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Effects of a Cationic and Hydrophobic Peptide, KL4, on Model Lung
Surfactant Lipid Monolayers

Jingwen Ma,* Sandy Koppenol,” Hyuk Yu,* and George Zografi*
*Department of Chemistry and *School of Pharmacy, University of Wisconsin-Madison, Madison, Wisconsin 53706 USA

ABSTRACT We report on the surface behavior of a hydrophobic, cationic peptide, [lysine-(leucine),],-lysine (KL4), spread
at the air/water interface at 25°C and pH 7.2, and its effect at very low molar ratios on the surface properties of the zwitterionic
phospholipid 1,2-dipalmitoylphosphatidylcholine (DPPC), and the anionic forms of 1-palmitoyl-2-oleoylphosphatidylglycerol
(POPG) and palmitic acid (PA), in various combinations. Surface properties were evaluated by measuring equilibrium
spreading pressures (w,) and surface pressure-area isotherms (7-A) with the Wilhelmy plate technique. Surface phase
separation was observed with fluorescence microscopy. KL4 itself forms a single-phase monolayer, stable up to a surface
pressure 7 of 30 mN/m, and forms an immiscible monolayer mixture with DPPC. No strong interaction was detected between
POPG and KL4 in the low 7 region, whereas a stable monolayer of the PA/KL4 binary mixture forms, which is attributed to
ionic interactions between oppositely charged PA and KL4. KL4 has significant effects on the DPPC/POPG mixture, in that
it promotes surface phase separation while also increasing w, and ., and these effects are greatly enhanced in the
presence of PA. In the model we have proposed, KL4 facilitates the separation of DPPC-rich and POPG/PA-rich phases to
achieve surface refinement. It is these two phases that can fulfill the important lung surfactant functions of high surface
pressure stability and efficient spreading.

INTRODUCTION

A significant body of literature exists concerning the phys-taining large amounts of DPPC, which by itself normally
iological importance of lung surfactant and the implicationsdoes not spread spontaneously at air/water interfaces
of its absence or inability to function in premature neonatefHawgood et al., 1985; Takahashi et al., 1990; Yu and
and adults (Goerke, 1974; Hills, 1990; Creuwels et al.Possmayer, 1990).

1997). Correspondingly, much biophysical research has In the treatment of respiratory distress syndrome (RDS),
been carried out using some of the major components ofvhich results from the lack of lung surfactant, surfactant
lung surfactant to better understand the means by which it iseplacement materials that are effective, inexpensive, and
delivered to the alveolus/air interface and promotes alveolagasy to process are desired (Tanaka et al., 1986; Shapiro,
stability (Fleming and Keough, 1988; Pastrana-Rios et al.1989; Jobe, 1993). However, mixtures of synthetic phos-
1994; Wang et al., 1995). Particular emphasis has beepholipids alone do not possess surface properties compara-
placed on the important role of a major disaturated phosble to those of natural lung surfactant. In contrast, materials
pholipid component, dipalmityolphosphatidylcholine (DPPC)reconstituted with synthetic phospholipids and the hydro-
(Yu et al., 1983; Holm et al., 1996), in reducing surfacephobic protein SP-B appear to impart full biophysical prop-
tension to very low values and thus protecting the alveolugrties akin to those of lung surfactant (Revak et al., 1991).
against collapse. There also has been a strong interest T understand the role of SP-B in such replacement mate-
other lipid components, such as anionic phosphatidylglycrials, different spectroscopic techniques have been used to
erol (PG), and phospholipids containing unsaturated acydtudy the interaction between SP-B and phospholipids in
chains (Tanaka et al., 1983; Cockshutt et al., 1991). Besidasilayer vesicles (Baatz et al., 1990; Oosterlaken-Dijkster-
phospholipids, four proteins, designated as SP-A, SP-Buyis et al., 1992; Vincent et al., 1993). Studies of different
SP'C, and SP-D, have been found in association with |Ung'agments and mutants of SP-B Suggest that the function-
surfactant (Hawgood and Shiffer, 1991; Johansson angk|ated structural and compositional characteristics in SP-B
Curstedt, 1997), among which SP-A and SP-D are hydrogye its positive charges with intermittent hydrophobic do-
philic and believed to be related to the storage and transpofains (Revak et al., 1988; Waring et al., 1989; Baatz et al.,
of lung surfactant. Meanwhile, the hydrophobic proteinsigg1: Longo et al., 1993). To mimic such a characteristic
SP-B and SP-C are thought to play an important role instrcture, 21 amino acid peptides containing the hydropho-
promoting the adsorption and spreading of monolayers conyic amino acid leucine (L), with either cationic arginine (R)
or lysine (K), in the sequence (RL,R or (KL,),K, respec-

