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Abstract

The biophysical activity of lung surfactant depends, to a large extent, on the presence of the hydrophobic surfactant
proteins B (SP-B) and C (SP-C). The role of these proteins in lipid adsorption and lipid squeeze-out under dynamic
conditions simulating breathing is not yet clear. Therefore, the aim of this study was to investigate the interaction of spread
hydrophobic surfactant proteins with phospholipids in a captive-bubble surfactometer during rapid cyclic area changes
(6 cycles/min). We found that SP-B and SP-C facilitated the rapid transport of lipids into the air^water interface in a
concentration-dependent manner (threshold concentration v 0.05:0.5 mol% SP-B/SP-C). Successive rapid cyclic area
changes did not affect the concentration-dependent lipid adsorption process, suggesting that SP-B and SP-C remained
associated with the surface film. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The biophysical activity of lung surfactant de-
pends, to a large extent, on the presence of the hy-
drophobic surfactant proteins B (SP-B) and C (SP-C)
(reviewed in [1^3]). In particular, SP-B and SP-C
enhance formation of surfactant ¢lm at the air^water

interface and thereby promote rapid lowering of sur-
face tension upon ¢lm compression.

Recent ¢ndings obtained in in vitro model systems
suggest that SP-B and SP-C, together with lipid com-
ponents, are squeezed out from the surface ¢lm upon
area compression [4^6] and are stored in a multi-
layered phase closely associated with the residual
¢lm at the air^water interface [7,8]. Upon subsequent
area expansion, they respread into the surface ¢lm
[4,9].

These ¢ndings have provided important insights
into the movement of SP-B and SP-C in relation to
the air^water interface during compression and ex-
pansion of a complex surfactant ¢lm. However, the
fate of SP-B and SP-C during compression and ex-
pansion at rates similar to breathing rates is still un-
clear.

0925-4439 / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
PII: S 0 9 2 5 - 4 4 3 9 ( 9 8 ) 0 0 0 9 2 - 1

Abbreviations: ata, absolute atmospheric pressure; DPPC,
1,2-dipalmitoyl-sn-3-phosphocholine; Q, surface tension; Qmax,
maximum surface tension; Qmin, minimum surface tension;
HEPES, N-2-hydroxyethylpiperazine-NP-2-ethanesulfonic acid;
p, system pressure inside the glass cuvette; POPG, 1-palmitoyl-
2-oleoyl-sn-glycero-3-(phospho-rac-(1-glycerol)) ; SP-, surfactant-
associated protein; SUV, small unilamellar vesicle

* Corresponding author. Fax: +43 (512) 504-4683;
E-mail : guenther.putz@uibk.ac.at

BBADIS 61795 28-12-98

Biochimica et Biophysica Acta 1453 (1999) 126^134



We report the results of a study designed to inves-
tigate the interaction of SP-B and SP-C with phos-
pholipids in a captive-bubble surfactometer during
rapid cyclic area changes (6 cycles/min).

2. Materials and methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-(phos-
pho-rac-(1-glycerol)) (POPG) (Avanti Polar-Lipids,
Alabaster, AL), N-2-hydroxyethylpiperazine-NP-2-
ethanesulfonic acid (HEPES), EDTA, calcium-, po-
tassium- and sodium chloride (Sigma-Aldrich, Vien-
na, Austria), chloroform (CHCl3) and methanol
(MeOH) (HPLC-grade, Burdick and Jackson, Mus-
kegon, MI), isopropylalcohol and triethylamine (Flu-
ka Chemie, Buchs, Switzerland) were used as pur-
chased. Agarose (SeaKem ME agarose, FMC
BioProducts, Rockland, ME) and silicone rubber
gaskets (Cal-Neva Supply, Oakland, CA) were ex-
tracted as described [10]. Water used for chemical
analyses was ¢lter puri¢ed (Modulab ModuPure,
US Filter Corporation, Lowell, MA), and water
used for surface activity measurements was quartz
distilled (Muldestor, Wagner and Munz, Munich,
Germany).

