
A Function of Lung Surfactant Protein SP-B monolayers that do not collapse at surface 
pressures 270  mN/m, which correspond to 
near zero surface tensions (2). However, 

M. L. Longo, A. M. Bisagno, J. A. N. Zasadzinski," R. Bruni, DPPC by itself is a poor lung surfactant in 

A. J. Waring that it forms rigid, multilamellar structures 
in solution that do not effectively form 

The primary function of lung surfactant is to form monolayers at the alveolar interface monolayers under physiological conditions 
capable of lowering the normal surface tension to near zero. To accomplish this process, (9, 10). The apparent role of the anionic 
the surfactant must be capable of maintaining a coherent, tightly packed monolayer that PG and PA in natural lung surfactant is to 
avoids collapse during expiration. The positively charged amino-terminal peptide SP- fluidize and separate the normally rigid 
B1-25 of lung surfactant-specific protein SP-B increases the collapse pressure of an DPPC bilayers in solution to enhance dis- 
important component of lung surfactant, palmitic acid (PA), to nearly 70 millinewtons per persion of the surfactant and increase ab- 
meter. This alteration of the PA isotherms removes the driving force for "squeeze-out" sorption to interfaces (9, 10). However, the 
of the fatty acids from the primarily dipalmitoylphosphatidylcholine monolayers of lung 
surfactant. An uncharged mutant of SP-B1-25 induced little change in the isotherms, 
suggesting that a specific charge interaction between the cationic peptide and the 
anionic lipid is responsible for the stabilization. The effect of SP-Bl-25 on fatty acid 
isotherms is remarkably similar to that of simple poly-cations, suggesting that such 
polymers might be useful as components of replacement surfactants for the treatment 
of respiratory distress syndrome. 

A mixture of lipids and proteins, commonly 
known as lung surfactant, lines the pulmonary 
air maces of all mammalian s~ecies. Human 
lung surfactant contains at least three specific 
proteins, SP-A, SP-B, and SP-C, along with 
several lipid species, primarily dipalmi- 
toylphosphatidylcholine (DPPC) , with small- 
er fractions of anionic lipids such as phospha- 
tidylglycerol (PG) and fatty acids {typically 
PA [CH,(CH,) ,,COOHI) (1). The primary 
function of lung surfactant is to form mono- 
lavers at the alveolus air-water interface that 
are capable of lowering the normal surface 
tension (72 mN/m) to near zero (1, 2). To 
accomplish this reduction, surfactant must 
quickly absorb to the interface and be ca- 
pable of maintaining a coherent, tightly 
packed monolayer that avoids collapse even 
under the high compressions that accompa- 
ny expiration. Monolayer collapse results in 
the ex~ulsion of surfactant material from 
the surface monolayer into a three-dimen- 
sional bulk ~ h a s e ,  usually with an increase 
in surface tension (a decrease in the surface 
pressure) as the monolayer relaxes into the 
bulk phase. 

Deficiency and inactivation of lung sur- 
factant are contributing factors to a number 
of pulmonary diseases. A deficiency of sur- 
factant at birth, often due to premature 
delivery, is responsible for the development 
of neonatal respiratory distress syndrome 
(1, 3). Inactivation of lung surfactant, per- 
haps as a result of pulmonary edema, is 
likely involved in the development of adult 
respiratory distress syndrome (4-7). As a 
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consequence of the serious morbidity and 
mortality of these syndromes, surfactant 
replacement therapy is being investigated 
by a number of research groups and is 
increasingly used in the treatment of pre- 
mature infants (8). 

