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Abstract: Polarized attenuated total reflectance (ATR), grazing angle refleeéibeorption, and transmission

Fourier transform infrared (FT-IR) spectroscopy methods have been used to investigate the orientation of
peptide nanotubes in the functionally relevant environment of ordered phospholipid multibilayers. Eight-
residue cyclic peptides of alternatimg andL-amino acids which self-assemble to form open-ended, tubular
structures have been shown previously to function as transmembrane channels for ion transport. Although the
tubular structure of the peptide assembly has been established in the pure solid state, this study presents the
first detailed biophysical investigation of the peptide nanotubes within the context of the lipid film to afford

a quantitative estimate of their angle of orientation relative to the lipid bilayer. We find by ATR IR that in
accordance with the previous structdfanction model hypothesis for a transport-competent channel, the central
axis of nanotubes composed ofcld(L-Trp-dD-Leu)-L-GIn-D-Leu] is aligned parallel to the dimyristoyl
phosphatidylcholine (DMPC) hydrocarbon chains, at approximatelfrofn the axis normal to the bilayer

plane. This upright orientation for the DMPC/peptide film is also qualitatively supported by grazing angle
and transmission FT-IR data. By contrast, FT-IR studies of two- and three-dimensionally ordered peptides,
Langmuir-Blodgett films and microcrystals, respectively, show that the peptide tubes lie parallel to the substrate
surface in the absence of a hydrophobic supportive environment. These studies support a transport-competent,
membrane-spanning orientation of the peptide nanotubes in the lipid bilayers. Furthermore, they indicate that
the orientation of the tubes can be controlled by a supporting environment, implicating biological and
nanotechnological applications.

Introduction B-sheetlike cyclindrical structure® and the appropriate decora-
tion of this structure with hydrophobic side chains is hypoth-
The importance of channels in sustaining biological systems esjzed to allow its partition into the lipid environment to function
and their potential utility in nanotechnology and biomedicine as membrane-spanning channels (Figure 1).
have kept the structurefunction relationship of channels an Unlike natural peptide and protein channel systems in which
active area of investigatioh. Previously, we reported an  secondary folding, tertiary interactions, and/or quaternary as-
artificial channel system composed of a tubular ensemble of sembly as well as conformational dynamics must often be
stacked cyclic peptides which was shown by vesicular assaysconsidered, the structurdunction analysis of the nanotube
and single channel conductance measurements to function as aystem is simplified by the highly restricted conformational and
transmembrane channel for ion and biomolecule trangpért. assembly options inherent in its design. To function as a
Briefly, the design for this tubular structure is based on the transmembrane channel with a discrete, bilayer-spanning pore
postulate that cyclic peptides of an even number of alternating as in the hypothesized model, the cyclic peptides must meet
p- and L-amino acids can adopt a low-energy, flat-ring two structural criteria in the context of the lipid environment:
conformation in which the hydrogen-bonding backbone moieties (1) they must self-assemble to form tubes in the membrane,
stand perpendicular to the plane of the ring and the sides chainsand (2) the central axis of the membrane-incorporated tubes
point radially away from the ring. Such a conformation poises should be oriented approximately perpendicular to the plane of
the cyclic peptide units to self-assemble into an antiparallel the lipid membrane to provide a solute-accessible through-path.
The formation of the tightly hydrogen-bonded antiparallel
(1) (@) Wang, WAnnu. Re. Physiol.1997, 59, 413-436. (b) Kaczo- B-sheet tubular structure has been well established in the solid
rowski, G. J.; Knaus, H.-G.; Leonard, R. J.; McManus, O. B.; Garcia, M. state of the pure peptide by cryoelectron microscopy, electron

L. J. Bioenerg. Biomembrl996 28, 255-267. (c) Zagotta, W. NJ. : : _ : R _
Bioenerg. Biomemhn996 28, 269-278. (d) Veenstra, R. Ol. Bioenerg. diffraction, FT-IR, molecular modeling, and X-ray crystal

Biomembr1996 28, 327—337. () Catterall, W. A. Bioenerg. Biomembr lography22dand the incorporation of peptides into the membrane
1996 28, 219-230. (f) McDonough, S.; Lester, H. Rrug Dev. Res1994 has been supported by FT-IR studiés.
33, 190-202.

