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What Is It about?

Native lung surfactant plays a pivotal role in normal breathing because it reduces alveolar surface
tension to low values. Its biophysical activity depends uniquely on the hydrophobic surfactant protein
B (SP-B). Treatment with bovine and porcine lung surfactant extracts has greatly improved survival of
premature infants with respiratory problems due to surfactant deficiency. SP-B is a member of the
saposin family of proteins that share an overall three-dimensional folding pattern based on secondary
structures and disulfide connectivity. Using the saposin 3D-structural motif, we designed, synthesized,
and tested the surface activity of synthetic lung surfactants containing active SP-B mimics.
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Abstract

Surfactant protein (SP)-B is a 79-residue polypeptide crucial for the biophysical and physio-
logical function of endogenous lung surfactant. SP-B is a member of the saposin or saposin-
like proteins (SAPLIP) family of proteins that share an overall three-dimensional folding pat-
tern based on secondary structures and disulfide connectivity and exhibit a wide diversity of
biological functions. Here, we review the synthesis, molecular biophysics and activity of syn-
thetic analogs of saposin proteins designed to mimic those interactions of the parent proteins
with lipids that enhance interfacial activity. Saposin proteins generally interact with target
lipids as either monomers or multimers via well-defined amphipathic helices, flexible hinge
domains, and insertion sequences. Based on the known 3D-structural motif for the saposin
family, we show how bioengineering techniques may be used to develop minimal peptide
constructs that maintain desirable structural properties and activities in biomedical applica-

Frans J. Walther, MD, PhD, FAAP

Los Angeles Biomedical Research Institute
Harbor-UCLA Medical Center

1124 West Carson Street, Torrance, CA 90502 (USA)
E-Mail fjwalther @ ucla.edu

KARGER


http://dx.doi.org/10.1159%2F000451076

Biomedicine Biomed Hub 2016;1:451076 (DOI: }Q,1159/000451076)

“ © 2016 The Author(s). Published by S. Karger AG, Basel
5 www.karger.com/bmh

Walther et al.: Design of Surfactant Protein B Peptide Mimics Based on the Saposin
Fold for Synthetic Lung Surfactants

tions. One important application is the molecular design, synthesis and activity of Saposin
mimics based on the SP-B structure. Synthetic lung surfactants containing active SP-B analogs
may be potentially useful in treating diseases of surfactant deficiency or dysfunction includ-
ing the neonatal respiratory distress syndrome and acute lung injury/acute respiratory dis-

tress synd rome. © 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction to Saposin Family Proteins

SP-B is a 79-residue polypeptide that is crucial for the biophysical and physiological
function of endogenous pulmonary surfactant [1, 2]. SP-B is a member of the saposin or
saposin-like proteins (SAPLIP) family of proteins based on amphipathic helical sequences,
alignments, and disulfide connectivities [3, 4]. This combination of structural motifs results
in a tertiary ensemble that incorporates amphipathic helices and turn/bend regions in a
“saposin fold” structure stabilized by intramolecular disulfide linkages. This disposition of
structural elements with stable helical regions plus specifically distributed charged residues
and defined molecular flexibility promotes strong interactions with both the head groups and
fatty chains of lipids [5, 6]. Over the past decade, structures have been determined for several
saposin proteins (e.g., NK-lysin, saposins B and C) based on solution NMR and high-resolution
X-ray crystallography [4-10]. These physical studies on saposins other than SP-B showed
that the characteristic saposin fold consists of 4-5 a-helical domains (i.e., N-terminal helix 1,
helices 2-4 and C-terminal helix 5) joined together by 2-3 intramolecular disulfide links [11].
The helical bundle for saposins is folded into two leaves, with one leaf having a-helices 1 and
4-5 and the second leaf composed of a-helices 2 and 3, with flexible hinges between helices
1 and 2 and also between helices 3 and 4-5. Saposins may fold in either closed or opened
tertiary conformations. In the closed or compact conformation, the two leaves are in close
contact such that the amphipathic a-helices with hydrophilic (charged, neutral) residues face
the solvent, while hydrophobic side chains form a core stabilized by intramolecular disulfide
bonds. In the opened or extended conformation, however, the two leaves of the saposin are
splayed apart, thereby exposing more of the cationic and hydrophobic amino-acid residues
for binding to lipids [11]. Although the complete three-dimensional (3D) structure of human
SP-Bhasnotyetbeen determined, homology modeling of SP-B, in which the primary sequence
of SP-B was templated onto the known 3D structure of NK-lysin, indicated that SP-B may fold
as a closed saposin [12-14]. Homology modeling is justified because the primary sequences
and disulfide cross-linkages for both SP-B and many members of the Saposin family of proteins
share acommon evolutionary origin [3]. Here, the structure of human SP-B has been homology
modeled based on the lowest energy conformers of NK-lysin, granulysin, saposin A, saposin
C and saposin D [4, 6-9], which was then aligned with SP-B by sequence similarities using
TM-align [15] followed by structural analysis using the server-based I-TASSER program [16].
This homology-modeled SP-B exhibits the typical folding pattern for closed saposins, with
one leaf including the N-terminal insertion sequence and helix 1, C-terminal helix 5 and the
leucine repeat helix 4 in close apposition, and the second leaf composed of the AV repeat helix
2 and Inner dimer helix 3 joined by the disulfide stabilized bend (Fig. 1). Although the complete
3D structure of full-length SP-B has not yet been experimentally determined, the N- and
C-terminal helical domains have been confirmed with conventional and isotope-enhanced
Fourier transform infrared (FTIR) [14, 17-19] and solution 2D-NMR [20-22] spectroscopic
analyses of extensive peptide fragments based on the known primary sequence and/or
disulfide connectivities of the parent SP-B.
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Fig. 1. A 3D homology model of SP-B that folds in the closed saposin conformation, constructed by templat-
ing the primary sequence of the target SP-B protein onto the lowest energy conformers of the experimental
NK-lysin (PDB:1NKL), granulysin (PDB:1L9L), saposin-A (PDB:2DO0B), saposin-C (PDB:2GTG), and saposin-D
(PDB:3BQP) structures. Human SP-B and the saposin family proteins were aligned by sequence similarities
using TM-align [15], followed by structural homology templating and refinement using the server-based I-
TASSER program [16] (see Introduction to Saposin Family Proteins). This homology-modeled SP-B shows
five amphipathic helices organized in two “leafs.” The first leaf includes the N-terminal insertion sequence
and helix 1, C-terminal helix 5, and the leucine repeat helix 4 in close apposition, while the second leafis com-
posed of the AV repeat helix 2 and inner dimer helix 3 joined by the disulfide stabilized bend. This homology
model was used to design novel linear peptides (i.e., Mini-B and Super Mini-B) that when oxidized (i.e., disul-
fide-linked) not only closely simulate the 3D-structure of the leaf containing the N- and C-terminal helices,
but also demonstrate high surfactant activities. Alpha helixes are highlighted in red, disulfide linkages are in
yellow, bends and disordered backbone conformations are colored in green.

