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ABSTRACT

Grazing incidence x-ray diffraction (GIXD) measurements were performed to determine
the effects of SP-B,.,5, the N-terminus peptide of lung surfactant specific protein SP-B, on the
structure of palmitic acid (PA) monolayers. In-plane diffraction shows that the peptide fluidizes a
portion of the monolayer, but does not affect the packing of the residual ordered phase. This
implies that the peptide resides in the disordered phase, and that the ordered phase is essentially
pure lipid. The quantitative insights afforded by this study lead to a better understanding of the
lipid/protein interactions found in lung surfactant systems.

INTRODUCTION

Lung surfactant (LS), a complex mixture of lipids and proteins, lines the alveoli, and is
responsible for the proper functioning of the lung [1]. LS works both by lowering the surface
tension inside the lungs to reduce the work of breathing, and by stabilizing the alveoli through
varying the surface tension as a function of alveolar volume. To accomplish this, the LS mixture
must adsorb rapidly to the air-fluid interface of the alveoli after being secreted. Once at the
interface, it must form a monolayer that can both achieve low surface tensions upon compression
and vary the surface tension as a function of the alveolar radius. Insufficient levels of surfactant,
due to either immaturity in premature infants, and disease or trauma in adults, can result in
respiratory distress syndrome (RDS), a potentially lethal disease in both populations.

LS consists primarily of the saturated dipalmitoylphosphatidylcheline (DPPC),
unsaturated phosphatidylcholines, along with significant amounts of unsaturated and antonic
phospholipids such as phosphatidylglycerols (PGs), lesser amounts of anionic lipids such as
palmitic acid (PA), and neutral components like cholesterol. LS also contains four lung
surfactant-specific proteins, known as SP-A, -B, -C, and -D. Of the four, SP-B and SP-C are
small, amphipathic proteins believed to be important for the surface activity of LS. Although the
complete roles of SP-B and SP-C are not yet fully understood, they are known to be essential for
the proper functioning of LS in vivo and in replacement surfactants for the treatment of RDS.
SP-B in particular has been shown to greatly increase the activity of LS lipids both in vitro and in
vivo. It has also been demonstrated that simple peptide sequences based on the amino terminus
of SP-B possess the full activity of the native protein [2-5].
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Pure DPPC can form monolayers that attain swrface tensions near zero values on
compression; in the context of LS, this feature of DPPC definitely helps reduce the work of
breathing. However, DPPC adsorbs and respreads slowly as a monolayer under physiological
conditions, rendering it by itself not an ideal LS candidate [1, 6-8]. The unsaturated and anionic
lipids present in natural LS and added to many replacement surfactants are believed to enhance
- the adsorption and respreading of DPPC [6-8]. PA, for example, is one of the three compounds
added to exogenous surfactant in Survanta (8.5 w/w; Ross Laboratory, Columbus, Ohio) and
Surfactant TA (8.5% w/w; Tokyo Tanabe) used to treat premature infants with neonatal RDS.
PA by itself collapses at relatively low surface pressures, however, the addition of full length SP-
B or its amino-terminus peptide, SP-B;.s5, to monolayers of PA results in much higher
monolayer collapse pressures (lower surface tension values) than those of either PA or SP-B
alone. This suggests that a synergistic effect between PA and SP-B may result in the retention of
both the lipid and the protein in the primarily DPPC monolayer upon compression [9].

To determine how the SP-B;s protein incorporates itself into the PA monolayer, we
have carried out a series of GIXD experiments on both pure PA and mixed PA/SP-Bis
monolayers at the air-water interface at different surface pressures. Our findings give us the first
quantitative information on the effect of SP-B1.25 on the packing of the PA monolayer, and helps

to pinpoint the location of the peptide in the lipid matrix.
EXPERIMENT

Palmitic acid, PA, (Sigma Chemical Co., St. Louis, MO; > 99% pure) was used as -
obtained. All subphases were prepared using 18.2 M@ecm Millipore water obtained from a
Milli-Q UV Plus system (Millipore Corp.). Stock spreading solutions were made with either
pure chloroform (for PA) or 4:1 vol/vol chloroform-methanol (for SP-B1.25). Spreading solution
were made by mixing aliquots of the stock solutions to obtain the desired concentration.