(2) (3) Ghadiri, M. R.; Granja, J. R.: Milligan, R. A.; McRee, D. E.; To determine the formation of the tubular structure and its

Khazanovich, NNature 1993 366, 324-327. (b) Ghadiri, M. R.; Granja, orientation in the lipid membrane, FT-IR studies of the cyclic
J. R.; Buehler, L. KNature1994 369, 301—304. (c) Granja, J. R.; Ghadiri,

M. R.J. Am. Chem. S0d.994 116 10785-10786. (d) Hartgerink, J. D.; (3) (a) De Santis, P.; Morosetti, S.; Rizzo, Racromoleculed974 7,
Granja, J. R.; Milligan, R. A.; Ghadiri, M. RJ. Am. Chem. Sod 996 52—58. (b) Tomasic, L.; Lorenzi, G. FHelv. Chim. Actal978 70, 1012~
118 43-50. (e) Ghadiri, M. R.; Kobayashi, K.; Granja, J. R.; Chadha, R. 1016. (c) Pavone, V.; Benedetti, E.; Di Blasio, B.; Lombardi, A.; Pedone,
K.; McRee, D. E.AAngew. Chem., Int. Ed. Engl995 34, 93—95. C.; Tomasic, L.; Lorenzi, G. FBiopolymers1989 28, 215-223.
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Figure 1. Schematic representation of the cyclic peptide channel assembly in the lipid bilayer. The picture emphasizes the afitgiezatlide
cylindrical structure formed by the cyclic peptide subunits and its tilt imposed by the lipid bilayer. Most of the side chains have been omitted for
clarity. The central axis of the peptide nanotube is defined as the longitudinal axis of the cylindrical structure.

peptide in dried, oriented, phospholipid multibilayers were S-sheet system to study by the current method. Here we report
carried out. Polarized FT-IR has been used extensively to a detailed study of the orientation of the peptide nanotubes in
determine the secondary structure and orientation of a numberthe functionally relevant, ordered dimyristoyl phosphatidylcho-
of membrane proteins and peptides by using such oriented lipidline (DMPC) multibilayers by polarized attenuated total reflec-
bilayers as model membran®s. As our structural model for  tance (ATR), grazing angle reflectierabsorption, and trans-
the “stackable”, flat-ring cyclic peptides assumes a conforma- mission FT-IR techniques to afford both quantitative and
tionally restricted backbone amide in which the hydrogen- qyalitative orientational analysis. Furthermore, these observa-
bonding carbonyl and NH moieties are aligned with the central (iong are then compared to the orientation of two-dimensionally

axis of the nanotube, the IR-active amide modes can serve as,gered films and three-dimensionally ordered microcrystals of
references for the orientation of the entire tubular assembly. In the peptide in the absence of a supportive lipid matrix.

fact, the peptide nanotube assembly affords an ideal model for
a highly ordered, conformationally homogeneous antiparallel

(4) (a) Nebedryk, E.; Gingold, M. P.; Breton, Biophys. J 1982 38, Results and Discussion

243-249. (b) Okamura, E.; Umemura, J.; TakenakaBibchim. Biophy.
Acta 1986 856, 68—75. FT-IR Studies of the Cyclic Peptide in DMPC Multibi-

(5) (@) Rothschild, K. J.; Clark, N. ABiophys. J.1979 25, 473-487.

(b) Nebedryk, E.; Breton]. Biochim. Biophys. Acta981, 635 515-524.  1ayers. The IR spectra otycld(L-Trp-D-Leu)-L-Gln-0-Leu]

(c) Vogel, H.; Jahnig, F.; Hoffmann, V.; Stumpel Blochim. Biphys. Acta in the oriented lipid membrane display amide bands which

égSB?a 75;’]3’ Ziggfie(dggfugfég-(V\)/-?GMe”dE"Sr?thnH RE-; P(f:erk‘)f_jﬂgai}: F. correlate well with those expected for a tightly hydrogen-bonded
. blochem. A 3 — . (e oormagntign, E.; Cablaux, V.; . . .

Ruysschaert, J.-MEur. J. Biochem199Q 193 409-420. (f) Goormaghtigh, antiparallelg-sheet structure (Figure 2, Table 1). The amide |

E.; De Meutter, J.; Szoka, F.; Cabiaux, V.; Parente, R.; Ruysschaert, M.- peak frequencies of 1635 (perpendicular component, strong,

M. Eur. J. Biochem1991, 195 421-429. (g) Frey, S.; Tamm, IBiophys.  — hereafter designated as amide 1) and 1688 ‘crparallel
J. 1991, 60, 922-930. (h) Pastrana, B.; Mautone, A.; Mendelsohn, R. K h fter desi d iHewith
BiochemistryL991 30, 10058-10064. (i) Takahasi, S.. Ishiguro, R.; Kimura, ~cOmponent, weak, hereafter designated as amjfjewith a

N. Biochemistry1993 32, 9792-9797. splitting of 53 cnT?, and the amide Il band at 1538 ciare
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Figure 2. Deconvoluted ATR IR spectra with use of parallel
polarization of (a) the amide A region and (b) the amide | and Il region
of the peptide nanotubeycld(L-Trp-dD-Leu)-L-GIn-D-Leu] in the
DMPC multilayer. (The peak at 1738 ctis a lipid band.)