) . o tively, were synthesized and found to enhance the mono-
Received for publication 11 August 1997 and in final form 5 January 1998.Iayer properties of DPPC/PG systems significantly, similar
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human RDS (Cochrane et al., 1996; Revak et al., 1996)ompressing the total area by 70%, so it was assumed that no significant

Therefore, it appears that such a peptide behaves Ver’ynounts of any surface-active impurities were present in the solvent. All

L . - solutions were stored at20°C.
Slmllarly to SP-B and prowdes a means of SUbStItUtmg for The water used throughout these studies was triply distilled. The house-

SP-B in recons'tltuted s.urfacta.nt systems. The study of thQistilled water was passed through a Barnstead PCS filtration system and
surface properties of this peptide alone and in the presenggen distilled two additional times, once from an alkaline potassium per-
of the various relevant lipids should broaden our under-manganate solution and once from a dilute sulfuric acid solution. The
standing of the role of the peptide in this system and, in turnsubphase pH was controlled with a 0.02 M Tris(hydroxymethyl)amin-
provide a better mechanistic model for lung surfactant struc2metane (tis) (99.9%, Sigmay) buffer that was adjusted to pH 7.2 with 1

i . M acetic acid, HAc (A.C.S. reagent grade; Aldrich). All monolayers were
ture and fqnct!on in general. . . studied on the Tris-HAc buffer subphase with 0.13 M sodium chloride

In most in vitro lung surfactant studies involving mono- (99+%:; Aldrich).
layers formed at the air/water interface, either a bubble
surfactometer or a Langmuir monolayer apparatus is used tﬁl
. . . ethods

measure dynamic surface tension when the available surface

area is rapidly expanded and compressed. In these dynanfiquilibrium spreading pressure m,

measurements it is often difficult to capture a phys'??'Various mixtures of lipids and KL4 were dissolved in the 70:30 mixture of
picture of molecular events, because the exact compositioghioroform and methanol at room temperature and then dried under vac-

of different components at the surface under a given set ofum in a liquid nitrogen bath for at least 12 h. Solid material was sprinkled
conditions is unknown (Prokop and Neumann, 1997). Itonto the clean aqueous surface, and the surface tension was monitored

appeared important to us. therefore. to step back and tbsing a sand-blasted Wilhelmy plate attached to an Ohaus GA 200-D

electronic balance (Ohaus Corp, Florham Park, NJ) equipped with an

examine the more static properties of monolayers Contaml'?SZSZ port and interfaced to a Macintosh Plus computer. The monolayer

ing one or more typical molecules used in such modelyas formed on a subphase contained in a Teflon trough designed to be
studies. Recognizing that static properties do not exactlynaintained at constant temperature by circulating thermostatted water
mimic the dynamic situation, in this approach we are in athrough a glass coil at the bottom of the trough. This set-up was contained

position to better establish any relationships between exa(jﬂ a larger plexiglass box to reduce drafts. The relative humidity in the box

was maintained at 80% or more with open glass containers of water and

composition and surface pressure. Thus we report the eq vet filter paper. It was critical to be sure that the recorded surface tension

librium spreading pressure,, m-A isotherms (surface pres- represented an equilibrium between two coexisting phases, i.e., bulk ma-
sure versus area per moleculd, and the surface phase terial and the spread monolayer. Therefore final values ofiere chosen

behavior of KL4, DPPC, POPG, and PA monolayers indi-when there was no further significant change in surface tension with time

vidually and as mixtures under the same conditions. Beside%ess than 0.2 mN/m change per hour), when the value was independent of
the amount of excess bulk material on the surface and of the total surface

the major component DPPC, we have used POPG, becaugg
it represents a major unsaturated anionic component in lung
surfactant, and PA, because it has been used in earlier )
studies dealing with the possible role of SP-B (Longo et al. Static surface pressure-area isotherms

1993) and because it has been included in artificial lungsurface pressure was measured as described above, except for those
surfactant replacement systems containing DPPC, POP@xperiments in which the Wilhelmy plate was attached to a Cahn 2000

and KL4 (Cochrane and Revak, 1994). electrobalance (Cahn Co., Paramount, CA) with a chart recgrQer (Kipp and
Zoen model BD40). The chloroform:methanol (70:30 v/v) lipid solutions

were spread with a Hamilton microsyringe (Hamilton Co., Reno, NV) and
allowed to equilibrate for anywhere between 30 min and 24 h, depending

a upon which the monolayer was spread.

