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Phase and Morphology Changes in Lipid 
Monolayers Induced by SP-B Protein and 

Its Amino-Terminal Peptide 
M. M. Lipp, K. Y. C. Lee, J. A. Zasadzinski,* A. J. Waring 

Both human lung surfactant protein, SP-B, and its amino-terminal peptide, SP-B,-,,, 
inhibit the formation of condensed phases in monolayers of palmitic acid, result~ng in a 
new f lu~d phase. This fluid phase forms a network, separating condensed-phase domains 
at coexistence. The network persists to high surface pressures, altering the nucleation, 
growth, and morphology of monolayer collapse structures, leading to lower surface 
tensions on compression and more reversible respreading on expansion. The network 
is stab~lized by the low line tension between the fluid phase and the condensed phase 
as confirmed by the formation of "stripe" phases. 

H u m a n  lung surfactant, a complex mix- 
ture of lipids and proteins, forms monolay- 
ers at the alveolar air-water interface that 
can lower the surface tension, y ,  to near 
zero (1,  2). A lack of surfactant, due to 
either immaturity in premature infants or 
disease or trauma in adults, can result in 
respiratory distress syndrome (RDS) ( 2 ,  
3) .  Administration of exogenous surfac- 
tant is an effective treatment for neonatal 
RDS, but supplies of human lung surfac- 
tant are limited and therefore renlacement 
surfactants are derived primarily from an- 
imals (4). ;Concerns over potential viral 
contamination and immunological re- 
sponses from animal-derived products, 
however, make developing synthetic lipids 
and synthetic or genetically engineered 
proteins tailored to specific RDS applica- 
tions a major goal of research. 

Developing a purely synthetic surfactant 
requires a thorough understanding of the 
roles of the individual lipid and protein 
constituents of natural surfactants, especial- 
ly the amphiphilic protein SP-B and the 
anionic lipids that are necessary for surfac- 
tant function in vivo 15). Lune surfactant . , - 
consists primarily of dipalmitoylphosphati- 
dylcholine (DPPC), unsaturated phosphati- 
dylcholines, unsaturated phosphatidylglyc- 
erols (PGs), palmitic acid (PA), and SP-B 
and SP-C (2, 6). Pure DPPC can form 
monolayers that attain near zero values of y 
(or high collapse pressures) on compression 
(1); however, DPPC adsorbs and respreads 
slowly as a monolayer under physiological 
conditions 12. 7. 8) .  . ,  , ' 

The unsaturated and anionic lipids pres- 
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ent in natural surfactants and added to many 
replacement surfactants are believed to en- 
hance the adsorption and respreading of 
DPPC 17, 8). Palmitic acid is one of three 
compounds added to exogenous surfactant in 
Survanta (8.5% w/w; Ross Laboratories, Co- 
lumbus. Ohio) and Surfactant TA 18.5% 
w/w; ~ o k y o  ~ a n a b e )  used to treat premature 
infants with neonatal RDS. Because Dure 
fatty acid and unsaturated PG monolayers 
have relatively low collapse pressures relative 
to DPPC, it has been hypothesized that lung 
surfactant monolayers are refined by selec- 
tive removal of the liuids that have low 
collapse pressures on repeated compression 
and expansion, a phenomenon known as 
"squeeze-out" (8). However, the addition of 
whole SP-B or its NH2-terminal peptide, 
SP-B,-,, (9-1 2), to monolayers of PA results 
in much higher monolayer collapse pressures 
(lower y values) than those found in mono- 
lavers of either PA or SP-B alone. This result 
suggests a synergistic effect between PA and 
SP-B or SP-B,-,, that results in the reten- 
tion of both lipid and protein in the primar- 
ily DPPC surfactant monolayer on compres- 
sion 110). However, isotherm studies alone ~, 

cannot reveal the molecular mechanisms by 
which SP-B alters fattv acid monolavers nor 
can they show if the'peptlde can produce 
similar morphological effects. 

