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Abstract: Amphiphilic peptides comprising alternating hydrophilic and hydrophobic amino acid residues were
designed to form super-secondary structures composed of self-assghsttadds as monolayers at the-air

water interface. Insights provided by in situ grazing-incidence X-ray diffraction (GIXD), surface pressure vs
area isotherms, and Fourier transform infrared spectroscopy allow structural characterization of the assembled
nanostructures and rational correlation with the peptide sequence. Peptides seven to seventeen amino acids in
length were found to form crystalline arrays with coherence lengths in the range of 100 to 1000 A. Two-
dimensional registry of the self-assembled peptides was induced by placement of proline residues at the peptide
termini. The films were found to intercalate ordered arrays of ions between juxtafesieeet ribbons to
generate peptideion composite phases.

Introduction in the solid statt exhibit only partial order at the aiwater

, interface, with no evidence for regular foldifg.

The design and assembly of molecular nanostructures of . . S -
predictable structure and function has become one of the key, . In this study our goal is to expl_ore the feas_|b|I|ty pf obtaining
aims of chemistry and materials science. Progress in the desigrﬁ'ghIy ordered@-strand assgmblles at the awater interface.
and characterization of ordered interfdétand growing interest The crystalline monolayers introduced here represent a new class

in nanometer-scale molecular engineering provide strong incen-©of ordered assemblies that provide planar scaffolds relevant to

tives to broaden the scope of nanostructured materials and to? 2road spectrum of potential applications in nanometer-scale

enhance our understanding of molecular assembly. In the searcﬁur_f"j‘ce0 E)latterning, including Cat§|y§i$zhotolr§active_fi|m§,

for advanced materials and new fabrication strategies, it is OPtical” ?nd molecular electronic devicés? cell gwdfl?nce
tempting to try to exploit the intriguing peptide and protein Substrates? and long-range alignment of nanocrystés:’ A
architectures that orchestrate the catalytic and other regulatorySimple and systematic design strategy, coupled with structural

tasks in living systems. We and others have demonstrated thecharacterization involving X-ray diffraction measurements at
use of the secondary structural elements of proteins, i e the air-water interface, provides new insight into the correlation

-strands, helices, and turns, to engineer molecular arrangements — - -
p 9 9 (7) Self-assembly of the artificial protein [(AlaGHBIuGly]ss at the air-

amen_able to the design Of_funCt'_onal nanostructéres. ) water interface was examined by in situ GIXD measurements. These studies
Helical macromolecules, including DNA, have been exploited indicated only weak one-dimensional order arising from the interstrand

for the formation of ordered assembl®e%the rigidity of the repeat distance of 4.7 A, in contrast to highly ordered lamellar crystallites

| | v simplifi he desi f formed by the protein in the solid state. We suggest that the length of the
molecular components generally simplities the design 0Of SU- rotein and the insufficient difference in hydrophobicity of the repeating

pramolecular architectures. In comparison, many peptides andconstituents amino acids preclude the formation of two-dimensional order
proteins exhibit flexibility that may hamper the formation of at the air-water interface.

- e - - (8) Tollner, K.; Popovitz-Biro, R.; Lahav, M.; Milstein, [5ciencel997,
ordered assemblies. Indeed, artificixsheet proteins which 278 2100-2102.

have been shown to form regularly folded crystalline structures  (9) koch, H.; Laschewsky, A.; Ringsdorf, H.; Teng, Iakromol. Chem.
1986 187, 1843-1853.
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Figure 1. Schematic diagrams gFstrand assemblies at the -aiwater interface (rods and open dots represent peptide backbones and hydrophobic
amino acids, respectively). View down the normal to fhsheet of (a) one-dimensional order and (b) two-dimensional order induced by distinct
chain termini. (c) Schematic representation of the peptide Pro-Glu-(Phe-&tu)n thes-pleated conformation and the targefedheet crystalline
assembly at the aiwater interface. An estimate of the area per molecule can be obtained using the repeat distadceésoti~6.9 A that have

been observed previously in crystallifiesheet structurége.g. 4.7x 6.9 x 5.5= 178 A2 for the 11 residue peptide).