MATERIALS AND METHODS on the mixture identity and state of the monolayer. A mixed spreading
. technique, in which all components were dissolved into a single spreading
Materials solvent, was adopted in all the experiments. The static surface tension was

determined when the change in mass of the plate was less than 1 mg (or
less than 0.2 mN/m) in 1 h. The area per molecewas varied by three
methods: 1) continuous addition of a spreading solution (after the attain-
ment of equilibrium) to a surface of constant area, 2) stepwise reduction of
surface area with a movable barrier with a fixed amount of spread material
stated purities of 99%, and were used as received. The POPG Was(compressm_n method)‘, and 3) repeated clear_ung a_nd spreading of the
- . ) . ) . . monolayer film to a given surface concentration (single-shot method).
supplied as its sodium salt. [Lysine-(leucigg)lysine, KL4, synthesized )
. - . Surface pressure versus area isotherms for all monolayers were constructed
as described previously (Revak et al., 1991), was a gift from the R. W,
. : by each of the three methods. Good agreement among the three methods
Johnson Research Institute. Throughout this study the amounts of the ) . .
) . : S . was confirmed with both expanded and condensed regions of a monolayer.
various ingredients were maintained at a constant molar ratio of DPPC: The software package, Insight Il (v. 2.3.0), developed by Biosym
POPG:PA:KL4 equal to 84:27:48:1 or a weight ratio of 26:8:5:1. This ratio . package, 9 Lo P y yn
. . S .~ Technologies (San Diego, CA), was used to model the structures of peptide
reflects the levels of each component used in earlier clinical studle:?( . . s :
L4. Three-dimensional structures of KL4 in different conformations were

(Cochrane and Revak, 1994). enerated and displayed on a SGI computer
Chloroform (99.9% high-performance liquid chromatography (HPLC) g play puter.

grade; Aldrich):methanol (99.9% HPLC grade; Fisher Scientific) (70:30

vIv) was used as the spreading solvent for all mixtures, and each solvemty,;nrescence microscopy

was used as received. The purity of chloroform and methanol was checked

by spreading the solvents on water and monitoring surface tension as thehe fluorescence microscope used in this study was the same as the one
surface was compressed. No decrease in surface tension was observed upeentioned in a previous study (Koppenol et al., 1997). It was constructed

The lipids used in this study were 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), 1-palmitoyl-2-oleoyl-sn-glycerol-3-phospho-glycerol
(POPG), palmitic acid (PA), and 1-palmitoyl-2-[12-[(7-nitro-2—1,3-benz-
oxadiazol-4-yl)amino]dodecanoyl-sn-glycero-3-phospho-choline  (NBD-
PC). They were obtained from Avanti Polar Lipids (Alabaster, AL), with
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from a commercially available microscope (Micromaster, Model E; Fisher~30 mN/m at 25°C, but it took 20 h to attain this equilib-
Scientific). The excitation light from a tungsten-halogen lamp (Fiber-Lite, rjum value.

(I?olan-Jenner Industries) wa§ pas_sed t.hroqgh a flltt_ar (Zeiss) and reflected In Table 1, the data for various binary mixtures of KL4
own to the water surface via a dichroic mirror (Zeiss). The fluorescence .
from the surface was collected by the objective lensx(¥@nd passed Wl'th DPPC, POPG, or PA are 'also presented. Note that a
through the dichroic mirror and an additional barrier filter (Zeiss). The Mixture of DPPC/KL4 spread with a, value very close to
microscope was connected to a video camera (Optronics Engineering) vithat of KL4 itself, whereas that for POPG/KL4 is just
a videq relay lens (1R) _(Fisher Scientific), and the image was vie_zwed_ on glightly greater than that of POPG alone. In the case of PA,
asn_waggg)r (Apple monitor Ill) and stored on a Videotape (Mitsubishi where a Stablefe spreading onapH7.2 subphase could not
The monolayer mixture, which contained 0.5-1% NBD-PC, was sprea(pe determined because of dlssolgt|0n, the presence of KL4
and allowed to equilibrate before any images were recorded. SurfacProduced a stable monolayer with, comparable to the
pressure was measured with a Nima pressure transducer (Nima, Coventtyalue for PA on a saturated subphase. In Table 1 we also
Ef‘Ag'g&d)r-ai:ec')'f'?h”:fy:ttlilgéezr:jf:éf‘d : Qggr':gl'ik"% effect ofthe dye on theeport values ofr, for mixtures of DPPC/POPG and DPPC/
mAdiag pep phospholipic. POPG/PA in the molar ratios described above, in the ab-
sence and presence of KL4. The DPPC/POPG binary mix-
RESULTS ture spreads to an equilibrium value of 17 mN/m, less than
half that of POPG alone. This is unlike the case of either
Equilibrium spreading pressure DPPC/KL4 or POPG/KL4 mixtures, where the value is
_— . very similar to that of the component with the higherin
The equilibrium spreading pressurerg] values of each the mixture. For the three-component mixture of DPPC/

