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A number of peptides with different lengths corresponding to various regions of human pulmonary surfac-
tant protein SP-C were synthesized and their activity evaluated to improve in vitro surface activities and in situ
lung pressure-volume characteristics of a ternary lipid mixture composed of dipalmitoylphosphatidylcholine/
pibsphatidylglycerol and palmitic acid (75:25: 10, w/w). SP-C (1—35), a synthetic peptide with the entire length
of human SP-C, and some other peptides with various lengths of its partial sequences were remarkably active. All
of these peptides shared a common core sequence of (C)YCPVHLKRLLIVVYVVVLIVYVIVGAL(L). Any deletion
in this core sequence resulted in reduction of activity of the peptide. SP-C (§—31) and SP-C (6—32), the minimum
peptides containing the core sequence, were combined with the ternary lipid mixture at the final peptide concentration
of 2% {wiw) into synthetic surfactants which showed excellent properties comparable with those of Surfacten®, a
commercially available modified bovine lung surfactant. In a Langmuir-Withelmy surface balance, the synthetic
surfactant containing SP-C (6—32) spread and adsorbed quickly to reach a surface tension of 30.8 mN/m at 30-s
spreading time and 41.2mN/m at [-min adsorption time, respectively; the presence of SP-C (6—32) significantly
prevented the decrease of surface activity of the ternary lipid mixture during dynamic compression—expansion cycles.
Furthermore, tracheal instillation of the synthetic surfactant containing SP-C (6—232) at the dose of 50 mg of
phospholipids/kg improved lung pressure-volume characteristics of immature rabbit neonates to a level similar to

that of mature neonates at term.

Key words pulmonary surfactant; surfactant proiein-C (SP-C); synthetic peptide; surface activity

Avery and Mead clearly demonstrated that infants
dying of respiratory distress syndrome had a deficiency of
pulmonary surfactant.”' [n 1980 Fujiwara and co-workers
reported the first successful administration of modified
bovine lung surfactant given as‘a liquid and instilled into
the trachea of preterm infants with respiratory distress.?
Since then surfactant replacement therapy has become
standard care for neonates with infant respiratory distress
syndrome (IRDS)," and has triggered interest in its
clinical potential for other forms of lung diseases including
acute lung injury in adult patients.®

Surfactant preparations currently used in clinical
practice are divided 1nto two types: those that are modified
natural surfactants containing specific surfactant proteins
and isolated from mammalian lungs, and those made
from synthetic lipid mixtures. /n vivo and in vitro studies
indicated that the presence of surfactant proteins is critical
for surfactant function.®” Clinical trials with modified
natural surfactants compared with the synthetic lipid
surfactant give some indication that surfactant proteins
may be important constituents ot therapeutic surfactants
in some infants.® 7% [t has been indicated that the effects
ol surfactant proteins on the degree of surfactant in-
activation may be clinically relevant.®~'%

Pulmonary surfactant contains two hydrophilic, col-
lagen-like proteins, SP-A and SP-D, and two extremely
hydrophobic, amphiphatic proteins, SP-B and SP-C.'' =13
These latter two specific peptide components observed in
modified natural surfactants for clinical use are important
in surfactant function.!® Jn vivo studies indicated that
they remarkably accelerate the spreading and absorption

* To whom correspondence should be addressed.

NSDOCID: <XP___2139845A_| >

of phospholipids to the air-water interface. In our early
work!*1® it was demonstrated that the biophysicit-adl

physiological properties of surfactant tipids were im-
proved by addinga M8rophobic protein mixture of Sp-BY

and SP-C isolated from bovine lungs.

SP-C of human is a 35-amino acid polypeptide that can
be divided into two specific parts: a 23-residue hydro-
phobic C-terminal region rich in valine and leucine, and
a hydrophilic N-terminal moiety bearing two conserved
positive charges, lysine and arginine, and two adjacent
cysteine residues that are stoichiometrically palmitoyl-
ated.'7" %% As observed in SP-B, addition of SP-C alone
to surfactant lipids enhances their surface activity in vitro
and in vivo.2':2? Synthetic analogues of human depal-
mytoyl SP-C mimic surface chemical and physiological
properties of native surfactant peptide.*'-**>*% Data from
these analog peptides indicated that surface activity of
SP-C might depend on its x-helical configuration of
hydrophobic C-terminal region and conserved hydrophilic
amino acid residues at the N-terminal moiety.

[n this study, we used a series of synthetic peptides with
an entire sequence and a variety of truncated sequences
of depalmytoyl human SP-C. These peptides were added
to the ternary lipid mixture and their surface activity was
evaluated with a Langmuir-Wilhelmy surface balance.
We were interested in the structure-function relationships
of these peptides and in vitro surface properties, e.g..
whether the total amino acid sequence was necessary, or
whether some regions or a only fragment was enough
for the activity of SP-C. Peptide effects on respreading
kinetics durix’\g dynamic compression-expansion cycles
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and on pressure-volume properties of surfuctant-deficient
preterm rabbit fetus were also investigated.

MATERIALS AND METHODS

Materials  9-Fluorenylmethvloxycarbonyl (Fmoc) es-
ter of amino acids and other reagents using peptide
synthesis were purchased from Kokusan Chemical Works,
Ltd. {Tokyo. Japan). vL-x-Dipalmitoylphosphatidylcho-
line (DPPC) and phosphatidvlglycerol (PG: sodium salt,
prepared from egg yolk phosphatidylcholine) were
obtained from Sigma Chenical Co. (St. Louis. MO.
U.S.A) and palmitic acid (PA) was from Tokyo Kasei
Kogyo Co.. Lid. (Tokyo. Japan). Surfacten® (Surfactant
TA) was a modified bovine lung surtactant containing a
few percent proteins and about 95% lipids. and was
supplied by Tokyo Tanabe Co.. Ltd. {(Tokyo, Japan).
Exosurf™® was a protein-free lipid surfuctant composed of
DPPC hexadecanol tvloxapol (13.53:1.5: 1. w-w). and was
obtained from Burroughs-Wellcome Co. (Research
Triangle Park, NC. U.S.A). All other chemicals were of
reagent grade.

Peptide Synthesis and Purification Peptides were
svnthesized by stepwise solid phase synthesis employing
the Fmoc strategy in a solid phuse multi-peptide synthesis
svstem, KOKKU-San® (Kokusan Chemical Works.
Ltd.), uccording to the method of Akagi ¢r al.*™ After
cleavage of Fmoc protective group of the N-terminal
amino acid residue by treatment with 20% piperidine in
dimethylformamide. liberation of the peptide and removal
ol other protecting groups were carried oul in 2 mixture
of m-cresol-1.2-ethandithiot thioanisol. triluoroacetic
acid‘trimethylsilylbromide (2:3:12:75: 14, v/v). Resin
was removed by filtration and diethylether was then added
into the concentrated filtrate to precipitate the peptide.
Peptide after cleavage was dissolved in trifluoroacetic
acid dichloromethane (5:95. vv) containing 10mm
mercaptoethanol. From this solution. peptide was purified
by HPLC on a 7.5 x 500-mm column ol Asahipak GS-510
(Asahi Chemical Industry Co.. Ltd.. Kawasaki, Japan)
which was eluted with the same solvent at a flow rate of
0.8 ml'min. Four-ml portions of eluate were collected
and fractions containing purified peptide were pooled.
The peptides were identified by sodium dodecy! sulfate-
polyacrvlamide gei electrophoresis (SDS-PAGE) and tust
atom bomburdment mass spectrometry method using the
mass analvzer model JMS-S102A (JEOL. Lid., Tokyo.
Japan). The composition of the purified peptide was
determined by acid hvdrolysis using 12~ HCl/trifluoro-
acetic acid (201 vov) containing 3% (w:v) phenol at
150 Cfor [ —72h in vacio. The hydrolvzate was analyzed
on a LC-9A automatic amino acid analysis system
(Shimadzu Co.. Ltd.. Kyoto. Japan). The amino acid
compositions were calculated from the peak values of
each amino acid obtained tfrom the time course of their
analysis.

The number of amino acid residues and fragment length
of synthetic peptides correspond to the number in the
published human SP-C ¢.g.. SP-C (1 —35) corresponds
to the full-length sequence of the depalmytoy! human
SP-C.7*
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Native SP-C was isolated from an extract of bovine lung
mince. A mixture of native SP-B and SP-C was isolatsy
from a bovine lung extract containing phospholipids.
neutral lipids, fatty acid and surfuctant proteins sg
described previously.'*'®" The lung extract conlaining
1.4 g of phospholipids was dissolved in 4ml of chioro-
form-methano!l (2:1. v.v) and loaded on a column of
Sephadex LH-20 (2.8 x [SOcm). The column was eluted
with the same solvent system at a Aow rate of 0.3 ml/min.
Fractions of 3.6 ml were collected and were analyzed by
SDS-PAGE. Proteins and phospholipids in the frac-
tions were measured by Dulley’'s method*” and King's
method,*® respectively. Fractions containing SP-B and
SP-C were dried and dissolved in chloroform-methanol-
0.1N HCl (20:10:1. viv). Then, SP-C was separated
from the mixture containing 19.9 mg of proteins and was
purified to homogeneity by Sephadex LH-60 chromato-
graphy (2.48 x90cm) using the same solvent system at
a flow rate of 0.3ml/min in the manner described by
Curstedt ¢t al.'*' Fractions of 3.3mi were collected and
analyzed by SDS-PAGE. Purified SP- C was evapora!
dissolved in chloroform-methanol (2:1. v'v) and si Q)d
at -20 C.

Preparation of Surfactant Peptide-Lipié Mixtare Syn-
thetic surfactant containing peptide was prepared in the
following manner, Synthetic peptide. Jdissolved in i small
volume of trifluoroacetic acid. wag mixed with the ternary
lipid mixture of DPPC PG-PA (75:25:10, w'w) in a
chloroform/methanol (2: 1. v/v) solution so as to produce
a peptide-lipid mixture containing 2% of peptide on a
weight;weight basis relative to the phospholipids. The
organic solvents were removed by evaporation. The
peptide-lipid mixture wus suspended in 10% ethanol
solution, incubated at 40-—45 C for 15min and then
yophilized to obtain a white powder. This admixture was
dispersed in saline by sonicution for | min in ice-cold water
and was stored under nitrogen at ~20 C. The final
concentration of phospholipids was 10mg-ml.

Surfacten® and Exosurt® were ulso dispersed in saline
at a phospholipid concentration ot 23 and 13.Smg'mlL
respectively. [0

Langmuir-Wilhelmy Surface Balance Surtace ter&)n
was measured with a modified Wilhelmy surfiace batance
(Kyowa Co., Lid.. Tokyo. Japuan) as described previous-
ly.'®” A sample of surfactant preparation containing 81 ug
of phospholipids was spread on an air-water interfuce of
saline (50ml) in a Tefon trough (I15x6x1.5¢m) and
allowed 1o spread spontaneously for Imin. Surface ten-
sions at 30 and 120s after spreading were monitored
directly with a roughened platinum plate supported by the
strain gauge. After 3min, the resultant surfuce film was
compressed and expanded from a maximum (54.0cm?) to
a minimum (21.6cm”) surlace arew al 2.4 mincycle.
Cycling was continued until no turther change was
observed. Surface area ut 10mN.m obtained from the
fourth cycle of a dynamic surface-tension diagram was
expressed as percent of the urea. Subphase temperuaturce
was controlled during measurement a1 37+ 1 C.

Dynamic respreading afier compression past collapse
was measured by the method of Turcotte ¢r «f*"" The
sample was spread from hexane-ethanol (9:1, v.v) on d
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30-ml safine subphase. The surface concentration used
{was 13A*molecule. After 30min. dynamic surface
\tension-area diagrams were recorded as above.