2.2. Reconstitution of hydrophobic surfactant protein^
phospholipid and phospholipid mixtures and
preparation of small unilamellar vesicles for
subphase injection

Hydrophobic surfactant protein^phospholipid
mixtures used for spreading of ¢lm were reconsti-
tuted as follows. The concentration of both DPPC
(10.8 mg/ml) and POPG (9.7 mg/ml) stock solutions
dissolved in CHCl3/MeOH (1:1; v/v) was determined
according to [11]. The concentration of both SP-B
(0.088 mg/ml) and SP-C (0.087 mg/ml), isolated
from pig lung lavage [12] and stored in CHCl3/
MeOH (1:1; v/v) at 320³C, was determined by £uo-
rescamine assay [13] and quantitative amino acid
analysis. In the SP-B stock solution, phospholipid
content was unmeasurable; in the SP-C stock solu-
tion, it was 0.22 nmol phospholipid/Wg SP-C. Ali-

quots from DPPC and POPG stock solutions were
mixed (DPPC/POPG, 80:20 mol%). 9-Wl aliquots
from this lipid mixture were transferred (801, Ham-
ilton, Bonaduz, Switzerland) into pointed glass vials
(100 Wl ; Roth, Karlsruhe, Germany) and dried under
N2 gas at 37³C. Then, aliquots from SP-B and SP-C
stock solutions were mixed (SP-B/SP-C, 10:90
mol%). Aliquots of 173.5, 86.8, 43.4, 17.4 or 8.7 Wl
were withdrawn from the mixed protein solution
(825, Hamilton) and added to the dried lipids. In
controls, 173.5 Wl solvent without SP-B/SP-C was
added. The ¢nal molar compositions of SP-B/SP-C/
phospholipid (DPPC/POPG, 80:20 mol%) in sample
solutions prepared for spreading of ¢lm were as fol-
lows: 0.20:2.00:97.80 mol%; 0.10:1.00:98.90 mol%;
0.05:0.50:99.45 mol%; 0.02:0.20:99.78 mol%; and
0.01:0.10:99.89 mol%. Control samples only con-
tained phospholipid. The ¢xed molar ratio of 1:10
for SP-B/SP-C was chosen to represent the ratios we
observed in a variety of surfactant preparations [14].
After gentle mixing on a vortexer, SP-B/SP-C/phos-
pholipid or phospholipid mixtures were dried again
under N2 gas at 37³C and stored at 380³C.

Small unilamellar vesicles (SUVs) for subphase in-
jection were prepared for each experiment by sonica-
tion of freshly prepared multilamellar vesicles
(DPPC/POPG, 80:20 mol%) as described in [15]. A
30-Wl aliquot was slowly injected (805, needle gauge
22S, Hamilton) into the stirred subphase (¢nal sub-
phase concentration 1.0 mg DPPC/ml). SUVs rather
than large unilamellar vesicles were chosen because
their higher curvature favors interaction with the sur-
face ¢lm [16] and imitates the high curvatures found
in membranes of tubular myelin [17]. To measure the
size of SUVs generated by sonication of multilamel-
lar vesicles, negative staining was used. An aliquot
was withdrawn from a sample used for subphase in-
jection and stored at 380³C until morphological
analysis. The thawed vesicle suspension was ad-
sorbed on formvar^carbon-coated nickel grid for 2
min and negatively stained with 2% uranyl acetate in
distilled water. The grid was viewed and photo-
graphed in a Philips CM10 at 80 kV, and the diam-
eters of 169 vesicles were measured. To exclude the
possibility that phospholipids were degraded by son-
ication, the temperature was measured in the sus-
pension of SUVs before and after 2 min of sonica-
tion.
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2.3. Surface activity measurements and de¢nition and
calculation of ¢lm parameters used to
characterize the surface activity of spread ¢lm

The surface activity of hydrophobic surfactant
protein^phospholipid and phospholipid ¢lms was
measured in a captive-bubble surfactometer accord-
ing to [15]. Brie£y, a bubble (0.5 cm2) was formed in
subphase bu¡er (140 mM NaCl, 10 mM HEPES, 0.5
mM EDTA, 2.5 mM CaCl2, pH 6.9) by air injection
(29 Wl). Dried SP-B/SP-C/phospholipid samples were
dissolved in 25 Wl CHCl3/MeOH (1:1; v/v). The wall
of the glass vial was rinsed carefully. The sample
solution was mixed by repeated vortexing and aspi-
ration (805, Hamilton). A 0.05 Wl aliquot from the
sample solution was spread along the bubble's air^
water interface. The subphase was stirred at 100 rpm
for 60 min, and thereafter the sample chamber was
perfused with subphase bu¡er for 30 min (at 37³C).
The amount of material spread was standardized to
0.15 Wg DPPC plus relative amounts of POPG, SP-B,
and SP-C, which is 11% more DPPC than the inter-
face can hold at a surface tension (Q) of 25 mN/m.
Thus, ¢lm was formed at conditions of surface ex-
cess.

