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Abstract

Fluorescent and modified dark-field microscopies were used to investigate the phase behavior of physiologically
relevant lipid protein monomolecular films containing surfactant proteitsE-O. Synthetic human SP{T-34) was
labeled at its N-terminus using the fluorescent prolié(@(4,4-difluoro-5{2-thienyl)-4-bora-3a,4a-diaze-indacene-
3-ylphenoxyacety)aminghexanoic acid BODIPY/TR-X). Using dual fluorescent labelingipid and protein in
the monolayers, we have correlatét physiologically small concentrations of the projeihe lipid phase separation
and protein distribution in situ. A comparison of the lipid and protein dye fluorescent micrographs indicates that SP-
C(1-34) is preferentially associated with the disordered lipid phase. Three concepts arise from our (&sdite
presence of SP-C alone does not result in the complete dissolution of condensed phase domains in a fashion that we
have previously reported for the entire hydrophobic surfactant prd®mB/C) fraction (Biophys. J. 77(1999
903). Rather, the use of relatively high amoufits 10 wt.%) of the labeled SP-C protein is needed to reproduce the
fluorescence monolayer morphology previously observed for small concentrétiadhsvt.%) of the natural SP-BC
mixture. (2) Scattered light, dark-field microscopy performed using grazing angle laser illumination reveals the
presence of surface-associated, three-dimensi8ial structures of micrometer-sized dimensions when the labeled
BODIPY/TR-X:SP-Q1-34) protein is included in the monolayer, as previously observed with the naturally isolated
SP-B/C mixture. The 3D structures are associated exclusively with the presence of the SP-C protein in disordered
monolayer phase$3) To explain these results, we have derived a molecular model accounting for the structure and
physico-chemical properties of the SP-C protein in terms of its energetics. The molecular events involved in the SP-

Abbreviations: 2D, 3D, two-, three-dimensional{A)RDS, (acute respiratory distress syndrome;/W, air—water; ATR,
attenuated total reflectance; DPPC, 1,2-dipalmitaytlycero-3-phosphocholine; DPPG, 1,2-dipalmiteyiglycero-3-phosphogly-
cerol; BODIPY-PC, 2¢4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diazéndacene-3-dodecanodyl-palmitoylsn-glycero-3-phosphati-
dylcholine; BODIPY/TR-X, 6-(((4(4,4-difluoro-5{2-thienyl)-4-bora-3a,4a-diaze&indacene-3-yiphenoxyacety)aminghexanoic
acid; BODIPY/TR-X:SP-Q1-34), SP-Q1-34) labeled at the N-terminus with BODIPYR-X; Hepes, N-(2-hydroxy-
ethylpiperizineA'-(2-ethanesulfonic acil LE, LC, liquid expanded, liquid condensed monolayer phase; PBS, pulsating bubble
surfactometry; SP-BC, hydrophobic protein fraction isolated from pulmonary surfactant composed of surfactant proteing B and
or C; SP-@1-34), synthetic human SP-C; TFA, trifluoroacetic acid.
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C-mediated production of the 3D surface particles are explained using the analogy of a simple molecular machine,
namely a loaded spring. This interpretation is supported by an energetic analysis that suggests the major factor
contributing to the formation of the 3D particles is the energy liberated by re-expansion of the surrounding

phospholipid film into the area vacated by the SP-C protein as it re-orients away from the surface.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

To facilitate breathing, it is required that surface
tension at the air—alveolar interface in the mam-
malian lung be reduced to near zero from the
normal value of 72 mNm at the air—watefA/

W) interface[1]. In vivo, surface tension is regu-
lated by pulmonary surfactant, a lipid—protein
complex that may be isolated from lung lavage
[2]. Deficiency of this material causes respiratory
distress syndrome in premature infari, and
has also been implicated in the acute version of
respiratory distress syndrome, which is often trau-
ma-related[4]. The gross composition of typical
surfactant isolates is 90% lipid and 10% protein
by weight, with the main lipid classes being the
phosphocholines (PC9 and phosphoglycerols
(PG9 [5]. Pulmonary surfactant isolates contain
approximately 50% by weight of the biologically
uncommon, fully saturated phospholipid 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholind DPPQ [6].
Progress in isolating surfactant compondifishas
advanced to the point where biophysical approach-
es may be utilized to understand how the interac-
tion between components leads to surfactant

function. These biophysical approaches are also

necessary for the rational design of exogenous
surfactants for therapeutic purpod&$.
An important area of recent surfactant research

B and SP-C are of low molecular weight, are
hydrophobic in character, and are membrane-asso-
ciated. They have been shown to enhance the rate
of phospholipid adsorption from vesiclés2—14.
Several studies have also indicated that model
phospholipid mixtures reconstituted with these
hydrophobic surfactant proteins can mimic the
surface activity of natural pulmonary surfactant
[15,14. For these reasons, the SP-B and SP-C
surfactant proteins have received increasing atten-
tion in biophysical studies.

Optical microscopy has proven especially useful
in the study of surfactant monolayer model sys-
tems. For example, the mixing behavior of binary
lipid systems that mimic surfactant lipid compo-
sitions has been studied using fluorescence micros-
copy [17,18. The effects of the hydrophobic
surfactant proteins SP-B and SP-C, or fragments
of these proteins, on lipid domain morphology
have also more recently been studied using fluo-
rescence, near-field and scanning force methods
[19-24. These imaging studies have begun to
map out the role of these hydrophobic proteins in
the surfactant-associated functions of spreading
and readsorption.

In a previous papei25], we used fluorescent
and dark-field microscopy at the diwvater inter-
face to investigate a ternary model system com-

has been to address the influence of the major POSed of the phosphocholine and phosphoglycerol

hydrophobic surfactant proteins on the physical
structure of phospholipid surfactant models. The
protein fraction of pulmonary surfactant contains

at least four major components, designated SP-A,

SP-B, SP-C and SP-I9,10. Neither SP-A nor
SP-D are primarily responsible for the surface-
active characteristics of native lung surfactfii].
However, the other two hydrophobic surfactant
proteins, namely SP-B, and SP-C, have been impli-

surfactant lipids that contained the entire hydro-
phobic surfactant protein fractiofboth SP-B and
SP-C proteing at physiologically relevant concen-
trations (~1 wt.%). We showed that a SP/E
mixture induced the formation of a new phase in
the surface monolayer of intrinsically lower order
than the liquid condensed phase. Applying a mod-
ified dark-field microscopy method we were able
to detect three-dimensiona(3D), micrometer-

cated in surfactant surface activity and have been sized, surface-associated exclusions from the mon-

extensively biochemically characterized. Both SP-

olayer. These exclusion bodies formed only with
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the SP-B'C proteins and provided direct optical
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succinimidylester; Molecular Probes, Eugene,

evidence for the predicted squeeze out of surfactantOR). The unlabeled protein was first solubilized

monolayer material upon increasing monolayer
surface pressure.