The major component of human lung 
surfactant, DPPC, is capable of forming 

monolayer collapse pressures of anionic lip- 
ids and fatty acids are typically much less 
than that of DPPC (usually 30 to 50 mN/ 
m). Lower collapse pressures lead to the 
ejection of these components from simple 
anionic lipid-DPPC mixed monolayers un- 
der sufficient compression. This effect has 
led to the belief that anionic lipids and fatty 
acids are also ejected from lung surfactant 
monolayers, a phenomenon that has been 
referred to as "squeeze-out" (10-12). How- 
ever, in addition to DPPC, anionic phos- 
pholipids, and fatty acids, lung surfactant 
contains specific proteins. One of these 
proteins, SP-B, a low molecular weight 
amphiphilic protein with reduced mass of 5 
kD (1 3,  1 4 ,  appears to be essential to surfac- 
tant function in vivo (13). It has several 

Fig. 1. W~lhelmy balance compres- 70 - I  I I I I I I I I 2 2  
slon and expansion tracings of A - 12 
pressure-area curves for model 
lunq surfactant dispersions (2) 50 - 22 

conjarnrng (A) DPPC PG PA SP- 
81-25 68 21 9 3 w/w (B) DPPC 
PG PA SP-Bl-25, 68 21 6 3 wlw 0 1  30 \ 
and (C) DPPC PG.PA, 68:21:9 wlw. 

'O 1 E ~ p ; ; s i o n ~ . ' ' ' . * : ~ ~ ~  Displayed are the f~rst (dashed lo - - - -  '-. - - - - - - - - - _ _ _ _  _ _ _ _ _  62 
trace) and fifth (solid trace) com- 
pression cycles of dispersions on 0  - - - -  72 
154 mM saline solut~on The abscis- 70 - I  I I I I I I I 1 - 2  
sa is d~splayed in percentage of 6 - 12 
trough area available to the surfac- 
tant monolayer. A drspers~on of 25 - - 22 

kg in 10 P I  of sal~ne was applred to 
$40 - , -32  

the surface of a Krm Ray Langmuir- 2 
Whilhelmy surface balance w~th -42 

r- 
51.5 cm2 of surface area at 25°C. 20 - - 52 
The complete compresslon-expan- 
s~on cycle took 90 s to complete 
The DPPC PG PA SP-Bl-25 (68 21 
9 3 wlw) drspers~on ralses the sur- 
face pressure ~mmed~ately as the 
surface area IS reduced, and the 
hvsteres~s between exDanslon and 
c&npressron cycles obtained on 
the first compression is repeated on 
the f~f th  and subsequent compres- 
sions. The other trac~ngs demon- 
strate dimrnished surface activ~ty, 
especially a dimin~shed hysteres~s 
between compression and expan- 
slon cycles and a lower maximum 
surface pressure (higher minimum 
surface tension). 15 25 35 45 55 65 75 85 95 100 

Trough area (%) 
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positively charged residues, associates primar- 
ily with the negatively charged lipids and fatty 
acids in bilayers, and is accessible to the 
membrane surface (9, 13-1 5). 

One role of SP-B is to alter the isotherms 
of fatty acid monolayers so that they resem- 
ble those of DPPC. In particular, the col- 
lapse pressure of the fatty acid monolayer is 
increased to nearly 70 mN/m and a highly 
compressible region of the isotherm is cre- 
ated at large areas per molecule. These 
changes in  the fatty acid isotherm eliminate 
the driving force that causes saueeze-out of " 

the fatty acid from the mixed surfactant 
monolaver and lead to lower surface ten- 
sions of the mixed lung surfactant. W e  see 
little change in the fatty acid isotherms 
when an uncharged mutant of SP-B is used, 
which confirms that stabilization occurs 
through a specific charge interaction be- 
tween the negatively charged fatty acids 
and the positively charged protein. The  
effects of SP-B on  the monolayer are virtu- 
ally identical to those produced by simple 
polymer cations in  solution (1 6). This close 
similarity is especially important because 
SP-B is the most exoensive and difficult to 
obtain component of replacement surfac- 
tants for treatment of respiratory distress 
syndrome. 