Minimum surface tension was de¢ned as surface
tension of ¢lm reached during dynamic compression
before onset of ¢lm collapse, and ¢lm collapse was
de¢ned as a decrease in bubble diameter at constant
bubble height. Maximum surface tension was de¢ned
as highest surface tension of ¢lm reached during dy-
namic expansion. Overcompression of ¢lm was de-
¢ned as percentage of bubble area compressed be-
yond that measured at the onset of ¢lm collapse
(collapse point). An exact description of the calcula-
tion of surface tension and area, ¢lm compressibility,
and ¢lm stability is given elsewhere [15].

2.4. Experimental protocol

First, a ¢lm was spread along the bubble's air^
water interface as described above. Then the sub-
phase was stirred (100 rpm) for 60 min. After perfu-
sion of the sample chamber, SUVs (without hydro-
phobic surfactant proteins) were injected into the
subphase, and stirring continued for another 15
min. Next, the bubble area was increased by sudden
lowering of system pressure inside the glass cuvette

(p) to 0.5 ata for 10 s to study adsorption. Then the
bubble was cycled ¢ve times (6 cycles/min) between
2.8 and 0.5 ata to measure the surface activity of ¢lm
during dynamic cyclic area changes. Then the system
pressure was kept constant at the end of the ¢fth
compression over a period of 5 min (2.8 ata) to de-
termine ¢lm stability after cyclic area changes. Fi-
nally, the bubble was cycled another ¢ve times (6
cycles/min) between 2.8 and 0.5 ata, and the surface
activity of ¢lm was measured.

2.5. Statistical analysis

Experiments were performed in random order.
Data are reported as mean þ S.E. For statistical ana-
lysis, the program SPSS version 6.1 was used. To
determine the critical concentration of hydrophobic
proteins required for biophysical activity, we ana-
lyzed the data with the Kruskal^Wallis statistic.
When we found a signi¢cant di¡erence, we per-
formed a one-way analysis of variance (post hoc
Bonferroni test) to identify di¡erences. Di¡erences
were considered signi¢cant at P6 0.05.

3. Results

3.1. Film formation

The surface tension reached after 1 s by spread
¢lm with proteins after a sudden increase in bubble
area was signi¢cantly lower when the concentration
of proteins used was v 0.05:0.5 mol% SP-B/SP-C
(Fig. 1). For concentrations of 6 0.05:0.5 mol%
SP-B/SP-C, the surface tension was as high as that
in the control (phospholipid without SP-B/SP-C).
Similarly, surface tension was signi¢cantly lower
after 10 s when the concentration of proteins was
v 0.05:0.5 mol% SP-B/SP-C (Fig. 1) and as high as
that in the control for concentrations of 6 0.05:0.5
mol% SP-B/SP-C.

3.2. Minimum and maximum surface tension

The minimum surface tension reached on the ¢rst
compression by spread ¢lm with proteins during rap-
id cyclic area changes was equally low for the various
protein concentrations tested and as low as that in

BBADIS 61795 28-12-98

G. Putz et al. / Biochimica et Biophysica Acta 1453 (1999) 126^134128



the control (Fig. 2). Upon repeated compressions
during rapid cyclic area changes, minimum surface
tension remained as low as that in the control when
the concentration of proteins used was v 0.02:0.2
mol% SP-B/SP-C. However, for 0.01:0.1 mol% SP-
B/SP-C, minimum surface tension was signi¢cantly
higher for compressions two to ¢ve (Fig. 2). The
maximum surface tension reached on expansion by
spread ¢lm with proteins during rapid cyclic area
changes was always signi¢cantly higher, and as

high as that in the control, when the concentration
of proteins used was 6 0.05:0.5 mol% SP-B/SP-C
(Fig. 2).

3.3. Film compressibility at surface tension of
15 mN/m

On the ¢rst compression, the compressibility of
spread ¢lm with proteins during rapid cyclic area
changes was signi¢cantly higher for 0.01:0.1 mol%
SP-B/SP-C and for the control (Table 1) than for
the higher protein concentrations. However, on the
third and ¢fth compression of rapid cyclic area
changes, no di¡erence was found for the various
concentrations of proteins.