In this work, we focus on the effect of synthetic
SP-C alone—in physiologically relevant concen-
trations—on the monolayer structure of phos-
phocholine and phosphoglycerol binary lipid
mixtures. The sensitivity of fluorescence micros-
copy, in combination with the specificity of dark-
field microscopy for visualizing particle structures,

with trifluoroacetic acid(TFA), followed by slow
addition of HPLC grade acetonitriltACN, Sigma
Chemical Co., St. Louis, MD) and then slow
drop-wise addition of HPLC grade methanol
(MeOH, Sigma Chemical Co., St. Louis, MO
with constant stirring. The final solution consisted
of SP-C protein in 2:1 MeOHACN+0.1% TFA.
pH was adjusted to 7.4 using 1.0 M NaH PO
Na,HPQ, buffer, pH 7.4. An appropriate volume

enables us to trace topological changes broughtof BODIPY/TR-X in DMSO was added to the

about by protein concentrations ef1 wt.% with

respect to the lipid and allows us to explore the
mechanism of formation of the observed 3D exclu-
sion bodies. The synthesis of a fluorescently
labeled SP-C protein permits a correlation of lipid
phase separation and protein distribution in situ. A
molecular scenario accounting for the molecular

SP-C solution to provide a> molar excess in
fluorescent adduct. The mixture was incubated in
an amber reaction vial at 28C for 3 h with
continuous stirring. Hydroxylamin€l.5 M) was
used to stop the reaction. Purification of the SP-
C(1-34) labeled at the N-terminus with BODIPY
TR-X (BODIPY/TR-X:SP-(d1-34)) was achieved

structure and physico-chemical properties of the by C8 liquid chromatography. The C8 column was
SP-C protein is derived and discussed in terms of pre-equilibrated and eluted with 1:1 CHCI :MeOH

its energetics.
2. Materials and methods
2.1. Synthetic materials
The synthetic phospholipids DPPC and 1,2-

dipalmitoyl-sn-glycero-3-phosphoglyceréDPPGQ
were from Sigma(Deisenhofen, Germany They

with 0.5% 0.1 M HCI as described elsewh¢?g].
The degree of labelinglabel to protein ratio of
1.1:1.0 and final protein concentration were deter-
mined according to the protocol of the manufac-
turer (Molecular Probes Previous studies have
demonstrated the similarities in surface activities
of labeled SP-C with unlabeled native SP-C using
this method of derivatizatiof28].

were specified as better than 99% pure, and used2.3. Characterization of labeled and unlabeled SP-

as supplied. Chain-labeled PQ-(4,4-difluoro-
5,7-dimethyl-4-bora-3a,4a-diazandacene-3-
dodecanoyt1-palmitoylsn-glycero-3-PC,
BODIPY-PO) was from Molecular Probed eiden,
The Netherlands Chloroform from Merck Darm-
stadt, Germany and methanol from Sigma were
of pro analysis (p.a) grade.

2.2. Synthesis of labeled and unlabeled SP-C(I-
34)

Synthetic human SP{Q-34) was synthesized
using Fmoc chemistry26]. The synthetic protein

C(1-34)

We have characterized the physical structure and
surface activity properties of the synthetic SPEC
34) proteins using infrared spectroscopy and pul-
sating bubble surfactometryPBS). IR spectra
were obtained of SP{1-34) or BODIPY/TR-
X:SP-Q1-34) as thin films cast from organic
solution in the presence of a DPPC lipid matrix.
Spectra were obtained using a Mattddadison,
WI) RS-1 FT-IR spectrometer with liquid-N -
cooled HgCdTe detector in the attenuated total
reflectance/ ATR) mode. A dried film of the lipid—

was labeled at the N-terminus using the fluorescent protein mixture was prepared for IR analysis by

amine-reactive probe BODIPMR-X SE (6-(((4-
(4,4-difluoro-542-thienyl-4-bora-3a,4a-diazain
dacene-3-yiphenoxyacety)laminghexanoic acid

placing an aliquot of the sample in organic solution
onto a horizontal Ge ATR plate, where the solvent
was allowed to evaporate. Spectra were acquired
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at 4/cm~? resolution with 512 scans and triangular (protein label range. Emission was selected by
apodization. using a 520 nm long-pass filter—transmitting both
The overall surface tension lowering ability of the lipid and protein label fluorescence light—or
the SP-@C1-34) and BODIPY/TR-X:SP-Q1-34) a band filter in the 515-555 nm region—transmit-
peptides on 7:1 DPPC:DPPG suspensions wasting exclusively the lipid label fluorescence. Emis-
measured using a pulsating bubble surfactometersion from the protein label only was selected using
(General Transco Inc, Largo, FLI29]. Samples  a 590 nm long-pass filter. These optical filter band
were prepared in a 20-mM Hepés-(2-hydroxy- pass regions correspond to the components of the
ethyl)piperizine&’-(2-ethanesulfonic acjdbuffer, Carl Zeiss standard filter sets 9, 11 and 16.
pH 6.9, with 120 mM NaCl. A small air bubble, Scattered light microscopy was simultaneously
communicating with ambient air, was formed in performed with fluorescence microscopy using
40 pl of labeled or unlabeled SP¢C-34)—lipid diode laselA ~630 nm illumination at a shallow
dispersion held in a plastic sample chamber. The angle (measured to the interfaceas described
bubble was then pulsated at 20 cy¢lasn [25].
between maximal and minimal radii of 0.55 and
0.4 mm, respectively, and the pressure drop across3. Results
the A/W interface was measured with a precision
pressure transducer. The surface tension at mini- In recent fluorescence microscopy Wof5],

mum bubble radius(minimum surface tension we have observed the phase coexistence morphol-

a5 calolated s a fnlon of e usg 1 gy of mixe I monolayer§DPPC.DPPG 73
P 4 P ) in the regime within and above the first order

The concentration of surfactant samples for bubble phase transition observed in the isotherm, and have

studies was uniform at 1.5 mg phospholipidl characterized the influence of a natural mixture of

[31]£.dWith the ;mltgbeletdzgéltlab?l)ed .I‘E’F{{G?"Dt SP-B and SP-C on such textures at physiological
peptide concentration a ./ Wt.) with respec concentrationg ~ 1 wt.% total protein with respect

gooaoga;tpggrsggglg'd' All bubble experiments were to total phospholipidf see, e.g. figures 1 and 3 in

- ' Ref. [25]. In order to investigate the impact of the
individual components of pulmonary surfactant,
. we report here on the influence of a synthetic
mieroscopy analogue of SP-C, i.e. SPG34), on such mixed
lipid monolayers.