One important aspect of homology-based models of SP-B (e.g., Fig. 1) is that they predict
disk-like structures containing disulfide-linked, positively charged amphipathic helices (i.e.,
N- and C-terminal domains), which may promote surfactant activity [12-14, 23]. In our labo-
ratories [14, 19, 24], we have developed synthetic, disulfide cross-linked peptide constructs
(e.g.,, the 34-residue “Mini-B” or “MB” and the 41-residue “Super Mini-B” or “S-MB”), which
not only mimic the structure of the SP-B leaf containing the N- and C-terminal regions, but
also demonstrate high surfactant activities in in vitro and in vivo assays. Because the impor-
tance of SP-B in respiratory function is directly linked to its activity in pulmonary surfactant,
a discussion of this complex and essential biological material is given below and the thera-
peutic importance of synthetic lung surfactants is described. Subsequent sections then
describe how this basic information was used to develop “short-cut” versions of full-length
SP-B (e.g., MB and S-MB) that exhibit high surfactant activities.
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Endogenous Lung Surfactant

Surfactantin the lungs of air-breathing animals is one of the most powerful surface-active
substances known. Biophysically important chemical components of endogenous lung sur-
factant include dipalmitoyl phosphatidylcholine (DPPC), a mix of other saturated and unsatu-
rated zwitterionic phosphatidylcholine (PC) species, anionic phospholipids including phos-
phatidylglycerol (PG), and three surfactant proteins (SPs): SP-A, SP-B, and SP-C. A fourth
apoprotein (SP-D) isnotinvolved in the biophysical functioning oflung surfactant. By lowering
and varying alveolar surface tension, lung surfactant has physiologically essential actions in
maintaining a low work of breathing and stabilizing small alveoli against collapse (atelec-
tasis) during expiration. Lung surfactant also enhances the uniformity of alveolar inflation
during inspiration, and reduces the overall hydrostatic driving force for pulmonary edema.
Details of the discovery, composition, and physiological actions of pulmonary surfactant are
reviewed elsewhere [1].

Lung Surfactant-Related Disease and Surfactant Therapies

Because active pulmonary surfactant is pivotal for normal breathing, its deficiency or
dysfunction leads to severe acute respiratory failure. Surfactant deficiency causes respiratory
distress syndrome (RDS) in preterm infants with immature lungs and surfactant dysfunction
isimportant in the pathology of acute lung injury (ALI) and acute RDS (ARDS) in pediatric and
adult patients [1, 25]. RDS is most prevalent in infants born at <32 weeks of gestation and
affects about 40,000 preterm infants per year in the US. ALI/ARDS occurs in patients of all
agesinassociation with direct and indirect lung injury [25, 26]. The complex pathophysiology
of lung injury includes surfactant dysfunction, inflammation, vascular dysfunction, and cell/
tissue injury [25-27]. Approximately 50,000-190,000 adults per year in the U.S. develop
ARDS [26, 27], and the annual incidence of ALI is 22-86 cases per 100,000 adults [28, 29].
Children have a lower but still substantial incidence of ALI/ARDS of 2-12 cases per 100,000
per year [30]. Mortality rates for ALI/ARDS vary somewhat with specific etiology and patient
population, but generally remain at high levels of 25-50% despite advanced medical intensive
care. The important contribution of surfactant dysfunction to acute respiratory failure and
ALI/ARDS provides a strong conceptual rationale for exogenous surfactant therapy in direct
pulmonary forms of these syndromes in addition to neonatal RDS.

Clinical surfactant therapy for RDS was developed in the 1980s, primarily with animal-
derived surfactant, and has greatly decreased the mortality and morbidity of preterm infants
[31]. However, these native clinical surfactants are nontrivial in cost, and many very preterm
infants with severe RDS still have impaired long-term outcomes due to progression towards
bronchopulmonary dysplasia. At the introduction of lung surfactant replacement therapy,
there was a fear for viral-induced and animal prion diseases, but none have been reported
among the millions of preterm infants treated with animal-derived clinical surfactants.
Surfactant therapy for ALI/ARDS is less developed than in the case of RDS, although benefits
to respiratory outcomes and survival from surfactant administration have been documented
in term infants with meconium aspiration and pneumonia, and in pediatric patients with direct
ALI/ARDS [32]. Clinical studies of surfactant therapy in adults with ARDS have been more
problematic. Two surfactant drugs, Exosurf® [33] and Survanta® [34], were tested in controlled
trials in adults with sepsis-induced ARDS in the 1990’s with little or no beneficial effects.
However, Exosurf®, a mixture of DPPC and cetylalcohol and tyloxapol as spreading agents, is
now known to have low surface activity and no longer used clinically, whereas the bovine-
derived clinical surfactant Survanta® contains minimal levels of highly active SP-B [1].
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It is important for surfactant therapy applications to distinguish between direct pul-
monary causes of ALI/ARDS and systemic (indirect, nonpulmonary) causes. Indirect forms of
ALI/ARDS frequently include multiorgan dysfunction and systemic inflammation not targeted
by exogenous surfactants, making the therapy inherently less effective. Post hoc analyses in
two trials have indicated significantly greater efficacy for exogenous surfactants in direct
versus indirect forms of ALI/ARDS [35, 36]. The most positive placebo-controlled trial to date
is the multicenter pediatric intensive care study of Willson et al. [35] with Infasurf®, a bovine-
derived clinical surfactant that contains a substantial content of native SP-B and SP-C [1]. This
multicenter trial in 153 pediatric patients demonstrated significant improvements in survival
after tracheal instillation of Infasurf® in direct pulmonary forms of ALI/ARDS. These findings
are consistent with extensive biophysical and animal studies indicating that surfactants with
active protein/lipid compositions can reverse inhibitor-induced surfactant dysfunction and
improve respiration if delivered effectively to the alveoli in direct lung injuries [25, 32].
Tracheal or bronchoscopic instillation as opposed to aerosolization is currently the most
effective route of clinical surfactant delivery [1, 25, 32].

