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Abstract: A series of hydrophobic peptides;fKA)x (x = 6, 8, 10, 12) has been synthesized. IR and CD
studies in MeOH solution are reported, along with IR studies of these species in vesicles with 1,2-
dipalmitoylphosphatidylcholine, and IR ReflectioAbsorption Spectroscopy (IRRAS) studies of peptide and
lipid/peptide monolayer filmsn situ at the air/water interface. In bulk phases, the propensity toward helix
formation increases with increasing chain length, there being essentially no helix in the shortest peptide, varying
and concentration-dependent helical content yiLK)s, and >90% helix formation in both K(LA)1o and
K2(LA)12. In monolayers at the air/water interface, peptide secondary structure was inferred from both the
Amide | and Amide A bands. The shortest peptide adopted an antipgtalieet structure, while the remainder

of the series (when spread at low surface pressure) appeared to adopt varying proportions ofjpstrabi¢!
forms. The secondary structure adopted bftLK) 10 and Kx(LA) 1> depended remarkably on the initial spreading
pressure; when spread at high pressures, the moleculesxwetical. The current experiments demonstrate

the unique advantages of IRRAS for evaluation of peptide conformations in situ at the air/water interface and
reveal large differences in the propensity for helix formation in monolayers compared with bulk phases.

Introduction structures. Direct information about molecular conformation/
orientation can be obtained by transferring the peptide mono-
layer to a solid support, followed by analysis with an appropriate
technique, e.g., FTIR-ATR. The disadvantage of methods
requiring solid supports is that the structure of monolayers at
fluid interfaces depends on environmental conditions, which may
alter upon film transfer. Thusin situ techniques for the
characterization of peptide monolayers are of importance.
The past 15 years have seen the application of a variety of in
situ methods for examination of monolayer structures at the air/
water interface. These include epifluorescéfékand (more
recently) Brewster angle microscopi&for evaluation of domain
k Shape and size, and X-féyand neutron scattering for the
determination of tilt angles and unit cell parameférlthough
the above methods provide important structural details, the

Phospholipid and peptide monomolecular films at the air/
water interface provide an important experimental paradigm for
many fundamental processes of biological interest, such as lipid/
peptide and peptide/peptide interactigh The two-dimensional
density of the molecules can be varied via lateral compression,
resulting in an assortment of monolayer phases specified by
various molecular orientations, conformations, domain sizes, and
shapes. Determination of both molecular structure and domain
size of peptides adsorbed to or imbedded in Langmuir films is
an important prerequisite for addressing biological issues and
for the fabrication of peptide- or protein-based biosensors.

While tendencies of peptides toward helix formation in bul
phases have been widely studfethe lack of direct structural
information from monolayers has limited the systematic study |, h .
of secondary structure and stability of proteins and peptides atmformaﬂon 'gene.rat'ed. at the level of molecular conformation
the air/water interface. To date, most conformational informa- @nd interactions is limited. o N
tion about peptide and protein monolayers at the air/water Dluhy and co-workers showed the feasibility of acquiring
interface has been obtained by determination of minimum areas!nfrared Reflectior-Absorption Spectra (IRRAS) from mono-
from sr/A-isotherms?—8 However, this approach is inadequate layers at the air/water interfaée.!’ This laboratory has
to unambiguously determine peptide or protein secondary €xtended IRRAS to the study of peptide monolayer films and
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to mixed lipid/peptide film&-2! and has established methods
for the quantitative determination of functional group orienta-
tion22 IRRAS has been utilized to analyze the structural
properties of some protein§;21-23however, an analysis of the
influence of the peptide length on secondary structure has not
appeared.

An issue that must be resolved as part of a systematic
investigation of peptide structure is the inconsistency in the
literature assignments for the relationship between the frequen-
cies of the conformation-sensitive Amide | bands and peptide
secondary structure. For example, for putativbelices, the
Amide | frequency occurs at1635 cnt? for the (hydrophilic)
ribonuclease S-peptide in aqueous medii#? and at~1656
cm1 for hydrophobic peptides in lipid bilaye?8:-28 The first
assignment places the Amide | mode close to the range often
quoted®30 for B-sheets (the latter absorb as a doublet with a
strongvy(sr,0) component near 162635 cnr! and a weaker
m(0r) component near 16801690 cnmt! and may be a
confounding influence for the application of FT-IR to secondary
structure investigations). The assignment problem is further
complicated by the fact that the Amide | mode is not a pure
C=0 stretching vibratioft and shifts to lower frequencies upon
H — D exchange. The magnitude of the shift ranges from 3 to
12 cntl, being controlled by unknown factors. A final
confounding factor is that random coil Amide | modes absorb
at ~1640-1650 cntl.