2.4. Surface chemistry and epi-fluorescence

Surface pressure—areém—A) isotherm and
microscopy measurements were performed at room o
temperature(T~20 °C) on a Langmuir film bal- 3.1. Structure and activity of labeled and unlabeled
ance of local designi25]. Water for the aqueous SP-C(1-34)
subphases was filtere@Millipore Milli-Q, Esch-
born, Germany; its ionic strength was adjusted to ~ We have obtained IR spectra of the labeled and
120 mM with NaCl(Fluka, Neu-Ulm, Germany, unlabeled SP-(1-34) to determine how fluores-
p.a) and its pH to 6.5 with K HPQ/KH PO, cent labeling of SP-(1-34) affected the physical
buffer. The buffer concentration did not exceed 1 structure of the molecule. Mature, native SP-C
mM. The fluorescence and grazing-angle illumi- consists of 35 amino acids and is an extremely
nation setup used to characterize molecular surfacehydrophobic, predominately-helical protein of
films has been described earliE25]. Briefly, the approximately 4.2 kDa with charged amino acids
BODIPY-PC or BODIPY/TR-X:SP-01-34) fluo- (K10 and R1) near its N-terminus. The NMR
rescence is excited through an optical microscope structure of SP-C in apolar solvent essentially
(Axiotech Vario, Carl Zeiss, Jena, Germansing describes the protein as a rigid rod in which only
a 50 W Hg lamp with excitation filters either in a few residues near the N-termin(is1-P7) and
the 450—-490 nn{lipid label) or the 515-555 nm  the C-terminus itself areor helical [32].
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Fig. 1. Infrared spectra of the amide | and amide Il regitig50-145@cm~*) for synthetic SP-C analogues incorporated in DPPC
vesicles. Upper trace is the unlabeled synthetic $P-&)). Bottom trace is the fluorescently labeled BODIPR-X:SP-Q1-34).
In both cases, the infrared spectrum of DPPC vesicles was subtracted from the f@pR@=spectrum to yield the spectrum shown.

The IR spectra of the synthetic SP-C proteins associated with am-helical secondary structure.
shown in Fig. 1 were obtained as lipid—protein The IR spectrum of the BODIPATR-X-labeled
complexes. To obtain these IR spectra, the labeled SP-Q1-34) protein is also presented in Fig. 1
and unlabeled proteins were co-solubilized in (bottom trace. The amide | IR peak for the labeled
MeOH/CHCI; solution with the phospholipid protein is seen at 1638m~*; the wavenumber,
DPPC at a protein concentration of 10 wt.% with bandwidth and intensity of this peak are virtually
respect to the lipid. The lipid—protein complex identical to the amide | IR spectrum of the unla-
was then applied to the ATR plate and the organic beled SP-C1-34) protein. Therefore, the synthetic
solution was allowed to evaporate. The IR spec- fluorescent labeling of the SP¢C-34) protein has
trum of DPPC was subtracted from the lipid— not changed the fundamentathelical secondary
protein spectra, revealing the spectrum of the structure of SP-CL-34), which is also character-
synthetic protein. istic of the native SP-C protein.

Fig. 1 presents the IR spectrum of the synthetic We have also investigated the surface activities
SP-01-34) analogue in the amide | and amide Il of the synthetic SP-(1-34) proteins using PBS.
regions between 1750 and 14%Bn~! (upper The principle behind PBS is that a decrease in
trace. The most dominant peak in the spectrum measured surface tension is associated with the
is the amide | vibration at 1654m. Using well- adsorption of the solute at the interface; any
established IR secondary structure—wavenumberinterfacial protein leading to a surface tension
correlations[33], this peak wavenumber value is decrease is said to be ‘surface-active’. The surface
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tension values obtained from the PBS experiments
with either the labeled or unlabeled SPiE34)
proteins are presented in Table 1. These PBS
measurements were made using lipid—protein dis-
persions containing labeled or unlabeled SR-C
34) in 7:1 DPPC:DPPG vesicles; surfactometry
was used to ascertain how labeling of the SR-C
34) with BODIPY/TR-X affected the surface
activity properties of the labeled protein relative
to unlabeled protein. As indicated in Table 1, both
SP-Q1-349 and BODIPY/TR-X:SP-Q1-34)
slowly reduced surface tension over a 10-min
period, reaching nearly identical surface tension
values at the end of the perio®6.4 and 24.3
mN/m, respectively.

These results are consistent with introduction of
the label having no effect on surface activity of
SP-(1-34). Taken together with the ATR spectra
of the two peptides, these two independent meth-
ods indicate that fluorescent labeling did not sig-
nificantly change either the structural or
surface-active properties of SRAG34).

3.2. Binary lipid monolayers with unlabeled SP-
C(1-34)

The results described in this section were
obtained with low, physiologically relevant levels
(2 wt.%) of synthetic SP-Cl-34) added to 7:1
DPPC:DPPG monolayers, i.e. DPPC:DPSB-
C(1-34). Images were obtained using the BODIPY-
PC lipid fluorescent probe.

Fig. 2 shows the isothern{T~20 °C) and
fluorescence micrographs of a DPPC:DPBB-
C(1-34) mixed lipid monolayer. The fluorescence

images occur at various pressures above the onse

of the monolayer phase transition in which the
contrast between the ordered lipid phastark
areag and disordered lipid phasébright area}
has been visualized by admixture of 0.2 mol.%
(with respect to total lipitl BODIPY-PC. As with
pure lipid monolayers, ordered domains from
shortly after the onset of the phase transit{@ig.
2, 7.0 mN/m image—as indicated by the sharp
kink in the isotherm(cf. Fig. 2).

In contrast to our observations with a SP®
mixture [25], there is no dissolution of the ordered
lipid domains observed in the course of the phase

P. Kriiger et al. / Biophysical Chemistry 99 (2002) 209-228

Table 1
Surface activity of labeled and unlabeled synthetic SP-84)
as measured by PBS

Time Surface tensiofmN/m)

(min) SP-Q1-39 BODIPY/TR-X:SP-Q1-34)
1 40.2+0.5 35.0£0.2

5 30.1+0.7 26.4+0.9

10 26.4+0.9 24.3+0.3

transition. Rather, the domain boundaries persist
and stay well defined even at high surface pressure;
see Fig. 2 micrographs at 15 and 25 pim\ The
influence of the unlabeled SP¢G34) protein is
revealed by the fact that the boundary shapes of
the ordered domains deviate somewhat from that
observed in the pure lipid system as well as a
rather inhomogeneous label distribution in the fluid
lipid phase. The influence of SP¢G-34) at the
interface is not as clear at these protein concentra-
tions as was the influence of the hydrophobic SP-
B/C mixture [25]. At high surface pressure, the
SP-(Q1-34)-affected domain textures appear to
crumble into small areas rather than dissolving
continuously, as observed in both the pure lipid
monolayers and lipid monolayers with the natural
SP-B/C mixture [25], albeit at different character-
istic surface pressures.

