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Ordered Peptide Assemblies at Interfaces

HANNA RAPAPORT*

The Department of Biotechnology Engineering, Ben-Gurion University of the Negev, Beer-Sheva, 84105 Israel

(Received 30 December 2005; Accepted 1 March 2006)

Molecular systems composed of peptides or proteins can
be programmed to yield intriguing and potentially
useful supra-molecular architectures. In the past decade
peptide self-assemblies at interfaces have been the
subject of various studies aiming at formation of
molecular structures with predictable patterns and
properties. Most of these systems utilized amphiphilic
peptides, usually of a particular secondary structure, that
self-assemble through non-covalent intermolecular inter-
actions, into two-dimensional, organized supramolecular
structures. The interest in design and preparation of self-
assembled functional materials is driven by potential
benefits to nanotechnology and nanobiotechnology. This
review is restricted to amphiphilic peptide assemblies at
interfaces studied by grazing incidence X-ray diffraction
and atomic force microscopy, geared towards nanometer-
scale structural characterizations.

Keywords: amphiphilic beta-sheet; alfa-helix; Langmuir Blodgett;
AFM; GIXD

INTRODUCTION

The evolving field of molecular self-assembly aims at
designing the shape of multi-molecular clusters by
controlling intermolecular interactions [1,2]. In the
search for advanced materials amenable to self-
assembly there has been growing interest in the
intriguing peptide and protein architectures. In
particular, amphiphilic peptides, which display
hydrophobic and hydrophilic amino acids may
induce particular folds that are sequence dependent.
Since the fifties of the past century amphiphilic
polypeptides have been attracting interest as a class
of polymers and as protein analogs [3–5]. Back then,
these systems have been studies at interfaces, mostly
by Langmuir techniques, spectroscopic measure-
ments [6–8] and upon appropriate sample prep-
arations also by electron or X-ray diffraction [3].

Nevertheless, these techniques could not provide
direct information on the molecular order at
interfaces or the extent of order at the nanometer
length scale.

Current studies of peptide assemblies at interfaces
take advantage of various surface sensitive analytical
tools, a few of which provide in-situ sub-molecular
structural description. One approach involves the
use of grazing incidence X-ray diffraction (GIXD)
from synchrotron source for probing ordered
molecular assemblies within Langmuir films at the
air–water interface [9]. The compounds commonly
studied by GIXD constitute long chain hydrophobic
tails with a hydrophilic head group. The relatively
high stability and uniformity of these systems at air–
water interface yields high quality diffraction
patterns that may be attributed detailed molecular
structure models. Progress in the design and
characterization of ordered Langmuir films at
interfaces [9] also by atomic force microscopy
(AFM), provides strong incentives to apply similar
methodologies to the study of the relation between
amino acid sequence, secondary structure formation
and intermolecular interactions leading to peptide
self-assembly at interfaces.

Many of the peptide examined at interfaces utilize
secondary structural elements of proteins, i.e. b-
strands, helices and turns in engineered molecular
arrangements, amenable to the design of functional
nanostructures [10,11]. Ordered amphiphilic peptide
monolayers at interfaces may provide planar scaf-
folds relevant to a broad spectrum of potential
applications in nanometer-scale surface patterning.
By combining self-assembled molecular systems
with current lithography techniques [12] sophisti-
cated molecular architectures may be developed.
Ordered peptide assemblies at interfaces may
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provide planar nanometer-scale molecular scaffolds,
relevant to photoreactive films [13], molecular
electronic devices [14], cell guidance substrates
[12], long-range alignment of nanocrystals [15],
biomineralization [16] and more. Systematic design
strategies, coupled with structural characterization
and molecular modeling would enable the realiz-
ation of nanometer scale applications.

This review is restricted to structural studies of
amphiphilic peptides monolayers at interfaces that
rely mainly on GIXD of Langmuir films at air–water
interface and on AFM studies geared towards
nanometer scale resolution structural characteriz-
ations. The amphiphilic peptide systems that have so
far been examined by GIXD may be divided into two
main categories, i.e. b-sheets and helices.