3.4. Film stability

The stability of spread ¢lm with proteins at similar
decreases in bubble area during constant system pres-
sure was equally high for all concentrations of pro-
teins tested (Fig. 3) and as high as that for the con-
trol.

Fig. 1. Adsorption kinetics for spread hydrophobic lung
surfactant protein^phospholipid and phospholipid ¢lms.
(A) Bubble surface tension and (B) area response of ¢lms to
the ¢rst rapid decrease in cuvette pressure are plotted vs. time.
SP-B/SP-C/phospholipid (DPPC/POPG, 80:20 mol%) ratios:
a, 0.20:2.00:97.80 mol%; 7, 0.10:1.00:98.90 mol%; E,
0.05:0.50:99.45 mol%; O, 0.02:0.20:99.78 mol%; P, 0.01:0.10:
99.89 mol%; open square with diagonal line, 0:0:100 mol%
(control). Data are expressed as mean þ S.E. for three to ten ex-
periments. S.E. bars are partly obscured by symbols. For
clarity, data obtained for surface tension within 9 0.07 s (¢rst
and second frames after sudden bubble expansion) are not
shown. The surface tension after 1 and 10 s for spread ¢lms
with proteins was signi¢cantly lower for concentrations
v 0.05:0.5 mol% SP-B/SP-C.

Fig. 2. Minimum surface tension (open symbols) and maximum
surface tension (closed symbols) of spread hydrophobic lung
surfactant protein^phospholipid and phospholipid ¢lm during
cyclic area changes. Symbols are the same as those in Fig. 1.
Data are expressed as mean þ S.E. for three to ten experiments.
S.E. bars are partly obscured by symbols. The minimum surface
tension on the ¢rst rapid compression and thereafter was
equally low for the various protein concentrations tested except
for 0.01:0.1 mol% SP-B/SP-C, when it was signi¢cantly higher
for compressions two to ¢ve. The maximum surface tensions
were always signi¢cantly higher for concentrations 6 0.05:0.5
mol% SP-B/SP-C.
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3.5. Overcompression

Observed overcompression of spread ¢lm during
rapid cyclic area changes was signi¢cantly lower for
concentrations 9 0.1:1.0 mol% SP-B/SP-C than for
the highest protein concentrations in all compres-
sions (Table 1).

3.6. Dynamic surface tension^area compression^
expansion isotherms

Representative surface tension^area compression^
expansion isotherms for spread ¢lm with and with-
out hydrophobic surfactant proteins recorded during
rapid cyclic area changes are shown in Fig. 4. When
the concentration of proteins used for spreading was
v 0.05:0.5 mol% SP-B/SP-C, the formation of ¢lm
during cycling was fast and, as a result, maximum
surface tension remained 6 50 mN/m. In contrast,
when the concentration of proteins was 6 0.05:0.5
mol% SP-B/SP-C, the formation of ¢lm was slow
and, as a result, maximum surface tension increased
to s 50 mN/m. Similarly, when the concentration of

proteins was v 0.05:0.5 mol% SP-B/SP-C, hysteresis
and overcompression during cycling could be ob-
served. However, when the concentration of proteins
was 6 0.05:0.5 mol% SP-B/SP-C, hysteresis disap-
peared and overcompression could no longer be ob-
served. Close superimposition of the ¢rst (expansion
only), second, and third cycles was found for concen-
trations of proteins v 0.05:0.5 mol% SP-B/SP-C and
for concentrations of proteins 9 0.01:0.1 mol% SP-B/
SP-C. Moreover, at these protein concentrations no
shift of the compression^expansion isotherms toward
lower areas was seen. For 0.02:0.2 mol% SP-B/SP-C
cycles were not superimposable. Instead, they
showed a shift toward lower areas.