In agreement with our previous work, we have
found that inspection of the isotherms for 1%
protein in 7:1 DPPC:DPPG at pH’s between 6.2
and 7.0 reveals negligible differences. In fact, at
any pH above the K, of the phosphoglycerol
headgroup(~5.6), not only are the isotherms
indistinguishable, but the fluorescent images
obtained for this system are identical. This con-
firms that the ionization state of the PG headgroup
controls the lipid—SP-Cl-34) interactions, as we
have previously discussd@5].

In comparison with the SP-BC mixture, SP-
C(1-34) alone does not result in dissolving of the
ordered lipid domains in the characteristic fashion
we have previously reportel®5]. The condensed
phase domains are somewhat smaller at high
but even there, visual contrast of the edges of the
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Fig. 2. Room temperaturél'=20+1 °C) isotherms of a 7:1 DPPC:DPPGP-Q1-34) monolayer with various amounts of the
protein as indicated and representative fluorescence microgtapax 150 wm?; 0.2 mol.% BODIPY-PC with respect to total lipid

of this lipid mixture with 2 wt.% of(unlabeled SP-Q1-34) protein. The flat portion in the isotherms indicate the liquid expanded—
liguid condensedLE-LC) phase transitiofi57].

solid phase domains is maintained. The major 3.3. Binary lipid monolayers with BODIPY/TR-X
consequence of introducing SR4C34) into the labeled SP-C(1-34)

lipid monolayer is the formation of smaller, frag-

mented condensed phase domains at higthat In order to address the question of the distribu-
are interdispersed among the larger domains. tion of SP-C within the monolayer with respect to
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Fig. 3. Dual label fluorescence microscopy results for a 7:1 DPPC:DBPGIPY/TR-X:SP-Q1-34) (1 wt.%) monolayer with
0.2 mol.% BODIPY-PC at various surface pressures as indicated. Image sizes at@506Qm?. Upper panels: BODIPY-PC
emission;lower panels: BODIPY/TR-X emission. Arrows indicated monolayer features that correspond to each other in the lipid

and protein dye images. Temperature istZ20°C.

the coexisting lipid phases, we have performed
dual-label experiments using both BODIPY-PC
and BODIPY/TR-X:SP-Q1-34) in mixed
DPPC:DPPG surface films. Results in this section
were obtained with low level€1 wt.%) of the
protein label BODIPYTR-X:SP-Q1-34) added
to a 7:1 (mol:mol) mixture of DPPC:DPPG. In
addition, the lipid label BODIPY-PC was added to
the 7:1 DPPC:DPP@E R-X:SP-Q1-34) mixture at
0.2 mol.% relative to the total lipid content. Flu-
orescence emission from the lipid and protein
labels was obtained independently using the filter
settings described in Section 2. The lipid and

Zeiss Axiotech microscope, followed by image
acquisition.

Fig. 3 illustrates three pairs of fluorescence
micrographs that visualize similar areas in the
monolayer films at various pressures in the emitted
light of the either the lipid or the protein label.
Fluorescent images obtained of lipid domain dis-
tribution in the presence of BODIPYMR-X:SP-
C(1-34) differ from those observed for the
non-labeled SP-(1-34). The main differences
appear in the distribution of the condensed phases
and the presence of the intermediate ‘third phase’
[25]. Compression of the DPPC:DPPTR-X:SP-

protein images shown here were consecutively C(1-34) system forms condensed phases through

obtained within approximately 1 min of each other
by changing the position of the filter cube in the

the phase transition region, as also observed in the
DPPC:DPP@SP-C monolayefFig. 2). However,
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these condensed phase domains maintain a morénteraction with the natural SP/& mixture—see
jagged and irregular appearance, as opposed to thdigure 3 in [25]—BODIPY/TR-X:SP-Q1-34)
more circular and normal, ‘kidney-shaped’ does not completely dissolve the condensed phase
domains [34] in the DPPC:DPPG system. Note domains, but rather remains primarily in the fluid
that the images shown in Fig. 2 were acquired phase. This results in large fractions of condensed
using 1 wt.% SP-Cl1-34) while the images in Fig.  phase lipid that are retained in the monolayer even
3 were acquired using 2 wt.% of the BODIPY at high surface pressures.
TR-X:SP-Q1-34). We have observed no differ- As used in our fluorescence studies of surfactant
ences in the fluorescent images acquired when proteins, the word ‘dissolution’ refers to the trans-
using physiological amounté1-2 wt.% of the formation of condensed phase domains having
SP-Q1-34) protein. well-defined, sharp interfaces into domains in
At m~ 14 mN/m, the condensed phase domains which the domain interface becomes fragmented
in the DPPC:DPP@TR-X:SP-Q1-34) system and forms branches that emanate outward from the
begin to dissolve along their periphery, forming a remaining condensed domain. These branches pos-
network structure resembling that which we have sess a fluorescent intensitigray leve) that is
previously observed in the DPPC:DPP&P-B/C intermediate between that of a condensed and
system. This solid phase dissolution progresses asliquid phase. These branches are not uniformly
the surface pressure increases, however, the dis-distributed into the liquid phase, but rather form a
solution of the solid domains does not go to new phase that grows at the expense of the solid
completion, as in the DPPC:DPPGSP-B/C sys- and liquid phases. In certain cases, these branches
tem. Even at relatively high surface press(g® so intermingle with one another and dominate the
mN/m), a substantial fraction of the monolayer resulting images that it appears as if a network of
exists in the condensed phase. Similarly, the net- these structures is formed. Presumably, because of
work structure of the ‘third phase’ that is formed the fluorescent gray level, the intrinsic order of
in the DPPC:DPP@TR-X:SP-Q1-34) system this new phase is intermediate between that of a
beyondw~14 mN/m is not nearly as extensive truly solid condensed phase and that of a fluid
as that previously seen in the DPPC:DPPG:SP-B liquid phase. This new phase apparently is able to
C system. Although the dissolution of the solid solubilize the lipophilic dye better than the solid
phase domains begins at approximately the samecondensed phase, but not as well as a fluid liquid
surface pressure in the two systems, it appears tophase, thus leading to the intermediate gray levels
be essentially completed by 22 mN/m with that we see in the micrographs. The predominance
BODIPY/TR-X:SP-Q1-34), thus demonstrating of these network structures having a fluorescent
that the SP-C protein alone, apart from SP-B, has intensity intermediate between solid condensed and
a much weaker propensity for disrupting the con- fluid liquid is consistent with a ‘third phase’. The
densed phase. word ‘dissolve’ is used here in the sense that the
Two major conclusions result from these exper- effect of the protein is to solubilize the interfaces
iments:(a) SP-A1-34) is preferentially associated of the solid condensed phases, leading to the
with the disordered lipid phase, as most clearly formation of this new network. This nomenclature
revealed from a comparison of the lipid and protein is the same as what we employed in our previous
dye micrographs in Fig. 3, antb) a dissolution  fluorescent article on SP-£ [25] and is retained
of the ordered lipid domains at high surface pres- here for clarity in comparison of the two studies.
sure—as reported earlier for the natural SFCB
mixture—is observed in the system only if flu- 3.4. Binary lipid monolayers with BODIPY /TR-X
orescently labeled SP(C-34) is used instead of labeled SP-C(1-34) at high concentrations
the unlabeled synthetic proteiftompare the 30
mN/m micrograph in Fig. 3 with the 25 mfn Results in this section were obtained with10
micrograph in Fig. 2 In contrast with the com-  wt.% of BODIPY/TR-X:SP-Q1-34) added to 7:1
plete dissolution of the ordered lipid phase upon DPPC:DPPG. BODIPY-PC was added to the 7:1
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DPPC:DPP@TR-X:SP-d1-34) mixture at 3.5. Combined fluorescence with scattered light

