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Formation of Stable Polypeptide Monolayers at Interfaces: Controlling
Molecular Conformation and Orientation

Mila Boncheva and Horst Vogel
Institute of Physical Chemistry, Swiss Federal Institute of Technology, Lausanne, Switzerland

ABSTRACT The molecular self-organization and structural properties of peptide assemblies at different interfaces, using

either amphipathic or hydrophobic polypeptide helices, is described. The two peptides under investigation form stable
monolayers on the water surface under the conservation of their molecular conformation, as studied by circular dichroism and

polarization-modulation Fourier transform infrared (FTIR) spectroscopy. Using surface plasmon resonance and reflection-
absorption FTIR, we show that such molecular layers can be transferred unaltered to solid substrates. Most importantly, the
molecular orientation of the hydrophobic helices on solid supports such as gold can be controlled by choosing a particular
procedure for the layer formation. The helices were oriented parallel to the interface in Langmuir-Blodgett monolayers, and

perpendicular to the interface in self-assembled monolayers. Our reflection-absorption FTIR measurements have delivered for
the first time direct experimental evidence for the molecular conformation and orientation of pure peptide monolayers.
Suitable reference spectra of polypeptides with defined conformation and orientation are necessary to use this technique for
the determination of the molecular orientation of peptides in monomolecular films. We have solved the problem for a-helical
polypeptides by using bacteriorhodopsin as a reference in combination with synthetic a-helices of defined interfacial
orientation. The present study shows the possibility of constructing immobilized peptide monolayers with predefined
macroscopic properties and molecular structure by choosing the proper polypeptide amino acid sequence, the technique
used for layer formation, and the supporting surface properties.

INTRODUCTION

Molecular self-organization can be defined as the sponta-
neous association of molecules into stable, structurally well-
defined aggregates joined by noncovalent bonds (Kuhn,
1989; Prime and Whitesides, 1991; Ulman, 1991). This
process is driven by one or several interactions between the
participating molecules, such as steric, electrostatic, van der
Waals, or hydrophobic contributions. Molecular self-orga-
nization processes play important roles in many different
areas. For example, the formation of biological structures on
a molecular and on a cellular level often originates from
specific molecular interactions and self-organization reac-
tions. The understanding of these complex processes be-
longs to the central issues in biological sciences, but the
knowledge obtained from natural systems can lead to a
tremendous benefit in technical applications such as modi-
fied surfaces, novel materials, electrochemistry, electronics
microfabrication, sensor technology, and nanotechnology,
to mention a few (Drexler, 1992; Fendler, 1994; Urry,
1993).
Much effort has been applied during the last decades to

understanding the process of molecular self-organization of
amphipathic molecules comprising long-chain hydrocar-
bons, such as fatty acids, lipids, and a multitude of deriva-
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tives thereof (Boncheva et al., 1996; Duschl et al., 1996;
Mrksich and Whitesides, 1996; Schmitt et al., 1996; Ulman,
1991). Surprisingly, the structural and functional versatility
of peptides and their potential for the formation of supramo-
lecular structures by self-assembly and self-organization
have up to now been largely neglected, with a few excep-
tions (Fujita et al., 1995; Ghadiri and Case, 1993; Schwarz
and Taylor, 1995; Whitesell et al., 1994). Amphipathic
polypeptides in particular offer a large potential for the
controlled formation of self-organized monomolecular lay-
ers at interfaces. By proper choice of the amino acid se-
quence, it is possible to create tailor-made peptide layers of
predefined molecular conformation (a-helix, (3-strand), ori-
entation, and flexibility.
The general concept of peptide layer formation used in

the present work is outlined in Fig. 1. Shown are polypep-
tides at the interface between two phases which, under
experimental conditions, can be air and water (as in the case
of Langmuir monolayers), or a fluid phase (water, organic
solvent) in contact with a solid surface (as in the case of
self-assembly on solid supports), or an air-solid interface (as
in the case of peptide layers formed by transfer of Langmuir
monolayers to suitable supports). Polypeptides of two dif-
ferent molecular structures are of primary interest: a-helices
and p,-strands. In both cases, the principal molecular axis
can be oriented either perpendicularly to or in the plane of
the interface, in parallel or in antiparallel intermolecular
arrangement. By changing the angle between the molecular
axes and the interface, formation of intermediates between
the perpendicular and in-plane orientations is possible. The
central question in this context is how to control the partic-
ular structure of the peptide layer, i.e., the conformation
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FIGURE 1 General concept for peptide layer formation at the interface between two different phases (1 and 2), for helical (A) and ,3-stranded (B) peptides.
The rectangles represent peptide molecules, densely packed as monomolecular films. Within the rectangles the two peptide structures are depicted: in the
top row, helical polypeptides, shown either as a schematic helix or as bold arrows indicating the molecular directibn from the N to the C terminus; in the
bottom row, {3-stranded polypeptides, shown either as a schematic folded strand, or as unfilled arrows, again indicating the molecular direction. For both
peptide conformations, three different molecular orientations in the monolayer are shown: peptides with their principal axes perpendicularly oriented to the
interface with either parallel (i) or antiparallel (ii) intermolecular alignment, and peptides lying flat between the phases (iii). The phases 1 and 2 can be air
and water, as in the case of Langmuir film balance, or water and solid support, as in the case of supported peptide monolayers.

and orientation of the individual peptide molecules at the
interface.
The requirements for the formation of a-helical peptide

conformation in solution were elucidated in detail recently
and, to a lesser extent, for the formation of (3-structures
(Chakrabartty et al., 1991; DeGrado and Lear, 1990; Lyu et
al., 1990; Minor and Kim, 1994; Ghadiri and Case, 1993;
Schneider and Kelly, 1995; Tuchscherer and Mutter, 1995).
The formation of regular peptide structures in solution is
driven by competition between intramolecular peptide and
peptide-solvent interactions. In the case of regular, self-
organized peptide layers, additional components such as
peptide-peptide and peptide-interface interactions come into
play.
Once a suitable sequence for a regular peptide structure is

chosen, the molecular orientation of the peptides at the
interface may be controlled by mutual interactions between
hydrophilic (electrically neutral or charged) and hydropho-
bic molecular surfaces of neighboring peptides and the
interfacial region such as the surface of a solid support. To
control the direction of the molecules at the interface, par-
ticularly in the case of self-assembly at solid surfaces,
specific binding reactions between functional groups of the
peptide and the support may be important. Examples are the

binding of sulfur-containing molecules to gold or silver
surfaces, the selective binding of histidine to NTA-covered
surfaces via metal chelates, or biotin-avidin interactions.
The two polypeptides used in the present study are pre-

sented in Fig. 2. The particular amino acid sequences were
chosen to create hydrophobic (A-peptide) or amphipathic
(His-peptide) a-helices, and to enable their regular organi-
zation at the air/water interface and on solid surfaces. The
inclusion of the sulfur-bearing Cys residue at either the N-
or C-terminus should direct the molecules uniformly toward
gold surfaces during monolayer formation by self-assembly.
In the A-peptide, the nonnatural amino acid T(PH,Hpro)
(pseudo-proline), was introduced at position 15 to facilitate
the chemical synthesis of this rather long, hydrophobic
molecule (Wohr et al., 1996). Like proline, pseudo-proline
introduces a kink into an otherwise regular helical structure.

Within the conceptual framework of peptide layer forma-
tion, the present work concentrates on the following ques-
tions: 1) Do the two peptides under investigation form
stable peptide layers on the water surface under conserva-
tion of their molecular conformation in bulk solutions? 2)
Can the molecular layers be transferred to solid substrates
while conserving their molecular structures? 3) Is it possible
to control the formation of different molecular structures of
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FIGURE 2 Amino acid sequence and
helical structure of the A-peptide and the
His-peptide, both acetylated at the N-ter-
mini and amidated at the C-termini. Both
peptides form stable helices. The corre-
sponding three-dimensional structures
are shown in the helical ribbon represen-
tation as a result of a 1 -ns MD simulation.
For the A-peptide, T(pH,Hpro) was re-
placed by proline, which induced a kink
at amino acid positions 10-11. The His-
peptide remained a stable, straight a-he-
lix during the whole simulation time
span. The amphipathic nature of this pep-
tide is clearly visible in the helical wheel
representation, showing an ideal segrega-
tion of hydrophobic and hydrophilic
amino acid residues on opposite helix
surfaces. The molecular dimensions of
the peptides calculated from the mean
values of the atomic coordinates during
the last 20 ps of the MD trajectory are:
His-peptide: 37 A, length of the peptide
helix; 12 A, helix diameter (including the
side chains); A-peptide: 15.1 A, length of
the helix segment comprising residues
1-10; 16.7 A, length of the helix segment
comprising residues 11-21; 11 A, helix
diameter (including the side chains); an-
gle induced by the nonnatural amino acid
T(TH Hpro), (pseudo-proline), 147'± 90
(mean value from the whole trajectory).