SINGLE STRANDED ANTIPARALLEL
b-SHEETS

Peptides comprising repetitive dyads of hydrophilic
and hydrophobic amino acid residues tend to adopt
b-pleated sheet arrangements in particular at hydro-
philic–hydrophobic interfaces. Local order within
monolayers of such peptides at the air–water
interface may be inferred from infrared and circular
dichroism measurements [8]. Spectroscopic data do
not, however, provide information on extended
order, i.e., molecular order on the nanometer length
scale. Moreover, the flexibility of the peptide back-
bone and, the repetitive nature of the amino acid
sequence may induce nematic-like assembly (Fig. 1a)
that exhibits mostly one-dimensional order (1-D), in
the direction normal to the peptide backbone.
Molecular assemblies with predominantly 1-D
order will exhibit absorption spectra typical of

b-sheet structures that are not necessarily organized
in two-dimensional (2-D) assemblies. The typical
distance between every second amino acid in a b-
pleated peptide is ,6.9 Å (Fig. 1) whereas the
distance between hydrogen bonded neighboring
strands is ,4.7–4.8 Å. These dimensions allow a
rough estimation of the area occupied by peptides in
the b-pleated conformation at interfaces (i.e. 3.45 £

4.75 £ number of residues).
A set of peptides designed to assume 2-D ordered

assemblies at interfaces have been studied by GIXD
at air–water interfaces [17]. These peptides
could be represented by the generic sequence
X 2 Y 2 (Z 2 Y)n 2 X, where the N- and C-terminal
residues (X) bear charged ammoniumand carboxylate
groups, respectively, and Y and Z are alternating
hydrophilic and hydrophobic amino acids. Variations
in amino acid sequence and in the number of dyads (n)
participating in hydrogen-bond formation were
expected to tune the intermolecular interactions and
therefore the dimensions of the 2-D ordered b-sheet
domains. The 2-D order was expected to be enhanced
by choosing the termini amino acids (X) to be proline
(Pro), a potent breaker of a-helix and b-sheet
structures.

Grazing-incidence X-ray diffraction (GIXD) experi-
ments on Pro–Glu–(Phe–Glu)4–Pro Langmuir films
on water provided clear evidence for assembly of the
peptide into 2-D crystalline b-sheet monolayers [17].
A peak corresponding to 4.7 Å spacing was attrib-
uted to pleated peptide strands interlinked by N–
H· · ·O ¼ C hydrogen bonds. A Bragg peak corre-
sponding to 37.4 Åwas also obtained and assigned to
the repeat distance defined by juxtaposition of
neighboring hydrogen-bonded ribbons (Fig. 1b–c).
The full widths at half-maxima of GIXD Bragg rods
indicated a crystalline film,8 Å thick, implying that

FIGURE 1 Schematic diagrams of b-strand assemblies at the air water–interface, (rods and open dots represent peptide backbones and
hydrophobic amino acids respectively). View down the normal to the b-sheet of (a) one-dimensional order and (b) two-dimensional order
induced by distinct chain termini (filled dots). (c) Schematic representation of the peptide Pro–Glu–(Phe–Glu)4–Pro in the b-pleated
conformation and the targeted b-sheet crystalline assembly at the air–water interface. An estimate of the area per molecule can be obtained
using the repeat distances of ,4.7 and ,6.9 Å that have been observed previously in crystalline b-sheet structures (e. g.
4.7 £ 6.9 £ 5.5 ¼ 178 Å2 for the 11 residue peptide). Reprinted with permission from ref. [17]. (Copyright 2000 American Chemical
Society.)
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not only the peptide backbone was ordered but also
part of the amino acid side chains that extended
above and below the peptide backbone plane. FTIR-
ATR spectrum of a Pro–Glu– (Phe–Glu)4–Pro
monolayer, transferred from the air–water interface
to a ZnSe crystal, displayed amide I absorption bands
at 1630 and 1694 cm21 and an amide II band at
1540 cm21 characteristic of the antiparallel b-sheet
structure. In particular, the weak 1694 cm21 band
constitutes strong evidence for the antiparallel
structure, as it has been detected for crystals with
the antiparallel b-sheet motif but not for the parallel
arrangement. The two 11 residues peptides, (Phe–
Glu)5–Phe and Pro–Glu–(Phe–Glu)4–Pro, would
have been expected to yield similar diffraction
patterns, if adopting at the air water interface, similar
packing arrangements. Nonetheless, (Phe–Glu)5–
Phe exhibited a very weak Bragg peak corresponding
to the spacing along the peptide long axis, along b
(Fig. 1), in contrast to a strong peak that was observed
for Pro–Glu–(Phe–Glu)4–Pro. Structure factor cal-
culations for (Phe–Glu)5–Phe showed that offsets in
peptide registry along the b axis in steps of ca. 6.9 Å
(the intramolecular repeat distance between amino
acids of the same type), strongly diminished the
intensity of that peak. Therefore, peptide (Phe–
Glu)5–Phe which lacks the distinct Pro termini
residues, exhibited extensive dislocation defects
along the b direction of the sort shown schematically
in Fig. 1a.