approximately 0.2 wt.%. The lipid and protein microscopy

fluorescent images were recorded immediately

after each other by switching between the respec- Results in this section were obtained withl0

tive filter sets. Hence, these images are indicative Wt.% of BODIPY/TR-X:SP-Q1-34) added to 7:1

of both the lipid and protein phase distributions at DPPC:DPPG monolayers. BODIPY-PC was added

the indicated surface pressure in the monolayer t0 the 7:1 DPPC:DPPG mixture at approximately

simultaneously(within ~1 min). 0.2 wt.%. The lipid and protem fluorescent images,
The fluorescence micrograph results obtained S well as the sca_lttered light images, were obtained

using ~10 Wt.% of BODIPY/TR-X:SP-Q1-34) consecutively using the appropriate filter sets or

are shown in Fig. 4. Both the fluorescent lipid and by illuminating the surface with the laser. Hence,

protein fluorophores show essentially identical dis- these_ Images are !ndl_catlve of b(_)th_the lipid and
tributions within the monolayer at values in the protein phase distributions at the indicated surface

expanded region, as well as the phase transition pressure in the monolayer simultaneoughyithin

: L ~2 min).
region (up to ~25 mN/m). These results indicate )

_ . Consecutive images from fluorescendipid or
that the BODIPYTR-X:SP-Q1-34) protein . iein as well as scattered light microscopy, are
resides in the fluid, disordered phase. Beyond 25

| - presented in Fig. 5. Atr>20 mN/m, they reveal
mN/m, the protein fluorescent images lose con- eycjyded, surface-associated, 3D particles. This is
trast. However, the lipid images from the BODIPY- jjystrated for two surface pressure values above
PC may be observed at all surface pressures. the main m0n0|ayer phase transitio-m;\, 26 and
Lipid fluorescent images show that at 10 wt.%, 55 mN/m. For eachm, the first column shows
the BODIPY/TR-X:SP-Q1-34) protein acts very lipid fluorescence distribution, the second column
much like the fully hydrophobic SP-RC surfactant ~ shows protein fluorescence distribution, and the
protein fraction did at 1 wt.%[25]. That is, third column shows scattered light results. The
dissolution of the condensed phase domains beginslipid and protein fluorescent images at 26.4 yhN
at ~17 mN/m and becomes progressively more m (top half of Fig. 9 reinforce the results
prominent asw increases, unlike the case of the described in the previous sections; that is, the lipid
low concentration 1 wt.% DPPC:DPRPGR-X:SP- and protein fluorescence images are essentially
C(1-34) system(see previous sectionin which identical, indicating that the protein is excluded
the dissolution was essentially completed at 22 from the condensed phases and resides primarily
mN/m. The 10 wt.% DPPC:DPP@R-X:SP-q1-  in the disordered phases. _
34) mixed monolayer approximates that of the 1  Fig. 5 also illustrates the fact that protein clus-
Wt.% DPPC:DPP@SP-B/C system especially tering is occurring in this system. Eyldence fpr
well at higherm (>25 mN/m). In this case, the this clustering comes from bright .whlte spots in
condensed phases are almost all dissolved, withthe quorescence_ Images taken with _the 520 nm
. i . long-pass emission filter that transmits both the
only residual condensed phase remaining. In addi- lipid label and protein label fluorescence. With the
tion, the ‘third phase’, which is characterized by a y

f intensity int diate bt that femission band-pass filtéb15—555 nm that pass-
uorescence intensity intermediate between that ot oq e lipid label fluorescence only, these spots are

the solid and liquid state, and which has previously 4 opserved.

observed in the case of DPPC:DPFER-B/C, is The observation of particles adhering to the
also prominently observed in these images. Just aSmonolayer is dependent on the presence of the
in the DPPC:DPP@SP-B/C system, the presence  TR-X labeled SP-C. Exclusion bodies are only
of 10 wt.% BODIPY/TR-X:SP-Q1-34) protein  observed in the current work in monolayers with
results in almost the entire area occupied by this BODIPY/TR-X:SP-Q1-34) (or, previously, in
phase that produces a fluorescent intensity inter- monolayers with the naturally occurring SP-®
mediate between that of a solid and a liquid state. mixture) and are only observed in the fluid phase,
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18 mN/m 25.7 mN/m

Fig. 4. Dual label fluorescence micrographs as in Fig. 2, but with 10 wt.% of the fluorescently labeled protein, BORIRNSP-
C. Image sizes are 150150 wm?. Arrows indicated monolayer features that correspond to each other in the lipid and protein dye
images. Temperature is 20l °C.