As pharmaceutical products, synthetic surfactants have significant potential advantages
compared to animal-derived drugs in purity, reproducibility, quality-control, and scale-up
economy compared to animal-derived preparations. The nontrivial batch-to-batch variability
of animal-derived surfactants necessitates significant quality-control testing for composition
and bioactivity. Synthetic drugs also have synthesis economies of scale not possible for animal
products that have production costs directly proportional to animal usage. Synthetic surfac-
tants are also free from the risk of prion-transmitted disease like bovine spongiform enceph-
alitis, and are not subject to cultural and religious issues affecting bovine or porcine drugs in
some countries. Components in synthetic surfactants can also be designed to have novel
beneficial molecular properties for specific applications. One example of this is the use of
phospholipase-resistant lipids in synthetic surfactants [37, 38]. Such surfactants are struc-
turally resistant to degradation by endogenous phospholipases, which can be induced during
the pulmonary inflammatory response in ALI/ARDS [39-41]. If ALI/ARDS is to be cost-effec-
tively treated with surfactant therapy in pediatricand adult patients, recombinant or synthetic
chemical drugs are far more likely to achieve this goal. The conceptual advantages of synthetic
surfactants also potentially facilitate their utility and cost-effectiveness in other applications
such as in the delivery of antibiotics or other drugs in liposomal systems.

Although the potential benefits of synthetic lung surfactant are clear, we should also be
aware of potential limitations. We know relatively little about the metabolism and clearance
of synthetic lung surfactant in the mammalian lung. We do know that native surfactant is
cleared by alveolar macrophages and alveolar type 2 cells in the lung and that instillation of
pure surfactant lipids (especially DPPC) does not lead to perturbation of the endogenous
DPPC pool in the lung. However, there is only limited information about the metabolism of
synthetic lung surfactant, i.e. surfactant composed of SP-B and/or SP-C mimics mixed in
lipids, in the lungs. We have never recognized signs of toxicity from synthetic lung surfac-
tants in animal experiments that lasted several hours, nor have other researchers reported
toxicity in preterm lambs supported for 1-2 days after treatment with synthetic lung
surfactant [42, 43]. Only 2 studies have investigated whether synthetic surfactant peptides
affect alveolar type 2 cell function. Romero et al. [44] found that human alveolar type 2 cells
and other lung cell types can incorporate the components of Surfaxin® (KL, surfactant)
without altering the surfactant-related physiological functions of these cells. Poelma et al.
[45] demonstrated that the uptake of liposomes with monomeric and dimeric SP-B(1-25)
by alveolar type 2 cells was similar to the uptake of liposomes with native SP-B, but decreased
by the addition of a mutant SP-B peptide. Similar studies should be done for the newer SP-B
and SP-C peptides.
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Synthetic Lipid/Peptide Lung Surfactant Design

The vast majority of synthetic lung surfactants are designed to incorporate, replicate, or
substitute for functionally crucial molecular biophysical interactions present in native
pulmonary surfactant. To accomplish this, synthetic surfactants typically require composi-
tions containing both surface-active lipids and surface-active amphipathic peptides. Although
native surfactant contains a broad mix of glycerophospholipid molecules, extensive research
experience indicates that many of the functional biophysical characteristics of the overall
phospholipid fraction can be replicated effectively by simpler compositions in synthetic
surfactants (e.g., by DPPC plus a monounsaturated PC and/or PG component). By virtue of its
saturated C16:0 chains, DPPC is extremely effective at lowering surface tension in dynami-
cally compressed films at the air-water interface. The addition of a PC component acts to
improve film fluidity and spreading during interfacial cycling, and the further addition of an
anionic PG provides the potential for specific molecular interactions with cationic residues
on surfactant peptides.

A similar conceptual strategy can be followed if novel phospholipase-resistant lipids are
used rather than glycerophospholipids in synthetic lung surfactants. Highly active phospho-
lipase-resistant synthetic surfactants have been prepared using DEPN-8, a C16:0 phospho-
lipase-resistant diether phosphonate analog of DPPC [24, 37, 46]. The saturated fatty chains
and large zwitterionic headgroup of DEPN-8 give it strong surface tension lowering power in
analogy with DPPC, while its ether linkages increase film fluidity and spreading facility
compared to ester-linked DPPC [24, 37, 46]. This makes it unnecessary to include an added
unsaturated PC in synthetic surfactants containing DEPN-8, although an added PG analog can
again be used to provide for specific molecular interactions with cationic residues on
surfactant peptides [38].

The most challenging chemical components of synthetic surfactants are those mimicking
the activity of native lung SPs. Major interest focuses on components related to SPs SP-B and
SP-C, since they are present in animal-derived surfactant drugs that have documented
clinical benefits in preterm infants. In contrast, hydrophilic SP-A protein is removed during
organic solvent extraction or column chromatographic processes used in preparing all
current animal-derived surfactant drugs. SP-B is the most active and physiologically pivotal
of all the native SPs [1, 2]. Extensive laboratory studies have documented that SP-B is more
active than SP-C in interacting biophysically with lipids in lung surfactant activity [47], and
supplementation with SP-B or synthetic SP-B peptides increases the activity of surfactants
containing only SP-C in animal models [48]. Knockout mice with isolated SP-B deficiency die
shortly after birth of respiratory failure [49], and human infants with SP-B mutations do not
survive beyond the first days of life without surfactant replacement (and ultimately lung
transplantation) [50, 51]. Experiments by Ikegami et al. [52] using conditional knock out
mice showed that adult animals rendered acutely deficient in SP-B developed severe respi-
ratory distress with surfactant dysfunction and pulmonary inflammation. Mice left SP-B defi-
cient died with pathology resembling ARDS, but the abnormalities were reversed and the
mice survived if SP-B synthesis was restored. All mice maintained normal levels of SP-C
during study [52].