Surface absorption was measured in a round Teflon
trough (5cmin a diameter and 2cm deep). While stirring
at 60rpm. a surfactant suspension containing 1.5mg
phospholipids was injected deep into 30-ml saline sub-
phase. The change in surface tension was measured at
1.3 and Sminat 37+1°C.

Pressure-Volume Characteristics of Neonatal Lungs
Lung pressure-volume characteristics in premature rabbit
fetus were measured by the method of Enhorning and
Robertson’® with several modifications. At 27 and 30d
gestation, a rabbit was anesthetized with sodium pento-
barbital and fetuses were delivered by caesarian section.
Without allowing to take a breath. the animal was weighed
and the trachea was cannulated. A surfactant suspension
containing 50mg of phospholipids per kg body weight
was instilled into the cannula which was then connected

.xo a syringe and a water manometer. Air was put into a

BNSDOCI0: <XP _

trachea at the flow rate of 0.8 ml'min using a syringe
pump to increase pressure to 30cm H,O and expand the
lungs. After 2min. pressure was reduced to Ocm H,0 at
the same flow rate and the lungs were contracted. The
tetuses were kept at 37+ 1 'C. For each neonate studied
with surfactant. two littermates were matched as control.

Data Analyses Statistical analyses were done using
Student’s unpaired r-test. Ail data are depicted as mean +
S.D. p values of less than 0.0! were considered to indicate
a statistically significant difference.

RESULTS

Biophysical Activity of the Svnthetic Peptides Analogous
to Human SP-C A svnthetic human SP-C, SP-C (1—135),
and ‘its truncated analogues are shown in Fig. [. The
spreading kinetics of each lipid-peptide mixture was
evaluated by measurement of the surface tension after
injection of the sample on an air-water interface. and then

ynamic surface tension-area diagrams were recorded.
The results of the surface activity (i.e.. the ability of the
samples to reduce surface tension of film) of the lipid-
peptide admixtures are summarized in Table ! For
comparison. the results of both clinically used surfactant
preparations. Surfacten® containing SP-B and SP-C and
protein-free Exosurf® and an admixture prepared with
bovine native SP-C and lipids are also shown in Fig. 2.

The ternary lipid mixture consisting of DPPC/PG/PA
(75:25:10, w/w) was utilized in the current investigation.
This mixture was well characterized by Tanaka er a/.'®
with regard (o surface properties and was used to in-
vestigate the influence of a lipid-associated polypeptide
on dynamic surface activity of a lipid mixture. Spreading
of this lipid mixture of DPPC. PG,/PA was much slower.
In a Langmuir-Wilhelmy surface balance, DPPC/PG/PA
reached a surface tension of approximately 46 mN/m at
2-min spreading time (Table |, Fig. 2). After spreading,
films were compressed by 56.1% to reach a surface tension
of less than 10mN.m and had a minimum tension of
5.3mN/m (Table 1. Fig. 2): Exosurf® also showed a very
slow spreading (data not shown) and did not yield a

__2139845A_ 1 >
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1 10 0 3 hL)
SP-C(1-35) FGIPCCPVHLKRLLIVVVVVVLIVVVIVGALLMGL
SP-C(5-35) CCPVHLKRLLIVVVVVVLIVVVIVGALLMGL
SP-C(6-35) CPVHLKRLLIVVVVVVLIVVVIVCALLMGL
SP-C(7-35) PVHLKRLLIVVVVVVLIVVWVIVGALLMGL
SP-C(1-32) FGIPCCPVHILKRLLIVVVVVVLIVVVIVGALL
SP-C(1-31) FGIPCCPVHLKRLLIVVVVVVLIVVVIVGAL
SP-C(1-30) FGIPCCPVHLKRLLIVVVVVVLIVVWIVGA
SP-C(1-29) FGIPCCPVHLKRLLIVVVVVVLIVVWVIVG
SP-C(1-27) FGIPCCPVHLKRLLIVVVVVVLIVVVI
SP-C(1-16) FGIPCCPVHLKRLLIV
SP-C(4-30) PCCPVHLKRULIVVVYVVLIVVVIVGA
SP-C(5-31) CCPVHLKRLLIVVVVVVLIVVVIVGAL
SP-C(6-32) CPVHLKRLLIVVVVVVLIVVVIVGALL
SP-C(7-33) PVHLKRLLIVVVVVVLIVWVVIVGALLM
SP-C(6-12) CPVHLKR
SP-C(13-32) LLIVVVVVVLIVVVIVGALL
SP-C(6-20) CPVHLKRLLIVYVVV
SP-C(21-32) VLIVVVIVGALL
Fig. 1. Amino Acid Sequences of Synthetic Peptides Analogous to

Human SP-C

minimum tension of less than 10 mN-m even with full
compression {Fig. 3). In contrast with the ternary lipid
mixture or Exosurf®, reconstituted surfactant with
bovine native SP-C and Surfacten® had excellent surface
properties (Fig. 2).

It is clear that the bovine native SP-C and each of the
synthetic peptides of an entire length and various regions
of human SP-C molecule enhance the biophysical activity
of surfactant lipids in \arvmz and different dezrees (Table .
I). Deletions of N-t Iy S
C-terminal residues betw 40, 3
aflect biophysical activity of these pepudes Nallvc SP-C,
SP-C (1—35) and some other peptides. all of NIRRT
tain a region of the central portion ot the SP-C quoiacu®.
i.e.. residues 5 through 32 with a sequence of(C)CPV-
HLKRLLIVVVVVVLIVVVIVGAL(L). significantly in-
creased the spreading rates compared with the ternary
tipid mixture (Table 1. p<0.01); the surface lensions
achieved after 30s (about 30mN:m) are comparable with
those obtained under the same conditions with recon-
sttuted surfactant with bovine native SP-C and Sur-
facten® (Fig. 2). After spreading. these lipid-peptide
admixtures were compressed by only 30% to reach surface
tensions below 10 mN/m. The surface activity of dynamic
cycled films and their surface tension-area diagrams are
equivalent to those of Surfacten® in which large collapse
plateaus at the minimum tensions (!.2—5.4mN/m) and
rapid respreading with the low maximum tensions (27.2—
36.2mN/m) were observed (Fig. 3). Other peptides. all of
which had some deletion(s) in this core segquencesmixed
with DPPC;PG/PA. showed rapid spreading. but ik
tensions were significantly higher. 4047 mN:m (p <0.01
vs. native SP-C at 30—120s after spreading). During
dynamic cycles, the minimum tensions below 10 mN/m
were still observed, whereas the maximum tensions tended
to approach 40 mN/m. The area changes required to reach
tensions below 10mN/m were significantly increased to
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Table | Effect of Synthetic Peptides Reluted to Human SP-C on Surface Activity of a Ternary Lipid Mixture of DPPC PG PA

Surluce tension

Vol 19, No. 19

Surface area Surtuce spreading

.

Sumple n e N at 10mN-m ———— —
Penn” (MN 1Y) Feae (MN/m) %) at 10s (mN m) at 120s (mN-m)

DPPC PG.PA 5 53415 513471 439420 477428 16.3+£14.8
+SP-C{1—1%) 5 1.24£03° 3334129 75.3+2.0% 234100 27.240.8%
+SP-C(5-—135) 3 19+ 0.4 S+ 735+ 194 2984130 2864119
+SP-C(6--15) 3 L3030 30.9+1.5% 73.8 424 BIH 184414
+SP-C(7-—15) 3 31309 394433 56.9+3.5° 399+1.9 387+1.2¢
+SP-C(l -32) 1 22413 27.241.3¢ TLO+1.3% 2964119 28.6+ 1.2
+SP-C(1 =31} 3 JE+2L 27.8+2.0° 65.3 2.6 32.0+27" I3£27Y
+SP-C(1—130) 3 IR-158 352421 614 +39% 21+10 31954210
+SP-C(1—29) 3 10+14 368+1.0 591+ 177 418419 40.7+08°
+SP-C(1—217) 3 19412 386+22 60.4 +£2.24 H6+11 409+1.1°
+SP-C{1--16 3 Tatl 351 +£1.59 61.9+38¢ 455416 453+16
+SP-C{4—10) 3 68~18 36.5+1.2 431417 721 430+ 1.8
+SP-C(5—=31) 5 Lirpae 35.8 £0.3¢ 66.9 +1.8% 302 #1030 289+1.1°
+SP-C(6—32) 5 1.2+06" 3284174 737+1.3% 308 £ 16" 293+1.5%
+SP-C(7—33) 3 19414 38.240.7 489 +3.1 447+ 437+1.3
+SP-C(6--12) 2 9.7 498 s 46.5 45.0
+SP-C(13—32) ki 6.5 43.5 456 435 428
+SP-C(6 -20) 2 8.3 435 43.6 413 427
+SP-C(21- -32) 2 38 46.4 36,7 453 438
+SP-C(6—12) SP-C(1} - 32)

2 73 0.7 4.2 422 41.0 My
+SP-C(6—20).SP- -C(21- 3 §

2 76 412 416 475 4.0

A ternary hipid minture of DPPC PG PA (75 25:10, w.w). admixed with or withoul synthetic peptidets) (2% by weght ot phospholipidst was apphed to the

air waler interface at |5 gg of phospholipids ¢m? sucface areu and wHowed 1o spread spontaneously for 3nun. Inniul spreading concentrations in the films corresponded
to 8.2A° per mole of phuspholipids. The surluce area was then cycled from an ares of 540 1o 21.6em* and dynuamie surlace tension was recorded as desenbed

Mutertals und Methods. Relutive change i surfuce arei was 600 and cycling ime was 24 nun.

«) Minmmum surface tension. Al Maxnimunt surface tension.

O p <001 and dt p <0001 compared with the vatue of DPPC PG PAL Each value represents the mean =S D (=2 &

40—50% (p <0.01 vs. native SP-C). Thus. SP-C (5—31)
and SP-C (6—32) were the minimum peptides which
showed excellent surface activity nearly identical with
those of native SP-C. Though having the same number of
amino acids as these peptides. SP-C (1—27), SP-C (4—30)
and SP-C {7—33) were less effective than SP-C (5—31) or
SP-C (6—32) in lowering the equilibrium surface tension
during spreading and in lowering the compression area to
vield 4 surface tension below 10mN/m (p<0.01). The
peptide-lipid mixture containing a pair of two short
peptide fragments corresponding to the partial sequences
of SP-C (6—32). e¢.g.. SP-C (6—12) and SP-C (13-—32)
and SP-C (6—20) and SP-C (21—2132), were also less active
than that containing SP-C (5—31) or SP-C (6—32) alone.

Characterization of SP-C (6—32) To characterize
further the biophysical activity of SP-C (6—32). its
absorption to the air-water interface, reproducibility of
dynamic surface tension-area diagrams and physiological
activity n the pulmonary mechanisitics of premature
rabbit neonates were analyzed.

The absorption kinetics of each peptide-lipid mixture
was cvaluated by measurement of surface tension after
injection of the sample underneath an air-water interface.
Adsorption rates of each sample were very similar to their
spreading rates. SP-C (6-—32) and SP-C (1 —35) were able
to reproduce the propertics of bovine native SP-C.
Addition of these peptides induced u rapid adsorption of
phospholipids at the air-water interface and led to a
surface tension of 32.7—4].2mN.m at |—S5min after
injection (Table 2). For a ternary lipid mixture of DPPC/
PG/PA alone. the adsorption curve was much slower and

2139845A | >

the equilibrated tensions (55.8-—-57.6 mN/m at |-—5min)
were significantly higher than those of lipid-peptide
mixtures (p<0.01 vs. SP-C (6—32)).

