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To apply the Langmuir–Blodgett (LB) technique as a platform for investigating the fundamental properties of
amphiphilic peptides (APs), we have investigated the structure of LB films using the APs. To vertically orient
the helical APs like transmembrane proteins in the membrane, the primary structure of the APs was designed
to have two domains: a hydrophilic domain (three amino acids) and a hydrophobic domain (ca. 20 amino
acids). However, we are still far from having full control of their orientation. This study reports the contribution
of the subphase temperature to the change in the orientation of helical APs. When the surface pressure–area
isotherm of AP was observed at the subphase temperature at 41.5 °C, the isotherm exhibited a plateau, implying
that a phase transition of the monolayer at the air–water interface occurred. Circular dichroism (CD) spectra of
the monolayers transferred on the solid substrates revealed that the orientation of the helices changed at the
pressure, where the plateau of the isotherm was observed. This change was not observed at 21.5 °C, i.e., the
horizontal alignment of helixes was maintained. Atomic force microscopy (AFM) was used to systematically
investigate the surface structure of the monolayers transferred at different surface pressures. A structural
model of the monolayer that did not contradict with the results obtained by the three different techniques
(the isotherm, CD spectroscopy, and AFM) was derived, and it was concluded that the horizontally oriented
helices partially changed their orientation to vertical upon compression in the plateau region of the isotherm.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Because of their amphiphilic nature, membrane proteins are more
difficult to investigate than water-soluble proteins [1]. To isolate them
from cells, a treatment using detergents is required. To investigate
their biological functionality, they have to be placed in similar condi-
tions as in the cell, e.g., reconstitution of membrane proteins into lipid
vesicles. Because of these obstacles, the progress in the structure deter-
mination ofmembrane proteins is far behindwater-soluble proteins [2],
even though one-third of proteins encoded in the human genome are
membrane proteins [3,4] and more than half of pharmaceutical targets
correspond to membrane proteins [5,6]. Therefore, tremendous efforts
are being made to understand the chemical and biological functionali-
ties and the structure of membrane proteins, as well as to develop
techniques for their characterization [7,8]. Besides the direct investiga-
tion of the proteins themselves, there is a “divide and conquer”
approach to membrane proteins [9–11]. In this approach, fragments of
ience and Engineering, Meiji
34 7292.
the membrane proteins (peptides) are the targets investigated to
understand the membrane proteins. When the protein is disassembled
into peptides, the above-mentioned difficulties in the membrane
proteins are reduced and various experimental techniques can be
applied. Specifically, in the case ofα-helical peptides, which correspond
to one of the transmembrane (TM) domains of the α-helical TM pro-
teins, the experimental techniques and the TM domains investigated
have been summarized in Ref. [11]. However, the application of
the Langmuir–Blodgett (LB) technique to TM peptides was hardly
mentioned.

The LB technique, which involves studying the monolayer at the
gas–liquid interface (Langmuir monolayer), has been applied to various
peptides to understand the fundamental properties of polypeptides [12]
and develop molecular architectures [13–15]. However, in the case of
helical peptides, it is difficult to align the helical axis perpendicular to
the interface [13,14,16–24], and vertically oriented helical peptides
often contain non-gene encoded amino acids (AAs) [14,16,17,19,
21–23]. This is one of the reasonswhy the LB technique is rarely applied
to investigate the TM peptides in biological aspects. To use the LB tech-
nique as a platform to investigate the fundamental properties of TM
peptides, how the helical axis of peptides consisting of the gene-
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encoded AAs can be oriented perpendicular by the LB technique needs
to be studied, because the TM domains of the TM proteins vertically
orient to the cell membrane.

Gas–liquid and gas–solid interfaces are unfavorable situations for
mimicking the membrane environment of TM peptides. Conversely,
because of the advantage of the LB technique, we could apply a variety
of spectroscopic and microscopic methods that are surface- and
interface-sensitive to analyze and determine the structure and dynam-
ics of materials at the interface [20,25–35]. This will help to understand
the fundamental properties of TM peptides.

Thus, we restricted ourselves to peptides whose AAs are gene-
encoded and whose sequences consist of hydrophobic and hydrophilic
domains [36,37]. Because of the two domains, when the peptides form
the α-helical conformation, amphiphilic helices are formed, and they
are expected to orient their helical axes perpendicular to the surface
of the aqueous subphase. Recently, we had indicated that amphiphilic
peptides (APs) whose AA sequences of the hydrophobic domains are
the same as TM peptides proposed for the lipid bilayer [38,39] are able
to form anα-helix at the air–water interface and these helices partially
orient perpendicular in peptide/lipid mixed LB films [37].

