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Thermodynamic Effects of the Hydrophobic Surfactant Proteins on the
Early Adsorption of Pulmonary Surfactant
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ABSTRACT We determined the influence of the two hydrophobic proteins, SP-B and SP-C, on the thermodynamic
barriers that limit adsorption of pulmonary surfactant to the air-water interface. We compared the temperature and
concentration dependence of adsorption, measured by monitoring surface tension, between calf lung surfactant extract
(CLSE) and the complete set of neutral and phospholipids (N&PL) without the proteins. Three stages generally
characterized the various adsorption isotherms: an initial delay during which surface tension remained constant, a fall
in surface tension at decreasing rates, and, for experiments that reached ~40 mN/m, a late acceleration of the fall in
surface tension to ~25 mN/m. For the initial change in surface tension, the surfactant proteins accelerated adsorption
for CLSE relative to N&PL by more than ten-fold, reducing the Gibbs free energy of transition (AG}) from 119 to 112
kJ/mole. For the lipids alone in N&PL, the enthalpy of transition (AH%, 54 kJ/mole) and entropy (—T - AS¥, 65 kJ/mole at
37°C) made roughly equal contributions to AG}. The proteins in CLSE had little effect on —T - AS} (68 kJ/mole), but
lowered AG$ for CLSE by reducing AH} (44 kJ/mole). Models of the detailed mechanisms by which the proteins facilitate
adsorption must meet these thermodynamic constraints.

INTRODUCTION

Pulmonary surfactant contains two very hydrophobic pro-duced by the proteins, however, on the barrier faced by
teins, SP-B and SP-C, that are critical for normal respiravesicles containing only the lipids remains unknown. We
tion. The lungs require a thin film of surfactant to stabilize also address the second issue of the extent to which the
the small alveolar air spaces by reducing surface tensiomroteins convert adsorption to a diffusion-limited process.
and these proteins ensure that the film forms quickly. Theyror a surfactant that faces no activation barrier limiting its
greatly increase the rate at which simple model systems dfisertion into the interface, the rate of adsorption is instead
surfactant lipids adsorb to an air—liquid interface (Whitsettdetermined by transport to the surface (Ward and Tordai,
et al., 1986; Hawgood et al., 1987; Warr et al., 1987;1946; Defay and Reg, 1971; Borwankar and Wasan, 1983;
Arjomaa and Hallman, 1988; Yu and Possmayer, 1990Johannsen et al., 1991; Dukhin et al., 1995; Liggieri et al.,
Oosterlaken-Dijksterhuis et al., 1991a). With the completel996). To begin addressing the mechanisms by which the
set of lipids in native surfactant, they accelerate adsorptioproteins promote adsorption, we determine here their effect
by at least an order of magnitude (Wang et al., 1996). Rapid@n the different components of the energy barrier and the
adsorption is essential. In humans (Nogee, 1998) or trangextent to which they convert adsorption to a diffusion-
genic animals (Tokieda et al., 1997) that lack these proteindimited process.

respiratory failure occurs soon after birth. Other functions
have been proposed for these proteins (Longo et al., 1993;
Taneva and Keough, 1994a,b,c; Wang et al., 1995; Lipp e
al., 1996; Galla et al., 1998; Kruger et al., 1999; Veldhuizen ATERIALS AND METHODS
and Haagsman, 2000), but their ability to promote adsorpMaterials

tion represents their best defined activity.
P y Extracted calf surfactant (calf lung surfactant extract, CLSE [Notter et al.,

The studies reported here address the effects of the hB.IL'983]) was provided by Dr. Edmund Egan (ONY Inc., Amherst, NY). All

drophobic proteins on the rate-limiting barrier to adsorptionchemicals used were of analytical grade. Solvents were of spectroscopic
in two respects. We deal first with the extent to which thegrade. Distilled water passed through a multicartridge purification system

proteins alter each of the thermodynamic components, er{Barnstead, Dubuque, IA) had a resistivity greater than 17(Bdvh. Our

thalpy and entropy, of the activation barrier. For completeSt:”?dgr(ng“Cf;er contained 150 mM NaCl, 1.5 mM Cadlb mM Hepes
surfactant, a prior study indicates that the barrier is primarP ' '

