
1.5 mmolelkg (mean * S.E. ; N = 3) and 
within 15 minutes to 84.1 * 7.0 mmolel 
kg (N = 5). This transient loss of sodium 
was highly significant (P 5 0.05) with 
slow reaccumulation of sodium begin- 
ning 30 minutes after high calcium inter- 
vention. 

Apparent intracellular calcium in- 
creased after high calcium intervention. 
After 5 minutes it was 6.16 * 0.56 
mmolelkg (mean * S .E. ; N = 3) and af- 
ter 15 minutes 13.08 ? 2.2 mmolelkg (N  
= 4). This represents a significant (P 5 
0.05) accumulation (6.9 mmolelkg) of in- 
tracellular calcium between 5 and 15 
minutes. Since extracellular calcium is 
unlikely to change after the first 5 min- 
utes, the change in apparent intracellular 
calcium content should represent the 
true intracellular accumulation of calci- 
um. During the same 10-minute period 
there was a sodium loss of 20.6 mmolel 
kg. The ratio of this sodium loss to the 
calcium accumulation is 3.0. Given that 
independent passive fluxes are not sig- 
nificant, sodium extrusion through sodi- 
um-calcium exchange driven by the cal- 
cium gradient would have a stoichiomet- 
ric coefficient of 3.0. This is in agreement 
with the ratio estimated with a sarcolem- 
ma1 vesicle preparation by Pitts (7). Any 
simultaneous inward electrodiffusive 
movement of both sodium and calcium 
must lead to underestimation of the stoi- 
chiometric coefficient for the sodium- 
calcium exchange; our value of 3.0 must 
therefore be a minimum. 

The net loss of sodium can be attribut- 
ed wholly to sodium-calcium exchange 
only if there is no transport through 
Na' + K+-stimulated adenosinetriphos- 
phatase. After the hearts were treated 
for 90 minutes with ~ o - ~ M  ACS and 5 x 
~ o - ~ M  calcium, the potassium content 
was 38.4 ? 3.6 mmolelkg (mean k S.E.; 
N = 3). Fifteen minutes after the high 
calcium intervention the intracellular po- 
tassium content was 52.2 ? 5.9 mmolel 
kg (N = 6). This accumulation of intra- 
cellular potassium was not statistically 
significant (Student's t-test; P 5 0.05). 
However, a small but real gain in potas- 
sium upon high calcium intervention 
would, owing to the relatively few inher- 
ently scattered determinations, be ex- 
pected to remain statistically insignifi- 
cant. Stimulation of either sodium-potas- 
sium exchange or an electrogenic sodi- 
um-calcium exchange and attendant 
membrane polarization sufficient to pro- 
duce an inward electrochemical gradient 
for K" would lead to net K+ accumula- 
tion. We therefore propose that the ob- 
served potassium accumulation is real. 
Sodium-potassium exchange is unlikely 
to be the source of this accumulation 

because the entire experiment was con- 
ducted in the presence of high levels of 
ACS. Moreover, there is no precedent 
for the view that calcium is capable of 
reactivating the sodium-potassium ex- 
change. Increased inhibition of Na+ + 
K+-adenosinetriphosphatase due to high 
Ca, has been reported (8) and may be 
expected in this preparation owing to the 
measured calcium accumulation accom- 
panying the sodium loss. Although we 
were not able to measure Em during the 
contracture that developed in high Ca,, 
we believe that the potassium accumula- 
tion resulted from membrane polariza- 
tion. In the absence of sodium-potassium 
exchange, the most likely source of this 
polarization is stimulated electrogenic 
sodium-calcium exchange. 

We conclude that the step increase in 
the calcium gradient at 90 minutes was 
the source of free energy for the ob- 
served sodium transport. Since it does 
not seem possible that an increase in 
external calcium could make the mem- 
brane votential so ~os i t ive  that net out- 
ward electrodiffusion of sodium would 
occur, we consider that the sodium ex- 
trusion is coupled to calcium influx 
through the sodium-calcium exchange 
system. Because it appears that at least 
three Na' must exchange for each Ca2+, 
Na' extrusion should be accompanied 
by increased membrane polarization. 