Table 1. Assignment of Relevant IR Peaks in a Film of
cycld(L-Trp-p-Leu)-L-GIn-p-Leu] in Air-Dried DMPC
Multibilayers

freq (cnTl) assignment

3281 amide A N-H stretch of peptide amide

2850 vs(CHp)  symmetric stretch of lipid hydrocarbon
methylene

2919-2918 wvas(CHp)  antisymmetric stretch of lipid hydrocarbon
methylene

1738 v (C=0) C=O0 stretch of lipid fatty acid ester

1688 (w) amide|]  primarily C=0 stretch of peptide amide,
parallel component

1635 (s) amide | primarily &0 stretch of peptide amide,
perpendicular component

1537 amide Il primarily NH in-plane bend and CN stretch
of peptide amide

1257 vas (PQ;7) antisymmetric stretch of lipid PO

double bond

highly characteristic of the antiparallgtsheet structuré. The
observed amide A (NH stretch) frequency at 3281 tsupports
a tight ring-to-ring network of backbone hydrogen bonding.
The band at 1659 cm correlates with the reported frequency
of ~1650 cn1? for the glutamine €O stretch in peptides.

(6) (a) Miyazawa, T.; Blout, E. RJ. Am. Chem. Sod.961, 83, 712—
719. (b) Miyazawa, T. IChem. Phys196Q 32, 1647-1652. (c) Fraser, R.
D. B.; MacRae, T. P.Conformation in Fibrous Proteins and Related
Synthetic PeptidesAcademic Press: New York, 1973; pp-9%525. (d)
Marsh, D.Biophys. J1997 72, 2710-2718.
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These results, which agree well with those from previous IR
studies of the pure microcrystalline nanotube peptfdés,
indicate that the cyclic peptides in the lipid membrane environ-
ment form an assembly that is very similar to the tubular,
antiparallel-sheet structure formed in the solid state.

Polarized ATR allows a quantitative evaluation of the
orientation of both the peptide amide and the lipid components.
It selectively measures theandz components of the transition
dipole moment with the parallel electric field component of the
incident light (p-polarized light) and thecomponent with the
perpendicular electric field component (s-polarized light).
Figure 3a depicts the experimental coordinates and polarization
vector conventions used in this study. We have chosen to
measure the dichroic ratios of the strong amide | band
(perpendicular component), which consists primarily of the
backbone €O stretch, to quantitatively measure the orientation
of the peptide tube. The more complex amide Il band, an out-
of-phase combination of largely NH in-plane bend and CN
stretch whose transition moment is approximately perpendicular
to that of amide P and the amide A band, a localized backbone
NH stretch that is approximately parallel to amide I, were used
in comparison with the amide | to qualitatively assess the peptide
tube orientation. To evaluate the lipid chain orientation, the
symmetric and antisymmetric GHtretches of the DMPC lipid,
which are perpendicular to the all-trans hydrocarbon chain
axis®%were used. The lipid headgroup components, the fatty
acid ester &0 stretch and the antisymmetric stretching of the
PO, group, were also used to assess lipid orientation and order.
Quantitative calculations of the angles of orientation were carried
out according to Fraser's equations as detailed in the Experi-
mental Section.

To assess the orientation of the peptide relative to the lipid
layer, it is imperative to establish the orientation and order of
the physisorbed lipids relative to the substrate surface. Without
the peptide, the hydrocarbon chains of the lipid DMPC show
an average tilt of 28relative to the surface normal (Table 2,
Figure 4a). This value correlates well with previous studies of
phospholipid multibilayer systems, which report tilts in the
approximate range of20—30°.4° The values of the angle of
transition moment orientation for the lipid head group-Q
and PQ~ relative to the surface normal, 2nd 62, respec-
tively, are also in agreement with previously reported values
of 64° for C=0 and 63 for PO, in similar phosphatidylcholine
systemg242 |nsertion of the peptides into the lipid membrane
shows negligible change in the polar region of the lipid, but
the hydrocarbon chain shows a slight increase in tilt to
approximately 32 The minimal tilt change upon peptide
incorporation, coupled with the minor frequency shiftl(cnr?
for CH, antisymmetric stretch, Table 2) and bandwidth broaden-
ing (~5% of bandwidth at half-maximal height) in the lipid
hydrocarbon bands, suggests that the perturbation in the lipid
bilayers caused by the incorporated nanotube peptides is minimal
and localized. A similar conclusion was drawn in a comparable
ATR FT-IR study of gramicidin/lipid multibilayer systen8.

The ATR IR spectra of ordered DMP&Y/cI(L-Trp-D-Leu)s-
L-GIn-b-Leu] film show a dramatic decrease in amide | and A
intensities upon changing the polarization of the incident light
from parallel to perpendicular (Figure 4b). This result, which

(7) (&) Krimm, S.; Bandekar, JAdv. Protein Chem.1986 38, 18t
364. (b) Naik, V. M.; Krimm, Sint. J. Pept. Protein Re4.984 23, 1-24.