The remainder of this article focuses on the design and synthesis of SP-B peptides, and
their use in highly active synthetic lung surfactants. First, descriptions are presented of MB
and S-MB, two highly active SP-B peptides synthesized and studied in our laboratories [14,
24]. These are followed by an overview of strategies for developing new SP-B peptides via
molecular design.
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MB and S-MB Synthetic Peptides

Synthetic Peptides Based on the N- or C-Terminal Domains of SP-B Fold as a-Helical,

Amphipathic Domains and Exhibit Surfactant Activities

Early homology models of SP-B, in which the primary sequence of SP-B was templated
on the known 3D structure of NK-lysin, granulysin, and saposins A, C, and D indicated that
SP-B may fold as a closed saposin (see above; Fig. 1) [12-14]. Circular dichroism and FTIR
spectroscopy of full-length SP-B confirmed the high a-helical content predicted by these
homology models [53, 54]. To test the hypothesis that the exposed N- and C- terminal helical
domains of native SP-B (i.e., the N-terminal insertion sequence and helix 1 and C-terminal
helix 5 of Fig. 1) may promote surfactant activity, synthetic peptides encompassing each of
these regions were previously investigated in structural and functional studies. Based on the
human SP-B sequence (SP-B residues 1-25: FPIPLPYCWLCRALIKRIQAMIPKG), residue-
specific 13C-FTIR spectroscopy of synthetic SP-B(1-25) (PDB accession code: 1DFW; www.
rcsb.org) [18] or 2D-NMR spectrometry on synthetic SP-B(11-25) (PDB: 1KMR) [20] verified
the N-terminal a-helix (~residues 10-20) predicted in the above 3D-homology models for
SP-B (Fig. 1). Prior physical experiments indicated that the helical N-terminal region of
SP-B(1-25) anchors this peptide onto lipids, such that the long molecular axis lies at an
oblique angle to the lipid bilayer plane with the neutral and charged residues oriented towards
the polar headgroup region and the hydrophobic residues directed towards the lipid acyl
chains [17].Importantly, SP-B(1-25) and full-length SP-B each increased the collapse pressure
of lipid monolayers containing palmitic acid. The cationic N-terminus of SP-B may here
interact with anionic lipids to remove the driving force for lipid squeeze-out from the surface
film [55, 56]. In further studies, SP-B(1-25) and native SP-B each induced a coexistence of
buckled and flat monolayers when added to surfactant lipids, promoted a low surface tension
and increased respreading of the surfactant monolayer [57]. Follow-up investigations using
atomic force microscopy demonstrated that the molecular topography of surfactant lipid
films containing SP-B(1-25) has extensive “nanosilo” formation (i.e., large cylindrical multi-
layer stacks oflipid-peptide ensembles 200-400 nm in diameter and 20 nm in height attached
to the surface monolayer) as a function of surface pressure [58]. The above in vitro surfactant
activities of SP-B(1-25) are also correlated with the improved oxygenation and lung
compliance noted for this peptide in surfactant-deficient animal models [59-62]. Because
physical studies indicated high a-helical levels for N-terminal SP-B peptides in lipids or
membrane-mimics [17, 18, 20, 63, 64], the N-terminal domain in native SP-B may contribute
to surfactant actions as a charged amphipathic a-helix.

Peptides encompassing the C-terminal region of native SP-B (i.e., the C-terminal helix 5
in Fig. 1) may also participate in lung surfactant activities. Similar to the N-terminal domain,
the positively charged helical C-terminus of SP-B may be involved in lung functions, as
synthetic peptides either directly (e.g., SP-B residues 63-78: GRMLPQLVCRLVLRCS) (PDB:
1RG3, 1RG4) or indirectly (e.g., KL4 [21 residues]: KLLLLKLLLLKLLLLKLLLLK) representing
the C-terminus may adopt helical conformations [22, 65-67] and promote in vitro [65, 66, 68,
69] and in vivo [68, 70, 71] surfactant activities mimicking those of the native protein. Impor-
tantly, lucinactant, a new total synthetic lipid-peptide preparation that includes the KL4
peptide designed to loosely mimic the C-terminal domain of SP-B, has been tested in two
clinical trials with preterm infants at risk for RDS [72, 73]. Lucinactant (Surfaxin®) contains
a mixture of lipids and the sinapultide peptide, also known as KL4 because of its repeating
motif of one lysine followed by four leucine residues (see above). These infant studies indi-
cated positive results [72, 73], and the Food and Drug Administration (FDA) approved
Surfaxin® in 2012 for the clinical treatment of RDS. Surfaxin® was the first approved therapy
in the US that treats a surfactant deficiency with a total synthetic lipid-peptide formulation,
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and represents a new class of synthetic surfactants containing lipids and limited quantities of
SP-B and/or SP-C mimics. Despite this important advance, however, there were problems in
the storage and delivery of Surfaxin®. The above clinical trials indicated that Surfaxin® forms
a gel in its storage form, and must first be heated to 44°C and then shaken before tracheal
administration. The physical basis for this gel formation is not yet known, but may be related
to the low binding of KL4 to lipids when compared to native SP-B and SP-C [70], and also to
the ability of KL4 to form both 3-sheet and a-helix with either mixed lipid monolayers [74] or
mixed liposomes at high peptide loading [75]. Such stability problems limited the widespread
use of Surfaxin® in the treatment of surfactant deficiencies, particularly in emergencies, and
have led to the voluntary decision by its producer to withdraw Surfaxin® from the market in
2015.

Design of Advanced MB and S-MB Peptides to More Closely Mimic Key Structural and

Functional Properties of Full-Length SP-B

Although peptides directly representing the N- or C-terminal domains demonstrate
significant in vitro and in vivo surfactant functions (see above), these synthetic peptides,
when tested alone or in combination, show substantially lower surfactant activities than
those of native SP-B [14]. The above results suggest that the topographical organization of the
N- and C-terminal helical domains in full-length SP-B may play a critical role in the expression
of high surfactant activities. In this context, the homology model for SP-B (Fig. 1) indicates
that the N-terminal insertion sequence and helix 1 (SP-B residues 1-25) and the C-terminal
helix 5 (SP-B residues 63-78) will constitute one of the two “leaves” of SP-B, in which the N-
and C-terminal helices are neighboring amphipathic a-helices with the disulfide cross-links
(i.e., Cys-8 to Cys-77 and Cys-11 to Cys-71; numbering from full-length SP-B) locking in this
close juxtaposition. Novel SP-B mimics have accordingly been designed to more closely
reproduce the topology of the N- and C-terminal motifs of the parent protein. One such SP-B
mimic developed by our group is Mini-B (MB [residues 8-41]: CWLCRALIKRIQAMIPKG-
GRMLPQLVCRLVLRCS; numbering according to the below S-MB), a 34-residue peptide that
incorporates residues 8-25 and 63-78 of native SP-B as a single linear peptide. MB is a trun-
cated or “short-cut” version of SP-B, with the N-terminal insertion sequence (SP-B residues
1-7: FPIPLPY) omitted and helices 2-4 (i.e., SP-B residues 26-62) (Fig. 1) replaced with the
four-residue (PKGG) sequence. The hydrophilic PKGG sequence would likely participate in an
MB turn, as earlier proteomic surveys indicated that turns are primarily composed of hydro-
philic residues such as glycine and proline [76]. Furthermore, previous theoretical predic-
tions using neural network algorithms indicated that the PKGG sequence in MB will fold as a
B-turn [77,78]. The designer helix - B-turn - helix structure in MB would be expected to bring
the two helices into close juxtaposition, thereby permitting the formation of disulfide bridges
between Cys-8 and Cys-77, and also between Cys-11 and Cys-71.

