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External Reflection FTIR of Peptide Monolayer Films in Situ at the
Air/Water Interface: Experimental Design, Spectra-Structure Correlations,
and Effects of Hydrogen-Deuterium Exchange
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ABSTRACT A Fouriertransform infrared spectrometer has been interfaced with a surface balance and a new external reflection
infrared sampling accessory, which permits the acquisition of spectra from protein monolayers in situ at the air/water interface.
The accessory, a sample shuttle that permits the collection of spectra in alternating fashion from sample and background troughs,
reduces interference from water vapor rotation-vibration bands in the amide I and amide 11 regions of protein spectra (1520-1690
cm-1) by nearly an order of magnitude. Residual interference from water vapor absorbance ranges from 50 to 200 micro-
absorbance units. The performance of the device is demonstrated through spectra of synthetic peptides designed to adopt
a-helical, antiparallel 13-sheet, mixed f3-sheet/f-turn, and unordered conformations at the air/water interface. The extent of
exchange on the surface can be monitored from the relative intensities of the amide 11 and amide I modes. Hydrogen-deuterium
exchange may lower the amide I frequency by as much as 1 1-12 cm-1 for helical secondary structures. This shifts the vibrational
mode into a region normally associated with unordered structures and leads to uncertainties in the application of algorithms
commonly used for determination of secondary structure from amide I contours of proteins in D20 solution.

INTRODUCTION

Insoluble monolayers at the air/water (A/W) interface pro-
vide models for a wide variety of biological systems, thereby
permitting fundamental investigations of molecular aggre-
gation, orientation, and domain formation in biomembranes.
Although the need for the acquisition of molecular structure
information from these systems was evident at an early stage,
technological difficulties were such that, until a few years
ago, the prime means of monolayer characterization came
from the techniques of surface chemistry, generally through
the construction of surface pressure ('n)/area isotherms. Al-
though these provide a thorough characterization of surface
thermodynamics, accurate molecular structure inferences are
difficult to draw from such data.

Recent years have seen the development of several tech-
niques for molecular characterization of monolayer film
properties. Epifluorescence microscopy, elaborated in the
area of phospholipid membrane models by McConnell and
others, has led to an understanding of domain structure at the
A/W interface and its relationship to thermodynamic quan-
tities (von Tscharner and McConnell, 1981; Peters and Beck,
1983; McConnell et al., 1984). Mohwald and his co-workers
have used x-ray scattering to determine acyl chain orientation
in lipid films (Mohwald, 1990; Helm et al., 1991; Bohm
et al., 1993).
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The techniques of vibrational spectroscopy are particu-
larly well suited for the acquisition of molecular structure
information. Infrared (IR) and Raman spectroscopies do not
require probe molecules, which may perturb monolayer
properties, and benefit from the availability of an extensive
body of spectra-structure correlations from bulk-phase mea-
surements. The prime drawback of these methods is the
weakness of the spectral signals from monolayers.
The feasibility of acquiring external reflectance FTIR

(IRRAS) spectra from phospholipid monolayer films at the
A/W interface under conditions of controlled ir was first
demonstrated in a series of elegant experiments by Dluhy and
coworkers, who observed a ur-induced phase transition in
films of 1,2- dipalmitoylphosphatidylcholine (Dluhy, 1986;
Dluhy et al., 1988; Mitchell and Dluhy, 1988). Extensions of
the work in a collaborative effort between Dluhy's lab and
this one have involved the examination of bovine lung sur-
factant (Dluhy et al., 1989). Recently we have demonstrated
the exclusion of particular components from mixed mono-
layer films at high 'us (Pastrana-Rios et al., 1994).
The logical next step in the application of in situ IRRAS

at the A/W interface to the study of membrane organization
and related problems requires the acquisition of spectra from
protein monolayer films. The technical problem is the elimi-
nation of interference from water vapor rotation-vibration
bands that absorb strongly in the region of the IR spectra of
proteins that is most sensitive to secondary structure, namely
the amide I and II spectral regions (1520-1690 cm-'). In the
current paper, we describe an accessory for a coupled FTIR/
surface balance apparatus that permits the acquisition of pro-
tein monolayer spectra in situ at the A/W interface. A pre-
liminary communication describing an early version of the
apparatus has appeared (Flach et al., 1993a).
The scientific issue selected to demonstrate the utility of

the device is the determination of the secondary structure of
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several synthetic surface-active peptides spread as mono-
layers at the A/W interface. Methods currently used for this
determination are limited to circular dichroism (CD) or at-
tenuated total reflectance (ATR)-IR studies of films that have
been transferred to quartz slides (Cornell, 1978; DeGrado
and Lear, 1985; Taylor, 1990) and curve fitting of pressure-
area isotherms to equations of state (Fukushima et al, 1979;
DeGrado and Lear, 1985; Taylor, 1990). The reliability of
these methods is untested. In addition, the substantial effects
of hydrogen-deuterium (HD) exchange on the amide I fre-
quency have been cataloged. The results call into question
some current procedures for the determination of protein sec-
ondary structure in D20 solutions.