(8) Fringelli, U. P.; Gumthard, Hs. H. Membrane Spectroscopy
Springer-Verlag: New York, 1981; pp 27#B32.

(9) (a) Akutsu, H.; Ikematsu, M.; Kyogoku, YChem. Phys. Lipid$981,
28, 149-158. (b) Fringeli, U. PZ. Naturforsch.1977, 32¢ 20—45. (c)
Janiak, M. J.; Small, D. M.; Shipley, G. Biochemistryl976 15, 4575~
4580.
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Table 2. ATR IR Orientation Parameters of DMPC with and
without cycld(L-Trp-pD-Leu)-L-GIn-D-Leu]

DMPC? DMPC/peptidé
freq angle freq angle
assignment (cm™)  [AJ/A-]° (deg) (cm ™) [AJ/A-® (deg)
v (C=0O)peptide 1635 4.34-0.14 39

vas (CH2)iipia 2918 1.15£0.02 29 2919 1.26:0.01 33
vs (CH2)iipid 2850 1.10+0.02 26 2850 1.20+0.03 3E
v (C=O)jipid 1738 1.51+0.03 62 1738 1.51+0.02 62
vas (PO )ipia 1257 1.56+0.06 6F 1257 1.60+0.08 60

2Data are an average of-@ samples® [A/A7] indicates the dichroic
ratio of the band intensity with parallel polarized incident light to the
band intensity with perpendicular polarized lighi/alues are angles
of the molecular axis relative to the substrate surface normal, as
determined from the dichroic ratio of the indicated transition moment.
Error is <41°. Y Values are angles of the indicated transition moment
relative to the substrate surface normal. Errogig1°.

The tilt angles were calculated assuming that the lipid bilayers
were oriented perfectly parallel to the IR substrate surface.
Previous X-ray and neutron diffraction studies have reported
values of<15° to 3 for the mosaic spread of various lipid
multibilayer samples on solid surfac¥s.Taking into consid-
eration any contribution to disorder arising from an imperfect
parallelism between the lipid multibilayers and the substrate
surface effectively reduces the average angle of orientation of
both the lipid hydrocarbon chains and the peptide nanotubes,
making them even more closely aligned to the surface
normal4a5ace |f an even distribution of the peptide in the lipid
sample is assumed, the effect of membrane mosaicity on the
current difference value between the orientations of the lipid
chains and the peptide nanotubes would be minor.

Grazing angle and transmission IR also qualitatively support
the observation of nanotubes which are oriented parallel to the
lipid acyl chains and perpendicular to the bilayer plane. Metal-
(©) surface IR selection rules for grazing angle impose that only

z those transition dipole moments which are normal to the surface
/ )‘ will absord! (Figure 3b). Because amides | and Il are
‘, approximately perpendicular to each other, the ratio of these
y Eunpol two band intensities gives a way to qualitatively assess the
orientation of the tube. The DMP&/cld(L-Trp-D-Leu)s-L-GIn-
D-Leu] system in grazing angle IR shows a spectrum with a
significantly large amide I/amide Il band ratio (Figure 5a). Along
with the strong amide A intensity, the observed preferential
absorption of the amide | band is expected for nanotubes which
are aligned perpendicular to the substrate surface. For unpo-
— larized transmission IR, every transition moment absorbs except
Figure 3. Experimental setup for (a) ATR, (b) grazing angle, and (c) the one aligned with the direction of light propagation when
transmission IR. The_cylindrical structure represents a dimer of seh_‘- the sample surface is placed at the conventiondl t80the
assembl_ed cy_cllc_ peptides. The solid _dout_;le arrows on the representation cident light (Figure 3c). Hence, the transition moments which
of the dl_mer indicate the general dlrt_actl_on of the amide | transition .o aligned with the central axis of the up-right nanotube are
moment; the dashed double arrows indicate the general direction of . S . .
the amide Il transition momenEg, E;, andE,qp. are the polarization preferent!ally nonabslorb.lng In t'ransmISSIOH IR, while they a.re
components of the incident lighk, y, and z are the experimental preferentially absorbing in grazing angle IR. The tra_nsmlssmn
coordinates which are detectable by the indicated method. spectrum shows a dramatic decrease in the amide | peak
intensity in comparison to that of the grazing angle spectrum,
indicates that the amide carbonyl and NH bonds are predomi- again qualitatively confirming the perpendicular orientation of
nantly aligned along thecoordinate, is qualitatively consistent the nanotubes relative to the lipid membrane plane (Figure 5b,
with peptide tubes whose central axis is aligned perpendicular Table 3). The amide I/amide Il dichroic ratio is not reduced
to the substrate surface (Figure 3). Quantitatively, the nanotubefurther than observed, however, due to the bilayer-imposed tilt
tilt angle as determined by the amide | transition was measuredof the peptide tubes in the membrane which allows partial amide
to be 39 relative to the surface normal, which is approximately (10) (a) Stamatoff, J. B., Graddick, W. .. Powers, L. Moncton, D. E.
7° relative to the average membrane plane normal 83able Biophys. J.1979 25, 253-262. (b) Budt, G.; Gally, H. U.: Seelig, JJ.
2). The nanotube tilt angle of 7s comparable to findings from  Mol. Biol. 1979 134 673-691.

