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Abstract The effect of various lipids on the enzymatic activity of pig 
heart mitochondrial malate dehydrogenase monomolecular films was 
studied using the subphase exchange technique described previously. 
Surface pressure-surface area ( F A )  curves of mixed films of the enzyme 
with dipalmitoyllecithin, egg lecithin, cholesterol, and phospholipids 
extracted from pig hearts showed that the enzyme interacted with all of 
the lipids and that the enzyme remained in the film at pressures well 
above the collapse pressure of malate dehydrogenase in the absence of 
lipid. The surface enzyme activity was dependent on surface pressure 
for each lipid; in all cases, the lipids greatly broadened the range of surface 
pressures where surface enzyme activity was observed. The K-A and 
enzyme activity data showed good correlation. Although the simple model 
system employed does not simulate the complexity of the biological 
membrane, it gives some evidence for the role of lipids in the stability of 
membrane-bound enzymes. 
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The importance of lipids for the integrity and function 
of biomembranes is firmly established. New attempts are 
being made to ascertain more accurately the contribution 
of lipids to the properties of biological interfaces. Since 
cellular proteins are mainly situated at interfaces, the as- 
sociation among proteins and lipids at  these interfaces is 
important to understand (1,2).  

Some lipids appear to be crucial for specialized pro- 
cesses, such as enzyme association that affects the orien- 
tation and, in turn, the activity of enzyme molecules. 
Several enzymes associated with membranes and enzy- 
matic reactions at  the biological interface are important, 
and it is of interest to study the catalytic activity of 
membrane-bound enzymes and complexes of these en- 
zymes with lipids at an interface. 

BACKGROUND 

Membrane-bound enzymes are believed to interact with membrane 
lipids, and these interactions may affect the enzyme activity. A lipid re- 
quirement for the catalytic activity of a number of enzymes, e.g., some 
dehydrogenases, was observed (3,4). Enzyme activity was lost or reduced 
when the lipid was removed from the enzyme system. Either stimulation 
or reactivation by lipids of several enzymes was reported (5-ll), and the 
lipid requirement usually exhibited some specificity (3,4,12). Both lipid 
specificity and lipid concentration apparently are involved in the activity 
of lipid-requiring enzymes. To perform its enzymatic function, an enzyme 
also must possess the correct conformation. 

Film studies a t  an air-water interface of enzymes and enzyme-lipid 
complexes can investigate the behavior of membrane-bound enzymes. 
The principal inducement to the study of such systems is their close 
analogy to the membrane of normal cells. Therefore, they have been in- 
vestigated as working models for cell membranes from the point of view 
of both membrane structure and function (13). 

Previously (14), a technique for studying the catalytic activity of en- 
zymes spread as a film at an air-water interface by exchanging the sub- 
phase under the film to remove unspread enzyme molecules was reported. 

In these studies, pig heart mitochondrial malate dehydrogenase, a vital 
member of the tricarboxylic acid cycle, was used. Mitochondrial malate 
dehydrogenase was chosen as a model because it is a membrane-bound 
enzyme that forms stable monolayers at  the air-water interface and offers 
a convenient assay for catalytic activity. Heart muscle has been used as 
the primary source for the isolation and purification of this enzyme 
(15). 

Mitochondrial malate dehydrogenase is very unstable in aqueous so- 
lutions, and this instability has been ascribed to the removal of the en- 
zyme by severe extraction procedures from its bound states, which 
suggests that  the enzyme is firmly bound in the mitochondrion. Phos- 
pholipids constitute about 20% of the total weight of the mitochondrion 
and are present in particulate fractions isolated from pig heart mito- 
chondria (16). 

Whole heart micelles, mitochondrial lipids, and fatty acids reportedly 
increase the stability of the malate dehydrogenase. An increase in activity 
and stability of this enzyme was reported in the presence of mitochondrial 
lipids and a series of saturated and unsaturated fatty acids (16). However, 
at high concentrations of cephalin or egg lecithin, the activity and stability 
of the enzyme decreased (17). It was reported that lysolecithin stabilized 
the enzyme, phosphatidylcholine and phosphatidylethanolamine did not 
significantly alter the enzyme activity, and cardiolipin and phosphati- 
dylserine strongly inhibited the enzyme (18). In all of the studies cited, 
enzyme activity was determined in the bulk phase. 