The current study reports bulk phase IR and CD studies for
the series of short hydrophobic peptideglid)« (x = 6, 8, 10,
and 12) in methanol solution, IR studies of these species in
vesicles with 1,2-dipalmitoylphosphatidylcholine (DPPC), and
IRRAS studies of peptide and lipid/peptide monolayer films in
situ at the A/W interface. In addition to the fact that there is
extremely limited information on the chain length dependence
of peptide conformational tendencies in situ in monolayers (in
either lipid or nonlipid environments), the current specific
sequences were selected for several reasons. First, the peptid
Ko—(LA) 1—K,—Amide has been studied in defit” as a
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model for hydrophobic transmembrane helices that partition into
lipid bilayers with their long axis perpendicular to the bilayer
surface. Second, the sequence was expected to form easily
distorted helixes which would then be more sensitive to the
properties of the lipidic environment than the widely used
structuresK,—G—L,—A—K;—Amide (n = 16 or 24) synthe-
sized by Davis and co-worke?f$33 Third, the polar residues

in the current series were confined to one end of the molecule
to maximize peptide insertion into lipid-containing monolayers
with the helical axes parallel to the lipid acyl chains. Finally,
the peptides have hydrophobic lengths~i8, 24, 30, and 36

A, respectively, and thus span the hydrophobic lengths of a
DPPC monolayer+19.7 A in an ordered phase). Possible
effects of hydrophobic mismatch on peptide conformation may
therefore be studied.

Experimental Section

Materials. Purified DPPC was obtained from Avanti Polar Lipids
Inc. (Alabaster, Al). The reagents and the solvents (highest purity
commercially available) for peptide synthesis were obtained from
Perseptive Biosystems, Inc. (Framingham, MA). Peptides were purified
by using HPLC grade solvents (Aldrich, Milwaukee, WI, and Fisher
Scientific, Pittsburgh, PA). Tris and sodium chloride99.5%) were
obtained from Sigma (St. Louis, USA).

Peptide Synthesis. The peptides K(LA)x (x = 6, 8, 10, 12) were
synthesized with use of a Millipore 9050PIus peptide synthesizer,
following standard procedures for solid-phase FMOC chemistry. The
amino acids were coupled as pentafluorophenyl esters in the presence
of HOBt. PAL-PEG PS support resin was used to obtain neutral
C-terminal carboxyamides. The peptides were deprotected and cleaved
with TFA:phenol:triisopropylsilane:water (88:5:2:5) for 2 h, yielding
crude protein as a major component (about80% according to the
integrated area of HPLC chromatograms).

Peptide Purification. The peptides were purified by reverse-phase
HPLC with use of a Vydac C-18 column for the shortest peptide and
a C-4 semipreparative column as required for the longer peptides in
acetonitrile-water—0.1% TFA eluent gradients. The purity and identity
Sf the peptides were confirmed by analytical HPLC and electrospray
mass spectrometry. To eliminate interference in the Amide | region
by the carboxy band~¥1673 cnt?) of TFA, pure peptides were treated
with 10 mM hydrochloric acid to replace bound TFA counterions with
chloride ions3*

Buffer Composition. The buffer used for FT-IR experiments was
10 mM Tris, 100 mM NaCl, and 100M EGTA, adjusted to a pD of
7.2. DO (99.0% isotopic enrichment) was obtained from ISOTEC
(Miamisburg, Ohio).

FT-IR Spectroscopy (Bulk Phase). Methanolic solutions of the
pure peptides were prepared at concentrations ranging from 0.94 to 30
mg/mL. A fixed path length (10@m) CakF, cell was used for FTIR
transmission measurements. Multilamellar lipid/peptide vesicles were
prepared by dissolving DPPC and the appropriate peptide in a 15:1
molar ratio in chloroform/methanol (50:50 v/v). The solvent was
removed in a stream of \gas and the sample was dried for several
hours in high vacuum. Dry samples were rehydrated wig® buffer
solution and vortexed to form multilamellar vesicles. gafindows
with a 25um Teflon spacer were used to contain samples of lipid/
protein mixtures for FT-IR measurements. The sample temperature
was controlled by an external, manually controlled, circulating water
bath ¢0.1°C). Spectra were obtained with a Mattson RS-1 (Madison,
WI) spectrometer, equipped with an MCT detector. Five hundred and
twelve interferograms were co-added at 4 émesolution and Fourier
transformed with two levels of zero-filling to yield spectra encoded at
~1cmltintervals. For analysis of the Amide I region, buffer spectra,
acquired at appropriate temperatures, were subtracted from the sample
spectra. The sample and buffer matched nearly perfectly in their
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residual HO and HOD contents, as judged by the superposition of the 6 . T T
respective stretching bands. The spectra were analyzed with Grams/
32 software (Galactic Industries) or with additional software provided
by the National Research Council of Canada.