Experimental investigations and surfac- 
tant revlacement thera~ies  that use SP-B 
are expensive because the protein is difficult 

Area per acid molecule (A2) 
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to obtain from animal or human sources. 
Therefore, we have focused on  the study of 
amphipathic peptides of the amino-termi- 
nal residues (1 to 25) of SP-B known as 
SP-Bl-25, which contain four positively 
charged residues (1 7 ) .  Researchers have - . , 

investigated other sequences of SP-B or 
even more simple amino acid sequences 
that mimic certain properties of SP-B (1 7- 
25). The  surface behavior of model lung- 
surfactant mixtures [containing DPPC and 
PG (68:21 ratio wlw)] indicates that mono- 
lavers with low surface tensions, similar to 
those of natural lung surfactant, are ob- 
tained with 9% w/w PA and 3% w/w 
SP-Bl-25 (26, 27) (Fig. I A )  and improve 
oxygenation in animal models (1 7). A lower 
percentage of PA and a deficiency of SP-B1- 
25 resulted in diminished surface activity of 
the surfactant (Fig. 1. B and C).  This effect ~ - ,  

is not surprising because P A  is a significant 
fraction of natural lung surfactant and is 
commonly added to both naturally derived 
and synthetic replacement lung surfactants 
to enhance ~ e r f o m ~ a n c e  11 8) .  ~, 

Isotherms of rnonolayers of PA or 
arachidic acid (AA) [CH, (CH,) ,,COOHI 
(Fluka, 99%) with various concentrations 
of SP-B1-25 show the dramatic effects of 
this peptide on  surface phase behavior (Fig. 
2, A and B). The fatty acid species and 
peptide were spread quantitatively from a 
solution (0.7 to 2 mglml) of CH,Cl (Fisher 

Fig. 2. Surface pressure versus area per fatty 
acid molecule isotherms for (A) PA and (B and 
C) AA as a function of peptide weight fraction 
(A) Combined PNSP-B1-25 on a pure water 
subphase and (B) AA/SP-B1-25 on a pure water 
subphase: 0% wlw peptide (solid trace); 2.0% 
wiw peptide (alternating solid and dashed trace; 
0.21% mollmol in PA, 0.25% molimol in AA); 10% 
wiw peptide (alternating dotted and dashed 
trace; 1 8% mollmol in PA, 2.0% molimol in AA); 
and 20% wlw peptide (dashed trace; 5 4% mol! 
mol in PA, 5.7% molimol In AA). The isotherms of 
fatty acld alone showed two distinct phases: 
(segment a to b) a compressible liquid-like 
phase and (segment b to c) an ~ncornpressrble 
solid-like phase (29). In add~tion to these phas- 
es, 10 and 20% wiw SP-B1-25 displayed a 
flattened region (segment d to e),  typical of a 
two-phase coexistence region, Lift-off (lo) in the 
10 and 20% SP-B1-25 isotherms occurs at a 
larger area per molecule than in pure fatty acid, 
Indicative of a longer range of Interaction be- 
tween molecules in the presence of SP-B1-25. 
Isotherms were performed on a Nima trough that 
was thermostated at 23°C at compression 
speeds ranging from 0.005 to 0.05 A2imol per 
second. (C) Isotherms of AA:SP-B1-25 (80:20 
wlw) on a pure water subphase as a function of 
temperature: 23°C (solid trace), 31°C (dotted 
and dashed trace), and 37°C (dashed trace). 
The surface pressure of phase coexistence (the 
flattened, horizontal region in the isotherms) oc- 
curs at higher surface pressure with increasing 
temperature. 
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spectranalyzed) onto a clean water surface 
(Milli-Q, Millipore) in  a commercial Lang- 
muir trough with a surface area of 1000 cm2 
at 23" 4 0.5"C (Nima Technology, Cov- 
entry, United Kingdom). The  monolayer 
area was compressed at various speeds from 
0.005 to 0.05 A2 per molecule per second. 
W e  observed n o  changes in  the isotherms 
over this range of compression rates. The  
collapse pressure is a kinetic effect and so 
depends somewhat on  the speed of com- 
pression, the type of barrier, and the geom- 
etry of the Langmuir trough. However, 
quantitative comparisons can be made be- 
tween different monolayers if these vari- 
ables are held constant between experi- 
ments (28). 