Because prior results with SP-B peptides [17, 18, 58, 63, 79, 80] suggested that the
N-terminal sequence (i.e., residues 1-7) plays key roles in the surfactant properties of full-
length SP-B, we next engineered the Super Mini-B (S-MB), a 41-residue peptide mimic in
which residues 1-7 were covalently attached to the N-terminus of MB (S-MB [residues 1-41]:
FPIPLPYCWLCRALIKRIQAMIPKGGRMLPQLVCRLVLRC). S-MB might be expected to show
higher surfactant activity than MB, because the former peptide may more accurately mimic
theleaflet structure containing the N- and C-terminal domains of SP-B (Fig. 1). Neural network
algorithms also predict that the presence of the N-terminal insertion sequence in S-MB will
not influence the ability of PKGG to fold as a B-turn [77, 78]. Interestingly, the N-terminal
XPXPXPY motif, where X denotes hydrophobic residues, may serve as a lipid insertion
sequence to more firmly anchor S-MB to lipid monolayers and bilayers, as has been experi-
mentally observed for the N-terminal SP-B(1-25) peptide [17]. Moreover, the N-terminal
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insertion sequence (residues 1-7) for S-MB may facilitate the production of noncovalently
associated S-MB dimers (see below), and this in turn may influence the lipid-binding prop-
erties of S-MB.

Synthesis of MB and S-MB as Saposin (SP-B) Mimic Peptides

MB and S-MB were synthesized on a Symphony Multiple Peptide Synthesizer (Protein
Technologies, Tucson, AZ, USA) using a FastMoc™ protocol [81] on a H-Serine (OtBu) HMPB
NovaPEG resin (NOVAbiochem, Billerica, MA, USA) [14, 19, 24]. All residues are double-
coupled to the resin to ensure optimal yield. After cleavage and deprotection [14], crude
peptides are separated from the resin by filtration, dissolved in trifluoroethanol:10 mm HCI
(1:1,v:v),and freeze-dried to uniform powders that can easily be dissolved in organic solvents
for further purification (>95%) by preparative HPLC and mass confirmation by MALDI TOF
mass spectrometry. Folding of HPLC-purified, reduced peptides into disulfide-linked helical
structures closely resembling the saposin fold of native SP-B is then facilitated by specific
solvents [14, 82, 83]. Following oxidation, final MB and S-MB peptides are re-purified by
reverse-phase HPLC using the same boundary conditions as employed for the crude material
[14, 19, 24, 83]. This allows separation of any residual reduced peptide away from desired
final oxidized product peptides. The molecular mass of oxidized MB and S-MB is then
re-checked by mass spectroscopy, and disulfide connectivity confirmed by mass spectroscopy
of enzyme-digested fragments (trypsin and chymotrypsin digestion). After dialysis, the
purified, desalted peptides can be freeze-dried to give a uniform powder for combination
with lipids in synthetic surfactants [14, 19, 24, 83].

12C-FTIR Spectroscopic Analysis of MB and S-MB in Lipid-Mimic and Lipid Environments

To assess whether MB and S-MB adopt the helix-turn-helix conformation predicted by
homology modeling, FTIR spectra were obtained for these peptides in lipid mimic and lipid
environments [19]. FTIR spectra of the amide I band for MB in these environments (Fig. 2a)
were all similar, indicating that MB peptide adopts multiple conformations with a major
component centered at ~1,657-1,651 cm™! (a-helix) and minor components centered at
~1,620 cm™! (B-sheet) and 1,682-1,660 cm™! (B-turns). Self-deconvolutions of the Figure 2a
spectra confirmed that MB is comparably polymorphic in each of these milieus, essentially
sharing the following relative proportions of secondary structure: a-helix (35-47%) > 3-sheet
(15-24%) ~ loop-turn (8-25%) ~ random (20-24%). FTIR spectra obtained for S-MB
(Fig. 2b) were similar to the corresponding MB spectra in Figure 2a. Deconvolution of these
S-MB spectra confirmed elevated levels of a-helix (30-39%), with smaller amounts of 3-sheet
(19-27%), loop-turn (24-29%) and random (9-21%) structures. These FTIR spectra suggest
that oxidized MB and S-MB both fold with the disulfide-linked, helix-turn-helix structure
predicted by homology modeling, that their secondary conformations are remarkably stable
inawiderange oflipid and lipid-mimic environments, and thatincorporation of the N-terminal
insertion sequence in S-MB does not grossly perturb the helical core shared by MB and S-MB
[19].

Residue-Specific Determinations of the MB Structures Using '3C-FTIR or 2D-NMR

Spectroscopy

Although the above '2C-FTIR results are consistent with oxidized MB folding as a helix-
turn-helix, this spectroscopic technique cannot attribute secondary conformations to specific
amino acid residues. To more precisely identify secondary structures within oxidized MB,
I3C-FTIR spectroscopy was performed with site-directed, isotope-enhanced peptides and
indicated that the oxidized peptide folded its N- and C-terminal domains as a-helices, with
a B-conformation (i.e., encompassing -PKGG-) connecting the neighboring helices [14].
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Fig. 2. FTIR spectra of MB and S-MB in the structure-promoting solvents hexafluoroisopropanol (HFIP),
methanol (MeOH) and ethanol (EtOH), the detergent SDS (sodium dodecyl sulfate), and the phospholipids
POPG and DPPC. Methanol and ethanol are solvents of intermediate polarity that mimic the polar head group
domain of phospholipid bilayers, while HFIP represents the more hydrophobic interior of the lipid bilayer.
a Stacked FTIR spectra of MB in 40% HFIP (i.e., 40% HFIP/60% deuterated-sodium phosphate buffer, pH
7.4), 100% MeOH (i.e., 100% methanol), 100% EtOH (i.e.,, 100% ethanol), SDS, POPG, and DPPC. b Stacked
FTIR spectra of S-MB in 40% HFIP, 100% MeOH, 100% EtOH, SDS, POPG, and DPPC. a, b The IR spectra for
MB and S-MB each show dominant a-helical components centered at 1,657-1,651 cm™ (arrows), with minor
bands at ~1,637-1,613 cm™! (arrow at 1,620 cm™!) denoting B-sheet. Peptide concentrations were 470 uM
for solvent spectra and 10:1 lipid:peptide (mole:mole) for lipid spectra. The abscissa (left to right) is 1,740-
1,560 cm™!, while the ordinate represents absorption (in arbitrary units).

