
Biochimica et Biophysica Acta 1828 (2013) 1205–1213

Contents lists available at SciVerse ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem
Surface pressure induced structural transitions of an amphiphilic peptide in
pulmonary surfactant systems by an in situ PM-IRRAS study

Hiromichi Nakahara, Sannamu Lee, Osamu Shibata ⁎
Department of Biophysical Chemistry, Faculty of Pharmaceutical Sciences, Nagasaki International University, 2825-7 Huis Ten Bosch, Sasebo, Nagasaki 859-3298, Japan
⁎ Corresponding author. Tel./fax: +81 956 20 5686.
E-mail address: wosamu@niu.ac.jp (O. Shibata).
URL: http://www.niu.ac.jp/~pharm1/lab/physchem/in

0005-2736/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.bbamem.2013.01.003
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 October 2012
Received in revised form 30 December 2012
Accepted 8 January 2013
Available online 13 January 2013

Keywords:
RDS
Langmuir monolayer
Lung surfactant
DPPC
PG
SP-B
Pulmonary surfactant model peptide, Hel 13–5, in binary and ternary lipid mixtures has been characterized
employing the polarization–modulation infrared reflection–absorption spectroscopy (PM-IRRAS) in situ at
the air–water interface for a monolayer state and the polarized ATR-FTIR for a bilayer film. In the bilayer
form, Hel 13–5 predominantly adopts an α-helical secondary structure in the lipid mixtures. It had been
made clear from CD measurements that the Hel 13–5 structure is mainly in the α-helical form in aqueous so-
lutions. In the monolayer state, however, the secondary structure of Hel 13–5 exhibits an interconversion of
the α-helix into β-sheet with increasing surface pressures. The difference in the secondary structure is attrib-
uted to formation of a surface-associated reservoir just below the surface monolayer. The reservoir formation
is a key function of pulmonary surfactants and is induced by a squeeze-out of the fluid components in their
monolayers. Compression and expansion cycles of the monolayers generate a hysteresis in molecular orien-
tation of the lipid monolayer as well as in peptide structure. The formation and deformation of reservoirs are,
in common, deeply related to the hysteresis behavior. Thus, the transition of peptide structures across the
interface is a quite important matter to clarify the role and its mechanism of the reservoirs in pulmonary
functions. The present study primarily reveals roles of the anionic lipids in control of the peptide secondary
structure. Accordingly, it is demonstrated that they prevent the protein structure transition from α-helix into
β-sheet by incorporating the peptide during the squeeze-out event.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Pulmonary surfactant (PS), which lines an air–alveolar fluid interface
of mammalian lungs, functions to control surface tension at the interface
during breathing and to exert primary immunization against exogenous
bacteria and viruses. In particular, the former accomplishes prevention of
alveolar collapses at end-expired state and minimization of the work of
breathing [1]. The mechanism is based on formation of surface mono-
layers enriched in dipalmitoylphosphatidylcholine (DPPC) and on that
of bilayer or multilayer structures (or surface-associated reservoirs)
closely attached to the monolayers at low surface tensions. A variety of
investigations utilizing intact lung tissue and model film have demon-
strated the existence of surface-associated reservoirs. Schürch et al.
reported visually on the existence utilizing transmission electronmicros-
copy [2,3]. In the paper, the surface layer partially integrates amultilayer
structure, which consists of 4–7 straight lamellae. Recently, Thomas and
co-workers have revealed amultilayer structure of lipid–protein bilayers
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in porcine lung surfactant systemwith neutron reflection [4]. In addition,
the existence of layered structures has been supported in studies onfilms
that mimic the alveolar lining layer using fluorescence microscopy (FM)
and atomic force microscopy (AFM) [5–8]. The layered structure is con-
sidered to act as reservoirs forfluidmolecules such as surfactant proteins
(SP-B and SP-C) and anionic phospholipids (phosphatidylglycerol, or
PG). These observations over the past decade engender high confidence
in relevance of the reservoirs to the breathingmechanism. However, the
structural transition and activity of the reservoirs and their compositions
along the compression–expansion cycle remain unknown at the molec-
ular level. A few reports have shown the fact that the formation of reser-
voirs generates a delay of respreading of the excludedmaterials onto the
surface during film expansion [7,9], which is commonly exhibited as a
characteristic of hysteresis loop in a surface pressure (π)−molecular
area (A) isotherm. The functions in reservoirs are considered to be relat-
edwith thefluidity (or solubility) of PS components andwith the specific
interaction between positively charged proteins and negatively charged
PG [7,9,10]. More recently, the electrostatic interaction with charged
palmitic acid (PA) utilizing the PS models has been demonstrated [11].
However, it has been hardly discussed how the interaction affects the
protein structures and lipid conformations due to the multiformity of
PS components. That is, the distinct mechanisms in reservoir functions
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are obscured by a spacial bulkiness of protein structures, their several in-
teraction sites with lipids, and a content of multicomponent lipids.

