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ABSTRACT. Surfactant protein B (SP-B) is one of two helical, amphipathic proteins critical for the biophysical
functioning of lung surfactant (LS) and hence is an important therapeutic protein. This small, complex
79mer has three internal disulfide bonds and homodimerizes via another disulfide bridge. A helical,
amphipathic 25mer from the amino terminus (SR-B) exhibits surface-active properties similar to those

of full-length, synthetic SP-B. In previous work, we created helical, non-natural mimics of SPHased

on sequence-specific peptoid 17mers and demonstrated their biomimetic surface activity. LikessP-B

the peptoids were designed to adopt helical structures with cationic and nonpolar faces. Here, we compare
the surface activities of six different helical peptoid analogues of SRsBo investigate the importance

of mimicking its N-terminal insertion domain as well as its two arginine residues, both thought to be
important for the peptide’s proper function. Although the peptoid analogues of;SkE-®udied here

share many similar features and all functionally mimic SP2Bto some degree, it is notable that small
differences in their sequences and side chain chemistries lead to substantial differences in their observed
interactions with a lipid film. A peptoid comprising a hydrophobic, helical insertion region with aromatic
side chains shows more biomimetic surface activity than simpler peptoids, and even better activity, by
comparison to natural LS, than SR=Bs. However, the substitution of lysine-like side chains for arginine-

like side chains in the peptoid has little effect on biomimetic surface activity, indicating that interactions

of the guanidino groups with lipids may not be critical for the function of these SP-B mimics.

In this paper, we investigate a new family of non-natural The main surface activities required for a functional LS
peptoid analogues of surfactant protein B (SP-B), an replacement are (i) rapid adsorption to the —diquid
important protein in lung surfactant (LS) replacements used interface, (ii) attainment of near-zero surface tension upon
to treat respiratory distress syndrome (RDS). RDS occurssurfactant film compression, and (iii) negligible loss of
in premature infants that are not yet able to secrete functionalsurfactant material from the interface upon multiple expan-
LS into alveolar spaces, leading to difficulty breathing and sions and compressiong)( A biomimetic LS replacement
ultimately to death. Current treatment involves the instillation containing lipids and functional mimics of the hydrophobic
of an animal-derived LS replacement through the trachea in SPs would ideally retain the excellent efficacy of the natural
two to four doses over several days. While animal-derived material but have the better bioavailability, safety, and
replacements are quite effective for the treatment of RDS, relatively low cost per dose of the synthetic surfactant.

they are expensive due to complex isolation techniques and | g s 4 complex mixture of biomolecules that coats the
batch-to-batch variability, there are difficulties in large-scale jnterior surfaces of alveoli and is responsible for the

production and suspension techniques, and there is a risk ofgqation of surface tension in the lung, reducing the work
immune response as well as a possibility of transspeciesy preathing and stabilizing alveolar structures. It is composed
pathogen transmissiod £ 3). Entirely synthetic LS replace- ot ghnroximately 90% lipids and 10% surfactant proteins.
ments (_jeveloped to date, which contain lipids and synthetic Tha main lipid component, dipalmitoylphosphatidylcholine

spreading agents, are less expensive and more safe but haV@)PPC), forms a tightly packed monolayer that is able to

relatively poor in vivo efficacy compared to that of natural o501 near-zero surface tension upon compression but does
LS, primarily due to their lack of the hydrophobic surfactant rapidly adsorb to the interface and exhibits poor

proteins (SPs) that are required for proper LS functin ( respreadability (i.e., sustains a large loss of material during

: : : compression and expansion of the film are); 6). Other
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Of the four proteins found in native LS, the hydrophobic
SPs, SP-B and SP-C, are the two primarily involved in
facilitating the proper lipid film dynamics for regulation of
the surface tension at the alveolar-diquid interface (, 2,

5, 8, 9). Both SP-B and SP-C are predominantly helical in
structure R) and contain cationic residues that interact with

Seurynck-Servoss et al.

the a-carbon, rendering the backbone achiral with no
hydrogen bond donors. Despite these characteristics, peptoids
with a-chiral side chains are able to form stable helices with

a single handedness. NMR studies of a peptoid pentamer
with bulky chiral side chains revealed that the structure was
a polyproline type I-like helix 31).

anionic lipid head groups2( 10). Both proteins are highly
conserved among mammalian speciEL}, but SP-B plays
a significant role in the processing of SP-C; while SP-B

In previous work, we studied the relative surface activities
of three facially amphipathic, cationic peptoid mimics of SP-
Bi-»5 that had simple, repetitive sequences but which
knockout mice die shortly after birtti{), SP-C knockout  exhibited varying helicities and hydrophobicities. The prom-
mice are able to survive with decreased |Ung fUnCth).( ise of the peptoid-based SP mimics was iudged by making
SP-B Comprises 79 amino acid reSidueS, with seven CySteine% direct Comparison of surface activity to that of the SP-
that form three intramolecular disulfide bonds and one g,_,. peptide in a lipid mixture which mimics that found in
intermolecular disulfide bond, leading to homodimer forma- natyral LS 82). We performed in vitro characterization of
tion (2, 13—16). SP-B also possesses four to five amphipathic the various surfactant films using a Langmtitilhelmy
helices that have been shown to interact with and perturb gyrface balance (LWSB) with epifluorescent microscopic
I|p|d membranes. It is hypothesized that SP-B I’egulates |mag|ng of film phase morphoiogy, as well as a puisating
surface tension through its involvement in the stabilization pypble surfactometer (PBS). Our study showed that one of
and organization of the lipid filmZ, 17), thereby improving  the peptoid 17mers exhibited surface-active behavior similar
monolayer adsorption and respreading during respirafion (- to and, in some ways, superior to that of the SP.Bpeptide.