A-peptide

Ac-C-L-A-A-L-L-Aib-L-L-Aib-A-L-L-A-T(TH,H pro)-L-Aib-A-L-L-A-Am
1 5 10 15 20

His-peptide

Ac-A-L-L-A- L-A-L-H-H-L-A-H-L-A-L-H-L-A-L-A-L-K-K-A-C-Am
1 5 10 15 20 25

,1I

II

supported peptide layers using different self-organization
processes such as self-assembly and LB transfer?
To address these particular questions, a combination of

surface-sensitive techniques were applied that delivered de-
tailed information on the molecular structure of the peptide
layers at different types of interfaces. First of all, the aver-
age conformation of the two peptides was investigated by
circular dichroism (CD) and infrared spectroscopy for com-
parative purposes. The question of the properties of the
polypeptides at the air-water interface was investigated by
the Langmuir monolayer technique, yielding information on
the molecular dimensions, compressibility, and phase be-
havior of the peptide monolayers. Furthermore, by applying
polarization modulation Fourier transform infrared (FTIR)
reflection absorption spectroscopy (PM-IRRAS) to peptide
monolayers on the Langmuir film balance, it was possible to
determine the molecular conformation and orientation of the
polypeptides at the water surface under different experimen-
tal conditions, such as surface area and lateral pressure.
Finally, a combination of surface plasmon resonance (SPR)
and reflection-absorption FTIR (RA-FTIR) measurements
revealed the properties of the peptide layers on solid sup-
ports. SPR yielded data on the molecular density of the

supported peptide layers, whereas RA-FTIR spectroscopy
delivered details on the peptide molecular conformation and
orientation.

In the context of the central issues of the present work, a
technical problem was solved that is of general importance
for the application of the RA-FTIR technique to elucidate
the structure of ultrathin peptide layers. Suitable reference
spectra of polypeptides with defined conformation and ori-
entation are necessary to use this technique to determine the
molecular orientation of peptides in monomolecular films.
We have solved the problem for a-helical polypeptides by
using bacteriorhodopsin (BR) as a reference in combination
with synthetic a-helices of defined interfacial orientation.

MATERIALS AND METHODS
The A-peptide was synthesized by Dr. T. Sato (Institut de Chimie Or-
ganique, Universite de Lausanne, Lausanne, Switzerland). The His-peptide
was a gift from Dr. B. Bechinger (Max-Planck-Institut fur Biochemie,
Martinsried, Germany). Both peptides were synthesized by automated
solid-phase synthesis, using Fmoc chemistry as described elsewhere (Bech-
inger, 1996; Wohr et al., 1996). They were stored as dry powders at -20°C
and dissolved before use to give stock solutions of 1 mg/ml in methanol/
dichloromethane (1:9). The solutions were stored at 4°C. The exact peptide
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concentration was determined by amino acid analysis. The purple mem-
branes were a gift from Dr. W. Gartner (Max-Planck-Institut fur Strahlen-
forschung, Muilheim, Germany), and were prepared as described elsewhere
(Vogel and Gartner, 1987).

The organic solvents and the salts were purchased from Fluka (Buchs,
Switzerland), and were of the best quality available. The water used in all
experiments was purified in an ion-exchanger purification train (Milli-Q
System; Nanopore, Volketswil, Switzerland) and had a resistivity higher
than 18 Mfl cm.

Peptide monolayers
For the monolayer experiments we used a computer-controlled Langmuir
film balance (Riegler and Kirstein, Mainz, Germany). The trough and the
barriers were made of Teflon, and the pressure was measured via Wilhelmy
plate. The peptide monolayers were spread on the water surface from
methanol/dichloromethane solutions (1:9) using a Hamilton microsyringe.
After solvent evaporation (10-15 min), the monolayers were compressed
at a speed of 0.05 nm2 molecule-' min- Unless otherwise indicated, the
subphase temperature was kept constant at 22 ± 2°C. The phase behavior
of the peptide monolayers during compression was followed with a Brew-
ster angle microscope (BAM2; Nanofilm Technology, Gottingen, Ger-
many). The pH dependence of the His-peptide isotherms was studied using
the same film, to avoid possible errors in the molecular area determination.
The monolayer was spread first on 100 ml aqueous buffer of 0.025 M
glycine/NaOH, pH 9. After a compression/expansion cycle, the pH of the
bulk buffer phase was changed to 3 by injecting 50 ,ul of concentrated HCI
and stirring with a small magnetic bar placed on the trough bottom.

Surface plasmon resonance

The SPR experiments were performed on a home-built set-up in the
Kretschman configuration as previously described (Terretaz et al., 1993).
In the presence of an organic layer at the metal/dielectric interface, the
position of the resonance angle (0sPr) shifts to higher values. The measure-
ment of AOSPs allows the determination of the optical thickness of the
adsorbed layer by using the relation AOSPs = kAnd, where k is a constant
reflecting the experimental conditions, d is the geometrical thickness of the
organic layer, and An is the difference between the real refractive indices
of the layer and the medium.

To calculate the mass coverage in the peptide layers, we used as a first
approximation a value for the layer refractive index of n = 1.45 (Duschl et
al., 1996). Thus an angle shift of 1° corresponds to a layer thickness d,.45
of 6.4 nm. The mean molecular area ASPR of the peptides in the layer was
calculated as ASPR = (m dn/dn)/(d, 45An), where m is the mass of the
corresponding peptide molecule (4.43 X 10-21 g for the His-peptide, and
3.46 X 10-21 g for the A-peptide), and dn/dc = 0.18 cm3g-I is the
refractive index increment (Sober, 1973; Brandrup and Immergut, 1989).
An estimation of the actual monolayer thickness d that is more realistic and
independent of the chosen n value was obtained by using a typical peptide
density p = 1.37 g/cm3 (Gennis, 1989) as d = m/(ASPRp).

The real refractive index of the peptide layers was then calculated by
fitting the experimental reflectivity versus angle of incidence scans with
the Fresnel equations and using the above-calculated d.

Sample preparation
Glass slides (9 cm2, glass type SF10, n = 1.730 + 0.005; Guinchard,
Yverdon-les-Bains, Switzerland) were cleaned by ultrasonication in deter-
gent (Hellmanex; Hellma, Mullheim, Germany) and water. Chromium and
gold films (thickness 4 nm and 45 nm, respectively) were consecutively
evaporated on a glass slide in a vacuum chamber at 5 x 10-6 mbar. The
sample was optically matched to the base of a 60° glass prism (SF10;
Spindler and Hoyer). It was pressed onto a Teflon support to form a
reaction cell of 300 ,l. After determination of the resonance angle on the
bare gold surface, peptide layers were formed by self-assembly (SA) from

organic solution, horizontal Langmuir-Schafer (Langmuir and Schafer,
1938), or standard Langmuir-Blodgett (LB) transfer of preformed mono-
layers on water compressed to the desired surface pressure. The transfer
ratios (defined as the ratio between the area change of the monolayer
during the transfer at constant surface pressure and the geometrical area of
the withdrawn substrate) were close to 1 in all cases. Subsequent angle
scans gave the angle shifts, which allowed determination of the optical film
parameters.

FTIR spectroscopy
FTIR measurements of the peptides in organic solution (methanol/dichlo-
romethane = 1:9) and immobilized on solid supports (Ge and Au) were

performed with an IFS 66 Equinox spectrometer (Bruker, Germany). The
spectra in solution were recorded with a DTGS detector in a cell with CaF2
windows, and a path length of 60 ,um. A thousand scans were taken with
a resolution of 4 cm-1 and averaged for each measurement. The spectra
were corrected for the solvent absorption. Absorbance spectra of the
peptides as bulk solid samples were obtained in a conventional transmis-
sion mode by drying an organic solution on BaF2 windows. The attenuated
total internal reflection (ATR) and RA-FTIR measurements (angle of
incidence 450 and 850, respectively) were performed with an HgCdTe
detector. Typically, 1000 scans were recorded at a frequency of 80 kHz,
with a resolution of 1 cm-', a boxcar apodization, and a level of zero-
filling equal to 1. Background spectra of the bare supports were recorded
before layer formation in each experiment and subsequently subtracted
from the particular sample spectra. For the precise subtraction of spectral
contribution from the water vapor, we employed the procedure described
by Goormaghtigh et al. (1994b). The decomposition of the amide I and
amide II spectral regions into individual bands was performed with the
OPUS software, version 2.0 (Bruker), supplied with the spectrometer. The
1500-1800 cm-' regions of the spectra were analyzed as a sum of
Gaussian/Lorentzian curves with the Levenberg-Marquardt algorithm, with
consecutive optimization of the amplitudes, band positions, half-widths,
and Gaussian/Lorentzian composition of the individual bands. The qua-
dratic deviation for all fits presented here was less than 5 x 10-5. The
positions and the relative intensities of these bands were used to determine
the secondary structure of the peptides and their molecular orientation with
respect to the interface.