The relevance of the hysteresis in phospholipid fitms for
lung surfactant functton i vivo has been demonstrated.
To investigate the contribution of the hydrophobic pro-
teins to the hystercsis in the surfuce lension observed in
the films. measurements were made of dynamic surface
tension-area isotherm on the films of DPPC.PG:PA alone
or DPPC/PG/PA plus hydrophobic protein compressed
beyond the collapse point. and the extent of respreading
of the films was determined using the collapse Pla@"""j
ratio criterion. The films were dynamically cycled ad 4
min:cycle for 7 consecutive cycles and the total area
compression was always 60%. As shown in Tuble 3 and
Fig 3. addition of 2% (w:w) of SP-C (6—132) in DPPC.
PG PA led to a greater hysteresis in the surface tension-
drca isotherms than those found for tilms of DPPC.PG/PA
or Exosurf®. In the first cycle. starting after spreading to
23mN.m. the film had to be compressed by only 19.6%
to reach a surface tension below 10 mN/m. and the length
of the collapse plateau of the ilm of DPPC;PG/PA plus
SP-C (6—32) was longer than that of the same film with-
out SP-C (6—32). Upon expansion. the surface tension
rose o o maximum of 23.6 mN/m. The hysteresis loop
was very reproducible from the second cycle and continued
to be relatively stable up through the 7 cycles of dynamic
compression-expansion. Values of the ratios for cycle
2jcycle |, cycle 4icyele 1 and cycle 7icycle | are shown in
Table 3. The collapse plateau length ratios for the cycling
of films showed the superior respreading of the films



BNSDOCID: <XP

October 1996
70 4
. 60 -
50
40
30

20 +

60

50

Suitace tension (mN/m)
o
4

40

30 A

20 -

-——’_’—”‘

0 ! T i i ( T 1
30 40 50 60 70 80 el¢)
Relative area (%)

-
100

Fog. 2

aralians

Dynamic Compression Expression Cycles of Surfactant Prep-

and DPPC PG PA plus SP-C (1 35 1) and SP-C (6 32) (A) at a

centration ol 2% (w wi relutine 1o the lipuds: 8, Surtucten® (). Exosurl¥ (@)

and DPPC PG PA plus bovine natine SP-C Q) at a concentration of 2% |w w)
felative wo the hipids.

')cl;nls asin Table 1. Typcul isatherms of cyvele 4 are shown. A, DPPC PG-PA

w2, Compurison of Surface Adsorption Characteristics of DPPC.
"(‘ PA Plus SP-C Related Pcpud:. Surfacten®, and Exosurf®

Surluace adsorption”

Sample at 1 min at Imin at Smin

fmN My (mN:m) (mN'm)

DPPC.PG PA 376451 56.7+4.7 558 +4.3
+SECel- 35) IS0+ 3139+ 3.2% 32.7+299
- SP-Cto -3 412438 B.0+36" 36.3+3.37
+ Bovine SP-C 169 +2.8¢ 3153120 349 +1.6%
Surfacten® RO42.2% 362+ 189 4.7 41.2%

Exosurt® 57.5+02 56.7+0.2 558+0.3

A surfuctant preparation contaming 1.8 mg of phospholipids was (njected into
the subphase of 30-ml suline in a round Tetlon trough (Sem in diameter and 2cm
Jdeep) with sorong at a rate of 60rpm. The change in surface tension was then
measured at indicaled umes alter siirring stopped. The final adsorption con-
centrations i the films corresponded to 0 lb ‘ per mole of phospholipids.
wop <t und Y op <0001 compared with the value of DPPC PG:PA. Each
value represents the meun =S D (1 =3).

containing hydrophobic protein over those of DPPC/PG/
PA dlone. The film containing SP-C (6—32) gave the cycle
2cvele 1, cycle 4:cycle | and cycle 7/cycle 1 ratios of 0.94,
0.83 and 0.53. respectively, while the DPPC/PG/PA flm
gave corrcsponding ratios of 0.86, 0.14 and 0.13, showing
that SP-C (6—32) increased the respreading of peptide—
liprd film dbOU[ 4—6 umes over that of the lipid ﬁlm at
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Fig. 3. Dynamic Compression-Expansion Behavior of DPPC PG PA
(A) and DPPC.PG.PA Plus SP-C (! 35 (B1and SP-C (6 -3 (O)

Surface films spread from a solvent of hexane ethunol (9.1, v v) o 13A? per
molecule of phospholipids were continuously compressed und expunded at a rate
of 2.4 min:cycle. Relative change in surface area wus 60° Tyvpical satherms o
cycles 1{Q)L 2 ((0) and 4 (A} are shown.

the fourth and the seventh cycles. The seventh respreading
of the film containing SP-C (6—32) was slightly lower
than the second and the fourth respreading. The effect
of SP-C (6—32) on respreading of DPPC/PG/PA was
similar to those of chemically synthesized SP-C (1—35)
and bovine native SP-C.

Immature newborn rabbits. delivered at a gestational
age of 27d, are commonly used for experimental evalua-
tion of surfactant substitutes. /o sine  quasi-static
pressure-volume properties of lungs of prematurely
delivered rabbit neonates after tracheal instillation of the
ternary lipid mixture in the presence and the absence of
hydrophobic peptide are shown in Fig. 4. For comparison,
the data are also given from littermate controls and from
neonates at term (gestational age of 30d), which received
no surfactani. In a surfactant-deficient immature rabbit
fetus with a gestational age of 27d, quasi-static lung
volumes at Scm H,O deflation pressure were 2.8+ 1.8
mi/kg body weight. At a dose of 50 mg phospholipids/kg.
tracheal instillation of DPPC/PG/PA plus SP-C (6—32)
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Tuble 3 Compdrlmn ol Ruprcudma Charactenistics of DPPC PG PA Plus SP-C Reluted Pnpudu Surfacten® . and Exosurt®
Surlace area at VMmN m Cull.xpw plateau fenath ratio
Sample - R i ———————— e - — e
Cycle 1("”) Cycle 4 (%%) Cycle 7 (%) 2 41 7.1
DPPC PG PA 618 +43 49.8+48 49.3+47 0.86 +0.02 0.14+£0.01 0.13+0.01
+SP-C(1--351 3104+ 3.2 801 +4.0 79.4+2.9¢ 0.99+0.02™ 100 +0.02" 0.97 +0.04"
+SP-Ci6- 3y 804+ 2.7 747 3.3 66.3+3.2% 094+001" 0.83+0.04% 0.53+0.04"
+ Bovine SP-C ERIE R e 76.7-22M 758+ 1.4" 0.93+0.02" LOF£0.01™ 1.01 =0.04*
Surfucten® BT LSV z7‘3:l.3“’ 7624+ 157 096 +0.02" 096 +002x N.94+001"
Exosurt® <4l <40 <40 0.4 10027 0.26 +0.03" 012+001

A sampie was spread from a solvent of hexane ethanol (901, v v) on the wir waler interface at 134 per molecule of phospholipids. The surfice urea was then

evcled from an area ol’ 30w 2lbem:
and oyaling nme was 24 min
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Fig. 4. Pressure Volume Charictenisies of Premuture Rabbit Neo-
nates after Tracheal Instillution of Suctacten® (O). DPPC PG PA (R)
and DPPC PG PA Plus SP-C (1 -35) ([J) and SP-C (6—=32) (A)

Rubbit nevnates at u gestational age of 27d were treated with sucfactant
preparations ot a dose of SGmy of phospholipids kg body weight or with saline
tx + For companson, the duta Trom neonates at term (O reveving no surfuctant
preparation are alsu shown. Sold lines. measurements during deflation. dushed
tines. meusurements Jduring tnflation The duta represents the mean+S 0.
e = 4 10y o Significantly dillerent from DPPC PG PA. p < 0.001

improved the quast-static pressure-volume properties of
immature rabbuts in which a lung volume of 43.1+3.5
miskgat Scm H,O deflation pressure was comparable with
those observed in immature rabbits receiving other
peptide-lipid surfactants and with that of the neonates
at term (448 +5.5ml kg). Furthermore, the pressure-
volume characteristics of these peptide-lipid mixtures
were statistically better than those of the ternary lipid
mixture {p <0.01. lung volume of 15.8 ml;kg at 5cm H,0
deflation pressure).

DISCUSSION

In these studies, a number of truncated peptides having
decreasing lengths of native SP-C sequence were syn-
thesized to define the minimum segment(s) required to
restore the biophysical activity of native SP-C. This
reseurch led to the discovery that SP-C related peptides
having 4 ¢ C.sdqusnce,of 27 residugs. ie.. (C)CPVHL-
KR VVVLIVVVIVGAL(L). could fully enhance
the abiliies of phospholipids to rapidly reduce surface
_2139845A__|_>

and dynamie surface tension was recorded as described 1n Materals and Methods. Relatise change in surface area was 60°,
at p< 001 and b p <O BOF compured with the value of DPPC PG PA. Each value represents the mean £S.8) (=31

tension of the ajr—water interface i virro when mixed with
the lipid mixture of DPPC PG PA (75:25:10. wsa
(Table 2). L)

As shown in Fig. 3. the 2nd and 7th hysteresis loops of
DPPC.PG/PA alone dcmonslmted that the length of the
collapse plateau was considerably shorter than that of the
Ist cycle and these maximum surface tensions past col-
lapse were remarkably higher than the initial surface
tension of the film. This indicated that some fractions of
DPPC molecules may be lost from the air-water interface
by the formation of local. irreversible collapse structures
or by incorporation into subphase lamellae during film
collapse.*%*1-*2 The lengths of squeeze out plateau of
PG and PA just below 20mN m remuaned stable during
dynamic cycles of DPPC PG PA film. The addition of
SP-C (6—32). as well as native SP-C or SP-C ([ —235). led
to improved respreadability of DPPC PG. PA. The second
and fourth cycles of pepltide-lipid flm displayed greater
and more reproducible hysteresis than did those for the
lipid film. These results indicate that integration of SP-C
into lipid Alm leads to reversible collupse structures of
peptide-lipid film.**" of which almost ull lipid materi
spread easily to retain low maximum surface tensions ..’
to keep large collapse pluteaus of hysteresis loops during
successive dynamic cycles.

An amphiphatic structure with long hvdrophobic z-heli$:
may be important for these tunctions ol native SP-C and
SP-C related synthetic peptides as discussed below.

SP-C (6—232), one of the minimum peptides tor good
surface properties in 4 Langmuir-Wilhelmy balance and
fetal rabbit assays as stated above. is also an extremely
hydrophobic. amphiphuthic peptide consisting of the core
sequence of CPVHLKRLLIVVVVVVLIVVVIVGALL
which can be divided into two specific regions. lLe.. a
hydrophilic region (residues 6—12 of SP-C) and a hydro-
phobic region (residues 13—32 of SP-C). Even though
peptides have a longer stretch of native sequence including
the entire length of one of these specific regions, any
deletion of amino acid residuets) in the other region
significantly reduced their activity. On the basis of the
NMR solution structure of human SP-C described by
Johansson et al..***% the hydrophobic region of residull

1332 together with a partial sequence of the hvdrophlh
reglon of residues 9—12 mcludmz two conserved bafk
amino acids, Lys- 1T and Arg-1Z. allows formation of an
a-helical structure. The length of the hydeaphofic part of
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. ;he x-helix in SP-C (S—31) and SP-C (6—32) is 2729 A.

‘vhich is closer to the hydrophobic thickness of 26.3A
_nthe lxqurd—crystalhne phase of the DPPC bilayer than
+" {0 that in the gel phase (39.4 A).*®~?® In contrast, the
peptides hawimg shorter hydrophobic regions, such as

«  SP-C (1—130) of which the hydrophobic part of z-helix is

less than 26 A

long. was demonstrated to be significanily

less active than native SP-C. These resuiis strongly rein-
“ force the idea that the extremely hvdrophobic x-helix of
SP-C exactly spans the hydrophobic part of a luid DPPC
bilayer.?” 7 *® Furthermore, our present data clearly de-
fine the minimum length of the hydrophobic xz-helical
structure of native SP-C required for sufficient function
to improve surface activity of phospholipids.