ily entropic (King and Clements, 1972). The change pro-

N&PL purification
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. L The hydrophobic components of CLSE were fractionated by gel perme-
Address reprint requests to Stephen B. Hall, Molecular Medicine, M/Cation chromatography (Hall et al., 1994). Peaks containing the phospho-
NRC-3, OHSU, Eortland, OR 97201-3098. Tel.: 503-494-6667; Fax: 503'Iipids and cholesterol were pooled to obtain the neutral and phospholipids
494-6670; E-mail: sbh@ohsu.edu. (N&PL). This procedure reduces the protein content fromugumol
© 2001 by the Biophysical Society phospholipid for CLSE to undetectable levels below Ad/umol phos-
0006-3495/01/09/1536/11 $2.00 pholipid for N&PL (Hall et al., 1994).
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Methods spreading and by adsorption followed the same isotherm when compressed
] ] from low surface pressures.
Biochemical assays The calibration isotherms also provided a sensitive method for confirm-

ing that aspiration of the surface completely removed the interfacial film.
. A : - _eéollowing a series of sequential depositions to construct a calibration
1966). Protein content was assayed with amido black on material PreciBz e the surface was cleaned by our standard procedure, and the depo-

itated with trichloroacetic acid (Kaplan and Pedersen, 1989). Total ChC'Ieséitions repeated. The exact reproduction of the original isotherm following

terol was assayed by reduction with ferrous sulfate (Searcy and Bergquisk,ch of three sequential iterations of aspiration and deposition confirmed

1960). that no material accumulated at the surface, and that our procedure pro-
duced a clean interface.

Phospholipid concentrations were determined by phosphate assay (Am

Suspension of vesicles

Lipids were dispersed by sonication. Chloroform solutions containing theRESULTS

desired amounts of lipid were deposited in a test tube and the solvent

evaporated under a stream of nitrogen. After extensive vortexing in 1 m\\/e compared the kinetics of adsorption for N&PL, which
HSC buffer, the lipids were then sonicated for 10 min with a probe contains the complete set of surfactant |ipidS from calves,

sonicator (Branson, Danbury, CT) at 10-W output. Sonication was carried . . .
out on ice to minimize lipid degradation (Notter et al., 1983). The resultingand for CLSE with the hydrophoblc proteins SP-B and

vesicles were kept at room temperature and used over a period of 8—10®P-C in addition to the same set of lipids (Hall et al.,
without noticeable change in turbidity or adsorption kinetics. The diffusion 1994). Determination of the thermodynamic barriers to
coefficients of vesicles were measured using dynamic light scatteringadsorption for each preparation required measurement of
(DynaPro LSR, Protein Solutions, Inc., Charlottesville, VA) at ambientthe rate constants at a series of different temperatures.
temperatures and then calculated for other temperatures assuming th'ehe rate constants in turn required information on the
Stokes—Einstein relationship and a constant hydrodynamic radius. . . a .

order of the reaction, which was obtained from measure-

ments of adsorption at different concentrations. We fol-
Measurements of surface tension lowed the kinetics by measuring surface tension with
Surface tension was measured using a 1-cm-wide Wilhelmy paper platg_me aﬂfer removgl of th? interfacial film from above a
attached to a home-build force transducer consisting of a flat springdiSpersion of vesicles (King and Clements, 1972). Exper-
connected to a displacement transducer (Omega Engineering, Stamforinents were conducted at temperatures that varied by 5°C
CT). The signal was amplified by a digital signal meter (70701, Oriel, increments between 10°C and 50°C. At each temperature,
Stratford, CT) and recorded via I/0 board (National Instruments, Austin,measuremem.S were obtained at six concentrations over

TX) to computer (Quadra, Apple Inc., Cupertino, CA) using the graphical .
interface program LabVIEW (National Instruments). The transducer Wasthe range from 10 to 25M (FIgS. 1 and 2 for N&PL

calibrated in surface tension using known weights. and CLSE, reslpec'[ivel)’)- .
We measured adsorption as a function of time following removal of the  The adsorption curves demonstrated three characteris-

surface film from above a suspension of vesicles (King and Clementstic features (Figs. 1 and 2). Surface tension remained
1972). A Teflon beaker with 3.2 ccross-section (Baxter Scientific constant for a variable initial delay before deviating from