Direct images of the morphology and 
phase behavior of monolayers at the air- 
water interface obtained with enifluores- 
cence microscopy can provide such infor- 
mation (13), but there are few such studies 
of lung surfactant monolayers (14, 15) and, 
as far as we know, none that examines the 
effects of SP-B on the phase behavior of 
fatty acid monolayers. Our fluorescence im- 
ages show that both SP-B and SP-B1-,, are 
incorporated into PA monolayers and form 
a new "fluid" phase that inhibits the forma- 
tion of condensed phases at all surface pres- 
sures, 7. This protein-induced fluid phase 
forms a network that breaks up the remain- 

ing condensed-phase domains at all 7 val- 
ues up to collapse (16). As the size of the 
condensed-phase domains shrinks, the like- 
lihood of heterogeneous nucleation of 
monolayer collapse is reduced by the pro- 
tein-rich, fluid-phase network, leading to 
(i) lower ultimate y values on compression 
and (ii) smaller and more homogeneous 
collapse structures that are easier to re- 
spread on expansion. The network is stabi- 
lized by the low line tension between the 
fluid phase and the condensed-phase do- 
mains, as evidenced by our observations of 
extended linear domains or "stripe" phases 
at low 7 values (17, 18). Similar stripe 
phases were found in monolayers of fluores- 
cein-labeled SP-B,-,,, suggesting that the 
protein lowers the two-dimensional (2D) 
line tension between phases and increases 
the ratio of fluid to condensed phases. The 
close correspondence between the iso- 
therms and the morphology of lipid mono- 
layers containing SP-B,-,, or SP-B con- 
firms the results of a number of previous 
studies that show similar surface activity in 
model surfactant mixtures containing SP- 
B1-,, both in vitro and in vivo (7, 10, 19). 

Monolayers of PA (Sigma, 99%) with 
various concentrations of either SP-B or 
SP-B,-,, were spread quantitatively from 
chloroform (Fisher Spectranalyzed) solu- 
tion onto either a pure water (pH 5.5, Milli- 
Q, Millipore) or a NaHC03-buffered saline 
(pH 6.9, 150 mM NaC1, Sigma) subphase. 
Experiments were carried out at either 
16"C, below the triple point of PA, or at 
25" or 27"C, above the triple point (20). A 
custom-built microfluorescence film bal- 
ance was used for all experiments (21 , 22). 

The isotherm of PA at 16°C on a buff- 
ered saline subphase showed two distinct 
condensed phases: a compressible liquid- 
condensed phase (Fig. lA ,  point a to point 
b), and a second, less compressible, solid- 
condensed phase (point b to point c) ,  fol- 
lowed by collapse at -43 mN/m (13). Add- 
ing SP-B,-,5 caused the monolayer collapse 
pressures to increase significantly, in agree- 
ment with the observations of Longo et al. 
(10). As the fraction of SP-B1-25 was in- 
creased, the onset of the first pressure rise 
occurred at successively greater surface ar- 
eas (see lift-off points in Fig. lA) ,  indicat- 
ing that the water-soluble peptide was re- 
tained in the monolayer. Incorporation of 
SP-B in the monolayer showed the greatest 
increase in collapse pressure, to almost 70 
mN/m, or at a y near zero. Similar results 
were obtained on a pure water subphase at 
the same temperature, although with a less 
dramatic increase in collapse pressure (23). 
The additional increase in collapse pressure 
on buffered saline is likely due to the in- 
creased fatty acid dissociation at higher pH 
and ionic strength, which in turn increases 
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the activation energy for monolayer col- 
lapse (24, 25). 

The PA isotherms at 25°C on buffered 
saline (Fig. 1B) were qualitatively similar to 
the low-temperature case except for the pres- 
ence of a liquid-expanded region after lift- 
off, followed by a plateau where liquid-ex- 
panded and liquid-condensed phases coexist. 
Further increases in Dressure led to the lia- 
uid-condensed phase and then the solid-con- 
densed phase, and eventually to monolayer 
collapse at 52 mN/m (Fig. 1B). Addition of 
protein or peptide resulted in a rise in col- 
lapse pressures, and lift-off areas, similar to 
the situation with low-temperature films. 
The differences between SP-B and SP-B,-,, 
addition were much smaller at the more 
physiological, higher temperature (Fig. 1B). 