Sample preparation

Supported peptide layers were prepared by using either the standard LB
transfer or SA from organic solution. LB transfer of peptide monolayers
was performed at surface pressures of 8 and 30 mN/m. For the SA,
gold-covered glass slides (gold thickness 2 100 nm) were incubated for 2 h
in the organic peptide solution, followed by extensive washing with the
solvent and drying in a stream of nitrogen. Planar layers of bacteriorho-
dopsin were prepared by spreading a 20-,ul purple membrane suspension in
water (optical density at 568 nm - 15) on a gold-covered glass slide and
drying in a stream of nitrogen.

Quantitative analysis of the RA-FTIR data
Infrared external reflection spectroscopy has been widely used to investi-
gate the structure and orientation of organic molecules in ultrathin films on
metal surfaces (Allara and Nuzzo, 1985; Debe, 1982-1983, 1984; Mielc-
zarski, 1993; Porter et al., 1987; Song et al., 1992). When the exciting light
interacts with the molecular layers on the metallic support under nearly
grazing angles of incidence, only the electric field normal to the support is
active. In consequence, only the surface-normal components of the vibra-
tional transition moments of the molecular layers will be sensed through
the interaction with the resultant electric field perpendicular to the surface
(Greenler, 1966). This is of particular interest for determination of the
orientational distributions of the molecules in an anisotropic thin organic
films, such as the polypeptide monolayers in the present investigation.
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For the evaluation of the RA-FTIR spectra in terms of orientational
order parameters of peptide molecules, we refer to Fig. 3. Shown is the
laboratory-fixed rectangular x, y, z coordinate system, where the only
active electrical field component of the incoming light (in the direction of
the x axis) is Ez, perpendicular to the x-y surface of the substrate with the
supported peptide monolayer. As will be shown in the Results, in the
present work we have dealt exclusively with monolayers of helical
polypeptides. In Fig. 3 an individual peptide helix is represented as a
rodlike molecule with an instantaneous orientation characterized by the
polar angles 0 and sp of the principal helix axis H in the Cartesian
coordinate system. Furthermore, the optical transition moment IL is indi-
cated, which might correspond to either the amide I or the amide II mode
of the peptides under investigation.

The ensemble of polypeptide helices in the anisotropic monolayer
shows a certain distribution around the optical axis z, which can be
described by the orientational order parameter Sh:

(z - h) = cos 0 is the dot product of z, the unit vector along the z-axis, with
h, the unit vector along the average helix axis H.
The intensity I of an RA absorption band is given by

I ocx ((z . ,) (3)
By using spherical harmonics, the intensity of an absorption band can be

simply expressed by molecular orientations in the general form

((Z. tt)= - (2(P2(Zp-,) + 1) (4)

where, according to the addition theorem (Jackson, 1975), the following
relation holds:

P2(Z * 1) = P2(Z h)P2(h p) + P2(Z - h)P2(h * ,)cos p

(P2(z * h)) Sh = P2(z* h)f(O)sin 0 dO (1)

Here, as well as in all following cases, the angular brackets indicate
ensemble average. The probability that the angle between the director and
the molecular axis has a value between 0 and 0 + dO can be written as
f(O)sin 0 dO, where f(O) is the orientational distribution function of the
helices and P2(z * h) is the second Legendre polynomial,

1 20P2(Z h) = 2 (3 Cos2O- 1)

+ - P'(z * h)P2(h * g)cos 2cp12 (5)

In the case of an uniaxial distribution for both ,u around h and h around
z, because of ensemble averaging in (P2(z - ,)), the terms with (cos sp) and
(cos 29) are zero, and

((Z 2) = (2(P2(z h))(P2(h ,u)) + 1) (6)

(2) with

P2(h - ji) = 2 [3(h *)2- 1] (7)

By using the orientational order parameters Sh and S,,, Eq. 6 can be
rewritten as

l oc ((z )2)= (2ShSg + 1) (8)

where S,,, the orientational order parameter of the transition moment ,L, is
defined analogously to Sh in Eq. 1.

In this context, it is reasonable to compare the amide I and amide II

transition modes, because it is known that the two transition moments are
oriented approximately perpendicular to each other. The intensities I(,) of
the amide I and I(,,) of the amide II modes of the peptide monolayers on

gold can be expressed by

I(,) = CI (2ShSMXI) + 1) (9a)

X and

y

FIGURE 3 Schematic representation of an infrared external reflection

experiment, used for the quantitative analysis of the RA-FTIR spectra in

terms of molecular orientation. Shown is the laboratory-fixed rectangular x,

y, z coordinate system and the only IR active electric field component of
the incoming light E,. An individual helical peptide molecule is repre-

sented as a cylinder with a main helix axis H and a transition dipole
moment j,, corresponding to amide I or amide II mode. The instantaneous

position of the peptide molecule is defined by the polar angles 0 (between
the main helix axis and the sample normal) and sp (between the projection
of the main helix axis in the x-y plane and the y axis).

I(11) = CII (2ShS,L(II) + 1) (9b)

where S,.,) and S,41) are the orientational order parameters of the transition
dipole moments of the amide I and amide II modes, respectively, and CI
and CII are the corresponding proportionality constants. To compare the
intensities of amide bands of different samples, it is reasonable to define
relative intensities to avoid the explicit calculation of specific experimental
parameters. The experimentally accessible and, in this context, relevant
ratio I(DA(II) is given by

h')-= 2&ShS() + 1
1a

,(l) C 2ShSA(u) + 1 (lOa)

with C = C1/CI.
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Obviously, if C, S 1W), and S,(H) are known, the ratio of the two
intensities allows the determination of the molecular orientation of a-he-
lices on gold. In principle, C might be determined by using a monolayer
peptide film of no preferential molecular orientation of the helices, i.e.,
Sh = 0. However, such a situation is difficult to realize because of the
inherent self-organizing tendency of the peptides under investigation. The
orientational distributions of the amide I and amide II transition moments
in a-helical polypeptides are not yet clearly determined. The reported
literature values for the average orientation of the transition moment of the
amide I mode with respect to the principal helix axis range from 170 to 400,
and the corresponding values for the amide II mode from 750 to 880
(Goormaghtigh et al., 1994a, and references therein). In principle it is
possible to calculate the orientation of ptI) and PU(jj) in an ideal helix
reasonably well, combining details of the three-dimensional structure and
the normal-mode analysis of a-helices (Krimm and Reisdorf, 1994). Un-
fortunately, ideal a-helices do not exist in reality. Static structural distor-
tions and conformational fluctuations within the polypeptide helices lead to
deviations from the average a-helical structure in a sequence and positional
dependence: the largest deviations are usually observed at the helix termini,
as well as in flexible regions that are induced by kinks (Edholm et al.,
1995; Vogel et al., 1988, 1993). Therefore, orientational distributions of
transition moments with respect to an average or principal helix axis as
described by S,. are a better representation of the reality rather than fixed
angles. To determine Sh for a particular polypeptide, the following strategy
was applied. RA-FTIR measurements of two different polypeptide layers
on gold were performed: one with the principal helix axis oriented per-
pendicular to the gold surface, the other parallel to it. By using these two
reference spectra, together with the published values for the orientation of
the amide transition moments, the range of possible values of C can
accordingly be determined, in principle, from Eq. lOa.