3.7. Quality assurance and quality control of data
obtained

The surface tension of bubbles in bu¡er before
spreading of hydrophobic surfactant protein^phos-
pholipid ¢lm was 70.1 þ 0.6 mN/m at 1.0 ata and
70.2 þ 0.5 mN/m at 2.8 ata (area reduction, 51%;
n = 34 experiments). The ratio of side-to-side to

Table 1
Surface activity of spread hydrophobic lung surfactant protein^phospholipid and phospholipid ¢lms at 37³C

Ratio of ¢lm componentsa (mol %) Film compressibility at 15 mN/m (m/mN)

1st Compression 3rd Compression 5th Compression

0.20:2.00:97.80 0.008 þ 0.001 (7/7)b 0.008 þ 0.001 (7/7) 0.008 þ 0.001 (7)
0.10:1.00:98.90 0.012 þ 0.001 (3/3)b 0.009 þ 0.001 (3/3) 0.008 þ 0.001 (3/3)
0.05:0.50:99.45 0.014 þ 0.002 (3/3)b 0.011 þ 0.002 (3/3) 0.011 þ 0.002 (3/3)
0.02:0.20:99.78 0.016 þ 0.001 (3/3)b 0.013 þ 0.002 (3/3) 0.012 þ 0.002 (3/3)
0.01:0.10:99.89 0.020 þ 0.002 (5/6) 0.017 þ 0.001 (5/6) 0.013 þ 0.002 (4/6)
0:0:100 0.017 þ 0.002 (10/10) 0.013 þ 0.002 (10/10) 0.013 þ 0.002 (10/10)

Overcompression (%)

1st Compression 3rd Compression 5th Compression

0.20:2.00:97.80 16 þ 2 (47)c 12 þ 2 (44)c 13 þ 2 (44)c

0.10:1.00:98.90 5 þ 1 (46) 2 þ 1 (40) 3 þ 1 (41)
0.05:0.50:99.45 3 þ 2 (48) 2 þ 1 (46) 2 þ 2 (46)
0.02:0.20:99.78 0 (54) 0 (55) 0 (57)
0.01:0.10:99.89 0 (61) 0 (61) 0 (63)
0:0:100 0 (58) 0 (58) 0 (59)

Film compressibility = (1/A)U(dA/dQ) at Q = 15 mN/m; numbers in parentheses, number of experiments analyzed/number of experi-
ments performed. Overcompression, expressed as percentage of total area reduction (for de¢nition, see Section 2); numbers in paren-
theses, mean percent total area reduction. Data are mean þ S.E.
aSP-B/SP-C/phospholipid (DPPC/POPG, 80:20 mol%).
bSigni¢cantly di¡erent from concentrations 9 0.01:0.1 mol% SP-B/SP-C (P6 0.05).
cSigni¢cantly di¡erent from concentrations 9 0.1:1.0 mol% SP-B/SP-C (P6 0.05).
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front-to-back diameters of bubbles from spread ¢lm
experiments was 1.00 þ 0.02 (n = 258 frames). The
average diameter of SUVs used for subphase injec-
tion was 47 þ 1 nm (n = 169 measurements). The tem-
perature measured in the suspension of SUVs used
for subphase injection was 49.3 þ 0.2³C before soni-
cation and 47.0 þ 0.3³C after 2 min of sonication
(n = 15 experiments).

4. Discussion

The aim of this study was to investigate the inter-
action of SP-B and SP-C with phospholipids during
rapid cyclic area changes. The results show that the

hydrophobic surfactant proteins SP-B and SP-C
catalyze adsorption and spreading of phospholipids
at the air^water interface in a concentration-depend-
ent manner. Successive rapid cyclic area changes did
not a¡ect the concentration-dependent lipid adsorp-
tion process, suggesting that SP-B and SP-C re-
mained associated with the surface ¢lm.

SP-B and SP-C enhance the rapid transport of
phospholipids into the air^water interface and con-
tribute to the formation of a highly surface-active
¢lm. The threshold concentration of SP-B and SP-
C found in this study to result in high surface activity
of the spread ¢lm was 0.05:0.5 mol% SP-B/SP-C. At
or above this concentration, new material was rap-
idly transported into the air^water interface during
adsorption (Fig. 1). Moreover, the newly formed ¢lm
reached a minimum surface tension of 6 5 mN/m on
the ¢rst compression (Fig. 2) and showed progressive
re¢nement with enrichment of DPPC (Table 1), kept
the maximum surface tension at 6 50 mN/m during
rapid cyclic area changes (Figs. 2 and 4), and de-
sorbed slowly upon static compression (Fig. 3). These
¢ndings are in accordance with the characteristic fea-
tures de¢ned for a good surfactant [18]. In contrast,
at a concentration of 6 0.05:0.5 mol% SP-B/SP-C,
we found that the surface activity was clearly lower,
resembling more closely that of ¢lm without pro-
teins. The results obtained in this in vitro model sys-
tem are similar to the ¢ndings of other groups under
a variety of experimental conditions [19^27] and con-
¢rm the important role of SP-B and SP-C in inter-
actions with phospholipids. The results further show
that it is possible to control the composition of ¢lm
and to study their behavior during dynamic condi-
tions, thus providing the opportunity to gain new
insights into structure^function relationships of indi-
vidual surfactant components.