One study (19) reported that  the enzyme adsorbed onto lipid mono- 
layers from a subphase solution and that enzyme adsorption was greater 
in the case of negatively charged lipids as compared to neutral or posi- 
tively charged lipids. The catalytic activity of such complexes when re- 
moved from the surface was studied, and the surface enzyme activity was 
only a fraction of that in the bulk (19). 

The purpose of this phase of the study was to investigate both the film 
behavior and the catalytic activity of pig heart mitochondria1 malate 
dehydrogenase-lipid complexes a t  the air-water interface using both 
synthetic lipids and lipids of biological origin. An important aspect was 
to study enzyme activity with lipids a t  varying film pressures. This aspect 
is of interest because it allows a change in the conformations, orientations, 
and interactions of the enzyme molecules. 

EXPERIMENTAL 

Materials-Malate dehydrogenase' (porcine heart) was supplied as 
a suspension in 709/0 saturated ammonium sulfate solution. Oxalacetic 
acidZ and reduced nicotinamide adenine dinucleotide' (NADH), 90%, 
were used to measure enzyme activity. The lipids egg lecithin3, dipal- 
mitoyllecithin2, and cholesterol were chromatographically pure. The 
mixed pig heart phospholipids were extracted by a procedure outlined 
by Kates (20). 

The inorganic chemicals, all reagent grade, were checked for surface 
impurities. The water was first deionized by passing distilled water 
through a mixed resin bed of a demineralizer4 and then distilled twice 
from an all-glass still. All buffer solutions were passed through a column 
of activated charcoal. Organic solvents were spectrograde and were 
checked for surface impurities. 

Apparatus and Monolayer Methods-The apparatus and procedure 
for subphase exchange and for determining the n-A isotherms for protein 
monolayers spread a t  the air-water interface were described previously 
(1,14). In mixed films of malate dehydrogenase with lipids, the lipid was 
spread first; then, after 15 min, the protein was spread by the Trurnit (21) 
method. After another 25 min, compression of the mixed film was ini- 
tiated. For lipid films alone, compression was started 40 min after 

1 P. L. Biochemicals, Milwaukee, Wis. 
2 SchwardMann, Orangeburg, N.Y. 

Extracted in this laboratory. 
Bantam. 
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Figure 1-The r - A  curves of films spread on pH 7.4 phosphate buffer. 
Key: 0, 2.95 X mg of dipalmitoyllecithin; W ,  8.1 X low2 mg of 
malate dehydrogenase and 2.95 X mg of dipalmitoyllecithin mixed 
film; and Ir, 8.1 X mg of malate dehydrogenase. 

spreading. Hexane-ethanol(955 v/v) was the solvent used for spreading 
dipalmitoyllecithin, hexane was used for cholesterol and egg lecithin, and 
benzene-chloroform (97:3 v/v) was used for pig heart phospholipid ex- 
tract. 

The procedure for determining catalytic activity of the surface-spread 
enzyme was given previously (14). 

To determine the amount of enzyme adsorbed at  the air-water inter- 
face after subphase exchange, films were removed by negative pressure 
using a narrow glass tube and then analyzed for protein content by a 
modification of the Lowry (22) technique. 

RESULTS AND DISCUSSION 

r-A Behavior of Lipid-Enzyme Mixed Films-The T-A behavior 
of mixed monolayers of malate dehydrogenase with dipalmitoyllecithin 
(a saturated phospholipid), egg lecithin (an unsaturated phospholipid), 
cholesterol, and pig heart phospholipids (a phospholipid of the same 
source as that of the enzyme) was studied. In all cases, the films were 
stable and gave reproducible K-A curves. 

Penetration and possible interaction between lipids and proteins in 
monolayers can be detected by an increase in surface pressure if the area 
is kept constant or by an increase in area if the surface pressure is kept 
constant. In the presence of a previously spread lipid, the protein can 
penetrate the film in either a partially unfolded or completely unfolded 
state, depending on the available space. The protein applied would have 
its hydrocarbon tails out of the subphase, interacting with the side chains 
of the lipid, while its polar groups would anchor it to the surface. Thus, 
protein incorporation into the lipid monolayer indicates the existence 
of a hydrophobic site capable of association with hydrocarbon chains of 
the lipid. 

