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NAD-linked r-glycerol-3-phosphate dehydrogenase binds to phosphatidylcholine liposomes as shown by the
changes in the properties of both the enzyme and the membrane. The surface potential and the fluidity of the
liposome membrane (monitored at the Sth C atom depth) change due to the presence of the enzyme, whereas
the enzyme is activated by the liposomes. These findings suggest the occurrence of peripheral protein-lipid

interactions.

Introduction

NAD-linked L-glycerol-3-phosphate dehydro-
genase (L-glycerol-3-phosphate : NAD oxidore-
ductase, EC 1.1.1.8) is present in the particle-free
fraction of the tissues [1]. There are experimental
results suggesting the presence of a hydrophobic
area or pocket on the surface of the enzyme. It has
been shown that detergents, below their critical
micelle concentration, strongly influence the activ-
ity of the purified enzyme [2]. Various fatty acids
also interact with the enzyme purified either from
liver or from muscle [3].

In order to find out whether this hydrophobic
area enables the enzyme to bind to membranes we
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Abbreviations: ANS, 8-anilino-1-naphthalene-sulphonate;
DHAP, dihydroxyacetone phosphate; DMPC, dimyristoyl-
phosphatidylcholine; 14-PASL, B-14(4,4-dimethyl-3-oxazolid-
inyl-N-oxy)-stearoyl-y-acetyl-a-phosphatidic acid; 5-SASL and
16-SASL, stearic acid spin labels with 4,4-dimethyl-3-oxa-
zolidinyl (doxyl) groups attached to the C-5 and C-16 atom,
respectively; 14-PCSL, phosphatidylcholine with doxyl group
on C-14.

have studied the interaction of rabbit muscle 1L-
glycerol-3-phosphate dehydrogenase with lipo-
somes by using the ESR technique and fluores-
cence measurements to monitor the structural fea-
tures of the membrane, and by measuring the
activity of the enzyme.

Materials and Methods

Materials

Egg yolk phosphatidylcholine was purified
according to the method of Wells and Hanakan
[4]. Cardiolipin from bovine heart and DMPC
were from Serva (F.R.G.), cholesterol from Reanal
(Hungary). C-5 and C-16 positional isomers of
spin-labelled stearic acid (5-SASL and 16-SASL)
as well as 14-PCSL and 14-PASL were from Syva
(Palo Alto, U.S.A)).

Rabbit muscle L-glycerol-3-phosphate dehydro-
genase was prepared according to Telegdi {5] and
was stored in crystal suspension. Ammonium
sulphate was removed by gel filtration before the
experiments. The following values were used in the
calculations: molecular weight 78 000 [6]; absorp-

tion coefficient at 280 nm E| 5 ., = 1.00 [5].
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Methods

Enzyme activity measurements. Forward reac-
tion (NADH oxidation) was measured in 100 mM
Tris-HCI buffer (pH 7.5); reaction mixture: 10~ *
M NADH, 10™* M DHAP and (1-3)-107% M
enzyme. Reverse reaction was measured in 100
mM glycine-NaOH buffer (pH 10.0). Reaction
mixture: 107> M NAD, 107° M bpL-glycerol 3-
phosphate, (1-5)-10~® M enzyme. Specific activi-
ties of the different preparations (forward reac-
tion) ranged between 70 and 100 mol NADH /mol
enzyme per s.

Liposome preparation. Lipids, and 10 pg/mg of
lipid spin probes in the case of spin-labelling
measurements were dissolved in chloroform and
then evaporated to dryness under nitrogen atmo-
sphere in wide bore sonication tubes. After ad-
dition of 100 mM Tris-HCl buffer (pH 7.5), the
dry lipid film was hydrated with brief ultrasound
irradiation (2 min) so that finally a 20 mg/ml
suspension of liposomes was obtained.

Fluorescence measurements. 8-Anilino-1-naph-
thalene sulphonate (ANS, Serva product) was dis-
solved in 100 mM Tris-HCI buffer (pH 7.5), at 5,
1, 0.5 and 0.25 mM concentrations. To each 3 ml
of liposome suspensions 5-pl aliquots of these dye
stock solutions were added and fluorescence inten-
sities were measured with an Opton PMQ II
spectrofluorimeter using 365 nm excitation and
460 nm detection. In all experiments liposome,
enzyme and dye concentrations were kept suffi-
ciently low (absorbance <0.1) to ensure that
neither light scattering nor concentration quench-
ing affected the detection at 460 nm. Under such
conditions always a linear relationship was ob-
served in the double-reciprocal plot of fluores-
cence intensity vs. dye concentration. The dissocia-
tion constant was evaluated from the slope of the
straight line. The surface potential change (Ay,)
caused by the enzyme relative to pure lipid lipo-
somes is given by the formula [7],

RT Ky
Ay, = oF ln( K[,)

where R, F, z and T have their usual meanings,
K, and K| are the dissociation constants of the
membrane-dye complex under the two different
experimental conditions.