As a first reference we used BR, a representative example of a mem-
brane protein comprising seven transmembrane helical segments. Accord-
ing to electron diffraction studies of purple membranes, i.e., the natural
membrane fragments containing well-defined, two-dimensionally ordered
BR molecules (Grigorieff et al., 1996), the known high-resolution three-
dimensional structure of BR defines the average orientation of the helices
with respect to the membrane surface. A helical order parameter of Sh =

0.83 was calculated for such layers (Thiaudiere et al., 1993). Numerous
independent studies have proved that purple membranes can be spread in
a functionally active form on solid supports, with the membrane planes
preferentially aligned with the surface of the support (Blasie, 1994; Trissl
and Gartner, 1987). Actually, the system is further complicated by addi-
tional disorder in the protein layer, introduced by the nonideally flat surface
of the support. This effect can be described by the so-called mosaic spread
order parameter Sm of the membrane fragments around the normal of the
support (Rothschild and Clark, 1979). Therefore, Eq. lOa must be extended
by introducing Sm in the products of the order parameters:

(I) 2ShSgI)Sm + 1
lb

/(1) 2ShS5k )Sm + 1 (lOb)

For practical purposes, we define an apparent transition moment order
parameter S' = S Sm as the product of the intrinsic transition moment
order parameter S. and the mosaic spread order parameter Sm.

In the present investigation we do not use explicit Sm values, but rather
the corresponding S' values. As the solid supports used for all peptide
layers were identical, we assume identical Sm values in all cases.

As a second reference, that of an in-plane oriented polypeptide a-helix,
we have chosen the His-peptide. This peptide was designed as an ideal
amphipathic, straight helix (see Fig. 2). It will be shown in the Results that
at the air/water interface the peptide helix is oriented in the plane of the
interface, and preserves its molecular structure and orientation after both
LB transfer and SA on a solid support. Its monolayers are therefore
characterized by Sh =-0.5.

Polarization modulation infrared reflection
absorption spectroscopy
Peptide monolayers at different stages of monolayer compression were

studied directly at the air/water interface by PM-IRRAS. The differential
reflectivity measurements offer a unique possibility to study the secondary
structure and orientation of the peptides at the air/water interface during the
whole compression/expansion cycle in situ. Essentially, PM-IRRAS com-

bines FTIR reflection spectroscopy with fast polarization modulation of the
incident beam between parallel (p) and perpendicular (s) polarization.
Two-channel electronic and mathematical processing of the detected signal
makes it possible to obtain the differential reflectivity spectrum ARIR =

(Rp - R)/(Rp + Rs) (Blaudez et al., 1996). The spectra were recorded at
the University of Bordeaux with a Nicolet 740 spectrometer with a

HgCdTe detector by coaddition of 300 scans at a resolution of 4 cm-',
Happ-Genzel apodization function, and a level of zero filling equal to 1.
The PM-IRRAS set-up and experimental procedure have been reported in
detail elsewhere (Blaudez et al., 1994). To eliminate the contribution of the
water absorbance and the second Bessel function, the spectra obtained from
the peptide monolayers were divided by those of a pure water surface. The
surface selection rule in PM-IRRAS spectroscopy under the particular
experimental conditions (angle of incidence 75° and water as a substrate)
determines the position of the absorption bands relative to the baseline:
positive absorption occurs for transition moments preferentially in the
plane of the substrate, whereas negative absorption corresponds to transi-
tion moments oriented perpendicular to the substrate surface (Blaudez et
al., 1994).

Sample preparation

For the formation of Langmuir monolayers in the PM-IRRAS experiments,
a methanol/dichloromethane (1:9) peptide solution was applied to the water
surface at a surface pressure of 0 mN/m. The monolayers were compressed
to the desired surface pressure by means of a mobile barrier. The PM-
IRRAS spectra of the layers were measured 15 min after the surface
pressure reached the predefined value. Spectra of the His-peptide were

measured on a subphase containing 0.025 M glycine/NaOH buffer (pH 9)
or 0.025 M citric acid/Na2HPO4 buffer (pH 3).

Circular dichroism
CD experiments were performed on an AVIV model 62 DS circular
dichroism spectrometer (AVIV, Lakewood, NJ). Spectra were recorded
between 192 and 250 nm (step resolution of 2 nm) at 20°C with a quartz
cuvette of 0.1-mm path length. Each experiment was repeated four times.
Reference samples of the solvent (methanol/dichloromethane = 1:9) were
routinely recorded and subtracted from the original spectra. Because the
dichroic behavior of peptides in the far UV is dominated by their secondary
structure, the CD spectra were used to determine the average conformation
of the peptides in organic solution. The molar ellipticity at 222 nm, 0222,
was used to estimate the helical content of the two peptides; it was shown
to be, to a good approximation, proportional to the a-helix content in
polypeptides, with a value of -3 x 104 deg dmol-'cm2 corresponding to
100% helical conformation (Chen et al., 1974).

Molecular dynamics
The MD simulation of the peptides was performed with the program
CHARMM (Brooks et al., 1983), with the parameter set Charmm 22. As
initial coordinates, we chose those of an ideal helix. All atoms of the
polypeptides were treated explicitly. The MD calculations were performed
in vacuum with 1 -fs time steps by using the Langevin algorithm and taking
into account an average friction caused by the molecular motions of the
polypeptides relative to their surroundings (Brooks et al., 1985). A friction
coefficient of 5 ps-' and a dielectric constant of 1.758 corresponding to
those of methanol were used. The total simulation time spanned 1 ns.
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RESULTS

Secondary structure of the peptides in the solid
state and in solution

The ultimate goal of the present work is the formation of
monolayers of helical peptides at interfaces. We therefore
investigated first whether the considered peptides are able to
adopt a helical conformation in helix-inducing, nonpolar
solvents. We believe that a stable helical conformation in
solution is a prerequisite and a good indication that a pep-
tide will also, in turn, be helical at interfaces. Second, the
peptide conformation in the bulk solid state was studied, as

it should compare well to the situation in which the peptides
are immobilized as a densely packed monolayer at interfaces.
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TABLE I Peak positions in the amide I and amide 11 regions
in FTIR spectra of His-peptide and A-peptide under different
sample conditions

His-peptide A-peptide

amide I amide II amide I amide II
Sample (cm-') (cm-')

Solution 1658 1551 1660 1545
Solid state 1658 1544 1660 1538
Air/water interface 1658 1545 1660 1542
On Ge: LB transfer* 1658 1543 1660 1541
On Au: LB transfer* 1661 1546 1663 1542

SA monolayer 1663 1547 1675 1542

*The LB transfers were performed at a surface pressure of 8 mN/m.

'Wa' ' 1%., A-1-0 3'JUa '''LI LWV J;FLIU,'9III also shown a largely helical conformation of the peptide
on. The 0222 values of -2 X 104 and -2.7 X (Bechinger, 1996).

Icm2for the A- and the His-peptide, respec--pocm2tforathelA-aondthentof75His-eptde rpe- In the A-peptide spectra, the amide I band was centered

fntoh helixcntentoand90%.neresiduesn theH at 1660 + 1 cm 1, and the amide II at 1538 ± 1 cm1 (Fig.
5 B). Three absorbance bands were resolved by curve fitting

ot change the helix content in solution (spec- in the amide I region (at 1640, 1662, and 1688 cm -), and
an). in the amide II region (at 1517 and 1538 cm-1).

I and amide II regions of FT'IR transmission
Regular a-helical structures typically give rise to amide I

two peptides in organic solution were quite bands at 1650-1658 cm-1 (Surewicz et al., 1993). The shift

-s 1 and 2). In Fig. 5 only the spectra of the to higher wavenumbers in the case of the A-peptide might
,are shown. indicate the presence of distorted and/or 310-helical struc-
of the His-peptide, maximum intensities were tures (Harms and Chapman, 1988, 1995; Krimm and Reis-

658 ± cm 1 for the amide I region and at dorf, 1994; Rothschild and Clark, 1979). Furthermore, the
afor the amide region (Fig. 5 A). The major amide I band is considerably broader than in the case

ni was decomposed into three individual bands of the His-peptide, indicating a larger distribution of slightly
1680 cm1'), and the amide region into two different helical structures. This is quite reasonable, because
1544 cm 1). According to normal-mode anal- the pseudo-proline residue induces a kink in the central part
erous spectra of polypeptides of known struc- of the A-peptide (see Fig. 2). It has been shown that proline-
'and Reisdorf, 1994), the FTIR spectra induced kinks represent a flexible element in helical

ort the CD results of a predominantly helical polypeptides (Vogel et al, 1993)
he peptide NMR spectroscopolypeptides . .he peptide. NMR spectroscopic analysis has For both peptides, the major amide I transition was ac-

companied by two weaker bands, one at lower and one at

higher wavenumbers. Although vibrational transitions of
nonhelical peptide structures appear in these spectral re-

gions, the observed bands can also stem from helical struc-
tures. Normal-mode analysis has shown that purely helical
(a-helical, 3 r) polypeptides indeed have considerable spec-
tral contribution from both sides of the major amide I band

................ ....................................... (Krimm and Reisdorf, 1994; Torii and Tasumi, 1996).