Hydrophobic associations of the protein with the phospholipid facil- 
itated by initial electrostatic binding were proposed (23). A similar 
binding-mediated penetration of cholesterol monolayers by proteins also 
was proposed (24). It was suggested (25) that the polar portions of the 
surfactant molecule may interact with their counterparts in the protein 
film through permanent dipole attraction, dipole-induced dipole inter- 
action, and electrostatic attraction. The nature of this adsorption may 
disrupt hydrogen bonding, which partially stabilizes the tertiary protein 
structure and makes the protein molecule more amenable to unfold- 
ing. 

Adsorption of pig heart mitochondrial malate dehydrogenase from an 
enzyme subphase solution onto lipid monolayers at high surface pressures 
was reported (19). 
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Figure 2-The r - A  curves of films spread on pH 7.4 phosphate buffer. 
Key: Ir, 3.2 X l op2  mg of egg lecithin; and 0, mixed film of 8.1 X 
mg of malate dehydrogenase and 3.2 X mg of egg lecithin. 

Figure 1 shows the +A plots of dipalmitoyllecithin, malate dehydro- 
genase, and dipalmitoyllecithin-malate dehydrogenase mixed films. In 
all cases, the subphase was exchanged. The dipalmitoyllecithin concen- 
tration was chosen so that the interaction of malate dehydrogenase could 
be studied at  low and high surface pressures of the mixed film. The sur- 
face pressure of the dipalmitoyllecithin film was about 2 dynes/cm prior 
to protein addition. 

Figure 1 shows that the mixed film was expanded at  all areas relative 
to the dipalmitoyllecithin film alone. The increase in surface pressure 
at  a given surface area is taken as a measure of interaction between the 
lipid monolayer and the protein. The degree of expansion, AT, of the 
mixed film decreased as the surface pressure increased, suggesting that 
some protein may be squeezed out of the mixed film or may move to a 
nonarea-determining position at  high r values. There is no crossover of 
the K-A plots of the mixed film and the dipalmitoyllecithin film, and film 
expansion persisted even beyond the point a t  which the protein film in 
the absence of lipid became unstable. An expansion of the mixed film over 
that of the lipid film at  r values below the collapse pressure of the protein 
can be due to simple adsorption of the protein at  the interface. However, 
if the expansion is observed at higher K values, it suggests penetration 
of some part of the protein into the hydrocarbon portion of the lipid 
monolayer (23). 

The decrease in A r  of the mixed film at  higher surface pressures 
suggests that there is no true complex formed. The resultant increase in 
the area of the dipalmitoyllecithin film after the application of the protein 
may involve protein penetration, as suggested previously (23,24,26,27), 
when the polar groups of the protein anchor to the polar head groups of 
the lipid and the hydrocarbon residues of the enzyme align themselves 
with the fatty acyl chains of the lipid through van der Waals forces. The 
possible partial removal of the enzyme at higher surface pressures can 
be accounted for by differences in chain lengths of the hydrophobic tails 
of the protein and the lipid. With equal chain lengths, stronger adhesion 
and less possibility of ejection of the protein molecules would be ex- 
pected. 

Figure 2 shows the r - A  plots of egg lecithin and a malate dehydroge- 
nase-egg lecithin mixed film. The molar ratio of lipid to protein was the 
same as for the dipalmitoyllecithin-enzyme mixed film. The mixed film 
of the protein and egg lecithin was expanded at all areas relative to the 
egg lecithin film. The value of A r  of the mixed film at higher K values 
decreased, as was the case with the dipalmitoyllecithin-malate dehy- 
drogenase mixed film (Fig. 1). Thus, protein penetration of the lipid film 
appears to be the interaction mechanism between egg lecithin and malate 
dehydrogenase. 

A comparison of Figs. 1 and 2 shows that the expansion of the lipid 
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Figure 3-The r - A  curves of films spread on pH 7.4 phosphate buffer. 
Key: .,1.55 X l o p 2  mg of cholesterol; and Sr, mixed film of 8.1 X 
mg of malate dehydrogenase and 1.55 X lov2 mg of cholesterol. 

films by malate dehydrogenase was greater for the egg lecithin film than 
for the dipalmitoyllecithin film. With the egg lecithin-enzyme mixed film, 
the expansion seemed to he greatest a t  intermediate ?r values. 