18) It has also been Suggested that SP-B is I’eSponSible f0r|n the Study presented here, we have designed four new
the selective removal of non-DPPC lipids from the film upon peptoid-based mimics of SP:Bs that possess a greater
compressionX7, 19). degree of sequence similarity to the natural peptide than our

Although synthesizing and obtaining the proper folding previous designs, specifically including a hydrophobic N-
of a mimic of this 79mer are quite difficult, studies have terminal insertion region and biomimetic placement of
shown that a segment from the N-terminus, SP8 has  arginine- and/or lysine-like side chains on two faces of the
surface-active behavior similar to that of the fuII-Iength helix rather than on one face (as in the previou5|y studied
protein Q0—23). Residues 9 form a proline-rich, flexible  peptoids). The surface-active behaviors of the peptoid-based
domain termed “the insertion region”, which has recently Sp-B mimics were characterized in a lipid film using both
been shown to be critical for SP-B'’s surface tension reducing an LWSB and a modified PBS that provides accurate
properties. Amino acid substitutions for tryptophan 9 or measurements of dynamic surface tension by direct bubble
prolines 2, 4, and 6 markedly decreased the surface activityimaging @3). The results show that the inclusion of an
of N-terminal SP-B peptide mimic24, 25). SP-B's insertion  N-terminal insertion region leads to a substantial improve-
region is hypothesized to insert into the lipid layer and ment in the surface-active behavior of the peptoid-based
interact with the hydrophobic lipid tails, while the attached mimic and that the substitution of lysine-like side chains for

amphipathic helix orients itself to interact with both the grginine-like side chains in the peptoid helix has little to no
charged lipid head groups and the acyl chains, thus facilitat- effect on surface activity.

ing lipid transport and organizatior2§, 27). Atomistic
molecular dynamic simulations of SR-Bsin either a DPPC
or DPPG monolayer support this clai@8j. The two lysine
and two arginine residues in the amphipathic helix of SP- Materials Peptide and peptoid synthesis reagents were
B1 o5 also contribute significantly to its surface activity. Purchased from Applied Biosystems (Foster City, CA) and
Previous work has indicated that the presence of arginineAldrich (Milwaukee, WI). Resins and Fmoc-protected amino
rather than lysine is critical for lipidprotein interactions,  acids were purchased from NovaBiochem (San Diego, CA);
where SP-B_,s modeled in a DPPG monolayer predicts that 2.2,5,7,8-pentamethylchroman-6-sulfonyl chloride (PMC)
arginine 12 interacts strongly with the anionic head groups; Was purchased from Omega Chemical (Quebec, CA), and
it is also found to interact with the zwitterionic DPPC head Primary amines and dert-butyl dicarbonate (Boc) were
groups, but to a lesser extent. Thus, the type and distributionpurChaSEd from Aldrich. Acetonitrile and trifluoroacetic acid
of basic residues along the polar face of the amphipathic were purchased from Fisher Scientific (Pittsburgh, PA).
helix may be of great importance to the surface activity of DPPC and POPG were purchased from Avanti Polar Lipids
SP-B. (Alabaster, AL), and PA was purchased from Aldrich. All
While peptide mimics of SP-B that include these structural chemicals were used without further purification.
attributes have exhibited good in vitro and in vivo efficacy, Peptide and Peptoid Synthesis, Purification, and Char-
they are expensive to synthesize and are susceptible toacterization.The modified SP-B .5 peptide was synthesized
protease degradation. Non-natural molecules such as poly-by Fmoc chemistry on preloaded Wang resin using an ABI
N-substituted glycines, or peptoids, offer an alternative 433A automated peptide synthesizer (Applied Biosystems).
backbone that is not degraded by proteag% 80) and Peptoids were synthesized using an ABI 433A automated
therefore are promising for therapeutic use. Peptoids havepeptide synthesizer on Rink amide resin by the submonomer
several advantages, including the fact that they are easilyprotocol @0), with Boc protection of NLys 34) and PMC
synthesized on a solid support using the submonomerprotection of NArg 85). All molecules were cleaved from
protocol developed by Zuckermann et é0). The peptoid the resin with trifluoroacetic acid in the presence of the
side chains are attached at the amide nitrogen rather tharappropriate scavenging reagents fer1® min or 1 h (the

MATERIALS AND METHODS



Peptoid SP-B Mimics Including the Insertion Region Biochemistry, Vol. 45, No. 39, 20061811

Table 1: SP-B Mimic Sequences, Molar Masses, and % HPLC Elution
Monomer sequence (amino to