In most mammals, PS is composed of ~90 wt.% lipids and ~10 wt.%
proteins classified as SP-A, SP-B, SP-C, and SP-D. The lipids consist pre-
dominantly of phosphatidylcholines (especially DPPC, ~50 wt.%) and of
smaller but significant amounts of PG and PA [12–14]. With respect to
the proteins, the hydrophobic SP-B has a crucial role in pulmonary func-
tions at the air–alveolar fluid interface [15–17]. SP-B has a net charge
of+7under the physiological condition,which is thought to be essential
for electrostatic interactions between its polar residues and the head-
groups of negatively charged lipids such as PG [7,10] and PA [11]. In
this regard, synthetic peptides based on amino acid sequence of SP-B
have been designed to clarify the mechanism of lipid–protein interac-
tions across the interface and to develop synthetic surfactant prepara-
tions containing artificial peptides such as KL4 [18–20] and Hel 13–5
[9,21,22] for the patients suffering from respiratory distress syndrome
(RDS). Hel 13–5 is a monomeric synthetic peptide based on N-terminal
segment of SP-B. Its structure and surface activity have been systemati-
cally investigated from the thermodynamic and morphological aspects
[8,21,23]. The secondary structure of Hel 13–5 is predominantly
α-helix in aqueous solutions containing phospholipids [24,25]. In the
monolayer, however, its structure varies depending on surface pressure
and surrounding lipid [26]. Generally, the hysteresis behavior is ob-
served in thermodynamic parameters such as surface pressure and sur-
face potential against molecular area during the compression and
expansion cycle. In addition, recent works have showed the hysteresis
for secondary structure of peptides employing the IRRAS technique
[26–28]. However, it is not still established at the molecular level how
the hysteresis behavior is induced, although it is considered to be deep-
ly related with the reservoir formation below the surface.

Herein, we report variational modes of the peptide secondary
structure and lipid conformation along the formation and deforma-
tion of the reservoirs utilizing PS model preparations. To catch the
modes, attenuated total reflectance (ATR)-FTIR and polarization–
modulation infrared reflection-absorption spectroscopy (PM-IRRAS)
have been employed for bilayers and monolayers in situ at the air–
water interface, respectively. PM-IRRAS is almost insensitive to the
strong IR absorption of water vapor and allows the extraction of faith-
ful information on conformation and orientation of proteins in the
monolayer. It is evident that secondary structure determination of
surfactant proteins and their analogue peptides in monolayers is es-
sential for understanding their in vivo function during respiration
and for designing model peptides for the replacement therapy. The
aims of the present study are to reveal the correlation between the
reservoir function and the electrostatic (lipid–peptide) interactions
during lateral compression–expansion cycles [9] and to elucidate
the secondary structure transfer by applying surface pressure at the
air–water interface. ATR-FTIR spectra for the (bilayer) films are uti-
lized to confirm the peak frequency of PM-IRRAS spectra in the
amide region and to compare the data accumulated in the aqueous
solution with those at the surface. PM-IRRAS spectra of the mono-
layers are separately analyzed for antisymmetric methylene vibration
of the lipids and for the amide I mode of Hel 13–5. Multiple IR data
have been collected for PS model preparations of DPPC/PA (=90/9,
wt/wt), DPPC/PG (=68/22, wt/wt), and DPPC/PG/PA (=68:22:9,
wt/wt/wt) with or without Hel 13–5 under the physiological condi-
tion [9]. The ternary DPPC/PG/PA mixture mimics the lipid composi-
tions existing in amnion liquid and has been used for synthetic-type
RDS medicine such as Surfaxin® and preparations [19,29–31].

2. Materials and methods

2.1. Materials

Hel 13–5 (NH2-KLLKLLLKLWLKLLKLLL-COOH, >98%) peptide was
synthesized by the Fmoc (9-fluorenylmethoxycarbonyl) technique and
purified with reverse-phase HPLC as described elsewhere [24]. Detailed
procedures of synthesis, purification, and basic analysis for Hel 13–5
were reported previously [25,32]. L-α-Dipalmitoylphosphatidylcholine
(DPPC; purity >99%) and L-α-phosphatidylglycerol (PG; purity >99%)
were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). PG was
supplied as its sodium salt (egg, chicken). Palmitic acid (PA, purity
>99%) was purchased from Sigma (St. Louis, MO). These lipids were
used without further purification. Chloroform (99.7%) and methanol
(99.8%) used as spreading solvents were purchased from Cica-Merck
(Uvasol, Tokyo, Japan) and nacalai tesque (Kyoto, Japan), respectively.
Tris(hydroxymethyl) aminomethane (Tris) and acetic acid (HAc) of
guaranteed reagent grade for the preparation of a subphase were
obtained from nacalai tesque. Sodium chloride (nacalai tesque) was
roasted at 1023 K for 24 h to remove all surface-active organic impuri-
ties. The substrate solution was prepared using thrice distilled water
(the surface tension=71.96 mN m−1 at 298.2 K and the electrical re-
sistivity=18 MΩcm).

2.2. Langmuir monolayer preparations

Stock solutions of DPPC (1.0 mM), PG (0.5 mM), PA (1.0 mM),
and Hel 13–5 (0.1 mM) were prepared in chloroform/methanol (2/
1, v/v). In the present work, we used the following three model lipids
as pulmonary surfactant (PS) lipids; the binaryDPPC/PA (=90/9,wt/wt),
binary DPPC/PG (=68/22, wt/wt), and ternary DPPC/PG/PA mixtures.
For the PS model preparations, the lipids with a constant but critical
amount of Hel 13–5 (XHel 13–5=0.1) were utilized, because the peptide
concentrations strongly affect the phase behavior [9,21] and spectrum
mode [26,27] of PS preparations. Detailed information on lipid and pep-
tide compositions was described in the previous study [21]. An aliquot
of the solutions is spread onto the subphase of 0.02 M Tris buffer with
0.13 M NaCl (pH 7.4). The preparation of the subphase was performed
as described previously [21,23]. The spreading solvents were allowed
to evaporate for 30 min prior to compression for PM-IRRAS measure-
ments. The monolayer was compressed and expanded at a speed of
b0.11 nm2 molecule−1 min−1. The temperature was kept constant at
298.2±0.1 K throughout the experiments.

