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Abstract

The hydrophobic surfactant proteins, SP-B and SP-C, promote rapid adsorption by the surfactant
lipids to the surface of the liquid that lines the alveolar air sacs of the lungs. To gain insights into
the mechanisms of their function, we used X-ray diffuse scattering (XDS) and molecular dynamics
(MD) simulations to determine the location of SP-B and SP-C within phospholipid bilayers. Initial
samples contained the surfactant lipids from extracted calf surfactant with increasing doses of the
proteins. XDS located protein density near the phospholipid headgroup and in the hydrocarbon
core, presumed to be SP-B and SP-C, respectively. Measurements on dioleoylphosphatidylcholine
(DOPC) with the proteins produced similar results. MD simulations of the proteins with DOPC
provided molecular detail and allowed direct comparison of the experimental and simulated
results. Simulations used conformations of SP-B based on other members of the saposin-like
family, which form either open or closed V-shaped structures. For SP-C, the amino acid sequence
suggests a partial a-helix. Simulations fit best with measurements of XDS for closed SP-B, which
occurred at the membrane surface, and SP-C oriented along the hydrophobic interior. Our results
provide the most definitive evidence yet concerning the location and orientation of the
hydrophobic surfactant proteins.

Graphical Abstract

INTRODUCTION

Pulmonary surfactant is a mixture of lipids and proteins secreted by the type 1l pneumocytes
of the alveolar air sacs. The mixture acts as a surfactant, adsorbing to the surface of the
liquid layer that lines the alveolus and forming a thin film that reduces surface tension.! This
function is essential for maintaining the integrity of the alveolus during normal breathing.
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Ventilation of premature neonates born before the lungs have adequate amounts of
surfactant,? and of adult animals depleted of surfactant by repeated lavage,3 shreds the thin
barrier that separates alveolar air from capillary blood. The lungs develop pulmonary edema,
which causes respiratory failure.

Two hydrophobic proteins, SP-B and SP-C, are required for the function of pulmonary
surfactant. Over a relatively prolonged period, patients and genetically modified animals that
lack SP-C develop pulmonary fibrosis.*> The effect of deficient SP-B is more immediate,
equivalent to the injury that results from the absence of the complete surfactant mixture.5.7
Although SP-B and SP-C represent only ~1.5% (w:w) (~500:1 lipid:protein molar ratio) of
pulmonary surfactant,8 their functional contribution is essential. Studies /7 vitro show that
the proteins accelerate adsorption of the surfactant lipids to an air/water interface by orders
of magnitude.®-11 SP-B is responsible for most of that effect.12

The mechanisms by which the proteins achieve their function remain unresolved. Structural
information, which might provide functional insights, has been limited largely to secondary
structure, based on the amino acid sequences and spectroscopic studies.1-13.14 SP-B belongs
to the family of saposin-like proteins.1> These polypeptides form a series of amphipathic
helices that adopt the antiparallel, cross-linked configuration of the saposin fold.16:17 Most
of SP-C instead forms a hydrophobic helix.18 The locations of these proteins within the
bilayer remain incompletely defined. The studies reported here used a combination of X-ray
diffuse scattering (XDS) and molecular dynamics (MD) simulation to address that question.

METHODS
X-ray Diffuse Scattering (XDS).

Materials.—The hydrophobic constituents of calf surfactant (calf lung surfactant extract,
CLSE), obtained by extracting!® phospholipid aggregates lavaged from freshly excised calf
lungs,2% were provided by ONY, Inc. (Amherst, NY). Subfractions of the constituents in
CLSE were obtained by using established methods8 based on gel permeation
chromatography.2122 These procedures yielded the isolated hydrophobic proteins (SPs) and
the complete set of nonpolar and phospholipids (N&PL) without the proteins.8
Concentrations of the proteins and phospholipids were determined by colorimetric assays,
23,24 ysing bovine serum albumin as the standard protein. Table 1 provides details
concerning the known physical constants for bovine SP-B and SP-C and their ratio in the
physiological mixture.