component studied, plus selected mixtures, are presented : - .
Table 1. The value reported for PA was obtained not byllpbp(';/PA’Tre is very similar to that of DPPC/POPG, i.e.,

: . . _’much lower than that of POPG alone. It is interesting to note
spreading, but .by adsorptlor! upon saturating the unde.rlyl'ngne significant increase ifr, when the small amount of KL4
substrate solution with palmitic acid. Because of the signif- . )
; . . . ) is added to either mixture.
icant solubility of the palmitate ion at pH 7.2, it was not
possible to spread PA on pH 7.2 water. We emphasize that
a stablem, value was not obtained without saturating the
subphase. Consistent with earlier observations (Koppeno$tatic surface pressure-area (w-A) isotherms
1996), DPPC showed essentially no tendency to spread
25°C over a 24-h period. However, at 45°€4°C above
the critical temperatur&; at which DPPC bilayers undergo
a gel-to-liquid-crystalline phase transition, was found to
reach 45 mN/m within 1 min. This indicates the very poor
spreading characteristics of DPPC at temperatures belo
41°C. On the other hand, the much more fluid PORG~
0°C) spread within seconds to a value af equal to 46
mN/m. The peptide KL4 showed a tendency to spread t

|a'-ﬁg. 1, a—d contains variousr-A isotherms at 25°C for
KL4, DPPC, POPG, and PA individually, and with corre-
sponding data for each of the lipids in the presence of KL4.
In Table 1 are listed values af,,,, the maximum surface
pressure attainable under static conditions. As mentioned
previously in Materials and Methods, at collapse for each
system.m,,. iS Not reported for PA, because of its signifi-
cant dissolution under the conditions of this experiment.
Note that, in Table 1, with the exception of DPPC, the
values ofm, andm,,,, for each sample system are about the
same, indicating that,,,,, represents the surface pressure at

TABLE 1 Equilibrium spreading pressure, ., and collapse equilibrium between the monolayer and bulk phases. For
pressure, m,,,, at 25°C on pH 7.2 Tris buffer for various DPPC, we note the very high,,, ., relative to am, being 0,
components and their mixtures* which reflects its unique ability to maintain itself in a highly
System e (MN/m) Tonax (MN/M) overcompressed state despite its poor initial spreading
DPPC 0 42 characteristics.
POPG 42 44 The A curve for KL4 alone appears to be very stable up
PAY 26 — t0 a 4, Of ~30 mMN/m. If we assume at “lift-off,” where
KL4 32 32 the surface pressure begins to increase significantly above
Biﬁgiti g; ii zero, that the entire surface is covered with peptide mole-
POPG/KLA 46 43 cules, itis possible to estimate the area per KL4 molecule to
PA/KL4 27 24 be ~3.5 nnf. The possible meaning of this value in the
DPPC/POPG 17 21 context of computer modeling results will be presented in
DPPC/POPG/PA 23 21 the Discussion.
DPPC/POPG/KL4 41 42

As presented in Fig. 1h andc, the 7-A isotherms for
DPPC and POPG are in excellent agreement with earlier
*Compositions of all mixtures are in the molar ratio of 87:27:48:1 (DPPC: reports (Koppenol 1996). The lack of a stable surface

POPG:PA:KL4). See Materials section for discussion. for PA al t bH 7.2 illustrat th t ¢
“The equilibrium spreading pressure of PA at pH 7.2 was measured on Qressure or alone at p -< lllustrates the strong ten-

subphase saturated with PA. On an unsaturated subphase, stable valueSi§ncy of PA, in the form of .palmitate ion, to'dissolve into
e and 7., could not be obtained. the underlying subphase. Fig. i+d also depicts ther-A