The synthetic peptide based on the first 25 amino acids of the NH;-terminal sequence of
SP-B, SP-Bj.25, shown in Fig. 1, was synthesized by the solid state method using a Fmoc
strategy with an Applied Biosystems 431A peptide synthesizer. Details of the synthesis has been
published elsewhere [10].

1 + 4+ + 25
NH2-FPIPLPYCWLCRALIKRIQAMIPKG-COOH

Figure 1. Amino acid sequence of the N-terminal truncated model peptide SP-g;1_o5, with the
positively charged residues indicated with a plus sign.

All synchrotron x-ray measurements were performed with the liquid surface
diffractometer [11, 12] at the BW1 (undulator) beam line [13] at HASYLAB, DESY (Hamburg,
Germany). A thermostated Langmuir trough, equipped with a Wilhelmy balance for measuring
the surface pressure (r), and a barrier for surface pressure control, was mounted on the
diffractometer. In a typical experiment, a monolayer was first spread using a microsyringe at the
desired temperature. At least 30 minutes was allowed for complete solvent evaporation before
the two-dimensional film was compressed to the desired surface pressure. The film was then
held at this surface pressure throughout the experiment. The trough was enclosed in a sealed,
helium-filled canister where the oxygen level was constantly monitored.

The synchrotron x-ray beam was monochromated to a wavelength of A~1.303 A by Laue
reflection from a Be (200) monochromator crystal. By tilting the reflecting planes out of the
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vertical plane, the monochromatic beam could be deflected down to yield a glancing angle with
the horizontal liquid surface. The x-ray beam was adjusted to strike the surface at an incident
angle of ¢; = 0.11° = 0.85 «, where ¢, is the critical angle for total external reflection. At this
angle the incident wave is totally reflected, while the refracted wave becomes evanescent,
traveling along the liquid surface. Such a configuration maximizes surface sensitivity [14]. The
dimensions of the incoming x-ray beam footprint on the liquid surface were approximately 5 mm
X 50 mm or 1 mm X 50 mm.

In three-dimensional (3D) crystals, Bragg diffraction takes place only when the scattering
vector @ coincides with {441} points of the reciprocal 3D lattice, giving rise to-Bragg spots (h,
k, I are the Miller indices). In our two-dimensional (2D) systems and at suirface pressures of
interest, the PA monolayers are a mosaic of 2D crystals with random orientation about the
direction normal to the subphase, and can therefore be described as 2D powders. Due to the lack
of a vertical crystalline repeat, there is no restriction on the scattering vector component Q, along
the direction normal ‘to the crystal: Bragg scattering from a 2D crystal extends as continuous
Bragg rods through the reciprocal space [11, 15, 16]. The scattered intensity is measured by
scanning over a range of horizontal scattering vectors Qyy ~ (47[/1)sin(219xy/2), where 26,y is the
angle between the incident and diffracted beam. The Bragg peaks, resolved in the Qy,-direction,
are obtained by integrating the scattered intensity over all the channels along the Q. -direction in
the PSD. Conversely, the Bragg rod profiles are obtained by integrating, after background
subtraction, for each PSD channel, the scattered intensity across a Bragg peak. The angular
positions of the Bragg peaks allow the determination of the spacings d = 2z/(Qy, for the 2D
lattice. From the line shapes of the peaks, it is possible to determine the 2D crystalline
coherence length, L (the average distance in the direction of the reciprocal lattice vector Qxy over
which crystallinity ¢xtends). The intensity distribution along the Bragg rod can be analyzed to
determine the direction and magnitude of the molecular tilt.

RESULTS

Experiments were carried out at 16 °C on a pure water subphase. On pure water, 16 °C is
well below the triple point of a PA monolayer [10, 17]. The triple point denotes the unique
temperature and surface pressure in the pure component phase diagram where the condensed
(LC), liquid-expanded (LE) and gaseous (G) phase all coexist in equilibrium. - As the LE phase
does not exist below the triple point temperature, a LC film is guaranteed at low non-zero surface
pressures. These conditions thus made it possible to probe any fluidizing effect of the peptide on
the PA monolayer. GIXD measurements were made on pure PA as well as mixed PA/20 wi%
SP-B1.25 monolayers, with the films held at different surface pressures. In all cases, the pure PA
experiments gave a "baseline” for comparison with the mixed monolayer.

