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X-ray Scattering Studies of Maquette Peptide Monolayers.
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We present isotherm and X-ray reflectivity (XR) measurements from Langmuir monolayers of a de novo
synthetic di-a-helical peptide, consisting of two identical 31-residue, mostly a-helical peptide units joined
by a disulfide bond at their amino-termini. Fitting the XR data to slab models shows that the dihelices
lie in the plane of the interface at low pressures. The monolayers were insufficiently stable for study at
high pressures, but Langmuir films based on a derivative of the peptide alkylated at its amino termini
permitted investigations over a larger range of pressures. We observed an orientational transition, in
which the a-helices begin by lying in the plane of the interface at low surface pressures and orient themselves
approximately normal to the interface at high pressures. We draw the same conclusions from the XR data
when we analyze it using box refinement, an iterative, model-independent method for recovering structure
from XR data. Mixtures of these palmitoylated peptides with a fatty acid (palmitic acid) or a phospholipid
(DLPE) behaved similarly. None of the systems produced peaks in the grazing incidence diffraction signal
indicative of long-range ordering of the upright o-helices. Off-specular in-plane scattering measurements
based on the difference signal between the peptide/DLPE mixture and pure DLPE suggest that the peptide
achieves only liquidlike order within the plane. We discuss the implications and prospects for future work
on designed peptide monolayers incorporating prosthetic groups that could be used to study electron

transfer in proteins and provide a basis for biomolecular electronics applications.

Introduction

Nature uses a variety of proteins with special prosthetic
groups to control processes such as electron transfer in
photosynthesis and oxidative phosphorylation. The com-
plexity of the proteins involved defies easy investigations
of the relationship between their structure and function.
Recently, smaller de novo synthetic peptides have been
developed whose composition and properties can be readily
explored and modified as a stepping stone toward un-
derstanding naturally occurring proteins.! These so-called
“maquettes” provide model systems for testing theories of
electron transfer in proteins. A family of maquettes based
upon a four-helix bundle motif has been designed and
synthesized. The general synthetic strategy utilizes a 31-
residue peptide whose primary sequence is designed to be
mostly an amphipathic a-helix except for three glycine
and one cysteine residues at the amino terminus. The
side-chain sulfhydryl group of the N-terminal cysteines
dimerizes via a disulfide linkage to form a dihelical unit
which then self-assembles in isotropic aqueous solution
to form afour-helix bundle. Histidine residues at apposed
positions in each helix of the dihelical unit can then be
utilized for bis-histidyl ligation of metalloporphyrin
prosthetic groups at one or more sites in the primary

* To whom correspondence may be addressed: Department of
Chemistry, Box 141, University of Pennsylvania, Philadelphia, PA
19104-6323; strzalka@jkb2.chem.upenn.edu.

T Department of Chemistry, University of Pennsylvania.

* Department of Biochemistry and Biophysics, University of
Pennsylvania.

§ Department of Physics, Brookhaven National Laboratory.

(1) Robertson, D. E.; Farid, R. S.; Moser, C. C.; Urbauer, J. L.;
Mulholland, S. E.; Pidikiti, R.; Lear, J. D.; Wand, A. J.; DeGrado, W.
D.; Dutton, P. L. Nature 1994, 368, 425—431.

10.1021/1a000264z CCC: $19.00

sequence. Heme groups bound to these sites have been
demonstrated to have spectral and electrochemical prop-
erties closely resembling those of redox proteins found in
nature. In order for meaningful data to be extracted from
electrochemical measurements, experimenters need to
know the structure of the molecule so that electron-
transfer rates can be related to the distance and medium
through which the transfer occurs. X-ray and neutron
studies performed on thin-film samples can provide this
key information.

A thin, monomolecular film of protein molecules cover-
ing a planar electrode comprises the simplest and most
effective geometry for electron transfer studies and also
constitutes an appropriate specimen for reflectivity mea-
surements, making correlated structural/functional stud-
ies possible. Once the electron-transfer properties of
magquettes and the means to design desired properties
are sufficiently understood, this geometry offers a basis
for biomolecular electronics applications.

We set as our goal the creation of dense, well-ordered
films of maquette peptides on solid supports. We con-
centrated on Langmuir—Blodgett techniques for achieving
such a film since control of the surface pressure of the
precursor Langmuir monolayer affords us a macroscopic
means of varying such microscopic properties as the
density and orientation of the molecules in the film. The
anisotropic nature of the interface can confine suitably
designed amphiphilic molecules to the plane of the
interface and orient them vectorially. This may in turn
may provide a suitable environment for further organiza-
tion, such as two-dimensional crystallization or the
directed incorporation of prosthetic groups to particular
binding sites. Due to advances in synchrotron X-ray
scattering techniques, we were able to study directly the
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Langmuir films formed from two different maquettes.
Related X-ray scattering studies of the resulting Lang-
muir—Blodgett monolayers will be reported separately.?

Methods and Materials

The Spreading Solutions. We used two different
peptides in these investigations. The prototype 4-o-helix-
bundle maquette peptide is denoted H10H24,! based on
the histidine residues at sequence positions 10 and 24
employed for binding metalloporphyrin prosthetic groups
via axial ligation, and has the amino acid sequence:

CGGGE LWKLH EELLK KFEEL LKLHE ERLKK L

We synthesized a more amphiphilic palmitoylated
peptide derivative® with the amino acid sequence:

CH; (CH,),,CO—
CGGGE IWKLH EEFLK KFEEL LKLHE ERLKK L

In solution, the apo-form of the precursor unpalmitoy-
lated peptide has a more stable conformation, as deter-
mined by NMR.*®> The peptide was originally referred
to as H10H24(L6—1,L13—F) to emphasize that the
sequence comes from H10H24, but with two substitutions.
In this paper, we will refer to the precursor as BB and the
palmitoylated derivative as BBC16, short names in
common use in the lab.

We synthesized the peptides by implementing solid-
phase synthesis with Fmoc chemistry in a MilliGen 9050
machine. The last step of the synthesis, palmitoylation of
the peptide, is also accomplished while the peptide is still
bound to the resin. We purify the 31-mer peptides via
reverse-phase high-performance liquid chromatography
(HPLC), lyophilize them, and then resolubilize them in a
basic buffer solution to promote the formation of disulfide
bonds between the N-terminal cysteine residues, thereby
forming dihelical units composed of 62 residues. More
details of the peptide preparation are given elsewhere.?
The dimers are lyophilized and stored in a freezer. We
prepare peptide spreading solutions as necessary by
resolubilizing the peptide in 50 mM TRIS buffer (Sigma)
with 100 mM NacCl. The peptide solutions remain usable
when they are stored in a refrigerator. Sedimentation
studies and size-exclusion chromotography establish that
H10H24 and BB form four-helix bundles in solution. But
size exclusion chromotography shows that BBC16, unlike
its unpalmitoylated precursor, forms aggregates larger
than four a-helices in solution, presumably due to the
alkyl chain interactions.

1,2-Dilauroyl-sn-glycero-3-phosphoethanolamine (di-
lauroyl-phosphatidylethanolamine, DLPE) was purchased
in a 10 mg/mL solution in chloroform from Avanti Polar-
Lipids (Alabaster, AL) and diluted to 1 mg/mL by addition
of HPLC grade chloroform.