DPPC/POPG/PA/KL4 42 40
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FIGURE 1 @) Surface pressurenj versus area per molecul@)(iso-
therm at 25°C for KL4 (*) monolayer spread on 0.02 M Tris buffer, pH 7.2,
0.13 M NacCl. p) 7-A isotherm at 25°C for DPPCX) and binary mixture
of 84:1 DPPC/KL4 @) monolayers spread on the same Tris buffer & in
The solid curve (——) represents the calculated isotherm according to
the proportion of each component in the mixture. (c) A isotherm at
25°C for POPG @) and a binary mixture of 27:1 POPG/KL@) mono-
layers spread on the same Tris buffer asainThe solid curve (——)
represents the calculatedA isotherm according to the proportion of each
component in the mixtured) =-A isotherm at 25°C for PAA) and a
binary mixture of 48:1 PA/KL4 &) monolayers spread on the same Tris

buffer as ina.
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lysines on each KL4 molecule were involved in an interac-
tion with PA, the charge ratio would be roughly 5:48, and
there still would be excess PA ions that could desorb.

In Fig. 2, a and b, are given them-A isotherms of
DPPC/POPG versus DPPC/POPG/PA and DPPC/POPG
versus DPPC/POPG/KL4 versus DPPC/POPG/PA/KL4 in
the usual proportions. Again, in Table 1 the valuesrgf,,
are presented, and they are shown to agree very well with
the corresponding values ef. In the case of DPPC/POPG/
PA, the area used to construct theA isotherm in Fig. 2a
was calculated by assuming that no PA was present, because
of complete desorption from the surface. Indeed, agreement
between this isotherm and that for DPPC/POPG is excellent
when compared in this manner. Also note in Table 1 that
both 7,5, and m, are the same for DPPC/POPG and DPPC/
POPG/PA, again indicating that the complete desorption of
PA most likely has occurred. The fact tha,,, for DPPC/
POPG bhinary mixture agrees with its, and only reaches
20 mN/m, a value about half of the,,,, for DPPC and
POPG, appears to be important to our understanding of this
system and will be discussed later. In this regard it is also
interesting to note that KL4 added to both DPPC/POPG and
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isotherms at 25°C in the presence of KL4 for DPPC, POPG,
and PA, respectively. The area per molecule for a mixture at

20

a particularmr was calculated as the total surface area of the
trough divided by the total number of molecules on the
available surface. As seen in the various figures, KL4 has a
small but significant effect in shifting the-A isotherms of
DPPC and POPG to the right, producing a greatdor a
given surface area than observed with the phospholipids
alone. As shown in Fig. dl, the PA/KL4 mixture forms a
stable monolayer on the surface. According to our calcula‘’. )
tions, this surface pressure cannot result merely from tha'xture () and a ternary mixture (84:27.48) of DPPC/POPG/A (
. . : onolayers spread on the same Tris buffer as in Fi. The solid curve
small amount of surface active KL4 present in the mixture) represents the calculates-A isotherm for a DPPC/POPG/PA
(1:48), and thus KL4 has a significant effect in stabilizing mixture, assuming complete desorption of PA from the surfdneTle
the PA in mono|ayer’ ie., producingq-anax equa| to that of  mA isotherm at 25°C fqr a DPPC/POPG (84:27) mixtue,(a DPPC/
o (Table 1) This stabilization would appear to be due tOPOPG/KL4 (84:27:1) mixtureX), and a DPPC/POPG/PA/KL4 (84:27:

. . . 48:1) four-component systen®) of monolayers spread on the same Tris
the electrostatic interaction of KL4 with PA to form a more buffer as in Fig. 1a. The solid curve (—) represents the calculated

water-insoluble species, with perhaps some dissolution Qfgtherm for DPPC/POPG/PA/KL4, assuming complete desorption of PA
any excess ionized PA. At a molar ratio of 1:48, if all five from the surface.

Surface Pressure © (mN/m)
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FIGURE 2 @) The 7-A isotherm at 25°C for a DPPC/POPG (84:27)
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DPPC/POPG/PA (Fig. 2b) produces more condensed at a« of 10 mN/m, corresponding to the plateau observed
monolayers withr, and ., values that are now increased in the A isotherm. The DPPC and POPG mixed mono-
from 20 mN/m to~40-42 mN/m. layer without KL4 exhibits surface phase separation at a
of ~8 mN/m, but at higherr less condensed phases are