Products, McGaw Park, IL) contained 5 ml HSC buffer within a temper- th | : | interf surf ¢ . th fell
ature-controlled humidity-saturated chamber. The lower edge of the Wil- € value for a clean Interface. surface tension then fie

helmy plate was positioned a few millimeters below the interface. ThedUring a second phase at variable but 'progressively
desired quantity of vesicles was introduced through the air-water interfacslower rates to~40—-45 mN/m. For experiments that

using a Hamilton syringe before stirring the subphase for 10 min. Thereached these surface tensions during the 35-min exper-
interface was then cleaned with a Pasteur pipette connected to a Watﬁrnents adsorption then accelerated during the third phase

aspirator until surface tension reached the value expected for pure wat%r fore r hina final nstant val f roximatel
(70 mN/m at 37°C), a process that typically required less than 5 s. elore reaching al consta alues ot appro ately

Adsorption isotherms (surface tension versus time) were then recorded® mN/m.
over a period of 35 min. Selected experiments performed in triplicate  Our analysis emphasized the relatively simple early

obtained surface tensions that were reproducible to within 5%. stages of adsorption when the subphase vesicles encoun-
ter an interface with little pre-existing material. We char-
acterized these initial stages in terms of two variables: the
lag time between the start of the experiment and the first
Conversion of measured surface tension to surface concentration requirgleasurable change in surface tension; and the slope of
isotherms relating the two variables. Similar to most previous kineticthe surface tension—time isotherm during the initial fall in

studies that have used surface tension to follow adsorption, our analysis of tension. The isotherms were linear for at | tth
assumes a unique relationship between surface tension and surface co_?]lil ace tension. € 1sotherms were linear for at leas €

centration for each preparation. Isotherms were generated by depositifitial 5 mN/m drop in surface tension for all experi-

known amounts of CLSE or N&PL in chloroform solution at the surface of ments. The relationship of surface tension to surface
5 ml HSC in the Teflon cup and measuring the surface tension of thegoncentration determined in separate experiments was
resulting film. Experiments were performed in triplicate and the resultsa|SO linear, and so the rates at which surface tension fell
averaged. The plots of surface tension versus surface concentration (ngt . . .
shown) were linear between 68 and 32 mNih+£ 0.974 for CLSE and could be converted dlreCtIy to ratgs at WhIth_ matenal
0.971 for N&PL), and the equations for the least-squares fit were used iftdsorbed to the interface. The duration of the initial delay

each case to provide the required conversion. CLSE films formed by(Fig. 3) correlated inversely with the initial rate of ad-

Calibration of surface concentration
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FIGURE 1 Adsorption of N&PL vesicles to a clean air—water interface. The concentration of N&PL in the subphase is indipatephiospholipid
on each curve, and temperature is specified on each graph. Data obtained at 15°C, 25°C, 35°C, and 45°C are omitted for the sake of clarity.
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FIGURE 2 Adsorption of CLSE vesicles to a clean air—water interface. The concentration of CLSE in the subphase is indidatelddspholipid on
each curve, and temperature is specified on each graph. Data obtained at 15°C, 25°C, 35°C, and 45°C are omitted for the sake of clarity.
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isotherms relating surface tension to surface concentration (see Methods).
FIGURE 3 Lag time between formation of a clean interface and detec-apsent data indicate conditions at which no change in surface tension occurred
tion of a change in surface tensiom) N&PL. (B) CLSE. The absence of  guring the 35-min experimentA) N&PL. (B) CLSE.
a value reflects no measurable adsorption within the 35-min experiment.

first order. The apparent reaction order was .40.2 for
sorption (Fig. 4). Higher temperatures, higher concentraN&PL and 1.7+ 0.2 for CLSE. These average valuesrof
tions, and the presence of the surfactant proteins in CLS®ere then used to obtain the kinetic rate constgpsom the
relative to N&PL all produced faster initial rates and initial adsorption rates at the different temperatures.
shorter de]ays_ The |ag phase became inapparent WhenTO determine the extent to which the rate of adsorption
the initial rate exceeded a certain level, presumably befor each preparation was determined by diffusion, we com-
cause it became undetectably short. paredk, with kg, the calculated rate constant for adsorption