of peptide sequence and the crystalline properties of peptidelate groups, respectively, and Y and Z are alternating hydrophilic
monolayers. and hydrophobic amino acids. Variations in amino acid sequence

Peptides comprising repetitive dyads of hydrophilic and and in the number of dyads)(participating in hydrogen-bond
hydrophobic amino acid residues tend to ageyieated sheet  formation are expected to tune the intermolecular interactions
arrangements. Local order within monolayers of such peptidesand therefore the dimensions of the 2-D ordepgdheet
at the air-water interface has been inferred from infrared and domains. Proline (Pro), which has been previously shown to
circular dichroism measuremeritsi® Spectroscopic data do not, be a potent breaker af-helix ands-sheet structure®;?2was
however, provide information on extended order, i.e., order on chosen as the terminal amino acid (X). Three characteristic
the nanometer length scale. The flexibility of the peptide features of the Pro residue were expected to facilitate the ordered
backbone and the repetitive nature of the amino acid sequencestructure: (i) The tertiary amide at the C-terminus of the peptide,
may induce dislocation defects (Figure 1a) that limit long-range which cannot participate as a donor in the hydrogen bond array,
order to one-dimension (1-D), in the direction normal to the should make dislocation defects energetically unfavorable, (ii)
peptide backbone. Molecular aggregates with predominantly 1-D the restricted dihedral angle) of Pro (ca.—60°), which is
order will exhibit absorption spectra typical @fsheet structures;  significantly different from that of3-sheet peptidé3 (¢ ca.
however, such films do not meet the requirement of 2-D —120 to—15C) should make inclusion of Pro in the interior
repetitive order that is the goal of this study. of a3-sheet ribbon sterically unfavorable, and (iii) the geometric

A schematic representation of the 2-D crystalline monolayer constraints imposed by the cyclic Pro side chain should
targeted in this work is shown in Figure 1b. In such an array of minimize librational motion and dynamic disorder at the ribbon
p-sheet peptides the chain termini govern intermolecular interac-edge. Attractive electrostatic interactions between the chain
tions between juxtapose@sheet ribbons (along), whereas termini were expected to juxtapose thesheet ribbons along
hydrogen bonds along the chain dominate the intermolecular theb direction (Figure 1b). Glutamic acid (Glu) in its protonated
interactions in the direction normal to the peptide chain (along state was selected as the hydrophilic amino acid (Y), to stabilize
a). X-ray diffraction measurements ghtsheet proteirfsand the assembly by formation of a hydrogen-bond network between
peptided® yield relatively sharp Bragg peaks corresponding to carboxyl groups bridging adjacent strands alongethéection.
the interstrand{4.7—4.8 A) spacing, indicative of anisotropy  Phenylalanine (Phe) was chosen as the hydrophobic amino acid
in crystalline domain shape that is the result of faster growth (2); its relatively large side chain allows the phenyl moiety to
along the direction of the interstrand hydrogen bonds (along span the spacing between neighboring strands in the ensemble,
a). We imagined that extended 2-D ordepgstrand assemblies  providing favorable side-chain to side-chain interact®#8The
might be induced by choosing amino acid termini that would repeat distances (Figure 1c) o#.7 and~6.9 A (along thea
interrupt the network of lateral hydrogen bonds and thereby andb directions respectively) have been observed in crystalline
juxtapose regularly growing peptide ribbons (Figure 1b). This S-sheet structurég® and thes-pleated conformation ensures
simple approach is evaluated here as a means to eliminatethat the area per amino acid side chain, on each face of the
defects and induce extended crystalline packing within the sheet (ca. 4.% 6.9 = 32.4 A?), is decidedly larger than the
f-sheet film. cross-sectional area of the extended Glu side chaitB(A2)

The family of peptides examined in this work is represented or the phenyl ring of Phe~25 A2). The peptides Pro-Glu-(Phe-
by the generic sequence X-Y-(Z-¥X, where the N- and

C-terminal residues (X) bear charged ammonium and carboxy-  (21) Minor, D. L., Jr.; Kim, P. SNature 1994 367, 660-663.
(22) Wouters, M. A.; Curmi, P. M. GProteins1995 22, 119-131.