Binding, lipid mixing, and rearrangement of lipid
packing are thought to be prerequisites for fast for-
mation of a surface ¢lm at the air^water interface. It
was previously shown that SP-B and SP-C, when
spread in combination with lipids at the air^water
interface of a surface balance, are responsible for
binding of lipid vesicles to the monolayer [12,28]. It
was furthermore reported that SP-B enhances lipid
mixing between vesicles, particularly at concentra-
tions around 0.2 mol% [29^31] and that SP-C alters
lipid packing at concentrations above 0.5 mol% [32].

Fig. 3. Desorption kinetics for hydrophobic lung surfactant
protein^phospholipid and phospholipid ¢lm. (A) Bubble surface
tension and (B) area response of spread ¢lm to constant cuvette
pressure are plotted vs. time. Symbols are the same as those in
Fig. 1. Data are expressed as mean þ S.E. for three to eight ex-
periments. S.E. bars are partly obscured by symbols. The stabil-
ity of spread ¢lm with proteins was equally high for the various
concentrations of proteins tested.
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From the conditions used in our experiments, we do
not have direct evidence that such processes took
place at or near the air^water interface of the bubble.
However, our ¢ndings that the surface tension of the
bubble dropped quickly during the ¢rst bubble ex-
pansion at concentrations v 0.05:0.5 mol% SP-B/SP-
C (Fig. 1) and that the maximum surface tension
remained 6 50 mN/m during rapid cyclic area
changes above the threshold concentration of
0.05:0.5 mol% SP-B/SP-C (Figs. 3 and 4) provide
indirect evidence that interactions between the hy-
drophobic proteins and the phospholipids similar to
those described above could have been present in
these experiments. Whether this is more an e¡ect of

SP-B or SP-C is di¤cult to say. Data obtained in a
detailed in vitro study suggested that surface activity
of mixed phospholipid ¢lm was higher with SP-B
than with SP-C [33]. Preliminary data obtained in a
di¡erent system suggested that activity was some-
what higher for SP-C [34]. In contrast, in vivo experi-
ments performed to determine the e¡ect of both pro-
teins on the lung mechanics of premature rabbits
found no di¡erences between the two proteins [35].
Thus, further studies are clearly needed before this
question can be answered de¢nitively. We are cur-
rently studying SP-B and SP-C separately to further
elucidate their roles in protein^phospholipid interac-
tion during dynamic cyclic area changes.

Fig. 4. Surface tension^area compression^expansion isotherms for hydrophobic lung surfactant protein^phospholipid and phospholipid
¢lm during cyclic area changes (6 cycles/min). A representative experiment is shown for each concentration tested. U, a and �, ¢rst,
second, and third compression^expansion cycles, respectively. For clarity, no other compression^expansion cycles are shown. Between
Qmax and Qmin (bubble compression), data points are shown for every 1/30 s. Note that the maximum surface tension is s 50 mN/m
for concentrations 6 0.05:0.5 mol% SP-B/SP-C.
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Studies recently performed in surface balances at
low compression rates have demonstrated directly
that SP-B and SP-C are reversibly squeezed out
from the surface ¢lm during compression [4,9]. Fur-
thermore, results obtained by electron microscopy,
surface tension measurements, and £uorescence light
microscopy strongly suggest that during this reversi-
ble process material is stored in a multilayered phase
closely associated with the residual, surface-active
¢lm at the air^water interface [7,8]. Both SP-B and
SP-C, as well as SP-A [36], are thought to contribute
to the formation of such a multilayered phase.
Although we have analyzed the surface tension^
area compression isotherms as precisely as possible
with respect to kinks between 35 and 5 mN/m during
compression of ¢lm, no clear proof could be ob-
tained for a sudden squeeze-out of SP-B^ and SP-
C^lipid complexes. It was shown in a very elegant
study that £uorescently labeled SP-C can remain in
the ¢lm down to a Q of 5 mN/m [32]. Whether this
indicates that no squeeze-out of SP-B^ and SP-C^
lipid complexes was present in our experiments, or
that squeeze-out was present and we were unable to
detect it, is unclear to us. Perhaps the high compres-
sion speed used in our experiments stabilized the ¢lm
and thereby prevented a sudden exit of ¢lm compo-
nents not necessarily present at Q6 35 mN/m. Alter-
natively, di¡erences in the experimental protocol
and/or technical limitations of the captive-bubble
surfactometer used could explain this di¡erence. At
this point we can say that in the presence of protein
concentrations v 0.05:0.5 mol% SP-B/SP-C, spread
¢lm reached a minimum surface tension of 6 5
mN/m upon rapid compression within a few video
frames (with one frame being equal to 1/30 s) (Fig.
4). Thus, for this series of experiments, a detailed
reconstruction of the compression isotherm in the
most interesting region between 35 and 5 mN/m, a
must for a solid interpretation of squeeze-out phe-
nomena of SP-B^ and SP-C^lipid complexes, could
not be achieved.