Recently, Pro termini have been found to effec-
tively induce the formation of peptide nanofibers
with homogeneous morphology [18]. Water soluble
amphiphilic b-sheet peptides were designed as
sequences of Pro–Lys–X1–Lys–X2–X2–Glu–X1–
Glu–Prowith X1 and X2 being hydrophobic residues
selected from Phe, Ile, Val, or Tyr. The peptide FI
(X1 ¼ Phe; X2 ¼ Ile) self-assembled into straight
fibers with 80 ^ 120 nm widths and clear edges, as
revealed by transmission electron microscopy (TEM)
and by AFM. The peptides with X1 ¼ X2 ¼ Phe
formed fibers in a hierarchical manner. It has been
suggested that the assembly of peptide FI is initiated
by b-sheet peptides forming a protofibril. The
protofibrils assemble side-by-side to form a ribbon
and the ribbons then coil in a left handed fashion to
make up a straight fiber. In contrast, a peptide with
Ala residues at both N and C termini did not form
fibers with clear edges but rather aggregated into
relatively small pieces of fibers. Both the above-
mentioned studies of Pro terminated peptides at
interfaces and in solution demonstrated the potential
effect of unique peptide termini on the extent of
order of peptide assemblies (Fig. 2).

Flat b-sheet structures as those obtained at the air–
water interfacearenot common inglobularproteins. In
globular proteins twisted b-sheets represent a lower
energy conformation of the polypeptide chain [19].

Nonetheless, the systems discussed above and other
fibrousproteins [10,20], do exhibit flat sheetsmainly, as
a result of specific amino-acid sequences. Recently it
has been demonstrated that interfaces may induce the
formation of flat cross-b assemblies in peptides that
otherwise, in solutions, form twisted tape-like assem-
blies [21]. The peptide CH3CO–Gln–Gln–Arg–Phe–
Gln–Trp–Gln–Phe–Glu–Gln–Gln–CONH2 (P11-2)
assembles in solution, in a hierarchical manner, into
cross-b tape-like structurewhich further associate into
ribbons (double tapes), fibrils (stacks of four or more
tapes), and fibers (entwined fibrils). This hierarchical
self-assembly behavior has been attributed to the
chirality of the individual peptide molecules [22].
RecentlyWhitehouse et al. studied the adsorption and
self-assembly, of P11-2 peptide [23], on solution/mica
interface. These studies were performed at concen-
trations below the critical tape concentration (ca.
90mm) in order to reveal specifically, the interfacial
assemblies and to avoid formation of the tape-like
aggregates in solution. Their hypothesis was that
below the critical tape concentration, planar tape-like
structures could self-assemble at solid/solution inter-
faces, provided the peptide/surface binding energy is
more than sufficient to compensate for the elastic
distortion energy cost of “flattening” the tape onto the
surface. P11-2 did not adsorb on mica from water
solution. However, by using a solvent composed of a
mixture of 10% water in 2-propanol (v/v), with a
dielectric constant 26.1 that is lower than that of water
(80), the adsorption of the peptide onto the mica

FIGURE 2 TEM images of Pro–Lys–X1–Lys–X2–X2–Glu–X1–
Glu–Pro with a) fiber of the X1 ¼ X2 ¼ Phe peptide assemblies,
exhibiting a large width and clear edges; b) fibers of the peptide
X1 ¼ Val and X2 ¼ Ile that do not coil. These tape-like fibers
associate side-by-side into fibers of variable width. The inset
shows no crossed striations in the tape-like fibers; c) image of
fibers formed from peptide similar in sequence to that shown in (a)
but with Ala termini residues instead of Pro, showing disordered
aggregation of small pieces. Reprinted with permission from ref.
[18]. (Copyright 2004 Wiley-VCH.)
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surface was induced. Under these conditions AFM
images revealed the spontaneous formation of b-sheet
tapes at the surface of the mica substrate in solution
(Fig. 3). Thepeptide tapes appeared togrowepitaxially
to produce a two-dimensional network that reflected
the hexagonal symmetry of the mica surface lattice.
Thepeak-to-peakdistancebetween twotouching tapes
was 49 Å, and the width of a tape was 69 Å. Both these
dimensions are longer than the estimated length of an
11-residue peptide in an extended b-strand confor-
mation that is ,38 Å (,3.45 £ 11). The distances
detected by the AFMmeasurement, may suggest that
P11-2 elongated assemblies were composed of two
neighboringflat tapes, a packing that couldpossibly be
facilitated by hydrogen bonds between peptide amide
termini.