Oligomer Molar Mass (Da) % HPLC Elution
carboxy)7

SP-B, .| FPIPLPYAWLARALIKRIQAMIPKG 2865 56

Peptoid B1 Nspe-Nspe-(NLys-Nspe-Nspe), 2592 53

Peptoid B2 | VSpesNArg-Nspe,-NLys-NArg-Nspe,- 3165 Not determined
NLys-Nspe,

Peptoid B3 Nspe,-NLys-Nspe,-NLys-NLys-Nspe,- 3108 56

NLys-Nspe,

Peptoid B4 Nssb-Nssb-(VLys-Nssb-Nssb), 2016 39

Nssb,-NArg-Nssb,-NLys-NArg-Nssb,-
NLys-Nssbh,
Nssb,-NLys-Nssb,-NLys-NLys-Nssb,-
NLys-Nssb

Peptoid BS 2396 50

Peptoid B6 2340 58

T Cationic side chains are highlighted in red; NArg side chains are highlighted in purple.

longer time was necessary for the removal of the PMC throughout the experiment using a Wilhelmy plate (Riegler
protecting group). Peptoids were purified by reversed phaseand Kirsten GMBH, Berlin, Germany). Experiments were
high-performance liquid chromatography (RP-HPLC) on a repeated for a total of six times for each formulation and
Vydac C4 column (catalog no. 214TP101550) using a linear were reproducible.

gradient from 20 to 95% solvent B in solvent A over 50
min [solvent Ais 0.1% TFA in water (v/v), and solvent B is
0.1% TFA in acetonitrile (v/v)]. Final purities were confirmed

>Q70 i -
E&;gl 037n/g_b)2/f :.?gggf I aRr:Dd HrrIID (l_lgcz?a? Xﬁ?;ﬁtsc ag?éu?onn_ static-bubble and dynamic-bubble adsorption data. An image

firmed by electrospray ionization mass spectrometry (Table 2¢Auisition system has been added to the commercial PBS
1). to allow for accurate tracking of bubble shape and size in

Sample PreparationDPPC, POPG, and PA were indi- real time. Images and pressure data from the instrument are
vidually dissolved in chloroform and methanol (3/1, viv) to S€nt to a custom-designed LabVIEW program that is used
a known concentration~4 mg/mL). Lipids were then 10 fit the bubble to an ellipse and calculate both the surface
combined at a 68/22/9 (w/w) DPPC/POPG/PA ratio to a total t€nsion and the surface area of the bubBfg.(Some of the
lipid concentration of-2 mg/mL. This lipid formulation has ~ major differences observed with the image analysis system
previously been shown to be a good mimic of the nonprotein as compared to the commercial PBS include generally higher
fraction of LS @6). The peptoids and SP:Bs peptide were maximum surface tensions, reduced hysteresis in the data
dissolved in methanol to a known concentratior2(mg/ loop, and a reduced slope upon expansion of the bubble.

mL) and then added to the lipid mixture at 2.16 mol %  gyrfactant formulations were dried from the chloroform/
(equivalent to 10 wt % SP-Byg), resulting in a final  methanol solution using a DNA 120 Speedvac (Thermo
concentration Ofw_l mg of I|p|d(mL._ Electron, Holbrook, NY), forming a pellet. The pellet was
Circular Dichroism Circular dichroism (CD) spectroscopy suspended in aqueous buffer [150 mM NaCl, 5 mM GaCl
studies were performed at room temperature in methanol at, . 415 mM HEPES (pH 6.9)] to 1.0 mg of lipid/mL, with a
a concentration of 60.M. CD spectra were obtained using .| \ojyme of~70 uL. The surfactant formulations were

a Jasco J-715 instrument and a cylindrical quartz cuvette mixed with a pipet. sonicated with a Eisher model 60 probe
(Hellma, Plainview, NY) with a path length of 0.02 cm. Each . PIPEL, . . . . P
sonicator, and then mixed with a pipet again to form a

spectrum represents the average of 40 successive accumula-_. . .
tions uniform suspension. Samples were loaded into a sample

LangmuiWilhelmy Surface Balance StudieSurface chamber (General Transco) with putty placed on the capillary
pressure-molecular area isotherms were obtained using a €nd ©of the sample chamber; the putty was removed before
custom-built LangmuirWilhelmy surface balance, previ- experiments were performed. A similar method has_ previ-
ously described elsewher@). The Teflon trough was filed ~ OuSly been shown to prevent leakage of the sample into the
with 300 mL of buffer [150 mM NaCl, 5 mM Cag and capillary @7). All experiments were conducted at 3CT.

10 mM HEPES (pH 6.9)] and heated to 32. The surfactant Static adsorption data were collected for 20 min or until
formulation was spread at the aiiquid interface from a  €quilibrium surface tension was reached, starting with a
chloroform/methanol solution using a glass syringe; solvent bubble radius of 0.4 mm without adjustment of bubble size
was allowed to evaporate over 5 min. The two Teflon barriers throughout the experiment. Dynamic adsorption data were
were then compressed and expanded and then compresseabtained at a frequency of 20 cycles/min (similar to the adult
at a rate of 30 mm/min. Surface pressure was measuredbreathing rate) until equilibrium was reached following static

Pulsating Bubble SurfactometnA modified pulsating
bubble surfactometer (General Transco, Largo, FL), previ-
ously described elsewher83), was used to obtain both
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adsorption, again starting with a minimum bubble radius of 1 1\ N-substituted Glycine Side Chain Structures
0.4 mm without adjustment of bubble size throughout the
experiment. For both static- and dynamic-bubble experi- " N,
ments, equilibrium was defined as the point at which the N

minimum and maximum surface tension remained constant l 6 /n
for >2 min. PBS experiments were repeated for a total of
six times for each surfactant formulation and were reproduc- R = side chain Designator
ible.