2.3. ATR-FTIR measurements

Polarized ATR-FTIR spectra were recorded on a Fourier transform
spectrometer (JASCO FT/IR-4200, Tokyo, Japan) at a nominal resolu-
tion of 2 cm−1. A horizontal ATR accessory (ATR PRO410-S, JASCO)
was used with a germanium crystal (Ge, refractive index=4.0) as
an internal reflection element (IRE). The angle of incidence of the
IRE was 45° (single reflection). The surface of the ATR crystal avail-
able for coating by the sample (refractive index=1.4 [33,34]) had di-
mensions of 1.8 mm2. A zinc selenide (ZnSe)-mounted IR holographic
wire-grid polarizer with the diameter of 25 mm (Edmund Optics, NJ,
USA) was used in the incident beam to control both p- (parallel to the
plane of incidence) and s- (perpendicular) polarization. A total of 512
individual scanswere co-added at room temperature. The spectrometer
was purged with dry air (1.0 L/min). Aliquots (30 μL) of ~0.5 mg/mL
CHCl3/MeOH (=2/1, v/v) solutions of the desired sample composition
were dried down on the Ge ATR crystal. After evaporation of the sol-
vents, spectra of the dry sample (not hydrated vesicles) were recorded
with the polarized (p and s) and non-polarized radiation. Data analy-
ses of the phosphate stretching (1000–1300 cm−1), the amide (1400–
1800 cm−1), and the methylene stretching (2800–3000 cm−1) re-
gions were accomplished with Spectra Manager Ver. 2 (JASCO). The
spectra displayed in the figures were the mean spectra of at least 3
runs.

The order parameter of an α-helical peptide in a supported film
can be derived from the measured dichroic ratio (RATR) in the
spectral region 1662–1645 cm−1 [35]. This ratio was then used to
calculate the following molecular order parameter (S) of the



Fig. 1. PolarizedATR-FTIR spectra of afilmof theDPPC/PA(=90/9,wt/wt)/Hel 13–5 (upper),
DPPC/PG(=68/22, wt/wt)/Hel 13–5 (middle), and DPPC/PG/PA(=68/22/9, wt/wt/wt)/Hel
13–5 (lower) systems at XHel 13–5=0.1 in the region of 1400–1800 cm−1 at a room temper-
ature. Solid lines correspond to p-polarization and dashed lines to s-polarization of the
incident radiation.
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peptide [33]:

S ¼ 2
3cos2α−1

⋅
E2
x−RATRE2
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y−2E2
z

ð1Þ

where Ex, Ey, and Ez denote the normalized electric field components
when the IR beam is polarized in the respective directions; Ex=1.411,
Ey=1.461, and Ez=0.770 are used in the present study [36]. For the
peptide, the angle (α) between the helix axis and the transition dipole
moment was typically fixed at 39° [33,37–40]. In addition, S was also
calculated using the following equation;

S ¼ 3cos2θ−1
2

ð2Þ

where θ is the mean angle between the helix axis and the membrane
normal, namely the mean tilt angle of α-helix backbone against the di-
rection perpendicular to the IRE surface. More details were described in
the previous study [26].

2.4. PM-IRRAS measurements

In situ polarization–modulation infrared reflection–absorption
spectrum (PM-IRRAS) measurements at the air–water interface
were performed using a KSV PMI 550 instrument (KSV Instruments
Ltd., Helsinki, Finland) coupled to a commercially available film bal-
ance system (KSV Minitrough, KSV Instruments Ltd.). The incident
angle at 80° relative to the normal of the air–water interface was se-
lected in the present study. The total acquisition time for each spec-
trum was 5 min, resulting in 3000 interferograms per spectrum. The
spectral range of the PMI 550 device is 800–4000 cm−1, and the res-
olution is 8 cm−1. The details on the apparatus and experimental pa-
rameters were described previously [26,41]. PM-IRRAS spectra were
acquired, while the monolayer is held at selected surface pressures
during step-wise compression and expansion. The raw PM-IRRAS
spectrum is obtained in the form of ΔI=(I– I0)/I0, where I0 is the sig-
nal of the bare water surface and I is that of the film-covered surface.
All the spectra were normalized by subtracting base line spectra from
the raw spectra. The spectra displayed in the figures were the mean
spectra of 5 runs. Spectra were subjected to second-derivative and
curve-fitting procedures in order to fit the amide I and II bands in
the region 1400–1800 cm−1 with a Gaussian band shape, using
PeakFit software (ver. 4.12, SeaSolve Software Inc., CA, USA). Fitting
was judged acceptable when the value of coefficient for the determina-
tion between the simulated and the experimental (original) spectra
was more than 0.99. The nonlinear curve fitting analysis provided in-
formation on peak intensity, peak position, full width at half height
(FWHH), and integrated peak area for the Gaussian components in
the amide region.