. formed compared to that of DPPC alone at the same surface
Fluorescence microscopy pressure. The addition of KL4 to the DPPC/POPG or DPPC/
In the fluorescence images, a homogeneous light field repPOPG/PA systems greatly increases surface phase separa-
resents a liquid-expanded (LE) monolayer, whereas th&on at very low values ofr, whereas at higher, more LC
appearance of dark spots reflects a liquid-condensed phagéase is formed. We presume that the darker condensed
that cannot be penetrated by the fluorescence probe. Arggions are predominantly DPPC-rich, whereas the ex-
increase in the fraction of the dark regions therefore reflectpanded phase is predominantly POPG-rich and POPG/PA-
greater surface phase separation. Although images are naeh. It is assumed that this effect on surface phase separa-
shown here, tracer amounts of NBD-PC dye mixed withtion by KL4 is most likely linked in part to its ability to
either KL4 or POPG show that the individual componentselectrostatically interact with POPG and PA.
form homogeneous liquid-expanded monolayers over the
whole 7 range. In Fig. 3 we present a series of fluorescence
microscopic images of four monolayer systems overDISCUSSION
roughly the same surface pressure rang8-25 mN/m,
where each monolayer is stable over the time scale of th
experiments. Consistent with previous reports (McConnellThe synthetic peptide KL4, when present in a relatively
1991), DPPC itself undergoes an LE to LC phase transitiosmall amount, exerts a significant effect on the monolayer

gurface properties of the peptide KL4

(a) DPPC
=40 .

n=10.9 x=113

5]

(b) DPPC/POPG
Rl n=20.1

T =

-

(¢) DPPC/POPG/KL4
=38 n=357

(d) DPPC/POPG/PA/KL4
T=

n=352

FIGURE 3 Fluorescence images of various monolayers, spread at 25°C on 0.02 M Tris, pH 7.2, 0.13 MaNaRPC; p) DPPC/POPG (84:27)r)
DPPC/POPG/KL4 (84:27:1)df DPPC/POPG/PA/KLA (84:27:48:1).
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behavior of the lipid combination used in this study and aghere appears to be a high level of miscibility of these two
a clinical substitute for natural lung surfactant. Furthercomponents in the bilayer. The low, and m,,,, of ~20
investigation of its conformation at the interface, therefore mN/m for these mixtures (Table 1) likewise points to sig-
would be useful. We have shown above that KL4 alonenificant miscibility between DPPC/POPG, which reduces
forms very stable monolayers up toraof 30 mN/m, and the ability of POPG to spread, and for both components to
assuming closest packing at lift-off, an area per KL4 mol-attain a high collapse pressure. In the absence of KL4 at pH
ecule of 3.5 nriwas estimated. This translates int®.17 7.2, it is shown that PA does not contribute to the overall
nm?/amino acid, which is consistent with the literature surface activity, because of desorption of palmitate ions to
values of~0.2 nnf/amino acid for amphiphilic proteins on the underlying aqueous solution. From the fluorescence
the surface, in general, and for SP-B (Taneva and Keoughmicroscopic studies it can be seen that a LE/LC phase
1994). Using the Insight program, and assuming that dransition occurs in this mixture, although no plateau is
conformation with its backbone oriented parallel to theobserved in ther-A isotherm (Fig. 2a). This is a further
interface is adopted by the peptide, and that the area péndication that DPPC and POPG exhibit some level of
molecule at closest packing is a circle swept out by themiscibility in the monolayer. Quantification of the dark
backbone end-to-end distance, we calculated an area pdomains (LC phase) in a DPPC/POPG (1:1) mixture indi-
molecule of 18 nrh and 48 nrf, respectively, for the cated less than the expected 50% LC phase, if DPPC was
a-helix and B-sheet. Clearly, the value obtained from the completely immiscible with POPG under conditions similar
a-A isotherm corresponds more closely to that of thbe-  to those of this study (Koppenol et al., 1997). Thus, al-
lix, but it is still significantly different. From a three- though we cannot quantify the area fraction of dark domains
dimensional view of thex-helix peptide, it can be observed in the 84:27 mixture of DPPC/POPG because of very irreg-
that the five charged lysine groups are evenly distributedilar domain shapes, all of our results suggest that not all of
around the axis of the helix. We would expect, howeverthe DPPC “precipitates” as a separated LC surface phase
that the charged groups would orient preferentially at theupon compression. We conclude that the LC phase is highly
air/water interface toward the water, resulting in a twistedenriched in DPPC, that the LE phase consists of the remain-
a-helix. We have estimated the dimensions of such a dising DPPC “dissolved” in POPG, and that it is this partial
torted a-helix and found the area per molecule to be 4.5miscibility of DPPC and POPG that gives rise to reduced
nn?, in much better agreement with the experimental valuevalues of . and 7,5, In this context, therefore, we hy-

of 3.5 nnf/molecule. It is interesting to note that SP-B is an pothesize that any factor tending to promote the phase
amphiphilic protein (Takahashi et al., 1990) with a predom-separation of DPPC from POPG should improve the ability
inant secondary structure in monolayers and in lipid bilay-of the mixture to attain high surface pressures and to
ers, reported to exist as strands ewhelix and helix in a  respread.

