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Amphiphilic block copolymers of poly(

 

L

 

-leucine-co-ethylene glycol) (PLeu

 

m

 

–PEG

 

n

 

) having three different compo-
sitions, 

 

m

 

:

 

n

 

 = 80:23, 57:46, and 66:114, were prepared and spread at an air–water interface to form a stable monolayer.
The 

 

α

 

-helical conformation of PLeu segment in the monolayers was confirmed by FT-IR and circular dichroism measure-
ments. The molecular orientation of PLeu helix rods in the monolayer was estimated by surface pressure-area isotherm
and FT-IR reflection absorption spectroscopy measurements. As a result, we confirmed that 

 

α

 

-helix rod of PLeu segment
oriented slightly normal to the membrane plane. Furthermore, it was indicated that each 

 

α

 

-helical rod in the
PLeu

 

57

 

–PEG

 

46

 

 monolayer is effectively oriented normal to the interface compared to that in the PLeu

 

80

 

–PEG

 

23

 

 and
PLeu

 

66

 

–PEG

 

114

 

 monolayers.

 

The orientation of 

 

α

 

-helical segments in the membrane pro-
tein is essential to control their intelligent functions such as the
transport of specific ions and/or the signal transductions.

 

1

 

 In
order to analysis and mimic these functions, it is important to
control the orientation of 

 

α

 

-helix molecules in artificial mem-
brane systems. Recently, a number of methods have been re-
ported in order to control the orientation of 

 

α

 

-helix in the
monolayer and Langmuir–Blodgett (LB) films. For example,
the LB method gave a preferred the parallel orientation of 

 

α

 

-
helices in the dipping direction.

 

2,3

 

 Furthermore, in order to con-
struct the polypeptide molecular membrane systems consisting
of 

 

α

 

-helices oriented normal to the membrane plane, several
techniques have been proposed.

 

4–14

 

 We also reported a prepara-
tion method for the membrane having 

 

α

 

-helices oriented per-
pendicular to the membrane plane by the adsorption of the
polypeptide having thiol group at the terminal to the Au(111)
surface.

 

13

 

 The Au surface could not completely be covered with
the polypeptide monolayer by this adsorption method. On the
other hand, we showed that an amphiphilic polypeptide,
poly(

 

γ

 

-methyl 

 

L

 

-

 

glutamate) containing hydrophilic 

 

β

 

-cyclo-
dextrin at the terminal of the molecule, was able to stand in the
monolayer membrane at an hexane–water interface.

 

9,11

 

 Howev-
er, it is much easier to prepare the LB film by transferring the
monolayer at air–water interface compared with that at oil–wa-
ter interface.

In this study, in order to obtain a normal orientation of 

 

α

 

-he-
lical rods in the monolayer at “air–water interface”, we have

prepared poly(

 

L

 

-

 

leucine) containing polyethylene glycol
(PEG) as a hydrophilic block segment and we have estimated
the molecular orientation at the interface. The block copoly-
mers, PLeu

 

m

 

–PEG

 

n

 

, formed a stable monolayer at air–water in-
terface and the 

 

α

 

-helical rods of PLeu segment tend to stand at
the interface by compression of the monolayer. Thus PEG seg-
ments are essential for standing of PLeu moieties by compres-
sion of the monolayer. Furthermore, we also discuss the influ-
ence of the difference in the composition, i.e., PLeu/PEG ratio,
on the 

 

α

 

-helix orientation at the interface.

 

Experimental

 

Preparation of Amphiphilic Block Copolymers.    

 

 Am-
phiphilic block copolymers of poly(

 

L

 

-leucine-co-ethylene glycol)
(PLeu

 

m

 

–PEG

 

n

 

) were prepared by polymerization of 

 

N

 

-carboxyan-
hydride of 

 

L

 

-leucine with polyethylene glycols (

 

M

 

w

 

 = 5050, 2050,
1050; NOF Corporation) having an amino group at a terminal of
the chain as an initiator in benzene (Fig. 1). An average degree of
polymerization of PLeu moiety was estimated by high-resolution

 

1

 

H NMR measurements (Varian XL-200 spectrometer) of the sam-
ple in trifluoroacetic acid. Thus we obtained three samples of dif-
ferent composition, PLeu

 

m

 

–PEG

 

n

 

; 

 

m

 

:

 

n

 

 = 80:23, 57:46, 66:114.

 

Circular Dichroism (CD) Measurements.    