Fluorescence micrographs of pure PA 
monolayers at 16°C on pure water (Fig. 2A) 
show that compressing the system past the 
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Fig. 1. Surface pressure, a, versus area per fatty 
acid molecule isotherms for mixtures of PA and 
SP-B,,, and PA and SP-B (A) at 16°C and (B) at 
25°C on a NaHC0,-buffered saline subphase (pH 
6.9, 150 mM NaCI). Symbols used are as follows: 
0% by weight SP-B,,, (solid trace); 5% by weight 
SP-B,,, (squares); 10% by weight SP-B,,, (in- 
verted triangles); 20% by weight SP-B,,, (circles); 
and 20% by weight SP-B (crosses). The point 
marked a signifies the beginning of the liquid- 
condensed phase; b signifies the transition to 
the solid-condensed phase; c signifies the film 
collapse; and d [in (B)] signifies the beginning of 
the liauid-ex~anded-liauid-condensed coexist- 

lift-off area led to the formation of a uni- 
form gray liquid-condensed phase. A new 
bright phase appeared that coexisted with 
the gray liquid-condensed phase when 
SP-B,-25 was added (Fig. 2A) (similar be- 
havior was observed when SP-B was used). 
As the amount of Dentide increased. the 
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average size of the condensed-phase do- 
mains decreased while their number den- 
sity increased. The peptide apparently dis- 
orders or "melts" the condensed ~ h a s e  of 
PA as the dye partitions into the new, 
peptide-rich "fluid" phase. Complexation 
of the positively charged protein or pep- 
tide with the negatively charged PA may 
be stabilized by electrostatics (10, 25) and 
hydrophobic interactions. 

In a corresponding system of PA at 25°C 
on buffered saline (Fig. 2, B to D), the 
darker liquid-condensed phase nucleates 
from the brighter liquid-expanded phase at 
the beginning of the coexistence plateau 
(see Fig. lB, point d). In the absence of the 
peptide, dark liquid-condensed domains nu- 
cleated with low number densitv from the 
bright phase and grew into large domains 
(Fig. 2B). Increasing the fraction of SP-B,-,, 
or SP-B increased the number density of 
domains while the average domain size suc- 
cessively decreased (Fig. 2, C and D), similar 
to the behavior below the triple point (Fig. 
2A). In addition to creating the new fluid 
phase, addition of either SP-B or the shorter 
SP-B,-,, acted to decrease the average size of 
the condensed-phase domains while increas- 
ing the amount of interface; this behavior 
implies that the effective line tension be- 
tween the two phases is low ( I ) .  

O n  further compression, we observed a 
dramatic difference in the nucleation, 

Fig. 2. Fluorescence micro- 
graphs of mixtures of PA 
and SP-B,,, and PA and 
SP-B: (A) 20% by weight 
SP-B,,, at 16°C on a pure 
water subphase; (B) 0% by 
weight SP-B,,,; (C) 20% 
by weight SP-B,,,; and (D) 
20% by weight SP-B at 
25°C on a buffered saline 
subphase. All mixtures con- 
tain less than 1 mol % (with 
respect to the PA concen- 
tration) NBD-HDA. Image (A) 
was taken at the lift-off point, 
and images (B) to (D) at an 
area per PA molecule of 35 
A2 (in the liquid-expanded- 
liauid-condensed coexist- 

growth, and morphology of monolayer col- 
lapse (and collapse pressure, see Fig. 1) as 
SP-B,-25 was added to PA at 16°C and 
27°C on a pure water subphase. Without 
the peptide, large, dendritic "crystals" that 
grew with time appeared at collapse. With 
the peptide present, very small, bright col- 
lapse structures nucleated simultaneously 
over the entire monolaver at a sienificantlv 

L 7  

higher IT and remained small, even upon 
further compression (Fig. 3,  A and B). Sim- 
ilar collapse structures were observed for 
films consisting of PA and SP-B. 

The subdivision of the dark condensed- 
phase domains by a skeletal network of a light 
gray fluid phase was observable in the micro- 
graph of the collapsed film at 27°C (Fig. 3B). 
The network thinned as the surface Dressure 
increased but persisted even after the film 
collapsed, suggesting that the peptid*fatty 
acid complex was retained in the film. Similar 
networks were observed for monolayers com- 
posed of PA and SP-B,-,, and PA and SP-B 
with 20% by weight peptide or protein at 
temperatures both above (Fig. 4, B and C) 
and below the triple point on buffered saline 
sub~hases UD to and after colla~se. 