MATERIALS AND METHODS

Protein isolation and peptide synthesis
Hydrophobic lung surfactant protein, SP-C, was isolated from bovine lung
lavage and characterized as described previously (Pastrana et al., 1991).
Other peptides, designated as I through IV (Fig. 1) were designed to achieve
specific amphiphilic conformations at the A/W interface. Peptide I was a gift
from E.T. Kaiser (Osterman and Kaiser, 1985). Peptide III (Taylor, 1990)
and peptide IV (Osapay and Taylor, 1992) were synthesized and charac-
terized as described previously. Peptide II was synthesized by standard
solid-phase synthesis methods (Barany and Merrifield, 1979), employing
N.-Boc protection and a symmetric anhydride coupling protocol. After HF
cleavage and deprotection, the crude peptide was purified to homogeneity
by reversed-phase high-performance liquid chromotography and charac-
terized by amino acid analysis.

The putative conformations assigned to peptides I-IV at the A/W inter-
face are indicated in Table 1. Monolayers of peptides I and III are assigned
the (3-sheet and a-helical conformations, respectively, on the basis of their
CD spectra after transfer onto quartz slides and the shapes of their com-
pression isotherms, as described previously (Taylor, 1990). A sheet-turn
conformation was designated for peptide II on the basis of both its design
and the characteristics of its monolayers at the A/W interface. This peptide
was designed to form amphiphilic (3-sheet structures through the formation
of four short (three residue) amphiphilic (3-strands linked by three (3-turns
centered around the Pro-Asp sequences in its structure. Curve-fitting analy-
ses of the isotherms obtained upon compression of the peptide II monolayers
indicate a low limiting area, low compressibility, and a high level of ag-
gregation (R.C. Baldwin, G. Shuiyun, and J.W. Taylor, unpublished results).
This is consistent with the formation of a (3-sheet structure (DeGrado and
Lear, 1985; Taylor, 1990). Peptide IV was designated as having an unor-
dered conformation at the A/W interface on the basis of its limiting surface
area of 37 A2/residue (G. Osapay and J.W. Taylor, unpublished results). This
compares to a corresponding value of 23 A2/residue for peptide III. How-

Peptide I: H-Val-Glu-Val-Orn (TFA) -Val5-Glu-Val-Orn (TFA) -Val-

Glul°-Val-Orn (TFA) -Val-OH

Peptide II: Ac- (Asp-Ile-Arg-Phe-Pro)4-NH2

Peptide III: H-Pro-LyB-Leu-Glu-Glu5-Leu-Lys-Glu-Lys-Leu'0-Lya-

Glu-Leu-Leu-Glul'-Lys-Leu-LyB-Glu-Lys2O-Leu-Ala-OH

Peptide IV: H- (Lys-Leu-Lys (Ac -Glu-Leu-Lys-Gln) 3-OH

FIGURE 1 Amino acid sequences of peptides used in the current work.
Peptide I contains N8-trifluoroacetyl-L-ornithine residues, abbreviated as
Orn(TFA). Peptide IV contains an NE-acetyl-L-lysine residue, abbreviated
as Lys(Ac).

TABLE 1 Amide I and 1' band IRRAS observed frequencies

Buffered subphase

Peptides H20 D20

(cm-l)
Peptide I (P3-sheet)a 1627 1689/1620
Peptide II (A-sheet/-3-turn)a 1636 1627
Peptide III (a-helix)a 1656 1645
Peptide IV (unordered)a 1655 1642

a Putative conformations assigned before the current study. See text for
details.

ever, CD spectra obtained from transferred peptide IV monolayers on quartz
slides indicated a mixture of helical and unordered conformations (Osapay
and Taylor, 1992).