Dioleoylphosphatidylcholine (DOPC) was obtained from Avanti Polar Lipids (Alabaster,
AL) and used without further characterization or purification. The following reagents were
purchased: chloroform, trifluoroethanol, and methanol (Thermo Fischer Scientific,
Pittsburgh, PA).

Sample Preparation.—Lipids and proteins were mixed in solutions of nonpolar solvents:
N&PL:CLSE, 4 mg in 200 gL of chloroform:trifluoroethanol (TFE) (1:1 v:v); SP:DOPC, 4
mg in 200 L of chloroform:methanol (3:1, v:v). The ratio of N&PL and CLSE was
expressed as the mole fraction between 0 and 1.0 of phospholipid contributed by CLSE
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(XcLse)- Weight ratios were calculated by using an average molecular weight for the lipids
in CLSE of 736 Da.?’

The mixtures were plated onto silicon wafers (15 x 1.5 x 30 mm?3) via the rock-and-roll
method,28 in which rocking the silicon wafer continuously during solvent evaporation
produces stacks of ~1800 well-aligned bilayers. Once immobile, further solvent was
evacuated for at least 2 h. The sample was trimmed to a central strip 5 mm wide and parallel
to the long edge of the wafer.28 A thick-walled, well-insulated X-ray chamber that
maintained 100% humidity hydrated the films.2

Data Collection and Analysis.—XDS from oriented, fully hydrated samples were
obtained on the G1 line at the Cornell High Energy Synchrotron Source (CHESS, Ithaca,
NY) during two separate trips using wavelengths of 1.1775 and 1.0976 A. Measurements
with DOPC were performed at the experimentally convenient temperature of 30 °C, at which
the membranes exist in the fluid phase. In mixtures of N&PL with CLSE below X¢ sg of
0.9, the wide-angle X-ray pattern at 37 °C indicated a fluid/gel (L /L g) coexistence. The
strong lamellar reflections from the gel phase dominated the low angle pattern from fluid
phase structures and limited measurements of scattering that determine the form factor.
Experiments at 40 °C for these samples with the surfactant lipids melted the gel phase and
eliminated that problem.

The flat silicon wafer was rotated from —1.6° to 7° during the measurement to sample all
scattered X-rays equally (30 s dezingered scans). The background was collected by setting
the X-ray angle of incidence to —2.4°, where scattering from the sample did not contribute to
the image. The analysis first subtracted backgrounds to remove extraneous scattering by air
and Mylar. The images were then laterally symmetrized to increase the signal-to-noise ratio.
In these experiments, when the samples became well hydrated, membrane fluctuations
produced “lobes” of XDS39:31 (Figure 1). The analysis of these data begins with quantitation
of the fluctuations by measuring the falloff of intensity in the lateral (g,) direction. The
fitting procedure uses a nonlinear least-squares fit based on the free energy functional from
liquid crystal theory

f=
N

N-1
T 2/r dr Z [I(C[V%u,,(r)]2 + Bluy, 4 1(r) — un(r)]z} )
L; n=0
where Nis the number of bilayers in the z (vertical) direction, L,is the domain size in the r
(horizontal) direction, K is the bending modulus, v, is the vertical membrane displacement,
and Bis the compressibility modulus.32 This step determines the structure factor, S(q). S(q)
is then fixed, and /(q), the intensity, is determined by using the NFIT program.3! In the next
step, the scattering density profile (SDP) program33:34 performs the Lorentz and absorption
corrections and calculates the form factor | q,)|:32

[F(q)| = 4z - 1(@)/S(q) @)

Fourier transformation of the form factor yields the electron density profile (EDP). Fitting
the electron densities of the components to the profile (see the Results section) determines
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their locations. XDS can also be used with MD simulations. Agreement between the form
factors generated by experimental measurement and the simulated structure supports the
results of the simulation.