SINGLE STRANDED PARALLEL b-SHEETS

The effect of specific amino acid sequences on the
assembly of b-sheet peptides was demonstrated in
a system designed to exhibit parallel b-sheets at
interfaces. In b-sheet assemblies, the nearest
neighbor amino acids are situated 4.7–4.8 Å apart,
on neighboring strands that are interlinked by
CvO· · ·H–N hydrogen bonds. Neighboring amino
acids along a strand, which point to the same face
of the sheet are ,6.9 Å apart. Accordingly,
interactions between cross-strand amino acid pairs
may be stronger than those between intrastrand
neighboring residue pairs. Indeed, stabilizing
cross-strand pair interactions, as for example,
between the oppositely charged residues Glu–Lys
and Glu–Arg or between aromatic side chains
Phe–Phe, are ubiquitous in the b-sheet regions of
natural proteins [24].

Energy minimization calculations [25], experimen-
tal studies [26] and simple dipole moment consider-
ations suggest that the antiparallel packing mode of
b-strands is more favorable than that of the parallel.
Recently, the possibility of inducing parallel b-sheet
assembly by specific cross-strand pair electrostatic
interactions was explored [27]. The experimental
system included two amphiphilic peptides, PA and
PB, identical in sequence but for the two amino acids,
Lys and Glu, reversed in positions along the strands.

PA: CH3CO–Pro–Cys–Phe–Ser–Phe–Lys–Phe–
Glu–Pro–NH2

PB: CH3CO–Pro–Cys–Phe–Ser–Phe–Glu–Phe–
Lys–Pro–NH2

Two cross-strand pair interactions between the
oppositely charged Glu and Lys residues were
expected to support the hydrogen-bonded parallel
arrangement of neighboring PA and PB peptides at
air–water interfaces.

All three studied systems, i.e. each of the peptides
and their equimolar ratio mixture, were found by
FTIR measurements to pack in the parallel arrange-
ment. AFM topography scans of the peptide mono-
layers that were transferred to mica support (Fig. 4)
revealed substantial differences in the assembly
patterns of all three studied systems. GIXD measure-
ments indicated the formation of 2-D ordered
assemblies by peptide PB monolayer at the-water
interface with a 4.77 Å between hydrogen bonded
strands and an additional 39.5 Å spacing along the
peptide backbone direction. This spacing which is
larger than the estimated length of the nine-residue
peptide (,31 Å) was rationalized by a model that
incorporates a 6.9 Å offset (along the b strands axes
direction) between neighboring parallel PB strands

FIGURE 3 In situ AFM images measured by the tapping mode showing single b-sheet tapes grown on mica from 5mM P11-2 in 10% H2O
in 2-propanol; height scale 2 nm. a) Tapes aligned with the hexagonal symmetry of the underlying mica lattice with Fourier transform of
the image showing hexagonal symmetry (inset, top right corner). b) Section analysis with line graph (top) showing the width (black
arrows, convoluted width 6.9 nm) and height (green arrows, 0.8 nm) of the self-assembled tapes. The red arrows show the peak-to-peak
distance (4.9 nm) between adjacent tapes. Reprinted with permission from ref. [21]. (Copyright 2005 Wiley-VCH.) (The colour version of
this figure is included in the online version of the journal.)
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(Fig. 5). In such an assembly the Glu and the Lys of
neighboring PB (along the 4.77 Å spacing) may form
cross-strand pairs. Disulfide bridge formation, lead-
ing to molecular mass doubling, was detected by
mass spectrometry only for the PA and PB equimolar
ration mixture.

DOUBLE STRANDED b-SHEET PEPTIDES

Amphiphilic peptides 1 and 2 that fold into b-hairpin
structure were designed by Powers and Kelly [28].
The folded conformation was induced by the D-Pro–
Gly, type II’ b-turn. The peptides comprised alter-
nating hydrophilic (Glu) and hydrophobic (Nle or

Val) amino acids that induce b-strand conformation
at the air–water interface. The peptides were labeled
with the 5,7-dimethyl derivative of the BODIPY
fluorophore (DMBDY) to enabled fluorescence
microscopy measurements. Peptide 1 was shown to
form monolayers on the surface of water either by
spreading from a volatile organic solution or by
adsorption from an aqueous solution. The fluor-
escence studies have shown that in adsorbed
monolayers of peptide 1 the shape and type of
domains are dominated by dynamic events; depend-
ing on the conditions, islands of peptide in the two-
dimensional liquid or solid phase were detected.

