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Abstract: Designed amphiphilic -sheet peptides with the sequence Pro—Glu—(Phe—Glu),—Pro (n = 2-7)
were previously shown by grazing incidence X-ray diffraction (GIXD), to form ordered two-dimensional
(2-D) monolayer structures at interfaces induced by the proline residues at peptide termini. The GIXD
diffraction pattern was modeled with two coexisting lattice arrangements, suggesting structural flexibility
exhibited in the multiple ways by which g-strands and their amino acid side chains pack into ordered 2-D
structures. Here, we find by in-situ GIXD measurements that the ordered -sheet assemblies may undergo
a quasi-reversible compression and expansion cycle at the air—water interface. The diffraction measurements
indicate that on compression the repeat distance that corresponds to the long axes of the peptide strands
may decrease by up to 37% in length. Upon expansion the compressed f5-sheet assemblies revert elastically
to their original conformation. The interstrand repeat distance along the peptide hydrogen bonds apparently
does not change along the film compression and expansion. Based on the GIXD data, at surface pressures
higher than ~3 mN/m, beyond the peptide limiting area per molecule, the compressibility is 7.4 4+ 0.6 m/N.
The out-of-plane Bragg rod diffraction patterns imply that in the compressed state the f-strands buckle up
in reaction to the increase in surface pressure. At low surface pressure, the 2-D compressibility of the
crystalline -sheet was estimated at ~32 m/N attributed to interdomain rearrangements.

Introduction p-sheet monolayers at flat solid surfaces and at afjueous

Molecular systems composed of designed peptides or proteins>0lution interface$:*~12 Ordered amphiphilic peptide mono-
can be programmed to yield intriguing and potentially useful layers at interfaces may provide planar scaffolds relevant to a

supramolecular architectures. In the search for advanced bio-2road spectrum of nanometer-scale applications. By combining
materials with predictable properties, there has been growing self-afssemté)led molecular systems with current lithography
interest in amphiphilic peptide self-assembly architectures. t€chniques? sophisticated molecular architectures may be
Amphiphilic peptides, which display hydrophobic and hydro- developed. Advanced understanding of pepgple f':\ssemblles at
philic amino acids, may induce particular folds that are sequenceth® molecular level would enable further utilization of such
dependent. Novel biomaterials composed of amphipfiibeet  SYStems in applications that require nanometer-scale precision.
molecular assemblies have been engineered in a bottom to top Petailed structural characterization of a group of amphiphilic
approach to form a variety of supramolecular architectires, ~ PepPtides, PreGlu—(Phe-Gluj,—Pro, denoted by .-n, which

The 8-sheet structure is composed of plegtestrands that are ~ forM A-sheet monolayers at aiwater solution interfaces, has
stabilized by interstrand hydrogen bonds and by intermolecular P&€n Provided by in-situ grazing incidence X-ray diffraction
interactions between amino acids side chains. Recently, it has(G!XD) measurements. The alternating hydrophilic (Glu) and

been shown that rationally designed peptides may form orderednydrophobic (Phe) amino acids along the peptide backbone
induce thes-strand conformation at aitwater interfaces. Phe

was selected as the hydrophobic amino acid for its relatively
large side chain that is advantageous in X-ray diffraction

measurements. Phe side chains may also form favorable
phenyl-phenyl interactions between neighboring stratidehe
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Figure 1. (@) Surface pressure versus mean molecular area isothergy«F $howing the compression-J and expansion (- - -) of the film. These curves

represent the general trend of the isotherm measured during the GIXD studies. The latter isotherm (which is provided in the Supporting Infdnib&sion) e

drops in surface pressure, due to relaxation, a commonly observed behavior of Langmuir films, at points where film compression is halted to allow GIXD
measurements (these points that correspond to the states where GIXD measurements were performed are indicated by numbers along the isotimerm). Isoth
was recorded at a compression rate of 0.26nblecule/s. (b) Schematic representation gf8 unit cell. The dimensions are based on previously studied
crystallines-sheet fiber structure®.(c) The (0,1) Bragg peaks data (dots connected with a line for clarity), labeled with the surface pressure at the beginning

of each diffraction measurement. The arrows pointing to the right and left indicate measurements acquired on compression and on expansgy, respecti