Another interesting ¢nding is that at concentra-
tions v 0.05:0.5 mol% SP-B/SP-C, ¢lm collapse (Ta-
ble 1) and hysteresis (Fig. 4) were present in a con-
centration-dependent manner during rapid cyclic
area changes. These observations are consistent
with the view that SP-B and SP-C promote insertion
[12] and repeated respreading of lipids from a col-

lapse phase [4,37,38]. It has been shown [32] that SP-
C induces packing rearrangements in lipid arrays and
increases membrane £uidity; it was suggested that
such structural perturbations facilitate the transport
of lipids into the air^water interface. Both the re-
peated ¢lm collapse and the hysteresis observed in
our study indicate that these structural rearrange-
ments are present during rapid cyclic area changes.
Furthermore, they suggest that SP-B and SP-C re-
main closely associated with the surface ¢lm during
such rapid cyclic area changes.

It is not easy to extrapolate the ¢ndings obtained
in our in vitro model system to an in vivo situation,
particularly in a pathological situation. However, the
following conservative interpretation seems legiti-
mate. In lavage £uid obtained from patients with
acute respiratory distress syndrome, the concentra-
tion of SP-B measured in the pelleted surfactant ma-
terial was signi¢cantly lower than that in the lavage
£uid of normal subjects [39]. When the surface activ-
ity of the pelleted material was determined, minimum
and maximum surface tension was elevated in pa-
tients with acute respiratory distress syndrome and,
to a lesser degree, in at-risk patients. Interestingly,
the results obtained in our in vitro model system
showed that for a threshold concentration of
6 0.05:0.5 mol% SP-B/SP-C, the surface activity of
spread ¢lm during rapid cyclic area changes (6 cycles/
min) was low when compared to adsorbed ¢lm of
natural surfactant [10,20,23]. In particular, maximum
surface tension was clearly s 50 mN/m (Figs. 3 and
4). Thus, it is possible that in in vivo conditions of
reduced concentrations of SP-B inhibitory plasma
proteins, as in in vitro conditions [33], can success-
fully compete against pulmonary surfactant compo-
nents for the air^water interface and damage the sur-
face properties of the surfactant ¢lm. Therefore, we
would like to emphasize that maximum surface ten-
sion achieved during enlargement of the surface area
under dynamic conditions is an important parameter
for de¢ning the quality of a surfactant preparation.

In conclusion, we have shown that spread SP-B
and SP-C catalyze the rapid transport of lipids into
the air^water interface and that the interaction of
SP-B and SP-C with phospholipids is concentration
dependent. Our results suggest that SP-B and SP-C
remain associated with the surface ¢lm during rapid
cyclic area changes.

BBADIS 61795 28-12-98

G. Putz et al. / Biochimica et Biophysica Acta 1453 (1999) 126^134 133



Acknowledgements

We thank Dr. Herbert Benzer for his support of
this study, Dr. Wim Voorhout for analysis of vesicles
by negative staining, and Drs. Anton Amann and
Lambert M.G. van Golde for critical reading of the
manuscript. This research was supported by funds
from the Department of Anesthesia and Intensive
Care Medicine and the Faculty of Medicine, The
Leopold-Franzens-University of Innsbruck, the
Netherlands Foundation for Chemical Research
(S.O.N.) and the Netherlands Organization for Sci-
enti¢c Research (N.W.O.).