IRRAS Measurements of Aqueous Monolayers.Peptides, either
pure or mixed with DPPC in 50:50 v/v chloroform/methanol solutions,
were spread onto a clean,® buffer subphase. The initial surface
pressure after spreading the film forming material wdsmN/m and
the subphase temperature was adjusted tt» P15°C. IRRAS spectra
were recorded with a Biorad FTS 40A (Cambridge, MA) spectrometer
equipped with an MCT detector using a home-built optical attachment
placed on a vibration-damped Newport I-2000 table (Fountain Valley,
CA). The acquisition parameters and experimental conditions have
been described in detail by Flach ef&llhe angle of incidence was 2
35°, and unless noted otherwise, unpolarized radiation was used. Pure
peptides K(LA)s (1.49 mg/mL), K(LA)s (1.86 mg/mL), K(LA) 10 (2.48
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mg/mL), and K(LA)1, (1.03 mg/mL) were spread at initial areas of -4 L L 1 ' 1 1
0.77,2.22, 4.70 and 6.79 Rfmolecule, respectively. After a relaxation 200 220 240 260
time of 1 h, the monolayers were compressed discontinuoushy4or Wavelength, nm

h to reach a surface pressure-e19 mN/m. Prior to data collection )
the monolayers were allowed to relax for at least 30 min. For Figure 1. CD spectra of (a) KLA)s, (b) Kx(LA)s, and (c) Ke(LA)10
experiments utilizing the single shot methSdsamples of K(LA)s, at 0.125 mg/mL in methan_ol. The dashed I|_ne (d) reprt_eser_1ts a fit of
Ka(LA)s, Ko(LA)10, and Ke(LA) 1> were spread at areas of 0.55, 1.80, the Ky(LA)s spectrum, obtained as _the best I|n_ear comblnatlonzef K
2.12 and 1.69 nAimolecule, respectively, corresponding to an average (LA (5-sheet) and KLA) 1 (predominantiyo-helix) spectra. The inset
18 < 7 < 30 mN/m. shows the concentration dependence of the unfolding(IfA) .

alA Isotherms. Peptides{ Ky(LA)s, 1.07 mg/mL; K(LA)g, 0.53
mg/mL; Ky(LA)10, 0.54 mg/mL; and K(LA)1,, 1.03 mg/mL were
spread from 50:50 v/v chloroform/methanol solutions onto a cleg H
buffer solution resulting in initial areas of 1.28, 3.63, 5.53, and 11.92
nnm?/molecule, respectively. Isotherms were collected at a temperature
of 21 £+ 1 °C with use of a NIMA 611 trough (Coventry, UK). The
compression velocity ranged from 0.026 (shortest peptide) to 0.24 nm

1.2

-
o

o
)

molecule’* min~! (longest peptide). §
Circular Dichroism Spectroscopy. CD spectra were collected with 8 0.6

an AVIV Model 60 DS spectropolarimeter with a 0.100 cm path length -

cell. Samples were prepared in methanol solutions and measured at § 0.4

ambient temperature.

o
()

Results
Solution CD and FT-IR Spectroscopy of K(LA)x. CD

spectra of K(LA)s, Ka(LA)s, and Ky(LA)10 in methanol are 0.0 ;
shown in Figure 1.The spectrum for(A)s at higher 1720 1700 1680 1660 1640 1620 1600 1580
concentrations shows the characterigtisheet minimum at 218 wavenumber {cm™]

nm. Fitting the spectra in standard fashion with basis sets gigyre 2. The spectral region 17261580 et for the dilution series

derived from model peptide spectaeveals that the secondary  of K,(LA), in methanol for concentrations ranging from 15 (upper
structure is indeed nearly 100B6sheet. The insetin Figure 1  curve) to 0.94 mg/mL (lowest curve).