; _hali i~idi i ; (11) (a) Suetaka, Wsurface Infrared and Raman Spectroscopy: Methods
the l.R. studies Of. th$ helical gre}mlpldln Ain d”?d DMPC and ApplicationsPlenum Press: New York, 1995. (b) Crooks, R. M.; Xu,
multibilayers, which report a helix tilt angle of15° relative C.; Sun, L.; Hill, S.; Ricco, ASpectroscopyl993 8, 28-39. (c) Pearce,

to the bilayer normat2 H. A.; Sheppard, NSurface Sci1976 59, 205-217.
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Figure 4. ATR IR spectra of (a) a DMPC multilayer and (b) a DMR@eIJ(L-Trp-D-Leu)-L-GIn-dD-Leu] multilayer. The solid trace indicates
absorbance with parallel polarized light; the dashed trace indicates absorbance with perpendicular polarized light.

amide | In a further support for the proposed tube orientation in an
v ordered hydrocarbon supportive environment, recent studies of
the related cyclic peptideycld(L-Trp-D-Leu))] incorporated into
self-assembled monolayers (SAMs) of dodecanethiols on a gold
surfacé? show an amide I/ll dichroic ratio very similar to that
of the DMPC multilayer/peptide system in comparable grazing
angle IR studies. SAMs of chemisorbed alkanethiols on gold
surfaces have been studied extensively in the past, and the alkyl
chain orientation has been measured to be in approximately the
same tilt range as that for oriented phospholipid membr&hes.
The above IR results of the nanotube peptides in ordered
hydrophobic films strongly suggest that in the functionally
relevant lipid membrane environment, the peptide tubes are
oriented in a membrane-spanning, transport-competent direction
M perpendicular to the bilayer plane.

Study of Ordered Peptide Nanotubes in the Absence of
the Lipid Matrix. Two types of ordered nanotube assemblies
were used to assess the peptide tube orientation in the absence
y of the lipid matrix: the two-dimensionally ordered Langmir

Wavenumber (cm") Blodgett films and the three-dimensionally ordered microcrys-
Figure 5. (a) Grazing angle IR spectrum of a DMR@¢IJ(L-Trp- tals.
?éLeu)g-L-Gln-D-Leu] multilayer on a gold surface. (b) Transmission Langmuir-Blodgettry was used to transfer compressed films
spectrum of a DMP@}cld(L-Trp-p-Leu)s-L-GIn-p-Leu] multilayer of cycld(L-Trp-o-Leu)-L-GIn-p-Leu] from the air-water in-

on a Calplate. (c) Grazing angle IR spectrum of a LangmuBtodgett terf ¢ d f for IR \vsis. In direct trast
film of cycld(L-Trp-p-Leu)-L-GIn-D-Leu] on a gold surface. The erface onto a gold surtace for [ analysis. In diréct contras

spectra have been scaled to facilitate visual comparison. to t.he grazing angle |R spectrum of th(? |Ip|q-Supp0rted peptl.des

which has a large amide I/amide Il dichroic ratio, the grazing

| absorption, and the higher relative absorption coefficient of @ngle spectrum of the compressed Langméilodgett films
the amide | over that of amide Il. The two IR methods of Of cycld(L-Trp-D-Leu)-L-GIn-p-Leu] shows a significantly
grazing angle and transmission give results which correlate well 12rger amide Ii band intensity in comparison to the amide |
with those obtained by ATR IR, in that there is a qualitative Ntensity (Figure Sc, Table 3). The display of a significant
similarity between the grazing angle and the parallel polarized dichroism indicates first that a high degree of order exists in
ATR spectra, and between the transmission and perpendiculat (12) Motesharei, K.. Ghadiri, M. RJ. Am. Chem. Socl997 119
polarized ATR spectra (compare spectraa and b in Figure 5t011306-11312. LT ' ‘
spectrum b in Figure 4). (13) Bertilsson, L.; Liedberg, BLangmuir1993 9, 141—149.
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Table 3.  Summary of IR Dichroisms for Various Peptide Systems
environment system IR method dichrosm
with hydrophobic matrix DMPQycld(L-Trp-p-Leul—L-GIn—D—Leu] oriented multilayer ~ ATR Aj(amide 1)> Ag(amide I)