The existence of the mesh provides an 
explanation for the difference in collapse 
pressures and morphology. Monolayer col- 
lapse occurs by a process of nucleation and 
growth. With the breakup of the condensed 
phase into small domains, the probability 
diminishes that a colla~se "nucleus" can be 
found in a given domain (26). As a result, 
each domain must nucleate colla~se inde- 
pendently, resulting in more uniform, ho- 
mogeneous nucleation at higher IT values. 
Even after this homogeneous nucleation, 
the growth of the collapse structures is lim- 

ence.  h he peptide increases the collapse pres- e k e  region). The peptide inhibits the formation of the condensed phase, leading to the formation of a 
sure of the monolayer, leading to lower y values disordered, bright fluid phase that separates the remaining condensed-phase domains. The line tension 
on compression. All mixtures contain less than 1 between the two phases is small, as indicated by a steady decrease in the size of the condensed-phase 
mol % (with respect to the PA concentration) domain with increasing peptide concentration. The image contrast results from the exclusion of the dye 
NBD-HDA, which does not alter the isotherms from the more ordered, condensed phases (dark) and its incorporation in the more disordered, expand- 
significantly. ed phases (bright). 
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ited bv the finite size of the condensed 
domaiAs; hence, the respreading of these 
small collapse structures on expansion oc- 
curs much more readily. The formation of a 
fluid-phase network in the presence of SP-B 
that breaks up the condensed-phase do- 
mains alters the nucleation and growth of 
monolayer collapse, leading to lower ulti- 
mate y values on compression and easier 
respreading on expansion. 

The network formation that breaks up 
the condensed domains requires a large 
amount of interface and hence a low line 
tension between the fluid and condensed 
phases. These low line tensions also appear 
to form in the presence of SP-B, as evi- 
denced by the formation of "stripe" phases 
at low IT values (Fig. 4). When a mixture of 
PA with a high percentage of SP-Bl-,, (20 
or 30% by weight) was spread on buffered 
saline at 16OC, alternating linear domains 
of high and low lipid concentration, or 
stripe phases (17), were observed at zero 
applied pressure (Fig. 4A). In mixed lipid 
and protein monolayers, we also observed 
that circular domains undergo shape transi: 
tions to form labyrinthine patterns (27) 
upon compression at zero IT (Fig. 4D). 

Several researchers have observed stripe 
phases and shape transitions in monolayers 

at the air-water interface (28). The transi- . . 
tion between circular and stripe domains 
(Fig. 4D) can be understood in terms of a 
competition between the line tension at the 
domain boundary and the electrostatic re- 
~ulsion within the domain. In the limit of 
large line tensions, circular domains mini- 
mize the length of the domain boundam. As ., 
the line tension decreases relative to the 
re~ulsive interactions within the domains. 
elongated shapes or stripe phases form. In 
view of the fact that stripes were not ob- 
served in mixed monolayers with low pro- 
tein content even on a buffered saline sub- 
phase but were present in pure fluorescein- 
tagged protein (29) monolayers on a pure 
water subnhase. we believe that the s t r i~e  
patterns aie inherent to the protein. ~he ' se  
results, combined with theoretical and ex- 
perimental observations that stripe forma- 
tion typically occurs in mixed monolayers 
(1 8, 30) suggest that the protein undergoes 
some combination of conformational, ori- 
entational or aggregational change induced 
by IT. Protein conformational changes in- 
duced bv both IT and the l i ~ i d  environment 
have been observed to occur in similar sys- 
tems (3 1 ). 