 

CD measurements
of the copolymers in hexafluoro-2-propanol (HFP) were carried
out with a Jasco J-820K spectropolarimeter. CD spectra of the HFP
solution of PLeu

 

m

 

–PEG

 

n

 

 were expressed in terms of molar elliptic-
ity, [

 

θ

 

], based on the mean residue molecular weight. In order to
confirm the secondary structure of PLeu segments in molecular
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membrane, the CD spectra of LB film were also measured. In this
case the CD spectra were expressed in ellipticity, 

 

θ

 

. The monolayer
on the water was transferred onto the quartz plate by the horizontal
lifting method at 25 mN m

 

–1

 

 using a Langmuir–Blodgett film bal-
ance (Nippon Laser & Electronics Lab., NL-LB80-MT-M). We re-
peated this procedure five times to get LB film of PLeu

 

m

 

–PEG

 

n

 

 on
the quartz plate.

 

Surface Pressure-Area ( -A) Isotherms.    

 

The surface pres-
sure-area (

 

π

 

-A) isotherms of the copolymer monolayers were ob-
tained by the Wilhelmy method using Langmuir–Blodgett film bal-
ance. The surface pressure was determined with a precision of 1.0

 

×

 

 10

 

–4

 

 N m

 

–1

 

. A Teflon trough (90 mm 

 

×

 

 160 mm 

 

×

 

 2 mm) was
filled with Milli-Q treated water. PLeu

 

m

 

–PEG

 

n

 

 was solved in the
chloroform including 1% trifluoroacetic acid (TFA). The solution
of PLeu

 

m

 

–PEG

 

n

 

 (1.0 

 

×

 

 10

 

–5

 

 mol dm

 

–3

 

) was spread onto the water
surface by a microsyringe and the solvent was removed within 10
min to yield stable monolayer. The compression of the monolayer
in the trough was carried out by moving the Teflon barrier by 2
mm min

 

–1

 

.

 

FT-IR Reflection Absorption Spectroscopy (FT-IR/RAS).

 

The spectrum of FT-IR/RAS was recorded on a Perkin Elmer Spec-
trum 2000 equipped with an MCT (Mercury–Cadmium–Telluride)
detector with a resolution of 4 cm

 

–1

 

. An attachment, FT 80 Specular
Reflectance (Spectra-Tech Inc.), was used together with a polarizer
(Graseby Specac Ltd.) to select the p-polarized light. For the FT-
IR/RAS measurement, the monolayer at air–water interface was
transferred onto the Au-coated glass plate by the vertical dipping
method while keeping the surface pressure at 

 

π

 

 = 25 mN m

 

–1

 

 using
Langmuir–Blodgett film balance (Nippon Laser & Electronics
Lab., NL-LB240-MWA). 

The tilt angle of 

 

α

 

-helical axis from the surface normal was cal-
culated by the method proposed by Samulusky et al.

 

4

 

Here, 

 

γ

 

  is an angle between the helix axis and the axis normal to the
plane of the monolayer. 

 

A

 

I
obs

 

 and 

 

A

 

II
obs

 

 are the absorbance values of
amide I and amide II, respectively, observed by FT-IR/RAS mea-
surements. 

 

A

 

I
cal

 

/

 

A

 

II
cal

 

 is the calculated ratio of absorbance. The val-
ue of 

 

K

 

 was determined by Eq. 1 using the calculated value of 

 

A

 

I
cal

 

/

 

A

 

II
cal

 

 when 

 

γ

 

 = 90

 

°

 

 in Eq. 2 and the ratio of the observed absorbance
of the sample whose helices are oriented parallel to the Au sub-
strate.

 

Atomic Force Microscopy (AFM).     

 

 The LB films of
PLeu

 

m

 

–PEG

 

n

 

 were observed by an atomic force microscope (Digi-
tal Instruments, Nanoscope III a). The measurement was per-
formed in the tapping mode at room temperature with a silicon can-
tilever (Digital Instruments, NCH-10T). For the AFM observation,
the monolayer on the water surface transferred to a freshly cleaved
mica surface by the vertical dipping method while keeping the sur-
face pressure at 

 

π

 

 = 5 and 25 mN m

 

–1

 

 using a Langmuir–Blodgett
film balance (Nippon Laser & Electronics Lab., NL-LB240-
MWA).

 

Results and Discussion

-Helical Structure of the PLeu Segment.    

