.1 nm which corresponds well to the distance between ad-
jacent acyl chains of DMPC molecules [25]. Looking further on these
profiles one notes that line 1 is in phase with line 3 and line 2 is in
phase with line 4. However, lines 1 and 3 are phase shifted by ~0.5 nm
with respect to lines 2 and 4. To explain this behavior Fig. 3c shows an
EC-STM image of a well-ordered DMPC monolayer transferred onto the
gold surface at the film pressure of ~40 mN m™~' and measured at 17 °C
where the monolayer is in the gel state. The bright spots in this contrast
are formed by well-ordered nearly vertically oriented acyl chains.
Fig. 3d shows profiles along two lines marked in Fig. 3c. They show regu-
lar periodicity of ~0.5 nm, consistent with the diameter of an acyl chain,
and they also show that the periodicity of the two profiles is phase shifted
by 0.5 nm. To further confirm this interpretation, Fig. 3e shows an image
of less ordered monolayer of pure DMPC (without peptide and measured
at 18 °C) that shows similar stripes as those in Fig. 3a for the DMPC-TCG
monolayer. The profiles in Fig. 3f show that periodicity observed on the
bright rims and dark valleys of these stripes is similar to that observed
in Fig. 3b. These numbers indicate that the stripes are formed by DMPC
molecules as schematically shown by a cartoon in the inset of Fig. 3a
where the head groups are oriented towards the electrode surface while
the ends of acyl chains are exposed to the electrolyte. In a DMPC molecule
the B-chain is shorter than the y-acyl chain by 0.25 nm, which corre-
sponds to a one zig-zag unit of the acyl chain [36]. Our previous IR studies,
however, showed that DMPC molecules in a monolayer oriented towards
the Au(111) surface are tilted by ~25° with respect to the substrate nor-
mal [37]. The contrast in Fig. 3a may be explained by a tilted packing of
phospholipid molecules with the end of one acyl chain being better visible
in the EC-STM images.

The second domain consists of quasi-hexagonal spots seen on the
left hand side of Fig. 2a and on the upper right corner of Fig. 2b. Fig. 4a
is a zoomed in image of this type of domains. The hexagons are arranged
into a two dimensional (2D) crystallographic lattice. Fig. 4b shows that
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Fig. 2.20 x 20 nm? molecular resolution EC-STM images of the mixed 1:9 TCG:DMPC monolayer in 0.1 M NaF electrolyte recorded at 200 mV vs Ag/AgCl, 350 pA tunneling current, 400 mV

bias voltage, and 21 °C temperature.

the unit vector of this lattice has a dimension of 1.9 4+ 0.1 nm and the
angles between the vectors are 60 4 5° and 120 + 5°. The average
area of the cell is equal to 3.1 & 0.3 nm?. Each cell of this lattice contains
three spots. These are dimensions of a hexagonal lattice and this struc-
ture is similar to the structure of 2D nanocrystals formed by another
lipopeptaibol — alamethicin [26] in a lipid matrix. The sizes of spots
that form this pattern are variable but could be fit into a circle with a ra-
dius of ~0.45 nm. This number corresponds well to the radius of
trichogin at its N-terminus. The distance between the adjacent spots
of the hexagons, about 1 nm, is in agreement with the distance between
trichogin molecules measured in a racemic crystal by X-Ray crystallog-
raphy [10]. Therefore, we can safely conclude that this pattern is caused
by aggregated peptide molecules. The contrast shows that six spots in
this pattern surround a central hole. In Fig. 4c the cross sectional profiles
along directions 1 and 2 (see Fig. 4a) show that the width of the central
pore is ~1.9 nm. The cross section along line 3 shows that the distance
between peptide molecules is ~0.9 nm. To emphasize this point in
Fig. 4b each group of six spots is enclosed in a circle with a radius of

0.95 nm. This number is equal to the sum of the radius of the hole and
half of the radius of the peptide. These numbers are consistent with
the dimensions of the pore formed by alamethicin molecules [26] and
with the size of the pore needed for the passage of hydrated potassium
ion [38]. In the EC-STM images of the mixed monolayer a similar con-
trast is observed for DMPC and TCG molecules. As mentioned earlier,
the contrast may be explained in terms of a weak coupling between
electronic states in the adsorbate and in the substrate near the Fermi
level that gives the adsorbate a property of an antenna capable of re-
ceiving tunneling electrons [32-34]. In the present case the length of
TCG molecule is 2.0 £ 0.1 nm [10] and the length of the DMPC molecule
is~2.7 nm|[1].In a tilted orientation of DMPC molecules the two “anten-
nas” have a comparable length. Finally, we note that we made an at-
tempt to image a pure TCG monolayer. However, the interactions
between the peptide molecules and the gold electrode were too weak
and the peptide molecules were moved by the STM tip.