DMPCcycld(L-Trp-D-Leu)—L-GIn—D—Leu] oriented multilayer
DMPCcycld(L-Trp-D-Leu)—L-GIn—D—Leu] oriented multilayer

grazing angle A (amide I)> A(amide II)
transmission A(amide 1)~ A(amide II)

without hydrophobic matrix

Alkanethiolcycld(L-Trp-p-Leu),] monolayer on gold
cycld(L-Trp-p-Leu)—L-GIn—D—Leu] Langmuir-Blodgett film
cycld(L-GIn-p-Leu)] microcrystals

cycld(L-GIn-p-Leu)] microcrystals

grazing angle A(amide I)> A(amide II)
grazing angle A(amide 1)< A(amide II)
grazing angle A(amide I)< A(amide II)
transmission A(amide I)> A(amide II)

a“A” indicates absorption intensityA};” indicates intensity with parallel polarized incident light, amh™ indicates intensity with perpendicular
polarized light, of the IR bands enclosed in the parantheses.

the transferred peptide film. Second, the dichroism in which amide |

amide Il is more intense than amide | shows that in the absence '
of a lipid matrix, the central axis of the ordered nanotubes is
primarily parallel to the gold surface. The decrease in the amide A amide Il
intensity of the amide | perpendicular component is also
accompanied by an increase in the intensity of its parallel l l
component, amide,] at 1688 cm’. The opposite grazing angle
IR dichroisms of the peptide nanotubes in and out of the lipid
matrix suggest that the average molecular orientations in the
two systems are orthogonal to each other (compare spectra a (@)
and c in Figure 5). /)
Crystalline nanotubes assembled from the cyclic peptide

: : (b) xj“\k
cycld(L-Glu-p-Leu))] which were prepared as previously P
described have been characterized by light and electron mi-
croscopy to be rod-shaped (approximately-B0 um long and I
100-500 nm wide@ad The grazing angle IR spectrum of the
peptide microcrystals applied onto the gold surface exhibits an
amide ll/amide | dichroism that is similar to, but more
pronounced than, that of the LangmuBlodgett film of the
pepudecycld(L—Trp-D-Leu)g-!_-GIln-D-L.eu] (‘?°mp<?‘re Flgures.Gb Figure 6. IR spectra of microcrystals afycld (L-GIn-D-Leu)] by (a)
and 5c, see Table 3). This dichroism, in which the amide Il transmission IR spectroscopy in a KBr pellet, (b) grazing angle IR
band is much more intense than the amide | band, shows thatspectroscopy on a gold surface, and (c) transmission IR spectroscopy
the peptide microcrystals are lying parallel to the surface in the on a Caf plate. The spectra have been scaled to facilitate visual
absence of the lipid matrix. The more exaggerated dichroism comparison.
exhibited by the crystals in comparison to that of the Langmuir
Blodgett films reflects the higher order of crystalline assembly analysis of the lipid/peptide system by grazing angle and
and alignment on the surface. As expected for the parallel tubetransmission IR modes, and comparison to 2-D and 3-D ordered
orientation and in contrast to the peptide in the lipid matrix, peptide systems in the absence of the lipid matrix, support the
the transmission IR spectrum of the peptide crystals displays aobservation that the central axes of the tubes are approximately
much higher intensity for the amide | than for the amide Il band perpendicular to the bilayer normal in the functionally relevant
(Figure 6¢, Table 3). In fact, the transmission spectrum of the lipid environment. In the absence of the supportive lipid matrix,
peptide crystals looks very similar to the grazing angle IR the tubes were observed to lie parallel to the surface. This study
spectrum of the peptide in the lipid film (Figure 5a), reflecting provides direct structural evidence for the functional model
the orthogonal nature of the two IR techniques. The orientation hypothesis of the artificial nanotubular channels for which
of the peptide crystals suggested by these IR methods is verifiedtransmembrane channeling activity has been demonstrated. The
by scanning probe microscopy (SPM) images, which depict the study also demonstrates that the orientation of the nanotubes
crystals lying exclusively parallel to the surface (Figure 7). In can be manipulated by the presence of lipids, giving a powerful
contrast to the ordered techniques described above, the transmisparameter to use in nanotechnical applications, especially toward
sion IR spectrum of the ground nanotube crystals in a KBr pellet, the design of novel biosensors.
in which the crystals are expected to be randomly oriented,
displays intense amide | and amide Il bands (Figure 6a). Experimental Section
Together with the observations from the peptides in lipid  peptide Synthesis. All reagents and solvents were purchased as
multilayers, these results suggest that the elongated nature obyreviously reported except tetraN-butylammonium fluoride hydrate
the self-assembled peptide nanotubes predisposes them to li€TBAF, Aldrich), (O-(7-azabenzotriazol-1-yl)-1,1,3)tetramethyluronium
with their central axis parallel to the surface, unless they are hexafluorophosphate (HATU, PerSeptive Biosystems), and amino acids
supported in an upright orientation by an appropriate supportive and 4-(hydroxymethyl)phenylacetamidomethyl (Pam) resin (Calbio-
matrix such as lipid bilayers (Figure 8). chem-Novabiochem)cycld(L-Trp-p-Leu)-L-GIn-D-Leu] was synthe-
sized by solid-phase Boc chemistry on Pam resin following the protocols
of Kent!“ cleaved by TBAF? and cyclized in solution with HATU. It
was purified by reverse phase HPLC in a methangitifluoroacetic
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Conclusion