RESULTS AND DISCUSSION

Peptoid Sequence Design Rationdkehas been shown
that a short, 25mer segment from the N-terminus (BB
retains much of the surface-active behavior of full-length

SP-B Q0—23). We are working to mimic this helical, ”?\\\“/ Nssb = (S)-N-(2-butyglycine

N-substituted glycine oli; or peptoid

HiCa_

Nspe = (S)-N-(1-phenylethyl)glycine

amphipathic peptide using peptoids, which are synthesized
in high yield and are protease-resistant and easy to design
for helical and amphipathic structure. In a previous study,
we showed that peptoid-based mimics of SP-B with simple, NH, NLys = N-(4-aminobutyl)glycine
repetitive sequences and stable helical structures had surface- M
active behavior comparable to that of the control peptide,
SP-B_25 (32). The three peptoids previously investigated N
contained lysine-like side chains incorporated at every third NArg = N-(3-guanidinopropyDglycine
position, resulting in one cationic face on the peptoid helix, 1{\/\,\“ N,
and either aromatic or aliphatic, chiral hydrophobic side
chains at the remaining two positions, leading to two
nonpolar faces. The most hydrophobic and helical peptoid,
containing two-thirds chiral, aromatic, phenylalanine-like side The inclusion of NArg side chains in peptoids is problematic
chains, called in this paper peptdd, was the most surface-  for two reasons: (1) The PMC-protected amine has low
active. The peptoid with the most “biomimetic” sequence, solubility in solvents used for peptoid synthesis, leading to
called B4, which comprised two-thirds chiral, aliphatic, a low coupling efficiency, and (2) extended cleavage times
isoleucine-like side chains, was the least surface-active. Thesare required for the removal of PMC, which can lead to acid-
peptoids had simple, repetitive sequences, and although theynduced degradation of peptoid monomers with Nspe side
mimicked the amphipathic helical structure of SP-B residues chains. FoiB2, the long cleavage required to remove PMC
8—22 well, we found that they did not exhibit all of the resulted in substantial cleavage of the Nspe side chains, and
surface-active behaviors exhibited by SR-B. Specifically, the desired compound could not be isolated in sufficient yield
the simple peptoids we studied previously had slightly later for study.
lift-off molecular areas, as determined on the LWSB, and We therefore designed a peptoid that substituted NLys side
higher maximum surface tensions, as determined in dynamic-chains for the NArg side chainB38, Table 1). The protected
bubble PBS studies. We concluded that these simple, helicalNLys submonomer (mono-Boc-diaminobutane) is much
peptoids were lacking some of the essential structural featuresasier to use than NArg, and we hypothesized that substitu-
displayed by SP-B.2s. tion of NArg for NLys would make little difference in the

In particular, the hydrophobic, N-terminal insertion region overall in vitro surface activity. Consequently, peptoRs
and the two arginine residues present within the amphipathicandB6 (Table 1) were designed to determine whether this
helix are structural features that may be important for the substitution affected surface activity. The sequend@is
biophysical functioning of SP-Bs (28, 38). In addition, based on that dB2, while that ofB6 is based on that d83;
the cationic residues of SP:Bs are distributed over two  in both cases, all Nspe side chains were substituted with Nssb
faces of the helix as opposed to just one face, as was theside chains. The hydrophobic side chains used in these
case for the first generation of simple peptoid-based mimics. peptoids hence are the same as those included in the least
While retaining the aromatic side chain contenBdf which surface-active peptoid from our previous pa@t, The Nssb
was previously our most promising compound, we have now side chain is not acid-labile and can withstand the long
designed a peptoid that incorporates both of these featurexleavage times required for removal of the PMC protecting
(B2, Table 1). Peptoid32 comprises an octameric, hydro- group. Therefore, we were able to purBp in good yield,
phobic, helical insertion region at the N-terminus and has allowing us to determine the importance of the arginine-
biomimetic placement of two arginine-like side chains like side chain in peptoid mimics. Table 1 presents data on
(NArg) as well as two lysine-like side chains (NLys) that the relative lipophilicity of the studied peptoid analogues,
form two partially cationic faces in the C-terminal helix (side in terms of the percentage acetonitrile at which they elute
chain structures shown in Table 2). The remaining side chainsfrom an analytical RP-HPLC column with C4 packing. Due
in the C-terminal helix are the hydrophobic, chiral, and to differences in the hydrophobic side chain chemistries of
aromatic Nspe side chains, forming one entirely hydrophobic the various peptoid oligomers, the hydrophobicity of the
face. While this peptoid was synthesized, we found that it peptoids, relative to the control peptide, varied as follows:
was not possible to purify the desired product in good yield B6 > B3 ~ SP-B_,s > B1 > B5 > B4. Properties of the
due to difficulties with peptoid cleavage and degradation. novel, more biomimetic peptoid sequen&3 B5, andB6
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37 °C for all surfactant formulations (Figure 2). In a typical
LWSB experiment, the surfactant is spread at the lairffer
interface at a concentration such that the lipids are in the
gaseous surface phase, where the molecules are not signifi-
cantly interacting with one another. As the barriers are
compressed, the molecules are brought closer together and
the lipid tails begin to interact with one another and enter
the liquid expanded (LE) phase, corresponding to an observ-
able increase in surface pressure (commonly termed the lift-
off area). A good LS replacement is expected to have a high
lift-off area (>100 A¥molecule) 43). As the barriers are
further compressed, a change in the slope of the isotherm is
observed at-25 mN/m, corresponding to a coexistence of
the LE and liquid condensed (LC) phases. This transition is
also observed for pure DPPC monolayers.