The Liquid Surface Spectrometer. We performed
all X-ray scattering experiments at beamline X22B of the
National Synchrotron Light Source (Brookhaven National
Laboratory, Upton, NY) on a liquid surface spectrometer
that has been described in detail elsewhere.®7 In brief,
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the spectrometer consists of a two-circle stage mounted
on the 20-arm of a four-circle diffractometer and allows
X-rays to strike the sample at a range of incident angles,
o, measured with respect to the liquid surface, while
keeping it level. To do this, it lowers the sample on an
elevator stage and bends the beam down to the sample
using a Ge crystal mounted in the four-circle diffractom-
eter. The detector, a scintillation counter, is mounted on
the 20-arm of the sample two-circle stage and is positioned
to accept X-rays scattering from the surface at an angle
B with respect to the liquid surface. For reflectivity
measurements, we keep the spectrometer in the reflec-
tivity condition, a = f3, so as to collect the photons scattered
with momentum transfer perpendicular to the liquid
surface (g, = (4z sin a)/1). At each point g,, we collect data
with the detector in the plane of the reflection (26,, = 0°)
for time t, and the background with the detector on either
side of the plane (26,, = £0.3°) for time /2, and subtract
the latter from the former. For grazing incidence diffrac-
tion (GID) over 26,,, we used evacuated collimating Soller
slits and set the incident angle to o = 0.12° (g, = 0.017
A1), below the critical angle of water (o = 0.153°, ¢, =
0.0217 A-1). Different measurements used two different
detectors: the scintillation detector with a vertical
aperture before it defining the acceptance and vertical
resolution, or a position-sensitive detector (Braun) aligned
parallel to the g,-direction that could be read out pixel-
by-pixel or in an intergrating mode. Most GID measure-
ments were performed with Soller slits also aligned along
the g,-direction to improve the horizontal resolution. Note
that for GID and Bragg rod (g,-resolved GID) scans, a
remains fixed, so that unlike the reflectivity condition,
Z a, and q; = (27/4) sin(a + f).

The Langmuir Trough and Monolayer Deposition.
We deposit the monolayer in a custom-built Langmuir
trough with aworking area 26 x 11.6 cm and a Wilhelmy
plate surface pressure transducer (Riegler & Kirstein,
Germany). Itis mounted on a vibration isolation stage on
top of the sample stage. A Si block in the subphase helps
further damp out oscillations of the free surface. The
trough is enclosed in an aluminum box filled with moist
He. A Kapton window permits the X-rays to enter and
exit. Water from a thermostated bath circulates through
a copper block in thermal contact with the bottom of the
trough and maintains the subphase at constant pressure,
usually 16 °C. The subphase typically consisted ofal mM
TRIS buffer (SIGMA, St. Louis, MO), pH 7.8, prepared
with MilliQ water (Millipore Corp., Bedford, MA).

As both the peptides are soluble in water to different
extents, depositing them at the air/water interface requires
greatcare. The spreading solution is similar in composition
to the subphase: MilliQ water buffered at pH 8 by the
addition of 50 MM TRIS, with 100 mM NacCl, and typically
a 100 uM concentration of 31-mer a-helical units. To
promote formation of a monolayer, we use a microliter
pipet to deposit the solution dropwise at the thin film of
water provided by the meniscus that forms over a glass
capillary penetrating the air/water interface at an oblique
angle. We typically deposited a sufficient volume of the
peptide solution, about 150 uL, to obtain a small but
noticeable increase in surface pressure (~0.5 mN/m). The
dropwise deposition itself requires about 15 min, and then
we typically waited another 20 min before compression.
During this time, the surface pressure continues to
increase slightly, to about 0.7 mN/m. For mixed mono-
layers with DLPE, we deposited the chloroform-based lipid
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solution directly to the surface first, waited a few minutes
for the chloroform to evaporate, and then deposited the
aqueous peptide solution over a capillary. Spreading the
same amount of peptide in the presence of a lipid would
cause a greater initial pressure, between 3 and 6 mN/m.
We compressed at a rate of 10—20 mm/min (30—60 A%
o-helix/min) until the desired surface pressure was
achieved and then maintained constant pressure during
the X-ray measurements.

Collecting data at the highest surface pressures (>30
mN/m) required an extra complication in the deposition
process, as the maximum ratio of the trough's fully
expanded to fully compressed area was about 3. At the
start of the deposition, we laid a Teflon block with a half-
inch-square cross section across the trough directly in front
of the barrier. Then we deposited the pure peptide or mixed
peptide/lipid monolayer as usual in the remaining area.
We compressed the film through almost the entire range
with the Teflon block pushed along in front of the barrier,
preventing the barrier itself from making contact with
the film. This would result in a surface pressure of about
30 mN/m which would begin to relax once the barrier
motion stopped, approaching a limiting value of about 20
mN/m after about 20 min. During this time, we moved the
barrier back to its starting position. The Teflon block
remained in place, keeping the monolayer in its com-
pressed state. In the fraction of the area of the trough now
available between the barrier and the Teflon block, we
spread an amount of peptide and lipid proportional to the
amount that was initially spread on the entire trough.
After waiting the usual time before compression of a newly
deposited peptide film, we carefully removed the Teflon
block, waited an additional 15—20 min, and compressed
the resultant film. By means of this two-stage deposition
process, we could increase the compression ratio to about
5, achieve surface pressures over 40 mN/m, and still keep
the pressure constant during X-ray measurements.

Data Reduction and Analysis. Data reduction and
analysis via slab model refinement were performed on
Silicon Graphics workstations using the program C-Plot
(CSS). The nonlinear least-squares fitting package of the
program implements the Marquardt algorithm® and
permits data to be fit with user-defined functions incor-
porating slab models as briefly described by Tidswell et
al.® and reviewed by Als-Nielsen and co-workers.'® We
confirmed the results obtained from fitting the data by
applying box refinement, an iterative approach to recov-
ering electron density distributions from reflectivity data
(see the Appendix for details). This method provides a
solution to the phase problem and is applied here for the
first time to normalized reflectivity data.

Results and Discussion for Pure Peptide
Monolayers

Experimental Results. Despite some minor differ-
ences in their amino acid sequences, we may consider
BBC16 as the palmitoylated derivative of the peptide
H10H24, the prototype of a family of the four-helix bundle
magquette peptides. Both peptides form a covalently bonded
dihelical unit with similar metalloporphyrin binding
properties. However, sedimentation studies show that the
dihelices of H10H24 further associate into four-helix
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Figure 1. Theisotherms for monolayers of the peptide H10H24
(dotted) and the lipopeptide BBC16 (solid) show that palmi-
toylation of the a-helices creates a second region with rapidly
increasing pressure beyond the plateau region. Both monolayers
deposited on 1 mM phosphate buffer, pH 8.0 at 10°.

bundles in isotropic aqueous solution while BBC16, due
to the hydrocarbon chain, has a substantially higher
aggregation state. The isotherms recorded for pure mono-
layers of these peptides appear in Figure 1 and share
common elements, notably a plateau at about 30 mN/m,
but at small areas, below 200 A2/a-helix, the isotherms
for the two peptides differ strongly. Pressure begins to
increase only gradually for the H10H24 monolayer as its
area is decreased, while for BBC16 it increases sharply.
As the diameter of an a-helix is about 10 A, and its pitch
is about 1.5 A/residue, a 31-residue a-helix lying on its
side should cover roughly 450 A2, while its cross-sectional
area should be about 100 A2, Comparing these numbers
with the isotherms suggests that the peptide is oriented
with its long axis parallel to the interface at low pressures,
until it becomes close packed, when the molecular axis
changes its orientation to be normal to the interface, and
pressure increases again as the upright helices approach
close packing. For BBC16, this would place the a-helices
in the subphase while the hydrocarbon chain remains in
the air. We applied X-ray reflectivity to observe this
behavior directly.

Figure 2 shows the normalized reflectivity from pure
monolayers of BBC16, one at a pressure below the plateau
in the isotherm and two at pressures above the plateau.
The low-pressure data consist of a single, broad maximum,
while the data recorded at pressures above the plateau
possess several maxima with an amplitude that decays
as (, increases.