The full-length SP-B and the SP-Bl-,, 
peptide are incorporated into PA mono- 

Fig. 3. Collapse structures of PA films with SP- 
B,,, on a water subphase at two different tem- 
peratures. (A) Small, bright collapse structures nu- 
cleate from condensed-phase domains on the 
collapse of monolayers of a mixture of PA and 
20% by weight SP-B,,, at 16°C. The small spots 
disappear quickly on respreading. (B) A network 
of bright "fluid" phases remains at collapse pres- 
sure for a mixture of PA and 20% by weight SP- 
B,-,, at 27°C. Small, bright collapse structures 
nucleate uniformly across the monolayer, and re- 
spreading is easy. 

lavers and inhibit the formation of solid- 
co'ndensed phases at all IT values. The 
resulting protein-rich fluid phase forms a 
network separating the condensed phase 
domains at IT values up to collapse. In pure 
PA monolayers, collapse occurs by the 
nucleation and growth of large, 3D den- 
dritic "crvstals" from the solid-condensed 
phase. w i t h  the presence of the peptide or 
the protein a new type of nucleation oc- 
curs at higher IT values (lower y values), 
thereby removing any driving force for the 
squeeze-out of either the protein or the 
fatty acid. These new collapse structures 
occur much more uniformlv across the 
monolayer, are much smaller in size, and 
hence, are much easier to res~read on 
lowering the surface pressure. Stripe pat- 
terns, indicative of low line tensions, are 
found both in fatty acid films with high 
percentage of protein on buffered saline 
subphase and in films formed by fluores- 
cein-tagged SP-B,-25 on pure water sub- 
phase, and these patterns help explain the 
stability of the fluid phase network. This 
detailed picture of the role of SP-B and 
SP-B,-,, in the monolayer should make it 
possible to develop synthetic peptides or 
even simple polymers that can be used as 
replacement surfactants. These results 

Fig. 4. (A) Fluorescence micrographs of stripe patterns observed in a monolayer from a mixture of PA 
and SP-B,,, (20% by weight peptide) on a buffered saline subphase at 16°C and zero surface 
pressure. (B and C) A network of bright "fluid" phases observed near the collapse pressure for (B) a 
mixture of PA and 20% by weight SP-B,,,, and (C) a mixture of PA and 20% by weight SP-B at 16°C 
on a buffered saline subphase, separating regions of dark condensed phase. (D) A sequence in which 
two bright circular domains in a mixture of PA and 20% by weight SP-B,,, on a buffered saline 
subphase transform into two labyrinthine patterns with decreasing surface area at zero surface pres- 
sure. The transformation shows that the ratio of electrostatic repulsion within the domain to the line 
tension at the domain boundary is changing on compression, perhaps as a result of a conformational 
change in the protein. 
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show that Inany of the essential features of 
the whole protein are captured hy the 
NH,-terminal segment. 
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Attomole Protein Characterization by Capillary 
Electrophoresis-Mass Spectrometry 

Gary A. Valaskovic, Neil L. Kelleher, Fred W. McLafferty* 

Electrospray ionization with an ultralow flow rate ( 5 4  nanoliters per minute) was used to 
directly couple capillary electrophoresis with tandem mass spectrometry for the analysis 
and identification of biomolecules in mixtures. A Fourier transform mass spectrometer 
provided full spectra (>30 kilodaltons) at a resolving power of -60,000 for injections of 
0.7 x to 3 x 10 l 8  mole of 8- to 29-kilodalton proteins with errors of <I  dalton 
in molecular mass. Using a crude isolate from human blood, a value of 28,780.6 daltons 
(calculated, 28,780.4 daltons) was measured for carbonic anhydrase, representing 1 
percent by weight of the protein in a single red blood cell. Dissociation of molecular ions 
from 9 x mole of carbonic anhydrase gave nine sequence-specific fragment ions, 
more data than required for unique retrieval of this enzyme from the protein database. 

T h e  r n o l e c ~ l ~ ~ r  elucid:rt~c,n of h~ochem~cal  
events at the cellular and subcellu1,~r level is 
~ncreas~ngly dependent on ~nnovative 
methodologies for molecular characteriza- 
tion and 11nag1ng ( 1 ) .  T h e e  techniques 
have been especially successful for prese- 
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lected specific ("targeted") compounds, hut 
their ab~lity to reveal and characterize un- 
known h~omolecules at the single-cell level 
is limited. Molecular complexity IS a prl- 
marv problem. Microcolulnn mixture sep- , . 
aration, especially capillary electrophore- 
sis (CE) ( 2 ) ,  can efficiently and rapidly 
separate <10 '"-liter samples to detect 
attomole (10-Is mol) components, a level 
suitahle for milnor component analysis in a 