Surface films
The lung surfactant protein, SP-C, was dissolved in a CHClJMeOH 3:2
(v/v) solution (-50 ,ug/ml). Peptide samples were prepared by dissolving
approximately 0.15 mg of peptide in 1 ml 1 mM HCl in 0.15 M NaCl/H20
(double distilled) or in 1 ml 1 mM DCI in 0.15 M NaCI/D20. The surface
balance, described elsewhere (Boyle and Mautone, 1982; Flach et al.,
1993a), consisted of a modified dual well Teflon trough (Fig. 2), a 150-mesh
stainless steel screen, and a roughened Pt plate. All were cleaned before use
by soaking in a chromic acid solution (Chromerge, Fisher Scientific, Fair-
lawn, NJ). The subphase consisted of a Tris buffer (10 mM Tris, 50 mM
NaCl) in H20, pH-7.4 or in D20, pD-7.4. Monolayers were spread from
protein or peptide solutions by touching drops from the tip of a long-needle
50-gl syringe to the surface, while increasing the surface area to its maxi-
mum (-90 cm2) by raising the screen. Sufficient time (5-10 min) was
allowed for film equilibration and/or solvent evaporation before film com-
pression. Films were compressed by lowering the screen to obtain preset
surface tension values, and then the IRRAS spectra were acquired.

IRRAS with water vapor compensation
modification
The original design of the miniaturized surface balance/IR spectrometer
used in this study has been described elsewhere (Flach et al., 1993a). In the

teflon tubing

IR beam wells

Wilhelmy plate
screen well

teflon trough

-rotation stage
xy translation
stage

r roller chain
<L~ & sprockets

-stepper motor

FIGURE 2 Schematic drawing of the trough-water vapor compensation
module. Approximate dimensions of the Teflon trough are 11.5 X 7 X 4
cm3 (L X W X H). The diameter of the sample and background wells is 2.5
cm, and they are 0.6 cm deep. The diameter of the screen well is 5.1 cm,
and it is 2.9 cm deep. The dimensions of the channel connecting the sample
well and screen well are 3 X 0.8 X 0.4 cm3 (L X W X D). The diameter
of the well for the Wilhelmy plate is 1.7 cm, and it is 0.6 cm deep.
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current work, the device has been modified to reduce water vapor rotation-
vibration peaks for the purpose of obtaining protein secondary structure
information from the amide I spectral region (1600-1700 cm-'). The min-
iaturized trough (volume -40 ml) makes practical the use of a D20 sub-

phase. This in turn eliminates the distorting effects of the strong H20 ab-

sorption band centered at 1643 cm-1 and decreases the magnitude of the
water vapor bands in this region, but it increases the magnitude of the HDO
bands. Even under conditions of rapid purge, water vapor, and HDO bands of
varying magnitude remain. These hamper detection in the amide I (or I') region,
which, for a monolayer, is often less than 2 miliabsorbance units (mAU).
A shuttle system, shown in Fig. 2, was designed to reduce the intensity

of water vapor bands by alternating the collection of scans between back-

ground and sample wells over a small time interval through rotation of the

trough. The trough is mounted to a rotation stage (Newport Corp., Irvine,
CA) that is driven by a computer-controlled stepping motor (Alpha Prod-

ucts, Fairfield, CT). The motion of the stepping motor shaft is translated to
the trough via a roller chain and sprockets (Small Parts, Inc., Miami Lakes,
FL) that connect the motor shaft to a shaft that turns the rotation stage. The
stepper motor is activated and controlled using commands sent through the

computer printer port. The well for the Wilhelmy plate lies on the axis of
rotation, thereby minimizing the disturbance to the surface film upon ro-

tation. The sample and background wells are connected underneath by a

drilled channel to minimize the difference in the IR beam path length
through equalization of the level of the subphase in both wells. The exterior

optical system and surface balance are enclosed in a plexiglass chamber to
exclude contaminants and to permit purging. Typically, the spectrometer
and plexiglass chamber are purged before spectra are acquired, with dry air

overnight when a D20 subphase is used, and for a few hours when an H2O
subphase is used. A solvent delivery system consisting of Teflon tubing
connecting the sample and background well channels to a three-way valve
and a 20-ml syringe outside the plexiglass enclosure permits replenishment
of the subphase without breaking the purge. Occasionally, a film of decanol
was spread from a CHCl3/MeOH (3:2 v/v) solution on the background well
to inhibit subphase evaporation and to create a meniscus shape similar to
that of a peptide film on the sample well.