In agreement with previous reports.*

1:23.24) the ability

of SP-C to enhance the surface activity of phospholipids
was not affected by the absence of two palmytoyl groups
which are linked to Cys-S and Cys-6 in native SP-C.
'Johancson et ul. described that an analogue of SP-C in
which two cysteines were replaced by seriries also main-

tai e ¥ We undertook an experiment of
" this and Lonﬁrmed (hal rol SP-CE (6—32)
, significasiiet bip ﬁe surface acmny of the lipid

i mixtudm (data not shown) Therefore, it is assumed that
Cys-6 of SP-C (6—32) is not essential to the activity
of this peptide. Deletion of the first 5 residues in the
N-terminal segment did not cause much loss of activity
of SP-C related synthetic peptides having the entire length
of the C-terminal x-helical structure. but a remarkable
activity loss was observed when further amino acids were
removed from the N-terminus of SP-C. The N-terminal

hydrophilic

segment of SP-C (6—32). CPVHLKR,

contains the evolutionarily conserved cysteine and two
busic amino acid residues. As discussed above. the last 4
residues of this segment locate at the N-terminal end of
the well-defined x-helical structure of SP-C encompassing
restdues 9—34 It has been shown that the conserved basic
jamino acid residues. Jg¥gcidwand Arg-12. are suitably
Llocated for interacting with the phaosphatidyicholine
*moieties of DPPC.*% Taken together. these observations
.- suggesl that the Meterminzl hydrophilic segment of SP-C
(Gusd@Tmay be essential to maintain the stable structure
of x-helix and to anthig the SP-C (6—~32) molecules to
the DPRGwwiayer Wy specific interaction between posi-
tively charged amino groups of peptides and negatively
charged head groups of phosphatidylcholine moiety.
Consequently, this study identified the minimum am-
phiphatic sequences of SP-C having the most activity of
native SP-C. Although many questions concerning the
secondary structure of these SP-C related peptides in their
interaction with phospholipids remain to be solved. these
results are promising for the development of new anificial
surfactant preparations based on synthetic analogues of
sp.C.
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Synthetic peptide-containing surfactants

Evaluation of transmembrane versus amphipathic helices and surfactant protein C poly-valyl

to poly-leucyl substitution
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Pulmonary surfactant contains two hydrophobic proteins, SP-B and SP-C. With the aim of identifying
synthetic SP-B and SP-C substitutes for replacement therapy of respiratory distress syndromes, we have
studied two transmembrane peptides and two amphipathic peptides that are located in the plane of a
phospholipid bilayer. One amphipathic peptide was designed by changing the amino actd sequence, but
not the composition ot size, of the 21-residue peptide KL,. This peptide, designated KL, ; from its spacing
of nonpolar and polar residues, exhibited similar «-helical content as KL, but was oriented along a
phospholipid bilayer plane, in contrast to the transmembrane orientation of KL, in the same environment.
The second amphipathic peptide analyzed was succinyl-LLEKLLEWLK-amide (WMAP10). KL, more
efficiently accelerated the spreading of a mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (Pam,-
GroPCho)/phosphatidyiglycerol (PtdGro)/palmitic acid (PamOH), 68:22:9 (by mass), at an air/water
interface than did any of the amphipathic peptides. Similarly, KL,, but not KL, ., when present in an
interfacial monotayer composed of Pam.GroPCho/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol,
7:3 (by mass), increased lipid insertion from subphase vesicles.

An SP-C analogue, SP- C(Leu), with all helical valyl residues in native SP-C leplacg&with Leu and ™
the patmitovlcysteines At positions 5 andie§ replaced with Ser, but otherwise with essentially the same
primary structure as the native peptide, was analyzed. SP-C(Leu) exhibited similar a-helical content ast:
native SP-C and a transmembrane orientation and, in contrast to poly-valyl-containing synthetic peptides,
it folds into a helical conformation after acid-induced denaturation. SP-C(Leu) accelerated the spreading
of Pam,GroPCho/PtdGro/PamOH, 68:22:9 (by mass), almost identically to native SP-C, and lowered the
surface tension during rapid cyclic film compressions in a pulsating bubble surfactometer to near zero
and 43 mN/m at minimum and maximum bubble size, respectively. Airway instillation of 2% (by mass).“
SP-C(Leu) combined with Pam,GroPCho/PtdGro/PamOH in preterm rabbit fetuses improved dynamic
lung compliance by about 30% compared with untreated controls.

Keywords : pulmonary surfactant; surfactant protein B: surfactant protein C; transmembrane peptide;
amphipathic peptide.
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Abbreviations. ATR-FTIR, attenualed total rellection-Fourier trans-
form inlrared; DodPCho, dodecylphosphocholine; EBE, electric-mag-
netic-electric; ESI, electrospray ionization; MALDI-TOF, matrix-as-
sisted laser desorption and ionization time-of-flight; MLV, multilamcliar
vesicles; Myr,GroPCho, 1.2-dimyristoyl-si-glycero-3-phosphocholine ;
Ole.Gro’Gro, 1,2-dioleoyl-sn-glycero-3-phosphoglycerol: PamCys. pal-
mitoyleysteine;  Pam,GroPCho,  1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine; PamOH, palmitic acid; PamOleGroPCho, {-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine; PamOleGroPGro, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol; PtdGro, phosphatidylglycerol ;
RDS, respiratory distress syndrome; SP, surfactant protein: SUV, small
unilamellar vesicles; TOFFPD, time-of-flight focal plane detector.

Pulmonary surfactant is formed by the alveolar epithelium,
and is essential for normal lung function. Exogenous surfactant
preparations, obtained mainly from animal lungs, are currently
used for treatment of respiratory distress syndrome (RDS) in
preterm infants. The dominating components of surfactant are
phospholipids, whereof 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (Pam,GroPCho) is the main species, and proteins. The
water-soluble surfactant proteins A and D (SP-A and SP-D) are
C-type lectins that most likely are primarily involved in pulmo-
nary host-defence functions, although both proteins are also ca-
pable of interacting with lipids. In accord with this, knockout of
the SP-A gene in mice produces no apparent respiratory dys-
function [1]. [n contrast, several lines of evidence indicate that
the hydrophobic SP-B and SP-C are of significant importance
for respiratory function. Knockout of the SP-B gene in mice
produces a lethal phenotype that exhibits respiratory distress
from birth [2] and blocking of SP-B with a monoclonal antibody
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induces respiratory failure in newborn experimental animals [3].
Likewise, genetic deficiency of proSP-B in humans causes se-
vere respiratory dysfunction in early infancy [4]. In both heredi-
tary SP-B deficiency and in SP-B knockout mice the proteolytic
generation of SP-C from proSP-C is interfered with, which
causes accumulation of an 8—12-kDa proform instead of the
4.2-kDa SP-C peptide. Furthermore, experience from replace-
ment therapy of RDS in premature infants indicates that SP-B
and SP-C are essential constituents of exogenous surfactants [5].
However, the supply of natural surfactant is limited, the produc-
tion procedure is time-consuming and the proteins from animal
sources may be immunogenic, all suggesting that an artificial
surfactant based on synthetic components would be of value.
SP-B and SP-C have been extensively studied in terms of
structural properties [6]. SP-B is a 17.4-kDa homodimer, com-
posed of two 79-residue polypeptides that each contain three
intrachain disulphide bridges. The secondary structure of SP-B
is dominated by a-helices and, based on structural data and
amino acid sequence comparisons of SP-B and other saposins,
a four helix topology of these polypeptides has been proposed
[7]. The four helices are amphipathic, i.e. their circumferences
exhibit one nonpolar and one polar face, and SP-B probably
lacks transmembrane helices. The reccently determined NMR
structure of a saposin domain confirmed the presence of these
helices but revealed that in the monomeric watet-soluble saposin
protein studied, the nonpolar parts of the amphipathic helices
constitute a hydrophobic protein core which is not exposcd to
the solvent [8]. This structure does not explain how the hy-
drophobic and dimeric SP-B interacts with phospholipid bilayers
[6, 7, 9]. SP-C is a 4.2-kDa lipopeptide. It contains a 37-A-long
a-helix, encompassing residues 9—34, with a 26-A-long very
hydrophobic poly-valyl part [10]. In addition, one (canine) or
two (ali other species analyzed) palmitoyl group(s) are thioester-
linked to Cys5 (in canine SP-C) and Cys6 (11, 12]. The SP-C
a-helix is oriented in a transmembrane way in a fluid phospho-
lipid bilayer [6] where the poly-valyl helical part may interact
optimally with the fatty acyl-chains [13]. In a Pam,GroPCho
monolayer, the SP-C helix makes an approximately 70° tilt rela-
tive to the interface normal, maximising the interactions with the
lipid acyl chains also in this environment [14]. The membrane-
spanning helix is needed for surfactant activity [15] and neutral-
ization of the positive charges of SP-C by chemical modification
causes a significant impairment of its functional properties [16].
Synthetic replicas of SP-C are prone to form insoluble aggre-
gates with the peptides in extended conformations, both in phos-
pholipid micelles and in organic solvents. In contrast, a synthetic
version of a transmembrane segment from bacteriorhodopsin
that lacks a poly-valyl part forms a helix under the same condi-
tions [17]. This implies that the poly-valyl segment of SP-C does
not readily fold into a helical conformation in synthetic ana-
logues. Furthermore, non-helical SP-C was found to exhibit in-
ferior biophysical surfactant activity compared with helical SP-
C [17]. 1t has, however, recently been reported that synthetic
SP-C-based peptides containing poly-valyl segments and com-
bined with lipids exhibit excellent biophysical activity, and that
such mixtures improved static lung compliance of immature rab-
bits to levels similar to those of mature neonates [18]. The sec-
ondary structures of these peptides were not reported [18].
Artificial surfactants have been produced by mixing syn-
thetic lipids and polypeptides corresponding to native SP-B or
SP-C, or parts thereof, or other simplified peptide structures
[17—23]. Many of these peptide-containing surfactant prepara-
tions are superior to phospholipids alone but their biophysical
and biological activities are in most cases inferior to natural pul-
monary surfactant. To enable clear-cut comparisons two trans-
membrane and two amphipathic peptides have now been synthe-

sized and analyzed with respect to their structures and orienta-
tions in phospholipid bilayers, as well as to their effects on the
surface activity of different lipid mixtures.

EXPERIMENTAL PROCEDURES

Lipids. Pam,GroPCho. 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (PamOleGroPCho), 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol (Ole,GroPGro), 1-palmitoyl-2-oleyl-sn-glyc-
cro-3-phosphoglycerol (PamOleGroPGro), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (Myr.GroPCho), egg phosphatidyl-
glycerol (PtdGro) and palmitic acid (PamOH) were purchased
from Sigma or Avanti Polar lipids. The lipids were used without
further purification since purity checks by thin-layer chroma-
tography showed single spots.

Peptide synthesis, purification and characterization. Pep-
tides were synthesized by solid-phase methodology and ters-
butyloxycarbonyl chemistry in an Applied Biosystems 430A in-
strument. KL, [22], KL, , and SP-C(Leu) contain unmodified N-
terminus and C-terminus (Fig. 1). WMAP10 [21, 23] was syn-
thesized with a C-terminal amide, and before removal of side-
chain protecting groups its N-terminal amino group was succiny-
lated by incubation with succinic anhydride at room temperature
for 30min in dimethylformamide/dichloromethane/triethyl-
amine, 10:10:1 (by vol.). All side-chain-protecting groups (ex-
cept a Trp-protecting formyl group, see below) were removed
and the peptides liberated from the synthesis resin by cleavage
with anhydrous hydrogen fluoride/anisol/dimethylsulphide,
10:1:1 (by vol.). After extraction of protecting groups and scav-
engers with diethyl ether, the hydrophobic peptides KL,, KL,
and SP-C(Leu) were extracted from the resin with dichlorometh-
ane/trifluoroacetic acid, 3: 1 (by vol.), while the hydrophilic pep-
tide WMAP10 was extracted using 30% aqueous acetic acid.
The protecting formy!l group of the WMAP10 Trp8 imino group
was removed by incubation of the peptide (5 mg/ml) in 0.4 M
ethanolamine/6 M guanidine/HCl, pH 11, at 0°C for 5 min,
whereafter the reaction was stopped by the addition of HCI until
the pH reached 6.0. The deformylation reaction was followed
by monitoring the increase in absorbance at 280 nm relative to
the absorbance at 300 nm.