3. Results

3.1. Polarized ATR-FTIR spectra in the amide region

Fig. 1 shows polarized ATR-FTIR spectra of dry films of DPPC/PA
(=90/9, wt/wt)/Hel 13–5, DPPC/PG (=68/22, wt/wt)/Hel 13–5, and
DPPC/PG/PA (=68:22:9, wt/wt/wt)/Hel 13–5 systems at the fixed
molar ratio (XHel 13–5=0.1) in 1400–1800 cm−1, where the amide I
(1600–1700 cm−1) and II (1500–1600 cm−1) regions are involved.
Two positive bands at ~1650 (amide I) and ~1545 (amide II) cm−1

are assigned to intense bands regarding peptide amide groups (C=
O and N−H, respectively). It is well established that frequency and
shape of the amide band depend critically on secondary structure of
peptide and protein films [34,37,42]. Secondary structure of Hel
13–5 alone in the dry-film form was confirmed to be completely
α-helix; two positive bands at 1656 (amide I) and 1541 (amide II)
cm−1 [26]. In the DPPC/PA/Hel 13–5 spectra, four major peaks are ob-
served at ~1740, 1650, 1545, and 1465 cm−1. The peaks at ~1740 and
~1465 cm−1 are assigned to the C=O stretching and CH2 bending vi-
brations of the lipids, respectively. Both the amide bands are indica-
tive of the α-helix. A p-polarized spectrum is wholly larger in peak
intensity than a s-polarized one. The difference in absorbance be-
tween the p- and s-polarized incident radiation means tilted or ori-
ented molecular backbone to the Ge surface. Thus, in common, the
difference which is related to a dichroic ratio (RATR) allows us to cal-
culate the tilt angle of molecular backbones and hydrophobic chains
for Hel 13–5 and the lipids, respectively. As for the DPPC/PG/Hel
13–5 and DPPC/PG/PA/Hel 13–5 systems, the spectra are quite similar
in peak position to those of the DPPC/PA/Hel 13–5 system. Therefore,
the ATR-FTIR spectra in the amide I and II regions suggest that the sec-
ondary structure of Hel 13–5 is predominantly the α-helix irrespective
of surrounding lipid species.

An average tilt angle (θ) of Hel 13–5 α-helical backbone is
assessed to gain a better understanding of a dependency of the
angle (or the orientation) on the surrounding lipid species. Unfortu-
nately, the peak intensity of PM-IRRAS spectra at the air–water inter-
face is somewhat lower due to the low surface concentration of Hel
13–5 monolayers. Therefore, the tilt angle calculated from the ATR
spectra is utilized to discuss the orientation in the present study.
The previous work has revealed that the tilt angle for pure Hel 13–5
films is ~59° against a normal to the surface [26]. This value means
that the Hel 13–5 backbone is oriented almost parallel to the plane
of the Ge surface like a peripheral membrane protein. In the presence
of the DPPC/PA, DPPC/PG, and DPPC/PG/PA mixtures, the Hel 13–5
α-helical backbone tilts down on the plane of the surface: θ =70±
9°, 73±9°, and 63±10°, respectively. However, the tilt angle
(~58°) in the binary DPPC/Hel 13–5 film is almost the same as that
in the absence of lipids [26]. That is, it is found that there exist few ef-
fective interactions between DPPC and Hel 13–5, which possesses net
positive charges (+5). That is, negatively charged PA and PG have a
meaningful influence on orientation of the Hel 13–5 secondary struc-
ture due to the electrostatic interaction between them. In particular,
considering the amphiphilic structure of Hel 13–5 [23,24], the attractive
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force of PA and/or PG headgroupswith hydrophilicmoieties of Hel 13–5
is possible to account for the reinforcement of its tilt angle.

Non-polarized ATR-FTIR spectra of the DPPC/PA (=90/9, wt/wt),
DPPC/PG (=68:22, wt/wt), and DPPC/PG/PA (=68:22:9, wt/wt/wt)
films with (solid line) or without Hel 13–5 (dotted line) in 1000–
1300 cm−1 are shown in Fig. 2. The spectra in this region reflect
phosphate stretching bands of phospholipid headgroups. Under the
present condition, the headgroups of PG and PA are in completely and
partially anionic forms, respectively [11]. Accordingly, the charged
headgroups are possible to interact with positively charged moieties
of Hel 13–5 in the monolayer state [9,11]. The spectra for the whole
systems have several bands; mainly, asymmetric PO2 stretching at
~1240 cm−1 [36,43], C−N stretching at ~1200 cm−1 [36], asymmetric
CO–O–C stretching at ~1175 cm−1 [44], symmetric PO2 stretching at
~1090 cm−1 [36,43], and symmetric CO–O–C stretching vibrations at
~1065 cm−1 [44]. The ternary systems exhibit few differences in peak
frequency between the spectra in the absence and the presence of Hel
13–5. However, in the case of the DPPC/PG/PA/Hel 13–5 film, the two
bands at 1066 and 1088 fuse into a band at 1081 cm−1 with an obscure
shoulder by the addition of Hel 13–5. In common, it is widely accepted
that if the charged phosphate group is protonated or protected by other
cations, the absorption peak shifts to lower wavenumber [44]. Indeed,
in the binary DPPC/Hel 13–5 system, there are no noteworthy interac-
tions between the phosphate group of DPPC and Hel 13–5 from the
spectroscopic aspect [26]. In the previous studies, the specific interaction
between Hel 13–5 and the lipids with negatively charged headgroups
has been reported in terms of thermodynamics and morphological ob-
servation [9,11]. Thus, considering that the peak shift and fusion do not
occur in the ternary systems here, it is suggested that the presence of
PA in the four-component system cooperatively promotes the specific
interaction between PG and Hel 13–5.