Since a diffusional barrier may have 
limited efflux rates and our observations 
were not made at very short intervals, 

exchange. However, the parameter 
3h(iN, - A(ica, which varies during an 
action potential, governs the direction of 
the sodium-calcium exchange. Thus the 
exchanger may make some contribution 
to the shape of the cardiac action poten- 
tial if the stoichiometry is anything other 
than two Na' to one Ca2+. Current 
contributions during cardiac action po- 
tentials by the exchangers, as proposed 
for the sodium-calcium exchange by 
Mullins (4) and for the NalK exchange 
by Chapman et al. (9), should be consid- 
ered. 

JOHN H. B. BRIDGE* 
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Center for Bioengineering, University 
of Washington, Seattle 98195 
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Membrane Isolation Alters the Gel to Liquid 

Crystal Transition of Acholeplasma laidlawii B 

Abstract. The gel to  liquid crystal phase transition of membrane lipids of live 
Acholeplasma laidlawii B was monitored by infrared spectroscopy. It was found that, 
while isolated membranes are predominantly in the gel phase at the growth 
temperature, the live cell membranes confain a large liquid crystal phase compo- 
nent. 

We report here the results of a com- 
parison between the gel to liquid crystal 
phase transition of plasma membranes of 
live Acholeplasma laidlawii B and that of 
the isolated membranes. Our results are 
relevant to recent studies of membrane 
lipids (1-3, particularly studies of lipids 
obtained when growth on saturated fatty 
acids occurs in the presence of avidin, an 
endogenous fatty acid synthesis inhibitor 
(1). The resultant fatty acid-homoge- 
neous plasma membranes and their lipid 
extracts exhibit well-defined gel to liquid 
crystal phase transitions, and it has been 

estimated that at the growth temperature 
only 10 to 20 percent of the lipids are in 
the liquid crystalline phase (4, 6). This 
proportion is low compared to that ob- 
tained with less homogeneous mem- 
branes (3, 7) and Escherichia coli (8). 

However, with one exception (4) these 
studies have been performed on isolated 
membranes. It is critical to establish 
whether the properties of such mem- 
branes differ from those of the living 
organism. Recently reported 2H nuclear 
magnetic resonance (NMR) spectra of 
intact cells were, within the signal-to- 
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Fig. 1. Infrared spectrum of Acholeplasma 
laidlawii B grown at 30°C and recorded at 
30°C. The C-D stretching region at 20°C and 
35°C shows the changes resulting from transi- 
tion of the membrane lipids from the gel phase 
(20°C) to the liquid crystal phase (35°C). 

- Lipid and - 
protein bands I 

noise ratio and other constraints of the 
experiment, the same as those of the 
isolated membranes (4). 

Acholeplasma laidlawii B were grown 
at 25" or 30°C in a fatty acid-depleted 
medium supplemented with perdeutero- 
myristic acid (Merck Sharp & Dohme) 
and avidin (25 Ulliter; Sigma grade 11). 
The cells were harvested and washed 
twice with 25 mM Hepes (9) containing 
20 percent sucrose. About 20 mg of the I I I 9 I I 

2200 2000 1800 1600 1400 1200 1000 

Frequency (crn-l) 
suspended cells was assembled in a BaF2 
infrared cell with a 50-pm path length. 

The BaF2 cell was immediately placed 
in a thermostated mount in a Fourier 
transform infrared spectrometer (Digilab 
FTS-11) equipped with a highly sensitive 