shows that for K(LA) s the amount ofs-sheet structure decreases
for lower concentrations, while the amount of random coil iS shown in Figure 2. The intense band at 1626 tris
conformation is increased. CD spectra fop(lKA)1o Show accompanied at higher concentrations by a band at 169%.cm
dominant contributions frora-helical forms. For K(LA)g two At lower concentrations, the weak band diminishes in intensity
minima are observed in the spectra. At the lowest concentra- to the point where detection is difficult. The presence of these
tions (0.094 mg/mL), an-helical pattern is noted with the 220  two features reveals an antiparaffetheet structuré! consistent
nm minimum showing a greater ellipticity than at 208 nm (not With the CD data.
shown). However at the highest concentrations, the ellipticities IR data for Ky(LA) s solutions in methanol at concentrations
at the two minima are altered from those at low concentrations. ranging from 0.94 to 15 mg/mL are shown in Figure 3. The
The longer wavelength band appears at-2278 nm, slightly Amide | contours, in addition to containing tffesheet doublet
lower than the wavelength for a pure helical form (220 nm), (1624, 1695 cm?), also exhibit a contribution fronx-helical
suggesting that additional conformations coexist with the Structures that appears at 1658 €mand gains in relative
a-helix. Furthermore, as shown in Figure 1, thg(lkA)g CD intensity with successive dilution. It should be noted that the
spectrum can be simulated from linear combinations of the lowest concentration used in the IR experiments is somewhat
spectra of K(LA)g (5-sheet) and K(LA)1o (predominantly higher than the concentration required for the CD measurements,
a-helical). i.e., the mixture off-sheetd-helical structures is expected.
The Amide | region of the IR spectra of,{A)g solutions ~ Assignment of the helical component to the 1658 &ém
in methanol at concentrations ranging from 0.94 to 30 mg/mL component of the Amide | contour is further suggested from a
: : dilution series obtained in 2-chloroethanol solution (data not
32%@555“02' W. K. Mantsch, H. H.; Chapman, Blochemistry1 993 shown). This solvent, which has a greater propensity for helix
(35) Gericke, A.; Simon-Kutscher, J.;"Hoerfuss, HLangmuir 1993 formation than methanol, shows a greater proportion of 1658
9, 3115-3121. cmt intensity for a given peptide concentration.
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Figure 3. The spectral region 17201580 cnt? for the dilution series
of Ky(LA)g in methanol for concentrations ranging from 15 (upper
curve) to 0.94 mg/mL (lowest curve).
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Figure 4. The spectral region 17201580 cn1? for the dilution series
of Ky(LA)10 in methanol for concentrations ranging from 15 (upper
curve) to 0.94 mg/mL (lowest curve).

The Amide | region for K(LA) 10 in methanol solutions for
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Figure 5. IR spectra for DPPC/{LA) ¢ multilamellar vesicles in BD
buffer: spectral region of 18601580 cnt? over the temperature range
15-55 °C (top to bottom).
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Figure 6. IR spectra for DPPC/KLA) s multilamellar vesicles in BD
buffer: spectral region of 18601580 cn1? over the temperature range
15-55 °C (top to bottom).

completely H— D exchanged. IR spectra of,{LA)g as a

successive dilutions is shown in Figure 4. The dominant Amide function of temperature are shown in Figure 6. The Amide |

| band arises fromu-helical secondary structures and appears
at 1659 cml. In addition, at the higher concentrations, a band
due to sheet structures appears at 1625'cnil — D exchange
experiments in acidic C#D solution showed a rather slow
exchange (order of hours) for@LA) 10, which was marked by

a shift of the helical band position to 1649 ch(not shown).
Spectra for K(LA) 1, showed a dominant band at 1659 ¢m
Thus, the propensity toward helix formation increases with

region of the spectra shows two main bands, a feature at 1628
cm™! (vo(r,0) of aB-sheet band) and a feature at 1658 ¢ém
arising from a-helical structures. A fairly cooperative 20%
increase in the relative intensity of the 1628 ¢rband is seen

in going through the lipidTy, indicating a somewhat higher
[B-sheet content in fluid lipid phases. IR spectra fo{lkd) 10

in DPPC vesicles are shown as a function of temperature in
Figure 7. A single Amide | peak assigned to helical secondary

increasing chain length, there being essentially no helix in the structure is observed with a temperature-invariant peak position
shortest peptide, varying, concentration-dependent amounts ofof 1657 cnt?, indicating that the peptide is predominantly not

helix in Kz(LA)g, and>90% helix formation in both KLA) 10
and Kz(LA) 12

FT-IR Spectra of K,(LA) « in DPPC Multilamellar Vesicles.
IR spectra for K(LA)e in multilamellar DPPC vesicles (lipid/
protein mol ratio 15:1) are shown for the 1580800 cnt?!
region as a function of temperature in Figure 5. In addition to
the major lipid G=0 stretching band near 1730 cinthe Amide
| region depicts a doublet with a strong feature at 1628%m
and a weaker band at 1692 th The position of they(0,7)
band (1692 cm?) and the presence of Amide Il band intensity
(~1550 cnT!, not shown) indicate that the peptide is not

H — D exchanged. Some broadening is observed on the low-
frequency side, suggestive of a small fraction @kheet
structures.