Polarized ATR IR has given a quantitative estimate of the
orientation of the peptide nanotube relative to the lipid , (14) Schnolzer, M.; Alewood, P.; Jones, A.; Alewood, D.; Kent, S. B.
h hown that the central axis of the nanotubeH' e . Rt Protein Red 992 40, 180-193.
membrane, and has sho L - na (15) Ueki, M.; Kai, K.; Amemiya, M.; Horino, H.; Oyamada, B. Chem.
is approximately 7 from the bilayer normal. Qualitative  Soc, Chem. Commuf988§ 414-415.
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Figure 7. Scanning probe microscope (SPM) images of nanotube microcrystals on a glass surface obtained in the tapping mode. Part b is an

expansion of the indicated portion of part a.

Langmuir-Blodgett Films of Cyclic Peptides,
No Supportive Matrix
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Microcrystals of Cyclic Peptides,
No Supportive Matrix

Figure 8. Pictorial representation of the effect of the lipid bilayer
matrix on the orientation of the cyclic peptide nanotubes.

acid solvent system, and characterized as previously repdrted.
cycld(L-GIn-p-Leu)] was synthesized, purified, and characterized as
previously reported?

Peptide/Lipid Multibilayer Sample Preparation for IR. Vesicles
were prepared from 1,2-dimyristogh-glycero-3-phosphatidylcholine
(DMPC, T, = 24 °C, Avanti Polar Lipids, Inc.) by the reverse-phase
evaporation method of PapahadjopoulosBriefly, to a solution of 20
mg of DMPC in 1:1 volume of chloroform/ether, 2 mL of dgblwas

(16) Szoka, F., Jr.; Papahadjopoulos,Moc. Natl. Acad. Sci. U.S.A.
1978 75, 4194-4198.

added. The suspension was sonicated to yield a milky white solution,
then the organic solvents were rotovapped off to yield the aqueous
vesicle suspension. Theycld(L-Trp-D-Leu)-L-GIn-D-Leu] peptide
solution (10 mM in DMSO) was added to the vesicle suspension diluted
1:1 by volume with ddHO, to yield a final peptide:lipid molar ratio of

1:9 and DMSO content of less than 8% in the final volume. The
mixture was vortexed vigorously, allowed to incubate at room tem-
perature for 1520 min, then gel-filtered through a fine-grade Sephadex
G-25 (Pharmacia) column to remove the nonincorporated peptide. The
filtrate was applied onto the appropriate FT-IR substrate (germanium
crystal for ATR, gold-coated silicon wafer prepared as previously
reported? for grazing angle, and Calplate for transmission IR). The
lipid/peptide film was allowed to orient by air-drying at room
temperature without disturbance.

Pure Peptide Sample Preparation for IR and SPM. To prepare
the Langmuir-Blodgett film of cycld(L-Trp-D-Leu)-L-GIn-D-Leu], a
Nima 611M/win Langmuir film balance trough was used. The peptide
solution (0.1 mg/mL in~5% TFA/chloroform) was spread onto the
ddHO subphase at room temperature and compressed to a pressure of
28 mN/m. An eight-layer film was transfrerred onto a gold-coated
silicon wafer by dipping at the constant pressure of 28 nN/m and then
allowed to dry at room temperature before the grazing angle IR analysis.

The peptidecycld(L-GIn-d-Leu)] was crystallized as previously
reportectd Suspensions of the peptide microcrystals in gdhvere
applied onto a gold-coated silicon wafer for grazing angle IR, a,CaF
plate for transmission IR, or a glass surface for SPM, then dried under
a nitrogen stream prior to analysis. For the preparation of the KBr
pellet for transmission IR, the peptide microcrystals were dried under
vacuum and then ground with KBr powder.

SPM images were obtained with a multimode nanoscope [lIA
scanning probe microscope (Digital Instruments) with use of tapping
mode and Nanoprobe TESFapping ModeEtched Slicon Probes,
Digital Instruments) SPM tips at a scan rate of 2 Hz.