If the magnitude of expansion of the lipid film by the protein is taken 
as a criterion of the degree of interaction, these results suggest that malate 
dehydrogenase interacts more strongly with egg lecithin than dipalmi- 
toyllecithin. The fatty acyl chains of dipalmitoyllecithin are saturated 
(28), and the molecule of egg lecithin is of the 1-saturated 2-unsaturated 
type (29). Thus, there is a better packing of molecules in the monomo- 
lecular films of dipalmitoyllecithin as compared to egg lecithin, and the 
greater motional freedom of the acyl side chains of egg lecithin would be 
expected to result in a greater interaction between the hydrophobic side 
chains of the protein and the lipid. 

Figure 3 shows the r-A plots of cholesterol and a malate dehydroge- 
nase-cholesterol mixed film. The molar ratio of lipid to protein was the 
same as for the other lipids. The cholesterol film became highly expanded 
in the presence of malate dehydrogenase, from low ?r values to about 22 
dynedcm. After this point, an increase in the pressure produced a gradual 
decrease in the film area. However, beyond 32 dyneshm, the mixed film 
became very condensed but not superimposable with the pure cholesterol 
film. 

The large expansion shown suggests a strong interaction of cholesterol 
and malate dehydrogenase. Reduction of A r  of the mixed film at  higher 
r values in this case may also be due to the removal of a portion of the 
enzyme from an area-determining position to a nonarea-determining 
position or to a portion of the protein being squeezed out of the mixed 
film. 

Colacicco (30) also observed that cholesterol films can pull large 
quantities of protein into the monolayer. The surface density of anchored 
protein, as expressed by the AT values, is much larger with cholesterol 
than with the phospholipids studied. How cholesterol interacts with 
proteins is still quite unclear. Colacicco (30) suggested interspersion of 
cholesterol within the subunits of protein film. Van Deenen (31) dem- 
onstrated that the interaction of the hydrophobic part of the sterol 
molecule is of critical importance in protein-sterol interactions in mo- 
nolayers. The presence and orientation of the hydroxyl group in choles- 
terol also are important for this interaction (30,31). In mixed monolayers 
of cholesterol and protein, the hydroxyl group of the cholesterol can in- 
teract with the peptide bonds of proteins (32). 

Figure 4 shows the r-A plots*of films of the total phospholipid extract 
from the pig heart and the malate dehydrogenase-total phospholipid 
extract mixed films. On a weight basis, an amount of the total phospho- 
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Figure 4-The r-A curves of films on pH 7.4 phosphate buffer. Key: 
.,2.95 X mg of pig heart phospholipids; and A, mixed film of 8.1 
X mg of pig heart 
phospholipids. 

lipid extract spread was equivalent to the amount of dipalmitoyllecithin 
used in the studies of malate dehydrogenase-dipalmitoyllecithin mixed 
films. The total phospholipid extract from pig heart formed stable films 
which gave reproducible ?r-A curves. 

Figure 4 shows a large expansion of the total phospholipid extract film 
by malate dehydrogenase. A comparison of Figs. 1,2, and 4 shows that 
the expansion by malate dehydrogenase was greatest for the total phos- 
pholipid extract when compared with dipalmitoyllecithin and egg lecithin 
films. This result suggests a relatively strong interaction between the 
enzyme and the phospholipids from the same source as the enzyme and 
could be due to specific interactions between malate dehydrogenase and 
the phospholipids from the natural source. Penetration of the lipid film, 
rather than a complex formation between the enzyme and the lipid, seems 
to be occurring since the degree of expansion is reduced at  higher pres- 
sures. 

Catalytic Activity of Malate Dehydrogenase F i l m s T h e  catalytic 
activity of malate dehydrogenase films in the absence of lipids was pre- 
viously reported (14). 