l::ul l‘|‘\£

¥

26 mN/m

Fig. 5. Correspondence between fluoroph¢BODIPY-PC, left, or BODIPYTR-X, middle) distribution and the formation of
surface-associated 3D particléight) for a 7:1 DPPC:DPP@BODIPY/TR-X:SP-C(10 wt.%9) monolayer at two surface pressures
above the LE-LC phase transition. Image sizes arexiBiD wm?. Images at the same pressures have been recorded in short
succession and show approximately the same areas within the monolayers. Temperaturg €20
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where the SP-C is located, as indicated by the range between 2 and 28 wt.%®21-24,40,4L
protein label fluorescence. As is increased to 50  Previous authors[37,43 found concentration-
mN/m (lower half of Fig. 9, the fluorescence dependent results, and have stated that a precise
images from both lipid and protein are essentially determination of protein amounts may be critical
identical. However, the number of bright spots for interpretation.

visible using scattered light illumination has Of course, the use of non-physiological levels
increased dramatically, indicating the abundance of exogenous protein in surfactant biophysical
of surface-associated exclusion bodies. As before, studies may be justified due to the nature of the
this excluded material is associated exclusively experiment of the limitations of methodology. Nev-

with disordered monolayer phases.
4. Discussion

4.1. Comments on the use of physiologically rele-
vant amounts of surfactant protein

ertheless, high protein concentrations can lead to
anomalous behavior such as protein aggregation
and lipid—protein interactions driven by non-phys-
iological energetics. Our prior optical microscopy
data indicate a distinct difference in monolayer
morphology upon addition of higher amounts of
protein [25]. In addition, a recent IR studj43]

A number of prior studies have addressed the has determined that maximum lipid perturbation

biophysical roles played by both SP-B and SP-C occurs only at physiological protein levels. These
in the function of pulmonary surfactant. In these concerns must be taken into consideration when
studies, it has not been uncommon to study protein trying to draw conclusions concerning physiolog-
contents much higher than those encountered inical responses from model systems containing

vivo. The current work examined a range of
protein contents, but with a focus on physiologi-
cally relevant level9(1-2 wt.% in investigating
interactions with lipids in the surface monolayer.

Over the years, several biophysical studies have

examined the effects of physiologically relevant
levels of surfactant proteins in lipid mixtures
[19,20,35,36 For example, Dluhy et a[35] used

IR spectroscopy to study molecular behavior in
films of bovine lung surfactant containing endog-
enous ratios of protein and lipid components. Also,
more recent investigations using near-field and

artificially high protein levels.

4.2. Relationship of this work to other studies of
SpP-C

Our scattered light microscopy results show that
small 3D particles are formed during compression
of mixed DPPC:DPPG monolayers containing
either SP-BC or BODIPY/TR-X:SP-Q1-34)—
but not with unmodified SP--34). As argued
in our recent work[25] and also seen here,
particles are presumably located on top of the

scanning probe techniques to visualize transferred surface monolayers. This is indicated by the fact
monolayer films used SP-B and SP-C concentra- that one needs to adjust the focus slighth 1

tions of 2 wt.%[19,24Q.

Historically, however, biophysical studies have
used relatively high surfactant protein concentra-
tions, many of which use protein amounts far
exceeding physiological levels. For example, IR
studies of SP-B and SP-C in lipid monolayers at
the A/W interface or in bulk phase vesicles have

wm) above the monolayer for best visualization
and by the fact that the intensity scattered from
these particles <1 wm) is very high. A large
refractive index difference between particle and
surrounding is likely, and the index difference
between organic matter and air is larger than its
difference to water.

incorporated these proteins at weight percentage Optical microscopy can help provide informa-

between 3 and 80%87-39. Also, optical micros-
copy studies of SP-C—containing monolayers, or

tion concerning the molecular details of the surface
layer reorganization. We have observed light scat-

of monolayers that contain synthetic proteins based tering from 3D particles on lipid monolayers con-

on the truncated N-terminus of SP-B.e. SP-

taining the natural SP-BC mixture, but also from

B._,s), have used protein amounts that span a wide systems that contained only BODIPYR-X:SP-
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C(1-34), i.e. without SP-B, but not with systems by light scattering represent nucleation events for
that contained the unmodified SRAG34) as the the formation of large-scale membrane adherent
only protein component. The general features of surfactant reservoirs, matured in the course of the
structure transformation reported in this work are high-pressure plateau to form extended multibilay-
quite similar to that in the SP-BC system. From  er stacks as previously proposed.

this we speculate that the exclusion particles are  The previous published optical microscopy stud-
produced by a mechanism that depends critically ies of transferred SP-C monolayers that have
on the presence of the rigid-rod-like molecule, SP- observed 3D structure419,47,48 have used

C, and that SP-B plays an auxiliary role in the human recombinant SP-C in their studies. These
process. studies implicate SP-C in the formation of 3D

In previously published studies of pure recom- structures at the AW interface; however, direct
binant, acylated SP-C monolayers, a phase transi-comparison of the results from synthetic SP-C with
tion has been reported4] in the surface pressure human recombinant SP-C would be tentative. The
range where we have detected the formation of a results presented here make it possible to go one
‘third phase’—or the dissolution of the ordered step further than previous studies by permitting
lipid phase—in fluorescence microscopy. This the development of a mechanism and energetics
transition in pure SP-C monolayers was found necessary for SP-C—dependent reorganization of
associated with a thickness jump of tteverage the surface structure.
surface layer thickness of about a factor of two,
which was interpreted as a collective reorganiza- 4.3. Proposed mechanism of surface structure
tion of the SP-C at the surface. More recently, a reorganization
w—A relation has been established for
DPPC:DPP@SP-C surface layers, that were sim-  As explained in the previous section, we are
ilar in composition to the systems that have been interested in the primary, molecular events that
studied in this laboratory, which shows a broad, lead to the surface structure reorganization of the
non-equilibrium plateau at a surface pressure pulmonary system upon compression to high sur-
beyond 50 mNm and a large hysteresis upon re- face pressure. Putting the available pieces of infor-
expansion[45]. Using ex situ methods, the SP-C mation together, one may construct a model
dependent formation of membrane adherent parti- describing the effect of the SP/B system in
cles has been demonstrated in the course of thiscatalyzing the first stage of structural reorganiza-
non-equilibrium plateay19,45,46, and a model tion of the pulmonary surfactant surface layer as a
for the formation of multibilayer phospholipid molecular machine which explains all the obtained
reservoirs, stabilized by SP-C, has been proposedresults consistently. Within this model, SP-C plays
[19,47. It has also been established for transferred a key role, acting as a hydrophobic rigid rod that
surfactant model surface layers that SP-C is asso-may rotate around a hinge region, located at the
ciated with the disordered phase in mixed phos- flexible, hydrophilic C-terminus of the molecule,
pholipid/SP-C monolayers in a phase-separated which serves to invert a few phospholipid mole-
state[19,48 and that SP-C is incorporated in the cules to form a locally confined bilayer structure,
exclusion particles that adhere to the surface struc-whereas SP-B attains an auxiliary role in the
ture after transfer to solid substratgds]. proposed molecular mechanism.