distorted form (Perez-Gil et al., 1993; Kang et al., 1996).  To evaluate this hypothesis further, we can analyze the
nature of the various experimentalA isotherms in relation

to those calculated from the individual component iso-
therms, assuming individual contributions#eA in propor-

tion to composition at anyr. If the calculated isotherm
superimposes on the experimental isotherm, we have either
It is generally acknowledged that the ability of natural and“ideal” mixing or complete surface immiscibility. If the
artificial lung surfactants to attain a low surface tension isexperimental isotherm is shifted to the left of the calculated
due to the presence of a high proportion of DPPC. Furtheroene (more condensed), we can assume miscibility and a
more, the presence of other components, such as PG, unegative deviation from ideality due to strong intercompo-
saturated phospholipids, and the hydrophobic proteins SP-Bent interactions. A shift to the right (more expanded) leads
and SP-C, promote the normally poor spreading characteto miscibility with a positive deviation from ideality, sug-
istics of DPPC, below its gel-to-liquid-crystalline transition gests stronger interactions between like components than
temperature of 41°C. It is interesting to note from this studybetween unlike, and indicates a tendency to demix (Gaines,
that the mixture of DPPC and POPG, and that of DPPC1966). However, care must be taken in relating surface free
POPG, and PA cannot achieve as high a static surfacenergy to interactions, because one must also consider the
pressure upon compression as do DPPC and POPG alorentropic contribution to the surface free energy related to
Indeed, for both mixtures, the values of and m,,, are  packing and steric factors.

reduced by more than half for the compositions used in this As shown in Fig. 1b, for the DPPC/KL4 mixture the
study. The fact that a simple mixture of DPPC and POPG igxperimentalr-A curve is more expanded than the calcu-
not enough to provide proper properties is also demonlated one, indicating that the interaction between KL4 and
strated in the very slow rates of adsorption from DPPC/DPPC may be slightly repulsive. This, together with the fact
POPG liposomes previously reported (Yu and Possmayethat 7, for DPPC/KL4 is the same as that of KL4 alone,
1992; Wang et al., 1995). From a previous study of bulksuggests that DPPC and KL4 likely form a highly immis-
phase behavior using thermal analysis (unpublished resultsble mixture. For the POPG/KL4 mixture, experimental
from this laboratory) and NMR (Wiedmann et al., 1993), and calculatedr-A curves atm < 25 mN/m agree quite