The present work aims to further investigate the important parame-
ters that determine the orientation of the amphiphilic helices at the air–
water interface, and we have investigated how the temperature at
the air–water interface and the hydrophobic moment (HM) of the
hydrophobic domain of the peptide affect the controllability of the
orientation of the amphiphilic helices by the LB technique. For simplic-
ity, the Langmuir monolayers of the APs were formed without lipids,
and the AA sequences of the APs for the monolayers are shown in
Table 1. K3-19W is one of the peptides we have used previously [37].
To investigate the influence of the HM value on the orientation of the
helical AP in the monolayers, the W residue of K3-19W was changed
to the A residue to reduce the HM value of the hydrophobic domain.
This APwas called K3-19A. The helical wheel projections of their hydro-
phobic domains are shown in Fig. 1 together with the values and the
directions of the HMs. The HM values were calculated using the equa-
tion in Ref. [40] and the hydrophobicity values used for the calculation
were the whole-residue hydrophobicity scale for the lipid bilayer inter-
face (ΔGwif) [41]. The temperature dependence of the surface pressure–
area (π–A) isotherm of the Langmuir monolayer of AP was investigated.
The circular dichroism (CD) spectra of the Langmuir monolayers trans-
ferred on the solid substrates by the LB technique (1-layer LB films)
were recorded to analyze the orientation of the helices. The topography
images of the 1-layer LB films of the APs were obtained by atomic force
microscope (AFM). A structure model of the 1-layer LB film that does
not contradict with the results obtained by three different techniques
was deduced.

2. Experimental

The APs consisting of 22 AAs (Table 1) were synthesized by Operon
Biotechnologies, K.K. (Tokyo, Japan) and their purities were N90%. Pure
water (N18 MΩ cm) was prepared in a Milli-Q system (Elix Advantage
3, Merck Millipore, Darmstadt, Germany). All of the organic solvents,
citric acid, and trisodium citrate were purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan).
Table 1
Primary structure and average hydrophobicity scale [41] of the amphiphilic peptides.

Abbreviation Primary structure Average
hydrophobicity
scalea

K3-19W NH2–KKKALALAAAALWLAAAALALA–CONH2 −0.009 kcal/mol
K3-19A NH2–KKKALALAAAALALAAAALALA–CONH2 0.083 kcal/mol

The underlined parts correspond to the hydrophobic domains.
a Because the hydrophobic/hydrophilic residues are scaled to be negative/positive, the

average scale indicates that K3-19A has lower hydrophobicity than K3-19W.
The solvent for the spreading solution of the APs was dichlorometh-
ane/methanol (5:2 v/v), and the concentrations of K3-19W and K3-19A
in the spreading solutions were 47.2 and 49.9 μM, respectively. A citric
acid–sodium citrate buffer (5 mM, pH 6.0) was used for the aqueous
subphase of the Langmuir monolayer, and the temperature of the sub-
phase was controlled at 21.5 ± 0.5, 31.5 ± 0.5, or 41.5 ± 0.5 °C. At
pH 6.0, the three K residues are expected to be protonated.

The π–A isotherms of the Langmuir monolayer were measured by
the trough with two movable barriers (MiniMicro LB system, KSV
NIMA, Biolin Scientific Holding AB, Stockholm, Sweden). The inner
width (effective barrier width) and the inner length of the trough
were 50 and 170 mm, respectively. The spreading solution was spread
drop by drop on the subphase by a micro syringe. A period of 10 min
was allowed for the solvent evaporation before compression of the
Langmuir monolayer, and the compression speed was 500 mm2/min.
The number of molecules spread on the subphase for a single measure-
ment of the isotherm was 1.14 × 1015 and 0.90 × 1015 for K3-19W and
K3-19A, respectively, corresponding to 40 and 30 μL of the spreading so-
lution of K3-19W and K3-19A, respectively.

For the CDmeasurements, the Langmuirmonolayer on the subphase
was transferred at specific surface pressures (πdep's) to the fused silica
substrate (10 mm × 40 mm) by the vertical deposition method [42].
The CD spectra were recorded using a J-820 CD spectropolarimeter
(JASCO Corp., Tokyo, Japan), and the temperature of the 1-layer LB
films was kept at 20 °C during the measurements by the sample holder
equipped with the thermoelectric (Peltier) devices. The 1-layer LB film
was set perpendicular to the optical axis of the spectropolarimeter. An
elementary analysis of the helix orientation was performed on the CD
spectra under the assumption that all of the APs in the 1-layer LB film
formed an α-helix [37]. The shape of the CD spectrum depends on the
angle between the incident axis and the helical axis of the α-helix.
The spectral shapes as a function of wavelength when the incident
axis is parallel to the helical axis (G1(λ)) and when the incident axis is
perpendicular to the helical axis (G2(λ)) are given in Ref. [43]. When
the helices are uniformly oriented at a tilt angle (θ) of the helical axis
from the film normal, the CD spectrum of the 1-layer LB film, whose
plane is perpendicular to the optical axis of the spectropolarimeter, is
given by