Further compression leads to a plateau in the isotherm
(typically between 40 and 55 mN/m), the significance of
which is highly debated. While some consider it representa-
tive of a selective molecular squeeze-out, where non-DPPC
molecules are removed from the interface as the film
progresses to highly compressed stateB, (others believe
that the plateau corresponds to protein-induced, organized
reversible structural squeeze-out. In this protein-induced

were compared to those of two of the simple, helical peptoids squeeze-out, SP-B facilitates the formation of folded, three-

from the previous studyH1, which has two-thirds chiral,
aromatic, Nspe side chains; aBd, which has two-thirds
chiral, aliphatic, Nssb side chain82)] and a modified
peptide mimic of SP-B.,5 with cysteine-to-alanine substitu-
tions that prevent the formation of unwanted disulfide bonds
(21) (Table 1).

Circular Dichroism SpectroscopyCircular dichroism
spectroscopy (CD) was performed in methanol at room
temperature (Figure 1). All peptide- and peptoid-based
mimics have CD spectra that exhibit spectral features
indicative of helical structure. The spectrum for SR8
has a maximum at195 nm and two minima at205 and
~220 nm, as expected for a peptidehelix. The spectra
for B1 andB3 are similar, each with a maximum &at192
nm and two minima at~205 and~220 nm, which is
indicative of a polyproline type I-like peptoid heli81, 39—

417). This result is similar to CD spectra previously published
for other peptoids containing chiral, aromatic side cha®is (
39-41), as well as foB1 (32), which reveals a very stable
helix. B4, B5, andB6 all have spectra similar to that observed
for a peptide polyproline type | helix, with a single maximum
at ~205 nm and two shallow minima at190 and~225
nm; this is also indicative of a peptoid polyproline type I-like
helix (41, 42). These CD spectra are similar to those
previously published for peptoids with chiral, aliphatic side
chains 41, 42) and forB4 (32) and reveal a helix that is
less stable than those formed B§ andB3. The spectra for
both B5 and B6 nearly overlay one another, which is

dimensional film structures close to the interface that promote
stability of the highly compressed film. SP-B would also
participate in the unfolding of these structures, thereby
increasing respreadability during film expansi@) 45). A

good LS replacement is expected to exhibit a pronounced
plateau in this regior4@). Upon further compression of the
barriers, the monolayer becomes a solid phase and finally
reaches collapse. Good LS replacements typically have a
collapse pressure near 72 mN/m, corresponding to near-zero
surface tension4@).

The surfactant films studied here all exhibit high collapse
pressures of~72 mN/m. The lipid-only film has a lift-off
area of~100 A¥molecule and a small kink at55 mN/m.
With the addition of SP-B.,s, an earlier lift-off of ~120
AZmolecule is observed, indicating that the presence of the
peptide at the interface alters the available area per molecule
and causes the lipids to begin interacting with one another
at a larger molecular area. In addition, a much more distinct
plateau is observed at50 mN/m. TheB1/lipid film has a
lift-off area intermediate between that of the lipid and that
of SP-B_,4lipid films (~110 A¥molecule) and an even
more pronounced plateau than the SP-Blipid film. The
lipid film with the aromatic insertion region-containing
peptoid, B3, exhibits a similar lift-off area of~110 A%/
molecule and a less extensive plateau, more similar to that
of the SP-B_.4/lipid film. Hence, by this test, the inclusion
of a hydrophobic insertion region at the N-terminus does
not seem to greatly affect the in vitro surface activity of

expected because the substitution of lysine for arginine is aromatic peptoid-based mimics of SR-B.

not expected to affect secondary structure to a significant

degreeB5 andB6 also have more intense spectra tlisah
indicative of a more stable helix. This is due to the higher
percentage of chiral side chains (80% vs 70%Bmk and
B6 as compared to that iB4, which leads to a more stable
helical structure41).