Figure 5 shows the catalytic activity of the enzyme film in the absence 
of lipid and the catalytic activity of the enzyme film in the presence of 
dipalmitoyllecithin. The activity of the enzymedipalmitoyllecithin film 
remained relatively constant up to a surface pressure of about 11 
dynes/cm. Beyond 11 dynes/cm, catalytic activity decreased with in- 

mg of malate dehydrogenase and 2.95 X 
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Figure 5-Catalytic activity of malate dehydrogenase versus surface 
pressure plots. Key: 0, malate dehydrogenase film; and Sr, malate de- 
hydrogenase-dipalmitoyllecithin mixed film. 
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Figure 6-Catalytic activity of malate dehydrogenase versus surface 
pressure plots. Key: 0 ,  malate dehydrogenase film: and 6, malate de- 
hydrogenase-egg lecithin mixed film. 

creasing surface pressures. At  high surface pressures, the orientation and 
conformation of the enzyme-lipid complex must be changing in a way 
unfavorable for enzyme activity. 

Figure 5 shows a stabilizing effect of the lipid, particularly a t  low sur 
face pressures, where the enzyme activity was significantly increased over 
that of the enzyme film in the absence of lipid. The stabilizing effect was 
also apparent a t  higher surface pressures. At surface pressure values of 
16 and 18 dynes/cm, just about all of the surface enzyme activity was lost 
in malate dehydrogenase films in the absence of dipalmitoyllecithin. 
Therefore, the dipalmitoyllecithin not only increases the activity of the 
enzyme but also greatly broadens the pressure range where this activity 
occurs. 

Figure 6 shows the catalytic activity of'the enzyme film in the absence 
of lipid and the catalytic activity of the enzyme film in the presence of 
egg lecithin. In this mixed film, a dependence of enzyme activity on 
surface pressure was also observed. At intermediate surface pressures 
(9-14 dynedcm), catalytic activity remained relatively constant. Beyond 
16 dynedcm, catalytic activity decreased with increasing surface pressure. 
Egg lecithin also increased the enzyme activity of malate dehydrogenase 
and broadened the pressure range over which the enzyme activity was 
observed as compared to that of the enzyme in the absence of lipid. 

A comparison of Figs. 5 and 6 shows that the catalytic activities of the 
enzyme-dipalmitoyllecithin and the enzyme-egg lecithin films were 
within the same range of values between surface pressures of 11 and 16 
dynes/cm. However, the range of surface pressures over which the en- 
zymatic activity was observed was broader for egg lecithin than for di- 
palmitoyllecithin. With dipalmitoyllecithin, significant catalytic activity 
was observed up to a surface pressure of 18 dynes/cm. However, in en- 
zyme-egg lecithin films, catalytic activity was observed up to a surface 
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Figure 7-Catalytic activity of malate dehydrogenase versus surface 
pressure plots. Key: 0 ,  malate dehydrogenase film; and *, malate de- 
hydrogenase-cholesterol mixed film. 

I 

pressure of about 22 dynes/cm. Therefore, the interaction of the enzyme 
with the unsaturated phospholipid, egg lecithin, apparently is more fa- 
vorable for stabilization of the enzyme than the interaction with the 
saturated phospholipid, dipalmitoyllecithin. 

Moreover, the surface area expansion effect was greater with the egg 
lecithin-enzyme films than with the dipalmitoyllecithin-enzyme films 
(Figs. 1 and 2), indicating a greater interaction for the former. 

Figure 7 shows the catalytic activity of the enzyme film in the absence 
of lipid and the catalytic activity of the enzyme film in the presence of 
cholesterol. A comparison of Figs. 5 7  reveals that the maximum catalytic 
activity observed in any of these systems was with the cholesterol-malate 
dehydrogenase mixed film a t  low T values. The maximum activity in 
arbitrary units observed at any surface pressure was 4.08,3.5,3.2, and 
2.65 for films of enzyme-cholesterol, enzyme-dipalmitoyllecithin, en- 
zyme-egg lecithin, and enzyme alone, respectively. 