Area per palmitic acid molecule (A2) 
Fig. 3. Effects of ionic strength and peptlde 
charge on monolayer behavior. (A) lsotherm of 
PNSP-B1-25 on a NaHC0,-buffered (pH 6.6, 
154 mM) saline subphase which shows a sub- 
stantlal Increase in collapse pressure from pure 
water (55 mNim compared w~th 37 mN1m) (see 
Fig. 2A). (B) lsotherm of PA using a neutral, 
mutant peptide (SP-B1-25m) with polar serine 
residues to replace positively charged lysine 
and arginine residues of SP-B1-25 on pure 
water subphase. (C) lsotherm of PNSP-B1-25m 
on a NaHC0,-buffered (pH 6.6, 154 mM) saline 
subphase: 0% wiw peptide (solid trace); 2.0% 
wlw peptide (solid and dashed trace; 0.23% 
SP-Bl-25m molimol); 10% wiw peptide (dotted 
and dashed trace; 1.9% SP-Bl-25m molimol); 
and 20% wiw peptide (dashed trace; 5.5% 
SP-Bl -25m molimol). 



Area per DPPC molecule (A2) 

Fig. 4. Isotherms of DPPCISP-B1-25 on a 
NaHC0,-buffered (pH 6.6, 154 mM) saline sub- 
phase: 100% DPPC (solid trace); DPPC:PA 
(688) (dashed and dotted trace); and DPPC: 
PA:SP-B1-25 (68:8:3 wlw) (dashed trace). 

The isotherm of the fatty acid alone 
showed two distinct condensed ~hases:  the 
first was a compressible liquid-like phase 
(Fig. 2A, segment a to b) and the second 
was a less compressible, solid-like phase 
(segment b to c) followed by collapse (point 
C) at about 37 mNIm for PA. [For discus- 
sions of the liquid expanded, liquid con- 
densed, and solid condensed monolayer 
phases, see (29).] For AA, four carbons 
longer than PA, the collapse pressure was 
about 55 mN/m (Fig. 2B). As SP-B1-25 was 
added, the collapse pressures of both mono- 
layers were raised significantly, even for 2% 
w/w SP-B1-25. These pressures finally 
reached about 52 mN/m for PA (Fig. 2A) 
and 70 mN/m for AA (Fig. 2B) as the 
percentage of SP-Bl-25 was increased to 
20% wlw. The area per fatty acid molecule 
at collapse also increased, which indicates 
that the water-soluble peptide was retained 
in the monolayer under compression. We 
could not obtain an isotherm of pure SP- 
B1-25 because of its solubility in water. The 
onset of the first pressure increase (known 
as lift-off and labeled as lo in Fig. 2, A and 
B) occurred at successively larger surface 
areas as the fraction of SP-B1-25 was in- 
creased, which indicates that there was a 
longer range of interaction between the 
molecules in the monolayer. The isotherms 
of 10 and 20% wlw SP-B1-25 in fattv acids 
displayed a flattened, somewhat horizontal 
region (segment d to e) typical of a two- 
phase coexistence region that is also ob- 
served in DPPC isotherms (29). 

As the temperature was increased, the 
surface pressure at which this coexistence 
region occurred increased (Fig. 2C for 
AA),  which is typical for both phospholip- 
ids and fattv acids (1 6. 29). The isotherms ~. , 

shifted to lower areas per molecule at higher 
temperatures, indicating either an in- 
creased solubility of SP-B1-25 and fatty 
acids with temperature or a conformational 
change in the protein. The isotherms of the 
combined fatty acid/SP-B1-25 are also strik- 
inelv similar to those of fattv acids on a " ,  
subphase containing polyeth4eneimine, a 

simple, cationic polymer gegenion [see 
(1 6)]. The polyethyleneimine also induced 
a higher collapse pressure and a two-phase 
coexistence region in the isotherms of the 
fatty acid monolayer. This result leads us to 
believe that the positively charged SP-B1- 
25 interacts specifically with the negatively 
charged fatty acids and that these electro- 
static interactions are primarily responsible 
for the observed effects on the isotherms. 