Molecular dynamics (MD) simulations confirmed that oxidized MB folds as a globular bundle,
consisting of adjacent N- and C-terminal a-helices connected by a 3-turn at -PKGG- and cross-
linked by disulfides (see PDB: 1SSZ, www.rcsb.org; Fig. 3a). The MB backbone folding in the
lipid mimic hexafluoroisopropanol (HFIP) (Fig. 3a) closely overlaps the corresponding
domains of homology-modeled SP-B (Fig. 1). Thus, oxidized MB faithfully reproduces the
topographical organization of the saposin leaf containing the N- and C-terminal helical
domains in full-length SP-B (Fig. 1) [14], and the designer -PKGG- sequence of MB accommo-
dates the close approach of these helical regions to form intrachain disulfide bridges [14].
More recently, 2D-NMR spectroscopy has elucidated the 3-D structure of reduced MB in
an HFIP solution, and that of oxidized MB in sodium dodecyl sulfate detergent micelles [21].
Similar to that noted above for oxidized MB (1SSZ) in HFIP, 2D-NMR analysis showed that the
N- and C-terminal regions of reduced MB in HFIP (PDB: 2JOU) fold as a-helices (Fig. 3a, b).
However, reduced MB in HFIP (Fig. 3b) is unable to form the characteristic helix-turn-helix
of oxidized MB, instead folding as a linear peptide with the N- and C-terminal helices at
opposite ends (Fig. 3a). These findings support our earlier MB experiments (see Synthesis of
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Reduced MB in
Oxidized MB in b HFIP (PDB: 2JOU)
a HFIP (PDB: 1SSZ)
Oxidized MB in

SDS (PDB: 2DWF)

Fig. 3. Residue-specific 3D structures for Mini-B (MB) in either HFIP solutions (a, b) or SDS micelles (c) de-
termined using 3C-FTIR or 2D-NMR spectroscopy. PyMOL representations of peptide backbones are shown
as either thick (N- and C-terminal a-helices) ribbons or thin green (turn regions) ribbons; amino acid side-
chains are represented as wireframes. Polar residues are colored blue, with nonpolar and cysteine residues
in red and yellow, respectively. a The '3C-FTIR structure for oxidized MB, disulfide-linked at Cys-8 to Cys-40
and Cys-11 to Cys-34 (see bottom left; S-MB numbering) (PDB Accession Code: 1SSZ). The 3-turn connecting
the N-terminal (foreground) and C-terminal (background) a-helices is shown in green. b The 2D-NMR struc-
ture for reduced MB with no disulfide-links and the Cys-8 on the left and the Ser-41 on the right (PDB: 2JOU).
¢ The 2D-NMR structure for oxidized MB with disulfide links associated with an SDS micelle; SDS molecules
are modeled as stick figures, with their fatty acyl groups in green and polar headgroups in red (PDB: 2DWF).
The N- and C-terminal helices of oxidized MB in either a or ¢ reproduce the folding of these domains in ho-
mology-modeled SP-B (see Fig. 1).

MB and S-MB as Saposin (SP-B) Mimic Peptides) indicating that only certain solvents with
high turn propensities (e.g., trifluoroethanol buffer solutions) are able to position the N- and
C-terminal helices close enough to form intrachain disulfide bonds. Once the proper disul-
fides are formed, oxidized MB adopts a stable helical bundle that is effectively stapled by the
covalent-linkages between neighboring Cys residues. The N- and C-terminal helical axes are
nearly parallel for oxidized MB when bound to sodium dodecyl sulfate micelles (Fig. 3c), while
the corresponding axes tilt at an acute angle for oxidized MB in HFIP (Fig. 3a). The peptide
backbone of oxidized MB (PDB: 2DWF) closely overlapped the N- and C-terminal domains of
experimentally determined saposins in both the open and closed states, confirming that MB
is a general mimic for saposin leafs containing the N- and C-terminal helices [21].

MD Simulations of MB and S-MB in Lipid-Mimic and Lipid Environments

MD simulations were conducted to assess residue-specific conformations for MB and
S-MB in both lipid-mimics and surfactant lipids [19]. MD simulations for the oxidized MB in
40% HFIP/60% water indicated that the characteristic helix-turn-helix motif was strongly
conserved throughout the duration of the run (0-100 ns). The “0 ns” model for oxidized MB
in HFIP is virtually indistinguishable from the 1SSZ structure on which it is based (Fig. 3a)
and is folded as a helix-hairpin-helix when stabilized by disulfide linkages [19]. The axes of
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b

C d " Human SP-C

Fig. 4. Comparison of the 3D-structures for Mini-B (MB) (a) and Super Mini-B (S-MB) (b) in 40% HFIP/60%
water determined using molecular dynamics (MD) simulations with preliminary 3D models for KL4 (c) and
human SP-C (d). PyMOL representations of backbones are shown as either thick (N- and C-terminal a-helices)
ribbons or thin green (extended or turn regions) ribbons; side chains are represented as wireframes. a MD
simulation of MB in 40% HFIP/60% water at 100 ns, with the linked Cys-8 and Cys-40 and Cys-11 and Cys-
34 (yellow) at the lower left and the turn region (PKGG in green) at the upper right. The N-terminal helix is
in the foreground and the C-terminal helix is in the background, with the helical axes nearly parallel. b MD
simulation of S-MB in 40% HFIP/60% water at 100 ns, with the extended N-terminal insertion sequence
(residues 1-7) in an extended conformation (green) at the lower left and the turn region (PKGG; green) at
the upper right. The linked Cys-8 and Cys-40 and Cys-11 and Cys-34 (yellow) are adjacent to the insertion
sequence. The N-terminal helix (red ribbon) is in the foreground, and the C-terminal helix (red ribbon) is in
the background, with nearly parallel helical axes. ¢ Model of the 21-residue KL4 as an a-helix, with residues
2-20 folding as an a-helix (red ribbon) (see the sections Synthetic Peptides Based on the N- or C-Terminal
Domains of SP-B Fold as a-Helical, Amphipathic Domains and Exhibit Surfactant Activities and MD Simula-
tions of MB and S-MB in Lipid-Mimic and Lipid Environments). d Homology model for the 35-residue human
SP-C, in which the human sequence is templated onto the 2D-NMR structure of the porcine SP-C (PDB: 1SPF)
(see text). The homology-modeled human SP-C folds as an a-helix (red ribbon) for residues 9-33, with resi-
dues 1-8 and 33-35 forming extended conformations (green ribbons). Leu-35 is at the lower left, while the
N-terminal Leu-1 is at the upper right (see the section MD Simulations of MB and S-MB in Lipid-Mimic and
Lipid Environments).

the N- and C-terminal helices in the “0 ns” model are tilted at an angle [19] comparable to that
seen in the 1SSZ structure [14]. At the end of the MD simulation, the final “100 ns” model for
oxidized MB in HFIP (Fig. 4a) indicates that the major conformational elements of the original
1SSZ structure are largely conserved. Specifically, Figure 4a shows that the “100 ns” MB
structure is a disulfide-linked bundle containing N- and C-terminal helices with nearly parallel
axes, which also exhibits considerable interactions between hydrophobic side chains across
the interhelix interface.