Langmuir-Wilhelmy Surface Balance Surfactometdy
Langmuir-Wilhelmy surface balance (LWSB) was used to

The aliphatic peptoid€B4, B5, andB6) provided slightly
earlier lift-off areas than the aromatic peptoidsl(5,~125,
and~125 Amolecule, respectively) but exhibited much less
defined plateaus in the isotherm-a60 mN/m. In the case
of the aliphatic peptoids, those that contain an N-terminal
insertion region show an earlier lift-off, where the lipid/
peptoid films begin to form an organized structure at larger
molecular areas. Furthermore, there seems to be little

obtain surface pressure versus molecular area isotherms adlifference between the isotherms & andB6 in the plateau
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region, indicating that the substitution of NLys for NArg librium surface tension was reached. A good LS replacement
does not affect surface activity (by this test). While the is expected to reach an equilibrium surface tension of
aromatic peptoidsB1 andB3, have a later lift-off area, they  approximately 25 mN/m very rapidly, within-12 min (46).
exhibit more pronounced plateaus than the aliphatic peptoids, These studies reveal that the lipid mixture with no additives
which may be due to their more stable helical structures and/has a relatively high equilibrium surface tensior4@ mN/
or to their improved ability to facilitate lipid interactions at m) and takes a long time to reach equilibrium, nearly 20
highly compressed surfactant states. min. The addition of 2.16 mol % SP:B:s resulted in a lower
Static-Bubble Pulsating Bubble Surfactometihe ad- equilibrium surface tension 6£30 mN/m that was reached
sorption kinetics of the peptide- and peptoid-based mimics much more quickly, within~10 min. The lipid films
were investigated in a lipid film [68/22/9 DPPC/POPG/PA containing aromatic peptoid31 andB3 showed improved
mixture (w/w)] at 37°C, using a pulsating bubble surfac- surface activity over both lipids alone and the SR-Blipid
tometer (PBS) in static-bubble mode (Figure 3). A bubble film, with low equilibrium surface tensions 025 and~23
with a radius of 0.4 mm was formed, and surface tension mN/m, respectively, reached after on6 min in the case
data were recorded continuously for 20 min or until equi- of B1 and 7 min in the case d3. Intriguingly, SP-B_s,



Peptoid SP-B Mimics Including the Insertion Region Biochemistry, Vol. 45, No. 39, 2006.1815

A ——Lipids —+—Lipids + Peptoid B1 B
70 [|—e—Lipids + SP-B, ,_ —&—Lipids + Peptoid B3 or
60 [ 60 L
3 Egl
E 50 > 50
E E
gl et
w w
= |
F 30 | 2ol
[o}] @
g I &
Sl 5 20 —8— | ipids + Peptoid B4
a a pids + Peptoi
o ——Lipids + Peptoid BS
10 F i
—&—Lipids + Peptoid B6
ol B@h e 0 L L L L L |
15 2 25 3 35 4 45 5 15 2 25 3 35 4 45
Surface Area (mm?) Surface Area (mm?)

Ficure 4: Dynamic adsorption data for lipids alone (A, black), lipids with 2.16 mol % SBHA, blue, filled circles), lipids with 2.16
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B1, and B3 all exhibit a two-step adsorption to the air surface tension were detected). The surface area and surface
aqueous interface in the static-bubble mode on the PBS. Thistension were both calculated at a rate of-P0 data points
phenomenon has been noted by other researchers for naturgder minute. The data are presented in the form of hysteresis
SP-B @, 47, 48) and is thought to represent an initial, slow loops (surface area vs surface tension); the loop direction is
adsorption of surfactant to the clean interface, followed by clockwise. The hysteresis loop for natural LS is expected to
an inflection and more rapid adsorption of additional exhibit a low maximum surface tension 6f35 mN/m, a
molecules to the existing surfactant film to the final equi- near-zero surface tension upon compression, and a high
librium surface tension. We have not yet determined the degree of hysteresis, indicating that only a small amount of
sequence and structural features of the peptoid mimics thatfilm compression is required to reach the minimum surface
lead to two-step adsorption but will explore this further with  tension 46, 49). Upon compression, the lipid film transitions
future designs. It should be noted, however, that while this from a monolayer to multilayer structure, as material is
occurs with natural SP-B, whole CLSE does not exhibit two- removed from the interface to allow the surface tension to
step adsorption kinetics but adsorbs extremely rapidly to a reach nearly zero. Because the image analysis system on our
low equilibrium surface tension. modified PBS instrument calculates both surface area and
The aliphatic peptoid$84, B5, andB6, had slightly higher surface tension using information obtained from fitting the
equilibrium surface tensions ef35 mN/m. The insertion  bubble with an ellipse, if the bubble shape deforms from
region-containing peptoid85 andB6, exhibited much more  that of an ellipse (as it frequently does at near-zero surface
rapid adsorption to the interface, only2 min, comparedto  tensions), surface area and surface tension cannot be
that of theB4/lipid film, ~10 min. We hypothesize that calculated. Therefore, there are no data points on the
peptoidsB5 andB6 enhance the rate of surfactant adsorption hysteresis loops in these regions (Figure 84, and B3).
to the air-liquid interface due to the interaction of their Additionally, the bubble size was not adjusted throughout
aliphatic insertion regions with the acyl lipid tails, anchoring the run so that the adsorption kinetics were not adversely
them into the monolayer. However, the peptoids composed affected. Although this led to the horizontal shifts of the PBS
of chiral, aromatic side chains, especia, are able to data loops, such as that observed between lipids an8lthe
reach a lower equilibrium surface tension, albeit with a less lipid film in Figure 4A, this has no effect on the overall
rapid adsorption rate. It is also interesting to note that there surface activity.
appears to be no difference in surfactant adsorption for films  The hysteresis loop for the lipid film with no SP-B mimics
containing B5 or B6, suggesting that arginine is not an reveals a high maximum surface tensien60 mN/m), a
essential residue for good surface activity in a peptoid-basedrelatively high minimum surface tensior-{0 mN/m), and
mimic of SP-B_s. a very low level of loop hysteresis. The addition of the SP-
Dynamic-Bubble Pulsating Bubble Surfactometifo B1-25 peptide results in a lower maximum surface tension
assess the surface-active behavior of the surfactant formula{~45 mN/m) and attainment of a near-zero minimum surface
tions during film area cycling, dynamic-bubble PBS experi- tension, and while significant bubble deformation was
ments were performed at 3T (Figure 4). A bubble witha  observed, the extent of loop hysteresis was small. Bhle
radius of 0.4 mm was formed and then dynamically cycled lipid film has a slightly higher maximum surface tension than
at a frequency of 20 cycles/min until equilibrium was reached the SP-B-.4/lipid film (~50 mN/m) but still reaches near-
(i.e., until no further changes in maximum and minimum zero surface tension and has significantly more hysteresis.
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The addition ofB3 to the lipid film results in a maximum  shown that truncated versions of this peptide or variants that