/ acid is incorporated as a lipid acyl chain, to monitor the average trans-gauche ra- 
these bands provide a specific probe of tio in the lipid ensemble. A frequency of 
the membrane. The frequencies of the 2090 cm-I for the symmetric CD2 
CD2 (and CH2) stretching bands of acyl stretching band is characteristic of a 
chains depend on the degree of confor- highly ordered gel phase with a low 
mational disorder and hence can be used gauche population. Higher frequencies, 

mercury-cadmium telluride detector (In- 
frared Associates). Data aquisition was 
fully automated (10) so that one spec- 
trum at 8 cm-' resolution was collected 
every 10 seconds while the temperature 
was raised from 20" to 39°C and then 
reduced to 16°C. Measurements were 
restricted to this range in order to pre- 
serve the viability of the A .  laidlawii B. 
Two hundred spectra were collected dur- 
ing 33 minutes. The bacteria were then 
removed from the cell, examined for 
lysis, and cultured in growth medium or 
on agar gel at 37°C. The cells were 98 to 
99 percent intact, both cultures were 
successful, and there was no evidence of 

&x + 
L i v e  b a c t e r i a  

". * + n  

L o  ., 
contamination. Fatty acid analysis indi- 
cated 75 and 73 percent enrichment in 
the myristate chain in the cultures grown 
at 25" and 30"C, respectively. 

The plasma membranes were isolated 
from the remainder of the cells by stan- 
dard procedures (11). The membranes 

I s o l a t e d  rn e m b r a n e s  

(washed only, not lyophilized) were 
studied in a 50-km BaFz cell over the 
temperature range 5" to 50°C. Longer 
collection times (- 3 minutes per spec- 
trum) were employed and 45 spectra 
were collected. 

For each temperature and fatty acid 
the complete experiment was repeated 
three times. In all cases consistent re- 
sults were obtained. 

Figure 1 shows the 2300 to 2000 cm-I 
region of the infrared spectra of live A .  
laidlawii B. The region 1800 to 1000 
cm-I contains avariety of bands from the 
lipids and proteins. However, the tem- 
perature-dependent C-D stretching 
bands of the fatty acid acyl chains occur 

T e m p e r a t u r e  (OC) 

Fig. 2. Temperature dependence of the frequency of the CD2 symmetric stretching band of the 
lipids of A.  laidlawii B grown at 30°C on perdeuteromyristic acid in the presence of av~din.  
Shown are frequencies from spectra of live cells with the temperature ascending from 20" to 
39°C (+) and descending from 39" to 16'C ( x )  and frequencies from spectra of isolated 
membranes with the temperature ascending from 5" to 4S°C (0). Frequencies were determined 
by computing the center of gravity of the topmost 2 cm-' segment of the band following 
interpolation to one data point per reciprocal centimeter. This method permits precise 
determination of small frequency shifts (15). 

near 2200 c m ' ,  a region free from inter- 
fering bands. Since the deuterated fatty 
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the upper limit being about 2096 cm-I, 
are indicative of an increased population 
of gauche rotamers, that is, a transition 
to the liquid crystalline phase (12). How- 
ever, the relation between frequency and 
conformational disorder is not linear 
(13). This necessitates the use of a simple 
two-component overlapping band mod- 
el, analogous to that employed in *H 
NMR studies (4, 6), to obtain the propor- 
tions of gel and liquid crystal phases (14). 

Figure 2 shows temperature plotted 
against frequency of the CD2 symmetric 
stretching band in the spectra of the live 
cells and the isolated membranes. Below 
20"C, membranes of live cells are in the 
gel phase; between 20" and 34°C they 
undergo a transition to the liquid crystal- 
line phase. On cooling the system exhib- 
its slight hysteresis but reverts to the gel 
phase at  low temperature. At the growth 
temperature (30°C) the frequency is 
2093.3 c m ' .  Use of the two-component 
model indicates that a t  least 50 percent 
of the lipids are in the liquid crystalline 
phase at this temperature. 

The isolated membranes also undergo 
a gel to liquid crystal phase transition. 
However. while the widths of the transi- 
tions are the same for isolated mem- 
branes and live bacteria, the transition of 
the former occurs at a temverature about 
4°C higher. At the growth temperature 
the frequency of the CD2 stretching band 
in the spectrum of the isolated mem- 
branes is 2092 cm-I. That is, the liquid 
crystalline phase content is only about 20 
percent, as  compared to the 50 percent 
content of the live cell membranes. 
However, the general form and width of 
the transition and the liquid crystalline 
content of the isolated membranes are in 
excellent agreement with the results of a 
recent 2H NMR study of A .  laidlawii B 
grown at  30°C on perdeuteromyristic 
acid (4). 