Considering the monolayer as a medium of constant
density L A thick, the so-called single slab model,
reflectivity theory predicts a simple cosine dependence
(cos(gL)) to the oscillations in the normalized reflectiv-
ity.®10 Accordingly, such a decrease in the period of the
oscillations in g-space must correspond to a dramatic
increase in the thickness of the monolayer in real space.
Such a model does fit the data adequately, with the
thickness of the slab changing from 10 A to nearly 58 A.
While two-slab models for the data at high pressure are
more consistent with the separate peptide and hydro-
carbon moieties of BBC16, they do not improve the fits
substantially and they introduce somewhat larger un-
certainties in the parameters determined. The real space
electron density distributions, or profile structures, com-
puted from the fit parameters appear in Figure 3. The
two-slab and one-slab models give identical profiles. In
the low-pressure case, when the interfacial roughness is
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Figure 2. Normalized reflectivity data and fits obtained from
one-slab models (solid curves) for pure BBC16 monolayers at
different surface pressures: & = 22, 33, and 40 mN/min a, b,
and c, respectively.

comparable to the thickness of the slab, the profile
structure is actually somewhat broader and less dense
than the fit parameters might otherwise suggest.

Monolayers of HLOH24 were insufficiently stable for us
to obtain reflectivity data at pressures above the plateau
in the isotherm. Reflectivity data collected from several
monolayers investigated at pressures below the plateau
were similar to that for BBC16 at low pressures, with a
single broad maximum (data not shown). As was also done
with BBC16, we constrained the interfacial roughness
parameters, o > 3.2 A, the value typically observed from
a clean air/water interface. Coupling between the pa-
rameters causes a range of parameters to give nearly
identical fits to the data. Since the resulting profile
structures differ only very slightly, the constraintamounts
to choosing the parameter set with a physically meaningful
roughness from a set of nearly equivalent mathematical
solutions.

In both systems, we scanned for GID in the region 1 <
26,y < 10° (d-spacing between 8.8 and 88 A) in order to
seek evidence of ordering of the a-helices within the plane,
but we did not observe any peaks. We did not scan the
region around 26,, = 20° where evidence of hydrocarbon
chain packing might be found, because we expected them
to be highly disordered, as they are constrained to exist
at large excess area per chain.

Discussion. The data clearly demonstrate that the
BBC16 peptide undergoes an orientational transition
within the monolayer, in which its long axis changes from
being parallel to the plane of the air/water interface at
low pressures to being normal to the interface at high
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Figure 3. Electron density profile structures for pure BBC16
monolayers at different surface pressures: & = 22, 33, and 40
mN/m in a, b, and c, respectively. The profiles, constructed
from the parameters in Table 1, correspond to the fits shown
in Figure 2. For the low-pressure case, a, the interfacial
roughness makes the narrow slab model appear broader and
less dense than the fit parameters might otherwise suggest.
For comparison, the dotted line in part a shows the projection
from the model atomic coordinates for a single o-helix of
H10H24. In parts b and c, the dotted and dashed lines show
the one- and two-slab models that best fit the data with the
interfacial roughnesses neglected. In both parts b and c, the
models result in the same electron density distribution when
the effect of interfacial roughness is included (the solid curve).

pressures. To show this, we consider simple calculations
based upon model atomic coordinates of H10H24.*

If we take one a-helix of the model and compute the
projection of its electron density distribution onto the
coordinate along a diameter of the helix, the result agrees
well with the profile structures obtained from the one-
slab fits to the reflectivity data collected from monolayers
of BBC16 and H10H24 at low pressures, as shown in
Figure 3a. This indicates that upon deposition at the air/
water interface, the peptide exists at the interface as
dihelical units lying with the long axis of the helices lying
in the plane of the interface. By design, the hydrophilic
residues occur on one side of the helix while hydrophobic
residues and the histidines for prosthetic group ligation
occur on the other, rendering it amphipathic. In solution,
four-helix bundles form in order to minimize the peptide’s
energy by burying all the hydrophobic residues in the
core of the bundle, but four-helix bundles in the monolayer
would resultin aprofile thicker by a factor of 2, inconsistent
with the experimental result. Presumably, the asymmetric
environment of the interface allows the peptide to
minimize its energy by exposing its hydrophobic face to
the air and its hydrophilic face to the subphase.
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Table 1. Fit Parameters for the Reflectivity Data Collected on Pure Monolayers of BBC16 as Shown in Figure 22

7 (mN/m) Ala-helix (A2) L1 (A) p1 (e 1A% o0 (R) o1 (R) Lo (A) p2 (1A% o2 (A)
22 460 10.0 0.420 3.5 35
33 160 57.5 0.370 6.2 41
55.2 0.370 6.1 3.2 4.9 0.175 3.2
40 135 57.9 0.381 6.6 4.8
55.0 0.383 6.4 3.2 6.6 0.164 3.2

a The electron density profile structures constructed from these parameters appear in Figure 3. High-pressure data were fit with both
one-slab and two-slab models. The parameter oy gives the subphase/slab 1 interfacial roughness; o; the slab 1/helium or the slab 1/slab
2 roughness; and o> the slab 2/helium roughness. Area/a-helix values are taken from the isotherm shown in Figure 4 (the dotted curve).

b Constraint o > 3.5 A applied for this fit.
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Figure 4. Isotherms of 2:1 DLPE/BBC16 mixtures at 16 °C
on 1 mM TRIS buffer, pH 7.8, with arrows indicating the
compression and expansion parts of the cycle. The dashed line
corresponds to a monolayer deposited with 7o = 0 mN/m while
the solid line corresponds to a monolayer deposited with finite
initial pressure. Note the difference in final area/o-helix. For
comparison, a pure BBC16 monolayer is also shown (dotted
line). The inset shows the isotherm for pure DLPE, which
exhibits almost identical curves for compression and expansion.
Note that the kink in the isotherm for the mixture occurs at
the same pressure where the plateau occurs in pure DLPE.

Similarly, the high-pressure data from BBC16 also agree
well with our expectations for a-helices oriented normal
to the air/water interface. Combining the fit parameters
(Table 1) with the area/a-helix from the isotherm for pure
BBC16 of Figure 4 (dotted curve), collected under the same
conditions as the reflectivity data, we compute the number
of electrons contained within a “unit cell” containing one
o-helix. One o-helix has 1733 electrons (e”), while the
palmitoyl chain contributes 95 e~, so excess e~ must be
due to water within the monolayer, consistent with the
monolayer e~ density being intermediate between that of
water, pwaer = 0.333 e /A3 and that of densely packed
protein, pprotein = 0.420 e/A3. This implies that there are
158 water molecules/a-helix at 33 mN/m and 115 at 40
mN/m. Since the volume of a water molecule is 29.9 A3,
this corresponds to a change in the volume of the unit cell
of 1246 A3, within 10% of the observed change in volume,
1384 A3. We may also consider the ratio of the number of
e~ in the o-helix to the total number of e~ in the one-slab
fits, f= Napna/Nrwotal. The density obtained from the fitagrees
well with that computed from fpprotein + (1 — ) pwater (N@Mely,
for 7 =33 mN/m, 0.377 e /A3 vs 0.370 from the fit and for
7 =40 mN/m, 0.384 e /A3 vs 0.381).

Comparing the observed thickness of the monolayer at
high pressures to our expectations is complicated by the
presence of the sparsely populated hydrocarbon layer. If
we assume that all 31 residues of the peptide pack
a-helically, than we expect a length of 31 x 1.5 A/residue
= 46.5 A. The palmitoyl chain has an all trans length of
(14 + 9/8) x 1.265 A = 19.13 A, excluding the carboxyl

group peptide bonded to the cysteine residue. As the chain
is covalently bound to an o-helix and so constrained to
occupy about 5 times the area that it would occupy when
close packed, it is likely that its average chain configu-
ration would be highly disordered compared toan all trans
configuration. The length of the one-slab model is shorter
than the sum of the expected peptide length and the
extended all trans hydrocarbon chain length, as is the
total length of the two-slab model. The two-slab model
suggests that the profile structure of the BBC16 mono-
layers can be decomposed into a dense peptide slab about
55 A thick and a less dense hydrocarbon slab 5—7 A thick.
If this is in fact the case, then the peptide slab is still
thicker than expected. However, the interface between
the peptide and the hydrocarbon chains is not very well
defined here, and as noted above, the precision of the data
do not really merit fitting with two-slab models, although
they do provide physically reasonable results.