Physiological conditions were mimicked 
and the effects of charge and ionic strength 
were tested by the measurement of iso- 
therms of the fatty acid/SP-B1-25 monolay- 
ers on NaHC0,-buffered saline solutions 
(pH 6.6, 154 mM) (Fig. 3A). Perhaps 
because of the decreased solubility of fatty 
acids in salt solutions or the screening of 
the repulsive interactions between the 
charged carboxyl groups, fatty acid films on 
saline collapsed at surface pressures signifi- 
cantly higher than fatty acid films on pure 
water (55 mN/m on saline versus 37 mN/m 
on pure water) (Fig. 2A). However, the 
collapse pressures of PA monolayers on 
saline increased by roughly the same 
amount as those on water, from about 55 to 
68 mN/m with the incorporation of 22% 
w/w SP-B1-25. Again, as the percentage of 
SP-B1-25 was increased, lift-off occurred at 
successively larger surface areas and a coex- 
istence region was created at large areas per 
molecule. At 20% w/w SP-B1-25, the 
monolayer was more compressible at high 
surface pressures but could be compressed to 
68 mN/m before collapse. This result sug- 
gests that the fatty acid-peptide complex 
mav be more soluble in saline than in Dure 
water. The compressibility also suggests 
that the remaining, primarily hydrophobic 
part of the SP-B protein might be necessary 
to retain the protein in the monolayer 
under physiological conditions; the full 
SP-B protein is insoluble in water or saline 
(17). The AA monolayers with SP-B1-25 
showed similar behavior. Isotherms of 
monolayers of PA on pure water (Fig. 3B) 
or NaHC0,-buffered saline (Fig. 3C) con- 
taining a mutant peptide of SP-B1-25 (SP- 
B1-25m) in which each cationic residue 
was replaced by neutral but polar serine 
residue were unaffected. aside from a small 
increase in the collapse pressure at 2 10% 
SP-Bl-25m. Thus. the charged amino acid - 
residues appear to be essential for the spe- 
cific interactions between SP-Bl-25 and 
fatty acid responsible for the alterations in 
the isotherms. 

The surface behavior of mixed lipid 
monolayers containing DPPC, PA, and 
SP-B1-25 on NaHC03-buffered saline (pH 
6.6, 154 mM) is shown in Fig. 4. The 
mixtures were spread quantitatively from a 
solution of CH3C1 methanol (8: 1 vlv) . The 
large coexistence region of pure DPPC is 
easily observed, and the monolayer col- 

lapsed at 68 mN/m. A film of DPPC and 
PA (68:8 w/w) did not display a coexist- 
ence region and began to collapse at 62 
mNlm. At hieher PA fractions. the film " 

collapses at lower pressure, -45 mN/m for a 
50:50 ratio w/w (1 1). A film containing 
DPPC, PA, and SP-B1-25 (68:8:3 ratio 
w/w) showed two distinct compressible 
phases. The first was at a surface pressure 
similar to that of the coexistence region of 
vure DPPC. and the second was at a surface 
pressure similar to that of the coexistence 
region of the PAISP-B1-25 complex. This 
result suggests that DPPC and the PAISP- 
Bl-25 complex may undergo partial phase 
separation at the air-water interface at low 
surface pressures but not at higher surface 
Dressures. 

Our results show that the positively 
charged residues of SP-B interact electro- 
statically with fatty acids in a way that leads 
to distinctive changes in the monolayer 
isotherms: increased collapse pressures and 
the formation of a two-phase coexistence 
region. These changes make the fatty acid 
isotherms resemble those of DPPC, the 
major component of lung surfactant, and 
remove the driving force for squeeze-out of 
the PA from the DPPC films. Consequent- 
ly, the mixed monolayers have higher col- 
lapse pressures and lower surface tensions. 
Uncharged mutants of SP-B1-25 had little " 

effect on the fatty acid monolayers. The 
effect of SP-B1-25 on fattv acid monolavers 
is identical to that of simple poly-catidns. 
Effective re~lacement surfactants could ~ o s -  
sibly include simple polymers or amino acid 
sequences instead of SP-B. 