WMAP10 was purified from the ethanolamine/guanidini-
umHCI solution obtained after deformylation by reverse-phase
HPLC on a C,¢ column (2.2 cmX25 cm, Vydac) using a linear
gradient of acetonitrile in 0.1% aqueous trifluoroacetic acid and
a flow of 10 ml/min. This yielded one major peak that was con-
firmed to correspond to the expected product by electrospray
ionization (ESI) mass spectrometry.

Because of their hydrophobic nature KL,, KL,, and SP-
C(Leu), after cvaporation of the solvents used for extraction
from the resin, were solubilized in ethanol and purified by re-
verse-phasc HPLC using a C,¢ column and a linear gradient of
2-propanol/0.1% trifluoroacetic acid in 60% methanol/0.1% tri-
fluoroacetic acid or 75% cthanol/0.1% trifluoroacetic acid [24].
Relevant peaks were collected and the peptides identified by
amino acid analysis, matrix-assisted iaser desorption and ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry, and, in the
case of SP-C(Leu), also by amino acid sequence analysis and
ESI mass spectrometry.

Native SP-C was isolated from pig pulmonary surfactant
phospholipids by chromatography on Sephadex LH-60 in chlo-
roform/methanol/0.1 M HCI, 47.5:47.5:5 (by vol.) [25], and
quantified by amino acid analysis.

ESI mass spectrometry was performed on an AutoSpec time-
of-fligth focal plane detector (TOFFPD) hybrid tandem mass
spectrometer. This instrument, described in detail elsewhere [26,
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KL 4 NH2 -KLLLLEKLLLLKLLLLKLLLLK-COOH

KL2 .3 NH 5" LLLRLLRLLLKLLKLLLKLLL-COCH

WMAP10 Suc- LLEKLLEWLK-COI\'IH2

SP-C(Leu) N'H2 -FGIPSSPVLRRLLILLLLLLLILLLILGALLMGL-COOH
Human SP-C  NH,-FGIPCCPVHLKRLLIVVVVVVLIVVVIVGALLMGL-COOH

2

WMAP10

L
SP-C(Leu)

Fig. 1. Amino acid sequences and helical wheel presentations of the peptides analysed. The sequence of KL, is taken from [22] and that of
WMAP10 from [21]. KL. is designed to form an amphipathic «-helical structure and has the same amino acid composition as KL,. The SP-C(Leu)
amino acid sequence is based on the primary structure of human SP-C but has Ser at positions 5 and 6 instead of the palmitoylated Cys residues
in the native molecule {117, lacks His9, and has the Val residues at positions 16—22. 24—26, and 28 replaced with Leu. The amino acid sequence
of human SP-C is included for comparison. Suc, succinyl group. The helical wheel presentations include the entire amino acid sequences of KL,,
KL, ., and WMAP10, and positions 8—33 of SP-C(Leu), which corresponds to the helical part of native SP-C [10]. Charged residues are circled

and labeled with their sequence location.

27], consists of a double-focusing arrangement of electric-mag-
netic-electric (EBE) sectors as mass spectrometer 1 (MS1) and
an orthogonal time-of-flight mass analyser as MS2. Samples
(16 pmol/pl) were introduced into the electrospray ion source
etther by continuous infusion or loop injection at a flow rate of
3 pul/min. The solvents employed were a 1:1 (by vol.) mixture
of chloroform and methanol containing 2% acetic acid for the
analysis of SP-C(Leu) and a 50% aqueous solution of methanol
containing 1% acetic acid for the analysis of WMAP10. The ion
source was operated at a potential of 4 kV m the positive ion
mode. For the recording of conventional mass spectra the instru-
ment was tuned to a resolution of approximately 2000 (10%
valley) and the magnet scanned at a rate of 15 s/decade over an
m/z range between 100 and 5000. By altering the cone to skim-
mer voltage differential it was possible to alter the population of
jons in a given charge state. Higher resolution (5000, 10%
valley) spectra were also recorded over mass ranges just suffi-
cient to bracket SP-C(Leu) peaks between calibrant ion peaks.

For MALDI-TOF mass spectrometry, peptides (20~50 ng)
were dried on a stainless-steel grid together with a matrix of
approximately 5 pug a-cyano-4-hydroxycinnamic acid. Molecular
masses were determined with a Finnigan MAT Lasermat 2000
instrument, operated in the positive ion mode. Calibration was
performed with porcine insulin (M, 5778.6) or vasoactive intesti-
nal polypeptide (M, 3326.8).

Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy. Before preparation of the samples
for infrared spectroscopy. the trifluoroacetate counterions from
the purification procedure were removed by twice lyophilizing
the peptides in presence of 10 mM hydrochloric acid [28). KL, ;
and KL, in ethanol or SP-C(Leu) in chloroform/methanol 1:1
(by wvol.) were added to Pam,GroPCho/PtdGro/PamOH
(68:22:9, by mass) in chloroform/methanol (98:2, by vol.) in
the polypeptide/lipid proportion 1:10 (by mass). The solvents
were evaporated under nitrogen and solvent traces were removed
by keeping the residue under reduced pressure overnight. The
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polypeptide/lipid films were hydrated in 2 mM Hepes, pH 7.4,
at a final lipid concentration of 1 mg/ml. The hydrated films
were incubated 15 min at 45°C and the peptide/lipid mixtures
were resuspended by vortexing in presence of small glass beads.
The WMAP10 peptide was reconstituted in a lipid matrix by
addition of the peptide in 2 mM Hepes, pH 7.4, to a Pam.-
GroPCho/PtdGro/PamOH (68:22:9, by mass) film and resus-
pended as described above. Peptide-containing lipid vesicles
were isolated by centrifugation in a continuous sucrose gradient
(2% to 30%) at 100000 g for 16 h at 4°C. The location of phos-
pholipids in the gradient was identified by a colorimetric test for
choline and peptide-containing fractions were pooled and dia-
lysed extensively against 2 mM Hepes, pH 7.4.

ATR-FTIR spectra were recorded at room temperature on a
Bruker TFS-55 spectrometer, equipped with a liquid nitrogen
cooled mercury cadmium telluride detector, in the range from
900 cm™' to 4000 cm~! with a nominal resolution of 2 cm™'.
The internal reflection element was a 50X20X2 mm germanium
crystal with an aperture angle of 45°, yielding 25 internal reflec-
tions. Each spectrum was recorded as an average of 1024 scans.
Films of peptides and peptides associated with Pam,GroPCho/
PtdGro/PamOH (68:22:9, by mass) were obtained by slowly
evaporating the sample on the germanium plate under nitrogen
at room temperature.

Hydrogen to deuterium (H/D) exchange of readily accessible
amide protons were obtained by flushing the sample on the ATR
plate sealed in a sample holder with D-O-saturated N,. The sec-
ondary structure of the peptides was quantified from the amide
1 band, after H/D exchange for one hour, using a Fourier self-
deconvolution procedure, for details see [29—31].

To determine the orientation of peptide a-helices and lipid
acyl chains, additional spectra were recorded with parallel (/ /)
and perpendicular (1) polarized light with respect to the inci-
dent plane. The mean angle between the helix axis and a normal
to the ATR plate was calculated from the dichroic ratio R, =
A’'14*. The y.(CH,) transition at 1200 cm™', the transition di-
pole moment of which lies parallel to the all-frans hydrocarbon
chains, was used to characterize the lipid acyl chain orientation,
see [30].

Circular dichroism (CD) spectroscopy. For analysis of
peptide secondary structure in phospholipid micelles, peptides
were solubilized in 20 mM dodecylphosphocholine (DodPCho;
critical micelle concentration =1 mM) in 50 mM sodium phos-
phate, pH 6.0, and diluted to 10 mM DodPCho in the same
buffer. CD spectra between 184 nm and 260 nm were recorded
at room temperature with a Jasco-720 instrument using a scan
speed of 20 nm/min, and a resolution of 2 data points/nm. The
residual molar ellipticity was calculated after determination of
peptide concentration by amino acid analysis. Content of helical
structure was estimated from the molar ellipticities at 208 nm
and 222 nm [17].

Preparation of peptide/lipid mixtures and lipid vesicles.
Lipids, dissolved in chioroform/methanol, 98:2 (by vol.), were
mixed in the mass proportions Pam,GroPCho/PamOleGroPCho/
Ole,GroPGro 55:35:10 [25], Pam,GroPCho/PtdGro 7:3 [31—
33] or Pam,GroPCho:PtdGro:PamOH 68:22:9 [34]. The lipid
solution was added to native porcine SP-C in chioroform/metha-
nol, 1:1 (by vol.), or to synthetic polypeptides in the proportions
polypeptide/lipid 0—5:100 (by mass). The solvents were evapo-
rated under nitrogen and the residue was suspended in 150 mM
NaCl by sonication (50 W, 48 kHz), giving a lipid concentration
of 10 mg/ml. For the monolayer experiments multilamellar vesi-
cles (MLV) were prepared by dissolving Pam,GroPCho/Pam-
OleGroPGro, 9:1 (by mass), in chloroform/methanol, 1:1 (by
vol.), drying the mixture under a stream of nitrogen at room
temperature, and hydrating the lipid film in 25 mM Hepes,

pH 7.0, by vortexing for 1 min at 55—60°C. Small unilamellar
vesicles (SUV) with an approximate size distribution of 60—
100 nm were prepared by sonicating MLV for 5X20s with
12-s intervals at 30 W and 35°C using a Branson B12 sonifier
equipped with a 0.5 in flat-top disrupter tip. The resulting SUV
were kept at 37°C and used on the same day as they were pre-
arcd.

b The effects of WMAP10 on the turbidity of lipid vesicles
was measured by adding the peptide (1 mg/ml) in 50 mM so-
dium phosphate, pH 7.2, to a 1 mg/ml solution of Myr,GroPCho
in the same buffer, to a final lipid/peptide mass ratio of 10:1.
The mixture was incubated at 29°C for 30 min and the absor-
bance at 540 nm was monitored.

Surface spreading and monolayer studies. Kinetics of film
formation for various peptide/lipid preparations at an air/liquid
interface were measured at 32°C with a Wilhelmy balance
equipped with a Teflon trough (18 cm?), containing a 20 ml hy-
pophase of 150 mM NaCl. The surfactant preparation (0.5 mg
or 1 mg of lipids) was added as a droplet falling onto the hypo-
phase from a level of about 1 cm. The distance between the
sitc of application and the Wilhelmy plate was similar in all
experiments, about 4 cm. Surface pressure was recorded contin-
uously during 1 min. With this method, the rate of film forma-
tion reflects a combination of bulk surfactant flow along a sur-
face tension gradient, and adsorption of surfactant molecules at
the air/liquid interface. However, in the following, we will refer
to this complex phenomena simply as spreading. The presented
values are the mean of three different recordings.