A comparison was also made between 
transitions of live cell and isolated mem- 
branes from a culture grown at 25°C. The 
reduction in growth temperature results 
in decreased fluidity in both systems, to 
the extent that the isolated membranes 
were effectively gel phase (frequency, 
2090 cm-') a t  25°C. However, the band 
was at  2092 cm-' in the spectrum of the 
live cells, indicating a liquid crystalline 
phase content of a t  least 20 percent and 
confirming the trend observed with the 
culture grown at  30°C. 

These data confirm that, at the growth 
temperature, membranes isolated from 
A.  laidlawii B grown on saturated fatty 
acids in the presence of avidin are highly 
ordered, and that only a small proportion 
of their lipids is in the liquid crystalline 
phase. However, in the membranes of 

live A. laidlawii B a much higher propor- 
tion of the lipids is in the liquid crystal- 
line phase at  the growth temperature. 
Hence, under these growth conditions, 
data on conformational order obtained 
from isolated membranes are not always 
directly applicable to  the live microor- 
ganism. 

Since both series of spectra were re- 
corded with the same buffer, there ap- 
pear to be two potential causes for the 
difference between live cells and isolated 
membranes: (i) the process of extraction 
changes the intrinsic properties of the 
membranes and (ii) part of the mecha- 
nism for regulating membrane fluidity is 
extrinsic to the membranes, and hence is 
eliminated by membrane isolation. 

DAVID G. CAMERON 
A D ~ L E  MARTIN 

HENRY H .  MANTSCH 
Division of Chemistry, 
National Research Council of Canada, 
Ottawa, Ontario, Canada K I A  OR6 

References and Notes 

A. P. Tulloch, Y. Boulanger, I. C. P. Smith, J. 
H. Davis, M. Bloom, Nature (London) 269, 267 
(1977); I .  C. P. Smith, K. W. Butler, A. P. 
Tulloch, J .  H. Davis, M. Bloom, FEES Lett. 
100, 57 (1979); M. Rance, K. R. Jeffrey, A. P. 
Tulloch, K.  W. Butler, I. C. P. Smith, Biochim. 
Biophys. Acta 600, 245 (1980); J. H. Davis, M. 
Bloom, K.  W. Butler, I. C. P. Smith, ibid. 597, 
477 (1980). 

4. H. C. Jarrell, K.  W. Butler, R. A. Byrd, R. 
Deslauriers, I. Ekiel, I .  C. P. Smith, Biochim. 
Biophys. Acta 688,  622 (1982). 

5. E. Oldfield, D. Chapman, W. Derbyshire, 
Chem. Phys. Lipids 9 ,  69 (1972). 

6. S.-Y. Kang, R. A. Kinsey, S. Rajan, H. S. 
Gutowsky, M. G. Gabridge, E. Oldfield, J .  Biol. 
Chem. 256, 1155 (1981). 

7. H. L. Casal, D. G. Cameron, I. C. P. Smith, H. 
H. Mantsch, Biochemistry 19, 444 (1980); H .  L. 
Casal, D. G. Cameron, H. C. Jarrell, I. C. P. 
Smith, H. H. Mantsch, Chem. Phys. Lipids 30,  
17 (1982). 

8.  M.'B. ~ackson  and J. E. Cronan, Jr., Biochim. 
Biophys. Acta 512, 472 (1978). 

9. W. J .  Ferguson et al., Anal. Biochem. 104, 300 
(1980). 

10. D. G. Cameron and G. M. Charette, Appl. 
Spectrosc. 35,224 (1981): D. G. Cameronand R. 
N. Jones, ibid., p. 448. 

11. G. W. Stockton, K.  G. Johnson, K. W. Butler, 
C. F. Polnaszek. R. Cvr. I .  C. P. Smith. Bio- 
thim. Biophys. Acta 4 0 i ,  535 (1975). 