The pressure-dependent change in orientation under-
gone by BBC16 is clearly established by the experimental
data. H10H24 need not undergo a similar transition in its
orientation at high pressures, because without a distinct
hydrophobic moiety to anchor it to the interface, this
peptide can form four-helix bundles thereby losing its
amphiphilicity and making the monolayer unstable at high
pressures. Modification of the prototype maquette peptide
through palmitoylation succeeded in creating a monolayer
stable enough for us to achieve one of our aims, control
over the microscopic orientation of the peptide via the
surface pressure applied to the film macroscopically. On
the other hand, the hydrocarbon part of the monolayer is
only sparsely packed and disordered because the palmitoyl
moiety is so much smaller in cross section than the a-helix
towhichitisbonded. Improving the ordering of the chains
should sharpen the interfaces of the monolayer and extend
the reflectivity to higher g, allowing characterization of
the peptide at higher resolution. Two approaches might
effect the change: a synthetic route and an engineering
route. Synthetically, one might try to modify the peptide
itself, perhaps by coupling the peptide to a larger
hydrophobic group more commensurate with the cross-
sectional area of an a-helix. From an engineering per-
spective, one might try to modify the monolayer as awhole
by adding surfactants to enhance the stability and ordering
of the monolayer. Our subsequent experiments followed
the latter approach.

Results and Discussion for BBC16/DLPE
Mixtures

To engineer a better monolayer, we tried two different
surfactants, the fatty acid palmitic acid and the phos-
pholipid DLPE. As the fatty acid did not significantly
improve the ordering or the stability of the monolayers,*
we will not report the results here. We chose DLPE because

(11) Strzalka, J. X-ray Scattering Studies of Maquette Peptide
Monolayers. Thesis, University of Pennsylvania, 2000.
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this short chain length (C;,) phospholipid undergoes the
fluid to gel phase transition at high surface pressures and
sowill remain fluid as the peptide changes its orientation.
We expected this to improve the chances for crystallizing
the peptide. The greater stability of the pure DLPE and
DLPE/BBC16 mixed monolayers relative to palmitic acid
monolayers also allowed two improvements to our inplane
scattering methodology: (1) we could integrate for longer
periods of time to increase our counting statistics; (2) this
in turn made it possible to employ difference techniques
to isolate the scattering signal due to the peptide moiety.

Isotherms. Monolayers of pure DLPE do not build up
any pressure until they are compressed beyond molecular
areas of about 90 A? (inset, Figure 4). The pressure
increases until it reaches a sharp kink that introduces a
plateau at 7. and begins to increase again as the limiting
molecular area of 40 A2 is approached. The kink marks
the onset of a phase transition from the low-pressure
purely fluid phase to an ordered gel phase,'? as is typical
of all phospholipid isotherms.!® The plateau represents a
coexistence between the fluid phase and gel phase and is
the first place in the isotherm in which peaks become
observable in GID scans.*? Unlike the peptide monolayers,
monolayers of DLPE have reversible isotherms.

We spread mixed monolayers of BBC16 and DLPE in
a ratio of two DLPE molecules for each a-helix. Every
o-helix had one covalently bound palmitoyl chain and four
additional hydrocarbon chains, two pairs of lauroyl chains,
each pair bound to the glycerol backbone of the phos-
pholipid molecule. We based this strategy on the ap-
proximately 5:1 ratio between the minimal cross-sectional
areas of hydrocarbon chains and a-helices. The isotherms
of the mixed monolayers are shaped similar to that of the
pure lipopeptide, except for the presence of a kink at the
same pressure as the phase transition in the pure DLPE
monolayers (Figure 4). The range of the area/a-helix that
the isotherm spans, however, varies depending upon the
deposition conditions. When the monolayer is spread at
excess area, so that there is practically no initial surface
pressure, the initial rise in pressure occurs at large area/
a-helix (=800 A2?) and the limiting area reached is about
215 A2. When the monolayer is deposited so that the initial
area/o-helix corresponds to an area where the pure
lipopeptide monolayer already exhibits a finite pressure,
a larger pressure is observed for the mixture before
compression, between 3 and 5 mN/m. The pressure
increases immediately and a final area/a-helix is reached
that is intermediate between that of the pure lipopeptide
and that of the mixture spread at excess area.

The isotherms of the mixed DLPE/BBC16 monolayers
suggest that the lipid will not pack together with the
lipopeptide in such a way as to promote ordering of the
hydrocarbon tails of the lipopeptide. Judging from the
area/a-helix at high pressures, we draw the conclusion
that the lipid competes with the peptide for area at the
interface. When the monolayer is deposited with effectively
zero initial pressure, the lipid competes most effectively
and the area/a-helix is about what we expect for the sum
of the molecular area of one a-helix in the pure lipopeptide
monolayer plus two DLPE molecules in a pure phospho-
lipid monolayer at that pressure. When the monolayer is
spread with finite initial pressure, the limiting area at
high pressures is smaller than the sum of the limiting
areas of the components, so it appears that some of the
phospholipid does occupy the excess area over the helices

(12) Helm, C. A,; Tippmann-Krayer, P.; Méhwald, H.; Als-Nielsen,
J.; Kjaer, K. Biophys. J. 1991, 60, 1457—1476.

(13) Helm, C. A.; Mdhwald, H.; Kjaer, K. Als-Nielsen, J. Biophys. J.
1987, 52, 381—390.
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Figureb5. Cartoons of the possible interactions between BBC16
and DLPE at the air—water interface: (a) DLPE fills in excess
areaaround the hydrocarbon chains of the lipopeptide; (b) DLPE
mixes with the peptide but competes with it for area at the
interface; (c) DLPE does not mix with the peptide; (d) some
DLPE occupies the excess area around the lipopeptide’s
palmitoyl chains and some of it competes with the peptide for
area at the interface. Cases b and ¢ would be consistent with
isotherms collected after deposition with zero initial pressure,
while case d agrees with deposition at finite initial pressure.
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Figure 6. Normalized reflectivity data for DLPE/BBC16 2:1
monolayers and the slab-model fits to the data (solid curves).
Data sets for different pressures have been offset for clarity.

of the peptide component. The isotherms do not give direct
evidence of the degree of mixing of the two components.
The lipid and the lipopeptide may be mixed locally or
separated into single-component domains or some coex-
istence of both mixed and separated domains may occur.
The decrease in the limiting specific area that occurs when
the monolayer is deposited with finite initial pressure,
though, implies that at least some mixing does occur.
Judging from the value of the limiting specific area, about
one-third to one-half of the phospholipid must occupy the
excess area over the helices. Figure 5 shows a schematic
representation of the molecular arrangements considered
here. Although the most probable molecular arrangement
(Figure 5d) is not the ideal case (Figure 5a), the enhance-
ment of the monolayer stability that DLPE affords us made
it worthy of inclusion in our synchrotron studies.
Reflectivity. We collected reflectivity data on several
mixed monolayers of DLPE and BBC16 at various surface
pressures. One dataset at a pressure below the plateau
in the isotherm consists of a single broad maximum (Figure
6, top curve), as was observed for the pure peptides at low
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Figure 7. Electron density profile structures of DLPE/BBC16
2:1 monolayers constructed from the parameters givenin Table
2 for the fits shown in Figure 6: (a) a one-slab model profile
for w = 22 mN/m (below the plateau in the isotherm); (b) two-
slab model profiles for various surface pressures above the
plateau in the isotherm at 32 (solid curve), 42 (fine dashed
curve), 46 (coarse dashed curve), and 51 mN/m (dotted); (c) the
same profiles as in b—but with interfacial roughnesses ne-
glected— show how the second slab puts electron density in the
headgroup region at lower pressures and in the tail region for
higher pressures.