Comparable MD simulations were next carried out on the pre-equilibrated “0 ns” model
for oxidized S-MB in 40% HFIP/60% water. The final “100 ns” S-MB structure (Fig. 4b)
demonstrated a helix-turn-helix motif, which closely matches the secondary structure and
overall topography of the “100 ns” MB structure, and indicates that the N-terminal insertion
sequence in S-MB exerts minimal influence on the final organization of the helical core [18].
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Fig. 5. Cross-sectional view of the insertion of the Mini-B (MB) peptide into bilayers of dipalmitoyl phospha-
tidylcholine (DPPC) after 100 ns of molecular dynamics (MD) simulations. The MB peptide backbone is
shown in red highlight, with the N- and C-terminal a-helices modeled as thick ribbons. The zwitterionic DPPC
lipids are modeled as stick figures, with the hydrophobic fatty acyl chain in green and the polar head group
region containing the anionic phosphate group in red, and the cationic choline group in blue. Docking of MB
into the DPPC bilayer and subsequent MD simulations were performed as described in the section MD Simu-
lations of MB and S-MB in Lipid-Mimic and Lipid Environments.

The N-terminal sequence (Phe-1 to Pro-6) of S-MB adopts a random coil conformation in the
“100 ns” model, probably due to its repeated proline motif that prevents back H-bonding to
form intramolecular B-turns and/or -sheets.

Although the above computer simulations were limited to MB and S-MB in lipid-mimetic
solvents, more relevant 3D-structures may be obtained by performing MD simulations on
these peptides in surfactant lipids. For “100 ns” of MD simulations, Figure 5 shows a cross-
sectional view of the oxidized MB peptide bound to the polar headgroup region of the DPPC
lipid bilayer. Here, MB retains its characteristic helix-turn-helix conformation, with the axes
for both the N-terminal and C-terminal helices at an oblique angle with respect to the
membrane plane.

[t is worthwhile comparing the structural properties of the above MD-simulated MB and
S-MB peptides with those of the related surfactant peptides KL4 and SP-C (Fig. 4). As noted
earlier, Surfaxin® has recently been approved in the US by the FDA for treatment of neonatal
RDS, and contains the 21-residue KL4 as its surfactant-active peptide component. KL4 is
loosely based on the C-terminal sequence of SP-B (i.e., SP-B residues 63-78 or MB/S-MB
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residues 26-41 [19]), and shows surfactant activity when folded as an a-helix (Fig. 4c).
Several mechanisms have been proposed to account for the surfactant activities of KL4,
ranging from an “SP-B-like” model [58, 84] to one similar to that of the transmembrane helical
SP-C [85, 86] (Fig. 4d), but none has yet gained general acceptance. SP-C is a short 35-residue
hydrophobic protein in human lungs with a relatively unstructured N-terminus (residues
1-8) with residues 9-34 forming a stable a-helix in the mid- and C-terminal regions (PDB:
1SPF). When incorporated into lipids, FTIR spectroscopy has shown that SP-C is principally
a-helical, with its long molecular helix axis parallel to the phospholipid acyl chains, and it is
widely accepted that SP-C mediates its surfactant activities in the lung by folding as a trans-
membrane a-helix [13, 23, 87].

Self-Association Properties for MB and S-MB Peptides

Native SP-B functions as a homodimer, and we therefore assessed the self-association
propensities of the oxidized MB and S-MB peptides. Molecular weight and aggregation
analyses performed with SDS-PAGE indicated only monomers for MB, while S-MB readily
formed dimers with a minimal presence of monomers; no evidence for higher-order
oligomers was observed for either MB or S-MB [19]. Furthermore, surface plasmon reso-
nance sensorgrams demonstrated high self-association for S-MB, but much lower self-
association for MB [19]. Because the N-terminal sequence Phe-1 to Tyr-7 is presentin S-MB
but not in MB, the increased dimers in S-MB may be due to the N-terminal insertion
sequence promoting intermolecular (3-sheet formation between S-MB monomers. The
respective MB and S-MB sequences were analyzed with PASTA to assess those regions
most likely to form (-sheet, particular in polar environments such as in aqueous buffer or
at the lipid-water interface (http://protein.cribi.unipd.it/pasta; [88, 89]). The most stable
B-sheetforall of the MB and S-MB pairings analyzed with PASTA was an antiparallel $-sheet
pairing for S-MB (i.e., N-terminal Tyr-7 to Arg-12 strand), suggesting that the dimeric S-MB
observed experimentally [19] might be due to two antiparallel S-MB monomers forming
B-sheet at this aggregation “hot spot.” The above prediction for the structure of dimer S-MB
was confirmed in silico using homology modeling, molecular docking [90, 91], and MD
simulations.

Surface Activity of Synthetic Lipid/Peptide Lung Surfactants Containing MB and S-MB