In general, monolayer collapse is poorly 
understood; the dramatic effects of fatty 
acid chain length, ionic strength, and cat- 
ionic proteins on monolayer collapse were 
not predicted by current theories (28). 
However, our observations here help ex- 
plain our earlier work (1 7, 25) and that of 
Cochrane and Revak (1 9) and Venkitara- 
man, Hall, and Notter (23), who observed 
greater enhancements of surface activity for 
monolayers with amino acid sequences that 
contained cationic residues than for those 
that were primarily hydrophobic or anionic. 
Above all, important features of the iso- 
therms of charged fatty acids can be dramat- 
ically altered by interactions with charged 
proteins or polymers incorporated in the 
monolayer or present in solution. These 
interactions might be the origin of surfac- 
tant inhibition by charged soluble proteins 
such as albumin or fibrinogen that are 
believed to be responsible for the onset of 
adult respiratory distress syndrome. 

REFERENCESANDNOTES 

1 .  D. L. Shapro and R.  H Notter. Eds , Surfactant 
Replacement Therapy (Liss, New York, 1989), 

2. The surface pressure, 7, is the difference be- 

SCIENCE * VOL. 261 * 23 JULY 1993 



tween the bare water surface tension (72 mNIm) 
and the measured surface tension. The collapse 
pressure, T,, of a monolayer is the highest 
surface pressure obtainable before the mono- 
layer "collapses." or ejects material into a bulk 
phase. The minimum surface tension of a mono- 
layer film, y ,  is the bare water surface tension 
minus the collapse pressure (72 mN/m - 7ic). 

For a general discussion of monolayer film be- 
havor ncud ing  collapse, see A. W. Adamson, 
Physicai Chemistry of Surfaces (Wiley, New 
York, 1990), chap. IV. 

3. M. E. Avery and J. Mead, Am. J. Dis. Child. 97, 
917 (1959). 

4. J. A. Clements, Arch. Environ. Heaith 2, 280 
(1 961): Physioiogist 5. 11 (1 962). 

5. A. Jobe and M, kegami, Am. Rev. Respir. Dis. 
136, 1256 (1987). 

6. K. M. W. Keough. C. S. Parsons. P. T. Phang, M. 
G. Tweeddale, Can. J. Physioi. Pharmacol. 66, 
1 166 (1 988) 

7. W. seeger, A. Glinther, C. Thede, Am. J. Physioi. 
261, L286 (1 992) 

8. R. F. Sol, Resident Staff Physician 38, 19 (1992). 
9. M. L. Longo, A. Waring, J. A. N. Zasadzinski, 

Biophys. J. 63, 760 (1992) 
10. A. M. Cockshutt, D. R. Absoom, F. Possmayer, 

Biochim. Biophys. Acta 1085, 248 (1991) 
11. J. B. Chung, R. E. Hannemann, E. I .  Franses, 

Langmuir 6, 1647 (1 990). 
12. N. Mathialagan and F. Possmayer, Biochim. Bio- 

phys. Acta. 1045, 121 (1990). S.-H. Yu and F. 
Possmayer, ibid. 1126. 26 (1992). 

13. J. A. Whitsett et ai.. Pediatr. Res. 20, 460 (1986), 
S.-H. Yu and F. Possmayer, Biochem. J. 236, 85 
(1986); S. Hawgood et ai., Proc. Natl. Acad. Sci. 
U.S.A. 84. 66 (1987). 

14. J. E. Baatz, ~ . ' ~ l l e d ~ e .  J. A. Whitsett, Biochemis- 
tiy 29, 671 4 (1 990). 

15. G. Vandenbussche etai.. ibid. 31, 9169 (1992). 
16. L. F. Chi. R. R. Johnston, H Ringsdorf, Langmuir 

7, 2323 (1991): L. F. Chi, M. Anders. H. Fuchs, R. 
R. Johnston. H. Ringsdorf. Science 259, 213 
(1 993). 