The spectrometer used was a Bio-Rad (Digilab, Cambridge, MA) FTS
40A, equipped with an external narrow band Mercury-Cadmium-Telluride
detector. Interferograms were collected at 4 cm-1 spectral resolution at an

angle of incidence centered at 450 (beam spread 4°), apodized with a

triangular function and Fourier transformed with one level of zero-filling to

yield spectral data encoded at -2-cm-' intervals. The sample and reference
wells are aligned in the IR beam in alternating fashion. The Bio-Rad 3200
Data Station permits successive coaddition of scans to preexisting inter-
ferogram files. Typically, a total of 128 scans are coadded in 2 cycles of 64
scans each, where each cycle consisted of sampling 64 scans from the back-
ground and then from the sample well. A delay time of 20 s between trough
rotation and data acquisition was found to be necessary to reestablish the
surface equilibrium. The IRRAS spectra are plotted as -log(R/RO), where
R is the single-beam reflectance of a monolayer covered surface, and Ro is
the single-beam reflectance of the subphase. Negative peaks are observed,
as anticipated at this angle of incidence from the three-layer Fresnel equa-
tions using the appropriate optical constants (McIntyre, 1973; Dluhy, 1986).
Baselines were flattened and residual water vapor bands were subtracted
using an appropriate reference spectrum with manufacturer-supplied soft-
ware. For determination of the frequency positions and bandwidths at half-
height of the amide I and II bands, spectra were Fourier smoothed using a

breakpoint of 0.80. Data manipulations were accomplished off-line on a mini-
computer with software written at the National Research Council of Canada.

ATR FTIR

ATR-IR spectra of dried peptide films were acquired on a Research Series
(RS-1) spectrophotometer (Mattson Instruments Inc., Madison, WI)
equipped with an MCT detector and a Spectra-Tech, Inc. (Stamford, CT)
Out-of-Compartment model ATR accessory with a ZnSe crystal for ATR.
Films were dried on the crystal by applying microliter quantities of peptide
solution and allowing time for solvent evaporation at 45°C. The sample tem-

perature for IR measurements was 37°C. Interferograms were collected at

4-cm-Iresolution, apodized with a triangular function, and Fourier transformed
with one level of zero-filling to yield spectral data encoded at 2-cm-1 intervals.
Appropriate reference spectra were subtracted using manufacturer-supplied
software.

Circular Dichroism Spectroscopy
Circular dichroism (CD) spectra of peptide solutions, were recorded on an
Instruments, SA (distributed by SPEX Industries, Metuchen, NJ) JY Mark
6 spectrometer. Reference spectra were subtracted using manufacturer-
supplied software.

Spectral simulations
To facilitate the interpretation of the observed IRRAS of peptide monolayer
films on H20 and D20, the exact equations of McIntyre (1973) giving the
reflectance of a three-layer system were programmed. The computed re-
flectance absorbance is given by

A = -log(RI23JR13),
where R13 is the reflectance of the A/W interface and R123 is the reflectance
of the air/film/water system. The reflectance, R, is the square of the absolute
value of the corresponding reflection coefficients, for example,

R13 = r131-
These reflection coefficients are given by Eqs. (12a), (12b), and (16) in
McIntyre's paper.

The film was not taken as isotropic, but rather, three Cartesian com-
ponents for the index of refraction, n, and the extinction coefficient, k were
calculated according to Fraser's equations for fiber orientation (Fraser and
MacRae, 1973). That is, the extinction coefficient of the film is taken as the
product of an amplitude factor and an orientational factor,

k2eff = k2amp k2oin
For parallel polarization,

2on= ( C 20) + (k/z. sin2o),

where 0 is the angle of incidence.
For perpendicular polarization,

k2orient = /2y
where

k2X= ky= {( f * sin2a)/2} + {(1-f)/3}.

k2= (f . cos2a) + {(1-f )/3},

where a is the angle between the chain axis and the transition dipole and
f is the order parameter described by

f = {(3 . cos2)- 1}1/2. 0 = tilt angle from bilayer normal.

The amplitude part of the film extinction coefficient was taken as

k2amp = (kmax *y2)/(4 tL2 + y2),
where y is proportional to the full width at half-height of the Lorentzian
describing the film's absorption band, ,uis the displacement from the center
frequency of the band, and km., is the absorbance at the band center.

The index of refraction for the film (Becker, 1964) was taken as

n2 = 1.35 - (2,u km.. *7 *k2orien)/(41L2 + y2).