Characterization of K»(LA) x in Pure Peptide and Peptide/
DPPC Monolayers. Surface pressure/area isotherms for pure
peptide monolayers are shown in Figure 8. It is found that the
limiting area increases with increasing peptide length. Nor-
malization to area/residue yields a limiting areardf.04 nn#/
residue for K(LA), while for Ky(LA) g, K2(LA) 10, and Ky(LA) 12
the respective values are 0.09, 0.12, and 0.1&nesidue. For
the short peptides these areas are considerably smaller than
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Figure 9. IRRAS spectra in the 17601580 cn1! region for a k-
(LA)s monolayer at the air/BD buffer interface (21+ 0.5 °C) at
different surface pressures. The band at 1618'ctiecreases as the
intensity of the peak at 1628 crhincreases with increasing pressure
from 2.9 (top) to 23.5 mN/m (bottom). Unsmoothed, baseline-corrected
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Figure 7. IR spectra for DPPC/KLA) 10 multilamellar vesicles in BD
buffer: spectral region of 18601580 cn1? over the temperature range
15-55 °C (top to bottom).
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Figure 10. IRRAS spectra in the 17001580 cn1?! range for a K-

(LA)g monolayer at the air/BD buffer interface (21.6t 0.5 °C) at
different surface pressures. Unsmoothed, baseline-corrected spectra are
expected for a helical peptide monolayer with the molecules shown. The inset shows the spectrum obtairedh after spreading
lying flat on the water, while the areas determined for the two the peptide atr = 27 mN/m (single shot method).

longer peptides come close to those usually found for helical

peptide§ (especially so, considering the uncertainty in the revealed adominarit-structure, with however, a small shoulder
determination of the minimum area/residue). discernible at the frequency position characteristicfdrelixes

IRRAS spectra of K(LA)s in pure peptide monolayers on a  (S€€ inset Figure 10). .
D,0O subphase at various surface pressures ranging from 2.9 to |RRAS spectra of K(LA)10 show a remarkable sensitivity
23.5 mN/m are shown in Figure 9. Peaks at 1618 and 1625 !0 initial spreading pressure (Figure 11). When spread at low
cm- are seen at all pressures, with the relative intensity of the Pressures{0 mN/m), IRRAS spectra of both pure peptide and
latter increasing with increasing surface pressure. In addition, Peptide/DPPC mixed lipid films reveal a single band at 1616
a weaker band at 1685 cthis observed at all pressures. CM % indicative of intermolecula-sheet form$! The same
Spectra of this peptide in mixed monolayers with DPPC at 28 band position was found for KLA):> (not shown). The

mN/m show a pattern similar to the pure peptide at 23.5 mN/m intensity of thev,(0,7) band ¢1684 cn1?) decreases for k
(data not shown). (LA)g compared with K(LA) s and vanishes completely for,K

Spectra of K(LA)g in pure peptide monolayers on @ (LA)10 and Ko(LA) 12 ]
subphase at surface pressures ranging from 9.5 to 19 mN/m _In contrast, when K(LA) 10 and Ky(LA) 1. films are spread to
are shown in Figure 10. A single peak at 1618 ¢nbroadened ~ 9ive initial surface pressures of15 mN/m, a slightly asym-
on the high-frequency side, is observed at all pressures. SimilarMetric Amide | band is found at 1653 crh consistent with
Amide | features are observed for DPPGKA)s mixed (36) Greenfield, N. JAnal. Biochem1996, 2355, 1—10.