Single layer LB films of peptides 1 and 2 were
deposited at 10mN/m onto freshly cleaved mica. The
Langmuir-Blodgett (LB) monolayers were imaged by
tapping mode AFM [29] (Fig. 6) using single-wall
carbon nanotube (SWNT) tips, which have better
reproducibility and higher resolution compared to Si
tips. The peptide monolayers exhibited well-ordered
molecular arrays with individual domains extending
for hundreds of nanometers in monolayers of 1 and

FIGURE 4 AFM topography images of monolayers deposited on
mica. (A) PB assemblies showing tapes stretched along the same
direction (B–C) The equimolar ratio film of PA PB showing fractal-
like structures in both images. PA peptide film (not shown)
exhibited non uniform aggregates. Reprinted with permission
from ref. [27]. (Copyright 2004 Wiley-VCH.)

FIGURE 5 Proposed molecular model (view orthogonal to the ab plane) of the two-dimensional packing arrangement of peptide PB unit
cell, in p2 symmetry, but for amides C-termini relaxed to allow hydrogen bonding. The unit cell (line) yields an (0,1) spacing that matches
the observed 39.5 Å spacing. Bottom-right: Enlarged view (orthogonal to the ab plane) of possible interstrand hydrogen bond network
along the a axis. Bottom-left: Schematic representation of PB strands along the a axis, peptide backbone (line), amino acids side chains
designated by the one letter code, hydrophilic amino acids marked by gray circles (view orthogonal to the ab plane). Reprinted with
permission from ref. [27]. (Copyright 2004 Wiley-VCH.)
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tens of nanometers in monolayers of 2. The observed
ridges were 59(^1) Å for 1 and 74(^1) Å for 2. The
structural model of peptide 1 shown in Fig. 6 was
based also on previous measurements of peptide 1 at
interfaces. The 9.4 Å spacing shown in the model,
between neighboring hairpins along the b-sheet
interstrand hydrogen bonds, was beyond the resol-
ution limit of the AFM measurements. Nevertheless,
this spacing relies on previously performed FTIR
measurements [28] which indicated high b-sheet
content in the antiparallel mode. The length of peptide
1 in the b-hairpin conformation is ,25 Å (i.e.
,3.45 £ 7 without considering the length added by
the b-turn). The registered tapes detected by the AFM
were 59(^1) Å, strongly suggesting that the observed
ridges correspond to the length of two neighboring
hairpin peptides. The assembly into tapes that are two
hairpin peptides wide, was attributed to the two
different termini of the hairpin peptides: a polar one
composed of the charged amine and the C-amide
termini andanonpolarone composedof the turns. The
model suggested exhibits hairpin peptides assembled
such that the hydrophilic and hydrophobic termini are
segregated to opposite sides generating individual
ridges that correspondtopairsofcross-b sheetsof55 Å,
within 7% of the observed 59(^1) Å. The expected

monolayer height in this model is 7–10 Å depending
on the side chain conformations that matchedwell the
7 Å height measured by AFM.

These studies also demonstrated that longer
peptides, with larger lattice spacing, exhibit
decreased monolayer order. The same trend has
been found in GIXD characterization of peptide’s 2D
ordered Langmuir films [17]. The correspondence
between the results obtained for peptide monolayers
at the air/water interface and for peptides on mica
suggest that in general, the b-sheet assemblies may
withstand the Langmuir–Blodgett (LB) transfer from
the air/water interface onto the mica surface and
that the corresponding AFM images indeed reflected
the LB film state and degree of order.

Neutron reflection studies have been applied on
peptide 1monolayer that was obtained by adsorption
from solution [30]. Based on neutron reflectivity
models the scattering data indicated increase in film
thickness (from 8 ^ 3 to 11 ^ 2 upon increase from
0.38 to 3.8mg/ml, respectively, in peptide solution
concentration) that also manifested in increase in
surface pressure [28]. The authors suggested that the
change in thickness indicated responsive variation in
amino acids side chain conformations that is depen-
dent on the surface area per peptide. These neutron

FIGURE 6 Molecular model for the assembly of 1. The area scanned by AFM, top left. A white box encloses a small section of the scan
area, which is expanded in the top right. Another white box in the expansion encloses a ridge with two flanking half-ridges. A molecular
model for the assembly in the enclosed area is shown in the bottom right. The central ridge corresponds to the two central columns of
b-hairpins, which interact with each other through their polar termini. The flanking half-ridges correspond to the two flanking columns of
b-hairpins, which interact with the central column through turn–turn recognition. The ridge period expected from this model is 55 Å:
25.0 Å for each hairpin, 2 Å for the gap at the termini-to-termini interface (a typical distance for hydrogen bonds), and 3 Å for the gap at the
turn-to-turn interface (a typical distance for van derWaals interactions). The panel in the bottom left shows a top view (lower part of panel)
and a side view (upper part) of a single hairpin. The hairpin’s length is 25 Å and its width is 9.4 Å (see top view), while its height can be
from 7 to 10 Å depending on the side chains conformations (see side view). The green spheres represent the DMBDY fluorophore.
Reprinted with permission from ref. [29]. (Copyright 2002 Wiley-VCH.)
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reflectivity measurements also indicated that the
peptide monolayer is predominantly afloat on the
surface of water, with the carboxylic groups hydrated
only.