surface tension slightly lower than that of SP-B or B1 lack amino acids with ring structures (proline, tryptophan,
(~43 mN/m), a near-zero minimum surface tension, and a and tyrosine) exhibit significantly decreased surface tension
high degree of hysteresis, similar to that of BBlipid film. reducing propertie24, 25, 38). The two arginine side chains
The aliphatic peptoid84, B5, andB6, all induce only small in SP-B_,s are also considered to be important because they

extents of hysteresis, like SP:Bs, but still reach near-zero interact with both the anionic (POPG) and zwitterionic
minimum surface tensions. While ti#g4/lipid film has a (DPPC) lipid head groups in the lipid laye28). However,
maximum surface tension slightly higher than thatBff the inclusion of arginine-like side chains in peptoids is
(~52 mN/m) and a small extent of hysteresis, both B&é problematic due to the low solubility of the PMC-protected
lipid and B6/lipid films exhibit lower maximum surface  submonomer under reaction conditions, as well as difficulty
tensions of ~48 mN/m. Therefore, the addition of the in removing the PMC protecting group without side chain
insertion region to the peptoid-based mimics (aromatic or degradation during cleavage. The substitution of lysine-like
aliphatic) results in a lower maximum surface tension. While side chains for arginine-like side chains in peptoids makes
the physiological importance of the maximum surface tension them much easier to synthesize and purify in high yield.

is unknown, it is accepted that natural LS has a low All molecules studied had helical CD spectra, as expected
maximum surface tension of35 mN/m. The insertion  for the respective classes of helices. In general, increased
region-containing surfactant formulations do not reach this spectral intensity corresponds to greater helix stability, and
value, but they do reach a maximum surface tension closeresults indicate that (i) both aromatic and aliphatic peptoids
to, or in the case oB3 better than, that of the SP:Bs/ form stable helices and (i) the substitution of NArg for NLys
lipid film. Additionally, we have shown that the substitution in the amphipathic helix of the aliphatic peptoids does not
of arginine for lysine does not significantly affect the surface- alter secondary structure or helix stability. Such stability may
active behavior. The aromatic peptoidl andB3, exhibit play a critical role in lipid-peptoid interactions at the air
much larger extents of hysteresis than the aliphatic peptoids,liquid interface.

B4, B5, andB6. It is likely that the more stable helix formed The surface activity differences in aromatic- versus
by the aromatic side chains is better able to interact with aliphatic-containing peptoids may provide insight into their
the lipid monolayer and enhance the rapid decrease to nearability to facilitate the desired lipid dynamics in interfacial
zero surface tension upon a small amount of film compres- films. The increased lift-off areas observed on the LWSB
sion. This phenomenon is not yet well understood but will with aliphatic peptoids when compared to those of aromatic
be further investigated using molecular dynamic simulations peptoids may be explained by the less stable, more flexible
as well as X-ray studies of peptoids within mixed lipid films. helices formed by the less bulky, Nssb side chai®).(