Lipid/lipid and lipid/peptide interactions in
monolayers of binary mixtures
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well, and thus there is no hint of any strong specific inter-and Revak, 1994). However, other studies involving SP-B
action between the two oppositely charged components. Itisave placed great emphasis on the stabilizing effects of
impossible to compare calculated and measuré&dcurves  SP-B on PA monolayers through electrostatic interaction,
beyond the KL4 collapse pressure of 32 mN/m. Howeverand the potential significance of these effects in the func-
there are some features of the POPG/KL4 isotherm at higkioning of lung surfactant (Longo et al., 1993; Lipp et al.,
surface pressure regions 80 mN/m) that are worth point- 1996, 1997). Whatever the ultimate importance of SP-B and
ing out. First, there is an increased deviation of POPG/KL4PA interactions in actual lung surfactant, from this study it
isotherm from that of POPG alone, which is also observedas been shown that KL4, a possible model for SP-B, is
as a steeper POPG/KL4-A curve with greater slope. essential in maintaining a stable monolayer containing PA
Second, no discontinuity or kink point is observed at thein the ionized state at physiological pH values around 7.0.
KL4 collapse pressure of 32 mN/m. These features stronglyVith PA maintained in a monolayer of DPPC and POPG by
indicate that KL4 is retained in the monolayer, rather thanthe presence of KL4, the same effect of raisingand .
being squeezed out, evensat> 32 mN/m. We attribute the occurred, as with DPPC/POPG. Thus in this sense PA is not
retention of KL4 above itsm,,, t0 interaction between actually required to see an effect of KL4 er and 7,4,
POPG and KL4 by electrostatic attraction. On the otheHowever, from them-A isotherms (Fig. ) and fluores-
hand, electrostatic attraction alone cannot account for theence micrographs, we clearly see some significant differ-
observed steeper slope of the isotherm at this lighgion.  ences between DPPC/POPG/KL4 and DPPC/POPG/PA/
Therefore, packing or steric effects may play a role in theKL4. First of all, as PA is added to the DPPC/POPG/KL4
monolayer of POPG/KLA. mixture, the isotherm of the four-component system, plotted
assuming the absence of PAo(id line), is significantly
more expanded than the actual DPPC/POPG/KL4 curve, in
contrast to DPPC/POPG versus DPPC/POPG/PA, where
PA appears to be absent from the monolayer because of
desorption. Thus PA is retained in the four-component
As KL4 is added to the DPPC/POPG mixture, the mono-system because of KL4. More striking are the corresponding
layer becomes more condensed than that of DPPC/POPfuorescence images, which show that surface separation is
alone, indicating some level of attractive interaction. Thisgreatly enhanced when PA is added to the DPPC/POPG/
condensation effect, together with the increasedand  KL4 system. Thus PA may indeed, through introduction of
Tmax fOr the ternary system relative to DPPC/POPG aloneKL4, provide an even greater tendency toward the phase
was also observed when €awas injected into the sub- separation of DPPC from other components, which is re-
phase of a DPPC/POPG monolayer, only to a less signifiquired for enhanced lung surfactant activity.
cant extent (Koppenol et al., 1997). Caalso was shown to These conclusions appear to be quite consistent with
affect the surface phase behavior of DPPC/POPG in @arlier spectroscopic studies of SP-B and KL4 with POPG
manner similar, but less significant than that of KL4, i.e.,alone, and with a mixture of DPPC/DOPG formed as bilay-
promoting LC phase formation (increased number and sizers (Baatz et al., 1991; Vincent et al., 1993). Here it was
of domains) at comparable, and it was suggested earlier shown that although no dramatic perturbation of the inner
that the solubility of POPG in DPPC at the air/water inter-structure of the POPG bilayer occurred, the DPPC/DOPG
face is reduced by the presence ofCgKoppenol et al., lipid bilayers were markedly ordered by SP-B or KLA4.
1997). Studies of mixtures of other zwitterionic and anionicMoreover, the very broad phase transition temperature
phospholipids also showed phase separation to be inducednge observed indicated far less cooperativity of the mix-
or enhanced by the addition of €3 or by positively ture in the transition region, which implies a phase separa-
charged proteins (Gilmanshin et al., 1994; Nag et al., 1994tion of lipids induced by SP-B or KL4.
Williams et al., 1995). Such lateral phase separation re-
cently has been observed with monolayers of extracted calf
pulmonary sample (Discher et al., 1996). In a monolayer of,
the DPPC/POPG/KL4 mixture, the same type of selectiveCONCLUSION
electrostatic interaction between KL4 and POPG occursin summary, we report that through electrostatic interac-
leading to surface phase separation, although it occursons with both POPG and PA in a monolayer, KL4 exerts
within the surface instead of binding from beneath theits effects by promoting phase separation of these lipids
surface in the subphase. The increased immiscibility befrom DPPC, resulting in exclusion of other components
tween DPPC and POPG in the presence of small amounts &fom the DPPC phase, but not from the surface. It is a
KL4 within the monolayer therefore gives rise to the in- widely held belief that pulmonary surfactant must undergo
creasedm,, . and to the better overall spreadability of substantial refinement of its composition before it can
the ternary mixture. achieve a high surface pressure. We propose here that this
The use of PA in the system and the amount used wereefinement proceeds in part at least via a mechanism of
primarily motivated by its inclusion in the artificial lung surface phase separation, which is induced by a cationic
surfactant system developed with the use of KL4 (Cochrang@eptide such as KL4. It is the formation of these phase-

Surface phase separation induced by KL4 in
monolayers of three- or four-component systems
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separated domains that may reconcile the apparent contr&eppenol, S. 1996. Surface phase behavior of phospholipid monolayers at
dictory attributes of lung surfactant in artificial and natural the air/water interface and interactions with lung annexin I. Ph.D. thesis.

. ffici di f th ionic linid LE School of Pharmacy, University of Wisconsin, Madison. 68—71.
systems, 1., efficient spreading of the anionic lipi Koppenol, S., H. Yu, and G. Zografi. 1997. Mixing of saturated and

phase and the ability to sustain a high surface pressure unsaturated phosphatidylcholine and phosphatidylglycerols in monolay-
caused by the DPPC-rich phase. ers at the air/water interfac@. Colloid Interface Sci189:158-166.
Lipp, M. M., K. Y. C. Lee, A. J. Waring, and J. A. Zasadzinski. 1997.
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