CD λ; θð Þ ¼ C G1 λð Þ cos2θþ G2 λð Þ sin2θ
n o

; ð1Þ

where C is the amplitude coefficient.
The surfacemorphology of the 1-layer LB filmwas observed by AFM

(Dimension Icon, Bruker AXS GmbH, Karlsruhe, Germany) in tapping
mode. The Langmuir monolayer of the AP was deposited on a fleshly
cleaved mica substrate (8 mm × 51 mm) by the vertical deposition
method [42] at a given πdep. The resonant frequency and the spring con-
stant of the cantilever (NCHV-10 V)were 361–400 kHz and 20–80 N/m,
respectively. The topography image was collected at 512 × 512 pixel
resolution. The flattening of the obtained images and the analyses of
the height histogram were carried out using the software WSxM [44].

For the vertical deposition of the Langmuir monolayer, the trough
with two movable barriers was used except for the deposition of the
monolayer of K3-19W at πdep = 29 mN/m from the subphase at
41.5 °C. In this condition, the troughwith a singlemovable barrier (Filgen,
Inc., Nagoya, Japan) had to be used because the barrier can move in a
wider range and this trough can compress the Langmuir monolayer
into a smaller area than the trough with two barriers. The inner width
and length of this trough were 80 and 525 mm, respectively, and the
compression speed was 880 mm2/min. The Langmuir monolayer was
compressed up to πdep and was stabilized for 5–15 min before the depo-
sition. During the deposition, the substrate was vertically lifted from the
subphase to air at 6 mm/min for both troughs, and the surface pressure
was kept constant at πdep. The transfer ratio, which is defined as the de-
crease in area of the Langmuir monolayer during the deposition divided



Fig. 2. (a) π–A isotherms of K3-19Wat 21.5± 0.5 (thick blue line), 31.5± 0.5 (dashed red
line), and 41.5 ± 0.5 °C (thin black line). (b) π–A isotherms of K3-19W (thin black line)
and K3-19A (thick green line) at 41.5 ± 0.5 °C. The isotherms were reproduced at least
three times.

Fig. 1.Helical wheel projections of (a) K3-19Wand (b) K3-19A. The value and arrow indi-
cate the value and direction of hydrophobic moment (HM).
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by the area of the substrate moved across the air–water interface during
the deposition, was 1 ± 0.15 under all conditions, unless specified
otherwise.

3. Results and discussion

3.1. π–A isotherm

The π–A isotherms of K3-19W at three different subphase tempera-
tures are shown in Fig. 2a. In all cases, the limiting molecular areas esti-
mated by extrapolating the isotherm from ca. 23 to 0 mN/m ranged
from 3 to 4 nm2/molecule. The helix can be treated as a cylinder, and
the radius and length of the cylinder per AA residue are expected to
be 0.5–0.55 and 0.15 nm, respectively [13,21]. Thus, when the helix of
22 AAs lies horizontally to the interface, the molecular area is expected
to be 3.3–3.63 nm2/helix. Therefore, up to 23 mN/m, the horizontally
oriented helices were compressed. The isotherm obtained at 21.5 °C
(Fig. 2a) exhibited a kink at ca. 25 mN/m. Above this pressure, the
isothermwentwavy, suggesting that the collapse pressure of themono-
layer at 21.5 °C was around 25 mN/m. The isotherm obtained at 31.5 °C
(Fig. 2a) also exhibited a kink at 25 mN/m but showed a plateau-like
region from 2.5 to 1.5 nm2/molecule. A further increase in the subphase
temperature (41.5 °C) made the plateau region of the isotherm clearer
(at 24 mN/m, Fig. 2a). In addition, below 1 nm2/molecule, the isotherm
exhibited a steep increase, implying that the phase transition accompa-
nying the change in the helix orientation occurred at the plateau. In the
case of K3-19A, the isotherm at 41.5 °C (Fig. 2b) also exhibited a plateau
4 mN/m lower than that observed for K3-19W.