(d) In(do,1) versus surface pressure. The points (which are labeled by the numbers that correspond to the point along the surface pressure area isotherm) were
fitted with a linear equation such that (slopépf the line corresponds to th&: compressibility valueCc = 9 In do /a7 is ~32 m/N forz < 3 mN/m and

is 7.4+ 0.6 m/N forr > 3 mN/m (see the Supporting Information for estimation of errors idgl)(and Cc).

stability of thesg3-sheet monolayers at the aiwvater interface within a ribbon. These apparent distortions could point to
has also been attributed to possible hydrogen-bonded arraysstructural frustrations that develop in these long peptides due
formed by Glu side chain,which resulted in an apparenKp to the natural tendency of the strand to twist®

~ 6, higher than the-4.5 that is typical of the carboxyl of Glu Here, we present a systematic GIXD study of the peptide
side chain. The Pro residues positioned in the peptide termini pg, -5 along compression and expansion surface pressuea
were shown to induce the formation of 2-D ordered assemBlies. isotherms. We find that thé-sheet ordered monolayer structure
The GIXD pattern of the peptide Prd@Glu—(Phe-Glu),—Pro, exhibits one-dimensional quasi-reversible compressibility.
Pei-4, exhibited a spacing of 37.4 A, which correlated well

with the previously reported distance of 6.9 A between every Results

second amino acid along a pleajedheet strand (i.e., 6.9/

11 = 37.9 A). The diffraction pattern of &-4 was modeled
by two coexisting crystalline unit cells of similar dimensions,

The surface pressure versus mean molecular aresgd)
isotherm of peptide &5 in Figure la shows the film
. . . . mpression and expansion. Th mpression isotherm r
exhibiting two different configurations of interstrand phenyl compression and expansio . e compression isothe Sta.‘ 1S
at a low surface pressure region that extends down to the peptide

phenyl interactions, in addition to more subtle differences in limiting area per molecule (Figure 1a). At this point along the
backbone and other amino acid side chain conformations. The. 9 P 9 . P 9

. - . isotherm, the water interface is essentially fully covered by the
fact that two coexisting lattices were required to model the eptide molecules. Further compression leads to a steep increase
diffraction pattern of B4 strongly implies that the peptide pep ) P P

pB-strands are structurally flexible; that is, they can assume at |nr;Ns;Jnr:‘ac_It_ah[;reCs;llJ;e,S;vhslct:;lulas :g”?gg?nt;ﬁa CZ,!EE[SJZ? fc? the
least these two molecular configurations and thus also switch ; P . hod

" . .~ formation of ordered or disordered multilayer structurem
between them. In addition, longer peptides of the same family, . ) . -
Pro-Glu—(Phe-Glu)s—Pro (Rsw-5) and Pre-Glu—(Phe- general, the expandingsR-5 film (Figure 1) exhibited mean
Glu);—Pro (Rs1,-7), exhibited spacings that were shorter than moleculgr areas that are smalle_r than during compression,
the estimated length of the peptidst was then hypothesized suggesting the irreversible formation of molecular aggregates
that the longer peptides pack in a “herringbone-like” or (15) Chothia, CJ. Mol. Biol. 1973 75, 295302
undulated structure such that the spacing indicated by the(16) Chou, K. C.; Pottie, M.: Nemethy, G.; Ueda, Y.; Scheraga, H1.Adol.

; ; : : ; Biol. 1982 162, 89-112.

diffraction data reflects an oblique orientation of the strands (17) Rapaport. H.. Kuzmenko, I.: Berfeld, M.; Edgar, R.; Popovits-Biro, R.:

Weissbuch, |.; Lahav, M.; Leiserowitz, L1. Phys. Chem. R00Q 104
(14) smith, C. K.; Regan, LSciencel995 270, 980-982. 1399-1428.
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Table 1. Analysis of the Measured Diffraction Peaks