*_______________._______________ In summary, IR and CD spectroscopy has shown that
Q It .005"both the A- and the His-peptides adopt a predominantly

; * o^ ^ . .si~helical conformation, as expected from their amino acid

se
._

*, , , , . ~~~~Peptide monolayers at the air/water interface

200

I I I I 1
210 220 230 240 250
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FIGURE 4 CD spectra of the A-peptide (0) and His-peptide (0) in
methanol/dichloromethane (1:9) solution. The peptide concentrations were

4.3 x 10-4 M (A-peptide) and 2.1 X 10-4 M (His-peptide), the temper-
ature 20°C, and the optical path length 0.1 mm.

* -

Langmuir isotherms

When spread at the air/water interface, both the A- and the
His-peptide formed stable monolayers. Fig. 6 shows the
surface pressure/area (-n/A) isotherms of the two peptide
monolayers. The behavior of the monolayers was indepen-
dent of the temperature in the range of 15-30°C. In a
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TABLE 2 Position of the individual bands resolved in the amide I and amide 11 regions of His-peptide, A-peptide, and BR FTIR
spectra obtained under different sample conditions

His-peptide* A-peptide* BR*

LB SA LB SA Oriented
Spectral Solid bulk monolayer monolayer Solid bulk monolayer monolayer multilayers
region sample on gold on gold sample on gold on gold on gold

amide I (cm-') 1638 1641 1641 1640 1646 1649 1623
1658" 1661#(11) 1662#(11) 1662# 1664%(1) 1663(11) 1649

1673(1) 1673(1) 1676(1) 1676"(1) 1668#(1)
1680 1687 1687 1688 1686 1687 1684

amide II (cm-') 1524 1531 1530 1517 1528 1516 1518
1544 1548 1547 1538 1543 1543 1544

*Data from the spectra shown in Figs. 5, 8, and 9. Indicated are the parallel (II) and the perpendicular (1) components of the amide I transition dipole
moment with respect to the main helix axis, giving rise to the particular bands.
#Major band.

compression/expansion cycle, the isotherms of both pep-
tides were reversible between 0 and 30 mN/m. Further
compression of the monolayers is not reported, because due
to the extremely high layer viscosity, the Wilhelmy plate
system was no more functional above 30 mN/m. Similar
behavior has been observed with other peptides, e.g., TASP-
melittin (Meseth, 1996), M13 phage coat and procoat pro-
teins (M. Boncheva, unpublished results).
The four histidine and two lysine amino acid residues in

the His-peptide can be protonated and deprotonated by
changing the pH in the surrounding aqueous phase, making
it possible to reversibly switch the molecular electrical
charges on and off. The influence of surface charges on the
molecular packing in His-peptide monolayers was investi-
gated by recording the corresponding 7r/A isotherms at pH 3
(six positive charges per molecule) and pH 9 (two positive
charges at the C-terminus of each molecule), as shown in
Fig. 6 A. The molecular area of the peptide at 30 mN/m
increased by 0.56 nm2 when the pH of the subphase was
changed from 9 to 3, because of increased repulsive elec-
trostatic interactions.
The pressure/area isotherms in Fig. 6 gave the first indi-

cation of the molecular orientation of the peptides at this
interface. In the most densely packed monolayers (at a
surface pressure of 30 mN/m), the molecular areas of the
two peptides were 3.00 nm2 for the A-peptide and 3.75 and
4.30 nm2 for the His-peptide on a subphase of pH 9 and 3,
respectively. By comparing these experimental values with
the molecular dimensions of the helices calculated by mo-
lecular dynamics simulation (Table 5), it is possible to
estimate the helix orientation on the water surface. The
experimental data from the Langmuir isotherms indicate a
preferential parallel orientation of the peptide helices at the
water surface.
To obtain additional information about the peptide mono-

layers, the van der Waals equation of state for two-dimen-
sional systems was used to describe the low-pressure region
of the isotherms:

kBT a

m Ae (m

CD

o 1544l

1700 1650 1600 1550 1500

. 1660

.0 1538

0

' ' I ' ' ' ' i | ' ' t I I I' i ' ' T' I I

1700 1650 1600 1550 1500
Wavenumbers [cm-1]

FIGURE 5 Transmission FTIR spectra of the His-peptide (A) and the
A-peptide (B) as bulk solid samples on CaF2 windows. The spectra are
normalized for the amide I band intensities. Shown are the best-fitted
individual bands (thin solid lines), their sum (thick solid line), and the
experimental points (0). Indicated are the wavenumbers of the maximum
intensities in the amide I and amide II regions.

Boncheva and Vogel 1 063



Volume 73 August 1997

A

z
Eg 20
CD)

CL ~ pH 9 pH 3
CD 10

0

4 5 6
Molecular area [nm2]

30.
B

~20

u 10

co

0 -4
3 3.5 4

Molecular area [nm2]

FIGURE 6 Surface-pressure/area isotherms of monolayers of His-pep-
tide (A) and A-peptide (B). The temperature was 22 ± 2°C and the
compression speed 0.05 nm2 molecule-' min-'. (A) Isotherms of His-
peptide monolayer on aqueous subphase of pH 9 and 3 (for details, see
Materials and Methods). (B) The arrows indicate compression or expansion
of the monolayer spread on deionized water.

Here ir is the surface pressure of the monolayer, Ae is the
excluded area occupied by the peptide, by which the total
areaAm in which the peptide can move freely is reduced, the
parameter a accounts for the repulsive molecular interac-
tions in the monolayer, and c is a correction factor to
compensate for errors in the offset of the pressure measure-
ments (Cevc and Marsh, 1987). The fit was reasonable up to
10 mN/m, yielding a value for Ae of 3.09 nm2 for the
A-peptide, and 4.23 and 5.14 nm2 for the His-peptide on
subphase pH of 9 and 3, respectively. Interestingly, the Ae
value and the molecular area of the A-peptide at 30 mN/m
are nearly identical, whereas in the case of the His-peptide,
the Ae values are considerably higher than the correspond-
ing molecular areas in the fully compressed state. Appar-
ently, the electrostatic repulsion plays a more important role
at low T. A higher compressibility of the His-peptide mono-
layers (7.3 X 10-3 m/mN and 8.89 X 10-3 m/mN for
monolayers spread on subphases of pH 9 and 3, respec-
tively) leads to a larger relative area reduction as compared
to A-peptide monolayers (4.56 X 10-3 m/mN) (values at 20
mN/m). A comparable monolayer compressibility of _ 10-2

m/mN at 30 mN/m has been reported for other synthetic
polypeptides (Fukushima et al., 1979).
No phase separation was observed in the peptide mono-

layers, either in the pressure/area isotherms or under the
Brewster angle microscope in the studied surface pressure
range. Although this indicates a homogeneous layer, the
formation of smaller domains cannot be excluded, because
the lateral resolution of the microscope was 2 ,um.

PM-IRRAS measurements

The PM-IRRAS peptide spectra at the air/water interface
(Fig. 7) were very similar to those in bulk solid state, and in
solution. The amide I bands were centered at 1660 cm-1 for
the A-peptide and 1658 cm-1 for the His-peptide, indicating
the preservation of the helical conformation at the water
surface. The His-peptide spectra were not modified upon
changing the subphase pH from 9 to 3 (spectrum not
shown). The amide I and amide II peak intensities increased
continuously with the surface pressure over the 0-30 mN/m
compression range. Although for both peptides the width of
the amide I band decreased with increasing surface pressure
in the range of 0-30 mN/m, the amide I band was always
broader for the A-peptide than for the His-peptide, as in the
transmission and the RA-FIIR spectra.
Under the present experimental conditions (angle of in-

cidence of 750), the surface selection rule for dielectric
substrates predicts that transition moments lying on the
average in the surface plane give rise to a positive absorp-
tion band; a negative absorption band is an indication of
transition moments with an average orientation perpendic-
ular to the surface (Blaudez et al., 1994). In the whole
compression range, both peptides exhibited positive amide I
and II bands, with the latter being considerably weaker.
Cornut et al. (1996) have calculated PM-IRRAS spectra of
peptide helices with different orientations at the water sur-
face. According to these simulations, the spectra in Fig. 7
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FIGURE 7 In situ PM-IRRAS spectra of A-peptide (A) and His-peptide
(B) monolayers compressed to a surface pressure of 30 mN/m. The sub-
phase was deionized water (A) or 0.025 M glycine/NaOH buffer, pH 9 (B).
The spectra are normalized for the amide I band intensities.
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indicate that the peptide helices are preferentially oriented
parallel to the air/water interface.