3.2. CD spectra

The CD spectra of the 1-layer LB films were analyzed using Eq. (1)
assuming that all the helices oriented at a uniform angle θ. The 1-layer
LB film of K3-19W deposited from the subphase at 21.5 °C showed
θ = 90° irrespective to the surface pressure. Fig. 3a and b show the
spectra of the 1-layer LB films prepared at πdep = 6.5 and 30 mN/m,
respectively. At πdep = 30 mN/m, the average transfer ratio was 0.63.
This low transfer ratio can be attributed to the deposition pressure
being higher than the collapse pressure of the Langmuir monolayer
(ca. 25 mN/m, Fig. 2a, thick blue line). The spectra are fitted well by
θ = 90°. Therefore, on the subphase at 21.5 °C, the helices of K3-19W
orient horizontally to the surface at any surface pressure. This result in-
dicates that the hydrophobic surface of the helix has to contact with the
aqueous subphase. Because the α-helix has aligned electric dipole mo-
ments along the helical axis from the C- to N-terminus [45], the di-
pole–dipole interaction between the helices may form aggregates of
helices aligned in an anti-parallel manner (Fig. 3c) [46]. Because of the
anti-parallel alignment of the amphiphilic helices, the hydrophilic
domains are at both sides of the aggregate andmay stabilize the contact
of the hydrophobic surface of the helix with the aqueous subphase. By
keeping the helical axis parallel to the subphase, these helices and/or
aggregates were compressed and overlapped with each other above
25mN/m, because themolecular area at 30mN/m (1.53 nm2/molecule,
Fig. 2a, thick blue line) is smaller than the expected molecular area of
the helix horizontally oriented on the subphase (3.3–3.63 nm2/helix).

At a subphase temperature of 41.5 °C, the CD spectra of the 1-layer
LB films of K3-19W depended on the surface pressure (Fig. 4). Up to
πdep = 22 mN/m, θ = 90° (Fig. 4a and b). At πdep = 24 mN/m, where
the plateau of the isotherm was observed (Fig. 2a, thin black line),
θ decreased to 66° (Fig. 4c). At πdep = 26 mN/m, where the steep in-
crease in the isothermafter theplateauwas observed, a further decrease
in θ to 52° was observed (Fig. 4d). θ then slightly decreased to 49° at
πdep = 29 mN/m. These results indicate that the orientation of the heli-
ces changed at the surface pressure where the plateau of the isotherm
was observed. With the increase in the subphase temperature from
21.5 to 41.5 °C, the increased thermal fluctuation broke up the aggre-
gates formed by dipole–dipole interactions (Fig. 3c) and the helices
decreased the tilt angle (θ) upon compression to reduce the contact
between the hydrophobic surface of helix and the aqueous subphase.

As with K3-19W, the 1-layer LB film of K3-19A deposited from the
subphase at 41.5 °C also showed a dependence of θ on the surface
pressure. At the surface pressure where the plateau of the isotherm
was observed (ca. 20 mN/m, Fig. 2b, thick green line), a decrease in θ



Fig. 4. Normalized CD spectra of the 1-layer LB film of K3-19W deposited from the
subphase at 41.5 °C (solid black line) and the fitted curve using Eq. (1) (dashed red
line). The negative peak was normalized at −1. (a) πdep = 10 mN/m. (b) πdep =
22 mN/m. (c) πdep = 24 mN/m. (d) πdep = 26 mN/m. (e) πdep = 29 mN/m. The raw CD
spectra are shown in Fig. S1 in the Supplementary Information.

Fig. 3. Normalized CD spectra of the 1-layer LB films of K3-19W deposited from the
subphase at 21.5 °C (solid black line), and the fitted curve using Eq. (1) (dashed red
line). The negative peak was normalized at −1. (a) πdep = 6.5 mN/m. (b) πdep =
30 mN/m. (c) Anti-parallel alignment of amphiphilic helices. The white and gray faces
correspond to the hydrophobic and hydrophilic surfaces, respectively.
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from 90° to 55° was observed. The CD spectra and their fitted curves are
shown in Fig. S2 in the Supplementary Information (SI). The shapes of
the CD spectra of the 1-layer LB films of K3-19A correspond well to
those of the 1-layer LB films of K3-19W. When θ = 90°, the spectral
shapes shown in Fig. S2a and b for K3-19A and Fig. 4a and b for
K3-9W are the same. The spectrum at θ = 55° for K3-19A (Fig. S2c) is
almost identical to that at θ=52° for K3-19W(Fig. 4d). Thus, the helical
structures of K3-19A and K3-19W were the same. The relationships
between θ and surface pressure for K3-19W and K3-19A are shown
in Fig. 5.