We chose not to correct the g, positions in the form factors for membrane fluctuations,3®
since a better agreement with MD simulations of the proteins in DOPC occurred without
that correction. Because the SDP program is based on molecular volumes, the resulting
EDPs are on an absolute scale (e/A3). The modeled locations of the different components
provided by the program yield structural parameters, such as Dy (peak head-to-head
thickness), 2 D¢ (hydrocarbon thickness), and Ay (area per unit cell), given by Vc/Dg,
where £ is the volume of the unit cell. A detailed description of these analytical procedures
has been published.36

Densitometry.

Calculation of the EDP on an absolute scale required the molecular volumes of the different
components. We obtained the molecular volumes from densities of N&PL:CLSE mixtures at
~2% (w:w) in ~1.2 mL of water measured at 37 °C with an Anton-Paar DMA 5000M
densitometer.3” The instrument uses a vibrating tube to detect shifts in the period of
oscillation () caused by changes in the density (o) of the solution according to the equation
Psample = Pair = X{ Tsample ~ T,ir)2, Where «xis an instrumental constant dependent on
atmospheric pressure and room temperature. Samples of N&PL provided values for the
lipids. With the N&PL:CLSE mixtures, molecular volume increased linearly with X¢ sg,
which provided a value for the mixed proteins. We assumed, based on the molar ratio and
molecular weights of the two proteins, that SP-B and SP-C contributed equally to the
averaged molecular volume. The measurements were repeated multiple times to obtain an
average density.

MD Simulations.

We used a web-based graphical user interface for CHARMM3® to build membranes of
SP:DOPC. The simulations used systems with dimensions between 7-22 nm laterally and
12-15 nm along the zdirection. Simulations were performed using a NAPzT (constant
number of atoms, constant area, constant pressure normal to the bilayer, constant
temperature) ensemble with the open-source package GROMACS 2018.33940 and the
CHARMMS36m force field.#143 These simulations used a leapfrog algorithm to integrate the
equations of motion with a time step of Az=0.002 ps. Periodic boundary conditions were
applied along the x; y; and zaxes. Electrostatic interactions were fully treated by using the
particle mesh Ewald method.#44° Lennard-Jones interactions were truncated at a cutoff
distance (r;) of 1.2 nm and shifted from 1.0 nm to the cutoff distance, so that the interactions
approached zero smoothly at 7. This procedure avoided any spurious artifacts at the cutoff
distance. To minimize the effects of truncated interactions, we applied corrections to the
pressure and energy.

These systems were simulated for 50 ns at temperature 7= 303 K and pressure along the z
direction of P, = 1 bar (compressibility 4.5 x 107 bar~1) by using a Berendsen thermostat
and barostat*® during equilibration. In the production periods (750 ns for small systems and
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250 ns for large systems), we employed the v-rescaled thermostat coupled to a thermal
reservoir with a coupling constant z= 1.0 ps and a Parrinello-Rahman barostat with a
coupling constant z=5.0 ps. All simulations used either 384 or 96 CPUs for large or small
systems, respectively (see the Supporting Information for additional details).

Analysis of the atomic positions from the simulations used the program SIM-to-EXP.47 The
program converts simulated data to an EDP and form factors for comparison with results
obtained by XDS. The program also calculates the volume probability distributions for
different components.*8 Atoms were grouped into the headgroup, glycerol-carbonyl, chain
region, methyl trough, and proteins.

Proteins with Surfactant Lipids.

N&PL with incremental amounts of CLSE showed the effect of increasing protein with the
complete set of surfactant lipids. XDS from mixtures of CLSE and N&PL at full hydration
had the typical pattern observed with hydrated, stacked fluid bilayers (Figure 1). The
amplitudes of the scattering lobes and the points of crossover, where the form factor changes
phase, varied minimally among the different samples (Figure 2). The amount of protein
combined with the surfactant lipids had a relatively minor effect on the form factor.