MULTI-STRANDED b-SHEET PEPTIDES
AT INTERFACES

The 30-residue peptide BS30 was designed to fold
into the triple-stranded b-sheet at hydrophilic–
hydrophobic interfaces [31], as depicted schematically
in Fig. 7. This molecular architecture has been
suggested to depend on formation of two reverse
turns, and on proper registry of the alternating
hydrophilic and hydrophobic amino acids along the
peptide three strands. These amphiphilic strandswere
designed to extend along the plane of the interface, in
an arrangement that is unlikely to occur in globular
proteins, where neighboring strands are twisted
relative to one another [19]. The inclusion of D-Pro in
type II’b-turnhas beendescribedabove for thehairpin
amphiphilic peptides designed by Powers and Kelly
[28–30]. As for the BS30 system, the authors preferred
to utilize a b-turn motif with natural L- configuration
amino-acids. The L-Pro is the most abundant amino
acid to occupy position i þ 1 in type II b-turns [32].
This type of turn however, rarely appears in natural
proteins since it does not support the twist between
neighboring b-strands. Nevertheless, since the triple-
stranded peptide BS30, was designed to assume a flat
shape at the air–water interface, with strands lying
parallel to the air–water interface, it was finally
designed with a type II b-turn with L-Pro at position
i þ 1.Byanalogywith thepreviouslydesigned single-
stranded amphiphilic b-sheet peptides [17], Phe and

Glu were selected as the alternating hydrophobic and
hydrophilic amino acids along the strands. Two Leu
residues were placed adjacent to one of the b-turns to
provide greater conformational flexibility (compared
to that fromPhe) and to impose fewer steric restrictions
in the region close to the turn (the other turn in the
peptide is next to Glu residues that appeared not to
impose structural restrictions according to molecular
models).

Surface pressure versus molecular area isotherms
of BS30 indicated a limiting area per molecule
,460 Å2 that corresponds reasonably well to 492 Å2

estimated from the known dimensions of crystalline
b-sheet monolayers (,3.45 £ 4.75 £ 30). ATR-FTIR
measurements of BS30 monolayer films transferred
by the Langmuir–Schaffer method onto ZnSe prism,
indicated the formation of antiparallel b-sheet
structure. GIXD measurements performed on the
BS30 monolayer at nominal area per molecule of
500 Å2, revealed Bragg peaks that correspond
to spacings of 34.9 and 4.79 Å. The 4.79 Å spacing,
is the characteristic b-sheet interstrand spacing and
the 34.9 Å could be attributed to the repeat distance
of juxtaposed neighboring triple stranded peptides
(along b, Fig. 7). The full width at half-maximum of
each of the two Bragg peaks indicated crystalline
coherence lengths along the a and b directions
(Fig. 7) of about 250 Å. The full width at half-
maxima of the Bragg rods indicated a film thickness
of ,9 Å, in good agreement with the single
stranded b-sheet systems described above [17].

Hecht et al. developed a biomimetic system, which
utilized the highly ordered surface of HOPG to
template the assembly of a de novo designed b-sheet
protein [33]. The protein used in this study, 17-6, was
chosen from a combinatorial library of amino acid
sequences designed de novo to form b-sheet proteins
[34,35]. The library design specified that each protein
should contain 6 b-strands, and each b-strand would
be 7 residues long, with polar and nonpolar amino
acids arranged in an alternating pattern (Fig. 8).
Combinatorial diversity was incorporated into the
library of the proteins by allowing polar residues
to be His, Lys, Asn, Asp, Gln, or Glu; and nonpolar
residues to be Leu, Ile, Val, or Phe [34]. These
combinatorial sets of amino acids were encoded
by libraries of synthetic genes with polar residues
specified by the degenerate DNA codon VAS, and
nonpolar residues by the degenerate DNA codon
NTC (where V ¼ A, G, or C; S ¼ G or C; and
N ¼ A, G, C, or T). The proteins in this library have a
total length of 63 residues including six b-strands
with seven residues per strand and five intervening
turns, each with four residues.