3.3. AFM observation

The surface morphology of the 1-layer LB film was observed using
AFM. The 1-layer LB film of K3-19W deposited from the subphase at
21.5 °C exhibited a very flat surface at πdep = 6.5 mN/m (Fig. 6a). At
6.5 mN/m, the molecular area was 3.1 nm2/molecule (Fig. 2a, thick
blue line),which is close to the area expected for a horizontally oriented
helix consisting of 22 AAs (3.3–3.63 nm2/helix). Themolecular area and
the analysis of the CD spectrum showing that the helices oriented
horizontally (Fig. 3a) indicate that the horizontally oriented helices
compactly covered the surface of the substrate without overlapping.
At πdep = 30 mN/m, where the transfer ratio was 0.63, the surface of
the 1-layer LB film was not as smooth as that deposited at 6.5 mN/m,
and showed stripe patterns that were 1–7 nm higher than the average
surface height (Fig. 6b). The profile of the section in Fig. 6b is shown
in Fig. S3 in the SI. Although the CD analysis indicated that the helices
oriented horizontally (Fig. 3b), the molecular area at 30 mN/m
(Fig. 2a, thick blue line) was smaller than that expected for horizontally
oriented helices, indicating that these protruding stripes are regions
where the helices overlapped. Therefore, the overlapping of helices
occurred inhomogeneously upon compression, and this overlap was
mechanically induced by the barriers, because the strip patterns
appeared almost perpendicular to the direction where the barriers of
the trough moved.

The AFM images of the 1-layer LB films of K3-19W deposited at
πdep = 10 and 22 mN/m from the subphase at 41.5 °C are shown in
Fig. 7. Even at surface pressures lower than 24mN/m,where the plateau



Fig. 5. Relationship between the tilt angle (θ) and the surface pressure (πdep) of
(a) K3-19W and (b) K3-19A. The tilt angles of the helical axis (θ) from the film normal
were determined from the CD spectra. The horizontal thick gray line shows the surface
pressure where the plateau of the isotherm was observed.
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of the isothermwas observed, the surface of the 1-layer LB filmwas not
as smooth as expected, and protruding stripes similar to Fig. 6b were
observed. The height of the stripes ranged from 1 to 4 nm. The section
profiles of the images in Fig. 7 are shown in Figs. S4 and S5 in the SI.
When the two images in Fig. 7 are compared, the number of stripes
increases with increasing surface pressure. Since the CD analysis in
Fig. 4a and b indicated that the helices were horizontally oriented up
to 22 mN/m, the protruding stripes can be ascribed to the regions
where the helices overlapped, as in Fig. 6b.

When the 1-layer LB film of K3-19W was deposited at 24 mN/m
from the subphase at 41.5 °C, the morphology changed. Because the
Fig. 6. AFM images of the 1-layer LB films of K3-19W deposited to the mica substr
deposition pressure (24 mN/m) was in the plateau region in the iso-
therm, the pattern of the images was not well-reproduced. The images
of extreme cases are shown in Fig. 8a and b. The images observed at
πdep = 24 mN/m often consisted of patterns of these two images.
Thus, the surface morphology dramatically changed as the helix orien-
tation changed at around 24 mN/m (Fig. 5a). The images consisted of
two different height regions. The average height difference between
the two regions (Δd) and the area ratio between the high and low
regions (AH:AL) of the image in Fig. 8b were determined to be 0.9 nm
and 52:48, respectively, from analysis of the height histogram shown
in Fig. S6 in the SI. According to the uniformly oriented model in
Eq. (1) used for the analysis of the CD spectra, the film surface was
expected to be flat and smooth. However, the two different height
regions in the AFM images with ca. 1 nm height difference clearly indi-
cated that the orientation of the helices in the 1-layer LB film was not
uniform.

Further increase of πdep reduced the area of the low height regions
(Fig. 9) with AH:AL = 69:31 at πdep = 26 mN/m and AH:AL = 77:23 at
29 mN/m. The analyses of the height histogram are shown in Fig. S7
in the SI. Upon compression, the high domains in Fig. 8b at πdep =
24 mN/m merged and grew larger, resulting in the high height regions
in Fig. 9a at πdep=26mN/m. Since the isotherm showed low compress-
ibility above 26mN/m (Fig. 2a, thin black line), the pattern showed few
changes upon compression from 26 to 29 mN/m (Fig. 9). The Δd value
also did not significantly change (0.64 and 0.81 nm at πdep = 26 and
29 mN/m, respectively). According to the uniform-orientation analysis
of the CD spectra, all of the helices are expected to orient at θ = 52°
and 49° at πdep = 26 and 29 mN/m, respectively (Fig. 5a), and the sur-
face of the 1-layer LB film should be flat. However, the surface consisted
of a lot of trenches with 0.5–1 nm depth (Fig. 9). Thus, the uniform-
orientation model cannot be applied even above the surface pressure
where the plateau of the isotherm was observed.

The surface morphology of the 1-layer LB film of K3-19A prepared
from the subphase at 41.5 °C (Fig. 10) also exhibited a similar trend to
that observed in the case of K3-19W. Below the plateau of the isotherm
at around 20 mN/m (Fig. 2b, thick green line), the pattern of the pro-
truding stripes with height from 1 to 2 nm was observed at 17 mN/m
(Fig. 10a, see Fig. S8 in the SI for the section analysis), and their direction
was predominantly oriented perpendicular to the direction that the
barriers moved, as observed in Fig. 7. At πdep = 20 mN/m, correspond-
ing to the plateau region in the isotherm (Fig. 2b, thick green line), the
morphology greatly changed: the stripes disappeared and the regions
ca. 1.5 nm higher than surroundings appeared (Fig. 10b, see Fig. S9 in
the SI for the section analysis). The orientation of the helices in the
1-layer LB film was horizontal up to 20 mN/m (Fig. 5b). The protruding
ate from the subphase at 21.5 °C. (a) πdep = 6.5 mN/m. (b) πdep = 30 mN/m.