The thermodynamic calculations required determinatiodimited by diffusion. Measurements with dynamic light

of ky,, the measured reaction rate constant, from the initiapcattering provided values @, the diffusion coefficient.
rate. This in turn requiredh, the order of the reaction, We then used the equation of Ward and Tordai (1946) that

according to the equation relates surface concentratioh)(to time ¢) for diffusion-
limited adsorption:
rate= k- c"
Dt 1/2
for a concentratior in the bulk phase. Linear fits of logarith- I'=2c: (W) .
mic plots for initial adsorption rates versus concentration had
slopes that varied little with temperature (Fig. 4). The slopesThis expression ignores a second term in the original equation

for both preparations were1, indicating a process other than for back-diffusion in the interests of simplicity, and because

Biophysical Journal 81(3) 1536-1546
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FIGURE 6 Arrhenius plots for adsorption during the initial reduction in

) o o surface tension. The slope of linear regressions prokigehe energy of
FIGURE 5 Comparison of measured kinetics to a diffusion-limited pro- activation k., is the measured rate constant for adsorption during the initial fall
cessky is the calculated rate constant for a diffusion-limited process (Wardj grface tension, expressed as me@D averaged over measurements at six

and Tordai, 1946; ank,, is the measured rate constant. Axis of ordinates concentrations. Error bars are obscured by the symbols in some cases.
is broken to demonstrate the behavior of both preparations more clearly.

i . . . Fig. 5). For N&PL, the ratio remained above 10 at all
initial adsorption when the interfacial and subsurface concei g. 5)

rati | nimize that Diff tiati emperatures, indicating that the actual process was at least
rations are Jow may minimize that process. Liflerentiation anc,, ger of magnitude slower than predicted for diffusion-
substitution to obtain an expressionliryields

limited adsorption. The additional presence of the proteins
dr (2D> , in CLSE, however, reduced the ratio substantially, and,

dt T above 40°C, the rate was only twice that of the diffusion-
limited process.

so that The slopes from the Arrhenius plots ofdn versus 1T (Fig.
2D 6) provided activation energids, according to the equation
= ar
a
for diffusion-limited adsorption at any surface concentralion I kn R T In A,

A surface tension of 65 mN/m corresponded to a molecular

area of 83 Afmolecule and a surface concentation of 2SR 2 U8, P8 SO B IR T
pmole/r for both N&PL and CLSE, anll, was caloulated at of I[t)em erature in.terms of an e uiIibriu?r/1 between reactants
that point. Light scattering measurements provided valuBs of P q

at ambient temperatures, and the Stokes—Einstein relationsh%r]d an activated complex (Eyring, 1935). Consequently,

= ko T _ ko —AGYRT
6mnr Kn = T ®
allowed calculation of values at other temperatukgss the k., AGE 1 ke
Boltzmann constanty is the viscosity of the solvent, and In TSR T +1In h
is the hydrodynamic radius. Values ot ambient temper-
atures were 57 11 and 73= 9 nm for vesicles of N&PL AHY 1 k, AS
and CLSE, respectively and were assumed constant at other =T R T + [In h + R I

temperatures.
The ratio ofky to k,, provided an indication of the extent The slope and intercept of k/T versus 1T (Fig. 7)

to which adsorption became diffusion limited. For both therefore provide\H} andAS;, respectively (Table)LAG}

N&PL and CLSE, kyk,, fell with increasing temperature could then be calculated at any particular temperature (Ta-

Biophysical Journal 81(3) 1536-1546
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S WU I T R R— experiments that reached 40 mN/m, the rate of fall in
] B surface tension accelerated until reaching final constant
- surface tensions of-25 mN/m. Only CLSE achieved sur-
face tension below 40 mN/m appreciably before the end of
the 35-min experiment, and, consequently, N&PL did not
i demonstrate this late acceleration.

.19 =

=20 =

-21 =

DISCUSSION

Our experiments compare the adsorption of the complete set
i of lipids from calf surfactant with and without the native
= combination of SP-B and SP-C. Our analysis emphasizes
the early stages of adsorption and, in particular, the initial
fall in surface tension, but we also consider the unexpected
™ acceleration late in this process.