Peptides

The beneficial molecular properties of MB and S-MB peptides correlate directly with high
surface activity when these peptides are combined with lipids in synthetic lung surfactants.
Plasmon resonance spectroscopic data showed that both MB and S-MB have a high molecular
affinity for lipids, such as DPPC and DEPN-8, with S-MB peptide having the greatest molecular
affinity of the two peptides. Measurements of the surface activity of synthetic surfactants
containing S-MB, MB, or purified porcine SP-B combined with lipids were made on a captive
bubble surfactometer originally defined by Schurch et al. [92, 93] (Fig. 6). Captive bubble
surfactometry provides a physiologically relevant assessment of overall surface activity that
reflects a combination of adsorption, dynamic film compression, and dynamic film spreading
at physical conditions similar to those at the alveolar interface in vivo at 37°C [92, 93]. Lipids
used in the synthetic surfactants were phospholipase-resistant DEPN-8 or one of two mixtures
of standard glycerophospholipids that roughly reflected the mix of lipid classes found in
endogenous surfactant (DPPC:POPC:POPG:POPE:cholesterol 8:5:3:0.5:1 or DPPC:POPC:POPG
5:3:2 by weight) [94]. Synthetic surfactant preparations included 1.5% (or higher) of S-MB
or MB in standard glycerophospholipids or 1.5% of MB in DEPN-8. Purified porcine SP-B in
standard glycerophospholipids and Infasurf® were studied as a positive controls, while glyc-
erophospholipids (lipidsalone) served asanegative control. Syntheticglycerophospholipid/S-
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Fig. 6. Surface activity of synthetic lung surfactants measured with captive bubble surfactometry. Surface
activity of synthetic lung surfactants was studied with a captive bubble surfactometer at 37°C. Synthetic sur-
factant preparations included Super Mini-B (S-MB) formulated with standard glycerophospholipids
(DPPC:POPC:POPG 5:3:2 by weight) and Mini-B (MB) formulated with glycerophospholipids or the phospho-
lipase-resistant lipid DEPN-8. Porcine SP-B in standard glycerophospholipids and Infasurf®, a bovine-de-
rived clinical surfactant with both SP-B and SP-C, were studied as positive controls, while glycerophospho-
lipids alone served as a negative control. Synthetic glycerophospholipid/peptide and DEPN-8 surfactants
were all highly active in reducing minimum surface tension to <1 mN/m on the captive bubble surfactometer
throughout 10 consecutive quasi-static compression-expansion cycles. Data are mean * SEM for n = 4-8.

MB or MB or SP-B surfactants, DEPN-8/MB surfactant, and Infasurf® were all highly active in
reducing minimum surface tension to <1 mN/m on the captive bubble surfactometer
throughout 10 consecutive quasi-static compression-expansion cycles.

Pulmonary Activity of Synthetic Lipid/Peptide Surfactants Containing MB/S-MB Peptides

The pulmonary activity of synthetic surfactants containing surfactant lipids plus at least
1.5% of S-MB or MB was assessed in mechanically-ventilated, lung-lavaged rats as a rodent
model relevant for both RDS and ALI/ARDS. The activity of Infasurf® and purified porcine SP-B
surfactant was also examined as a positive control, and lipids alone were used as a negative
control. Infasurf® has been documented previously to improve survival and respiratory
function in preterm infants with RDS [95] and in children with ALI/ARDS [35]. Complete
methods for in vivo lavage, mechanical ventilation, and experimental assessments of oxygen-
ation and dynamic compliance in this rat model have been detailed previously [14, 19, 48, 60,
62,94]. In brief, rats were anesthetized, intubated, and vascular catheters were inserted. Gentle
lavage of the lungs (typically 8 lavages with 8 ml of normal saline) was done with animals
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Fig. 7. Improved oxygenation and dynamic compliance in ventilated, lung-lavaged rats in vivo following the
instillation of various synthetic lung surfactants. Surfactants (100 mg/kg) were instilled intratracheally into
mechanically ventilated adult rats following in vivo lavage to reduce Pa0; in 100% oxygen to <100 mm Hg,
consistent with clinical ARDS (see Pulmonary Activity of Synthetic Lipid/Peptide Surfactants Containing
MB/S-MB Peptides for animal model details). Synthetic surfactant containing surfactant lipids plus Super
Mini-B (S-MB) peptide had the greatest activity in improving oxygenation and compliance, followed by an
analogous surfactant containing Mini-B (MB). Porcine SP-B in surfactant lipids and Infasurf®, a bovine-de-
rived clinical surfactant with both SP-B and SP-C, were studied as positive controls, while surfactant lipids
alone served as a negative control.

breathing 100% oxygen until PaO, was stable and less than 100 mm Hg (well within the oxygen-
ation range of clinical ARDS). An exogenous surfactant was then instilled intratracheally (100
mg/kg body weight in 35 mg/ml dispersions) and the animals ventilated with 100% oxygen
with a Harvard volume-controlled small animal ventilator. Ventilation was monitored continu-
ously, and arterial pH and blood gases were assessed every 15 min along with dynamic
compliance. Anesthesia was maintained throughout, and rats were sacrificed at 90 min after
surfactant administration. Results showed that S-MB surfactant had very high activity in
increasing arterial oxygenation, exceeding the activity of Infasurf® (Fig. 7). MB surfactant was
also very active in improving oxygenation in these rat studies, but did not reach the level of
S-MB surfactant. The various surfactants had the same order of effectiveness in increasing
dynamic compliance or lung volumes at fixed pressure (i.e., S-MB > MB > Infasurf® > porcine
SP-B). Also studied in the same rat model and found to have lower activity than either S-MB/
MB synthetic surfactants or Infasurf® were the clinical surfactant Survanta® and UCLA KL4
(synthetic lipids plus 3% KL4 peptide modeled after clinical Surfaxin®) (data not shown).
Similar recent studies in ventilated, lavaged and surfactant-deficient rabbits have demon-
strated that the in vivo surface activity of synthetic lung surfactant formulated with S-MB alone
or with a SP-C mimic is at least equivalent or superior to its native components [96].
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New SP-B Peptide Design Strategies

Future SP-B peptide design based on the saposin fold might include the incorporation of
nonnative amino acids in the MB and S-MB peptides. For example, the substitution of very
hydrophobic, nonnative amino acid residues for the native hydrophobic amino acids may
produce helix-hairpin-hairpin constructs with a more defined interaction towards different
classes of surfactant lipids. In turn, this might enhance the in vitro and in vivo activities of the
lipid-peptide mimic dispersions. The helix-hairpin-helix conformation of both the MB and
S-MB sequences also affords the possibility of bio-conjugate chemical modification such as
polyethylene glycol covalent attachment and chemically linked lipids. Such covalent attach-
ments to the peptide scaffold may make the peptides more resistant to classical surfactant
inhibitors, including albumin [96]. The recent finding that native SP-B forms higher-ordered
ring structures composed of 5 or 6 covalent dimers that may profoundly influence surface
properties [97] should certainly be considered in future design strategies.

Conclusions

The SAPLIP family of proteins share an overall 3D folding pattern based on secondary
structures and disulfide connectivity information. Using the saposin design, we have developed
synthetic, disulfide cross-linked peptide constructs (e.g., the 34-residue “Mini-B” or “MB” and
the 41-residue “Super Mini-B” or “S-MB”), which not only mimic the structure of the SP-B leaf
containing the N- and C-terminal regions, but also demonstrate high surfactant activities in
in vitro and in vivo assays. SP-B activity is vitally important in lung surfactant and respiratory
function. Highly functional “short-cut” versions of full-length SP-B (e.g., MB and S-MB) offer
the opportunity to formulate synthetic lung surfactant preparations to reverse surfactant
deficiency and/or dysfunction in neonatal RDS and ALI/ARDS.
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