The n and k values for the H20 substrate were those of Downing and
Williams (1975) interpolated to a 1-cm-1 interval. The n and k values for
D20 in the range 1600-1700 cm-' were assumed to equal those of H20 in
the range 2200-2300 cm-', as the combination band of D20 in this region
(1600-1700 cm-') is similar in shape and amplitude to that of H20 in the
2200-2300-cm-' region.
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Simulations for the parallel and perpendicular components of an IRRAS
band of a Lorentzian centered at 1656 cm-' on H20 and D20 substrates are
shown in Fig. 3, A and B, respectively. The difference in the reflectance-
absorbance between the two polarizations is striking, with the parallel com-
ponent about an order of magnitude more intense than the perpendicular.
The simulations also reveal that the band on a water substrate is much more
distorted than the corresponding band from a D20 substrate. The maximum
on H20 in the parallel component is shifted -2 cm-' up in frequency when
compared to the Lorentzian and is shifted up less than 1 cm-' for the per-
pendicular component. The band for the parallel component on H20 is nar-
rower than the original Lorentzian. For a D20 subphase, the maximum in
the parallel component is shifted down -1 cm-' with no shift in the per-
pendicular component and little change in the apparent linewidth.

The baseline for the simulated IRRAS does not extrapolate to zero, be-
cause the refractive index of the film (n2) continues to modify the reflec-
tance, even though the extinction coefficient (k4) is vanishingly small. The
three-layer reflectance is never the same as the two-layer reflectance.

RESULTS

Spectral improvement due to H20 vapor
compensation

Fig. 4 displays the amide I and II regions (1500-1700 cm-')
of the IRRAS for the hydrophobic lung surfactant protein,
SP-C, on a D20 subphase before and after implementation of
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so . 002

-0.002

-0.004

1700 1675 1650 1625
Wavenumber (cm-')

FIGURE 3 Spectral simulations for the parallel and perpendicular am-

plitudes of amide I IRRAS bands from (A) an H20 subphase and (B) a D20
subphase. The solid line represents k, the extinction coefficient, assumed to
have a Lorentzian lineshape; (----- ) represents the parallel component; and
(- -) represents the perpendicular component of the calculated IRRAS
band. Assumed values: angle of incidence = 450; tilt angle of helix axis with
normal to surface = 100; length of helix axis = 50 A; angle between helix
axis and amide I transition dipole = 280; vm, = 1656 cm-'; absorbance at

Vmax = 0.25 AU; and full width at half-height = 20 cm-'.

1700 1650 1600 1550 1500

Wavenumber (cm-')

FIGURE 4 The IRRAS of the amide I and II regions for a monolayer film
of the surfactant protein, SP-C, on a D20 subphase before (A) and after (B)
the implementation of the water vapor compensation unit. Water vapor has
been subtracted from (A) 2048 scans, but not from (B) 1024 scans. Both
spectra were acquired at wr 15-20 dyne/cm and were baseline corrected.
Water vapor distortion in (A) may account for the majority of the additional
intensity observed in the amide I band (-1654 cm-') when compared to (B).

the shuttle modification. Significant improvement is noted in
the quality of the spectra in this region as the intensity of the
main sharp water vapor bands is decreased by a factor of
-7.5 from -1.5 to -0.2 mAU between Fig. 4, A and B,
respectively. Reduced interference from water vapor permits
the location of peaks and the integration of band intensities
for amide I and II, thereby permitting the determination of
secondary structure and the acquisition of HD exchange in-
formation. The structural information from these data is dis-
cussed later in the text.

3

1600 Peptides I and 11 (putative 13-sheet and mixed
sheet-turn structures) at the A/W interface

Fig. 5 A displays the IRRAS of the amide I and II regions
for monolayer films of peptide I (putative ,3-sheet peptide
film) at the air/H20 and air/D20 interfaces. In Fig. 5 B the
same spectra are displayed after smoothing with a breakpoint
of 0.80 to facilitate the frequency determination (see Table
1). The derivative feature resulting from the anomalous dis-
persion of the water refractive index in this region (Flach
et al., 1993a) is fully compensated for in the H20 system by
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components of the amide I' band. These observed frequen-
cies are consistent with an antiparallel ,B-sheet structure
(Miyazawa and Blout, 1961). Replacement of H20 by D20
in the subphase results in a shift to lower frequency of the
amide I band and a decrease in the relative intensity of the
amide II to the amide I band, both indicative ofHD exchange.
Interference in this spectral region from Orn N-trifluoro-
acetyl groups (absorbance band - 1673 cm-') in the peptide
is negligible (Surewicz et al., 1993).
A comparison of the amide I and II regions in the IRRAS

of peptide II (putative ,B-sheet/P3-turn) and peptide I on a D20
subphase is shown in Fig. 6. The amide I' band for peptide
II is observed at 1627 cm-', whereas for peptide I the main
component occurs at 1620 cm-'. The amide I' band for pep-
tide II is broadened on the high frequency side, possibly due
tn a chamrateristic hancd associated with tiurns at - 16A6im-1

01
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FIGURE 6 The IRRAS of the amide I and II regions for monolayer films
of peptide II, a mixed 13-sheet/13-turn peptide, (solid line, left-hand ordinate)
and peptide I, a ,3-sheet peptide (dashed line, right-hand ordinate) on a D20
subphase. Reflectance absorbance (-log(R/R.)) is in milliabsorbance units
(mAU). The spectrum of peptide II was acquired at ir = 13 dyne/cm, and
the spectrum of peptide I at X = 18 dyne/cm. Water vapor has been sub-
tracted from the 3-sheet peptide only, and both spectra were baseline cor-
rected. 128 scans were coadded.