pressure. We fit the dataset with a one-slab model, from
which we construct an electron density profile structure
that indicates that the helices are lying with their helix
axes in the plane of the interface (Figure 7a). When the
helices lie in the plane of the interface, they occupy the
vast majority of the surface area, so that itis not surprising
that the presence of DLPE cannot be discerned within the
reflectivity data. The other datasets, collected at pressures
above both the plateau in the isotherm of the mixed
monolayer and above the kink at sz, in pure DLPE, possess
three maximawith an overall shape and periodicity similar
towhat was seen for the pure lipopeptide at high pressures.
As the surface pressure increases, the ratio of the
amplitudes of the first and second maxima in the normal-
ized reflectivity increases. The data were best fit by two-
slab models in which the monolayer/subphase interface
had a roughness different from that for the slab/slab
interface and the monolayer/air interface.** These models
are consistent with a perpendicular orientation of the

(14) As will be discussed below, inplane scattering experiments
showed evidence of some phase separation between the components of
the monolayer. However, modeling the data as a superposition between
pure peptide and phospholipid domains did not result in reasonable
fits. Considering how much the data from the mixture resembles that
from the pure peptide, this outcome is not surprising and implies that
the extent of phase separation must be very small.

Strzalka et al.

Table 2. Fit Parameters for the Reflectivity Data
Collected on Mixed Monolayers of DLPE and BBC16 in a
Ratio of 2 DLPE Molecules for Each a-Helix of BBC16, as

Shown in Figure 62

7 (MN/m) Li (A) p1 (e /A%) o0 (A) o1 ()
22 4 0.600 5.1 3.6
32 46.7 0.369 5.0 3.9
42 433 0.374 5.2 3.8
46 55.7 0.391 6.2 3.25
51 53.9 0.392 7.1 37

7 (MN/m) Lz (A) p2 (e 1A%) o2 (A) x
32 8 0.460 o1 12.61
42 14.3 0.391 o 10.13
46 4.9 0.190 o 25.98
51 6.2 0.342 o 11.65

2 The corresponding electron density profile structures are shown
in Figure 7. The roughness parameters for the subphase/slab 1,
slab 1/slab 2, and slab 2/helium interfaces are given by oo, 01, and
a2, respectively, except for the 7 = 22 mN/m case, which could be
fit with a one-slab model in which o1 describes the slab/helium
interface. ® Constraint ¢ > 3.2 A applied for this fit.
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Figure 8. Normalized reflectivity data for pure DLPE mono-
layers as a function of applied surface pressure, &, on semilog
(a) and linear (b) axes: & = 37 mN/m (solid, O); &7 = 42 mN/m
(dotted, A). (c) shows the electron density profile structures
corresponding to these fits, constructed from the fit parameters
appearing in Table 3.

o-helices of the lipopeptide relative to the air/water
interface (Figure 7b). At the lowest pressures above the
plateau (32 and 42 mN/m), the resulting electron density
profile structures contain a prominent, electron dense
feature at the junction between the two slabs (Figure 7b,
solid and dashed curves). Comparing these profile struc-
tures with those obtained from pure DLPE monolayers
(Figure 8b), we conclude that this feature must correspond
to the headgroups of the lipid. The profiles terminate in
abroad air/monolayer interface corresponding to the poorly
ordered alkyl chains of the free phospholipid and the
covalently bound palmitoyl chains of the lipopeptide.
Inspection of the electron density profile structures of
the BBC16/DLPE monolayers (Figure 7b) shows that the
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Table 3. Parameters Corresponding to the Fitted
Reflectivity Curves Shown in Figure 8 for Pure DLPE
Monolayers?
a(MmN/mM)  Li(A) e (/A% La(A)  p2(e/A3) o (A)

37 7.7 0.507 13.2 0.281 3.6
42 8.2 0.506 13.2 0.300 3.3

a Two-slab fits with one overall roughness parameter.

applied surface pressure affects the phospholipid and
peptide components of the monolayer differently. The
phospholipid headgroup feature has maximal density near
m. and becomes broader and less dense as pressure
increases. Ultimately, the headgroups become indistin-
guishable from the peptide density. The peptide region,
on the other hand, grows steadily denser and thicker. Note
though, that although the headgroup region is subsumed
within the peptide region, the peptide density never
exceeds that of the headgroup feature near z.. Thus the
peptide moieties’ ordering improves while that of the
headgroups declines.

One might expect that if the headgroups become
indistinguishable from the peptide region, the data could
be fit using a one-slab model, as proved adequate for the
pure lipopeptide monolayers. However, two-slab models
also provided the best fits for the higher pressure
monolayers (w = 46, 51 mN/m). In these cases, though,
the thinner slab no longer gives rise to the electron density
peak of the PE headgroups and the decaying density of
the hydrocarbon tails. Instead, it changes the shape of
the hydrocarbon/air interface subtly by providing ad-
ditional density for the hydrocarbon tails out at large z.
The change is more pronounced when one considers the
slab models with the interfacial roughnesses neglected
(Figure 7c). Thus as the headgroup feature wanes, the
length and density of the hydrocarbon tails increase, but
their final values are still small compared with what is
observed for pure DLPE. However, considering the excess
area available to each chain due to the incomplete
occupation of the area directly over the a-helices (as
indicated by the isotherm, Figures 4 and 5d), this is to be
expected. This excess area may also provide the head-
groups the space to come out of register with each other
vertically, especially since some DLPE molecules must be
directly over the subphase while some must be over
o-helices and interacting with the loop region of the
peptide. In thisway, the density of the headgroups becomes
unobservable in the electron density profile structure at
the highest pressures investigated.

Off-Specular Inplane Scattering. At pressures above
7., monolayers of DLPE produce a single, readily observ-
able GID peak at a d spacing of about 4.3 A (Figure 9).
At a pressure of 42 mN/m, the q,-resolved Bragg rod scan
of this peak showed the hydrocarbon chains to be untilted,
as determined by calculations that model the hydrocarbon
chains as cylindrical rods.*?5 Integrated and g,-resolved
scans of the GID pattern produced by a 2:1 DLPE/BBC16
monolayer at this same pressure gave practically identical
results, albeit with aweaker signal. However, aGID signal
could not be found reliably for these mixtures. We first
observed GID at 42 mN/m and saw it again at 50 mN/m,
but not at pressures in between. The half-widths of the
Lorentzian reflections seen for all the pure phospholipid
and the phospholipid/lipopeptide mixture were about the

(15) Als-Nielsen, J.; Kjaer, K. X-ray Reflectivity and Diffraction
Studies of Liquid Surfaces and Surfactant Monolayers. In Proceedings
of a NATO Advanced Study Institute on Phase Transitions in Soft
Condensed Matter Systems, Geilo, Norway, 4—14 April, 1989; Riste, T.,
Sherrington, D., Eds.; Plenum Publishing Corp.: New York, 1989; Vol.
211.
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Figure 9. GID scans and the Lorentzian curves fit to the data
(parameters given in Table 4): (a) pure DLPE, & = 42 mN/m;
(b) 2:1 DLPE/BBC16 mixture, 7 = 42 mN/m; (c) 2:1 DLPE/
BBC16 mixture, 7 = 50 mN/m. The primed figures show the
data from g,-resolved Bragg rod scans of GID peaks in the
corresponding unprimed figures after background subtraction
and the Bragg rod calculated when the alkyl chains of DLPE
are modeled as cylinders with tilt = 0° (solid curve). g,-resolved
data were not collected for case (c). All data were collected with
a position sensitive detector.