(18) Osterman, D.; Mora, R.; Kezdy, F. J.; Kaiser, E. T.; Meredith, S. (23) Salemme, F. R.; Weatherford, D. W.Mol. Biol. 1981, 146, 119~

C.J. Am. Chem. S0d.984 106, 6845-6847. 141.
(19) DeGrado, W. F.; Lear, J. D. Am. Chem. S0d.985 107, 7684 (24) Hunter, C. A.; Singh, J.; Thornton, J. NI. Mol. Biol. 1991 218
7689. 837—846.

(20) Choo, D. W.; Schneider, J. P.; Graciani, N. R.; Kelly, J. W. (25) Smith, C. K.; Regan, LSciencel995 270, 980-982.
Macromolecules1996 29, 355-366. (26) Krimm, S.; Bandekar, JAdv. Protein Chem1986 38, 181—364.
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Glu),-Pro,n = 2, 4, 5, and 7, were prepared by solid-phase 50 : : : : .

organic synthesis and detailed structural characterization is Pro-Glu-(Phe-Glu)_-Pro

presented here for the undecapeptide Pro-Glu-(PherGha) n

(Figure 1c). The peptides (Phe-GitBhe and Leu-Cys-(Phe-

Ser}-Phe were also examined to evaluate the structural roles g

played by the hydrophilic side chains and the terminal amino % 301
=

&

acid residues. (Phe'Glu)S'Phe/'
) ) 20 F

Experimental Section

Peptides composed afamino acids were prepared by solid-phase 10}
methods using t-Boc chemistry and purified on a reverse-phase XTerra Ve
(Waters, MA) HPLC column using a gradient of-80% CHCN in
0.1 M (NH4)HCGQ:s. Purity was confirmed by MALDI mass spectrom- Ot T " . " L E
etry. 0 50 100 150 200 250 300

Monolayers were prepared by spreading a solution of the peptide in
trifluoroacetic acid/chloroform (1:9 v/v) at a concentration of ap-
proximately 0.1 mg/mL. Surface pressti@ea isotherms of the
monolayer films were measured using a KSV minitrough (KSV
Instruments LTD, Helsinki, Finland). The nominal area per molecule,
A, is the area available on the Langmuir trough divided by the number
of molecules spread.

FTIR spectra were measured on a Nicolet 860 instrument equipped
with a mercury-cadmium-telluride detector at 2 cm resolution under
a nitrogen atmosphere. A monolayer of Pro-Glu-(Phe-&Rup was
prepared at the ahwater interface A = 180 A%molecule) and
transferred to a 45ATR ZnSe prism face which was manually lowered
in a horizontal orientation until the prism face touched the water surface.
The same transfer procedure was repeated for the opposite face of the
ZnSe prism. The ATR crystal was mounted on a vertically oriented ‘ ‘ . ) )
ATR bench (Wilmad). A total of 1000 scans was averaged for each 60 20 120 150 180
spectrum. A [AY

GIXD experiments were performed with the liquid surface diffrac-
tometer at the undulator BW1 beam line at the Hasylab synchrotron
source (Hamburg, Germany). The peptide films were spread at room
temperature and diffraction measurements were performed@t &
monochromatic X-ray beam was adjusted to strike the liquid surface
at an incident anglex(~ 0.85x. wherea is the critical angle for total
external reflection) that maximizes surface sensitivity. The dimensions
of the footprint of the incoming X-ray beam on the liquid surface were
approximately 2x 50 mn¥. GIXD signals were obtained from two-
dimensional crystallites randomly oriented about the water surface
normal. The scattered intensity was collected by means of a position-
sensitive detector (PSD) which intercepts photons over the range 0.0
< ¢, < 0.9 A%, g, being the out-of -plane component of the scattering  Surface Pressure Area Isotherms.Surface pressure vs
vector. Measurements were performed by scanning the horizontal \glecular areal{—A) isotherms of the peptides Pro-Glu-(Phe-
componentyy ~ 47 Sinf/4, of the scattering vector, wherég is Glu)-Pro (1= 4, 5, and 7) on deionized water at pH 5.3 (Figure
the angle between the incident and diffracted beam projected onto theZa) are consist(,an:[ with the expectation that the peptide chains