(Surewicz and Mantsch, 1988). The presence of the feature
at 1580-1585 cm-" (too high in frequency for a residual
amide II component) may be due to the aspartic acid asym-
metric carboxylate stretch and the symmetric stretch of the
deuterium-exchanged guanidino group of arginine residues.
The peptide contains 20% of each of these amino acids. Ab-
sorbance bands at -1586 cm-' have been reported for these
residues in D20 solution by transmission IR (Chirgadze et al.,
1975). The amide I band of peptide II on an H20 subphase
is observed at 1636 cm-', 9 cm-1 higher than on D20 (see
Table 1). No clear evidence for an isolated higher frequency
amide I band was obtained.

SP-C and Peptide III (putative a-helical peptide) at
the A/W interface

The amide I and II regions for SP-C, as shown in Fig. 4 B,
reveal these features at 1654 and 1542 cm-, respectively,
and are characteristic of an a-helical secondary structure,
whereas the presence of substantial residual amide II inten-
sity on a D20 subphase indicates that the peptide group hy-
drogens are not completely exchanged. These results are
completely consistent with previous transmission and ATR
FTIR studies of SP-C/phospholipid mixtures (Pastrana et al.,
1991). Additional support for a helical structure of this pep-
tide in monolayer form comes from the relative sharpness of
the amide I mode, which suggests a regular structure with
minimal distortion from idealized geometry, and from the
lack of exchange of the peptide bond hydrogen as monitored
from the residual amide II intensity, which suggests strong
H-bonding.

Fig. 7, A and B display the amide I and II regions of the
IRRAS for peptide III (putative a-helix) at the air/H20 and
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FIGURE 7 The IRRAS of the amide I and II regions for peptide III, an

a-helical peptide, at the A/W interface (dashed line, right-hand ordinate)
and air/D20 interface (solid line, left-hand ordinate) before (A) and after
(B) Fourier smoothing using a breakpoint of 0.8. Reflectance absorbance
(-log(R/RO)) is in milliabsorbance units (mAU). Spectra were collected at
u 20 dyne/cm for an H20 subphase and at ir = 12 dyne/cm for the D20

subphase. Water vapor has been subtracted, and the spectra are baseline
corrected. 128 scans were coadded.

air/D20 interfaces before and after smoothing (breakpoint of
0.80), respectively. The observed frequencies are summa-

rized in Table 1. The increased surface area occupied by
peptide III compared to peptide I (Taylor, 1990), partially
accounts for the decrease in the amide I IRRAS intensity
from -6.8 mAU (peptide I) to -1.4 mAU (peptide III) for
the respective primary amide I' band on D20. Due to the
decreased intensity, sharp water vapor bands for both sub-
phases are evident throughout this spectral region and are

more pronounced on an H20 rather than a D20 subphase. A
frequency shift from 1656 to 1645 cm-' and an increase in
the halfwidth of the amide I band are observed upon changing
the subphase from H20 to D20. The amide II band is virtually
absent from peptide spectra acquired from a D20 subphase,
whereas on H20 this feature is observable at -1550 cm-',
although it is overlapped by water vapor. The remaining
weak band observed on the D20 subphase at a slightly higher
frequency than amide II may be attributed to the asymmetric
stretch of the carboxylate group present in the glutamic acid
side chains found in this peptide. An IR absorbance band
from this residue has been reported at -1568 cm-' in D20
solutions (Chirgadze et al., 1975).