monolayers (not Shown) Spectra obtained When pu(eA)s (37) Van Stokkum, I. H. M.; Linsdell, H.; Hadden, J. M.; Haris, P. |;
was spread at a high initial surface pressure (single shot method)chapman, D.; Bloemendahl, NBiochemistry1995 34, 10508-10518.
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0.002 and ~3287 cn1?, respectively. Although it is impossible to
"""" 18.8 mN/m determine the Amide A peak positions for(KA)g and K-
- 52? mwm ) (LA) 10 with high accuracy, it is obvious that, as noted, the
8 0.000 . - Amide A band shifts to higher wavenumbers when the length
E - ey of the peptide is increased. The Amide A band folid) 10
5 .0.002 F v . spread at a high surface pressure (single shot experiment) is
g - 22 NI \ located at~3300 cnt!. The Amide A mode monitors that
s i fraction of the peptides that is not H D exchanged.
S .0.004 | o
b Discussion
2 a-helix . . .
2 o.008 | Io.ooz : Three aspects of the current work will be discussed. First,
=S SN W W spectral assignments and the propensity for helix formation in
1700 1660 1620 1580 bulk phases will be considered. Second, the constraints to helix
-0.008 L formation and the secondary structures and orientations assumed
1700 1680 1660 1640 1620 1600 1580 by these peptides in aqueous monolayers will be discussed.
wavenumber [cm™] Finally, the advantages and limitations of the various experi-

Figure 11. IRRAS spectra in the 17601580 cnt? range for a K- mental tec.hnlques will t_’e evalugted. .
(LA) 1 monolayer at the air/fD buffer interface (21.6k 0.5 °C) at K2(LA)e in bulk phase is essentially completely an antiparallel

different surface pressures. Unsmoothed, baseline-corrected spectra aré-sheet at the concentrations used for the IR measurements. At
shown. The inset shows the spectrum obtairddh after spreading ~ the somewhat lower concentrations used for the CD measure-
the peptide atr = 22 mN/m (single shot method). ments the molecule begins to unfold to a random coil form, an
observation which suggests that thesheet form is intermo-
lecular in origin. Previous studi#have assigned an Amide |
band near 1628 cm in membrane proteins (e.g. porin from
Rhodobacter capsulatyto an intramolecular sheet form. That
assignment must now be expanded to include intermolecular
structures.

Helical conformations first appear for,{ A)g in dilute
methanol solutions as indicated by a band-a656 cnt? that
increases in relative intensity as the concentration is reduced.
The interconversion between helical and sheet forms is evidently
reversible as the solutions were prepared by successive dilutions.
For Ky(LA)10 and Kx(LA)1,, a-helical structures dominate at
all concentrations. The current results are comparable with the
work of Toniolo and co-workers, who showed thaalanine
-0.0020 bt oligomers fromn = 5 to 8 assume & structure, whereas the

3390 3350 3310 3270 3230 3190 onset ofa-helical structure takes place in the range= 10—
1339 Similarly, Katakai and Nakayama have observed the onset
of thea-helix at the decapeptide level for 2-nitrophenylsulfenyl-
(LA)OEt40

The propensity for helix formation in DPPC vesicles parallels
helical structures (see inset Figure 11). Compressionof K that for the MeOH solutions. The shortest peptide exists almost
(LA)10 and Ky(LA)12 monolayers, initially spread at low exclusively as #-sheet structure. No changes in peak positions
pressures, was never seen to produce an Amide | modeor band shapes are observed when the DPPC is warmed through
characteristic of am-helical structure. When peptides were its gek-liquid crystal phase transition. In contrasta(KA)g
initially spread at relatively high pressures, then expanded, aexhibits both helical ands-sheet conformations. Perhaps
fraction (10-30%) of the helical secondary structures were surprisingly, the latter gains in relative intensity by about 20%
converted to sheet structures. Further, monolayers spread at as the temperature is increased through the Tipid The longer
high surface pressure show a sharp Amide Il band, indicating peptides are overwhelmingly helical both in methanol solutions
that these peptides are not substantially-HD exchanged. We  and in DPPC vesicles. The most important result of the IRRAS
note that spreading at high surface pressures might give rise tomeasurements is the observation that the propensity for helix
the formation of 3D peptide crystals. formation in monolayer films, either in the presence or absence

To obtain insight into the orientation of tleehelices, s- and of phospholipids, differs substantially from the bulk phases. In
p-polarized spectra were acquired fof(KA) 1o initially spread monolayers of K(LA)e, the observation of a surface pressure
at high surface pressures. The Amide | band for p-polarization sensitive doublet at 1628/1618 chindicates the coexistence
is negatively oriented and shows no sign of a dispersion-type of two extended conformations on an aqueous subphase. Bands
IRRAS band shape. This observation, along with the fact that near 1618 cm! have been associated with “aggregate” forma-
the IRRAS intensity for p-polarized radiation is more than twice tion.3® The molecular nature of the aggregates is unknown but
that for s-polarization, indicates that the helix tilt angle from the low Amide | frequency suggests the presence of strong H
the surface normal is 60°.21.23 bonds. The increased intensity at 1628 ¢mbserved at higher