The program SDP fit the experimental form factor to a model of the bilayer. The analysis
provides the experimental EDPs, and the volume probabilities for the different component
groups (Table 2 and Figure 3 for selected samples). The program fits the electron density
from the protein exclusively in the headgroup (HG), exclusively in the hydrocarbon (CH), or
with the electron density split between the two locations. The split density fit the
experimental data best. Separate, distinct locations for the two proteins provided the simplest
explanation for the split density. On the basis of their relative hydrophobicities, we
speculated that SP-B contributed the density at the surface of the bilayer (Figure 3E,FH,I,
green shading) while SP-C occurred centrally (orange shading).

Varying the amounts of added protein shifted the location of each protein (Table 2 and
Figure 3). With increasing Xc[ sg, both proteins moved further toward the center of the
bilayer. The outer protein, presumed to be SP-B, which sat against the exterior of the bilayer
at low Xc_sg, moved into the headgroup. SP-C, which was located within the hydrocarbon
core for all samples, moved closer to the bilayer’s midpoint. The dimensions of the bilayer
and its hydrocarbon core changed minimally, but each protein shifted progressively inward
(Table 2).

As expected, increased protein produced a larger volume per lipid (Table 2). Because the
area per lipid, Ay, is given by V/Dc, and D¢ remained relatively constant, the proteins also
increased A . Even the small amount of protein in CLSE (X sg = 1.0), with a protein:lipid
molar ratio of 1:554, achieved this effect.
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Proteins with DOPC.

In addition to the samples of N&PL:CLSE with the complete biological mixture of lipids,
we also measured XDS from the single phospholipid DOPC with different amounts of the
mixed proteins. Analysis with the program SDP again fit the data to a model of the
membrane. The model again fit best with protein in two distinct positions (Figure 4). The
outer protein, presumed to be SP-B, was located at the level of the headgroup. The presumed
SP-C lay well within the hydrocarbon core. In contrast to the samples of N&PL:CLSE, the
location of the proteins in DOPC moved slightly outward with increasing concentration
(Figure 4). Greater amounts of the proteins, which shifted them toward the center of the
mixed-lipid bilayer (Figure 3 and Table 2), had a minimal effect on their location in DOPC
(Figure 4).

The compositional simplicity of the samples with DOPC facilitated MD simulations. That
procedure provided information about the location and orientation of the proteins at the
molecular level, beyond the detail available from XDS. The simulations also generated a
model-independent form factor from its EDP for comparison with results from XDS.

The simulations initially considered systems large enough to include both SP-B and SP-C
(Figure 5). These systems encountered out-of-plane fluctuations sufficiently large to prevent
construction of a vertical EDP and assignment of components to specific vertical locations.
Methods that have dealt with large undulations of other systems*® were unsuccessful here.
The inability to construct a profile prevented comparison between simulated and
experimental results.

Simulations with smaller systems dampened the fluctuations. The periodic boundary
condition constrained the location of the bilayer at the edge of the simulated box and
restricted undulations. The limited size of these systems, however, accommodated only a
single protein. In contrast to the experimental samples, the smaller simulated systems
included only SP-B or SP-C rather than both proteins together. This obstacle prevented
direct comparison of these simulated systems with the experimental samples containing both
proteins.

To approximate results for a system with both proteins, we assumed that their locations were
independent. The EDPs of such systems, if weighted appropriately, should be additive. The
form factors, which relate directly to the EDP, should also be additive. A weighted average,
based on the molar ratio of 1 SP-B:5 SP-C, of the form factors from the separate simulations
with the individual peptides then provided simulated results with both proteins present. To
correct for differences in the amplitudes of the experimental and simulated form factors, we
multiplied the experimental amplitudes by a constant that achieved the best visual match
with the averaged simulated curves, relying primarily on the fit between g, = 0.20-0.23 A~1.