4 mma? Gy a fwhm,,¢ Ly? I q/ fwhm, h,
(mN/m) (A2molecule) (&Y &) ) &) (au) S S *)
(0,1)
1.4 200 0.1365 46.0 0.0251 225 4740 0.203 0.454 12.44
6.7 187 0.1474 42.6 0.0231 244 4563 0.300 0.370 15.27
17.1 169 0.1613 38.9 0.0223 254 4480 0.375 0.310 18.21
23.0 156 0.1694 37.1 0.0227 249 3830 0.380 0.289 19.59
27.6 139 0.1748 35.9 0.0224 253 3448 0.369 0.269 21.01
27.1 126 0.1752 35.8 0.0203 278 3250 0.374 0.354 15.98
29.7 93 no peak
16.4 140 0.1585 39.6 0.0192 294 3091 0.376 0.538 10.50
115 154 0.1565 40.1 0.0208 272 3151 0.310 0.498 11.34
0.0 201 0.1305 48.1 0.0251 225 2620 0.144 0.437 12.93
(2,0p
1.3 200 1.3178 477 0.0483 117 9418 0.166 0.404 13.99
6.4 187 1.3134 478 0.0697 81 11581 0.037 0.652 8.67
16.7 169 1.3219 4.75 0.0528 107 8878 0.157 0.330 17.13
23.5 156 1.3162 477 0.0821 69 6335 0.128 0.341 16.56

aMean molecular area, measured along the isothBifhe spacing corresponding ¢y, d = 27/d,. © The full width half-maximum of the Bragg peak
atqyy. 9 The coherence length of the ordered domaip= 0.9 x 27/fwhm,y. © The maximum intensity of the Bragg pedky,, fwhm,, andh, are the Bragg
rod position maxima, full width half-maxima, and height, respectively. The height is estimated accortirrg @9 x 27z/fwhm;,. The full I(q,) pattern of
the Bragg rod data is provided in Figure%2The (2,0) data were collected on compression. The small deviationvatues from the corresponding (0,1)
data are probably due to film relaxation.

along the collapse region of the isotherm. The GIXD measure- expansion of the film, the longest (0,1) detected spacing was
ments described below provide structural insights e film 48.1 A, larger than the 46 A, obtained along the compression,
undergoing the compressioexpansion cycle. atz = 1.4 mN/m. This difference of2 A may be related to
GIXD measurements ofdp-5, performed along the compres- the backbone flexibility, or to changes in the interactions of
sion—expansion cycle isotherm, yielded, in general, two distinct the peptide termini, affecting the gaps between neighboring
Bragg peaks: one that corresponds to fhsheet hydrogen-  ribbons. The fact that along the film expansion the (0,1) Bragg
bond direction and the other related to ordefestrands, along peaks reappear gy, values similar to those obtained along the
the backbone axes (Figure 1b). Table 1 summarizes the analysi€ompression isotherm implies that under applied pressure the
of the measured diffraction peaks. The first measurement crystalline S-sheet monolayer film deforms elastically and
performed along the compression isothermy at 1.4, showed approximately reversibly. Nevertheless, Figure 1lc depicts a
the two typical diffraction peaks, (0,1) aky, = 0.1365 AL, continuous decrease in the intensity of the (0,1) Bragg peak all
and (2,0) atyy = 1.3178 A%, that correspond to spacinds: along the compression and the expansion isotherm, indicating
=46.0 A andd, o= 4.8 A, respectively. These two Bragg peaks a destruction of the ordered peptide domains, which occurs
indicate the formation of a 2-D ordered lattice, with lattice probably due to shear stresses and interfacial forces resulting
vectors ofa = 9.6 A andb = 46.0 A (cf., Figure 1b). The  from film compression and expansion as well as from beam
lattice vectora is set to double the observed spacing because damage caused by the repeating X-ray scans. Moreover, the
neighboring strands, along tkedirection, are oriented in the  shape of the Bragg rods (the out-of-plane diffraction, see Figures
antiparallel modé?! A definite unit cell cannot be determined 2a and 3 and Table 1) indicates a shift of the maxima of the
on the basis of two Bragg peaks only in the 2-D powder pattern. (0,1) rods toward higheq, values on increase of surface
Nevertheless, it is reasonable to assume that the unit cell ispressure, that is, frorg, = 0.2 A1 at 7 = 1.4 mN/m tog;, ~
characterized by @ angle of~9(°, as the long spacing, 46 A,  0.37-0.38 A" atz > 17 mN/m with concomitant increase in
is close to the estimated length of a 13-residue peptide in thethe estimated thicknes$,( see Table 1) of the ordered film.
pB-pleated conformation, projected on the water interface, that These changes in Bragg rod shape suggest an out-of-plane
is, ~6.9/2 x 13 = 44.8 A (see Figure 1b and legend). Hence, bending of the3-strands backbone in reaction to the increase
the Rs-5 lattice atz = 1.4 mN/m may be described by the in surface pressure. The (2,0) Bragg peaks that correspond to
unit cella=9.5,b=46.0 A,y ~ 90° with an area per molecule  the interstrand spacing, that is, aloagthe hydrogen-bonds
of (9.5 x 46.0)/2= 218.5 & corresponding to 218.5/13 16.8 direction, maintained almost the sawpg position (spacingl o
A2 area per residue. = 4.75-4.78 A) as well as(q,) Bragg rod shapes, throughout
Interestingly, the B.-5 (0,1) Bragg peak that corresponds the compression and expansion measurements (Figure 2b and
to the spacing along the-strand backbone direction was found Table 1); thus the compressibility in this directiomi®, within
to shift to higheray, values (smaller spacings) on increase of experimental error. Similar to the trend observed in the (0,1)
the applied surface pressure (Figure 1c and Table 1). Fordata, there is also a general decrease in the (2,0) Bragg peak