In Figure 12, the Amide A region is shown for pure peptide surface pressures may result from either of two effects, namely
films spread at low pressure. For(A)s a strong band is  changes in the orientation of the Amide | transition moments
found at ~3262 cntl, while for Ky(LA)gs and Ky(LA)1g relative to the film normaF or altered surface concentrations
considerably weaker and broader bands are obsensd2t3 of the two structures giving rise to the 1628 and 1618 tm

0.0000

-0.0010

reflectance-absorbance

wavenumber [cm™']

Figure 12. Amide A bands for K(LA)s, Kz(LA)s, and Kx(LA)10
monolayers at the air/water interface (compressed state).
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Figure 13. Space-filling representation of a model of(KA)s in an antiparallefs-sheet monolayer structure at the air/water interface showing two
strands. Carbon atoms are represented by light gray spheres, oxygen by medium gray, and nitrogen by dark gray. For clarity, only hydrogen atoms
bound to backbone nitrogens are shown. In the side view (A) leucine side chains are shown to be directed in the air, and alanine side chains and
lysine residues (at extreme left and right positions) down into the water. The top view (B) emphasizes the interchain hydrogen bonds and leucine
side chain packing.

bands. It is difficult to ascertain from the current experiments frequency for the former occurs between 3260 and 3280tcm
which of these effects dominates. In addition, th€0) while for the latter, the frequency ranges from 3280 to 3295
component at~1685 cnT! reveals an antiparalleB-sheet cm 1942 The corresponding frequency range tohelixes is
geometry for at least one of the conformers. In addition, the further increased by 1620 cm!
presence of substantial Amide A and Amide Il bands indicates A sharp Amide A band appears at 3262 ¢nfior Ko(LA)e.
that a considerable portion of the peptide is not deuterium Along with the Amide | frequency data, the IRRAS results from
exchanged, and is suggestive of a highly ordered structure. the two spectral regions are consistent and suggest an antiparallel
The three longer peptides exhibit a single bandva618 sheet structure. A model for the;({.A) s antiparallels-sheet
cml. The integrated intensity of this band+is3 times smaller monolayer consistent with the data is depicted in Figure 13.
than that for the 1618/1628 crh doublet of the K(LA)e The isobutyl side chains of the leucines point toward the air,
monolayer. Furthermore, the(0,r) component relative in-  while the alanine methyl groups are directed into the water.
tensity is reduced for {LA) g compared to the shortest peptide The lysine groups of the peptides are well separated and are
and vanishes for KLA)1p and Kx(LA)12. IRRAS intensities also directed into the aqueous phase. The observed area/residue
are governed by the number of molecules in the beam area ands small for this assembly (because the bulky isobutyl groups
the direction of the transition dipole moment relative to the point into the air) in good agreement withiA-measurements.
surface. The progressive reduction in intensity with increasing The transition moment direction for the Amide I is in the plane
number of residues is unlikely to result from the occurrence of of the water interfacex(y plane), resulting in maximum IRRAS
a particular orientation that effectively eliminates the IRRAS band intensities for the experimental conditions (angle of
intensity. A plausible alternative explanation is that a parallel incidence 35, unpolarized radiatid§). Coupled with the fact
pB-sheet structure forms for the longer peptides. Th®,r) that Kx(LA) s possesses an antiparalfebtructure in the spread-
band for a paralle3-sheet is calculated a£1645 cnt! and ing solution, the structure in Figure 13 appears quite reasonable.
may be visible as a weak shoulder on the maisheet band* For Kx(LA) s, a very broad Amide A band is observece275
Such a shoulder would be difficult to discern from IRRAS cm~! while the same band for £LA) 1o (spread at low surface

measurements. pressure) is located at 3287 ch Considering the absence of
Additional secondary structure information is gained from a v,(0,r) Amide | band at~1685 cnt?, it is likely that Ko-
the Amide A band positions, although speetstructure cor- (LA) 10 exhibits a paralle3-sheet structure when compressed

relations are less well established than for the Amide | band. A from low surface pressures. Fory(KA)s, because of the
further caveat is that Amide A frequencies on gDsubphase intermediate Amide A frequency and the weal(0,7) band,
reflect only the conformations of unexchanged peptide bonds. the situation is less clear, although the best conjecture is that
Bulk phase measurements for short peptides forming antiparallelboth parallel and antiparall@tstructures are present at the air/
and parallel intermoleculgi-sheets indicate that the Amide A water interface. The-helical Ky(LA) 10 monolayer (spread at

(38) Haris, P. I.; Chapman, D. Infrared Spectroscopy of Biomolecules; high surface pressures) has a broad Amide A band observed at

Mantsch, H. H., Chapman, D., Eds.; Wiley-Liss: New York, 1996 pp239  ~3300 cnT?, consistent with the suggested assignment.