17. A. Waring et ai., Peptide Res. 2, 308 (1989), A. 
Waring et ai., Biophys. J. 59, 507 (1991). 

18. Palmitic acid is one of three additives to exoge- 
nous surfactant in Survanta (Ross Laboratories, 
Columbus, OH) and Surfactant TA (Tokyo Tan- 
abe) used to treat premature infants with neona- 
tal respiratory distress syndrome. To enhance 
the surface activty and partially counteract inhi- 
bltion by blood proteins ( l o ) ,  PA is added to 
lipid extract surfactant, an acetone precipitate of 
animal surfactant with fatty acids and tr iacygyc- 
erols removed. However. PA does not prevent 
inhibition by blood proteins of synthetic mixtures 
that are free of lung surfactant protein [B. Holm 
et a/., Chem. Phys Lipids 52, 243 (1990)l. A 
primarily synthetic surfactant that contains 
DPPC, unsaturated PG, PA, and an animal ung-  
protein extract containng mainly SP-B has been 
developed by Y. Tanaka, T. Takei, and T. Kana- 
zawa [J. Lipid Res. 27, 475 (1 986)l. 

19. C. G. Cochrane and S. D. Revak. Science 254, 
566 (1991). 

20. J. E. Baatz et ai., Chem. Phys. Lipids 60. 163 
(1991) 

21. V. K. Sarin etai., Proc. Nati. Acad. Sci. U.S.A. 87, 
2633 (1 990) 

22. S. W. Glasser et a/.. ibid. 84, 4007 (1987); S. W. 
Gasser et a/.. J. Bioi. Chem 263, 9 (1 988). 

23. A. R. Venkitaraman, S. B. Hall, R. H. Notter, Chem. 
Phvs. Libids 53, 157 11 990). 

24. R. G. Warr et ai , Proc'. Nati  Acad. Sci. U.S.A. 84, 
7915 (1987). 

25. R. Bruni. H. W. Taeusch, A. J. Warinq, ibid. 88. 
7451 (1991). 

26. The peptides SP-B1-25 and SP-B1-25m were 
synthesized by the solid-phase method of Mer- 
rifield, wlth the use of a tert-butyloxycarbonyl 
strategy or by Fmoc strategies (UCLA Peptide 
Synthesis Facility) (17. 27). In each sequence 
(30), the charged residues are indicated with a 
"+": 

SP-BI -25 (M, = 2929) 
+ ++ + 

FPiPLPYCWLCRALlKRlQAMiPKG 
SP-BI-25m (M, = 2709) 
FPIP LPYCWLCSALISSQAMPSG 

The crude peptides were purified by C4-column 
(Vydac, Hesperia, CA) reversed-phase high- 
performance liquid chromatography (HPLC) with 
a mixture of water, acetonitrile, and 0.1% tri- 
fluoroacetic acid. Solvents from HPLC and ion- 
pairing agents were removed from the purified 
peptides by vacuum centrifugation, and the ex- 
pected molecular masses of each peptide were 
obtained by fast atom bombardment mass spec- 
trometry or electrospray mass spectrometry 
(UCLA Center for Molecular and Medical Sci- 
ences Mass Spectrometry). Quantitative amino 
acid composition for the peptides was deter- 
mined at the UCLA Protein Microsequencing 
Facility 

27. J. M. Stuart and J. D. Young, in Solid Phase 
Peptide Synthesis (Pierce Chemical. Rockford, IL, 
1984). 

28. H. E. Ries. Jr., and H. Swift, Langmuir 3, 853 
(1987), R. D. Smith and J. C. Berg. J. Colioid 
interface Sci. 74. 273 (1979), D. K. Schwartz, R. 

Viswanathan, J. A. N. Zasadzinski. J. Phys. Chem. 
96. 10444 i l992i.  D. Vollhardt and U. Retter. 
Langmuir 8, '309 [1992). 