The diffraction pattern obtained for pure PA monolayers at 7 = 15 mN/m and = = 30
mN/m are shown in Fig. 2a. Atz = 15 mN/m, two Bragg peaks are observed at Qyy = 1.45 A-l

and QOyy = 1.50 A-1, the corresponding coherence lengths are 160 A and 450 A, respectively.
The observation of precisely two Bragg peaks in the 2D powder pattern is indicative of a
rectangular unit cell [18]. Previous work on fatty acid monolayers has also shown that in the
rectangular S, L2, L2’ phases these monolayers yield two in-plane reflections: {1,1}ct and
{02} rect [19-22]. The integrated intensity of the Bragg peak at Qyy = 1.45 A-1 peak is roughly
twice that of the Qxy = 1.50 At peak. This higher intensity results fro_m coincident {1,1}ect and
{1,-1}rect reflections, and thus leads to the assignment of the {1,1}ec reflection to the Oy =

Principal Author’s Name: Lee, K.Y.C. page 3 of 6




145 A-1 peak and the {0,2}5e reflection to the Oy = 1.50 A-! peak. The calculated d-
spacings, d;; = 4.33 A (dxy = 270 Qxy) and dp2 = 4.19 A, give rise to a rectangular unit cell with
axes Ja| = 5.06 A (1|a|? = (1/d;;2-1/(2dy3)2) and |b| = 8.38 A, and an area per chain, A;s, of 21.2
A2 (two molecules per unit cell of area = 42.4 A2).

wp@ 16°C § wpb 16°C §
Ly 3 & E PAZ0 wi% SP-B___ 40mN/m 3
o E Fon'§ F 125
x w0 % WE
: E > : ]
%‘ E PA 30mNim @ Eo
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Figure 2.Braqgg peaks from GIXD on pure water at 16 °C of (a) a pure PA film at 15 mN/m and
30 mN/m; (b) a mixed PA/20 wt% SP-Bj.s film at 15 mN/m and 40 mN/m. For clarity, the high
pressure data have been offset vertically.

The {0,2}rect Bragg rod has its maximum in the intensity profile at O, = 0 Al (Bragg rod
profiles not shown), which indicates that the molecular axis lies in a plane perpendicular to the b
axis, We analyzed the{l,1}yecr and {0,2};e0r Bragg rod intensity profiles (data not shown) by
approximating the PA molecule by a cylinder with constant electron density [11]. Our results
show that the molecule has a tlt of ~ 21° towards the nearest neighbor (along unit vector a)
direction, and the effective thickness (thickness projected on the surface normal) of the
monolayer is 20.5 A.

When the system 18 compressed to 30 mN/m, the two Bragg peaks at 15 mN/m collapse
into one (see Fig. 2a), indicating a transition to a hexagonal lattice. The scattering vector for the

single Bragg peak, indexed as {1,0}pex is Oy = 1.52 A-L with an average coherence length of
470 A, which is a significant increase over the coherence length of the {1,1}recr reflections at 15
mN/m. The hexagonal lattice has a d—spacirblg of 4.13 A and the unit cell dimension (an
intermolecular distance) ap = d/cos 30° = 4.77 A. The interfacial area per chain, Azp, is reduced
to 19.7 A2, The position of the intensity maximum of the Bragg rod (Q, ~ 0 A-l; data not

shown) implies ~ 0° tilt of the molecules. From these areas we find once again the tilt angle, r =
arccos (AzpfAjs) ~ 21°. These results agree very well with those obtained from the fits to the