While these studies concentrated on the char- Key stages of the molecular events are sche-
acteristics of the high-pressure non-equilibrium matically depicted in Fig. 6. At low surface pres-
plateau, the properties of the model surface layers sure, the SP-C helix is oriented at a shallow angle
at low surface pressure—where we have reportedfrom the interface with its N-terminus anchored at
the nucleation of membrane adherent particles the A/W interface, as determined from FT-IR
[25]—have not been addressed. Therefore, theresults [38]; the hydrophobic helix is thus
observations in our work relate to those previously immersed into the hydrocarbon chain layer of the
published in that the small 3D particles detected surrounding phospholipid molecules. As suggested
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Fig. 6. Schematic representation of the molecular events lead-
ing to the formation of surface-associated microparticles that
adhere to the monolayer. For details and an estimate of the
energetic contributions to the entire process, see text.
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by the pH dependence of the 3D particle formation
upon compressiof25], the anionic PG lipid com-
ponent is preferentially associated with the protein,
presumably with the positively charged N-terminus
with R2* in its vicinity and K11" /R12* near the
N-terminal end of the hydrophobic helix. Both the
cluster of charges negait the N-terminus and the
negatively charged C-terminus—by virtue of the
terminal ~10 A stretch of the protein chain that
does not participate in helix formatiof82]—are
embedded into the aqueous subphase. The palmi-
toylation at adjacent cysteines in the N-terminal
region prevents a deep penetration of the N-
terminus into the subphase compartment and leads
thus to the observed, flat orientation of the helix.
As a result, a sizeable area of the hydrophobic
helix is in contact with water molecules; such an
energetically unfavorable conformation is, howev-
er, stabilized by hydrophobic contacts within the
hydrocarbon layer and by charge—image charge
repulsion. The latter occurs since the protein’s
charged C-terminus is embedded in the subphase,
i.e. a high refractive index medium, which leads
to the creation of an image charge across the
boundary to the low refractive index hydrocarbon
compartment. Since the index gradient from the
real charge to the image charge is negative, the
image charge bearse same sign as its parent real
charge, which leads to repulsion between real
charge and image charge; such repulsion may serve
to lock the protein molecule into its orientation
preferentially parallel to the interface the hydro-
phobic ‘rigid rod’ bears essential features of a
potential spring.

Upon reduction of the area available to the
surface film during compression, the overall energy
of the systems rises continuously. While this rise
in energy would not be sufficient to squeeze
phospholipid molecules out of the surface mono-
layer individually or collectively, it is sufficient to
overcome the(weak) electrostatic repulsion that
locks the protein’s C-terminus into its position at
the hydrophilig’hydrophobic interface. As this
happens, not only the helix axis is reoriented
toward the interface normal, but also a number of
lipid molecules, associated with the helix through
hydrophobic contacts are lifted out of the mono-
layer surface film and inverted to form a local
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bilayer structure—extending their hydrophilic A2 AEponon~1071° J, equivalent to~25 kgl

headgroups toward the air compartment. In the AE.,, is the change in internal energ&U, that

Langmuir monolayer experiment where this local the lipid monolayer undergoes upon expansion at

reorganization has been for the first time observed constantT and constantr

by means of light scattering microscopy, water I

condensation on those hydrophilic lipid head- AE ey~ AU = —mAA )

groups that have been exposed to the air—saturat-in which the entropy change\s, is given by the

ed with water vapor—leads to the formation of Maxwell relation,

water droplets that facilitate visualization of the

molecular event. AS
AA

ul

;T @

A

4.4. Energetics of surface structure reorganization _
which leads to

In the following we estimate the relevant ener-

gies pertinent to the proposed molecular scenario,AEeXp=(_ﬂ+T(aﬂ] ]AA (5)
concentrating on the initial and final states of the aT )a

conjectured surfape structure reorganization. _The If we assume that the area liberated per reorient-
total energy that is liberated by the reorientation g protein helixAA,, ~ 100 A2 (smaller than the

of one SP-C molecule;.,, may serve to inverta y5jye used to estimate the hydrophobic contact,
(yet unknown numbern of lipid molecules if this  gjnce the reoriented helix still uses area within the
inversion process requirek,, per lipid. While surface layer; this magnitude afA,, is, however,
some of the energy;iss may be dissipated in the  consistent with the experimentally observed area
subphase—e.g. due to reorganization of the hydra‘change upon compression of pure SP-C monolay-

tion shell of immersed protein or lipid borne ers, see[44]) and use the experimentally deter-
charges—an energy balance reads mined value of

Eieoqr=nE inyt+ E giss (D

am

Ereor is the sum of three major contributions: the 7 A” +1LEmN/m K™
reduction, AE,pnon (>0), of unfavorable contacts
between the hydrophobic helix is the nearto- for DPPC monolayers [50], we obtain
horizontal orientation; the energpE.,, (>0), AEq,,~4.4x107*° J, equivalent to~ 110 kgT.
liberated by re-expansion of the surrounding phos-  The change in electrostatic energyEess CON-
pholipid film into the area yielded by the protein jectured to stabilize the hydrophobic helix in the
upon reorientation; and the energyEesi; (<0), loaded-spring configuration, is the most difficult
needed to liberate the tilted helix from the position to estimate. We note that in the initial state,
into which it is locked—presumably by electro- |EL.|> AE nonopas the helix is stable in its loaded
static interactions, as argued in the previous position at low surface pressure. A more definite
section. estimate ofEL., is difficult since precise values

AEnon iS estimated from the change in contact for both the dielectric constants on both sides of
area,AA, which the protein shares with the water the interface and the distance between charge and
subphase in the loaded-spring configuration and image charge are inaccessible. In the final orien-
the surface tensiony, between water and the tation of the helix, normal to the interface, charge—

valyl-rich hydrophobic helix surface image charge attraction leads to a reduction of
AEppor= — v M 2) AE gsia=Efaisar E' eistar 10 @ value lower than
AEhphob

If v is taken to be~50 mN/m (equivalent to )
the surface tension of water reduced by that of, gf — ¢ 1

— (6)
e.g. pentanex~ 15 mN/m, see[49]) andAA ~200 Amey 2d
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where g is the real charge andd2 70 A—twice
the length of the hydrophobic helix—is the dis-
tance separating real and image chargeg.=f,
the unit charge EL s~ 3X1072° J, which leads
to the estimateAEq g~ — 7X 10729 J, equivalent
to ~ —17 kgT. With that, finally,

AEreor: AE hph0b+ AE exﬁ" AE elstat (7)

is estimated to be of the order A, .,,=120k T,

of which by far the major contribution comes from
expansion of the lipid monolayer into the area
voided by helix reorientation. Given that, the
estimated forAE,.., is actually a lower limit since

it does not account for area liberated by the
inversion of lipid molecules from the monolayer
film.