A solution of protein 17-6 was deposited onto
freshly cleaved HOPG, and the resulting assemblies
were imaged with tapping mode AFM (Fig. 9). The
protein assembled into parallel fibers on the HOPG

FIGURE 7 Schematic representation of the triple stranded
peptide BS30 (top) and possible assembly at a hydrophilic
interface (bottom) showing peptide backbone (line), carbonyl and
amine groups (thick and thin lines, respectively). Amino acid side
chains are assigned by one letter code; two amino acids in the turn
are designated as the i þ 1 and i þ 2 residues of a b-hairpin motif.
Reprinted with permission from ref. [31]. (Copyright 2002
American Chemical Society.)
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surface showing three preferred orientations at 1208
to each other. This symmetry indicated that the
hexagonal lattice of graphite directed the nucleation
of the fibers. The straightness of the fibers and their
persistence length of several microns suggested that
the template also influenced the addition of protein
monomers onto the growing fiber. FTIR measure-
ment were performed of 17-6 protein in a procedure
that ensured the monomeric form of the protein
before the assembly: a 15 microliter drop (3mg/mL)
was placed on preheated ZnSe prism that was
allowed to cool in a controlled manner. The resultant
film exhibited absorption bands typical of anti-
parallel b-sheet assemblies [33]. The width of a cross-
b structure, as estimated from the known geometry
has been estimated to be,34 Å (i.e. strand lengths of
,24 Å ¼ ,3.45 £ 7 plus , 5 Å per turns on either
side of the cross b-structure). According to the AFM
images the apparent width of each fiber was,200 Å.
The authors explained the discrepancy between the

estimated width of the cross-b structure and that
observed by AFM, by the effect of the nonzero
diameter of the AFM tips. Their calculations which
take into account the tip diameter, yielded an
estimated width of ,40 Å that is consistent with
the estimation of ,34 Å.

Noteworthy, GIXD measurements have been
utilized for the study of naturally occurring b-sheet
systems such as amyloid beta-peptides and anti-
microbial peptides. The amyloid peptides that were
studied by GIXD at air–aqueous solution interfaces
were 40 residues long. In two different studies, Bragg
peaks corresponding to two dimensional order of
these peptides at the air–water interface have been
obtained [36,37]. However, a molecular model for the
interfacial ordering of the amyloid peptide, which
could account for the diffraction data, is yet to be
elucidated. The effect of the naturally occurring b-
sheet antimicrobial peptide protegrin-1 (PG-1), on
phopholipid Langmuir film was also investigated by

FIGURE 8 Polar/nonpolar (“binary”’) patterning of designed b-sheet proteins. b-Strands are shown as arrows. Polar residues are in
white font on black background, and nonpolar residues are in black font on gray background. Combinatorial diversity was incorporated in
the original library [34] at positions marked O, b, and t (turn). The amino acid sequence of protein 17-6 is shown in the single letter code.
Reprinted with permission from ref. [33]. (Copyright 2002 American Chemical Society.)

FIGURE 9 (A) AFM image of protein 17-6 deposited on highly ordered pyrolytic graphite (HOPG). The inset shows a Fourier transform
of this image. The 3-fold symmetry is apparent both in the AFM image and in its Fourier transform. The adsorbed protein was imaged
under ambient conditions by using tapping mode AFM. The globular deposits on the graphite likely consist of nonordered aggregates of
the protein. The image was collected in amplitude mode. Data collected in height mode showed the same features. (B) Schematic
representation of a 6-stranded b-sheet protein assembled on a HOPG surface. b-Strands are shown as blue arrows. The 3-fold symmetry of
the graphite template is recapitulated in the assembly of the protein. The long axis of the fibers (part A) is perpendicular to the b-strands
and is indicated with green arrows. The relative orientation of the fibers to the graphite lattice was determined by imaging a sample of
fibers and subsequently imaging the graphite lattice underneath the fibers by using contact mode AFM. Reprinted with permission from
ref. [33]. (Copyright 2002 American Chemical Society.)
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GIXD [38]. PG-1 is an18 residues, amidated peptide
(NH2-RGGRLCYCRRRFCVCVGRCONH2) origi-
nally isolated from porcine leukocytes. According
to NMR studies PG-1 adopts a one-turn b-hairpin
structure stabilized by two disulfide bonds. The
GIXD experiments demonstrated that the insertion
of PG-1 into the phospholipid monolayer disrupted
the phospholipid ordering.