example, att = 1.4 mN/m, the detected (0,1) spacinglis = intensities on compression.
46 A and atr = 27.1 mN/m,do1 = 35.8 A, a reduction by The crystallographic unit cell parameters together with the
22% in length. Upon further compressionsto= 29.7 mN/m, mean area per molecule of the compression isotherm and the

the (0,1) Bragg peak could no longer be detected. Upon applied surface pressure allow the evaluation of film compress-
expansion of the same film and release of the applied surfaceibility. The macroscopic 2-D compressibilitZy, is extracted
pressure, the Bragg peak reappearedpatversussz values from the surface pressur@rea isotherms, and the compress-
similar to those obtained along the compression (Table 1). Uponibility of the crystalline domainCc, is based on the diffraction
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40 observed Bragg peaks, assuming (cf., above)that90°. In

a the present case, as described above, only the (0,1) spacing
changes and the (2,0) remains constant along the compression,
hence

30,

Ce=—(91n dy /07); — (3 In d, Jok); ~ —(3 In dy /).
2)

The In(do1) values, along both the compression and the
expansion isotherms, follow two characteristic lines with
different slopes (Figure 1d). At surface pressures higherthan
~ 3mN/m, the curve slope indicat€% = 7.4 + 0.6 m/N. A
‘ , several times larger valu€: = 32 m/N, was estimated for the
Fae i low surface pressure<(~3 mN/m) region of the isotherm
0.0 0.2 0.4 . 0.6 0.8 1.0 (Figure 1a and d). Noteworthy, although the data plotted in
qZ (A1) Figure 1d could be reasonably divided into two regions
characterized by different compressibility values, the reliability
n=16.7 of Cc = 32 m/N, attributed to the expanded film, is much
234 b smaller as compared to that of the compressed Gkn= 7.4
1.3 + 0.6 m/N. The former is based on only two data points (Figure
la and d), one obtained along compression and the other along
film expansion. In evaluatin@y, the macroscopic compress-
ibility, Ain eq 1, corresponds to the mean area per molecule
(Figure 1a). The surface presstigrea isotherm represents the
mechanical properties of the Langmuir film, taking into account
both the crystalline and the amorphous parts. Theeompress-
ibility is found from the slope of the compression isotherm that
is represented as versus Inf) (figure provided in the
Supporting Information). The compression isotherm gfB8
— T T T T 1 L may be described by two characteristic values of compressibility.
0.0 01 0.2 03 04 0.5 0.6 0.7 Along the compression isotherm following the onset in surface
pressure at the limiting area per molecute200 A?) and up to
qZ (31) the collapse at surface pressure~#5 mN/m (mean area per
molecule~150 A?), the film exhibits a compressibility oty
Figure 2. A few of the observed GIXD Bragg rod patterns ofPS = 11.3 m/N that is quite similar to théc = 7.4+ 0.6 m/N of
monolayer at various surface pressures (labeled curves): (a) (0,1), (b) (Z'O)The crystalline-sheet structure. Along the inclined plateau

The Bragg rods data presented in Table 1 are based on the analysis of these . . .
curves. The Bragg rods are represented by Gaussian curves fitted to theWhere the film presumably collapses into multilayer structures,
experimental data along compressier) @nd expansions<{ — —); these the compressibility is an order of magnitude largéy, = 112
figures with the experimental data are provided in the Supporting Informa- m/N.

tion.