Table 4. Pure DLPE Monolayers and 2:1 DLPE/BBC16
Mixed Monolayers?

a (mN/m)  mean (A-1)  dspacing (A)  half-width (deg)
32b —1.455 4.318 0.22
37b —1.469 4.277 0.25
42b —1.463 4.295 0.18
42¢ —1.463 4.295 0.22
50¢ —1.467 4.283 0.31

a Fit parameters from Lorentzian curves fit to GID peaks and
associated physical quantities. ® Pure DLPE monolayers. ¢ 2:1
DLPE/BBC16 mixed monolayers.

same within the uncertainty in the fit (=0.03°), implying
exponentially decaying correlations extending over about
500 A. It seems improbable that correlations could exist
over such a long distance in the mixture of palmitoyl and
lauroyl chains, which both the isotherms and the reflec-
tivity data show contain a good deal of excess area, and
that the tilt angle should be so small a value in both
systems. More likely, the mixture is too disordered to
produce GID, and the signal that we see actually comes
from small domains of DLPE that did not mix with the
lipopeptide but that are too small to affect the reflectivity
substantially. This would explain the absence of a GID
signal from the mixed monolayers at high pressures, since
we would observe GID only in the case that the X-ray
footprint on the sample contained one or more such
domains.

We also sought a GID signal arising from the packing
of the a-helices of the lipopeptide. We summed together
consecutive, identical scans of the region of the total
scattering angle —10° < 260,, < —6°, corresponding to the
range of d spacings between about 9 and 15 A. Keeping
in mind that the cross-sectional area of an o-helix is about
5 times that of a single hydrocarbon chain and that the
magnitude of the GID signal should scale as the number
of scatterers squared (I O N?), we collected data in this
region roughly 25 times as long as we had in the region
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corresponding to the hydrocarbon chain separation. But
despite integrating for 100 min of data collection time, we
were unable to detect any peak in the GID scan. (At the
end of these scans, the GID peak due to the alkyl chains
was still present and unchanged, indicating that the
monolayer had withstood the radiation dose.) The data
did not appear any different from that collected on a pure
water subphase without a monolayer for a similar time
period. After several attempts with different monolayers
at surface pressures between 42 and 50 mN/m, we
concluded that the absence of a GID signal meant that
the a-helices did not form a two-dimensional crystal in
the monolayer. We subsequently tried a different approach
to inplane scattering that could detect order within the
plane of the monolayer that was less than crystalline.
As we expected the scattering signal that might arise
from a noncrystalline arrangement of the peptide to be
very weak, we chose to work away from the equator (q;
=0 A1), to avoid the background that can be strong in
this region, especially when the incident angle is below
the critical angle.'® We positioned the scintillation counter
so that, in the plane of the reflection, the angle of
inclination equaled the angle of declination (.= =0.9°),
with the vertical aperture before the detector set 11.5 mm
high. At our sample-to-detector length of 600 mm, this
permitted us to accept X-rays from a range of angles of
inclination from the sample, 0.35° < 5 < 1.45°, and thereby
integrate over the range of momentum transfer, 0.05 <
g, < 0.2 A~ (for this measurement, 1 = 1.546 83 A). This
range was chosen to include the first maximum in the
reflectivity of DLPE and the first two maxima of the mixed
DLPE/BBC16 monolayer (Figures 6 and 8). Holding cc.and
p fixed, we moved the detector out of the plane of the
reflection and collected off-specular data as a function of
the horizontal angle (26,,) between the detector and the
direct beam. The data presented in Figure 10a are the
average of four or five scans, each lasting about 1 h.
Since the peptide is embedded in the phospholipid
matrix, we subtracted the normalized scattering data for
the pure DLPE monolayer from the data for the mixed
DLPE/BBC16 monolayer in order to isolate the signal due
to the peptide. The resulting difference signal appears as
a broad peak, which is approximately Gaussian, centered
on gy, = 0.28 A1 (27/22 A), with a standard deviation o
= 0.143 A1, The monolayer should be cylindrically
symmetric, with no preferred azimuthal direction, so the
proper interpretation of this scattering signal, lo, requires
the computation of the radial autocorrelation function by
means of an inverse Fourier—Bessel transform:*’

Ag(r) = [ 15(Q)Io(27Qr)27Q dQ (1)

where r and Q (=(2/1) sin 0y, = Qx/27) are the radial
coordinates in real and reciprocal space, respectively, and
Jo is the zeroth-order Bessel function. The resulting
autocorrelation function (Figure 11) has its first maximum
at 17 A, a distance somewhat smaller than the center of
the untransformed data because the Bessel function
enhances the weighting of the low-q data relative to the
high-gq data. This length corresponds to the distance of
closest approach between nearest neighbors. The nearest-
neighbor separation indicates that the peptide exists in
astate ofamorphously arranged dihelices, as consideration
of the peptide’s design and solution structure show. This
distance cannot accommodate two four-helix bundles,
which require a separation of at least 20 A. Dihelices, on

Strzalka et al.

—
DI
-8

— — —
C)I OI DI
~ =] wn
T T T

counts/I[J

[y
DI
@
T

N w o~ WU

counts/I, [(x107%

‘0.8 0.6 -0.4 -0.2 0

-1
Ay [A°]

- 1 R I
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Figure 11. The radial autocorrelation function, computed via
the inverse Fourier—Bessel transform of the difference signal
presented in Figure 10b, exhibits a peak at r = 17 A, yielding
the distance of closest approach between neighboring molecules.
The inset displays the entire range of the function computed.

the other hand, may be separated by 10—20 A, depending
on the geometry of the packing arrangement, so we expect
the average separation as determined by the experiment
to lie between these two values. The observed separation
of 17 A lies close to the upper end of this range, which is
consistent with the solution NMR structure of apo-BB.181°

(16) Blasie, J. K.; Fischetti, R. F. Unpublished data.
(17) Kataoka, M.; Ueki, T. Acta Crystallogr. 1980, A36, 282—287.

(18) Gibney, B. R.; Rabanal, F.; Skalicky, J. J.; Wand, A. J.; Dutton,
P. L. J. Am. Chem. Soc. 1999, 121, 4952—4960.
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To gain some idea of the ability of these molecules to pack
at the air/water interface, we computed the two-dimen-
sional radius of gyration?® from the atomic coordinates of
the family of NMR structures and found that it ranged
between 6.7 and 7.1 A, a bit less than half of the nearest-
neighbor separation obtained from the radial autocorre-
lation function and, therefore, in good agreement with
this measurement.

Discussion. The various data from the different
characterization methods that we applied to the mixed
monolayers of BBC16 and DLPE provide a consistent and
thorough picture of the structure of this system. The
phospholipid and the lipopeptide mix only when con-
strained to do so by a deposition procedure that produces
some initial surface pressure before compression begins,
and then only partially. Some of the DLPE occupies excess
area over the a-helices, and some of it competes with the
lipopeptide for area at the air/subphase interface. As
pressure is applied, the a-helices of the lipopeptide reorient
in the same manner as was seen for pure BBC16. At
pressures just above this orientational transition, and just
above the fluid-to-gel transition of DLPE, reflectivity
shows an electron-rich headgroup feature that penetrates
the a-helices, as we expect from the isotherm data.
Accordingly, the density of this feature is intermediate
between that of the peptide moiety and that of the
headgroups in a pure DLPE monolayer. Because so much
of the phospholipid competes with the peptide for inter-
facial area, it does not enhance the ordering of the alkyl
chains. In fact, the profile structure shows lower density
for the hydrocarbon chains of the mixture than for the
pure peptide monolayer. Consistent with this decrease in
the density of the alkyl chains, we were unable to detect
GID from the chains until we applied higher surface
pressures. As pressure increases, the density of the peptide
moiety grows, approaching the value of a well-packed
protein film. At the same time, the density of the
headgroup feature decreases and becomes indistinguish-
able from the peptide moiety. Apparently the excess area
in among the mixed hydrocarbon chains allows enough
freedom for the ethanolamine headgroups to disorder to
the extent that their density (smeared along z) is the same
as that of the peptide, and so they “vanish” from the profile
structure of the monolayer. The chains themselves remain
poorly ordered. Their density never attains as high a
density as the chains of pure DLPE and tends to fall off
monotonically without forming a shoulder. GID from the
hydrocarbon chains becomes observable above 40 mN/m,
but the dependence of its features on the applied surface
pressure indicates that it must be due to phase-separated
domainswithin the monolayer. The GID peak at42 mN/m
is broader than that in pure DLPE, indicating a shorter
correlation length, and the ratio of the counts in the peak
to the background level is only about 1:1, compared to 4:1
for DLPE. As pressure increases, the GID peak broadens
and the amplitude decreases relative to the background.
In pure DLPE and DMPE, the opposite trends occur. The
observed trends would be consistent with phase-separated
DLPE domains becoming increasingly perturbed by the
surrounding DLPE/BBC16 mixed phase as pressure
increases.