Monolayer experiments were performed at 37°C in a tem-
perature-controlled box by the Wilhelmy plate method, using a
Cahn 2000 elcctrobalance. A 5.5-ml Teflon trough was filled
with subphase (25 mM Hepes, pH 7.0) and stirred continuously.
Lipids (Pam,GroPCho/PamOleGroPGro, 7:3 by mass) and KL,
or KL, mixed with lipids (lipid-to-peptidc mass ratio 10:1 or
10:3) were dissolved in chloroform/methanol, 1:1 (by vol.). The
mixture was spread on the subphase to a surface pressure of
20 mN/m. SUV (40 pM) made of Pam.GroPCho/PamOleGroP-
Gro as described above were injected through an injection hole
into the subphase, and lipid insertion from SUV was initiated by
subsequent injection of CaCl, (final concentration 1.5 mM). The
surface pressurc increase as a function of time was recorded for
30 min.

Dynamic surface tension measurements. The dynamic sur-
face properties of lipid/peptidc mixtures showing rapid spread-
ing in the surface balance systems described above were further
cvaluated with a pulsating bubble surfactometer. For these ex-
periments, the mixtures were suspended in saline at a concentra-
tion of 10 mg/mi, and dynamic surface tension was recorded at
37°C during 50% cyclic compression of the bubble surface at a
rate of 40 cycles/min. Values for surface tension at minimum
and maximum bubble size (7. Ywma) Were recorded during
S min of pulsation.

In vivo surfactant activity. The lipid/peptide mixture that
exhibited the most promising in vitro surface properties was fur-
ther tested in experiments on ventilated preterm newborn rab-
bits, obtained by hysterotomy at a gestational age of 27 days
[35]. The animals were tracheotomised at birth and received,
via the tracheal cannula, 2.5 ml/kg of the lipid/peptide mixture
suspended in saline at a concentration of 20 mg/ml (higher con-
centrations could not be studied, for reasons explained below).
Littermates receiving no material into the airways served as con-
trols. The animals were kept in plethysmograph boxes at 37°C
and were ventilated for 60 min with a tidal volume of approxi-
mately 10 ml/kg, a respiratory frequency of 40 breaths/min, and
50% inspiration time. Animals showing normal electrocardio-
grams (ECG) throughout the period of observation were counted
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Fig. 2. Effects of palmitic acid and SP-C on surface spreading. Sur-
face spreading and surface pressures achieved with the pure lipid mix-
tures (filled symbols) Pam.GroPCho/PamOleGroPCho/Ole,GroPGro
55:35:10 (by mass) (squares), Pam.,GroCho/PtdGro 7:3 (by mass)
(circles) and Pam,GroPCho/PtdGro/PamOH 68:22:9 (by mass) (lrian-
gles) or with 5% native porcine SP-C added to the same lipid mixtures
(open symbols). The samples were added as droplets onto the hypophase,
4 cm from the platinum plate, and surface pressure was determined ver-
sus time. The data are mean values of three separate experiments.

as survivors. Lung-thorax compliance was defined as the quo-
tient between tidal volume (in ml/kg) and peak insufflation pres-
sure (in cm H,0). Heart blood was sampled from all animals at
the end of the experiment for determination of pCO..

RESULTS

Influence of lipid composition on surface spreading. The pure
phospholipid mixtures showed very low surface pressures, but
the surface activity was augmented by addition of PamOH
(Fig. 2). Addition of 5% native SP-C significantly increased the
biophysical activity for all phospholipid mixtures (Fig. 2). When
native porcine SP-C was mixed with Pam,GroPCho/PtdGro/
PamOH, 68:22:9 (by mass), the spreading and surface pressure
were similar to those obtained by natural surfactant preparations
[36]. Since the highest spreading rate and surface pressure werc
obtained with Pam,GroPCho/PtdGro/PamOH, 68:22:9 (by
mass), this lipid mixture was predominantly used in the further
studies.

The transmembrane peptide KL, accelerates lipid spreading
better than its amphipathic isoform KL,, and the amphi-
pathic peptide WMAP10. KL, and WMAP10 are identical to
the published covalent structures [21, 22]. KL, is a structural
isomer of the KL, peptide where the Lys residues are scparated
by two or three Leu residues instead of four as in KL,, but the
number of residues and amino acid compositions are identical.
Helical KL, exhibits an amphipathic character, in contrast to
the mixed nonpolar/polar surface of KL, (Fig. 1). Upon reverse-
phase HPLC, using short-chain alcohols containing low amounts
of water as mobile phases [24], KL, elutes about 15 min before
KL, (data not shown). Already this clear separation suggests
that the peptides are helical under the conditions used for HPLC,
since they then present surfaces with quite different polarities
(Fig. 1). The mixed nonpolar/polar surface of helical XL, gives
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Fig.3. Dichroic spectrum of deuterated KL, in oriented Pam,-

GroPCho/PtdGro/PamOH (68:22:9, by mass) bilayers. The dichroic
spectrum (top tracing) represents (he difference between the spectra re-
corded with / / and L polarized light. The recorded spectra are drawn
with identical ordinate scale: the dichroic spectrum is expanded three-
fold in the ordinate direction. The arrows indicate the peptide amide 1’
band at 1649 cm™' and the peptide amide I band at 1547 cm™".

a weaker interaction with the stationary phase compared to the
amphipathic surface of KL,.. Reverse-phase HPLC and CD
spectroscopy of other model peptides with different distributions
of polar and nonpolar residues gave qualitatively similar results
[371.

CD spectroscopy of KL; and KL, in DodPCho micelles as
well as in trifluoroethanol confirms their helical conformations,
and a helical content of approximately 85% and 90%, respec-
tively, is estimated ([38] and data not shown). KL, behaves as a
transmembrane peptide in  Pam,GroPCho/PtdGro, 7:3 (by
mass), bilayers, as shown by FTIR spectroscopy [38]. A trans-
membranous orientation of KL, was now observed also in a
Pam,GroPCho/PtdGro/PamOH (68:22:9, by mass) lipid matrix
(data not shown). FTIR spectroscopy of a KL, film obtained
from an ethanol solution shows that nearly all the polypeptide
chain adopts a helical conformation with an amide I’ (the prime
indicates that a H/D exchange has been performed) band
centered at 1650 ¢cm . In a Pam,GroPCho/PtdGro/PamOH
(68:22:9, by mass) matrix, the orientation of the peptide helix
axis with respect to the lipid bilayer can be deduced from the
dichroic spectrum (Fig. 3). A dichroic spectrum shows a positive
deviation when the dipole moment of the transition is oriented
perpendicular to the germanium crystal plane and a negative de-
viation when the dipole moment is oriented parallel to the ger-
manium crystal plane [30]. The negative deviation observed for
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Fig. 4. Surface spreading of transmembrane and amphipathic pep-
tides. Spreading kinetics of 2% (by mass) native SP-C (filled circles),
KL, (open triangles), KL, (open circles), WMAP10 (squares), or SP-
C(Leu) (shaded triangles) mixed with Pam.GrofCho/PtdGro/PamOH,
68:22:9 (by mass), at a phospholipid concentration of 10 mg/ml were
analyzed with a Wilhelmy balance. Each data point is the mean of three
different recordings.

the KL+ amide I’ band with its maximum located in the helix
region, indicates an orientation of the a-helix parallel to the ger-
manium plate, i.e. perpendicular to the lipid acyl chains. As the
amide I and amide II polarizations are perpendicular, this orien-
tation is confirmed by the strong positive deviation in the amide
1T band at 1545 em ™' corresponding to the a-helix amide 1T do-
main [29]. Due to the presence in the a-helix structure of compo-
nents of different polarization [29], in the present case illustrated
by the positive peak at 1659 cm™', the angle of the helix axis
with respect to the lipid bilayer was not determined.

WMAP10 (Fig. 1) was designed to be optimally a-helical
by facilitating salt bridges between side-chains, neutralising the
negative charge of the C-terminus and introducing a negative
charge at the N-terminus [23]. By CD spectroscopy we estimate
that it contains about 70% helical structure in 50 mM sodium
phosphate, pH 6, at room temperature, and about 45% at 90°C.
In 50% aqueous trifluoroethanol 90% helical content is found
(data not shown). These values are in agreement with the CD
data reported [23]. FTIR spectroscopy of WMAP10 gives about
50% helical structure in 5 mM sodium phosphate, pH 7.5. About
half of the amide protons remain unexchanged after 17 h of deu-
teration, which supports the calculated helical content of the
peptide. The conformation of the peptide is not modified in the
presence of Pam,GroPCho/PtdGro/PamOH (68:22:9, by mass)
lipid matrix. A parallel orientation of the WMAP10 helical com-
ponent with respect to the lipid membrane surface was deduced
from polarized FTIR spectra (data not shown).

The spreading kinetics of 2% (by mass) of KL,, KL.- or
WMAP10 mixed with Pam.GroPCho/PtdGro/PamOH, 68:22:9
(by mass), at an air/water interface were analyzed (Fig. 4). As
shown before [22, 38] KL, causes rapid spreading with a surface
pressure of 37 mN/m after 60 s. In contrast, the amphipathic
peptides WMAP10 and, in particular, KL, are less efficient in
improving the spreading kinetics of the lipid mixture (Fig. 4).
Mixed with Pam,GroPCho/PtdGro, 7:3 (by mass), 2% (by
mass) of KL,, KL, , and WMAP10 all showed slower spreading
than with PamOH present, but the relative effects of the peptides

time (min)

Fig.5. Monolayer studies of KL, and KL.;. 10% (by mass) of the
peptides mixed with Pam,GroPCho/PamOleGroPGro, 7:3 (by mass),
were dissolved in chloroform/methanol, [:1 (by vol.), and spread on the
subphase to a surface pressure of 20.0 mN/m. SUV (40 uM) made of
Pam.GroPCho/PamOleGroPGro, 9:1 (by mass). were injected through
an injection hole into the subphase. and lipid insertion from SUV was
iniliated at time zero by injection of CaCl, solution (to a final concentra-
tion of 1.5 mM).

were the same. We were furthcrmore unable to detect any effects
of WMAP10 on the spreading kinetics of Pam.GroPCho (data
not shown), which is in contrast to previous results [21].

The effects of KL, and KL-; on insertion of subphase lipids
into a preformed lipid/peptide monolayer were determined. The
presence of 10% (by mass) of KL, in the interfacial Pam,-
GroPCho/PamOleGroPGro, 7:3 (by mass), mixture induced
lipid insertion and an equilibrium surface pressure of 47 mN/m
was achieved after about 12 min (Fig. 5). In contrast, the pres-
ence of 10% (by mass) KL, in the monolayer did not have
any measurable effects on lipid insertion (Fig. 5). Increasing the
amount of KL, to 30% (by mass) gave nearly identical results
as with 10% KL, (data not shown).

During preparation of lipid/WMAP10 mixtures for FTIR
studies. we observed that at a peptide/lipid mass ratio of about
1:10, the mixtures became limpid, indicating that the formation
of vesicle structures was impaired. This was not observed with
KL, ;-containing or KIL,-containing lipid mixtures. The absor-
bance at 540 nm of WMAP10 mixed with Myr,GroPCho vesi-
cles at a peptide/lipid mass ratio of 1:10 starts to decrease im-
mediately after addition of peptide and stabilises after about
10 min. 1t has previously been shown that WMAP10 rapidly
decreases the turbidity of liposomes [39]. The resultant mixture
contains disk structures with an apparent thickness of approxi-
mately 30 A, as determined by electron microscopy [40]. This
shows that WMAP10 induces formation of Myr.GroPCho bi-
layer disks. Similar phenomena have been found for amphi-
pathic helical peptides derived from apolipoproteins [41, 42]. Tt
is noteworthy that WMAP10 was originally designed based on
apolipoprotein amphipathic helical structures [23].