The inversion of phospholipids does not occur
on an individual basis but is a collective reorien-
tation of a number of molecules. This follows from
the rather high value obtained f&FE,,. For an
estimate of the energyAF;,, required for the
inversion process per lipid molecule, one has thus
to account for changes in the electrostatic energy—
in a similar way as electrostatics entered the
energetics of protein reorientation—and may in a
first approximation neglect the loss of hydropho-
bic—hydrophobic contacts within the monolayer
film. Let us assume thati/ inverted phospholipids
belong to the charged PG speciess [f<0) is the
location of the charge with respect to the inter-
face as long as the lipid molecule resides in the
monolayer and? is its distanceon the other side
of the interfacial arenin the inverted state, we

1 1

obtain
—+
[28.5 Zd’J

where g, is the permittivity of the aqueous sur-
rounding of the hydrated headgroup;is of the
order of 5 A[51,53 and d' ~d. If we estimate
&~10, we obtainAE,,,~5Xx10"2° J, equivalent
to ~12 kgT. This result depends sensitively ap

2

q
4 e,

AE;,, = (€)]
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due to the hydrophobic effect, sincel0 lipids

are inverted in each protein reorientation event,
and provides a first idea of how the nuclei of the
much larger exclusion particles, which are presum-
ably formed from these states, might look like. We
emphasize that the rationale given above is just an
initial state/final state assessment and that an
energy barrier has to be surpassed during the
course of SP-C reorientation as its terminal charge
is drawn from the medium of higher polarization.
An assessment of such details, however, seems out
of reach as long as atomic-level properties of the
interface—such as the local concentration of sub-
phase-borne ions—remain unknown.

4.5. Putative role of SP-B in the inversion process

Our previously published resulfg5] as well as
the research described in this current article impli-
cate the hydrophobic surfactant protein SP-C as
the primary causative agent for the appearance of
the surface-associated 3D structures seen by dark-
field scattered light microscopy. Other studies have
also described a role for SP-C in the formation of
3D structures that adhere to the surf§t®,45,46.

A model for the formation of a multibilayer phos-
pholipid reservoir, stabilized by SP-C, has been
proposed19,47.

Much less information is available concerning
the role of the other major hydrophobic surfactant
protein, SP-B, in the formation of interfacial mul-
tilayer structures. Potentially, this is due to the fact
that SP-B is the minor component in the full
hydrophobic SP-BC surfactant protein extract
(molar ratio of 1:2 SP-B:SP-C While the 78-
residue SP-B protein contains four amphipathic
helical segment$53], it also contains more polar
and charged residues than does SP-C and is not as
strongly membrane-associated as is the SP-C pro-
tein, thereby potentially limiting the efficiency of
the SP-B protein in the formation of lipid—protein
3D patrticles. The major surfactant functions attrib-
uted to SP-B have been the creation of a reservoir

and can only be regarded as a coarse estimate offor surfactant material and the promotion of the

the energy required to invert a charged phospho-
lipid near the hydrophobjtydrophilic interface.
Nevertheless, it justifies a posteriori the neglect of

rapid re-insertion of phospholipids into the mono-
layer at the aifwater interfacg36,54.
Nevertheless, SP-B has been the subject of

changes in association energy between acyl chainsseveral recent optical studies that focused on the
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role it plays in monolayer structural reorganization.
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dark-field, scattered light microscopy. The results

Fluorescence and scanning probe microscopy werepresented here, when compared with our previous
used to determine that SP-B induces a 2D-3D results[25], obtained using the entire fraction of

transformation of the fluid monolayer phaf2?].
A separate optical microscopy study confirms the
formation of 3D protein—lipid structures in mon-

olayer films by SP-B, although these structures are

much smaller(possibly only one molecule thigk
and occur at a much reduced level from those
formed from SP-C[20]. A truncated form of SP-
B, SP-B_,5, has been recently investigated in
connection with phosphatidic acid,£ ;H COOH,
in surface monolayers. Starting from a molecular
model that was derived from FT-IR and molecular
simulations work([39], an X-ray scattering study
revealed that SP-B,s; is strongly associated with

hydrophobic surfactant proteitfSP-B/C), lead to
the following conclusions concerning the function-
al role of SP-C.

(1) The individual SP-C protein does not pos-
sess the same ability to alter monolayer morphol-
ogy as does the full hydrophobic surfactant protein
fraction. In addition, SP-C by itself does not
catalyze the formation of 3D, surface-associated,
particles at physiologically relevant protein con-
centrations(~1 wt.%). However, at somewhat
higher protein concentration~10 wt.%), the
effect of the individual SP-C protein does begin
to resemble that of the full SP/& hydrophobic

the surface monolayef55,54. How far these surfactant protein mixture. In particular, we have
results may be transferred to the association of the utilized a synthetic SP-C molecule derivatized with
native SP-B protein with lipid surfaces is unclear a fluorescent probe to compare the fluorescence
at the moment. intensity distributions from lipid and protein dyes.
The presence of SP-B is not required in our In nearly simultaneous image acquisitions, we
model of the formation of 3D surface-associated were able to show that SP-C is preferentially
lipid—protein particles by SP-CFig. 6). However, associated with disordered monolayer phases. In
a comparison of the dark-field, scattered light addition, the presence of the labeled SP-C at these
images presented hef&ig. 5 and in our previ-  higher (10 wt.%) concentrations results in a mon-
ously published result$25] suggests that while  olayer morphology nearly identical to that of the
the presence of SP-B is not strictly necessary, it is SP-B/C protein at low(1 wt.%) concentrations.
nonetheless important for the efficient formation The labeled SP-C accelerates the dissolution of
of these micrometer-sized 3D structures. A poten- condensed phase domains and the formation of a
tial explanation of the role of SP-B is that of a new, lower order phase in the monolayer that is
low-cooperativity nucleation site for the SP-C morphologically similar to what we have observed

reorientation process. As argued above, the ener-with the entire SP-BC fraction.

getics of the formation of the observed surface-
associated 3D particles must be a highly

cooperative process. SP-B, however, appears toassociated, 3D particles at the

bind relatively few lipids and remains at or near
the interface during monolayer compression. In
this view, SP-B acts as the nucleation site or
catalyst for the formation of the larger, i.e. microm-
eter-sized, 3D lipid—protein domains that develop
in a highly cooperative process of SP-C
reorientation.

5. Conclusions
We have investigated the functional role of SP-

C in surface phospholipid monolayers using 