20

Intensity (a.u)

)
=

Intensity (a.u.)
£

o o _ Summary and Discussion
data. The compressibility of a Langmuir film, in general, is

defined as: In summary, this study has provided experimental evidence

of p-sheet elastic-like behavior that was detected by grazing

C=—(3In Aldn); Q) incidence X-ray diffraction measurements, performed along

surface pressurearea isotherms. The results reveal two char-
whereA is the peptide area per molecule. The compressibility acteristic compressibility regions for crystallines 5 as-
of the crystalline3-sheet,Cc, may be calculated from the two  semblies below and abowe ~ 3 mN/m, respectively. It is

compression

>

*

7 77 e s N N

l

Figure 3. Schematic representation of the suggested conformational changéstif@ads backbones undergo on compression and expansion of the film.
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reasonable to assume that the crudely estimated higher com- Noteworthy, compressibility has also been detected in ordered
pressibility,Cc = 32 m/N, obtained at low surface pressure, is helical assemblies of alamethicin. On the basis of the data
mostly dominated by inter-ribbon adjustments induced by the reported by lonov et af2 a compressibility of+2.6 m/N along
decrease in the film area. At higher surface pressures, the lowerthe axes of the helices may be estimated. Nevertheless, more
compressibilityCc = 7.4+ 0.6 m/N, arises from considerable diffraction measurements are required to elucidate the confor-
conformational deformation that is necessarily affecting the mational changes that characterize the helical compression.

shape of the peptide backbone. Tha,f Langmuir isotherm The compressibility of Langmuir films composed of long
exhibits a macroscopic compressibil@ = 11.3 m/N thatis  chain amphiphilic compounds has been studied both theoreti-
close to the compressibility attributed to the peptide backbones cally23 and experimentally by GIXB3* The largest compress-
in the crystalline structure. This similarity is explained by the jpjlities (10 m/N) were observed for phases in which the long
fact that beyond the limiting area per molecule where peptides chains are tilted away from the normal of the water interface.
are closely packed, the compression affects the peptide backbonehese were found to be independent of chain length, and thus
conformation both in the Crystalline domains and in the non- were attributed to reorganization of headgroup hydrogen_bond
ordered domains, and to a less extent the lateral arrangemenhetworks. The lowest compressibility values, observed in the
of the molecules on the surface. solid, untilted phase, were found to be similar in value to those
Preliminary structure factor calculations, in combination with  of crystalline polymers associated with rearrangements of methyl
molecular modeling, suggest that, upon compression, thegroups in the crystal stafé.
peptides within the orderefi-sheet domains bend out of the It is reasonable to assume that Besheet compressibility
yvater interface. This hypothgsis is supported by the differencgasdependS on the peptide sequence and on the packing of the
in the projected area occupied by Phe versus that of Glu. Itis gyands. Therefore, more measurements are currently underway
reasonable tq assume that the peptide backbone bucklgs suc{b assess the compressibility of variofissheet monolayer
that the Glu side chains get closer to each other and the d'StanCPsystems. We believe that the structural and mechanical insights
between the hydrophobic Phe side chains becomes longer suchy,\iged here will contribute to a better understanding-sheet

that overall the peptide backbone appears bent out of the water;gsemplies in the context of designed biomaterials, in natural
interface. According to our experiments, on increase in surface proteins and amyloid fibers.

pressure that is equivalent in three dimensions to hydrostatic
pressure, the backbone axis yields before any deformation along  Acknowledgment. This work was supported by the Israel
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the highest elastic modulus, that is, the lowest compressibility

value measured by Wang and Small, for apolipoprotein B;- Supporting Information Available: Experimental section.
11 m/N, and theCe = 7.4 + 0.6 m/N andCy = 11.3 m/N Full Pg-5 isotherm obtained during GIXD measurements and
compressibility values found in this study fog?5 monolayer. comments thereon. Figure of the Bragg rod data points of the

Interestingly, on the basis of their measurements, the authors(0,1) and (2,0) peaks and theversus Ind) figure of Rsi-5
suggested that-sheet film complies elastically to a reduction ~with the Cy compressibility values. Error calculations for In-
of up to 25% in film area. The results presented here provide (do,1) andCc ( > 3 mN/m). This material is available free of
direct X-ray diffraction evidence for the-sheet elastic deforma- ~ charge via the Internet at http://pubs.acs.org.

tion. According to our results, thegR-5 crystalline 5-sheet JA062363Q

domains may be compressed $B7% (from 200 to 126 A
molecule, Table 1).
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