Poly-Val to poly-Leu substitution in SP-C. Given the result
that a transmembrane helix (KL,) better accelerates lipid spread-
ing than its non-transmembrane isoform (KL..; Fig.4), we
aimed to design an analogue of SP-C that mimics its spreading
properties but does not exhibit the problems associated with
folding of synthetic poly-valyl SP-C analogues [17]. SP-C(Leu)
is based on the amino acid sequence of human SP-C, but all Val
residues in the a-helical part covering positions 9—34 [10] are
replaced with Leu and the palimitoylCys residues at positions 5
and 6 are replaced with Ser (Fig. 1). This peptide folds into a
helical conformation without appreciable losses of peptides due
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Table 1. y,.., and p,.. values of different peptide/lipid mixtures at
10 mg/ml determined in a pulsating bubble surfactometer during
cyclic film compression at a rate of 40/min. The values are the mean
of four (2% (by mass) SP-C(Leu)] or five [5% SP-C(Leu) and 2% native
SP-C] measurements. The values for Curosurf are included for compari-
son and are taken from [36].

Sample 5th cycle 5 min
Pam,GroPCho/PtdGro/PamOH,
68:22:9 (by mass)
+ 2% SP-C(Lew) 1 43 0 45
+ 5% SP-C(Leu) 0 35 0 43
+ 2% native SP-C 0 42 1 46
Curosurf 0 30 0 30

to aggregation and, notably, also after treatment with neat acids
it refolds into a helical conformation which, by CD spectros-
copy, is indistinguishable from the non-acid-treated peptide (data
not shown). This is in sharp contrast to native SP-C, which upon
acid treatment is unfolded into a non-helical stucture which does
not refold into a helix, but instead forms virtually insoluble
aggregates [17]. FTIR spectroscopy of SP-C(Leu) in Pam,-
GroPCho/PtdGro/PamOH (68:22:9, by mass) shows that the
peptide contains about 84% of ¢-helical structure. From the di-
chroic spectruim where a positive deviation in the amide I’ band
(centered at 1659 cm™') is observed, we conclude that the hetical
stretch is oriented parallel to the lipid acyl chains. From the
dichroic ratios, we have calculated angles of 22° and 23° with
respect to a normal to the crystal plane for the lipid acyl chain
axis and the peptide helix axis, respectively. These data confirm
an orientation of the helical structure parallel to the lipid acyl
chains. Thus SP-C(Leu) exhibits nearly identical overall second-
ary structure and orientation in a phospholipid bilayer as native
SP-C, but it lacks the problems associated with folding of syn-
thetic peptides with the poly-valyl amino acid sequence of native
SP-C.

2 g/100 g of SP-C(Leu) mixed with Pam,GroPCho/PtdGro/
PamOH, 68:22:9 (by mass), exhibits excellent spreading prop-
erties at an air/water interface, and achieves a surface pressure
of 45 mN/m in less than 4 s (Fig. 4). In the pulsating bubble
surfactometer the same mixture exhibits a 7, that is close to
0 mN/m, and y,,, reaches 43 mN/m (Table 1). SP-C(Leu) be-
haves practically identical to native SP-C in both these experi-
mental systems (Table 1, Fig. 4). While the 7., values are opti-
mal, the 7,,, values are higher than those of a surfactant prepara-
tion which contains SP-B, SP-C and phospholipids and is in use
for treatment of RDS in premature infants (Table 1).

The physiological effects of 2% (by mass) SP-C(Leu) in
Pam,GroPCho/PtdGro/PamOH, 68:22:9 (by mass), were eval-
uated in a total of 24 preterm rabbit fetuses. 10 of the 13 animals
receiving 2.5 ml/kg of the 20 mg/ml suspension of the peptide/
lipid mixture, and 8 of 11 of the littermate controls survived the
scheduled period of ventilation with normal ECG. pCO, in heart
blood sampled from surviving animals was 7.7 =2.3 kPa in the
surfactant-treated group, and 8.3 =2.7 kPa in controls. Animals
treated with the SP-C(Leu)-based artificial surfactant showed
significantly improved lung-thorax compliance. After 60 min of
ventilation, the treated animals had compliance valucs of
046=0.05ml - cm™ H,O - kg™' versus 0.35£0.04ml - cm™'
H-O - kg™ for the non-treated controls, P < 0.001.

During preparation of samples for animal experiments we
observed that at higher concentrations than about 20 mg/ml the
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Fig.6. Oligomerization of SP-C(Leu). (A) SDS/PAGE in a 20% ho-
mogenous gel of SP-C(Leu) dissolved in 2.5% (by mass) SDS without
further treatiment (lane 1). after trcatment at 110°C for 30 min (lane 2),
after sonication for 1 min (lane 3). after solubilization of the peptide in
2-propanol (lane 4), 2-propanol/pentane. 1:1 (by vol.), (lane 5), dimeth-
ylformamide (lane 6), or dimethylformamide/pentane, 1:1 (by vol),
(lane 7) prior to addition of SDS. The lane furthest to the left shows
molecular mass markers with masses of 2560. 6380, 8240, 14600 and
17200 Da. The peptide concentration was about 500 ng/ul. (B} ESI mass
spectrum of SP-C(Leu) at a concentration of about 60 ng/pl.

SP-C(Leu)/Pam,GroPCho/PtdGro/PamOH mixtures started to
aggregate. This could not be prevented by increasing the peptide
concentration or by heating the samples, and was accompanied
by a loss of surfactant activity (data not shown). SDS/PAGE of
SP-C(Leu) shows that the peptide can form oligomers (Fig. 6A).
In contrast, SDS/PAGE of native SP-C under the same condi-
tions gives only one band corresponding to the monomeric spe-
cies. The molecular masses of the SP-C(Leu) forms, estimated
from the SDS/PAGE bands, are 3.6, 83, 14.8 and 22.4 kDa,
respectively. This suggests that they correspond to monomers,
dimers, tetramers and hexamers of the 3.7-kDa peptide. Also
octamers can be observed when larger amounts of SP-C(Leu)
are analyzed. The oligomers were observed also when the
samples were pretreated in different ways that were expected to
reduce self-association (Fig. 6A). Thus, under the conditions
used for SDS/PAGE, SP-C(Leu) dimerizes and the dimers can
oligomerize further.

EST mass spectrometry of SP-C(Leu) also showed evidence
of oligomeric species. This was concluded from the appearance
in the mass spectra of peaks that carry a number of charges
corresponding to at least dimeric species, and from the isotope
resolution of individual peaks. Shown in Fig. 6B is the ESI mass
spectrum of SP-C(Leu). Peaks are observed at m/z 1834, 1223
and 927. These may correspond respectively to the 2+, 3+ and
4+ charged states of monomeric SP-C(Leu) (M, 3666.8). Alter-
natively they may correspond to the 4+, 6+ and 8+ charge
states of dimeric SP-C(Leu). The peaks at m/z 2445 and 1468
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cannot correspond to any charge states of the monomer and must
correspond to the respective 3+ and 5+ charge states of the
dimer, or to more highly charged states of oligomers. The pres-
ence of these peaks even at high cone to skimmer volitage dif-
ferentials confirms the aggregation of SP-C(Leu) molecules.
Further evidence for aggregation comes from high-resolution
mass spectra where individual isotopic peaks were resolved, al-
lowing charge state assignments indicating the presence of
oligomers. It is thus evident from both SDS/PAGE and EST mass
spectrometry that SP-C(Leu) oligomerizes. The different SP-
C(Leu) oligomer/monomer ratios observed by SDS/PAGE and
ESI mass spectrometry are likely related to the about 10-times
higher peptide concentrations used for SDS/PAGE (Fig. 6).
Since SP-C(Leu) oligomerizes also at the low concentrations
used for ESI and concentrated samples of SP-C(Leu)/Pams-
GroPCho/PtdGro/PamOH could not be prepared, it seems likely
that peptide oligomerization occurs also in Pam,GroPCho/
PtdGro/PamOH mixtures.

DISCUSSION

Lung surfactant adsorbs and spreads rapidly at the air/liquid
interfaces of the lung, and stabilizes terminal airspaces by gener-
ation of a surface film that resists compression at low lung vol-
umes. This latter mechanism, important for maintenance of ade-
quate functional residual capacity, probably implies a phase tran-
sition of the surfactant film, from a liquid state at equilibrium
surface tension to solidification due to selective squeeze-out of
unsaturated phospholipid components during surface compres-
sion. Pure Pam,GroPCho reduces the contractile force of the
film to near zero during in vitro surface compression but the
spreading is much too slow to be effective in vivo. Thus, other
components have been suggested as spreading agents, especially
specific lipids, hydrophobic proteins and calcium ions. Surfac-
tant preparations from natural sources, containing phospholipids
and the hydrophobic proteins SP-B and SP-C, have a very fast
spreading and reach an equilibrinm surface pressure of about
45 mN/m within a few seconds [36]. Rapid lipid spreading is a
prerequisite for formulation of an effective surfactant substitute.
Pure synthetic lipid mixtures had very low biophysical activities,
but addition of 5% native porcine SP-C to the lipid mixtures
increased the spreading dramatically and all preparations
reached a surface pressure higher than 40 mN/m within 10 min
(Fig. 2). However, only the mixture containing PamOH had a
spreading rate similar to that of natural surfactant. The basis for
the influence of PamOH on the spreading properties is unknown
and the natural abundance of palmitic acid in pulmonary surfac-
tant is estimated to be maximally a few grams/100 g, see [6].
SP-B has been shown to specifically interact with PamOH in
model systems [20, 43] but also systems containing SP-C as the
only protein are significantly influenced by addition of palmitic
acid (Fig. 2).

SP-B is built up of several amphipathic helices, while SP-C
contains one transmembrane helix. Probably these structural dif-
ferences also represent different functions of SP-B and SP-C.
‘When present in an interfacial monolayer, SP-B more efficiently
than SP-C promotes lipid insertion from subphase vesicles [33],
while SP-C apparently better accelerates the spreading of lipids
at an aitr/water interface [7, 17]. Amphipathic KL,, was de-
signed in order to facilitate a clear-cut compatison with trans-
membrane KL ,. It is obvious that KL, exhibits surface spreading
properties superior to those of KL, (Figs4 and 5). Also an
SP-C/bacteriorhodopsin hybride (SP-C/BR) [17] and SP-C(Leu)
(Fig. 4), which both are helical transmembrane peptides but with
different amino acid sequences, induce rapid spreading kinetics.
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Thus, a membrane-spanning a-helix, largely independent of
amino acid sequence, seems to promote rapid spreading of lipid
mixtures and is therefore one attractive component of artificial
surfactants. KL, is an amphipathic helix and thus resembles the
helices of SP-B, but unlike SP-B it does not promote lipid inser-
tion into an air/water monolayer (Fig. 5). This suggests that a
single amphipathic helix cannot replace SP-B, which is a much
more complex molecule with several amphipathic helices in a
17.4-kDa homodimeric structure.

Native SP-C contains a poly-valyl region which forms a very
stable and regular a-helix [10, 44]. SP-C(Leu), with all helical
valyl residues of native SP-C replaced with Leu and the palmi-
toylated cysteinyls at position 5 and 6 replaced with Ser, exhibits
optimal spreading properties (Fig. 4), and folds efficiently into
a helical conformation. The better spreading properties of SP-
C(Leu) compared with SP-C/BR [17] may be related to its more
unpolar surface, which is more similar to that of native SP-C.
Recently it has been reported that by fusing poly-Leu segments
to the N-terminal six residues of SP-C, analogues with biophysi-
cal properties and effects on static lung compliance which are
similar to those of native SP-C can be obtained [45].