Fig. 7. AFM images of the 1-layer LB films K3-19W deposited on the mica substrate from the subphase at 41.5 °C. (a) πdep = 10 mN/m. (b) πdep = 22 mN/m.
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stripes observed at πdep = 17 mN/m and the domains 1.5 nm higher
than the surrounding layer observed at πdep = 20 mN/m formed by
the overlap of helices with an anti-parallel alignment, as shown in
Fig. 3c.
Fig. 9. AFM images of the 1-layer LB films of K3-19W deposited on the mica subst

Fig. 8. AFM images of the 1-layer LB films of K3-19W deposited on the mica substrate a
At 22 mN/m, which is slightly above the surface pressure of the
plateau in the isotherm, the area of the high regions increased
(Fig. 10c) together with a change in the tilt angle from 90° to 55°
(Fig. 5b). According to a height histogram analysis of Fig. 10c (see
rate from the subphase at 41.5 °C. (a) πdep = 26 mN/m. (b) πdep = 29 mN/m.

t πdep = 24 mN/m from the subphase at 41.5 °C. The insets are magnified images.



Fig. 10. AFM images of the 1-layer LB films of K3-19A deposited on the mica substrate from the subphase at 41.5 °C. (a) πdep = 17 mN/m. (b) πdep = 20 mN/m. (c) πdep = 22 mN/m.
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Fig. S10 in the SI for the histogram), the area ratio between the high and
low regions (AH:AL) is 24:76 and the average height difference (Δd) is
0.64 nm. Thus, in the case of the 1-layer LB film of K3-19A deposited
at 22 mN/m from the subphase at 41.5 °C, the uniform-orientation
model also cannot be applied.

3.4. Structure model for the monolayer with θ b 90°

Because the uniform orientation model in Eq. (1) is not suitable for
themonolayer with θ b 90°, an alternative model is required. At surface
pressures lower than that at the plateau in the isotherm observed for
the subphase temperature of 41.5 °C, overlap of the horizontally orient-
ed helices was observed in the AFM images (Figs. 7a, b, and 10a). The
overlap occurred inhomogeneously and striped patterns or domains
were formed. The formation of these stripes and domains consisting of
bundles of anti-parallel helices (Fig. 3c) corresponded to the nucleation
and growth of aggregates of helices, whose growth direction was
oriented not only in the in-plane but also in the out-of-plane direction
of the interface, i.e., a 3-dimensional (3D) growthmode. This 3D growth
mode was induced by compression of the Langmuir monolayer even at
a surface pressure lower than that at the plateau of the isotherm and is
the dominant growthmode in the Langmuirmonolayer at the subphase
temperature of 21.5 °C (Fig. 6a and b). To explain the changes in the CD
spectra observed at a surface pressure higher than that at the plateau in
the isotherm, we have to introduce another mode for the change in the
molecular arrangement upon compression: themode of transformation
in the tilt angle of the helices from θ = 90° to θ b 90° without overlap.
Thus, we assumed that the two modes (3D growth mode, where the
helical axes were maintained at θ = 90°, and transformation mode
from θ=90° to θ b 90°) progressed upon compression of the Langmuir
monolayer. It is also suspected that these twomodes cannot occur in the
same region of the Langmuir monolayer. Therefore, it is assumed that
the growth of the two modes simultaneously occurred at the different
regions of the Langmuir monolayer and formed two different height
regions, as observed in Figs. 8b, 9a, b, and 10c. Therefore, the plateaus
Fig. 11. Geometrical parameters for the structural model of the Langmuir monolayer
under a surface pressure higher than that observed at the plateau of the isotherm.
of the isotherms do not correspond to a real phase transition like the
liquid–solid phase transition in the Langmuir monolayers of lipids [47].

Under these assumptions, we can deduce the structure of the
Langmuirmonolayer, as shown in Fig. 11.N90° is the number of overlap-
ping helices in the domain induced by the 3D growth mode, and their
helical axes are parallel to the interface (θ = 90°). Nθ is the number of
helices with a tilt angle θ b 90°, and the region of non-overlapping Nθ

helices is induced by the transformation mode. The three unknown
values (N90°, Nθ, and θ) were determined using the equations of the
three measureable values (Eqs. 2–4), the height difference (Δd) obtain-
ed by the height histogram analyses of the AFM images (Figs. S6, S7a
and b, and S10 in the SI), the area ratio between the high and low
regions (AH:AL) of the AFM images (Figs. S6, S7a, b, and S10), and the
molecular area (MA) obtained from the isotherm (Fig. 2b).