We have further evaluated the dynamic PBS data by These molecules would occupy a greater fraction of the area
comparing the duration of cycling required to reach near- at the interface in the gaseous phase, leading to lipid
zero surface tension and the extent of compression requirednteractions at earlier molecular areas. Furthermore, increas-
for minimum surface tension changed throughout cycling ing the number of residues in the aliphatic-containing
(data not shown). The SP:Bs film, and the aromatic  peptoids, and thus the length of the helix, through the addition
peptoid-containing films, all reached their minimum surface of an insertion region resulted in increased lift-off areas
tensions on the first cycle. On the other hand, the aliphatic relative to the shorteB4. The more stable helices formed
peptoid-containing films required-110 min to establish an by aromatic-containing peptoids would presumably occupy
equilibrium minimum surface tension. While the SP-B less space, and accordingly, later lift-off areas are observed
film exhibited a progressive decrease in the amount of as compared to those of the aliphatic peptoids. However, it
compression required to reach the minimum surface tension,is interesting to note that helical length does not seem to
the aromatic peptoid-containing films immediately reached affect lift-off area in aromatic peptoids and actually decreases
near-zero surface tension with an only small amount of spectral helical intensity. On the basis of these results, the
compression. The aliphatic peptoid-containing films required area occupied by peptoids at the interface may not be the
5—10 min to establish the amount of compression required sole factor that determines lift-off area values. Instead, overall
for minimum surface tension. As expected from evaluation lipid—peptoid interactions and total organization of the
of the equilibrium hysteresis loops, the aromatic peptoid- surfactant film in the gaseous phase may play a greater role
containing films exhibit significantly more biomimetic in this initial increase in surface pressure. In the plateau
surface-active behavior than the aliphatic peptoid-containing region, the significantly less pronounced plateau exhibited
films. In addition, they are able to reach equilibrium by aliphatic peptoids when compared to aromatic peptoids
immediately, like natural LS. may be the result of a differing ability to organize or stabilize

the surfactant film at higher surface pressures. If the presence
CONCLUSIONS of a more pronounced plateau signifies a higher degree of

We have designed, characterized, and evaluated the in vitrdfilm reorganization into stable, folded, three-dimensional
surface activity of peptoid-based mimics of SR-B that structures, it appears that aromatic peptoids have an enhanced
include a hydrophobic, helical, N-terminal insertion region ability to more effectively manage the film during highly
(residues 19) and two arginine-like side chains in the compressed states.

C-terminal helix, two structural features that are present in  Interestingly, in addition to promoting earlier lipid
SP-B_,5 and that have previously been demonstrated as peptoid interactions in the gaseous phase on the LWSB, the
being important for its function. The hydrophobic insertion aliphatic peptoids are also able to adsorb more rapidly to
region has been found to insert into the lipid layer and the air-liquid interface of a bubble than the aromatic
interact with the acyl chains, and previous studies have peptoids, as determined using a PBS. The less bulky, more
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flexible helices of the aliphatic peptoids may more easily several measures, B3, a peptoid that has an average
interact with lipids in uncompressed states, promoting more hydrophobicity essentially equal to that of SP-B. The
rapid adsorption and crude organization. However, the stablecorrelation of surface activity with overall helicity is similarly
helices of aromatic peptoids appear to be better able todifficult to assess, since all peptoids have overall helical
facilitate the necessary lipid dynamics after initial adsorption structures (note th&3 is one of the least helical peptoids).

has taken place, leading to a lower equilibrium surface  The studies presented here demonstrate that it is possible
tension. The dynamic-bubble PBS data further support this to create SP mimics with excellent surface activities, through
theory by showing that aromatic peptoids are better able to the careful design of peptoid sequences that are more similar
interact with lipids during highly compressed states, with to that of the natural SPBys peptide, with biomimetic
less compression required to reach minimum surface ten-sequence patterning in terms of the positioning of hydro-
sions, and an increased level of hysteresis. Aromatic peptoidsphobic and cationic monomers. PeptoRSandB6 exhibit
also seem to maintain lipid organization at bubble expansion the best surface activity by LWSB studies and have the most
more efficiently than aliphatic peptoids, as demonstrated by rapid adsorption rates on the PBS, whB& reaches the
lower maximum surface tensions. lowest equilibrium surface tension and has by far the most
Clearly, the inclusion of an N-terminal, hydrophobic hysteresis in the PBS data loop. All of these attributes would
insertion region and the proper placement of the cationic sidepe desirable in a single mimic, which indicates that more
chains in peptoid83, B5, andB6 do significantly improve  work remains to be done. At this point in the field of lung
their in vitro surface activities, by comparison of these more surfactant science, it is unclear which of these individual in
biomimetic peptoids to our first generation of simple, helical, vitro surface-active behaviors is most critical for in vivo
amphipathic peptoid mimics of SPtBs. Note that our study  efficacy; however, it is interesting that these specific
is able to provide only an aggregate comparison of the behaviors seem to correlate with peptoid sequence and
importance of these two distinct structural features, since theystructure. Presumably, however, it will be best to create a
were not investigated separately. The presence of a hydro-biomimetic surfactant replacement that closely mimics all
phobic, helical segment promotes an increased level of of the unique surface-active properties of whole, natural lung
insertion into and interactions with Iipid tails, Ieading to surfactant, and admittedly' we and the LS research com-
enhanced surface activity. In both the aromatic- and aliphatic- munity still have a long way to go to achieve this with a
containing peptoids, the presence of an insertion region non-natural material. However, the results of this study lead
significantly improved the peptoids’ ability to maintain lower us to believe that sequence-specific peptoids are an ideal
surface tensions at bubble expansion. The anchoring of thetemplate for the correlation of SP-mimic structural attributes
peptoid helices to an expanding lipid film may result in  with the characteristic activities exhibited by natural surfac-
enhanced respreadability, as well as facilitate lipid transport tant proteins.
and organization. Extending the helix through addition of
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