horizontal plane. The diffraction data are represented in two ways: (1) iented with their | | | llel to th ¢
The GIXD patternl(qyy), obtained by integrating over the whoig are oriented wi eiriong molecular axes parafiel to the water

window of the PSD, shows Bragg peaks. (2) Bragg rod intensity profiles Surface (Figure 2a). The limiting molecular areas for the peptides
are the scattered intensitié@y) recorded in channels along the PSD  On deionized water (195, 215, and 258, Aespectively) are in

but integrated across tlug, range of each Bragg peak. Thg positions reasonable agreement with the estimated values of the area per
of the Bragg peaks yield the lattice repeat distarttes27/qyy, Which molecule (178, 211, and 2762Arespectively) calculated by

Figure 2. (A) Surface pressurearea [1—A) isotherms of the peptides
Pro-Glu-(Phe-Gly}Pro,n = 2,4,5,7, and (Phe-Glg&Phe on deionized
water at pH 5.3. The limiting molecular areas for Pro-Glu-(Phe+Slu)
Pro,n= 4,5, and 7, on deionized water were determined from tangents
drawn to the slope of each curve (see dashed line for example for the
n = 4 peptide). (BJI—A isotherms of the peptide Pro-Glu-(Phe-Giu)

Pro on deionized water (pH 5.3) and on 0.1 M phosphate buffer at
various pH values, measured atZ Films were allowed to equilibrate

for 10 min before compression.

Results and Discussion

may be indexed by the two Miller indicdsk to yield the unit cell. using the dimensions depicted in Figure 1c. The shortest peptide,
The full width at half maximum (fwhm) of the Bragg peaks yiéfds  Pro-Glu-(Phe-Glu)Pro, displays a limiting area per molecule
the lateral 2D crystalline coherence lengthy ~ 0.9(27)/fwhm(Gyy). (Figure 2a) of ca. 40 A much smaller than the expected value

The width of the Bragg rod profile along, gives a measure of the

thicknes# of the crystalline filmL, ~ 0.9(27)/fwhm(g,). The diffraction . . ] L
data are represented either as the measured intensities or after correctiomto the subphase. The peptide (Phe-GRie exhibitslI—A

for the Lorenz-polarization and active area (LPA) factors. The intensity thawor slightly different from that of Pro-Glu-(Phe-Gh#ro,
at a particular value of, in a Bragg rod is proportional to the square With & collapse pressure at ca.25 mN/m (as opposed to ca. 35
of the molecular structure factdFn(c)|2 Thus Bragg rod intensities ~ MN/m for the latter peptide), pointing to higher rigidity and
for the proposed models can be calculated using the atomic coordinatesStronger intermolecular interactions in the Pro-Glu-(Phe-slu)
in the unit cell. The CERIUS computational package (Molecular Pro monolayer.
Simulations Inc., San Diego. CA) was used for the construction of  The effect of ionization of the Glu carboxyl moieties on the
molecular models and minimization of lattice energy. stability of the film was determined by examining—A

(27) Guinier, A.X-ray Diffractior; Freeman: San Francisco, 1968. isotherms for Pro-Glu-(Phe-GlaPro on 0.1 M potassium

(28) Als-Nielsen, J.; Jacquemain, D.; Kjaer, K.; Leveiller, F.; Lahav, Phosphate buffers, at pH values ranging from 4 to 8 (Figure
M.; Leiserowitz, L.Phys. Rep1994 246, 252-313. 2b). The behavior of the peptide films exhibits a strong