The simulations required the initial configurations of each protein. Membership of SP-B in
the family of saposin-like proteins (Figure S1) provided initial configurations. The structures
of some saposin-like proteins have been solved. Those peptides form 4-5 amphipathic
helices arranged into two leaves.?0 In different members of the family, the leaves adopt
either an open, V-shaped configuration or a closed conformation (Figure S2). Our
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simulations therefore considered SP-B in either the open or closed configuration. The SP-B
homodimer is unique among the saposin-like proteins in having a disulfide cross-link
between the monomers. Prior experimental structures provided no guidance concerning that
configuration. Attempts to dock the two monomers in a conformation that would facilitate
formation of the inter-monomeric disulfide bond failed with both open and closed
configurations. Our simulations therefore omitted that bridge (see the Supporting
Information for details).

Prior data have suggested that SP-C has a simpler structure, forming a single helix that spans
the lipid bilayer.13 Our results with XDS from the samples with CLSE, however, were also
compatible with the protein located within the hydrophaobic region, parallel to the plane of
the bilayer. We therefore simulated SP-C embedded in the hydrocarbon core as well as in the
transmembrane configuration.

DOPC alone, without the proteins, provided a simple control. Prior reports with slightly
different methods have shown good agreement between the form factors produced by XDS
and simulation.>! The results for the two approaches here similarly agreed (Figure S3). The
A in the simulations affected the level of agreement, with A, = 72 A2 providing better
results than 68 or 64 A2 (data not shown). While neutron scattering obtains a smaller A ,33
XDS has consistently obtained A, = 72 A2 for DOPC at 30 °C.5253

The simulations used higher protein-to-lipid ratios than present in CLSE. The electron
densities and volume probabilities of the proteins were therefore larger than for the samples
with the surfactant lipids (Figure 3). The two initial configurations of each protein produced
small differences in the structure of the DOPC bilayer. The grouped components of the
lipids remained at roughly the same location (Figures 6-9). SP-B resided close to the
phospholipid headgroup for both the open and closed configurations (Figures 6 and 7). The
protein density for SP-C aligned parallel to the interface (Figure 8) was only slightly more
bimodal than for the transmembrane configuration (Figure 9).

The averaged form factor consequently showed little variation with the different initial
configurations of the proteins (Figure 10). These composite results, generated from the
weighted average of the form factors for the simulations with each protein, generally agreed
well with the experimental form factor from XDS. The crossover points for the experimental
and simulated results were closest with closed SP-B and SP-C in the hydrocarbon region
(Figure 10A). The differences were subtle, but sufficient to provide a slight preference for
that combination. Perhaps the most important result was the similarity of the form factor for
the weighted average of the separate systems, each with one individual protein, and the
experimental results. This finding supported the assumption that the positions of the proteins
are independent.

DISCUSSION AND CONCLUSIONS

The studies reported here provide the most direct evidence yet concerning the location of the
hydrophobic surfactant proteins within the bilayer. SP-B sits at the level of the headgroup,
with some penetration into the hydrocarbon core. SP-C instead is located in the hydrophobic
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interior. These results agree with the preponderance of spectroscopic findings.}314 Those
studies generally located the proteins indirectly, based on interactions with and perturbation
of components at different levels within the membrane. They leave open the possibility that
the proteins could extend into other regions without causing detectable perturbations. Our
studies determine the location of the proteins directly.

Our findings are self-consistent. XDS and MD simulation find the proteins in DOPC at
comparable locations. In DOPC and the surfactant lipids, the proteins occupy equivalent
positions. The proteins produce the same dramatic acceleration of adsorption with the two
compositionally distinct lipids.>-11 The agreement between the different methods and the
different systems supports the validity of our findings and their likely relevance to function.