At a cycling frequency of 40/min natural surfactant prepara-
tions have 1. values of about 30 mN/m in the pulsating bubble
surfactometer [36], while values around 43 mN/m were obtained
for mixtures with SP-C(Leu) (Table 1). The SP-C(Leu)lipid
mixture improved lung function in preterm rabbit neonates, but
in contrast to modified natural surfactant [35] it did not convert
dynamic compliance to mature levels. This may be due to sev-
eral factors. Judged from compliance values in controls, the ani-
mals used in the present study were less mature than those
studied by Sun et al. [35]. Also the concentration and hence the
dose of surfactant used now was only 25% of that used for
modified natural surfactant in animal experiments [35] or in
clinical practice [46] (higher concentrations could not be eval-
uated because of aggregation). Furthermore, it remains possible
that the composition of the SP-C{Leu)-based artificial surfactant
is suboptimal, and that SP-B is needed for an optimal surfactant.
1t is conceivable that SP-B, which is dimeric and may cross-link
two lipid layers, can bind subphase lipid vesicles close to the
interfacial monolayer and thus facilitate rapid respreading of lip-
ids to the interface upon surface area expansion. Such actions
would be expected to reduce the ;.. values. Finally, the palmi-
toyl groups of native SP-C have recently been shown to be im-
portant for full surface activity [47, 48] and the lack of palmitoyl
groups in SP-C(Leu) could contribute to its suboptimal proper-
ties.

The secondary structure and orientation of SP-C(Leu) in a
lipid bilayer are similar to those of native SP-C. However, SP-
C(Leun), in contrast to native SP-C, undergoes oligomerization
both in solution and in the presence of SDS and down to at
least Jow micromolar concentrations (Fig. 6). This is likely not
associated with loss of the helical structure since SP-C(Len) is
helical also in SDS micelles (data not shown). The isopropyl
groups of the helical valyl residues of native SP-C are closely
packed [10] and exhibit restricted rotamer sampling upon molec-
ular dynamics simulations, while Leu22 of native SP-C lacks
rotamer restriction [44]. The expected greater flexibility of the
isopropyl groups of the feucyl side chains of SP-C(Len), and
their location further away from the helical backbone compared
with the valyl isopropyl groups of native SP-C, may facilitate
helix-helix interactions that enable higher-order peptide oligo-
merization. We speculate that oligomerization of SP-C(Leu) is,
at least partly, responsible for the difficulties encountered in
making SP-C(Leu)lipid mixtures of higher concentration than
about 20 mg/m}, and hence the inferior effects, compared with
modified natural surfactant, of such mixtures in preterm rabbit
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fetuses. Also recombinant and synthetic SP-C, with poly-valyl
sequences, can form dimers and higher molecular mass forms
[49]. The mechanisms underlying that phenomenon are, how-
ever, probably different from those involved in SP-C(Leu) oligo-
merization, since apparently also trimers of SP-C were found
and removal of the two Cys residues significantly decreased
oligomerization [49]. Takei et al. [45] did not report whether
oligomerization of the poly-leucyl peptides occurred under their
experimental conditions. Attempts are presently being made to
avoid the oligomerization of SP-C(Leu) and related analogues
by changing the composition of their hydrophobic helical part.

This work was supported by the Swedish Medical Research Council.
Astra AB, Sodertilje, Sweden, Hagbergs stiftelse, and the Netherlands
Foundation for Chemical Research with financial aid from the Nether-
lands Organization for Scientific Research. We are grateful to Dr Rudy
A. Demel for use of equipment.

REFERENCES

1. Korfhagen, T. R., Bruno, M. D.. Ross, G. F., Huelsman, K. M.,
lkegami, M., Jobe, A. H., Wer(, S. K., Stripp. B. R., Morris, R.
E., Glasser, S. W., Bachurski, C. J., lwamoto, H. S. & Whitsett,
J. A, (1996) Proc. Natl Acuad. Sci. USA 93, 9594—9599.
2. Clark, J. C., Wert, S. E., Bachurski, C. J., Stahlman, M. T., Stripp,
B. R., Weaver, T. E. & Whitsett, J. A. (1995) Proc. Narl Acad.
Sci. USA 92, 7794—-T7798.
3. Robertson, B., Kobayashi, T., Ganzuka, M., Grossmann, G., Li, W.
Z. & Suzuki, Y. (1991) Pediatr: Res. 30, 239—243.
4. Nogee, L. M., Gamier, G., Dietz, H. C. Singer, L., Murphy, A. M.,
deMello, D. E. & Colten H. R. (1994) J. Clin. Invest. 93, 1860—
1863.
5. Robertson, B. & Taeusch, H. W. (1993) Susfuctant therapy for himg
disease, Marcel Dekker, New York.
6. Johansson, J. & Curstedt, T. (1997) Fur: .J. Biochem. 244, 675—693.
7. Andersson, M., Curstedt, T., Joravall, H. & Johansson, J. (1995)
FEBS Lett. 362, 328—332.
8. Liepinsh, E., Andersson, M., Ruysschaert, J.-M. & Otting, G. (1997)
Nat. Struct. Biol. 4, 793—795.
9. Schiirch, S., Qanbar, R., Bachofen, H. & Possmayer, F. (1995) Biol.
Neonate 67, 61—76.
10. Johansson, J., Szyperski, T., Curstedt, T. & Wiithrich, K. (1994)
Biochemistry 33, 6015—6023.
11. Curstedt, T., Johansson, J., Persson, P, Eklund, A., Robertson, B.,
Lowenadler, B. & Jorvall, H. (1990) Proc. Natl Acad. Sci. USA
87, 2985—2989.
12. Johansson, J., Persson, P, Lowenadler, B., Robertson, B., Jorvall,
H. & Curstedt, T. (1991) FEBS Letr. 281, 119—122.
13. Johansson, J., Szyperski, T. & Wiithrich, K. (1995) FEBS Lett. 362,
261-265.
14. Gericke, A., Flach, C. R. & Mendelsohn, R. (1997) Biophys. J. 73.
492-499,
15. Clercx, A., Vandenbussche, G., Curstedt, T., Johansson, )., Jornvall,
H. & Ruysschaert, J.-M. (1995) Eur. J. Biochem. 229, 465—472.
16. Creuwels, L. A. J. M., Boer, E. H., Demel, R. A_, van Golde, L. M.
G. & Haagsman, H. P. (1995) J. Biol. Chem. 270,16 225—16229.
17. Johansson, J., Nilsson, G., Strémberg, R., Robertson, B., Jornvall,
H. & Curstedt, T. (1995) Biochem. J. 307, 535—541.
18. Takei, T., Hashimoto, Y., Aiba, T., Sakai, K. & Fujiwara, T. (1996)
Biol. Pharm. Bull. 19, 1247—1253.
19. Cochrane, C. G., Revak, S. D., Merritt, T. A.. Heldt, G. P., Hallman,
M., Cunningham, M. D., Easa, D.. Pramanik, A., Edwards. D.
K. & Alberts, M. S. (1996) Am. J. Respir. Crit. Care Med, 153.
404—-410.

20. Lipp. M. M., Lee, K. Y. C.. Zasadzinski. J. A. & Waring, A. I.
(1996) Science 273, 1196—1199.

21. McLean, L. R., Lewis, J. E.. Krstenansky, J. L., Hagaman, K. A.,
Cope. A. S.. Olsen, K. F., Matthews, E. R., Uhrhammer, D. C.,
Owen. T. I. & Payne. M. H. (1993) 4m. Rev. Respir: Dis. 147,
462—465.

22, Cochrane, C. Gi. & Revak, S. D. (1991) Science 254, 566—568.

23. Krstenansky, J. L.. Owen, T. J.. Hagaman. K. A. & McLean, L. R,
(1989) IFEBS Lett. 242, 409—413.

24. Gustafsson, M., Curstedt, T., Jornvall, H. & Johansson, J. (1997)
Biochem. J. 326, 799—806.

25. Curstedt, T., Jornvall, H., Robertson, B., Bergman, T. & Berggren,
P (1987) Eur J. Biochem. 168, 255—262.

26. Bateman, R. H., Green, M. R., Scott, G. & Clayton, E. (1995) Rapid
Commun. Mass Spectrom. 9, 1227—1233.

27. Griffiths, W. J., Hjertman, M., Lundsjo, A., Wejde, J., Sjovall, J. &
Larsson. O. (1996) Rapid Commun. Mass Spectrom. 10, 663—
675.

28. Zhang, Y.-P.. Lewis, R, N. A. H., Hodges, R. S. & McElhaney, R.
N. (1992) Biochemismy 31, 11572—11578.

29. Goormaghtigh, E., Cabiaux, V. & Ruysschaert, J.-M. (1994) Subcell.
Biochem. 23. 329450,

30. Goormaghtigh. E. & Ruysschaert, 1.-M. (1990) in Molecular de-
scription of biological membrane components by computer aided
conformational analyvsis (Brasseur, R.. ed.) pp. 285—329, CRC
Press Inc., Boca Raton.

31. Vandenbussche, G., Clercx, A., Curstedt, T., Johansson, 1., Jornvall,
H. & Ruysschaert, 1.-M. (1992) £ur: J. Biochem. 31,9169—9176.

32. Qosterlaken-Dijksterhuis, M. A.. Haagsman, H. P, van Golde, L.
M. G. & Demel, R. A. (1991) Biochemistry 30, 8276—8281.

33, Oosterlaken-Dijksterhuis, M. A., Haagsman, H. P, van Golde, L.
M. G. & Demel, R. A. (1991) Biochemistrv 30, 10965—10971.

34, Tanaka. Y.. Takei. T., Aiba. T., Masuda, K., Kiuchi, A. & Fujiwara,
T. (1986) J. Lipid Res. 27.475—485.

35. Sun. B., Kobayashi. T.. Curstedt. T.. Grossmann, G. & Robertson,
B. (1991) Eur: Respir. J. 4, 364—370.

36. Robertson, B., Curstedt, T., Johansson, J., Jomvall, H. & Kobayashi,
T. (1990) Prog. Respir: Res. 23, 237—246.

37. Blondelle, S. E.. Ostresh. J. M., Houghten, R. A, & Pérez-Paya, E.
(1995) Biophvs. J. 68, 351—359.

38. Gustafsson, M., Vandenbussche, G., Curstedt, T.. Ruysschaert, J.-
M. & Johansson. 1. (1996) FEBS Letr. 384, 185—188.

39. Mclean, L. R. & Hagaman. K. A. (1993) Biochim. Biophys. Acta
1167, 289—295.

40. Johansson, J. (1997) Biol. Neonate 71, 49—52.

41. Brouillette. C. G., Jones, J. L., Ng, T. C., Kercret, H., Chung, B.
H. & Segrest. ). P. (1984) Biochemistry 23, 359—367.

42. Kanellis, P, Romans. A. Y., Johnson, B. J., Kercret, H., Chiovetti,
R. Jr, Allen, T. M. & Segrest, J. P. (1980) J. Biol. Chem. 255,
11464—11472.

43. Longo, M. L., Bisagno, A. M., Zasadzinski, . A. N., Bruni, R. &
Waring, A. J. (1993) Science 261, 453 —456.

44, Kovacs, H., Mark. A. E.. Johansson. J. & van Gunsteren, W. F.
(1993) J. Mol Biol. 247, 808—822.

45, Takei, T., Hashimoto, Y., Ohtsubo, E., Sakai, K. & Ohkawa, H.
(1996) Biol. Pharm. Bull. 19, 1550—1555.

46. Collaborative European Multicenter Study Group (1988) Pediatrics
82, 683—091.

47. Wang, Z.. Gurel, O, Baatz, J. E. & Notter, R. H. (1996) J. Biol.
Chem. 271.19104—19109.

48. Qanbar, R., Cheng, S., Possmayer, F. & Schiirch, S. (1996) Am. J.
Phvsiol. 271, L572—1580.

49. Hawgood. S.. Ogawa. A.. Yukitake, K., Schlueter, M., Brown, C.,
White. T., Buckley, D., Lesikar, D. & Benson B. (1996) Am. J.
Respir: Crit. Care Med. 154. 484—490.