FT-IR Spectroscopy. Spectra were obtained on a Nicolet 550
Magna Series Il FT-IR instrument equipped with a liquid nitrogen-
cooled mercury-cadmium-telluride detector aa 2 cnt? resolution
and under nitrogen atmosphere. A total of 800 scans were averaged
for each spectrum. For ATR IR, the instrument was equipped with a
baseline horizontal ATR optical bench with a°4germanium plate
and a ZnSe polarizer (Spectra-Tech). For grazing angle IR, a grazing
angle accessory with a fixed incidence angle df 8@s used (Spectra-
Tech), with a ZnSe polarizer set to allow selective transmission of
p-polarized light. For transmission IR, Caplates positioned at a 90
angle of incidence were used with unpolarized light.
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The spectral data were analyzed by Omnic 3.0 software (Nicolet). orientational order parameter, and is equal to (3 éos 1)/2, where
For the calculation of the dichroic ratios for the peptide and the lipid 6 is the average angle between the molecular axis and the surface
hydrocarbon chain, the spectral data in the peptide amide | and thenormal.

lipid CH; stretch regions were Fourier deconvoluted and further

The equation for the orientational order as derived by Ftédser

analyzed by the deconvoluting software Lab Calc Search Arithmetic represents the effect of imperfect ordering by supposing that all the
s2.22 (Galactic Industries Corp). Deconvolution was performed by molecules in the sample are displaced by the same average angle from
using a single-component, mixed Lorentzian and Gaussian function with the surface normal, and is valid for the analysis of a well-ordered

an iterative, linear least-squares algorithm.
Calculations of Orientation. The orientational analysis approxi-

mated for ordered thin films by ATR IR was carried out according to

the method reviewed by Fringelli and "@&hard® using equations

specimen. In this model, a symmetric, conical, uniaxial distribution
of the measured axis around a central reference axis is assumed, in
which the molecular axis is inclined at an average angie fobm the
surface normal, and transition moment being measured is oriented at

derived by Frasef. This method has been used to determine the an angle ofa to the molecular axis. For the nanotube peptides, the
molecular orientation for a number of membrane-active peptide systemsmolecular axis is the central, longitudinal axis of the cylindrical peptide

in ordered lipid multibilayer filmg'¢-*"i According to the convention
used by Fringelli and Gathard and as depicted in Figure 3, parallel

tube, and the transition moment being measured is the amide |
(perpendicular component). For the phospholipids, the molecular axis

polarization is defined as the incident light components which are in is the axis running through the hydrocarbon chain in the fully extended,
the plane containing the incident and reflected radiation (plane all-trans conformation, and the transition moments being measured for
containing the surface normal), and corresponds to the electric field the purposes of orientation calculations are the symmetric and anti-

components in thg andz coordinates. The perpendicular polarization
corresponds to the electric field component in yheoordinate. The
dichroic ratioR is defined as the ratio of the band intensity with parallel

polarized incident light to the band intensity with perpendicular
polarized light, and is related to the electric field amplitudes and the

molecular orientation in the following way:

R=A/A,= (EZE?) + (EZEM(f cos o +
(113)(1— H)((L/2)f sir? o + (1/3)(1— )]

E,, Ey, andE; are the electric field amplitudes for ATR which have
been calculated by Harri¢kto be:

E, = [2 cosg/[(1 — )"

E, = [2 cosg (sin” ¢ — n%) " A/[(1 — n,) "1 + %)
sin? ¢ — n%,)"3

E, = [2 cosg(sin g)J[(1 — )" A(1 + 1) sir? ¢ — P, )"

The notationg1, andn; are the refractive indices of the lipid film
(1.50) and the germanium (4.03), respectively, ands the ration,/
n;. For our experimental setup, the angle of incidepég 45, giving
the following electric field component amplitude&, = 1.40,E, =
1.52, andE; = 1.64. The parametet. is the angle between the
transition moment and the molecular axis. The paramkisrthe

(17) (a) Fraser, R. D. Bl. Chem. Physl953 21, 1511-1515. (b) Fraser,
R. D. B.J. Chem. Phys1958 28, 1113-1115.

(18) Harrick, N. J.Internal Reflection Spectroscapynterscience
Publishers: New York, 1967.

symmetric CH stretches. The average of the angles calculated from
the two CH stretches was used to determine the lipid chain orientation.
To fulfill the hydrogen-bonding requirements for the formation of
the tubular ensemble and as determined structutafithe cyclic
peptides in the nanotube assume a conformation in which the backbone
carbonyl (and the NH) bonds are aligned parallel to the longitudinal
axis of the nanotube. In an antiparalfekheet structure, such as that
of the peptide nanotubes, the directionalities of the backbone carbonyl
and the amide | (perpendicular component) coinéitteys the angle
between the nanotube axis and the amide | (perpendicular component)
transition moment is O The transition moments of the lipid
hydrocarbon Chl symmetric and antisymmetric stretches lie perpen-
dicular to the hydrocarbon chain axis assuming that the chain axis is
perpendicular to the plane of the €group? so the anglex between
the CH transition moments and the hydrocarbon chain i&. 9The
C=0 stretch of the lipid head group is approximately parallel to the
C=0 double bond, and the antisymmetric P@ouble bond stretch is
perpendicular to the bisector of the-®—0O angle? Since these
absorption bands were used to measure only the orientation of the
indicated transition moment itself, not the orientation of the lipid
molecule, relative to the surface normaljs O for these groups.
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