<22 -

In (k,/T)

.23

-25

T T T T T T T T T T iti
0.0031 0.0032 0.0033 0.0034 0.0035 Initial delay

11, °C” Under conditions of low concentration and temperature that
FIGURE 7 Determination of thermodynamic components of the activa-Pr-o-duce SI-OW adsc_)rptlon, surface tension falls only after an
tion barrier. The slope and intercept of linear regression equations ténmal lag time. This interval has been observed previously
In k,/T versus 1T for the measured rate constdptand the temperature  (Clements, 1973; Morrow et al., 1993; Walters et al., 2000).
provide the basis for calculatingHi and AS}, respectively. Mean- SD  The characteristics of the initial delay suggest that it repre-
averaged over measurements at six concentrations. sents merely the time required to reach the threshold surface
concentration at which surface tension first begins to
change. For the two preparations used in these studies, our
ble 1), although the variation over the range of temperaturegajipration curves showed that the interfacial films affect
considered was smal-T - AS; contributed the major com  gyrface tension only after surface concentration exceeds
ponent of AG}, for both preparations, constituting 55% for 1 5 umole/nf. The alternative explanation, that some
N&PL and 61% for CLSE at 37°C. The reduction 465 gther process must occur before formation of the film can
produced by the proteins, however, resulted from a changgegin (Clements, 1973), would require that the delay exceed
in AH. The entropic contribution; T+ AS}, increased min  the interval expected for adsorption at the initial measurable
imally from 65 kJ/mole for the lipids alone to 68 kJ/mole in rate to increase surface concentration from 0 topnole/
the presence of the proteins (Table 1). The proteins accely?. Our data suggest just the opposite. Back extrapolation
erated adsorption by lowering the enthalpy of transitionof the isotherm during the first fall in surface tension shows
with little change in entropy. that adsorption at that rate would require more than the lag
Our experiments also provided information concerningtime to increase the surface concentration to the threshold of
the later stages of adsorption. After the initial linear segmenfjetection. These results suggest that the earliest rate of
of the isotherm, the slope became steadily less negative unijndetectable adsorption is faster than the first measurable
surface tension reacheé40—45 mN/m (Figs. 1 and 2). The ates, and that the progressive slowing of adsorption, which
curves at different concentrations became roughly parallgk evident from the isotherms (Fig. 1 and 2), extends to the
for N&PL, and, to a lesser extent, for CLSE. Below 40—45yegion before the initial fall in surface tension. Adsorption is
mN/m, however, the kinetics of adsorption changed. In allynmeasurable during this initial lag phase, but our data
provide no imperative to invoke any process different from
the mechanisms by which surfactant adsorbs when surface

TABLE 1 Thermodynamic Variables for Adsorption of N&PL tension begins to dl’Op.

and CLSE

N&PL CLSE
Reaction order 1.4% 0.18 1.73x0.18  Early stage
E, (kJ/°K - mole) 56.6+ 2.2 46.9+ 1.1 . _— : .
AGE (ky/mole) at 37°C 119+ 1 112+ 2 During the initial fall in surface tension, the temperature
AH§ (kd/mole) 541+ 2.2 44.4+ 1.1 dependence of the rate constants shows that, for both prep-
AS) (I°K - mole) —211+7 —220=* 4 arations, the major component of the rate-limiting barrier is
—T- ASj at 37°C (kd/mole) 65.4+ 2.2 68.2+ 1.2 entropy (Table 1). This finding agrees with a priori expec-
Data are meart SD. tation. The hydrophobic interactions that maintain bilayers

Biophysical Journal 81(3) 1536-1546
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are based on entropy, resulting from the highly orderechccelerate adsorption when added to vesicles have the same
clathrate cages formed by water around a nonpolar residueffect when located exclusively at the interface. Both the
in an agueous environment (Tanford, 1973). The transitiorsurfactant proteins (Oosterlaken-Dijksterhuis et al., 1991a)
of a bilayer to form an interfacial monolayer seems likely toand phospholipids other than DPPC (Walters et al., 2000)
require transient exposure of hydrophobic acyl groups to théave this effect. For the phospholipids, the acceleration of
aqueous solvent and consequently an unfavorable entromdsorption is not just qualitatively in the same direction but
of transition. guantitatively identical whether the material is added to