The contrast in Figs. 4a and b suggests that each TCG molecule is
shared by two channels. This is again similar to the case of alamethicin

; 030l | 0.02
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Fig. 3. Structure of the lipid domains. a) A 8 x 8 nm? EC-STM image of a stripe like domain in the mixed 1:9 TCG :DMPC monolayer at the Au(111) surface; b) cross sectional profiles along
of the bright stripes (lines 1 and 3) and along the valleys between the stripes (lines 2 and 4); c) EC-STM image of a well ordered monolayer of pure DMPC in the gel state; d) cross sectional
profiles taken along lines 1 and 2 marked in panel c; e) EC-STM image of a monolayer of pure DMPC in a partially disordered state; and f) cross sectional profiles taken along directions 1

and 2 marked in panel e.
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Fig. 4. STM image of a peptide domain. a) A 8 x 8 nm? EC-STM image of an ordered domain formed by aggregates of trichogin molecules. b) The same image with unit cell of the two
dimensional lattice whose two vectors are 1.9 £ 0.1 nm long and angles between the vectors are 60 4 5° and 120 + 5°. The circles with 1 nm radius illustrate that the contrast in this
image may be interpreted as a cluster of barrel-stave pores formed by trichogin in the DMPC monolayer. c) Cross sectional profiles taken along lines indicated in panel a. Images acquired
in 0.1 M NaF electrolyte at 200 mV vs Ag/AgCl, 350 pA tunneling current, 400 mV bias voltage, and 21 °C temperature.

[26]. Using crystallographic data [10], the electrostatic surface potential
representation of TCG molecule is plotted in Fig. 5a. The structure was
rendered with PyMOL software [39]. The red and blue colors mark hy-
drophilic and green marks hydrophobic fragments of the molecule sur-
face. The models show hydrophobic and hydrophilic sides of the peptide
and the electrostatic surface potential on its N- and C-termini. These
models show that hydrophilic residues are located on one side of TCG
molecule and that its C-terminus is hydrophilic while the rest of the
peptide surface and its N terminus are hydrophobic. This information
was used to build a molecular model in Fig. 5b that explains the contrast
in the EC-STM image. In this model, dimensions of the peptide mole-
cules that fit the contrast are consistent with the crystallographic data.
The central pore is surrounded by 6 peptide molecules. Fig. 5c illustrates

a N

~2nm

Cc

schematically how this packing optimizes hydrophobic-hydrophobic
and hydrophilic-hydrophilic interactions between the peptide mole-
cules. In fact, the 2D lattice is built from trimers of TCG molecules that
alternatingly are oriented with either hydrophilic or hydrophobic
faces to each other. In this way each TCG molecule is oriented partially
with its hydrophilic face towards the hexameric pore allowing the for-
mation of the column of water inside this pore. This is consistent with
the crystallography. A unit cell of the 2D lattice shown in Fig. 5b contains
one pore and three peptide molecules. In the models of Figs. 5b and c the
lattice has both hexameric and trimeric hydrophilic pores. Incidentally,
this is consistent with previous estimates of 3 to 4 trichogins participat-
ing in the formation of the ion conducting channel [23,40]. In the model
Fig. 5b the TCG molecules were oriented with the hydrophilic C

Fig. 5. Structure of pores formed by TCG molecules. a) The electrostatic surface potential profiles of TCG molecule calculated and rendered using the APBS PyMol plugin [39]. The four
models show the profiles on the hydrophobic and hydrophilic sides of the molecule and the corresponding top views of the N- and C-termini, respectively. The red color marks hydrophilic
and green hydrophobic fragments of the molecule surface. b) Proposed structural model for the TCG molecule assembly superimposed on the 8 x 8 nm? EC-STM image recorded at 200 mV
vs Ag/AgCl, 350 pA tunneling current, 400 mV bias voltage, and 21 °C temperature. c) A schematic diagram showing how the hydrophobic-hydrophobic and hydrophilic-hydrophilic in-
teractions are optimized in the molecular model of panel b; open half circles represent the hydrophilic face of the peptide and black half circles represent the hydrophobic face.
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terminus towards the aqueous phase and the hydrophobic N terminus
towards gold. Alternatively, TCG molecules may assume the opposite
orientation. Although, we do not have strong arguments in favor of
one of the two orientations, the model in Fig. 5b shows nicely that a
water rich pore may be formed by the aggregates.

