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1. Introduction

In the important field of organization and functio-
nal properties of biological membranes, adsorbed
proteins on monolayers of phospholipids are useful
model systems for characterizing lipid—protein inter-
actions [1—3]. In such supports, the existence of
diffusion limitations can be approached and enzyme
kinetics could be followed at the interface [4].

Recent developments in enzyme technology [5,6]
make possible a study of the interaction between dif-
fusion and enzyme reaction within a well-defined
context, but little attention was paid to the effect of
hydrophilic—hydrophobic micro-environment. Intro-
duction of phospholipids in the matrix can constitute
a new approach showing the influence of lipidic micro-
environment on the enzyme activity. In the present
paper we tend to compare catalytic properties of
lactate dehydrogenase in solution, immobilized in an
albumin membrane and immobilized in a phospha-
tidyl serine—albumin membrane. Lactate dehydro-
genase was chosen for this investigation since it has
long been the subject of extensive kinetic data in free
[7] and immobilized form [8—10].

2. Materials and methods

Lactate dehydrogenase (Type XII) from rabbit
muscle was purchased from Sigma, Phosphatidyl L-
serine (bovine brain) was obtained from Koch Light
Laboratories and human serum albumin was obtained
from CRTS (Lille).

Liposomes were prepared by ultrasonic micro-
dispersion (Branson B, at 30 W during 90 min) of
phospholipid in phosphate buffer 0.02 M, pH 6.8.
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Membranes with or without liposomes were
produced by a previously described method [6—11].
A solution containing human serum albumin (40
mg.ml~!) phosphatidy] serine (20 mg.ml~") glutaral-
dehyde (2 mg.ml™") lactate dehydrogenase (0.2
mg.ml™') and NADH (1 mg.ml™") in 0.02 M phos-
phate buffer, pH 6.8, was spread on a plane glass
surface. After polymerization total insolubilization
occurred, and a 50 um thick membrane was produced.

Lactate dehydrogenase (E.C.1.1.1.27) was assayed
at 30°C in 0.05 M phosphate buffer, pH 7.5, contain-
ing 1 mM pyruvic acid and 0.5 mM NADH. The
activity was measured by the optical density variations
at 340 nm continuously recorded through a Beckman
DBT Spectrophotometer.

Experimental device used for measuring fluxes
has already been described [11]. NADH fluxes are
continuously recorded at 340 nm. For electron micro-
scopy, liposomes were negatively stained with
Potassium Phosphotungstate (1%) pH 7.2. Ultra-thin
sections of membranes were obtained using a previous-
ly described method [12]. All the observations were
made with a Jeol 100 C electron microscope.

3. Results and discussion

3.1. Electron microscope examinations
Ultrastructural organization of sonicated phospha-
tidyl serine was controlled before their incorporation
in albumin membranes. Figure 1a corresponds to a
negatively stained preparation showing numerous
spherules with homogeneous size. After 5 min sonica-
tion a small proportion of the material is present as
1000 A diameter vesicles, but prolonged sonication
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Fig.1. (a) Negative-stain electron microscopy of phosphatidyl
serine liposomes observed after 90 min sonication. Samples
were prepared as described in Materials and methods. (b)
Phosphatidyl serine—albumin membrane ultra-thin section
stained with uranyl acetate and lead citrate. Arrows indicate
lamellar and multilamellar structures.

(1.5 h) results in a much higher proportions of this
material and 300 A diameter globules. The mechani-
cal properties of artificial membranes are better when
realized with liposomes of 200—500 A diameter. On
fig.1b the thin section micrograph shows lameilar and
multilamellar organization of a phosphatidyl serine—
albumin membrane. Hydrophobic interactions between
phospholipid and serum albumin [13,14] can explain
such structures. However unsticking appearance is
probably due to ethanol dehydration during the speci-
men treatment, measurement of fluxes giving evidence
for the absence of holes in such membranes.

3.2. Lactate dehydrogenase (LDH) properties
3.2.1. Stability of LDH activity

Figure 2 shows as previously described [6], that
insolubilization stabilizes the enzyme activity. How-
ever the crosslinked LDH in a phosphatidyl serine—
albumin membrane is better protected against
denaturation than in a classical proteic membrane. In
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Fig.2. Effect of the insolubilization of lactate dehydrogenase
on the stability of the enzyme as a function of time.