278. ) A tentative structural model for the longer peptides is given
o B 0 203 1a6g " i Tomelo, C.; Mutier, Bitaiaomol. = pelow. Then/A-isotherms of I(LA)s, Kx(LA) 10, and K(LA) 12

(40) Katakai, R.; Nakayama, Y. J. Chem. Soc., Chem. Comm(877 are more characteristic of an expanded film structure than the
805-807. K2(LA) ¢ monolayer, which is quite condensed. While structural

(41) Qian, W.; Bandekar, J.; Krimm, Biopolymers1991, 31, 193—
210. (42) Toniolo, C.; Palumbo, MBiopolymersl977, 16, 219-224.
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conclusions based solely on/A-isotherms are subject to  structures, the 7 residues present presumably stabilize this
uncertainty because of factors such as peptide dissolution intostructure at the air/water interfa¢®.In addition, Fujita et al.
the subphase, and deviations from ideal packing geometry, theinvestigated transferred films of amphipathic peptides with
areal/residue is nevertheless considerably larger for the longerdifferent lengths and with the repeating sequences Ala-Aib and
peptides, which suggests a structure different from an assemblyLys(Z)-Aib.** This preparation yielded helixes which lay flat
such as that depicted in Figure 13 fog(KA)s. Isotherms for on the aqueous surface. Finally, DeGrado and Lear investigated
the longer peptides produce an area/residue that could besome amphipathic helical peptides and found this secondary
deduced as arising from helical structures with the molecules structure to be maintained in transferred filtns.
lying flat on the water, a conclusion completely incompatible  The observation of helical structures at the A/W interface is
with the IRRAS data. not, however, confined to amphipathic molecules. In an IRRAS
Parallelf-structures, in which the lysine residues are aligned study from this laboratory, the secondary structure of the lung
at one end of the sheet, can adopt any orientation with respectsurfactant protein C (SPC) (containing a hydrophobic, 27-
to the water surface. In the current instance, both the IRRAS residue, valine-rich, helical sequence along with a hydrophilic,
intensities (compared to XLA)e) and the m/A-isotherms  charged, 8-residue extended region) was shown to be unchanged
indicate that thg8-sheet is rotated out of the plane of the water. in going from bulk phases to monolayer films at the air/water
For such geometries the isobutyl side chains of the leucinesinterface?! The helix axis was tilted 72from the surface
prevent the peptides from close packing. The film will therefore normal. The lack of aggregation in this peptide is presumably
be expanded and the IRRAS intensities will be diminished due related to electrostatic repulsion between the charged residues.
to both lower surface density and transition moment direction | summary, IRRAS offers a unique opportunity for evalu-
effects?? _ ation of peptide conformations in situ at the A/W interface,
A possible reason for the different geometry adopted by K yithout the necessity for transferring films to a solid substrate.
(LA)s compared with the other peptides is the different peptide conformations are deduced from spectra-structure
secondary structure adopted in the spreading solvent (antiparalletorrelations of the Amide | modes. These correlations are quite
f-structure vs helical). KLA)s maintains its solution structure rejiaple for g-structures, but less so for-helixes, as noted in
in monolayers as shown by the persistence of the 1628'cm ~ the Introduction. Thus, the use of complementary experimental
band and by the fact that the peptide is largely unexchanged inapproaches is helpful. In the current study, comparison of CD
D20. In contrast, the longer peptides would have to unfold and yith |R spectra in methanol solutions engenders some confi-
reassemble to form an antiparalfesheet. The preference of  gence in the IR spectrastructure correlations for helixes, and
the longer peptides for a parallgistructure might be due to i the transferability of the spectrastructure correlations to
submersion of the lysines of the initially helical peptides into |RRAS experiments. If CD spectra cannot be acquired due to
the water. In single shot experiments, where the spreading spectral distortions (membrane vesicles) or inadequate sensitivity
process is impeded by the reduced area/molecule, the longemonolayers), a comparison of Amide | with Amide A frequen-
peptides retain the conformation adopted in the spreading cies may prove helpful. More generally, a molecular level
solvents. Notably, spreading ob(A)s at high surface pressure  ynderstanding of the factors controlling peptide aggregation in

(single shot experiment) yielded a mixture of helical and monolayers would seem to be of interest with regard to their
B-structures, consistent with the idea that the structure found tjjlization as biosensors.

in solution is maintained in the early stages of the spreading
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