Prior measurements on complete canine surfactant agre@sicles or to a pre-existing interfacial film. These observa-
with our results in some respects but differ in others (Kingtions suggest that faster adsorption results from an effect on
and Clements, 1972). The magnitude of the rate-limitingsome structure equally accessible to vesicle and surface
barrier, 93 kJ/mole and 112 kJ/mole at 37°C for the com-monolayer. For fusion of bilayer vesicles, mounting evi-
plete dog and extracted calf samples, respectively, are sindence supports the importance of a highly curved stalk
ilar. In both cases;T - AS; is the major component of the intermediate between the two fusing vesicles (Cherno-
barrier (King and Clements, 1972). The entropic barriermordik et al., 1987, 1999). The effect of phosphatidyleth-
however, is 60% larger for the native surfactant (108 kJianolamines (PEs) suggests that a comparable structure may
mole) than for the extracts (68 kJ/mole). The enthalpy ofoccur during fusion of a vesicle with an interfacial film.
transition for the two preparations actually diverge. For thePEs, which favor the hexagonal,Hphase and lower the
extracted calf surfactant, the enthalpy of the rate-limitingenergy of lamellae concave toward the polar head group,
structure is higher than for the dispersed vesicld$j(= 44  accelerate both fusion and surfactant adsorption (Yu et al.,
kJ/mole), and enthalpy represents a major part of the barriek984; Perkins et al., 1996), supporting the importance in
that slows adsorption. With the native canine surfactant, th&oth processes of a similarly bent structure. Separation of
rate-limiting complex actually has a lower enthalpy than theacy! groups required by tight curvature would disrupt van
vesicles AH} < 0). Extracted surfactant differs from the der Waals interactions and produce an unfavorable enthalpy
native material in that it lacks SP-A and that its structure is(Fig. 8). In such a model, our results indicate that the
randomly assembled. The disparity in the thermodynamiessential effect of the proteins would be to minimize the
results suggests that one or both of these differences bemnfavorable enthalpy.
tween the native and extracted material causes adsorption to The proteins accelerate adsorption almost to the maxi-
proceed by distinct mechanisms, although ultimately arrivinum extent possible. At the higher temperatures, the pro-
ing at similar kinetics. The old observation that only nativeteins lower the activation barrier sufficiently that rates of
surfactant adsorbs via tubular myelin fits with different adsorption approach diffusion-limitation. This limit in fact
mechanisms. The similar biophysical function for surfactantraises some caution in the interpretation of our results.
with and without SP-A, whether in vitro (Hall et al., 1992) Increased temperature also produces faster transport to the
or in vivo (Korfhagen et al., 1996; Ikegami et al., 1998), fits surface, and interpretation of a diffusion-limited process in
with the ultimately similar kinetics. terms of an activation barrier would lead to erroneous

The hydrophobic proteins accelerate adsorption not byonclusions. The data for CLSE, however, argue against this
reducing the major entropic barrier faced by the lipid ves-possibility. The linear relationship of I,/T to 1/T extends
icles but instead by reducing the enthalpy of activationover the full range of temperatures with only minimal
(Table 1).AS{ is essentially unchanged. The lowaHj  deviation at the highest temperatures at whigfk,, is
could reflect an effect of the proteins on either the initial lowest. Consequently, restricting the analysis to progres-
vesicles or the rate-limiting intermediat&AH{ gives only  sively lower temperatures, at whidky/k,, is larger and
the difference in enthalpy between the two structures, and smeasurements are less likely to reflect simple diffusion, had
the effect of the proteins could result from an alteration ofno effect on our qualitative results. The thermodynamic
either one. The proteins might destabilize the vesicles, ovariables changed minimally, and in all caséd{ de
they could produce a catalytic reduction in the enthalpy ofcreased relative to N&PL, with little change inT - AS{.
the intermediate. In either case, one likely source for &ur conclusions therefore seem valid despite the progres-
change in enthalpy would be an alteration of the Van desion with increasing temperature toward diffusion-limited
Waals interactions among the acyl chains. adsorption.