Between experiments, samples were stored at 4°C, membranes
being kept in distilled water and native enzyme in 0.05 M
phosphate buffer, pH 7.5. LDH in phosphatidy] serine—
albumin membrane (e—e), LDH in albumin membrane (o—o),
native LDH (a—2),

both cases no leakage of enzyme has been observed.
The activity measured after binding per mg of LDH
compared to initial activity in the bulk solution per
mg of LDH can be relatively low, but this yield may
increase to 12% (with phosphatidyl serine) or 5%
(without phosphatidyl serine) by introduction, before
immobilization, of NADH as protector [15]. The
protection to inhibition after immobilization was
already described [11].

3.2.2. pH activity behaviour

The data presented in fig.3 for pyruvate— lactate
reaction shows a broadening of the curve in the case
of immobilized enzyme. LDH in a membrane, with
or without liposomes, is less sensitive to the effect of
pH variations than in the bulk solution. For basic
pH it seems that the protection is higher with phos-
phatidyl serine. All the results were obtained with
immobilization at pH 6.8. Negligible shift in the pH
activity curve is reported in this case.

3.2.3. Determination of K,

To assess the effect of insolubilization on the LDH
behavior X’ m values were determined, the results are
summarized in table 1. Due to co-crosslinking reaction
during immobilization and diffusion limitations during
enzymatic reaction, Michaelis constants determined
for immobilized enzymes are necessarily only apparent
constants (K',,). For pyruvate, the K',,, of immobiliz-
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Fig.3 Effect of variation of pH on LDH activity. Results are
given for LDH in phosphatidyl serine—albumin membrane
(e—e), LDH in albumin membrane (0—o), free LDH (a—2).

ed LDH is slightly smaller than the K, of native water-
soluble enzyme. Such results were already observed by
Levi [10] with a Sepharose-bound muscle LDH. On
the other hand, for NADH, there is an increasing of
K’ values in the case of membrane kinetics (fig-4).
This kind of variation has been observed with or
without phosphatidyl serine liposomes inside the
membrane, suggesting that the apparent change in
catalytic properties of immobilized LDH does not
depend entirely on the nature of the matrix. For
NADH, the increasing of K, is higher in the case of

Fig.4. Activity of LDH as a function of NADH concentrations
(with pyruvate 1 mM). Plot of 1/V versus 1/(NADH) for
determination of Vm and apparent K m (see table 1). LDH

in phosphatidyl serine—albumin membrane (e—e), LDH in
albumin membrane (0—0), native LDH (2-2),

phosphatidyl serine membrane, may be due to
diffusion limitations.

3.2.4. Determination of true K, values of the
insolubilized LDH

As already described [16] it was possible using a
diffusion reaction system to measure experimentally
the true value of K, . This value characterizes the
reaction kinetics without the diffusion terms. It is
expected to be similar to that of the soluble enzyme.
Equation (1) which was established in [16] links

Table 1
'y m Pyruvate K, Pyruvate X m NADH K m NADH Maximum activity
(0.5 mM NADH) (1 mM Pyruvate) (M NADH min.™?
mg™)
Native LDH 4X10*M - 25X 10 M ~ 5000
Matrix-bound LDH
with phosphatidyl
serine 1.6 X 10* M not measured 8 X 107*M ~2 X10°M® ~ 600
Matrix-bound LDH
without phosphatidyl
serine 1.2X 107* M not measured 2.5 X 10* M ~2 X10*M% ~ 250

2see text § 3.2.4.
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Fig.5. Continuously recorded optical density of NADH of
donor and receptor compartments of a diffusion cell as a
function of time for a phosphatidyl serine—albumin
membrane bearing LDH ( ), in presence of pyruvate.
Simple diffusion, without enzyme activity is indicated (- - - - - ).

the true K, value of the bound enzyme to measur-
able parameters

J} —J2 =K,E, D*

S +K,,

[(S1 — S2) — Ky, log 5 K.

] (.

With J, and J,, ingoing and outgoing fluxes of
substrate (S). K,E,, enzyme activity. D¥*, mean
effective diffusion coefficient.

An experimental illustration is given on fig.5 for
NADH diffusion in a phosphatidyl serine—albumin
membrane. By such measurements true K, values
have been calculated and are given on table 1. The
affinity of LDH for NADH remains therefore un-
changed after immobilization with or without lipo-
somes.