of about 115 &, suggesting partial dissolution of the peptide
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Figure 3. The observed GIXD patteri(g.) of the crystalline Wave Number [cm™]
monolayer Pro-Glu-(Phe-GlPro film on deionized (pH 5.3) water,  Figure 4. ATR infrared spectrum of Pro-Glu-(Phe-GlBro monolayer
uncorrected for Lorenz-polarization and active area (LPA) factors (see transferred to a ZnSe prism. The relatively high absorption intensity
Methods). The two sets of data were collected from the same film with of the amide Il compared to that of amide | may indicate a preferred
different slit settings in the GIXD setup. Inset: The observed Bragg orientation of the3-sheet domains on the ZnSe crystal surface.
rod intensity profiled(q,) of the Bragg peaks aj, = 0.166 and 1.329
A-1(O) each corrected for LPA factor and X-ray beam damage effects. fgr assembly of the peptide into crystallifesheet monolayers.
The calculated Bragg rod profiles correspond to théPTspmodel — pjtfraction peaks are obtained even at low surface pressure and
(vide infra). In accordance with th&PT model (vide infra) the peaks large nominal surface area per molecule (27) ﬁemonstrating
at gy, = 0.166, 0.332, 1.007 A& are indexed (0,1), (0,2), and (0,6), . - . . .

strong interactions between peptide chains that lead to formation

while the peak at 1.329 & is the superposition of (2,0)—,1), and . - .
,1). In a different set of GIXD measurements (not shown), two Of two-dimensional crystals. The GIXD pattern (Figure 3)

additional Bragg peaks af, = 0.504 and 1.616 A" were detected ~ exhibits four distinct Bragg peaks g, = 0.166, 0.332, 1.007,
that match theAPT unit cell, and may be indexed (0,3) and (2,6), and 1.329 A, which can be indexed on the basis of the

respectively. The latter confirms the proposeengle of the unit cell structural model shown schematically in Figure 1c. The Bragg
that is manifested by a 2.4 A offset between neighboring ribbons. This peak atg. = 1.329 Al corresponds to a spacing of 4.7 A,
offset between ribbons leads to a weakening of the calculated intensitywhich is characteristic of crystalling-sheet systems. The 4.7

of the (2,0) Bragg peak in agreement with the observed data. A spacing is generated by pleated peptide strands interlinked
. . .., by N—H---O=C hydrogen bonds, and constitutes strong evi-
dependgncg on the pH of the subphase: increasing pH yleldsdence for formation of extended hydrogen-bonded ribbons. The
smaller limiting areas per molecule and lower surface pressuresE,)ragg peaks aty, = 0.166, 0.332, and 1.007-A correspond

at fixed values of the molecular area. The apparent dissolution 1p« first. Se();zl)nd- “and sixth-order reflections of a 37.4 A

of the film into the subphase at elevated pH values can be g .ing e attribute this spacing to the repeat distance defined

attributed to an increase in charge density as a result of Gluy\ .+ o0 sition of neighboring hvdrogen-bonded ribbons (vide
carboxyl deprotonation. Thekp of the Glu side-chain carboxyl in%‘rja). Tﬂe full widths gat half-r?waiima?fwhrq(), of the Brag(g

group?is typically ca. 4.5, yet th€l—A isotherms (Figure 2b) 4 (Figure 3 inset) along, indicate a crystalline film~8 A
suggest that at pH-5.3 the Glu .f.es'd“?s. at the interface are thick, implying that not only the peptide backbone but also the
predominantly protonated. A positive shift ifpof the carboxyl  5ing acid side chains are ordered within the crystalline
groups of Glu-rich polypeptidéshas been observed previously monolayer. The crystalline coherence lengtha measure of
and has been attributed to chargiharge repulsion or 10 0 oyient of lateral molecular order, as estimated from fwhm-
hydrophobic hydration effects. Similar effects may contribute (a) Of the Bragg peaks, is approximately 400 A along both
to the pH-dependent behavior of the Pro-Glu-(Phe-£&Rrp they 4.7 A and the 37.4 A spacing directions.

monolayer. The deprotonation of carboxyl groups in films at gy cyral Models. Given that in the monolayer crystal the
hydrophobie-hydrophilic interfaces has also been observed to peptide backbone assumes fhetrand conformation as estab-
shift to higher pH valued!~3 This behavior is attributed to an = icpaq by the observed 4.7 and 37.4 A spacings, adjacent peptide
interfacial electrical potenti#ll that induces elevated proton chains may be arranged in either a parallel o’r an antiparallel

concentrations at such interfaces. mode. The antiparallel arrangement should in principle give rise