When the shape of theα-helix is treated as a cylinder, the radius (r)
and the length of the cylinder per AA residue are expected to be
0.5–0.55 and 0.15 nm, respectively [13,21], as mentioned above.
The length of the helix is 0.15 × 22 = 3.3 nm. Therefore, the values of
Δd (nm), AH:AL, and MA (nm2/molecule) are given by following
equations:

Δd ¼ 2r þ N90�−1ð Þ
ffiffiffi
3

p
r

n o
−3:3 cosθ

��� ���; ð2Þ

AH : AL ¼ 3:3r :
πr2

cosθ
Nθ or

πr2

cosθ
Nθ : 3:3r; ð3Þ

MA ¼
2r � 3:3þ πr2

cosθ
Nθ

N90� þ Nθ
: ð4Þ

Using the calculated values of N90°, Nθ, and θ, the CD spectrum was
reproduced by the following equation:

CDRep λ; θð Þ ¼ C0 Nθ G1 λð Þ cos2θþ G2 λð Þ sin2θ
n o

þ N90�G2 λð Þ
h i

; ð5Þ

where C′ is a constant, and the rootmean square (RMS) of the difference
between the calculated andmeasured spectrawas evaluated. The use of
r = 0.5 or 0.55 in(3) Eqs. (2–4) and the selection of the ratios in Eq. (3)
were determined by which value and ratio gave the smaller RMS value.

The calculated values are summarized in Table 2. In all cases, the
RMS values of the CD spectra determined from the calculated values
in Table 2 were slightly higher than the values obtained by the fitted
curves shown in Figs. 4c–e and S2c. The comparison of the RMS values
is made in Table S1 in the SI. Therefore, the calculated values give
well-fitted CD spectra, as did the fitted curves using Eq. (1) (see
Fig. S11 in the SI).



Fig. 12. Structure models of the helical AP monolayers of (a) K3-19W and (b) K3-19A on the subphase at 41.5 °C.
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These calculations revealed that the high height regions in the AFM
images (Figs. 8b, 9a, b, and 10c) consisted of horizontally aligned and
overlapping helices for both peptides. In the case of K3-19W, as the
surface pressure increased, both the fraction of the high height area
AH/(AH + AL) and N90° increased but Nθ remained almost constant.
Therefore, evenwhen the subphase temperature was 41.5 °C, the trans-
formationmode from θ=90° to θ b 90° could not dominate over the 3D
growth mode that induces the overlapped helices. The changes in the
alignment and the orientation of the helices of K3-19W upon compres-
sion at 41.5 °C are summarized in Fig. 12a. Compression of the Langmuir
monolayer induces the 3D growth mode at low surface pressure
(b10 mN/m) and no tilted helices are found up to 22 mN/m. When
the surface pressure reaches the pressure where the plateau region
of the isotherm is observed (24mN/m), the transformationmode is trig-
gered and the tilt angle of the non-overlapping helices becomes less
than 90°. Further compression promotes the 3D growth mode as well
as the reduction of the tilt angle, and the helices involved in the trans-
formation mode align their helical axes almost perpendicular (θ = 7°)
to the surface. In the case of the K3-19A helices (Fig. 12b), the value of
Nθ at the pressure where the plateau region of the isotherm is observed
(22mN/m) is larger than the case of the K3-19Whelices. This difference
can be ascribed to the difference in the HM value (Fig. 1). Because K3-
19A has a smaller HM value than K3-19W, the K3-19A helices horizon-
tally oriented at the air–water interface are more easily able to rotate
than the K3-19W helices. The ease of rotation of the helices may lead
to destabilization of the helix orientation upon compression. Therefore,
the transformation mode of the K3-19A helices is triggered at a lower
surface pressure than the K3-19W helices, and the value of Nθ of the
K3-19A helices is larger than the K3-19W helices.

Mechanical properties of the Langmuir monolayers can be assessed
by their surface compressibility modulus (Ks). Basically, the higher the
value of Ks, the tighter the lateral packing of molecules. Ks is defined
as the reciprocal of compressibility (Cs) as follows [48]:

Ks ¼ Cs
−1 ¼ −A

∂π
∂A

� �
T
: ð6Þ

The Ks–π isotherms of the Langmuir monolayers were calculated
from theπ–A isotherms andare shown in Fig. 13. Below the surface pres-
sures at the plateau regions in the π–A isotherms (24 and 20 mN/m
for K3-19W and K3-19A, respectively), the maximum value of Ks of
the Langmuir monolayer of K3-19W (Ks = 38 mN/m, Fig. 13) was
smaller than that of K3-19A (Ks = 50 mN/m, Fig. 13), suggesting that
the K3-19W helices overlapped easier than the K3-19A helices. This
suggestion qualitatively supports our analysis that the fraction of N90°
Table 2
Conditions and calculated values of N90°, Nθ, and θ.