3.2. In situ PM-IRRAS spectra in the amide region

In previous studies, the behavior of secondary structure for single
Hel 13–5 monolayers was clarified using the in situ PM-IRRAS at the
air–water interface [26] and their isothermal analyses were made
systematically [8,23]. Hel 13–5 in the monolayer state assumes a
predominant α-helix secondary structure, which is oriented almost
Fig. 2. Non-polarized ATR-FTIR spectra of a film of the DPPC/PA(=90:9, wt/wt)/Hel 13–5
(upper), DPPC/PG(=68:22, wt/wt)/Hel 13–5 (middle), and DPPC/PG/PA(=68:22:9,
wt/wt)/Hel 13–5 (lower) systems in the region of 1000–1300 cm−1 at a room tempera-
ture. Solid lines correspond to the spectra in the presence of Hel 13–5 (XHel 13–5=0.1) and
dashed lines to the spectra in the absence of Hel 13–5 (XHel 13–5=0).
parallel to the surface. After the monolayer collapse over ~42 mN m−1,
a structural interconversion from the α-helix to β-sheet is induced. Nor-
malized PM-IRRAS spectra in the region of 1400–1800 cm−1 for the
DPPC/PA (=90/9, wt/wt) monolayer containing Hel 13–5 (XHel 13–5=
0.1) on 0.02 M Tris buffer with 0.13 M NaCl (pH 7.4) are shown in
Fig. 3 at different surface pressures (π) during compression (solid line)
and expansion (dotted line). The isothermal analysis for the DPPC/PA/
Hel 13–5 system was reported previously (see Fig. S1 in the Supporting
Materials) [8,11]. The spectra include a broad negative band at 1700−
1640 cm−1, which is assigned to δ(OH2) deformation vibration mode
of the liquid water. However, detailed argument about the band is not
done in the present study. There are three positive peaks at ~1611,
~1643, and ~1650 cm−1 and one negative peak at ~1682 cm−1 in the
amide I region. A pair of the peaks at ~1611 and ~1682 cm−1 is charac-
teristic of an antiparallel β-sheet for proteins [45–47]. The peak at ~1643
is assigned to a hydrated α-helix induced by surrounding water mole-
cules [28,46]. Both the characteristics of α-helix and β-sheet structures
are also seen in the amide II region (1545 and 1525 cm−1, respectively).
According to surface selection rules of the PM-IRRAS experiment at the
air–water interface, positive absorption bands in the spectrum reflect
IR transition dipole moments which are aligned parallel to the interface
[48]. Therefore, the α-helical backbone of Hel 13–5 in the DPPC/PA
monolayer is found to be oriented parallel to the surface. Upon compres-
sion from 5 to 60 mN m−1, the peak assigned to α-helix shifts to lower
frequency of ~1643 cm−1 and the pair of peaks corresponding to the
β-sheet is intensified. On the other hand, during expansion, the β-sheet
marker band at 45 mN m−1 becomes quite smaller in peak intensity
compared with that at the same pressure during compression. This
quick restoration of the intensity supports a large hysteresis in surface
pressure (π)−molecular area (A) isotherms for pulmonary surfactant
preparations [8,21]. Thus, it is suggested that the recovery of secondary
structure of pulmonary surfactant proteins such as SP-B and SP-C may
be deeply related to the isothermal hysteresis.

Figs. 4 and 5 are the PM-IRRAS spectra of the DPPC/PG (=68/22, wt/
wt) and DPPC/PG/PA (=68:22:9, wt/wt/wt) monolayers at XHel 13–5=
0.1, respectively. The π−A isotherms for the two systems were reported
previously as a function of Hel 13–5 amount under the same condition
(see Fig. S1) [8,21]. For the both monolayers, the intensity of the
β-sheet marker bands near 1610 cm−1 increases with increasing surface
Fig. 3. In situ normalized PM-IRRAS spectra of monolayers of the DPPC/PA(=90:9, wt/wt)/
Hel 13–5 system at XHel 13–5=0.1 at different surface pressures (π) during compression
(solid lines) and successive expansion (dashed lines, exp.) in the region of 1400–
1800 cm−1 on 0.02 M Tris buffer with 0.13 M NaCl (pH 7.4) at 298.2 K.
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Fig. 4. In situ normalized PM-IRRAS spectra of monolayers of the DPPC/PG(=68:22,
wt/wt)/Hel 13–5 system at XHel 13–5=0.1 at different surface pressures (π) during
compression (solid lines) and successive expansion (dashed lines, exp.) in the region
of 1400–1800 cm−1 on 0.02 M Tris buffer with 0.13 M NaCl (pH 7.4) at 298.2 K.
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pressures upon compression, similarly to the DPPC/PA/Hel 13–5 prepara-
tion (Fig. 3). In addition, the peak assigned to the hydrated α-helix is em-
phasized in intensity at the expense of the α-helix marker bands at
~1650 cm−1. It is noticed that this shift of peak frequency by ~10 cm−1

is observed more clearly in the four-component system (Fig. 5). This im-
plies the cooperative effect of PA and PG on Hel 13–5 secondary struc-
tures. During successive expansion processes, the spectrum behavior for
the DPPC/PG/Hel 13–5 system (Fig. 4) resembles that for the DPPC/PA/
Hel 13–5 system (Fig. 3). As for the DPPC/PG/PA monolayer, however,
the peak intensity at ~1610 cm−1 is somewhat higher compared with
the other systems. That is, the intensity remains high evenuponmonolay-
er expansion, which also supports the cooperative interaction of charged
PG and PA with Hel 13–5.
Fig. 5. In situ normalized PM-IRRAS spectra of monolayers of the DPPC/PG/PA(=68:22:9,
wt/wt/wt)/Hel 13–5 system at XHel 13–5=0.1 at different surface pressures (π) during
compression (solid lines) and successive expansion (dashed lines, exp.) in the region of
1400–1800 cm−1 on 0.02 M Tris buffer with 0.13 M NaCl (pH 7.4) at 298.2 K.
3.3. In situ PM-IRRAS spectra in lipid stretching vibration modes