Grazing-Incidence X-ray Diffraction. Grazing-incidence to a Bra ; : o
. . . gg reflection at a spacing ofs2 4.7 A, which is not
X-ray diffraction (GIXD) experiments on Pro-Glu-(Phe-Gli)  jpcarved. Nonetheless, the absence of this peak does not

Pro monolayer films on water (pH 5.3) provide clear evidence preclude the antiparallel molecular packing motif. This reflection

(29) Tanford, C.; Kirkwood, J. GJ. Am. Chem. Sod.957, 79, 5333~ is expected to be weak due to the similarity in the backbone
53?3(—))U - S. 0. Parker, T. M.; Gowda, D. C.; Harris, R structure of the peptide strands separated by the 4.7 A spacing.
ry, D. . rPeng, o. Q.; Parker, 1. M.; Gowda, D. C.; Ralris, K. F H
D. Angew. Chem.. Int. Ed. Engl993 32, 1440- 1442, In our preliminary structural mogjellng, three types of structures
(31) Davies, J. T.; Rideal, E. Kinterfacial PhenomenaAcademic (denotedAP, P, andAPTrespectively) have been examined. In
Press: New York, 1961. the AP model, the unit cell§= 9.5 A,b=375A,y = 93.7)
1_5332) Miranda, B. P.; Du, Q.; Shen, Y. Rhem. Phys. Let.99§ 286 contains two molecules related by crystallographic 2-fold
(33) Chen, H.; Hsu, S. L.; Tirrell, D. A.: Stidham, H. Dangmuir1997, symmetry, generating the antiparalfgisheet hydrogen bond

13, 4774-4778. motif that associates the peptides along the 4.7 A spacing. The
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Figure 5. (a,b) The two unit cell structure&PT+b and APT-bwhose superposition yields a calculated diffraction pattern that fits the observed

GIXD data.
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Figure 6. Measured and calculated Bragg peak intensitiés,),
integrated along the scattering vector componggtandg, normalized
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Figure 7. Part of the GIXD patterri(gx) Pro-Glu-(Phe-Glu}Pro
monolayer on 0.1 M RbCI, showing the split Bragg peak (dets
observed data) arising from a contribution of two phases, with lattice

to the (0,1) intensity. The measured intensities (bars) were correctedspacings of 41.5 Ag,, = 0.151 A (— ), and 37.7 Ag,y = 0.166 A*
for LPA and beam damage effects. Calculated intensities shown for (- -.) as determined by a two-peak Gaussian fit to the observed data

three model structure®dPT+b (O), APT-b (<), and for APTspthat
denotes the calculated diffraction pattern of theT+b and APT-b
superposition modeld).

assigned’ angle (Figure 3, legend) introduces a 9.5/2.4 A
offset between juxtaposed ribbons in the lattice. ARS model,

(full line). Higher order (0h) Bragg peaks were not detected for the
peptide-RbCI phase.

chain intermolecular contacts. TRemodel, with Phe side chains
related by pseudotranslation along the peptide backbone,

with the same unit cell dimensions, has the peptide backbonesprovides an arrangement that may lead to attractive pkenyl

related by pseudo-2-fold symmetry, yielding an antiparallel

phenyl interactions across the 4.7 A spacihgnd results in

B-sheet structure but with amino acid side chains that are relaxedan improved fit between calculated and observed diffraction

to assume any energetically favorable conformation. Phe
structure has one molecule per unit cell 9.5/2 A and the
remaining dimensions are identical to that of #he model),
generating a parallgi-sheet.

Principal molecular packing features of the monolayer of Pro-
Glu-(Phe-Glu)-Pro could be extracted by X-ray structure factor
calculations of molecular models that were refined to provide
a good fit to the observed GIXD pattern. Lattice energy minimi-
zation calculations (Cerids were also applied to improve
intermolecular and particularly side-chain interactions of the
proposed models. The be&P model that has been generated
(but which does not yield a satisfactory fit to the observed X-ray

patterns. In theAPT model also, Phe side chains can pack by
pseudotranslation, resulting in a diffraction pattern very similar
to that of theP model.