Peptide πdep
[mN/m]

Δd
[nm]

AH:AL MA
[nm2/mo

K3-19W 24 0.90a 52:48a 1.84
K3-19W 26 0.64 69:31 0.90
K3-19W 29 0.81 77:23 0.74
K3-19A 22 0.64 24:76 0.99

a The values were obtained from Fig. 8b (see also Fig. S6).
of the K3-19W helices is larger than that of the K3-19A helices
(Table 2). Above the surface pressures at the plateau regions in the
π–A isotherms, a reasonable correlation between θ and Ks was observed
in the Langmuirmonolayer of K3-19W (Fig. 13). Because the denser the
lateral packing, the higher the value of Ks, the value of Ks must increase
as the value of θ decreases, and such dependence was observed for the
K3-19W helices, i.e., θ = 34° (Table 2) and Ks = 12 mN/m (Fig. 13) at
π = 26 mN/m were changed to θ = 7° (Table 2) and Ks = 28 mN/m
(Fig. 13) at π = 29 mN/m. Furthermore, when the values of θ were
similar (θ = 34° and 39° for the K3-19W and K3-19A helices, respec-
tively as listed in Table 2), the values of Ks were similar (Ks = 12 and
16 mN/m in the Langmuir monolayers of K3-19W and K3-19A, respec-
tively as shown in Fig. 13). This similarity between K3-19W and K3-19A
should be observed, because both APs formed the same secondary
structure as the CD spectra in Figs. 4 and S2 indicated. Thus, the results
of the analysis based on our structural model do not contradict to the
mechanical property of the Langmuir monolayers.
4. Conclusions

The influence of the subphase temperature on the orientation of
amphiphilic helices at the air–water interface was investigated. We
found that increasing the subphase temperature from 21.5 to 41.5 °C
leads to a plateau region in the π–A isotherm and a change in the helix
orientation coupled with the surface pressure at the plateau. Because
the helices overlapped without changing their orientation from 90°
upon compression at 21.5 °C, we conclude that not only the compres-
sion of the Langmuir monolayer but also the thermal energy is impor-
tant to trigger the change in the orientation of the horizontally aligned
helices. To explain the formation of two different height regions
observed in the monolayers transferred on the mica substrates, the
uniform orientation model is inappropriate and an alternative model
is proposed, where helices with two different orientations separately
occur at the air–water interface. By allocating horizontally oriented
helices and helices with a tilt angle θ b 90° to the two different height
regions, reasonable values of the parameters in the proposed model
were calculated and the CD spectra calculated using the calculated
values were in good agreement with the observed parameters. Based
on the proposedmodel, the structural change of the Langmuirmonolay-
er consisting of amphiphilic helices upon compression was determined.
According to this model, the overlapping of horizontally oriented heli-
ces and the reduction in the tilt angle simultaneously occurred at and
above the surface pressure at the plateau region observed in the π–A
isotherm.
lecule]
Radius (r)
[nm]

N90° Nθ θ
[degree]

0.55 2.3 1.5 65
0.5 3.7 1.6 34
0.5 4.6 1.5 7
0.5 3.5 9.3 39



Fig. 13. Ks–π isotherms of the Langmuir monolayers of K3-19W (thin black line) and
K3-19A (thick red line) at 41.5 ± 0.5 °C. Both were calculated from the π–A isotherms
shown in Fig. 2b. Blue arrows indicate the maximum values of Ks below π = 24 and
20 mN/m for K3-19W and K3-19A, respectively. Green arrows indicate the values of Ks

at π = 26 and 28 mN/m for K3-19W and that at π= 22 mN/m for K3-19A.
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The influence of the HM value of the helix on the orientation of the
amphiphilic helix at the air–water interface was also investigated. The
hydrophobic domain of the K3-19W helix exhibits a larger HM value
than that of the K3-19A helix. The Langmuir monolayer of K3-19A ex-
hibited a plateau region in the π–A isotherm, which was coupled with
the change in the helix orientation, at a lower surface pressure than
that of K3-19W. The ratio of the number of tilted helices (Nθ) in the
Langmuir monolayer of K3-19A was larger than that in the Langmuir
monolayer of K3-19W, even though K3-19A exhibits a lower average
hydrophobicity scale. Therefore, the hydrophobic domain of the amphi-
philic helix should be designed to have a small HM value to allow the
helix to more easily vertically orient at the interface.
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