 

We estimated
the structure of the PLeu segment by circular dichroism (CD)
spectroscopy. The CD spectrum of the HFP solution of
PLeu

 

57

 

–PEG

 

46

 

 is shown in Fig. 2a. The spectrum exhibited two
negative bands at 208 and 222 nm typical of a right-handed 

 

α

 

-
helix. From the value of [

 

θ

 

]

 

222

 

 (–3,2 

 

×

 

 10

 

4

 

 deg cm

 

2

 

dmol

 

–1

 

), we
estimated that the 

 

α

 

-helix content

 

15

 

 of PLeu

 

57

 

–PEG

 

46

 

 was 91%
in the HFP solution. The CD spectrum of PLeu

 

66

 

–PEG

 

114

 

 was
similar to that of PLeu

 

57

 

–PEG

 

46

 

, the 

 

α

 

-helix content was esti-
mated to be 100%. PLeu

 

80

 

–PEG

 

23

 

 would not dissolve in HFP,
so we could not estimate the 

 

α

 

-helix content. One may say,
however, that the 

 

α

 

-helix structure of PLeu

 

80

 

–PEG

 

23

 

 is the
most stable, for it has the highest Leu content among the three
amphiphilic block copolymers. In order to estimate the confor-
mation of PLeu segment in the molecular membrane, the CD
spectrum of PLeu

 

57

 

–PEG

 

46

 

 LB (five layers) film is also shown
in Fig. 2b. The accurate molecular ellipticity, [

 

θ

 

], could not be
estimated owing to the linear dichroism of the film sample, so
the CD spectrum of LB film was expressed in 

 

θ

 

 (mdeg). The 

 

α

 

-
helical structure of PLeu segments can be confirmed from the
CD pattern in the spectrum exhibiting two negative bands at
208 and 222 nm typical of a right-handed 

 

α

 

-helix. In addition,
FT-IR spectrum of PLeu

 

57

 

–PEG

 

46

 

 LB (monolayer) film is
shown in Fig. 3. It exhibited two bands at 1662 and 1545 cm

 

–1

 

,
assigned as Amide I and Amide II of the typical 

 

α-helix,10 re-
spectively. Therefore, it seems that the PLeu segment exists as
the α-helical conformation in the LB film obtained by transfer-

Fig. 1. Poly(-leucine-co-ethylene glycol).
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ring the monolayer at 25 mN m–1 from water surface. The PLeu
segment in PLeu80–PEG23, PLeu66–PEG114 LB films was also
confirmed to be in the stable α-helical conformation by the

same spectroscopic methods.
Molecular Orientation of the PLeu Segment in Monolay-

er.    Figure 4 shows the surface pressure-area (π-A) isotherm
for monolayer of PLeu80–PEG23 at the air–water interface. The
values on the abscissa in this case indicate the area per one
block copolymer molecule. The surface pressure increased by
compression from 14.0 to 11.0 nm2/molecule, followed by a
little plateau up to 8.0 nm2/molecule and showed another in-
crease by further compression of the monolayer from 8.0 nm2/
molecule. The two steep increase parts in the isotherm suggest
the existence of different molecular arrangements in the mono-
layer. Extrapolations of each steep increase part of the isotherm
to π = 0 gave two values of limiting area of PLeu80–PEG23

monolayer, AS and AL, respectively, in Fig. 4. We similarly esti-
mated AL and AS values for PLeu57–PEG46 and PLeu66–PEG114

monolayer systems. These values of AS and AL are shown also
in Table 1. The calculated values, A// and A⊥, in Table 1 were
the area per molecule of poly(L-leucine) whose degree of poly-
merization is 80, 57, and 66, respectively, when they oriented
parallel (A//) and normal (A⊥) to the monolayer, based on the
value of area per leucine residue estimated from the limiting
area of poly(L-leucine) monolayer.16 The value of AL was
smaller than that of A// for all systems. This indicates that α-he-
lical rods of PLeu are not perfectly parallel to the air–water in-
terface around AL before the steep increase in the surface pres-

Fig. 2. Circular dichroism spectra of PLeu57 PEG46.
a; HFP solution, b; LB film.

Fig. 3. FT-IR reflection absorption spectrum of mono-
layer of PLeu57 PEG46 transferred to a Au substrate.

Fig. 4. π-A isotherm for monolayer of PLeu80 PEG23.

Table 1. Limiting Area Estimated from π-A Isotherms
(nm2/molecule)

Observed Calculated
AS/A⊥ APEG

AL AS A// A⊥
PLeu80 PEG23 12.3 10.4 15.9 1.5 6.7 1.4
PLeu57 PEG46 6.3 4.4 11.3 1.5 2.9 2.8
PLeu66 PEG114 10.5 8.6 13.1 1.5 5.7 7.4
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sure. The value of AS is smaller than that of AL indicating that
the α-helical segments can tilt more with respect to the inter-
face by compression of the monolayer. It has been already con-
firmed that α-helix rod of poly(L-leucine) could not stand in
the monolayer at the air–water interface.15 One  may say, there-
fore, that the PEG segment is essential for the tilting of PLeu
segment in these copolymer monolayer systems. The solubili-
zation of the hydrophilic PEG segment into water may make
the PLeu segment stand at the interface. Furthermore, we eval-
uated the degree of molecular orientation of PLeu by the ratio,
AS/A⊥ (Table 1). As the result, the value of AS/A⊥ of
PLeu57–PEG46 was smaller than those of other systems, indi-
cating that there is an optimum composition for the copolymers
to be effectively oriented at the air–water interface.