The normalized PM-IRRAS spectra in the region of 2820–2980 cm−1

for the DPPC/PG/PA/Hel 13–5 monolayers at XHel 13–5=0.1 at different
surface pressures (π) during compression (solid line) and expansion
(dotted line) are exhibited in Fig. 6. The spectra for the other systems
show the similar behavior (Fig. S2). The peaks observed in the region
commonly catch stretching vibrations of methylene and methyl
groups for lipids. There are three kinds of specific peaks of the lipids
such as a symmetric methylene stretching vibration (or νs(CH2)) at
~2850 cm−1, an asymmetric methylene stretching vibration (or
νa(CH2)) at ~2920 cm−1, and a methyl stretching vibration (or
ν(CH3)) at ~2950 cm−1. Among the three, the νa(CH2) peak is, in
common, larger in intensity and is more sensitive to external stimuli
such as lateral compression and temperature. Therefore, the νa(CH2)
mode allows us to probe changes in surface concentration and ori-
entation of the lipid components. The intensity of νa(CH2) modes in-
creases with an increase in surface pressure and subsequently
decreases during the expansion cycle. It is noticed that the νa(CH2)
peak at 45 mN m−1 during compression (~0.0075) is considerably
different in intensity from that during expansion (~0.0050). At 5 and
25 mN m−1, however, the peak intensities of the νa(CH2) mode upon
monolayer expansion return nearly to the original intensities. In addition,
the similar behavior is reflected in the νs(CH2) modes at ~2850 cm−1.
The delay of peak intensity during expansion does not occur in the ab-
sence of Hel 13–5 [49]. At higher surface pressures beyond 42 mN m−1,
Hel 13–5 is squeezed out of the interface to form a surface-associated res-
ervoir just below the lipidmonolayer [9,23]. Thus, these results indicate a
possibility that the hysteresis behavior of hydrophobic-chain orientation
of the lipids could be related with the formation of surface-associated
reservoirs.

The νa(CH2) RA intensity at ~2920 cm−1 for the DPPC/PA/Hel
13–5, DPPC/PG/Hel 13–5, and DPPC/PG/PA/Hel 13–5 at XHel 13–5=
0.1 during compression (solid line with filled circles) and expansion
(dashed line with open circles) is plotted against surface pressure
(Fig. 7). Upon compression, the RA value increases as surface pres-
sures increase and finally reached 0.0067 for DPPC/PA/Hel 13–5,
0.0055 for DPPC/PG/He 13–5, and 0.0087 for DPPC/PG/PA/Hel 13–5
at 60 mN m−1. Considering the maximum νa(CH2) RA intensity
(~0.004) for the binary DPPC/Hel 13–5 system at XHel 13–5=0.1
Fig. 6. In situ normalized PM-IRRAS spectra of monolayers of the DPPC/PG/PA(=68:22:9,
wt/wt/wt)/Hel 13–5 system at XHel 13–5=0.1 at different surface pressures (π) during
compression (solid lines) and successive expansion (dashed lines, exp.) in the region of
2820–2980 cm−1 on 0.02 M Tris buffer with 0.13 M NaCl (pH 7.4) at 298.2 K.
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[26], all the systems here indicate larger RA values, which means an
increase in surface concentration (or density) of aliphatic chains in-
duced by the addition of PA and PG. During the expansion stage, the
RA intensity decreases with reducing surface pressures. Nevertheless,
all the systems exhibit hysteresis in intensity during the compression
and expansion process. The hysteresis regarding the orientation of
hydrophobic chains in lipid components is also supported by a
surface potential (ΔV) measurement against surface concentration
of PS preparations [9]. The ΔV value is related with dipole moment
perpendicular to the surface in the Helmholtz equation and thus re-
flects the monolayer orientation. As for the DPPC/PA/Hel 13–5 system
(Fig. 7a), RA intensities under the expansion state from 60 down to
10 mN m−1 are kept larger compared with those at the same surface
pressures during compression. On the other hand, in the systems
containing PG (Fig. 7b and c), RA intensities upon expansion restore
to the initial value down by 25 mN m−1. These results suggest that
the addition of PA and PG accelerates monolayer packing at high sur-
face pressures during compression and respreading of tightly packed
monolayers during the expansion, respectively. This is supported by
the plot for the DPPC/PG/PA/Hel 13–5 system, too (Fig. 7c). It has
been widely accepted that besides the RA intensity, a wavenumber
(or peak frequency) of νa(CH2) modes for lipid monolayers is much
influenced on packing, orientation, and conformational change of
their hydrophobic chains and that the wavenumber near 2920 cm−1

is characteristic of all-trans conformations of them [43,50,51]. Similarly
to the plots in Fig. 7, the wavenumber of νa(CH2) modes for the DPPC/
PA/Hel 13–5 system indicates a hysteresis loop during the cycle, where-
as the hysteresis is not be induced for the DPPC/PG/Hel 13–5 system
(data not shown). The hysteresis against wavenumber also indicates
the condensing effect of PA on the monolayer, which prevents it from
respreading during expansion. On the other hand, it is found that the
packed chains of lipid monolayers recover upon expansion in the pres-
ence of PG.