Both the location of the proteins and their simulated behavior suggest restrictions on the
possible orientations of the helices within the proteins. For SP-B, two distinct configurations
would satisfy the amphipathic character of the helices. They could orient along the face of
the bilayer, or they could form complexes that span the membrane. Helices in the
perpendicular alignment could interact to form a porelike structure, with a central
hydrophilic core, and hydrophobic helical surfaces facing the hydrocarbon core of the
membrane.>* The location of SP-B by XDS in the headgroup region and the orientations
found by simulations both argue that the helices lie along the face of the membrane.

Ideally the location of SP-B would provide insight into its function. The proteins promote
fusion, both between two bilayers®® and between the adsorbing vesicle and the air/water
interface or an interfacial film.10-56 Two models exist concerning the mechanisms by which
the protein performs its function. The bridging model proposes that SP-B tethers the vesicle
to the interface.13 A thermodynamic barrier, composed of hydration forces and entropic
effects, limits the close approximation of two bilayers.>’~60 That barrier involves the
structure of adjacent solvent and the restriction of undulation in one bilayer by the presence
of the other. Both contributions would be present for a bilayer approaching an air/water
interface. A protein that binds the vesicle to the interface might reduce that barrier.
Experimental evidence for the model is limited, but Monte Carlo®? and coarse-grained52
simulations support this possibility. The previously suggested superficial location of the
protein in the bilayer, now confirmed here, has represented an attractive feature of the
model.

The second model of adsorption emphasizes an initial continuous structure that would
connect the adsorbing lipid bilayer with the nascent film. The proposed structure would
consist of a stalk extending from the vesicle to the interface, directly comparable to the
structure proposed as a key feature in the fusion of two bilayers.83 The stalk would represent
a structure that could convey phospholipids from the vesicle to the interface without
exposing the hydrophobic acyl groups to the aqueous environment. The thermodynamic cost
of that exposure at physiological concentrations, multiple orders of magnitude above the
critical micelle concentration, would be enormous. Several experimental findings support the
possibility of a connecting stalk, and coarse-grained simulation demonstrates such a
structure.52
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The tight negative curvature of the two lipid leaflets that would constitute the stalk might
require a significant energy of bending. SP-B could reduce that energy by making the lipids
more flexible. To the best of our knowledge, measurements of how SP-B affects the modulus
of bending remain unavailable.

Alternatively, the protein could shift the spontaneous curvature of the lipids toward the
negative curvature of the stalk. Studies suggest that the hydrophobic surfactant proteins
enhance negative curvature, both in lipids that become capable of forming inverse
bicontinuous cubic phases®* and in the cylindrical monolayers of the inverse hexagonal
phase.55 To increase negative curvature, SP-B should expand the hydrophobic face of the
phospholipid monolayer more than the headgroup region. Our results here, particularly with
the surfactant lipids, suggest the opposite. The location of SP-B predominantly in the region
of the headgroup represents a significant challenge to the model in which the protein
promotes adsorption by enhancing negative curvature.

Our results show that SP-C occurs in a different location, within the hydrocarbon core. The
different positions of the two proteins is expected from their amino acid compositions.

Based on the Wimley—White scale of hydrophobicity,®® the calculated free energy of
transferring the proteins from a palmitoyloleoyl-phosphatidylcholine bilayer to the aqueous
phase is —2.37 kcal/mol for SP-B and 0.44 kcal/mol for SP-C. SP-B should prefer a more
hydrophilic environment, while SP-C favors immersion in hydrophabic regions. Our results
also suggest that the proteins sort independently to their different locations. The good
agreement between the results from the weighted average simulations and from experimental
XDS supports the assumed independence of the positions for the two proteins.

Our data provide a slight preference for orientation of SP-C along the plane of the bilayer
rather than across it. With DOPC and particularly the surfactant lipids, the volume
probabilities obtained by XDS for the inner protein occur as two distributions, each centered
within a single leaflet, rather than as a single distribution spanning the bilayer. The
agreement between simulation and XDS is also slightly better for SP-C imbedded in the
hydrocarbon core rather than in the transmembrane configuration.