Additionally, it may be noted (data not shown) that 3:1
mixed monolayers of DLPE/BBC16 exhibit the orienta-
tional transition described for pure BBC16 and 2:1 DLPE/
BBC16 mixtures, but 4:1 DLPE/BBC16 monolayers do

(19) Skalicky, J. J.; Gibney, B. R.; Rabanal, F.; Urbauer, R. J. B.;
Dutton, P. L.; Wand, A. J. 3. Am. Chem. Soc. 1999, 121, 4941—4951.

(20) Macromolecules 1: Structure and Properties; Plenum Press: New
York, 1977.
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not. These results are consistent with the conclusions
above regarding the area mismatch between the hydro-
carbon chain and a-helix cross sections and indicate that
lateral compression of the peptide/water part of the
monolayer is necessary to induce the orientational transi-
tion of the helices.

Crystalline domains of the a-helices of the peptide do
not form in the mixed monolayers, and the off-specular
scattering signal obtained from the difference between
in-plane scattering scans of the mixed monolayer and pure
DLPE shows that the monolayer consists of a two-
dimensional liquid (or glass) of dihelical units. Most likely,
thisis also the state of the peptide within pure lipopeptide
monolayers and within mixed monolayers with palmitic
acid, as well, and accounts for the lack of a GID signal in
our earlier investigations of these systems.

Indirect evidence from NMR measurements and spec-
troscopic measurements on peptides labeled with chro-
mophores indicate that BB forms an anti-four-helix
bundle, with the a-helices of each dihelix antiparallel. In
a series of peptides with related primary sequences, the
ones that formed syn-four-helix bundles, with the o-helices
of each dihelix parallel, gave broad NMR spectra with
poor dispersion, indicating that these peptides did not
adopt a largely unique conformation the way naturally
occurring proteins do. Anti-four-helix bundles, on the other
hand, gave spectra with good dispersion from which high-
resolution structural information could be obtained. This
probably contributes to the lack of GID from the a-helices
and also points out a peculiar feature of monolayer
construction at interfaces. The asymmetric nature of the
interface forces the peptide to orient vectorially at high
pressure, with the palmitoyl chains in contact with the
gaseous phase. Thus the dihelices are all in a syn
configuration with respect to each other; i.e., all the
o-helices are parallel. As this is apparently the less
structurally defined configuration of the BB four-helix
bundle, vectorial orientation of the peptide may have
prevented formation of more rigid four-helix bundles and
2-D crystallization of the monolayer. The anti configu-
ration might be achieved in a suitably annealed Langmuir
monolayer consisting of a 50:50 mixture of dihelices
alkylated at their amino termini and dihelices alkylated
at their carboxy termini.

Conclusions

These experiments demonstrate our ability to create
designed, vectorially oriented peptide monolayers at the
air/water interface and emphasize the overriding impor-
tance of the asymmetric interface in the design process.
H10H24, the archetypical bundle of two amphipathic,
dihelical units, associated only weakly with the interface,
as it was designed with only solution properties in mind.
As aresult, the monolayers were unstable at high pressure
and we could only observe the peptide as dihelical units
lying in the plane of the interface. The palmitoylated
derivative BBC16 associated with the interface more
strongly and formed monolayers sufficiently stable for us
to observe the transition in the orientation of the peptide
that occurs at high pressures (=30 mN/m), when the
o-helices of the peptide become nearly perpendicular to
the interface. The most stable monolayers consist of BBC16
associated with amatrix of DLPE. We conducted a detailed
study of the profile and in-plane structures of monolayers
composed of 2:1 DLPE/BBC16 mixtures.

The presentwork has already influenced two other areas
of investigation. First, the work conducted at the air/water
interface provides insight to help guide investigation of
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maquette peptide monolayers transferred to solid supports
by Langmuir—Blodgett (LB) techniques. Care must be
taken in applying conclusions drawn from Langmuir films
to LB films, as it has been shown that the deposition
process can change the structure of the film.?%22 Indeed,
maquette peptide LB monolayers in which the orientation
of the a-helices normal to the interface apparently was
not preserved upon transfer to solid supports have already
been described.® However, under appropriate conditions,
when the support is suitably “softened” by a self-assembled
monolayer, the orientation can be maintained through
the LB deposition process.? Deposited over electrodes, such
films may allow a more complete realization of the
potential of maquette peptides for studying the electron-
transfer properties of proteins by facilitating correlated
structural and electrochemical measurements. Second,
the great stability of the DLPE/BBC16 mixed monolayers
is sufficient for us to employ neutron reflectivity to study
these monolayers. By replacing the amino acid at any
selected site in the sequence of the 31-mer with a
deuterated version of the same amino acid, we alter the
neutron scattering properties of the peptide without
altering its structure. Comparing the reflectivity from a
series of different peptides H2-labeled in this manner, we
may extract a set of key distances which determine the
internal structure of the peptide from neutron reflectivity
measurements.?? If sufficient resolution could be obtained,
this technique could prove useful for studying structural
perturbations caused by the binding of prosthetic groups
to the peptide.
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Appendix. The Box-Refinement Algorithm

Box refinement provides an iterative, model-indepen-
dent method of obtaining the phase of (and thereby
recovering the electron density distribution that gave rise
to) the scattered intensity collected in a reflectivity
experiment.?425> Our group has used it successfully to solve
the electron density profile structure of a variety of lipid
and protein thin films on solid supports.?26=28 To apply
this method, two criteria must be met. First, the structure
must be of finite extent in one direction. This is as true
of Langmuir films in the direction normal to the monolayer/
air interface as itisfor the films on solid supports to which
we have already applied the algorithm. Second, the data
being analyzed must be from the kinematical limitin which

(21) Riegler, J. E.; LeGrange, J. D. Phys. Rev. Lett. 1988, 21, 2492—
2495,

(22) LeGrange, J. D. Phys. Rev. Lett. 1991, 66, 37—40.

(23) Blasie, J. K.; Timmins, P. MRS Bull. 1999, 40—47.

(24) Stroud, R. M.; Agard, D. A. Biophys. J. 1979, 25, 495—-512.

(25) Makowski, L. J. Appl. Crystallogr. 1981, 14, 160—168.

(26) Fischetti, R. F.; Filipkowski, M.; Garito, A. F.; Blasie, J. K ;
Phys. Rev. B 1988, 37, 4714—4726.

(27) Pachence, J. M.; Blasie, J. K. Biophys. J. 1991, 59, 894—900.