Spin-labelling ESR measurements. ESR spectra
were recorded on a Jeol Jes-PE-1X X-band spec-
trometer using 100 kHz modulation technique.
The liposome suspension (in the presence or ab-
sence of the enzyme) was filled into the micro flat
cell (Scanlon, U.S.A.) and thermostatically con-
trolled in a quartz gas transfer line system; sample
temperature was independently measured with a
copper-constantan thermocouple immersed into
the upper portion of the sample solution. Orienta-
tional order parameter (S,,) was calculated from
the splitting of the outer (24,) and the inner
(approx. 24 | ) extrema after allowing for the ap-
parent shift of the inner features as described in
Ref. 8.

S = A, -4,
TA, (A, +4,,)/2
where 4,,, 4, and A, denote the single crystal

principal values of the hyperfine tensor.

Results and Discussion

The dependence of enzymatic activity of the
forward (NADH oxidation) and the reverse (NAD
reduction) reactions of L-glycerol-3-phosphate de-
hydrogenase as a function of lipid concentration is
shown in Fig. 1. Both curves display an initial rise,
which is particularly pronounced in the case of the
forward reaction, and reach a plateau region. This
lipid dependence is similar to that observed for
various membrane proteins (for review, see Ref. 9).
The saturating lipid-to-protein ratio at the onset of
the plateau region is approx. 2000 in our case. The
activity increase upon addition of phosphati-
dylcholine was compared with the increase ob-
served upon addition of a cardiolipin/phospha-
tidylcholine 1: 2 mixture (not shown). The lack of
any significant difference indicates that there is no
selectivity between these two lipids.

The above results are consistent with two alter-
native structural models of enzyme-lipid / detergent
interaction. Firstly, the hydrophobic region of 1L-
glycerol-3-phosphate dehydrogenase can. effi-
ciently be sequestered from water by lipid micelles
which are formed during protein-membrane colli-
sions; this model is essentially similar to detergent
solubilization invoked for the explanation of en-
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Fig. 1. Effect of phosphatidylcholine liposomes on the specific
activity of cytoplasmic L-glycerol-3-phosphate dehydrogenase.
X X, forward reaction, measured at pH 7.5;
O O, reverse reaction, measured at pH 10.0. Experi-
mental conditions were as described in Materials and Methods.

zyme activation/inhibition in the presence of vari-
ous detergents [2]. Alternatively, the adsorption of
L-glycerol-3-phosphate dehydrogenase to lipid bi-
layers should be regarded as an interaction of a
peripheral membrane protein with its hydrophobic
region anchored at the membrane/ water interface
[10]). The latter model is applicable to several pro-
teins {11-13]. Here we present two lines of experi-
mental evidence for L-glycerol-3-phosphate dehy-
drogenase membrane interaction which are con-
sistent with this latter model. .

The ESR spectra of freely diffusible fatty acid
and phosphatidylcholine spin-probe positional iso-
mers provide a wealth of information on the struc-
ture and dynamics of these probes in lipid bilayers
[14]. Two different positional isomers were applied
to obtain information about the membrane at
different depths. Stearic acid and phosphati-
dylcholine labelled at the fifth C atom monitor the
structural features near the surface, at the 5th C
atom depth. Stearic acid with label at the 16th C
atom (16-SASL), as well as the C-14 positional
isomers of labelled phosphatidylcholine and phos-
phatidic acid, on the other hand, monitor struct-
ural changes deep in the lipid phase.

The ESR spectra of the C-16 positional isomer
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in egg phosphatidylcholine liposomes in the pres-
ence or absence of L-glycerol-3-phosphate dehy-
drogenase are shown in Figs. 2A and B. In both
cases motionally narrowed spectra were obtained
and no measurable fraction of the spin-labelled
stearic acid was immobilized. The characteristics
of the spectra of the C-14 positional isomers of
labelled phosphatidylcholine (14-PCSL) and phos-
phatidic acid (14-PASL) were the same. These
observations rule out the possibility that during
enzyme-membrane encounters a significant amount
of lipids was removed from the membrane and
bound to the enzyme, as in the case of albumin
[15}, serum lipoproteins [16], and lipid exchange
proteins [17]. It should be noted, however, that
this result is consistent with the protein adsorption
model since the motional properties of methyl
terminals are practically uncoupled from any in-
terfacial motional restrictions because of the flexi-
ble nature of the acyl chain.