The IRRAS evidence for a helical structure for peptide III
at the A/W interface is not conclusive. The amide I' contour
is broader then that for SP-C (Fig. 4), and HD exchange leads
to a feature in a frequency range appropriate for both
a-helical and unordered structures. The amide I and II fre-
quencies (from an H20 substrate) are indeed appropriate for
helical forms, but the overlap with residual water vapor
bands affects the accuracy of these frequency measurements.
To search for possible solvent-induced conformational
changes, CD spectra were obtained for this model helical
peptide in H20 and D20 solution (data not shown). The spec-
tra indicate that the peptide possesses significant a-helix con-
tent in both solutions. Due to lack of sufficient material,
quantitative CD analysis could not be undertaken.
Some additional support for the existence of an a-helical

conformation at the air/D20 interface is provided from spec-
tral simulations. The agreement between the theoretically
predicted downward shift of the amide I IRRAS band (see
Spectral Simulations) versus transmission (both from a D20
system), and the observed experimental results is encourag-
ing. The simulated spectra are dependent on secondary struc-
ture. That is, geometrical parameters required for the simu-
lations assume that the peptide is helical at the interface; the
parameters used are similar to those in the caption for Fig.
3. The amide I' mode for peptide III is observed experi-
mentally at 1646.3 cm-' for a deuterium-exchanged ATR
film, and at 1644.7 cm-1 for the air/D20 interface. The input
in the simulation for the peak frequency of the absorption
band (assumed to have a Lorentzian lineshape) is the same
as that observed for the ATR experiment. The observed ex-
perimental shift of 1.6 cm-' is reproduced in the simulation
of the parallel component on a D20 subphase. Results from
the simulation are also consistent with experimental data
from an H20 subphase. The frequency of the amide I band,
observed at 1653 cm-' for an ATR film dried from H20
solution, is used as the peak position for the latter simula-
tions. The simulations yield a reflectance-absorbance band
with a frequency (parallel component) at 1656 cm-', the
same as that observed experimentally.

Peptive IV (putative unordered structure) at the
A/W interface

Peptide IV is not very surface active; the 1T required to pro-
duce a spectrum with a detectable amide I band surpasses that
of its collapse point. Therefore, it is uncertain whether or not
a true monolayer or a collapsed multilayer was sampled. In
contrast, the 1Ts at which the IRRAS were acquired for the
other peptides were less than that required for film collapse
(Taylor, 1990; and unpublished 1r versus surface area
curves).

With the above limitations as a caveat, IRRAS for peptide
IV on a D20 substrate is shown in Fig. 8; the frequency data
for both H20 and D20 substrates are summarized in Table I.
The amide I band frequencies for this peptide, 1655 cm-'
(H2O) and 1642 cm-' (D2O) are similar to peptide III. The
amide II feature (H20 subphase) occurs at --1550 cm-' and
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FIGURE 8 The IRRAS of the amide I region for peptide IV, an unordered
peptide (solid line, left-hand ordinate) and peptide III, a surface active
a-helical peptide (dashed line, right-hand ordinate) at the air/D20 interface.
Reflectance absorbance (-log(R/RO)) is in milliabsorbance units (mAU).
The spectrum of peptide IV was collected at ir = 27 dyne/cm, and the
spectrum of peptide III was collected at ir = 12 dyne/cm. Water vapor has
been subtracted, and the spectra are baseline corrected. 128 scans were

coadded.

is again comparable to that observed for the a-helical pep-

tide. Thus, although this peptide was synthesized as a po-

tential unordered structure, the IRRAS evidence is sugges-
tive of a helical form, at least at the irs used.
The amide I' bands for peptides III and IV are overlaid in

Fig. 8. The difference between the two contours is slight; that
is, the observed frequencies are both within the range re-

cently reported for exchanged a-helical secondary structure
(Tamm and Tatulian, 1993; Frey and Tamm, 1991; Jackson
et al., 1991; and Venyaminov and Kalnin, 1990b). In addi-
tion, both amide I' bands are broadened on the low frequency
side.

DISCUSSION

The current work provides the first demonstration that rea-

sonable quality spectra may be obtained from protein mono-
layer films in situ at the ANW interface. Incorporation of the
shuttle system into the instrument design reduces the inter-
ference from the strong water vapor bands by about an order
of magnitude. Residual absorbance of these features is typi-
cally '0.2 mAU. This value permits the characterization of
amide I or amide I' features with absorbance values as small
as 1 mAU. Further possible improvements to the device in-
clude more accurate temperature control of both the envi-
ronment and the trough subphase as well as the use of po-

larized radiation for determination of the orientation of
ordered peptide and protein segments.
The spectra-structure correlations serve to emphasize both

the strong and weak points in the use of IR spectroscopy for
the evaluation of protein and peptide secondary structure.
The strong points are best illustrated from the spectra of
peptide I (putative 13-sheet). In the antiparallel form, this
secondary structure is known to produce two characteristic