Peptide monolayers on gold by RA-FTIR

Fig. 8 shows representative examples of RA-FTIR spectra
of monomolecular films of the two peptides formed by LB
transfer and self-assembly. In all cases, the RA-FTIR spec-
tra differ from those in solution, either in wavenumbers or
in relative intensities of the amide I and amide II bands.
Table 2 summarizes the wavenumbers of the individual
bands into which the amide I and amide II regions of the
monolayers and solid bulk spectra were decomposed. For
both peptides, the same number of bands was resolved
independently of the layer formation method. In the spectra
of A-peptide monolayers, all bands changed in wavenumber
and relative intensity; in the spectrum of LB transferred
monolayer, the major amide I band is at 1664 cm- 1, and in
the case of self-assembled monolayer, at 1676 cm-'. Com-

A

1700 1600 1500

0
CO

0eC1St

pared to the transmission spectrum of the solid sample, this
corresponds to a shift toward a higher wavenumber of 2
cm-1 for the LB-transferred monolayer, and of 14 cm-1 in
the self-assembled monolayer. In the case of the His-peptide
monolayers, the resolved individual bands remained with
the same relative intensity independently of the layer for-
mation method. The amide I maximum in LB-transferred
monolayers was shifted by 3 cmr-, and in self-assembled
monolayers by 4 cm-1 toward higher wavenumbers as
compared to the transmission spectrum. Obviously, the first
question to arise is whether these spectral differences are
induced by structural changes of the polypeptides in contact
with gold surfaces, reorientation of the molecules at the gold
surface, or the particular sampling technique.
To determine the conformation of the peptides in contact

with the gold surface by an independent method, we are
currently investigating the peptide secondary structure by
ATR-FTIR experiments, using germanium supports cov-
ered by an ultrathin gold film. In this experimental config-

B

1700 1600 1500

1700 1600 1500 1700 1600 1500
Wavenumbers [cm ] Wavenumbers [cm ]

FIGURE 8 RA-FTIR spectra. (A) A-peptide monolayer. (B) His-peptide monolayer. The peptide monolayers were formed by self-assembly (upper row)
or LB transfer at a surface pressure of 8 mN/m (bottom row). Shown are the best-fitted individual bands in the amide I and amide II regions (thin solid
lines), their sum (thick solid line), and the experimental points (0). The spectra are normalized for the amide I band intensities.
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uration, the molecules in contact with gold are sensed as in
a conventional ATR spectroscopy, thus avoiding spectral
changes as in the RA-FTIR technique. The peptides' sec-

ondary structure studied in LB-transferred monolayers on

conventional germanium supports was found to be identical
to the one in solution or in the solid state (Table 1). Our
preliminary ATR-FTIR experiments with peptide monolay-
ers self-assembled on gold do not show any significant
differences in the spectra of LB transferred and self-assem-
bled peptide monolayers compared to their respective spec-

tra in solution (manuscript in preparation), demonstrating
that the peptides preserve their helical conformation at the
gold/air interface. Therefore, the differences in the peptides'
RA-FTIR spectra compared to conventional FTIR spectra
do not result from conformational changes of the peptides at

this interface.
It is known from many investigations that RA-FTIR

spectra of thin films on metal supports can differ consider-
ably in frequency, intensity, and lineshape from the corre-

sponding spectra in solution (Yen and Wong, 1989). This
variation can be explained by the presence of surface modes
corresponding to the transverse optical (TO) and longitudi-
nal optical (LO) excitations of the thin film and by the
optical properties of the substrate. The TO band appears

near the oscillator frequency of bulk samples, whereas the
LO band is shifted to higher frequencies by an amount
roughly proportional to the absorption strength (Lyddane et
al., 1941).

Furthermore, in the particular case of helical polypep-
tides, two different components of the LO amide I mode can

be excited (Cantor and Schimmel, 1980; Fringeli and
Gunthard, 1981; Goormaghtigh et al., 1994a): one with a

strong transition dipole moment component, pi, along the
main helix axis, and the other with weaker transition dipole
moment components, px and L,y, perpendicular to the first
one (Fig. 3). Therefore, a reorientation of the peptide helices
with respect to the plane of the metal support would result
in excitation of the amide I mode at a different wavenumber
compared to the one observed in solution. When the helices
are oriented with their main axis in the plane of the inter-
face, the ux - jiy components will be preferentially excited;
as it is a weak transition, its wavenumber should be close to

the one observed in the bulk spectrum. Analogously, when
the helices are oriented perpendicular to the interface, the pu
component is excited. As the dipole moment along the
z-axis is much stronger than the ones in the x-y plane, a

stronger TO/LO splitting is expected in this case, and the
amide I band is expected to shift 8-10 cm-' to higher
wavenumbers (Allara et al., 1978).
The considerations presented above deliver an explana-

tion for the differences between the transmission and RA-
FTIR spectra of the peptides. In the case of the His-peptide,
the major amide I band observed in the transmission spec-
trum is centered at 1658 cm- . According to the existence
of the surface modes described above, this band is shifted to

the higher wavenumbers in the RA-FTIR spectra, and is

tion of the , - k,y components (1661-1662 cm-l), and the
other to the p,u component (1673 cm-1) of the transition
dipole moment (Fig. 8 and Table 2). The fact that the
wavenumber of the major amide I band in RA-FTIR and
transmission spectra are similar (shift of 3 cm-' in the
spectrum of LB transferred and 4 cm-' in self-assembled
monolayers) indicates that in both cases the i,u -,y com-
ponents of the dipole moment are preferentially excited, i.e.,
the helices are oriented parallel to the plane of the support.
Our SPR measurements (see below) fully confirmed this
conclusion.

In the case of the A-peptide, the major amide I band
appears at 1662 cm-' in the transmission spectrum of bulk
solid samples, at 1664 cm-' in the RA-FTIR spectrum of
LB transferred monolayers, and at 1676 cm-' in the RA-
FTIR spectrum of self-assembled monolayer (Fig. 8 and
Table 2). The shift between the transmission and the RA-
FTIR spectrum of the LB-transferred monolayer can be
explained by the preferential excitation of the surface px-
,y components of the dipole moment; thus an orientation of
the helices parallel to the surface is deduced. The observed
shift of 14 cm- 1 in the spectrum of the self-assembled
monolayer could indicate only a reorientation of the peptide
helix. As the l,u component of the dipole moment is con-
siderably stronger than the lx- A,y components, its exci-
tation would lead to a proportionally big shift in the ob-
served amide I wavenumber. Therefore, a molecular
orientation close to perpendicular to the surface is con-
cluded for the A-peptide self-assembled monolayer.
As described in Materials and Methods, the evaluation of

the orientational distribution of the A-peptide helices was
based on two reference systems: BR as an example of
helices oriented perpendicular to the interface, and the His-
peptide monolayer as an example of helices oriented paral-
lel to the gold surface. Figs. 8 and 9 show the RA-FTIR
spectra of the peptides immobilized on gold by different
immobilization procedures (LB transfer or SA) and the
reference spectrum of an oriented monolayer of purple
membranes. The comparison of the A-peptide spectra with
those of the two reference systems reveal two major points:
1) The spectrum of the LB-transferred monolayer, with
respect to position of the major amide I band and its relative
intensity to the major amide II band, is close to the spectra
of the His-peptide monolayers. The major amide I band
appears at 1664 cm-1, corresponding well to the one in the
His-peptide spectra (1661 cm-'). In all three spectra, this
band is of considerably lower intensity than the major amide
II band. 2) On the other hand, the spectrum of the self-
assembled A-peptide monolayer is very similar to the spec-
trum of BR. In both cases, the major amide I band is of
higher intensity than the major amide II band, and appears
at comparable wavenumbers.
The ratios between the major amide I/amide II bands

were calculated by using the integrated areas of the bands
around 1668-1676 cm-1 and 1543-1548 cm-', respec-
tively (Table 3). These particular amide I and amide II
bands were chosen because they correspond to the prefer-
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FIGURE 9 RA-FTIR spectrum of BR in purple membranes on a planar
gold surface. Shown are the best-fitted individual bands in the amide I and
amide II regions (thin solid lines), their sum (thick solid line), and the
experimental points (0). The spectrum is normalized for the amide I band
intensities of the spectra in Fig. 8.