4. Conclusion

Mechanical properties and LDH activity are better
for phosphatidyl serine—albumin membranes than
those described for phosphatidyl inositol—cyfo-
chrome ¢ membrane bearing LDH [17]. We have
shown that when LDH is immobilized in presence of
its cofactor and phosphatidyl serine liposomes, the
enzyme is highly stabilized. Use of such membranes
as electrochemical sensors could offer some advantages
from the stability point of view, for continuous
regeneration of cofactors [15].
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Our results are in good agreement with the fact
that enzyme liposomes have a very high degree of
stability [18]. This paper deals also with the modula-
tion of an enzymatic activity due to the introduction
of phospholipids. Interaction studies of lipids and
some mitochondrial-NAD linked dehydrogenases
have been described [18—22] for explaining effects
of lipids should be extensively tested with our matrix
and histochemical methods can be applied [12] for
the localization of enzyme activity.

Acknowledgements

We should like to thank Dr D. Thomas for many
helpful and stimulating discussions relating to this
work. We gratefully acknowledge the excellent
technical assistance of Mrs M. Velut (S.A.P.C.) in
electron microscopic studies.

References

[1] Khaiat, A. and Miller, L. R. (1969) Biochim. Biophys.
Acta 183, 309-319.

[2] Quinn, P. J. and Dawson, R. M. C. (1970) Biochem. J.
116, 671-680.

[3] Wooster, M. S. and Wrigglesworth, J. M. (1976)
Biochem. J. 153, 93—-100.

[4] Frombherz, P. and Marcheva, D. (1975) FEBS Lett. 49,
329-333.

[5] Mosbach, K. (1976) FEBS Lett. 62 supp., E. 80-95.

[6] Thomas, D. and Broun, G. (1976) in: Methods in
Enzymology, Immobilized Enzymes (Mosbach, K. ed)
No. 44, Academic Press, New York, in press.

[7] Holbrook, J. J., Liljas, A., Steindel, S. J. and Rossman,
M. G. (1975) in: The Enzymes XI (Boyer, P. D. ed)
pp- 191-292. Academic Press, New York.

[8] Wilson, R. J. H., Kay, G. and Lilly, M. D. (1968)
Biochem. J. 108, 845—853.

[9] Dixon, J. E., Stolzenbach, F. E., Berenson, J. A. and
Kaplan, N. O. (1973) Biochem. Biophys. Res. Commun.
52,905-912.

[10] Levi, A. S. (1975) Archiv. Biochem. Biophys. 168,
115-121.

[11] Thomas, D., Bourdillon, C., Broun, G. and Kernevez,
J. P. (1974) Biochemistry 13, 2995—3000.

{12} Barbotin, J. N. and Thomas, D. (1974) J. Histochem.
Cytochem. 22, 1048-1059.

[13] Ashbrook, J. D., Spector, A. A., Santos, E. C. and
Fletcher, J. E. (1975) J. Biol. Chem. 250, 2333-2338.



Volume 72, number 1 FEBS LETTERS December 1976

[14] Jonas, A. (1975) Biochem. Biophys. Res. Commun. 64,
1003-1008.

[15] Legoy, M. D. and Thomas, D. (1976) in: Enzyme
Engineering (Pye K. ed) Vol II, Plenum press, in press.

[16] Thomas, D., Broun, G. and Selegny, E. (1972)
Biochimie 54, 229-244.

[17] Barbotin, J. N. (1976) in: ‘Analysis and regulation of
immobilized enzy me systems’ (Thomas, D. and

Kernevez, J. P. ed) pp. 8199, North Holland, Amsterdam.

[18] Grover, A. K., Slotboom, A. J., De Haas, G. H. and
Hammes, G. G. (1975) J. Biol. Chem. 250, 31-38.

[19] Julliard, J. H. and Gautheron, D. C. (1972) FEBS
Lett. 25, 343-345.

[20] Dodd, G. H. (1973) Eur. J. Biochem. 33, 418-427.

[21] Rogers, M. J. and Strittmatter, P. (1975) J. Biol. Chem.
250, 5713-5718.

[22] Levy, M., Joncourt, M. and Thiessard, J. (1976)
Biochim. Biophys. Acta 424, 57-65.

97