Figure 7 shows that catalytic activity of the enzyme-cholesterol film 
decreased with an increase in surface pressure. Initially, a gradual de- 
crease was observed, but there was a sharp decrease beyond 15 dynes/cm. 
Comparison with the enzyme activity in the absence of any lipid shows 
that cholesterol not only stabilized the enzyme film but increased max- 
imum surface enzyme activity significantly a t  ?r values up to 9 dynes/cm. 
Even at a surface pressure as high as 22 dyneshm, there was significant 
enzyme activity. A comparison of the surface catalytic activity of en- 
zyme-dipalmitoyllecithin, enzyme-egg lecithin, and enzyme-cholesterol 
films shows that the activity of the enzyme-cholesterol film was higher 
a t  low surface pressure values. The maximum area expansion by the 
enzyme was observed in the enzyme-cholesterol films. 

Figure 8 shows the catalytic activity of the enzyme film in the absence 
of lipid and the catalytic activity of the enzyme film in the presence of 
a pig heart phospholipid extract. The enzyme activity of the mixed film 
was higher at all surface pressures as compared to the film of malate 
dehydrogenase in the absence of lipids. Considerable enzyme activity was 
maintained even a t  pressure as high as 23 dynes/cm. The presence of 
phospholipid stabilized the enzyme and greatly broadened the surface 
pressure range over which activity was observed. 

A comparison of Figs. 5-7 shows that the activity of the pig heart total 
phospholipid extract-enzyme mixed film was lower a t  smaller surface 
pressure values and greater at higher surface pressure values compared 
to enzyme-dipalmitoyllecithin, enzyme-egg lecithin, and enzyme-cho- 
lesterol mixed films. These results show that the enzyme was stabilized 
to a greater extent a t  high surface pressure values by the pig heart 
phospholipid extract compared to the other lipids studied. This obser- 
vation is quite meaningful, since the surface pressure exerted by a living 
membrane is considered to be rather high (33). 

Table I-Amount of Protein at the Interface after Subphase 
Exchange 

Found, 
mg x 102 Film 

Malate dehydrogenase 2.4 
Malate dehydrogenase-cholesterol 2.2 
Malate dehydrogenase-dipalmitoyllecithin 2.0 
Malate dehydrogenase-egg lecithin 1.9 
Malate dehydrogenase-pig heart phospholipids 1.8 
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It has been suggested that the enzyme may have very specific re- 
quirements for optimal stabilization by a phospholipid and that these 
requirements would be expected to be met by the lipids from the same 
organ as the enzyme. The greater stabilization of the enzyme at  higher 
surface pressures by the pig heart phospholipid extracts compared to the 
other lipids studied possibly may result from specific physical interactions 
between the enzyme and lipid mixture a t  these higher pressures. An in- 
crease in the stability of the enzyme by pig heart lipid micelles also was 
observed in bulk studies (16). 

Amount of Protein Anchored after Subphase Exchange-The 
results of the protein content analysis for the various malate dehydro- 
genase films are shown in Table I. The amount of protein remaining at  
the surface after exchange ranged from 0.018 to 0.024 mg. The amount 
of protein applied initially to the surface was 0.081 mg. The maximum 
amount of protein remaining at  the interface after subphase exchange 
occurred with the malate dehydrogenase film in the absence of any lipid. 
All of the mixed films resulted in a slight reduction in the amount of en- 
zyme remaining at the surface. An obvious explanation for these effects 
is that protein cannot occupy the same areas of the interface occupied 
by the lipid molecules and that the area of the interface available to the 
protein is thereby decreased (34). 

Since the amount of protein remaining at the surface in different films 
studied falls within a narrow range, the differences in enzyme activity 
of the various enzyme films and the increase in enzyme activity in the 
presence of the lipids are not results of an increasing amount of enzyme 
held at  the surface but are due to changes in orientation of the enzyme 
molecules because of surface pressure changes and interaction with lip- 
ids. 

SUMMARY 

The results of this study show that the catalytic activity of the malate 
dehydrogenase films was dependent both on the lipid present and the 
surface pressure of the film. The activity of the enzyme was increased in 
the presence of all of the lipids studied. 

Although the simple model system does not simulate the complexity 
of the biological membrane, it gives some evidence of the lipid require- 
ment for catalytic activity and the role of lipids in the stability of mem- 
brane-bound enzymes. Lipids, vis-a-vis membrane-bond enzymes, can 
be looked upon as serving two functions. First, they restrict and localize 
the enzyme. Second, they serve a regulatory function, thereby controlling 
the degree of enzyme activity by changes in the state of compression of 
the membrane. 
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