That orientation of SP-C parallel to the face of the bilayer disagrees with the conclusions of
prior studies using vibrational spectroscopy,57:68 which favored the transmembrane
alignment. We speculate that the difference may reflect the lipids used, which may disguise
the behavior of the protein. The primary sequence,
LIPC*C*PVNIKRLLIVVVVVVLVVVVIV-GALLMGL,® suggests that the roughly one-
third of the protein at the amino terminal, with two positively charged residues (underlined,;
asterisk (*) indicates cysteine-linked palmitoyl residues), should favor the headgroup region.
The remaining two-thirds of the sequence toward the carboxyl terminus is extraordinarily
hydrophobic. That segment should form a helix that would lack a basis, other than the
terminal carboxyl group, for interacting with the opposing hydrophilic surface of the bilayer.
The orientation of the helix might then depend on the relative length of the helix and the
span of the hydrophobic region of the bilayer. The helical content of the protein, found to be
~60%,%8 would indicate participation of 21 amino acids. A single a-helix of that length
would extend for 31.5 A. The hydrophobic thickness for CLSE is 29.8 A(Table 2). These
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distances suggest that SP-C must assume at least a small tilt angle (~19°), which could be
larger depending on the configuration of the lipid chains. In a bilayer with a hydrophobic
region of greater thickness, the orientation of the helix would be unconstrained. A thinner
hydrocarbon core would restrict the helix to an orientation more parallel to the plane of the
bilayer.

The studies with vibrational spectroscopy used phospholipids that form the gel phase either
exclusively (dipalmitoylphosphatidylcholine:dipalmitoylphosphatidylglycerol
(DPPC:DPPG);%7 DPPG58) or predominantly (DPPC:egg PG, 8:2 mol:mol).88 Our studies
instead provide results with lipids in the fluid phase. The thickness of the hydrocarbon
region for gel phase bilayers (34.6 A for DPPC)’0 exceeds the length of the SP-C helix. The
carboxy terminus would fail to reach the opposite face of the bilayer. The hydrophobic
thickness in this case would provide no restriction on the helical orientation. For DOPC in
the fluid phase, the hydrophobic thickness (~27 A)>2 should constrain the helical orientation
to alignment more parallel to the face of the bilayer. We consider that our evidence is
insufficient to establish the helical orientation of SP-C conclusively. We contend, however,
that the evidence that the protein must align across the membrane is also inconclusive and
that its orientation in the bilayer remains an open question.

Perhaps our most distinctive result seems likely to be functionally unimportant. With greater
amounts of protein, both SP-B and SP-C move toward the center of bilayers formed by the
surfactant lipids. This shift is most easily explained by electrostatic interactions. Greater
amounts of the cationic proteins should reduce the net charge on a fixed level of anionic
lipids. This change is absent with DOPC, which lacks an anionic headgroup. The proteins
produce equivalent functional effects on the two sets of lipids.2~11 This progressive
relocation therefore seems unlikely to represent a major factor in the mechanism by which
the proteins promote adsorption.

All studies have their limitations. The relatively similar electron densities of protein and
lipid limit the certainty with which XDS can determine their locations. The simulations in
turn require the structure of the proteins as initial input. Unraveled membrane proteins do
not fold to appropriate conformations over the course of these atomistic simulations.
Although this issue seems unimportant for SP-C, the structure of SP-B is uncertain. The
studies of other saposin-like proteins suggest two initial configurations. Our results fail to
distinguish clearly between them.

One structural approximation for SP-B that seems likely to be unimportant is the absence in
our simulations of the inter-monomeric disulfide bond. Mutation of the relevant cysteine to
serine prevents formation of the disulfide linkage between the two monomers.”! Above a
threshold concentration, which is considerably less than physiological levels, SP-B from
mice with this mutation forms noncovalently linked dimers.”2 The behavior in our
simulations of the unlinked monomers seems likely to resemble the performance of the wild-
type SP-B homodimer.