Fourier transform attenuated total reflectance (FT-ATR)
infrared spectroscopy was used to distinguish betweerPthe
andAPTstructures? The FT-ATR spectrum of a Pro-Glu-(Phe-
Glu)s-Pro monolayer transferred from the -aiwater interface
to a ZnSe crystal displays amide | absorption bands at 1630
and 1694 cm! and an amide Il band at 1540 cin(Figure 4)
characteristic of the antiparallgtsheet structure. In particular,
the weak 1694 cmt band constitutes strong evidence for the
antiparallel structure, as it has been detected for crystals with

data) has Phe side chains along the 4.7 A spacing pointing theirthe antiparalle]3-sheet motif but not for the parallel arrange-

phenyl rings in opposite directions, precluding favorable side

ment26:34.35
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Table 1. Crystallographic Dafaon 3-Sheet Nanostructures

dy A Ly N da La Ny La/Lp Na/Np

Pro-Glu-(Phe-Glu}yPro 25.8 3.7 670 26 4.73 930 197 1.4 7.6
Pro-Glu-(Phe-GluyPro 374 3.4 460 12 4.74 430 91 0.9 7.6
Pro-Glu-(Phe-GluyPro 37.4 2.9 200 5 4.78 90 19 0.45 3.8
Pro-Glu-(Phe-Gluy}Pro 41.1 2.4 230 6 4.80 90 19 0.4 3.2
(Phe-Gluy-Phe 4.68 280 60

very weak 4.88 380 78
Leu-Cys-(Phe-SefPhe not detected very weak

aTheb anda subscripts denote the (0,1) and (2,0) crystalline axial directions, respectivelydd, the corresponding lattice spacings (&), and
di» the spacing per residue along thexis. L is the crystalline coherence length (A), amgandn, the corresponding numbers of lattice repeats.
For (Phe-Glu-Phe the observed Bragg peak is split into«(2) (upper) and (2,1) (lower) data.

Figure 8. View perpendicular to the aitwater interface of the proposed crystal structure of the—gedptide composite phase, Pro-Glu-(Phe-
Glu)s-Pro:RbCl as included within th&PT+b model. The positions of the Rb and Cl ions (shown in pink and green, respectively) were calculated
with energy minimization modules of Cerfuafter assigning the model the experimentally observed spacing of 41.5 A.

Model Refinement. The FT-ATR and GIXD results prompted  with one significant difference: the Bragg reflection corre-
us to focus on refinement of th&PT model to gain additional ~ sponding to the inter-ribbon spacing (0,1) is split, comprising
insight into the structural characteristics of the two-dimensional two peaks atg,, = 0.1510 and 0.1667 A (Figure 7) that
lattice. The intramolecular spacing between adjacent amino acidscorrespond to 41.5 and 37.7 A spacings, respectively. The 37.7
of the same type (Figure 1) gives rise to relatively high A repeat distance is similar to that observed for the Pro-Glu-
librational motions of the side chains and thus to the possibility (Phe-Glu)-Pro monolayer on water, indicating the existence of
of various conformations, as supported by energy minimization a crystalline structure similar to that formed on water. The 41.5
procedures. Phe side chains along the peptide backbone may spacing may be attributed to a peptickalt crystalline phase,
assume different orientations in which the central axis of the consisting of hydrogen-bonded peptide ribbons separated by
phenyl rings swivels off the direction of the peptide backbone. RbCl ions intercalated between the end groups of the peptides
The Glu side chains are nearly extended, as supported by(Figure 8). Similar crystalline films of composite peptidealt
structure factor calculations and by energy minimization. structures are formed by Pro-Glu-(Phe-GiByo on 0.1 M RbClI,
Disorder in the side chain conformation may in turn affect the by Pro-Glu-(Phe-Glw}Pro on 0.1 M NaCl solution, and by Pro-
overall orientation of the peptide backbones. Calculated dif- Glu-(Phe-Glug-Pro on 0.1 M MgCl}, demonstrating that ordered
fraction patterns of various trial models consistently yielded S-sheets may intercalate different types of ions.
intensities of a few high-order Bragg peaks (such as the (0,5)) Variation in Molecular Structure. GIXD studies of (Phe-
which were unacceptably high. Modifications to the model were Glu)s-Phe and Pro-Glu-(Phe-GldlPro (W = 2, 5, and 7) on the
then made by introducing partial disorder into the crystalline surface of pure water exhibit diffraction patterns corresponding
film. The GIXD data could be matched by a model that involves to monolayer of peptides lying with their long molecular axes
superposition of two structures, designatgeil+b andAPT-b parallel to the airwater interface. The structural data (Table
(Figures 5 and 6), exhibiting Phe side chains oriented generally 1) illustrate the correlation between the spatial characteristics
in opposite directions relative to theaxis. The superposition  of the ordered nanostructure domains and the details of the
(APTsp model invokes disorder of the Phe and Glu side chains, peptide sequence. Among the peptides studied, the largest
namely the random occurrence of thBT+b andAPT-bmotifs crystalline domains are obtained for the shortest chain (Pro-
inside each 2D-crystalline domain. This disorder leads to Glu-(Phe-Glu)-Pro), despite partial dissolution of the peptide
relatively weak high-order Bragg peaks and also specifically in the subphase as inferred from the surface pressanea
suppresses the (0,5) reflection, in agreement with the observedsotherm (Figure 2b). The peptide Pro-Glu-(Phe-gRipo forms
data (Figure 6). ThéPTspmodel implies multiple conforma-  crystalline domains almost isotropic in shapg/(, = 0.9, Table
tions of the amino acid side chains within fiesheet assembly, 1) and smaller than those formed by Pro-Glu-(Phe-&Rip.
and it is reasonable to assume the existence of other moleculaHowever, Pro-Glu-(Phe-Glg)Pro displays the strongest Bragg
arrangements similar #PT+b andAPT-bwithin the crystalline peak intensities, reflecting both its insolubility in water and its
film. strong tendency to organize in the form of a crystallfrgheet