References

[1] J. Johansson, T. Curstedt, B. Robertson, Eur. Respir. J. 7
(1994) 372^391.

[2] F.X. McCormack, Semin. Resp. Crit. Care Med. 16 (1995)
29^38.

[3] L.A. Creuwels, L.M.G. Van Golde, H.P. Haagsman, Lung
175 (1997) 1^39.

[4] S.G. Taneva, K.M.W. Keough, Biochemistry 33 (1994)
14660^14670.

[5] S. Taneva, K.M.W. Keough, Biophys. J. 66 (1994) 1137^
1148.

[6] S. Taneva, K.M.W. Keough, Biophys. J. 66 (1994) 1149^
1157.

[7] S. Schu«rch, R. Quanbar, H. Bachofen, F. Possmayer, Biol.
Neonate 67 (1995) 61^76.

[8] A. von Nahmen, A. Post, H.J. Galla, M. Sieber, Eur. Bio-
phys. J., (1997) 359^369.

[9] M. Amrein, A. von Nahmen, M. Sieber, Eur. Biophys. J. 26
(1997) 349^357.

[10] G. Putz, J. Goerke, S. Schu«rch, J.A. Clements, J. Appl.
Physiol. 76 (1994) 1417^1424.

[11] G.R. Bartlett, J. Biol. Chem. 234 (1959) 466^468.
[12] M.A. Oosterlaken-Dijksterhuis, H.P. Haagsman, L.M.G.

Van Golde, R.A. Demel, Biochemistry 30 (1991) 10965^
10971.

[13] P. Bo«hlen, S. Stein, W. Dairman, S. Udenfriend, Arch. Bio-
chem. Biophys. 155 (1973) 213^220.

[14] M. Van Eijk, C.G.M. De Haas, H.P. Haagsmann, Anal.
Biochem. 232 (1995).

[15] G. Putz, M. Walch, M. Van Eijk, H.P. Haagsman, Biophys.
J., accepted for publication.

[16] M.A. Oosterlaken-Dijksterhuis, H.P. Haagsman, L.M.G.
van Golde, R.A. Demel, Biochemistry 30 (1991) 8276^8281.

[17] H.P. Haagsman, Prog. Respir. Res. 27 (1994) 15^24.
[18] G. Putz, J. Goerke, H.W. Taeusch, J.A. Clements, J. Appl.

Physiol. 76 (1994) 1425^1431.
[19] S. Hawgood, B.J. Benson, J. Schilling, D. Damm, J.A. Clem-

ents, R.T. White, Proc. Natl. Acad. Sci. USA 84 (1987) 66^
70.

[20] S. Schu«rch, H. Bachofen, J. Goerke, F. Green, Biochim.
Biophys. Acta 1103 (1992) 127^136.

[21] S.H. Yu, F. Possmayer, Biochim. Biophys. Acta 1046 (1990)
233^241.

[22] T. Curstedt, H. Jo«rnvall, B. Robertson, T. Bergman, P.
Berggren, Eur. J. Biochem. 168 (1987) 255^262.

[23] R. Herold, H. Bu«nger, U. Pison, Colloids Surf. 114 (1996)
211^219.

[24] M.R. Morrow, J. Perez-Gil, G. Simatos, C. Boland, J. Stew-
art, D. Absolom, V. Sarin, K.W.M. Keough, Biochemistry
32 (1993) 4397^4402.

[25] Z. Wang, S.B. Hall, R.H. Notter, J. Lipid Res. 37 (1996)
790^798.

[26] S. Taneva, K.M.W. Keough, Biochemistry 36 (1997) 912^
922.

[27] Z. Wang, S.B. Hall, R.H. Notter, J. Lipid Res. 36 (1995)
1283^1293.

[28] L.A. Creuwels, R.A. Demel, L.M.G. Van Golde, B.J. Ben-
son, H.P. Haagsman, J. Biol. Chem. 268 (1993) 26752^
26758.

[29] M.A. Oosterlaken-Dijksterhuis, M. Van Eijk, L.M.G. Van
Golde, H.P. Haagsman, Biochim. Biophys. Acta 1110 (1992)
45^50.
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