ORDERED AMPHIPHILIC HELICAL
ASSEMBLIES

Alamethicin is a hydrophobic a-helical peptide
antibiotic that forms voltage-gated ion channels in
lipid membranes. It is made up of 19 amino acid
residues and one amino alcohol in the following

sequence:
where Aib denotes a-aminoisobutyric acid, and Phol
denotes phenylalaninol. Alamethicin folds into a
helical structure with estimated cross-section areas
of 320 Å2 and 80 Å2, parallel and perpendicular to the
helix axis, respectively. The helical peptide exhibits
amphipaticity with the polar hydrophilic groups,
Gln7, Glu18, Gln19, and Phol20 lying along a narrow
strip parallel to the helix axis. The majority of the
other amino acid residues, including the N terminus,
are hydrophobic in nature. The structural organiz-
ation of alamethicin at the air–water interface was
studied by Langmuir monolayers and by GIXD [39].
The Langmuir isotherm of alamethicin demon-
strated that it forms stable monolayers at the
air/water interface composed of helices oriented
with their helix axis parallel to the air–water
interface. The other possibility of helices oriented
with their axes normal to the interface was excluded
since the collapse” region of alamethicin extended
down to zero molecular areas, indicating no
transition at area per molecule (80 Å2) that corres-
ponds to helices oriented normal to the interface.
Grazing incidence X-ray diffraction measurements,
acquired at a surface pressure of 20mN/m, provided
a diffraction pattern which was attributed to helices
packed in a pseudo-rectangular lattice, with lattice
parameters a ¼ 9.635 Å, b ¼ 33.89 Å and an angle
between the vectors a and b of g ¼ 93.878. The values
of the b and a axes correspond to the helix length and
diameter respectively and the area per molecule in
the lattice, 326 Å2 corresponds well with the limiting
area per molecule obtained by surface-pressure area
isotherm. According to FWHM of the Bragg peaks
the ordered domains extended to ,80 helices,

packed side by side (along the a axis) and ,16
in the direction parallel to the helix long axis (along
the b axis).

Beyond the study of the natural compound of
alamethicin at the air–water interface there have not
been other reported GIXD studies of helical peptide
systems, which packed into two-dimensional
ordered assemblies. Other studies have attempted
to form ordered assemblies composed of poly-
peptides, tens to more than a hundred amino acids
long. The group of Kinoshita et al. utilized
Langmuir–Blodgett methods to generate assemblies
composed of amphiphilic polymers of di- and
triblock helical copolypeptides at interfaces [40].
High resolution AFM scans of polypeptide films on
mica-support revealed local order, extending only to
tens of nanometers, formed by rod-like helices lying

with their long axes parallel to the interface. The
authors suggested that the molecular order of such
polypeptide assemblies could be extended by
monodispersed polypeptide systems. Noteworthy,
the monodisperse poly(g-benzyl L-glutamate)
(PBLG) has been shown by Yu, Tirrell et al. [11] to
form, both in bulk solutions and solution cast films, a
smectic-like liquid crystalline order composed of
helical rods. The study of the same system in
Langmuir film at the air–water interface by GIXD
indicated only nematic-like, limited one-dimensional
order [41]. The authors suggested that the smectic
ordering in the bulk was achieved by inhibition of
PBLG aggregation whereas the film preparation at
the air–water interface did not suppress the local
aggregation of PBLG molecules and that lead to
glassy planar domains.

SUMMARY AND OUTLOOK

Various factors have been shown in this review to
affect, at the molecular level, the manner in which
peptide self-assemble at interfaces. The amino acid
sequence strongly affects the peptide secondary
structure and its assembly forms. The examples
illustrated herein demonstrate the progress in
understanding b-sheet amphiphilic structures at
interfaces through rationally designed sequences
and rigorous GIXD or AFM structural characteriz-
ations. Most of these peptides were designed down
to every amino acid in the sequence and the
experimental results confirmed the targeted mor-
phology. Indeed, more efforts need to be invested
in controlling the size of the ordered assemblies

Ac–Aib–
1

Pro–Aib–Ala–Aib–Ala–Gln–Aib–Val–
10
Aib–Gly–Leu–Aib–Pro–Val–Aib–Aib–Glu–Gln–

20
Phol
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and avoiding structural defects. The studies
presented herein, share a few common character-
istics. All the b-sheet systems discussed above
constitute strands with the pattern of alternating
hydrophobic and hydrophilic amino acids. The
planar multi-stranded b-sheets were designed both
with type II and type II’ b-turns, with the L-Pro and
D-Pro respectively, inducing these specific turns. It
is yet to be determined which of these turns is
energetically more preferable for the multi-stranded
b-sheet structure. The six-stranded b-sheet system
suggests that appropriately controlled assembly
conditions and solid interfaces have greater effect,
than the specific turn amino acids, on the formation
of a multi-stranded b-sheet structure. In contrast to
the various b-sheet peptides studied and the
accumulating data on typical assembly dimensions
and factors affecting them, to date there has been
only one helical peptide system shown by GIXD, to
organize into ordered two-dimensional assemblies.
In summary, the recent achievements in controlling
the assembly of versatile peptides at interfaces are
expected to foster further along with the growing
interest in nanometer-scale functional materials.
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