The TCG aggregation is very similar to the aggregation of
alamethicin molecules. However, in the case of TCG the aggregates are
much smaller and less ordered. Apparently, the peptide-peptide inter-
actions are weaker in the case of TCG molecules whose helix (2 nm) is
shorter than the helix of alamethicin molecule (~3.2 nm long). Due to
the weaker peptide-peptide interactions, not only aggregates but also
individual pores can be observed in the EC-STM images. This is a unique
result because single pores were not observed for alamethicin in the
lipid monolayer. An example of such individual pores is marked by a
red circle in Fig. 2b and Fig. 6 shows a zoomed in image of that pore.
In this case, to optimize the hydrophobic-hydrophobic and hydrophil-
ic-hydrophilic interactions the peptide molecules have to orient with
their hydrophobic faces towards the lipids and hydrophilic faces to-
wards the center creating a bundle of six peptide molecules that fit
into a circle with a radius of 1.5 4 0.1 nm and forming a central pore
with a radius of 0.540.05 nm. The inner radius of the hole provides a
space for a column of water whose diameter in the trichogin case should
be ~0.9 nm. These dimensions are in good agreement with the barrel-
stave model of a pore formed by six alpha helical peptides determined
by molecular dynamics calculations for bilayers [38]. This study pro-
vides direct visual evidence that such aggregation of peptide molecules
does take place, indeed. We have used high peptide/lipid ratios to in-
duce the inserted state of the peptide and to have a sufficient number
of aggregates to detect their presence in the EC STM image. At this
high peptide/lipid ratio we were able to see both large 2D aggregates
and single pores. We cannot exclude a possibility, that at the lower pep-
tide/lipid ratios the equilibrium between 2D aggregates and single
pores is shifted towards single pore formation.

4. Conclusions

We have described unique EC-STM images of aggregates formed by
trichogin OMe incorporated into a phospholipid matrix. The aggregation

Fig. 6. A 6 x 6 nm” molecular resolution EC-STM image of a single pore formed by a bundle
of six TCG molecules in the mixed 1:9 TCG:DMPC monolayer in 0.1 M NaF electrolyte re-
corded at 200 mV vs Ag/AgCl, 350 pA tunneling current, 400 mV bias voltage, and 21 °C
temperature.

of trichogin is similar to the previously observed aggregation of
alamethicin [26]. Both peptides formed 2D hexagonal nanocrystals. The
unit cell of this lattice has a central pore surrounded by six peptide mol-
ecules. The two peptides belong to the same class of peptabiotics termed
lipopeptaibols known to form transmembrane channels in biological
membranes. The EC-STM images shown in this work provide a unique
direct visualization of such channels. The similarity in the aggregation
of trichogin and alamethicin is a significant result that indicates a similar
behavior of the whole class of the lipopeptaibols in phospholipid mem-
branes. Trichogin, however, is shorter than alamethicin. The peptide-
peptide interactions are weaker and, consequently, the 2D nanocrystals
formed by trichogin are smaller. A particularly interesting consequence
is that in the trichogin case single pores formed by a bundle of six TCG
molecules were observed in EC-STM images. This result provides the
first direct visualization of such a hexameric pore formed by a helical
peptide in a phospholipid matrix. The STM data contribute to the ongo-
ing discussion of the nature of the pore formed by TCG molecules in
the biological membrane [10,19,21]. They are certainly consistent with
the model by Toniolo et al. [10,19] assuming that two antiparallel
head-to-head oriented peptides form the channel, as illustrated by Fig-
ure 6 in ref [10]. Since our measurements are performed on a monolayer
we cannot comment on the effect of thinning of the bilayer proposed by
Bobone et al. [21]. However, we are now planning to perform AFM imag-
ing of a bilayer and since membrane thinning in that case must be very
pronounced we should be able to see this phenomenon.
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