{1,1}rect and {0,2}ec; Bragg rods. The quantitative information shows that an increase in
surface pressure primarily causes a decrease in the area per PA molecule due to a decrease in
molecular tilt, while maintaining the molecular packing in the plane normal to the molecules.
The Bragg peaks obtained for the lipid/peptide mixed monolayers at 15 mN/m and 40
mN/m are shown in Fig. 2b. At 15 mN/m, two Bragg peaks resulting from {1,]}ect and
{0,2}rect Teflections are observed at Q77 = 1.45 A—1 and Qg2 = 1.50 A-1, with coherence lengths
L;; =130 A and Lgp = 425 A. The d-spacings have values dj; = 4.33 A and dgp = 4.20 A,
indicating a rectangular unit cell with axes |a| = 5.05 A and |b|= 8.40 A with an interfacial area
per molecule of 21.2 A2, Similar to the pure PA case, the {0,2}rect Bragg rod has its maximum
intensity at Q, ~ 0 A-1 and the profile of the {1,1}rect reflection gives a tlt angle of 20.4°
towards the nearest neighbor (along unit vector a) direction. Comparing these results with those
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for pure PA, it is apparent that the presence of SP-B1_»s does not affect the lipid packing of the
condensed phase. The unit cell, the coherence lengths, and the molecular tilt found in the
condensed phase of PA are all preserved in this mixed system. This suggests that the peptide is
completely excluded from the condensed region of the film, consistent with fluorescence
imaging [10, 17]. As a PA monolayer at 16 °C is well below the triple point and should be in a
pure LC phase at 15 mN/m, our results indicate that incorporating the peptide into the monolayer
creates a disordered phase whose structure cannot be probed by the GIXD techniques.

Corroborative evidence of this disordered phase can be found by the drop (by a factor of
ca. 2.1) in integrated intensity observed when SP-Bq_p5 is present (see Figs. 2a and 2b). Since
GIXD is only sensitive to the ordered phase, this decrease in scattering intensity suggests that a
disordered phase occupies ca. 50 percent of the monolayer surface area, which is qualitatively
consistent with our fluorescence microscopy findings [10, 17].

At 40 mN/m, the mixed film exhibits a single Bragg peak at Qyy = 1.52 A-1 with a
coherence length of 450 A. As was observed without the peptide, the condensed phase. of the
monolayer assumes a hexagonal packing with ~ 0° molecular tilt. The d-spacing is 4.13 A, with
an intermolecular separation of 4.77 A and an area per molecule of 19.8 A2. These lattice
parameters are identical (within experimental errors) to the pure PA monolayers at 30 mN/m.
This implies that the condensed phase of the film at this elevated pressure is only made up of PA
molecules. A direct comparison at 40 mN/m is not possible because the pure PA film collapses
below 40 mN/m. Unlike the low surface pressure case, the integrated intensity found in this case
is only slightly lower than that in pure PA at 30 mN/m, the ratio being ca. 1.3. It should be noted
that the two cases are at different pressures (30 mN/m without protein; 40 mN/m with protein),
that may also account for the smaller decrease in the scattering intensity. Nonetheless, the
smaller decrease is consistent with fluorescence images that show a smaller fluid phase at higher
surface pressures [10, 23]. :

CONCLUSIONS

GIXD measurements were used to investigate the influence of the truncated LS peptide,
SP-B1.25, on the packing of PA monolayers at the air-water interface. From the GIXD we infer
that on pure water subphase, the peptide is incorporated into the disordered phase of the PA
monolayer. The insertion of the peptide leads to a reduced amount of ordered phase in the film,
as reflected by a decrease in scattering intensity in our GIXD data. This reduction in scattering
intensity is particularly apparent at 16 °C. Below the triple point of the PA film, a disordered
~ phase does not exist at non-zero surface pressures in pure PA films; the disordered phase that
occurs when peptide is present points to the fluidizing capabilities of SP-B1_25. This finding
corroborates our fluorescence microscopy data, which show that a disordered phase is created
when SP-Bj 25 is present in the PA monolayer.[10, 17]

Although SP-Bj.25 induces a disordered phase in the monolayer, our GIXD data show
that the peptide does not affect the molecular packing of the ordered phase. Within experimental
errors, films with and without SP-B1.25 have identical packing parameters. This suggests that
the peptide is completely excluded from the ordered phase of the film, and hence must reside in
the disordered portion of the monolayer. It should be pointed out that the lattice parameters
obtained here for PA and the mixed PA/SP-B|.25 monolayers are similar to those found in longer

chain fatty acids.
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