3.4. Secondary structure transition of Hel 13–5

An α-helix ratio of Hel 13–5 relative to the (α-helix+β-sheet) com-
ponent for the DPPC/PA (=90:9, wt/wt)/Hel 13–5, DPPC/PG (=68:22,
wt/wt)/Hel 13–5, and DPPC/PG/PA (=68/22/9, wt/wt/wt)/Hel 13–5
monolayers at XHel 13–5=0.1 during the compression (solid line with
filled circles) and expansion (dashed line with open circles) cycle is
plotted against surface pressure in Fig. 8. The ratio are calculated from
integrated peak areas of the α-helix (~1650 cm−1) and of the β-sheet
(~1620 cm−1) marker bands (Gaussian bands) in the amide I region
(Figs. 3–5); the ratio α/(α+β) means the peak area ratio of amide I
Fig. 7. RA intensity of the asymmetric CH2 stretching vibrations, νa(CH2), of lipids in the PM
solid lines) and successive expansion (open circles and dashed lines) for the DPPC/PA(=90:9, w
wt/wt/wt)/Hel 13–5 (c) monolayers at XHel 13–5=0.1 on 0.02 M Tris buffer with 0.13 M NaCl
band intensities for ~1650 cm−1/(~1650+~1620) cm−1 [26,27]. In
the DPPC/PA/Hel 13–5 system (Fig. 8a), the percentage of the
α-helical component decreases from 30−40% down to 20% with in-
creasing surface pressures upon compression. During the subsequent
expansion process, the ratio rapidly restores to the initial values of
30−40%, where hysteresis behavior is observed at higher surface pres-
sures. As for the DPPC/PG/Hel 13–5 system (Fig. 8b), the α-helix ratio
sustains the almost constant value of 40% up to 35 mN m−1 and then
decreases down to 30% during compression. The subsequent expansion
of monolayers induces a gradual recovery of the α-helix ratio. The
α-helix ratio for theDPPC/PG/PA/Hel 13–5 system seems to be the com-
bined behavior of the two ternary systems (Fig. 8c). The initial α-helix
ratio at 5 mN m−1 is larger compared to the ternary systems, which
means that destruction of hydrogen bonding of Hel 13–5 secondary
structures are disturbed by PG components. That is, a fluidizing effect
of PG on monolayers results in keeping lipid aliphatic chains away
from Hel 13–5. Further lateral compression reduces the α-helix per-
centage down to 30%. During the expansion process, a sudden return
to 40−50% of the ratio is observed similarly to the DPPC/PA/Hel 13–5
system. These results indicate that PA and PG components play an im-
portant role in the inhibition and recovery of the interconversion of
Hel 13–5 secondary structure during the cycles.

4. Discussion

The key function in pulmonary surfactants (PS) at the air–alveolar
fluid interface is a squeeze-out process, by which selective exclusions
of the fluid components from monolayers are induced at the collapse
pressure of the fluid protein monolayers so that the surface film at
high surface pressures is enriched in DPPC [52,53]. At that time, it is
improbable that organized multilayers are formed as a repository
for the excluded material. The surface reservoir is located just below
the monolayer and enables the excluded molecules to respread onto
the interface upon subsequent expansion [7]. As mentioned in the In-
troduction, the recent investigations of surface-associated reservoirs
by several groups suggest their relevance for the breathing mecha-
nism. It is well-known that the release of squeezed-out molecules
from the reservoirs is facilitated by proteins (or peptides). Thus, the
composition and molecular structure of the reservoirs are issues of
central importance. The PM-IRRAS measurement treated here pro-
vides information on molecular structure of the mimicking peptide
(Hel 13–5) of SP-B in the presence of the anionic lipids. SP-B and
SP-C of hydrophobic proteins have been studied for several decades.
However, the change in protein structure including α-helix and
β-sheet across the interface and their interaction site with lipid
-IRRAS spectra at different surface pressures (π) during compression (filled circles and
t/wt)/Hel 13–5 (a), DPPC/PG(=68:22, wt/wt)/Hel 13–5 (b), and DPPC/PG/PA(=68:22:9,

(pH 7.4) at 298.2 K.
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Fig. 8. Peak area ratio, α/(α+β), of the amide I band intensity for ~1650 cm−1/(~1650+~1620) cm−1 against surface pressure (π) during compression (filled circles and solid
lines) and expansion (open cycles and dashed lines). The peak at ~1650 cm−1 is assigned to the α-helical secondary structure and the peak at ~1620 cm−1 is assigned to the
antiparallel β-sheet. (a) DPPC/PA(=90:9, wt/wt)/Hel 13–5, (b) DPPC/PG(=68:22, wt/wt)/Hel 13–5, and (c) DPPC/PG/PA(=68:22:9, wt/wt/wt)/Hel 13–5 at XHel 13–5=0.1.
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monolayers and multilayers are not fully discussed. The proteins have
several α-helical moieties with different amphiphilicity, hydropho-
bicity, and amino acid residues in a molecule. Therefore, intramolec-
ular interactions of the proteins such as hydrogen bonding, S–S
bonding as a linkage of the moieties, van der Waals force, and elec-
trostatic force among the α-helical parts complicate the above-
mentioned issues. To overcome the issues (besides developing a
new medicine against the neonatal RDS patients), several analogous
peptides of the proteins’ α-helical moieties, which are designed as a
mimicry of one of the α-helices, have been utilized (e.g., KL4[19],
SP-B1-25[54], and Hel 13–5[21]). Thus, the three- or four-component
systems including DPPC, PG, PA, and Hel 13–5 provide a useful
model for in vitro biophysical studies of the surface-associated reser-
voirs that are formed during compression and expansion cycles in the
lungs. The previous studies of surface-associated reservoirs in the PS
model systems including Hel 13–5 have clarified the existing location
and formation of them employing π−A and ΔV−A isotherms, in situ
fluorescence microscopy, and AFM [9,21]. The preparations with the
other peptide analogues have also revealed that the reservoirs form
at around 40 mN m−1 [7,10]. Morrow et al. have suggested from
NMR investigations on interaction between PG and SP-C that posi-
tively charged parts of SP-C are located near the bilayer surface [55].
In more recent work, Mendelson and co-workers have quantitatively
revealed the multilayer transition in the DPPC/DPPG/SP-C system
using the IR spectroscopy of films transferred at continuously varying
surface pressure [56]. In the report, the formation of reservoirs in-
duced by surface pressure is possibly based on the intermolecular in-
teraction between the positively charged protein (or peptide) and the
negatively charged phospholipid such as PG.