ential parallel and perpendicular transition moments, as can

be already seen qualitatively from their corresponding in-
tensity ratios in the different monolayer spectra.
The unchanged amide I wavenumber and intensity ratio
)/I(II) show that the orientation of the His-peptide in the

self-assembled monolayer did not differ from the one in the
LB-transferred monolayers of both the His- and the A-pep-
tide. To quantify Sh of the A-peptide in self-assembled
monolayers, it is necessary to know the values of C, S',L(I)

and S' in Eq. lOb. As in this equation, we have three
unknowns but only two calibration spectra (that of BR with
Sh= 0.83 and I(I)/I(II) = 5.73, and that of the LB-transferred

layer of the His-peptide with Sh = -0.5 and I(I)/I(II) = 0.08;
see Table 3), we used the published values for the orienta-
tion of the amide transition moments (S,.(I) = 0.86 to 0.73
and S=H)=-0.4 to -0.5) to limit the possible values of the
constant C to 0.798-0.444. By using this range of C values,
the orientational distribution of the average helices in the
A-peptide self-assembled monolayers is restricted to Sh =

0.63 + 0.063, assuming Sm = 1. Sh defines the orientational
distribution of the average helix axes of the A-peptides
around the normal to the support. Unfortunately, according

TABLE 3 Intensity ratios 1(1)11(11) between the amide I and
amide 11 bands of RA-FTIR spectra of BR, His- and A-peptide
layers on gold

Layer Im/(ii)
BR I(1668)II(1544) = 5.73
His-peptide
LB transfer I(1673)"I(1548) = 0.08
SA monolayer I(1673)'Ih1547) = 0.08

A-peptide
LB transfer I(1676)/I(1543) = 0.08
SA monolayer I( 676)/I( 1 543) = 2.85

to Eq. 1, the orientational distribution function f(O) is not
known explicitly. If we assume, however, for later compar-
ison with the SPR data a uniform orientation of the helices
with a fixed tilt angle 0 of the principal molecular axis, a
value of Sh = 0.63 + 0.063 corresponds to 0 = 30 + 3°.
Using this tilt angle and the molecular dimensions obtained
from the molecular dynamics simulation (Fig. 2), an aver-
age thickness of 2.6 nm was calculated for the self-assem-
bled A-peptide monolayers. Nevertheless, we want to point
out that these formal evaluations do not prove an actual
uniform tilt angle. A more realistic interpretation of Sh, in
our opinion, is a distribution of orientations of the helices.

Peptide monolayers on gold by SPR

Table 4 summarizes the results of the SPR measurements
performed with self-assembled and LB-transferred peptide
monolayers on gold.

In the case of the His-peptide, a value of d = 0.8 nm was
obtained for the thickness of a self-assembled monolayer.
Together with the calculated molecular area ofASPR= 4.06
nm2, this result indicates that the helices are preferentially
oriented parallel to the surface. The LB-transferred mono-
layers showed slightly increased thickness and concomitant
decreased mean molecular areas; this finding could be in-
terpreted as a slight tilt of the peptide helices toward the
solid support, induced by the high lateral compression of the
peptide layer on the water surface.
The SPR results for the A-peptide monolayers in Table 4

are in complete agreement with the conclusions drawn from
the FTIR experiments, demonstrating a predominantly par-
allel orientation in LB-transferred and perpendicular orien-
tation with respect to the support in self-assembled mono-
layers. The mean layer thickness of 2.12 nm in the self-
assembled A-peptide monolayers, as measured by SPR,
corresponds well to the one calculated from our RA-FTIR
measurements (2.6 nm). The difference of 15% in the thick-
ness as measured by the two methods can easily be ex-
plained by their different sensitivities to the presence of
impurities adsorbed on the gold surface.
The refractive index of the peptide monolayers was ob-

tained by fitting the experimental reflectance versus angle
of incidence curves with the Fresnel equations, using the

TABLE 4 SPR experiments: resonance angle shift Aospr,
mean molecular area ASPR, and monolayer thickness d of the
His- and A-peptide monolayers immobilized on gold by LB
transfer and self-assembly

Experiment A spr (O) ASPR (nm2) d (nm)

His-peptide
LB transfer* 0.34 3.05 1.06
SA monolayer 0.30 4.06 0.8

A-peptide
LB transfer# 0.34 2.36 1.07
SA monolayer 0.68 1.19 2.12

*The LB transfer was performed at a surface pressure of 28 mN/m.
#The LB transfer was performed at a surface pressure of 30 mN/m.
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calculated monolayer thickness. The considerably high
value of 1.59 indicates a dense packing in the peptide layers.

DISCUSSION

The present results have demonstrated that stable helical
peptide monolayers can be formed at the surface of water

and various solid supports. Most importantly, the molecular
orientation of the hydrophobic helices in the layer can be
controlled by choosing a particular procedure for the layer
formation. This opens, for the first time, the possibility of
controlling the structure of protein layers at interfaces for
various applications.

Here we will focus on the following major results of our

work, which were of importance in reaching the above
conclusion: first, the feasibility of pure peptide layer for-
mation at different interfaces by using synthetic polypep-
tides; second, the parameters that determine the molecular
orientation in such monolayers; third, the method we pro-

pose for calculation of the helical order parameter from
RA-FTIR data.

1. In the present study we investigated the formation and
structural properties of peptide assemblies at different in-
terfaces, using either amphipathic or hydrophobic polypep-
tide helices. The stable helix structure of both polypeptides
in organic solution and bulk solids was found to be un-

changed in monolayers at the air/water and air/solid inter-
faces, in contrast to the often observed phenomenon that
water-soluble proteins and polypeptides denature at the air/
water interface or upon contact with the support (Jakobsen
and Wasacz, 1987; Jakobsen et al., 1985; MacRitchie, 1987;
Smith and Clark, 1992). To our knowledge, RA-FTIR mea-

surements were used for the first time to deliver direct
experimental evidence for the molecular conformation of
pure peptide monolayers. Synthetic polypeptides can exist
in different structural conformations, e.g., a-helices,
(3-strands, or nonregular states, each with distinct mechan-
ical, optical, electrical, magnetic, and biological properties.
The present study shows the possibility of constructing
immobilized peptide monolayers with predefined macro-

scopic properties and molecular structure by choosing the
proper amino acid sequence of the polypeptides composing
the layer.

2. The molecular orientation of the peptides in interfacial
monolayers was investigated by different techniques: at the
water surface, by -/A isotherms in a Langmuir film balance
as well as by FTIR spectroscopy; in the case of supported
peptide layers, by a combination of FTIR and SPR mea-

surements. i/A isotherms and SPR measurements deliver
mean molecular areas. These, in turn, can be used to esti-
mate the molecular orientations in the corresponding pep-

tide films when compared with molecular models of the
peptide helices. Table 5 summarizes the molecular areas of
the His-peptide and the A-peptide in LB-transferred and
self-assembled monolayers as estimated from different mo-

TABLE 5 Molecular areas of the His-peptide and the A-
peptide in LB-transferred and self-assembled monolayers as
estimated from molecular models and experiments

His-peptide A-peptide
Model/experiment (nm2) (nm2)

AMD**
Perpendicular 1.13 0.95
Parallel 4.44 3.50

As§
Perpendicular## 0.87 0.79
Parallel*§§ 3.90 3.20
Parallel'" 3.46 2.83

Avdw 4.231111 3.09

Aill 3.751111 3.00

ASPR**
LB transfer 3.05 2.36
SA monolayer 4.06 1.19

*Calculated assuming a cylindrical shape for the peptide helices.
#Calculated as a molecular projection using the dimensions obtained from
MD (see Fig. 2).
§Calculated as the area of a single peptide molecule, using a molecular
density p = 1.37 g/cm3 (Gennis, 1989), the mass of the peptides m, and the
helix length e obtained from MD (see Fig. 2).
uCalculated as Avdw = Ae in Eq. 11.
1Area at a surface pressure of 30 mN/m (see Fig. 6).
**Data from Table 4.
##Calculated as As ml(4p).
ttCalculated as As = 2 (m/i7rp)"It2.
'Calculated assuming a square molecular projection, i.e., As = (em/p)1"2.
11 liData for His-peptide monolayers spread on subphase of pH 9.