12. S. Sunder, D. G. Cameron, H. H. Mantsch, H. 
J .  Bernstein, Can. J .  Chem. 56,  2121 (1978). 

13. J. Umemura, H. H. Mantsch, D. G. Cameron, J .  
Colloid Interface Sci. 83 .  558 (1981). 

14. Complete deiails of the model are gken in R. A. 
Dluhy, R. Mendelsohn, H.  L. Casal, and H. H. 
Mantsch, Blochemistry, In press. In brief, the 
model assumes that a spectrum recorded dur- 

1. R.  N. McElhaney, J .  Suprnmol. Strttct. 2 ,  617 ing the phase transition can be expressed as 

(1974); J. R. Silvius, N. Mak, R. N. McElhaney, ~ h ~ ~ ~ ~ e ~ t ~ ~ ~ ' ~ ~ ~ e i ~ > i ~ ~  > r ~ t ~ f ~ h ~ ~ ~  Biochim. Biophys. Acta 597, 199 (1980). 
2. A. Wieslander and L. Rilfors, Biochim. spectrum. All liquid crystal phase components 

Biophys. Acta 466, 336 (1977); A. Christiansson were with this 
and A ,  Wieslander, Eur, J ,  ~ i ~ ~ ~ ~ ~ ,  85 ,  65 15. D. G. Cameron, J. K. Kauppinen, D. J .  Moffatt, 
(1978); Biochim, Biophys, Acta 595, 189 (1980); H. H. Mantsch, A ~ ~ l .  Spectrosc. 36% 203 (1982). 
A, Khan, L, Rilfors, A, Wieslander, G, Lind- 16. We thank K. Butler for assistance in the growth 
blom, Eur, J ,  Biochem, 116 ,  21 (1981); K, -E,  of the bacteria and R. Latta for assistance in the 
Johansson, C, Jagersten, A, Christiansson, A, confirmation of their viability after the infrared 
Wieslander, Biochemistry 20, 6073 (1981). studies. NRCC publication 20594. 

3. G. W. Stockton, K.  G. Johnson, K.  W. Butler, 30 June 1982; revised 21 September 1982 

Trypsin Inhibition by Mouse Serum: Sexual 

Dimorphism Controlled by Testosterone 

Abstract. The trypsin inhibiting activity in the serum of male mice is substantially 
greater than that in females. In $ve strains of mice and two large groups of 
interstrain hybrids this difference ranged from 14 (in ICR mice) to 55 percent (in DBA 
mice). Castration of males significantly decreased the serum trypsin inhibiting 
activity, whereas the administration of testosterone restored the activity to its 
original level. Administration of testosterone to female mice increased the activity to 
a level similar to that in males of the same strain. Because almost all the change in 
inhibiting activity occurred in the electrophoretic a-1 region, a-1-antitiypsin is 
probably responsible for this effect.  

Several protease inhibitors occur in 
mammalian serums (1) .  One inhibitor in 
human serum, known as a-1-antitrypsin 
(or a-1-protease inhibitor), is responsible 
for approximately 90 percent of the tryp- 
sin inhibitory activity of the serum (2). 

A homologous protein has been identi- 
fied in mouse serum (3). Differences in 
the trypsin inhibiting activity of serums 
from inbred strains of mice have been 
observed (4), although the magnitude of 
these differences has probably been 
overestimated (5). Higher trypsin inhibit- 
ing activity in males than in females has 
been reported (4), but detailed measure- 

ments on large groups of animals have 
not been made. In this report, we dem- 
onstrate that the trypsin inhibiting activi- 
ty in the serum of male mice is substan- 
tially higher than that in the serum of 
females. We also show that androgens 
are a major determinant for the higher 
trypsin inhibiting activity in males. 

To  measure the trypsin inhibition of 
many individual samples we developed a 
semiautomatic quantitative method (6) 
that allows measurements of 50 to 100 
samples per day. All strains of mice (7) 
showed a significant male-female differ- 
ence in trypsin inhibiting activity, rang- 
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