J Phys Chem B. Author manuscript; available in PMC 2021 June 30.
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Figure 1.
XDS pattern from X¢ sg = 0.9 at 40 °C, with D-spacing = 81 A. At this grayscale, lobes of

white diffuse scattering obscure the diffracted lamellar orders. The X-ray beam appears as a
small, white dot at g,, g,= 0 A~1 through the semitransparent, dark rectangular beamstop.
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Form factors from XDS data for N&PL:CLSE mixtures obtained at 40 °C. D-spacings for

these fully hydrated samples were ~80-120 A.
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Figure 3.
Analysis of XDS from N&PL and CLSE mixtures using the SDP modeling program. First

row (panels A, B,C): form factors. Second row (panels D, E, F): volume probabilities. Third
row (panels G, H, I): electron density profiles. Component groups: HG (headgroup) green
protein; CH (hydrocarbon) orange protein; PhCh wine phosphocholine; CG red carbonyl
glycerol; CH,CH blue methylene/methine; CH3 magenta methyl trough. In (E, F, H, and 1),
there is an inset at the bottom of each panel with an amplified Y-axis to show clearly the
shapes and positions of the proteins’ distributions.
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Figure 4.
Experimental structural results from XDS data obtained at 30 °C.

at 3.0 wt % corresponds to 1:250 SPs:DOPC molar ratio.

J Phys Chem B. Author manuscript; available in PMC 2021 June 30.

40

35

30

25

20

15

10

SPB position (A) or SPC position(A)

Page 19

The highest concentration



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Loney et al.

Figure 5.
Snapshots from larger simulations containing both SP-B and SP-C. The protein:lipid molar

ratios were ~1:130. Snapshots of the systems were taken at the end of the 250 ns simulation.
SP-B is green and SP-C is orange in the cartoon representation. The cylinders represent a-
helices. (A) Closed SP-B and transmembrane SP-C. (B) Open SP-B and transmembrane SP-
C.
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Figure 6.
Closed SP-B in DOPC. The simulated SP-B:DOPC molar ratio is 1:40. (A) Form factors

obtained from simulations. (B) Volume probabilities of components (as in caption to Figure
3). (C) Simulated electron density (o) profile for components. (D) Snapshot of the system
taken near the end of the 750 ns simulation. The lipids are gray lines, phosphate atoms are
black spheres, and water molecules are represented by light blue spheres. SP-B is shown in
green.
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Open SP-B with DOPC. The simulated SP-B:DOPC molar ratio is 1:40. Panels and

component groups as in Figure 6.
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Simulated SP-C:DOPC, with protein in the hydrocarbon region. The simulated SP-C:DOPC
molar ratio is 1:80. Panels and component groups as in Figure 6. SP-C is shown in orange.
“N” indicates the amino terminus of the peptide. Although not shown here, the simulations
included the two palmitoyl residues.
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Simulated SP-C:DOPC, with transmembrane protein. The simulated SP-C:DOPC molar
ratio is 1:80. Panels and component groups as in Figure 8.
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Simulated form factors (black traces), generated by weight-averaging simulations with

individual proteins, compared to the experimental form factor obtained with 3.0 wt %
protein (red symbols). Numbers below in parentheses quantitate the average difference in g,
up to 0.55 A1 between experimental and simulated form factors. (A) Simulated closed SP-
B and SP-C in hydrocarbon (hc) (0.055). (B) Simulated open SP-B and SP-C in hc (0.060).
(C) Simulated closed SP-B and transmembrane (tm) SP-C (0.072). (D) Simulated open SP-B
and tm SP-C (0.071).
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Table 1.

Physical Constants for Bovine SP-B and SP-C25.26

protein
molecular weight (Da)
no. amino acids
net charge (€")
weight ratio

molar ratio

SP-B (dimer) SP-C

17,397 4042
158 34
+12 +2

1 1
0.21 1
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