In order to estimate the PEG segment size, the area per mol-
ecule of PEG segment for each block copolymer was calculat-
ed based on the free-jointed chain model and this area is shown
as APEG in Table 1. In PLeu66–PEG114 system, the observed AS,
8.6 nm2/molecule, is comparable to APEG, 7.4 nm2/molecule.
This means, at high surface pressure region, the interaction be-
tween the large PEG segment itself may disturb the further tilt-
ing of the PLeu segment. On the other hand, the fact that α-he-
lix rod can not stand in the poly(L-leucine) monolayer may be
due to the polypeptide helix–helix interaction which stabilizes
the helix aggregated large domain structure so as to prevent tilt-
ing of individual α-helix molecules in the monolayer. The
structural stability of the PLeu80–PEG23 monolayer whose he-
lix rod is parallel to the monolayer plane is almost identical
with that of poly(L-leucine) monolayer, because the PEG seg-
ment is too small to prevent PLeu–PLeu interactions. This is
the reason why there is an optimum chain length of PEG seg-
ment to effectively induce the normal orientation of α-helical
part at air–water interface.

We measured FT-IR/RAS of PLeum–PEGn monolayer to
confirm the orientation of PLeu segment in the monolayer. In
order to evaluate the orientation in the solid condensed mono-
layer, we transferred the monolayer onto a Au substrate at 25
mN m–1. The spectrum of PLeu57–PEG46 LB (monolayer) film
has been already shown in Fig. 3. As the transition moment di-
rection with respect to the helix axis was different between
Amide I and II, the tilt angle (γ) of the α-helix rod from normal
to the monolayer was estimated using Eqs. 1 and 2, and the ra-
tio of the individual intensities of Amide I and II absorption
(Table 2). It is clear that the PLeu segment tilts slightly from
the perpendicular to the membrane plane in the all
PLeum–PEGn monolayer systems. Furthermore, the tilt angle
of PLeu57–PEG46 was smaller than PLeu80–PEG23 and
PLeu66–PEG114 systems. This agreed with the result of AS/A⊥ in

Table 1 obtained from the π-A isotherm.
AFM Image of PLeum–PEGn Monolayer.    The morphol-

ogy of monolayer was directly observed by atomic force mi-
croscope (AFM) using PLeu57–PEG46 LB films transferred by
the vertical dipping method at π = 5 and 25 mN m–1. AFM im-
ages are shown in Fig. 5 (a; 5 mN m–1, b; 25 mN m–1) with the
π-A isotherm. It is clear that large domains of several µm in
size exist in the LB (monolayer) film, in Fig. 5a, indicating a
PLeu57–PEG46 aggregation at air–water interface even at lower
surface pressure (5 mN m–1). Figure 5b shows an AFM image
of the LB film of PLeu57–PEG46 obtained by transferring the
monolayer at 25 mN m–1 from water surface onto the mica sub-
strate. With the compression of the monolayer up to 25
mN m–1, the domains assembled together to yield a condensed,
rather homogeneous monolayer. However, several gaps are
clearly seen along the junctions of the domains.

Conclusion

Amphiphilic block copolymers, PLeum–PEGn (m:n =
80:23, 57:46, 66:114), formed a stable monolayer at the
air–water interface. PLeu segment maintained the α-helical
conformation in the monolayer. The π-A isotherms and FT-IR/
RAS measurements showed that α-helical rods of PLeu seg-
ment tend to stand at the interface by compression of the mono-
layer. Thus it was confirmed that PEG segments were essential
for the normal orientation of PLeu segments. However, the de-
gree of tilting of helical rods from the surface normal was dif-
ferent among these three samples, i.e., there is an optimum
length of PEG segment to effectively stand the α-helical part of
the amphiphiles at the air–water interface. The compression of
the monolayer induced the aggregation of monolayer domains
which preexisted under the lower surface pressure, and the ag-
gregate face of the domains is left as a gap in the solid con-
densed state of the monolayer.

Table 2. AI/AII Ratios and Values of Tilt Angle (γ ) of
α-Helix from Normal to the Monolayer

AI/AII γ
PLeu80 PEG23 1.60 53◦

PLeu57 PEG46 2.25 45◦

PLeu66 PEG114 1.44 62◦

Fig. 5. π-A isotherm and AFM images of PLeu57 PEG46.
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