plementary to FIR measurements, which gave direct in-
formation on the orientational distribution of the a-helical
polypeptides at the different interfaces. It is interesting to
compare the different molecular areas listed in Table 5,
because they give an idea of the validity and strength of the
different models.
We start our consideration with the molecular models

obtained from MD. The computer simulations have re-
vealed that the two polypeptides remain stable a-helices, in
agreement with our spectroscopic experiments. From the
calculated a-helical structures in Fig. 2, it is possible to
estimate the projection area AMD of a single polypeptide in
a parallel (11) or perpendicular (I) surface orientation. The
corresponding values, assuming a cylindrical shape of a
polypeptide helix, are 4.44 (II) and 1.13 (1) nm2 for the
His-peptide, and 3.50 (11) and 0.95 (1) nm2 (calculated as a

projection of the helical segment 1-10) for the A-peptide,
respectively. Because of interdigitization of side chains of
neighboring molecules, however, the molecular areas in a

peptide monolayer might be smaller than those of the indi-
vidual molecules. More realistic mean molecular areas in
condensed monolayers can be estimated by using the partial
specific volumes of proteins (1/V = 1.37 g/cm3) (Gennis,
1989) and the length of a stable a-helix as obtained from the
MD. The corresponding molecular areas (As in Table 5) are

10-20% lower than the values estimated for single mole-
cules. It is interesting to note that the experimentally deter-
mined mean molecular areas Ai of compressed His- and
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lecular models and experiments. Such information is com-
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A-peptides at the water surface are between those estimated
for parallel orientation of peptides of circular and square
cross sections. Obviously, a cylindrical structure is an over-
simplification, because the peptide side chains are flexible
enough to reorient under compression toward a more square
cross section of the polypeptide helix. The same also holds
for A-peptides as described by a two-dimensional van der
Waals equation (Eq. 1 1), whereas the His-peptide under the
same conditions shows a distinctly larger area Avdw. This
difference reflects the influence of electrical charges in the
case of the His-peptide. Taken together, both the hydropho-
bic A-peptide and the amphiphilic His-peptide adopt a par-
allel orientation on the water surface.
The mean molecular areas ASPR of LB-transferred peptide

films are -20% lower than those estimated before for the
parallel surface orientation (Ai). In view of the quite differ-
ent experimental technique, we believe that this difference
is still in agreement with a parallel surface orientation in the
LB-transferred monolayers. In this context, one should note
also that the accuracy of the mean molecular area determi-
nation on the Langmuir film balance under our experimental
conditions is not better than 20%. Nevertheless, the values
ofASPR could also indicate a slight deviation from an ideally
flat orientation of the a-helices in LB-transferred monolay-
ers. The situation, however, changes drastically when self-
assembled monolayers of His- and A-peptide are compared.
Whereas the His-peptides are still oriented parallel to the
surface, the A-peptide areas clearly indicate a perpendicular
helix orientation.

Several parameters were found to play an important role
for the molecular orientation in the studied polypeptide
monolayers: 1) the type of interface, 2) the amino acid
sequence, 3) the specific peptide interactions with the sup-
port, and 4) the method of layer formation.
To illustrate the influence of the interface on the layer

properties, we compared the molecular orientation in A-
peptide monolayers in the same surface pressure range
(0-30 mN/m) on water and after LB transfer to hydrophilic
gold surfaces. At the air/water interface, both the hydropho-
bic and the amphipathic peptide helices oriented always
preferentially parallel to the interface, independent of the
surface pressure in the monolayer. This result was expected
for the His-peptide at pH 3, because of its ideal amphipathic
helical structure; however, it is surprising that the totally
hydrophobic A-peptide also showed little or no tendency
toward a perpendicular reorientation, even at high surface
pressures. A parallel orientation at the water surface was
also proposed for other hydrophobic peptides (Cornell,
1979; Fujita et al., 1974, 1995). Conformation and interfa-
cial orientation of the peptides could be preserved upon LB
transfer to gold surfaces, as shown by our RA-FTIR data.
Upon self-assembly on gold, the two peptides oriented

differently, thereby indicating the importance of the primary
amino acid sequence for the molecular orientation. The
more hydrophobic A-peptide adopted a perpendicular ori-
entation. The presence of four histidine and two lysine

experimental immobilization conditions, sufficient to direct
the His-peptides parallel to the surface. It is interesting to
note in this context that the His-peptide behaved quite
differently at the surface of lipid bilayer membranes in
water. Bechinger (1996) has shown that the positively
charged, amphipathic His-peptide helices bind to lipid
membranes at the interfacial region to the water phase in a
parallel orientation. At pH 9 the histidine residues are dep-
rotonated; under this condition the His-peptide helices in-
tegrate into and traverse the lipid bilayer. Taking these and
our present results together, the orientation of polypeptides
at interfacial regions are driven by a finely balanced inter-
action between the peptides themselves and the contacting
bulk phases or surfaces.
The molecular density in immobilized peptide monolay-

ers was controlled by using different layer formation meth-
ods, SA and LB transfer. A density of about one peptide
molecule per nm2 was found in self-assembled monolayers
of the A-peptide. In the transferred monolayers, the molec-
ular density increased with the pressure of transfer (data not
shown), but at a surface pressure of 30 mN/m, it was half
that of the self-assembled monolayers. It is interesting to
note that the area ASPR of the His-peptide molecules in
self-assembled monolayers is distinctly larger than in LB-
transferred monolayers. This again indicates that surface
charges have an important influence on, and can be used to
control, the final peptide density in monomolecular films.

3. In the present work, important information on the
orientation of the peptide helices on gold surfaces came
from RA-FTIR spectroscopy. Because this technique has
not been applied before to peptide monolayers on metallic
surfaces, the results presented here deserve closer discussion.
The determination of the orientation of peptide helices

was possible because we used two reference systems for
calibrating the RA-FTIR spectra of polypeptides: BR and
His-peptide layers for perpendicular and parallel interfacial
orientations, respectively. For the quantitative evaluation of
the helix order parameters, two basic assumptions were

necessary: first, that the additional disorder in the peptide
layers due to the nonperfect planarity of the gold support, as
described by the mosaic spread order parameter Sm in Eq.
10b, is identical for all protein and polypeptide layers (this
assumption is obviously reasonable, because identical gold
substrates were used in all cases); second, that the internal
mobility in the polypeptide backbone leading to conforma-
tional fluctuations and flexibility gradients within the BR
and the polypeptides are, on the average, identical. To probe
this last assumption, MD simulations of monolayers of
helical polypeptides were performed. Preliminary results
(Cattarinussi, manuscript in preparation) indicate that the
internal mobilities of both the A- and the His-peptides are
very similar to that of BR in purple membranes (Edholm et
al., 1995), thus justifying the assumption made in applying
Eq. 10b. Details of these MD results will be published
elsewhere.

In our procedure for evaluating orientational molecular
residues on the same side of the helix was, under our
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order parameters, we used certain assumptions on the IR-
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active transition moment orientations with respect to the
molecular axis, based on published values (Goormaghtigh
et al., 1994a). We believe that the major source of uncer-
tainty introduced by using explicit amide transition moment
orientations in a-helices stems from the fact that neither the
degree of oriented molecules nor the internal static or dy-
namic structural disorder is considered. Because the devia-
tion from an ideal a-helical structure due to disorder or
intramolecular dynamic fluctuations changes the hydrogen
bonding network of the peptide bonds, this effect will have
considerable consequences for the optical properties of
amide I and amide II, especially on their wavenumber
position (maximum intensity and widths of corresponding
bands) and the orientational distribution of transition mo-
ments. Structural experimental studies (diffraction tech-
niques, NMR, and fluorescence spectroscopy), in combina-
tion with molecular dynamics calculations, have shown that
deviations from ideal a-helix (as well as /3-strand) protein
structures represent the rule rather than the exception. Con-
formational fluctuations within proteins and polypeptide
helices show considerable variation, depending on the par-
ticular overall structure and environment. Therefore, the
orientation of the infrared amide transition moments should
also be taken as peptide- and protein-specific parameters
that might adopt different values, depending on the proper-
ties of each particular system.

Taken altogether, the present work has delivered three
major results on the formation of self-organized peptide
layers:

1. Stable peptide monolayers of predefined molecular
properties can be created at several types of interfaces.

2. The monolayer structure can be controlled by the
polypeptide's amino acid composition, the technique used
for layer formation, and the supporting surface properties.

3. RA-FTIR measurements in combination with SPR and
Langmuir film balance techniques have delivered for the
first time direct experimental evidence for the molecular
conformation and orientation of pure peptide monolayers.
We believe that self-organized polypeptide layers are of
general importance for the future development of supramo-
lecular structures for creating new functionalities at inter-
faces. The formation of such interfaces is of interest for the
design of novel materials and artificial receptors, as well as
for the understanding of the folding of proteins by self-
organization.
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