The earliest models of how the proteins accelerate ad-
sorption favored the possibility that the proteins destabilizq_
the vesicles. Constituents other than dipalmitoylphosphati-
dylcholine (DPPC) were thought to disrupt interactionsOur results also distinguish a late stage that is qualitatively
among lipids, resulting in more fluid structures that ad-distinct from the earlier process. At40—45 mN/m, the
sorbed and spread more rapidly. More recent evidence irprogressive slowing of the rate at which surface tension falls
stead fits better with the stabilization of a crucial structureabruptly terminates, and adsorption accelerates until it
intermediate between vesicle and interface. Factors thataches equilibrium values. This late acceleration is partic-

ate stage

Biophysical Journal 81(3) 1536-1546
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FIGURE 8 Model of the hypothetical rate-limiting structure intermediate between bilayer vesicles and interfacial monolayer. Enlarged vég@sillust
the separation of acyl chains required in such a structure that would produce an unfavgraliie Hroteins would accelerate adsorption by reducifg H
of this intermediate structure.

ularly interesting because of its physiological and pharmagports have shown that both the proteins (Oosterlaken-Dijks-
cological relevance. Following the creation of the air-liquidterhuis et al., 1991a) and the phospholipids (Walters et al.,
interface at birth, surfactant particles in most animals neveR000) can produce faster adsorption when located either at
again encounter an interface entirely devoid of materialthe interface or in the vesicles, and the acceleration in our
Instead they insert into a surface expanded to the point thaxperiments could result from the accumulation of these
the density of the existing film drops below the equilibrium factors in sufficient amounts to affect the rate from both
spreading value, allowing the addition of more material.locations. Several groups over the past decade have reported
The surface tensions at which this late acceleration occurthat more than a monolayer adsorbs to the interface (Hills,
therefore represent values that surfactant, whether endog&988; Oosterlaken-Dijksterhuis et al., 1991b; Schuet al.,
nous or exogenous, would encounter in the lung. All of our1995; Yu and Possmayer, 1996), and the late acceleration
experiments that reached the threshold surface tension demeuld reflect adsorption by this surface-associated material
onstrated the acceleration. This phenomenon is evident iwith behavior distinct from vesicles in the subphase. The
some previously reported data (Notter et al., 1983; Oosterinconsistency with which this late phase has been observed
laken-Dijksterhuis et al., 1991a) although not in othersin previous studies (Notter et al., 1983; Oosterlaken-Dijks-
(Paez-Gil et al., 1992; Walters et al., 2000). Because of itserhuis et al., 1991a; Pez-Gil et al., 1992; Walters et al.,
occurrence at a discrete surface tension, the late accelerati@d00) suggests that it might reflect some unintended differ-
presumably reflects some interfacial change. Previous reence between experiments, such as different vesicles gen-
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erated during resuspension. This possibility, however, in ndkegami, M., T. R. Korfhagen, J. A. Whitsett, M. D. Bruno, S. E. Wert, K.
way diminishes the importance of the phenomenon, partic- Wada, and A. H. Jobe. 1998. Characteristics of surfactant from SP-A-

larly for the desi f th i factant deficient mice Am. J. Physiol. Lung Cell Mol Physid®75:L.247-L254.
ularly Tor the design o erapeutic surtactants. Johannsen, E. C., J. B. Chung, C. H. Chang, and E. I. Franses. 1991. Lipid

transport to air/water interface€olloids Surf.53:117-134.

Kaplan, R. S., and P. L. Pedersen. 1989. Sensitive protein assay in presence
CONCLUSIONS of high levels of lipid.Methods Enzymoll72:393—399.

King, R. J., and J. A. Clements. 1972. Surface active materials from dog
In summary, our results show that, although the thermody- lung. I1I. Thermal analysisAm. J. Physiol223:727—733.

nam_ic barrier to adsorption_ _of the surfactant Iipids is pri—Korfhagen,T. R., M. D. Bruno, G. F. Ross, K. M. Huelsman, M. Ikegami,
marily the entropy of transition, the hydrophobic proteins A. H. Jobe, S. E. Wert, B. R. Stripp, R. E. Morris, S. W. Glasser, C. J.

; ; iati Bachurski, H. S. lwamoto, and J. A. Whitsett. 1996. Altered surfactant
accelerate adsorptlon by reducmg the enthalpy of activation. function and structure in SP-A gene targeted mitrec. Natl. Acad. Sci.

Hypothetical mechanisms by which the proteins exert their ;5 a 93:9594_9599.

effect must fit this constraint. Kruger, P., M. Schalke, Z. Wang, R. H. Notter, R. A. Dluhy, and M.
Lésche. 1999. Effect of hydrophobic surfactant peptides SP-B and SP-C
on binary phospholipid monolayerBiophys. J.77:903-914.
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