29. H. M. McConne. Annu. Rev. Phys. Chem. 42, 171 
(1991); C. M. Knobler. Adv. Chem. Phys 78, 398 
(1990); H. Mohwald. Annu. Rev. Phys. Chem. 41 
441 (1991). 

30. Single-etter abbreviations for the amino acid res- 
idues are as follows: A. A a ;  C, Cys: F, Phe; G, Gly; 
I l e :  K, Lys; L, Leu; M, Met: P, Pro; Q, Gln: R, Arg; 
S. Ser; W. Trp; and Y, Tyr. 

31. We thank D. K. Schwartz, R. Vswanathan, and J. 
lsraeachvili for helpful discussions. Supported 
by Office of Naval Research grant N00014-90- 
J-1551, National Science Foundation grant 
CTS90-15537, and National Institutes of Health 
(NIH) grant GM 47334 (J.A.N.Z.): NIH grant HL 
40666 (A.J.W.): a Parker B. Francis Foundation 
fellowship and March of Dimes grant FY92-0360 
(R.B.): Research Center in Minority Institutions 
award G 12 RRO 302607 and R01 HL 40666 
(R.B. and A.J.W.): a University of California Pres- 
ident's Dissertation Year fellowship (M.L L.); and 
the National Consortium for Graduate Degrees 
for Minorities in Engineering and Sciences 
(A.M.B.). 

1 February 1993, accepted 4 May 1993 

Tough Times at La Brea: Tooth Breakage in 
Large Carnivores of the Late Pleistocene 

Blaire Van Valkenburgh* and Fritz Hertel 
One million to two million years ago, most of today's large, predatory mammals coexisted 
with larger extinct species, such as saber-toothed cats and giant running bears. Com- 
parisons of tooth fracturefrequenciesfrom modern and Pleistocene carnivores imply that 
predator-prey dynamics and interspecific interactions must have been substantially dif- 
ferent 36,000 to 10,000 years ago. Tooth fracture frequencies of four Rancho La Brea 
species-dire wolf, coyote, saber-toothed cat, and American lion-were about three 
times that of extant carnivores. Consequently, these findings suggest that these species 
utilized carcasses more fully and likely competed more intensely for food than present- 
day large carnivores. 

During the late Pleistocene in North 
America, the species richness of large 
carnivores and their presumed prey was 
much greater than at present. There were 
56 herbivore species larger than 30 kg and, 
of those species, 29 (52%) exceeded 300 
kg, the size of a moose (Alces alces) or 
larger. At  least seven species, such as the 
mastodon and mammoth, were larger than 
any extant New World herbivore (1). By 
contrast, 11 herbivores larger than 30 kg 
13 of them >300 ke) exist in North 

- 3  

America today; even in Africa only 13% 
of the herbivore s~ecies  exceed 300 ke (1 1. u ,  

If Pleistocene herbivores existed at popu- 
lation densities comparable to extant spe- 
cies of similar body size and formed sizable 
herds as do living zebras (Equus spp.) and 
bison (Bison bison), then levels of prey 
availability would have been comparable 
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to or greater than those of East Africa 
today. The rich array of large Ranchola- 
brean carnivores is consistent with this 
hypothesis; for example, 15 species coy- 
ote-sized or lareer existed in North Amer- 
ica during the Pleistocene, whereas today 
there are 7 (1). Because the majority of 
extant large carnivore species originated 
more than 500,000 years ago, most of their 
historv has been sDent under Pleistocene 
rather' than present-hay conditions of preda- 
tor-prey diversity. Evidence concerning lev- 
els of food availability and interspecific com- 
petition in the Pleistocene might provide 
some understanding of the behavior and 
morphology of living carnivores. 

When food is limited. carnivores are 
likely to feed more rapidly, guard their 
kills more aggressively, and more com- 
pletely consume their prey, often ingesting 
bone in the orocess (2, 3 ) .  All these 
activities invoive the risk of'tooth break- 
age, an event carnivores are expected to 
avoid given the importance of teeth for 
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