At the 5th C atom depth, on the other hand, the
spin probes display spectral anisotropy and, thus,
the effects of motional restriction are more dif-
ficult to resolve [14]. Best resolution can be ex-
pected at higher temperatures because the aniso-
tropic pure lipid spectrum usually displays sharper
temperature dependence than the immobilized
spectrum component. However, no second spectral
component could be found (Figs. 2C and D) even
at 40°C; the observed spectral changes were
quantitated with the apparent order parameter
(S72PP) as shown in Fig. 3. Clearly, at any tempera-
ture between 10 and 40°C the apparent order
parameter both in pure phosphatidylcholine and
in DMPC was larger when L-glycerol-3-phosphate
dehydrogenase was added (Fig. 3). We can thus
concluded that the presence of L-glycerol-3-phos-
phate dehydrogenase results in an increased
molecular ordering which is approximately equiv-
alent with a temperature change of 3 Cdeg. These
results can tentatively be explained by lipid con-
densation brought about by altered lipid/lipid
and lipid / protein electrostatic interactions.

The possible effect of L-glycerol-3-phosphate
dehydrogenase adsorption on membrane electro-
statics was further investigated by following the
partitioning of the anionic amphiphilic dye ANS.
The dissociation constant of ANS egg phosphati-
dylcholine liposome complex was determined from
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Fig. 2. Spectra of 16-SASL and 5-SASL in
phosphatidylcholine liposomes in the pres-
ence and absence of cytoplasmic L-glycerol-
3-phosphate dehydrogenase. Curve A, 16-
SASL in phosphatidylcholine liposomes;
Curve B, 16-SASL in phosphatidylcholine
liposomes in the presence of L-glycerol-3-
phosphate dehydrogenase; Curve C, 5-SASL
in phosphatidylcholine liposomes, Curve D,
5-SASL in phosphatidyicholine liposomes in
the presence of L-glycerol-3-phosphate dehy-
drogenase. Lipid concentration, 12 mg/ml;
L-glycerol-3-phosphate dehydrogenase con-
centration, 3.3-107% M; temperature, 30°C.

Fig. 3. Effect of cytoplasmic L-glycerol-3-
phosphate dehydrogenase on the order
parameter of liposome membranes, with 5-
SASL as spin label. (A) Phosphatidylcholine
liposomes (®), and phosphatidylcholine lipo-
somes in the presence of L-glycerol-3-phos-
phate dehydrogenase (). (B) Dimyristoyl-
phosphatidylcholine liposomes (®), and the
same liposomes in the presence of L-glycerol-
3-phosphate dehydrogenase ( X). Concentra-
tions were as in the experiment shown in Fig.
2.
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£ 510 phosphate dehydrogenase on the binding of
LEL: ANS to phosphatidylcholine liposomes. Titra-
- tion of egg yolk phosphatidylcholine lipo-
somes (0.5 mg/ml) with ANS (@ o).
, . Titration of the same liposomes in the pres-
Kd=13-10"M ence of 6:1077 M enzyme (X X).
% Titration of 6-1077 M L-glycerol-3-phos-
1:105 2:105 3_'105 phate dehydrogenase with ANS under identi-
Kg= 2441075 M cal conditions gave signal intensities less than
1/1aNS], M 3% of those shown in the figure.
the titration diagram shown in Fig. 4 according to Acknowledgements

the method of Haynes [7]. As seen from Fig. 4, in
the presence of L-glycerol-3-phosphate dehydro-
genase the dissociation constant is lowered by a
factor of almost 2 as compared to the pure phos-
phatidylcholine control. From this effect the
change in surface charge can be calculated as
described in Methods and Ay, = +10+5 mV is
obtained (this interpretation implies that the en-
zyme does not bind ANS; this assumption was
checked and found to be valid by comparing the
ANS-fluorescent intensity in buffer and L-
glycerol-3-phosphate dehydrogenase solution). The
increasing surface charge density is again con-
sistent with the peripheral protein/membrane in-
teraction, i.e. that L-glycerol-3-phosphate dehydro-
genase, while adsorbed to the membrane/water
interface, can effectively screen lipid headgroup
charges altering thereby the net surface potential.

As for the possible physiological significance of
these findings we suggest that L-glycerol-3-phos-
phate dehydrogenase, a cytoplasmic enzyme, might
attach to membrane(s) in vivo under special
metabolic conditions, and this dual localization
can play a role in the control of its activity. In
preliminary experiments the addition of non-re-
spiring rabbit liver or muscle mitochondria, the
likely target membrane for L-glycerol-3-phosphate
dehydrogenase adsorption, resulted in an in-
creased enzymatic activity.

The authors express their thanks to Professor T.
Keleti for his continuous interest and helpful dis-
cussions.
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