bands in the amide I region, with a strong component in the
1620-1630-cm-' range and a weaker feature near 1680
cm-'. Such a pattern is readily observed (Fig. 5) on the D20
subphase. The present result therefore identifies the (3-sheet
as expected, but also shows it to be antiparallel, which was
previously unknown and not predictable. Comparison with
data from the H20 subphase reveals a 7-8 cm-' shift for the
strong component on deuteration, consistent with previously
reported amide I frequencies for deuterium exchanged
13-sheet polypeptides (Chirgadze et al., 1973). HD exchange,
in this instance, produces no ambiguity in spectra-structure
correlations and can be evaluated quantitatively, if necessary,
from the residual amide II intensity.
The situation for the putative mixed sheet-turn (peptide II)

is complicated by the absence of the characteristic pair of
bands expected for the 1-sheet element of the suggested
structure. It is suggested that the short length of sheet-
forming residues produces H-bonding patterns with geom-
etries sufficiently altered from the ideal antiparallel 3-sheet
structure to eliminate the coupling that produces the splitting
in the amide I mode.
The situation for the a-helical modes is more complicated.

Spectra for SP-C [known from polarized ATR studies to be
predominantly a-helical in a lipidic environment (Pastrana
et al., 1991)] show a strong, sharp spectral feature at 1656
cm-' in transmission compared with 1653.6 cm-' in reflec-
tion from D20. The observed shift is the result of two factors.
Spectral distortion from the IRRAS experiment on D20 shifts
the peak by about 1 cm-' to lower frequencies in this system,
as discussed in the Spectral Simulations section, whereas
partial exchange (Judged in this case by the amide I/II in-
tensity ratio on D20 compared with the ATR spectra) also
tends to lower the frequency. The magnitude of this second
factor presumably depends on the extent of exchange, the
maximum value being about 10-12 cm-' (Venyaminov and
Kalnin, 1990b; Jackson et al., 1991; Frey and Tamm, 1991;
Trewhella et al., 1989), whereas an 11-cm-1 shift was re-
ported for exchanged N-methylacetamide (Miyazawa et al.,
1958). The helical amide I feature is relatively sharp, sug-
gestive of a uniform structure.

Peptide III (putative a-helix) is fully exchanged at the
A/W interface and produces a spectral shift to 1645 cm-', as
well as a broadened amide I spectral contour. As a result of
the 11-cm-1 spectral shift, the spectrum of the exchanged
peptide strongly resembles that of an unordered form. How-
ever, two lines of evidence point to the existence of a helical
structure. First, as noted in the results section, the spectral
simulations reproduce the observed experimental shifts in the
IRRAS experiment. These simulations incorporate helical
geometric parameters as input. Second, the bulk- phase sec-
ondary structure in D20, as judged by CD spectroscopy, is
unchanged from H20 and remains predominantly helical.
Despite these suggestive results, a supplementary measure-
ment, such as polarized IRRAS or the observation of
vibrational CD in the amide I band (not yet feasible for mono-
layers in situ, but practical in bulk phases), is required to
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absolutely prove the occurrence of a-helical secondary struc-
tures at the air/D20 interface.
To generalize from the current observations, a sharp fea-

ture between 1652 and 1658 cm-' is probably safely attrib-
uted to an (unexchanged) a-helix. However, if exchange oc-
curs, it is quite likely to produce a shift in those exchanging
helical segments to -1645 cm-', a region often assumed to
arise from unordered conformations. Many recipes for de-
termination of secondary structure from IR amide I data ana-
lyze spectra in D20 environments (Byler and Susi, 1986;
Surewicz and Mantsch, 1988; Trewhella et al., 1989; Zhang
et al., 1992; and Surewicz et al., 1993). This solvent is chosen
to minimize interference from the bending vibration of liquid
H20 near 1640 cm-'. However, this procedure is evidently
risky due to the potential shift in the exchanged amide I mode
of the a-helix to a frequency overlapped with those of un-
ordered structures. The contributions of side-chain modes to
the amide I contour must also be considered. The position of
maximum frequency for these bands can be dependent on
solvent, pH, and/or pD (Chirgadze et al., 1975; Venyaminov
and Kalnin, 1990a).
The current apparatus permits the direct investigation of

protein secondary structures (with the limitations noted
above) at the A/W interface. Studies currently in progress
incorporating polarized radiation will remove the ambigu-
ities and permit the helix and random coil structures to be
distinguished. In addition to secondary structure information
from proteins, previous work has shown that acyl-chain con-
formation and head-group ion binding may be determined in
phospholipid monolayers (Hunt et al., 1989; Flach et al.,
1993b). Thus, a relatively complete molecular characteriza-
tion of experimental paradigms (monolayers) that provide
excellent models for pulmonary surfactant and peptide in-
teraction with phospholipids is now available. Several ap-
plications of this technology are in progress.
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