(28) Skita, V.; Filipkowski, M.; Garito, A. F.; Blasie, J. K. Phys. Rev.
B 1986, 34, 5826—5837.
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Figure 12. Superposition of the profile structures obtained
for DLPE-containing monolayers: pure BBC16 atsr=33 mN/m
(solid curve), pure DLPE at 7 = 37 mN/m (dotted), and 2:1
DLPE/BBC16 mixture at 7 = 32 mN/m (dashed). The profiles
shown are the same as in Figures 3b and 8b (solid curve) and
7b (solid curve), respectively.

the incident beam is scattered weakly, with only a single
scattering event for each photon in the scattered beam.
In this limit, the scattering potential and the scattering
amplitude are Fourier transform pairs (the first Born
approximation). In the usual reflectivity formalism,®1° the
normalized reflectivity is obtained from the observed
reflectivity R by dividing out the Fresnel function®® Rg:
|®(g)|?> = R/Rg. This quantity is related to the electron
density distribution of the sample p(z) as follows

F(a,) =p—t S %B‘“Z’Z dz @)

where p., is the electron density of the semi-infinite slab
underlying the monolayer and the transformation g,'? =
g,2 — q¢2 improves the rigorousness of the equation as g
— (. by applying a correction to the momentum transfer,
which occurs within the monolayer.2° In other words, the
second condition is met by the normalized reflectivity and
the derivative of the electron density distribution. Since
the derivative of the electron density profile structure is
also finite in extent, we can apply the box-refinement
algorithm to the normalized reflectivity data in order to
recover the derivative and integrate it to obtain the
electron density distribution of the sample. If the profile
structures so obtained agree with those computed from
the parameters of slab models fit to the data, they provide
an independent check on the convergence of the fit to the
global best fit and on the appropriateness of the model
used. The examples shown here represent the first
application of the box-refinement algorithm to normalized
reflectivity data.

The box-refinement algorithm provides a method for
transforming an initial arbitrary trial structure into a
structure that correctly predicts the experimentally
observed intensity function. The heart of the algorithm is
the box constraint: the correct solution will be finite in
extent and of the same size as the actual structure. This

(29) The Fresnel function describes the reflectivity from an abrupt
interface between two media, and is given by Re(q) = |(q — (92 — qc2)¥2)/
(g + (92 — q:)¥2) |2, where the critical g-vector for total external reflection
is gc = (47/A) sin(A(pro/7)¥2) with A the X-ray wavelength and rq (=2.82
x 1075 A) the scattering length of an electron.

(30) Losche, M.; Piepenstock, M.; Diedereich, A.; Grinwald, T.; Kjaer,
K.; Vaknin, D. Biophys. J. 1993, 65, 2160—2177.
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Figure 13. See Appendix for details.

size can be obtained from the experimental data without
any assumptions by computing its inverse Fourier trans-
form. This operation yields the autocorrelation function
of the derivative of the electron density distribution (the
Patterson function). If the monolayer has a thickness L,
the significant oscillations in the Patterson function will
die out beyond =L, as correlations cannot extend over
distances larger than the structure itself.

The estimated thickness of the monolayer, the box
constraint, is first input to the algorithm. We also input

the square root of the normalized reflectivity after
transforming the independent coordinate to account for
the medium (see comment after eq 2), |Pexp(9;)], Which
gives the magnitude of the Fourier transform of the
derivative of the electron density distribution dp/dz. We
start the algorithm with an arbitrary trial structure, (dp/
dz), (a clearly incorrect choice works best), and compute
its Fourier transform. We discard the magnitude of the
Fourier transform but retain the resulting phase function,
¢1. We use ¢, to compute the inverse Fourier transform
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Figure 14. See Appendix for details.

0.1 0.2 0.3 0.4 0.5 0.6

of |Pexp(0,')] and obtain a new structure, (dp/dz);. At this
point, we apply the box constraint. The function (dp/dz);
is truncated to remove the portions beyond the limits 0
< z < L to obtain (dp/dz);;. Now we compute the Fourier
transform of (dp/dz);. We check the progress of the
refinement by comparing the square of this Fourier
transform with |®e,;(9;')|2. If the agreement is poor (as is
generally the case after the first iteration), we repeat the
procedure with (dp/dz);; as the input trial structure. We
take the phase from its Fourier transform and compute

Convergence
[R(g,) /R:(q,)]
-
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the inverse Fourier transform of |®c,,(q,')| to obtain (dp/
dz),; we apply the box constraint to get (dp/dz),; we
compute the Fourier transform and compare its square to
|Dexp(d,')|? to check the progress of the refinement; if
necessary, (dp/dz),; becomes the input trial structure for
the next iteration, and so on. The algorithm converges
when the agreement between |®.,(q,')|2 and the square
of the Fourier transform of (dp/dz), is good and there is
little change between (dp/dz), and (dp/dz)n+1. The deriva-
tive can then be integrated to obtain the electron density



Studies of Maquette Peptide Monolayers

s
(=]

—
n
T

o
©
T

o
E-N
T

Trial p(2)/pyy

o

-20 O 40

z [A]

20

0.10 (— y T T , y
0.05 b

-0.05
-0.10
-0.15

Trial dp(2)/dz

-0.20 FH————

Langmuir, Vol. 16, No. 26, 2000 10417

9
SLSF T ' ' ]
& 1.0 -
~
S ost -
S
5 0 Vs
c . . . , .
. 60 -40 -20 0 20 40
z [A]
LS’ 0.10 — . . - ;
~ 0.05 o
i -0.05
2 -0.10 } .
S -0.15
IR | P —
“- 777 50 -40 -20 0 20 40
z [A]

Convergence

0.1

Figure 15. See Appendix for details.

distribution that produced the observed reflectivity. The
constant of integration and scale of the distribution are
recovered by imposing the conditions p+., = 0 and p-. =
0.333 e /A%,

By way of example, we apply the algorithm to data
collected from 2:1 DLPE/BBC16 monolayers at 22 and 32
mN/m, that is, below and above the plateau in the
isotherm, in Figures 13 and 14, respectively. As the peptide
changes its orientation from parallel to the plane of the
interface to normal to it, the autocorrelation function,
computed via the inverse Fourier transform of the reduced
reflectivity data, extends to larger z (panel a). For
consistency, in both cases we use the same box constraint,
the range shown in panel b, much bigger than the
Patterson function indicates is necessary. We also use the
same trial profile structure, a step preceded by a slight
increase in density (shown in panel bon ascale normalized
by the subphase density), even though the calculated
reflectivity from this trial profile structure does not
produce secondary maxima, as seen in the experimental
data for the higher pressure case (compare panel d with
panel f). Convergence of the algorithm is checked by
observing the reflectivity calculated from the electron

0.2 0.3 0.4 0.5
q, (A1

density distribution derivative, dp/dz,, obtained after each
iteration of the algorithm (panel e shows this for n = 1,
2, .., 10, 20, 30, 40, 50) and comparing it to the
experimental data (panel f). The final derivatives, dp/dzs,
appear in panel g. For the low-pressure case, this consists
of a single peak and trough, along with some ripple due
to thefinite g-range of the data, while in the high-pressure
case additional maxima appear to the left of the peak and
trough at the edge of the derivative. After integration, the
results are in good agreement with those obtained from
fitting the data with slab models (compare Figure 13h
with Figure 7a and Figure 14h with the solid curve in
Figure 7b).

Figures 15and 16 illustrate how the choice of the initial
trial function affects the results obtained. The same low-
pressure data for a 2:1 DLPE/BBC16 monolayer from
Figure 13 are used in both Figures 15 and 16, but in
Figure 15 the trial function is asimple step while in Figure
16 it is a step preceded by a slight decrease in density.
The three cases, Figures 13b, 15b, and 16b, may be said
to represent, respectively, trial functions biased toward,
neutral to, and biased away from the actual electron
density distribution that produced the experimentally
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Figure 16. See Appendix for details.

observed reflectivity. As may be expected, for the trial
structure with its density enhanced before the step, the
trial structure that resembles the final result most closely,
the algorithm converges the most rapidly, as demonstrated
in superposition of the reflectivity calculated from itera-
tions 1, 2, ..., 10, 20, 30, 40, 50 (Figure 13e). It converges
almost as quickly for the neutral trial function of the simple
step, but it converges significantly more slowly for the

0.1 0.2 0.3 0.4 0.5
q, [A71

trial function with the depression before the step, as can
be seen in panel ¢, which shows the superposition of the
reflectivity calculated from the same iterations as in the
other figures. Remarkably, in all cases, the algorithm
recovers the same final electron density derivatives and
distributions (compare panels g and h in Figure 13 with
panels d and e in Figures 15 and 16).
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