The emergence of reservoirs causes a hysteresis in π−A and ΔV−A
isotherms as well as spectrum parameters regarding lipid orientations
and protein (or peptide) secondary structures during the compres-
sion–expansion cycling. That is, it is suggested that the formation and
function of reservoirs across the surface are controlled not only by the
electrostatic attraction between lipids and peptide but also by the struc-
tural transition of proteins. This transition is considered to be induced
by destruction of the hydrogen and S–S bonding constructing protein
structures. In the in vitro monolayer study, the destructive factors are
typically an applied surface pressure and an environmental lipid (espe-
cially, its hydrocarbon chains). It is previously found that single Hel
13–5 monolayers in the absence of lipids at the air–water interface
are in ~70% α-helical structure irrespective of surface pressure [26].
However, over-compression above the collapse pressure decreases the
α-helix ratio by ~20%. In the presence of DPPC, the secondary structure
of Hel 13–5 monolayers transform almost fully to β-sheet upon com-
pression up to the collapse pressure. That is, considering surface
composition becoming enriched in DPPC upon compression, and thus
lipid squeeze-out of the other components, it is found that the second-
ary structure transition is mainly induced by DPPC left at the interface.
Cai et al. have indicated the irreversible interconversion of KL4 peptide
in the phospholipid mixtures [27]. Flach and coworkers [57] have
reported the conversion from α-helix to β-sheet for SP-B9-36 peptide
in the binary DPPG system. That is, the protein structure is strongly de-
formed by environmental lipid densities (especially phospholipidswith
saturated hydrocarbon chains, e.g., DPPC) rather than applied surface
pressures. As expected easily, the lipid species such as PG and PA are
also considered to be an important factor for deformation of the second-
ary structure. In the present study, the addition of PA and PG to the
DPPC/Hel 13–5 mixture improves the relative α-helical contents com-
pared with the binary DPPC/Hel 13–5 system (Fig. 8). These results
lead to the following findings: (1) the hydrogen bonding to construct
the secondary structure of Hel 13–5 is perturbed mainly by DPPC and
(2) the surface-associated reservoir including charged PA and PG dis-
turbs the interconversion of the secondary structure. Regarding (2), in
particular, PA prevents to small extents Hel 13–5 α-helix structures
from transforming to the β-sheet and facilitates the recovery of the sec-
ondary structures to α-helix. On the other hand, PG sustains the higher
α-helix ratio at low surface pressures and assumes stronger resistance
to the interconversion to the β-sheet during the compression. The car-
boxyl group in PA molecules is partially dissociated by 30–40% under
the current condition [11]. Thus, a switching motion between COOH
and COO− is considered to be an effective driving force for the recovery
of Hel 13–5 secondary structure from the β-sheet and for the release of
surface-associated reservoirs onto the interface during expansion. Con-
sidering the predominantα-helical structure of Hel 13–5 in the aqueous
solutions containing phospholipids [24] and in the bilayer form (Fig. 1),
it can be suggested that the surface-associated reservoir exerts preven-
tion of the protein structure transition (or surface denature) by incorpo-
rating the proteins into the reservoir.

5. Conclusion

The multi-component pulmonary surfactant mimics, which con-
tain an SP-B analogous peptide (Hel 13–5), have been investigated
using the ATR-FTIR and the in situ PM-IRRAS techniques. The ATR-
FTIR measurement reveals that Hel 13–5 adopts mainly α-helical
structure in the binary and ternary lipid films made of DPPC, PG,
and PA. In the in situ PM-IRRAS measurement, the transition of Hel
13–5 secondary structure from α-helix to β-sheet takes place during
the monolayer compression. The α-helix recovers quantitatively
upon expansion, whereas the α-helical ratio shows a hysteresis dur-
ing the cycle. On the other hand, the peak intensity and wavenumber
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of νa (CH2) mode based on hydrophobic chains of the lipids also indi-
cate the hysteresis behavior, which is deeply related to the formation
of surface-associated reservoirs at high surface pressures. It is com-
monly accepted that the reservoir formation generates a hysteresis
to physical parameters during the cycle to minimize the work of
breathing. Besides the function, however, the current study has addi-
tionally suggested preservation of the α-helical structure of proteins.
This confidence warrants further function on distribution, location,
and transition of protein structures employing other techniques and
methods. Nevertheless, the in situ PM-IRRAS results here reveal the
facts that the release of squeezed-out lipids and peptides from the
surface-associated reservoir is accelerated by partially charged PA
molecules and that PG assumes a strong resistance to transition of
the peptide structure upon compression.
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