Monolayers Spread on Aqueous Salt SolutionThe dif- monolayer. The decrease in crystalline coherence lengths along
fraction pattern obtained from Pro-Glu-(Phe-Gi&yo on 0.1 the (0,1) and the (2,0) directions continues also for the longer
M RbClI resembles that obtained for the same peptide on water,peptides it = 5 and 7) in the Pro-Glu-(Phe-GldlPro series.

(34) Miyazawa, T Blout, E. RJ. Am. Chem. Sod961 83, 712719, ) is result may arise from defects of the type shown in Figure

(35) Kim, H. S.; Hartgernik, J. D.: Ghadiri, M. Rl. Am. Chem. Soc. 1@ or from conformational flexibility that reduces the ability of
1998 120, 44174424, the longer chains to bind correctly to the growing ends of the
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crystalline arrays. It is noteworthy that the spacing per residue tion defects along thie direction of the sort shown schematically
along the (0,1) direction also becomes smaller with increasing in Figure l1a. The peptide Leu-Cys-(Phe-géthe exhibits
chain length for the longer peptides. It is possible that a another example of 1-D order, as inferred from the single and
herringbone moitif relating neighboring hydrogen-bonded ribbons relatively weak (2,0) Bragg peak which corresponds to the
along theb axis may impose angles other tharf ®@tween the interstrand spacing. These experimental observations support
peptide chain axis and the hydrogen-bonding axis, resulting in the hypothesis that the two-dimensional crystallinitysesheet
smaller (0,1) spacings. self-assembled peptides can be rationally controlled through
Peptides (Phe-Glg)Phe and Pro-Glu-(Phe-GlhPro would sequence design.
be expected to yield similar diffraction patterns if they adopt
similar packing arrangements. In fact (Phe-GIBhe exhibits
a very weak (0,1) Bragg peak (Table 1), in contrast to the strong
(0,1) intensity observed for Pro-Glu-(Phe-GHh®ro (cf. Figure
3). Structure factor calculations for (Phe-Ghiphe show that
offsets in peptide registry along teaxis (Figure 1a), in steps
of ca. 6.8 A (the intramolecular repeat distance between amino
acids of the same type), strongly diminish the intensity of the
(0,1) reflection relative to that of the (2,0). Because the terminal
residues have no distinct energetic or steric preference for the
rim of a growing ribbon, we attribute the weakening of the (0,1)
intensity of the (Phe-Glg)Phe monolayer to extensive disloca- JA002238T
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