Bure. J. Prant Paysior., 1997, 23(1-2), 3—11

UNSATURATED FATTY ACIDS INDUCED CHANGES
IN SURFACE CHARGE DENSITY AND LIGHT - SCATTERING
IN PEA THYLAKOIDS

Virjinia Doltchinkova*', Roumen Nikolov’

'Department of Biophysics and Radiobiology, Faculty of Biology, 8 Dragan Tzankov
Blvd, 1421 Sofia, Bulgaria

’Department of Mechanics and Device Engineering, Faculty of Mechanical Engineer-
ing, Technical University, 1756 Sofia, Bulgaria

Received 26 June 1997

Summary. Theinfluence of the unsaturated fatty acids (oleic, linoleic, lino-
lenic and arachidonic) on the el ectron-transport processesin thylakoid mem-
branes were investigated.

UFA caused an inhibition of the fast ion-exchange processes with photosyn-
thetically active light (2950 uE.m?.s1). A decrease in the dark relaxation
processes produced by UFA after switching off the light followed the same
order of effectiveness asthe dow ion-exchange processes (arachidonic acid >
linolenic acid > oleic acid > linoleic acid) and decreased the level of faity
acids unsaturation. A dark swelling of the stacked thylakoidsin the presence
of 2-55uM concentrations of UFA was observed.

The addition of UFA to thylakoids produced various surface charge density
and photoinduced scattering effects.
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Introduction

Numerous and extensive studies have been reported on the mechanism of the chemi-
cal treatment on the structure and function of thylakoid membranes.

Thylakoid membranes bear anet negative surface chargein the physiological pH
domain (Dilley and Rothstein, 1967). The corresponding negative electric surface
potential may be considered as an entity that controls the ionic compensation in dif-
fuse double layer adjacent to the membrane surface and thereby possessing intrinsic
metabolic and structural membrane properties, including the translocation of ions
(Gross and Prasher, 1974; Barber et al., 1977).

The light-scattering technique is a convenient tool for studying the characteris-
tics of biological particles. The method of light-scattering (L S) can be used asamean
for detecting conformational changes and characterizing the energized state of thethyl-
akoid membrane (Thorne et al., 1975; Yakovleva and Molotkovsky, 1982).

The associated conformational changes which take place in the membrane occure
asaresult of the protonation of the anionic groups and of osmotic shrinkage or swell-
ing of thylakoids. There exists a dependence, although not alinear one between the
increase of LS and the formation of the light-induced proton gradient. Moreover, the
changesin LS at 535 nm can be correlated with the cation transport at physiological
conditions (Krause, 1984). Coughlan and Schreiber (1984) conclude that the narrow
angle 90° scattering component isadirect reflection of the light induced proton pump-
ing across the membrane.

Theaim of the present investigation was to study the effects of some unsaturated
fatty acids on the surface charge density and light-scattering changesin peathylakoid
membranes.

Materials and Methods

The method proposed by Whatley and Arnon (1963) was used to isolate thylakoids
from 14-day-old pea seedlings (Pisum sativum L.) which had been grown in agreen-
house under sunlight. The isolation medium contained 67 mM phosphate buffer pH
7.80, 330 mM sorbitol and 5mM MgSO,.

The thylakoids were stored in liquid nitrogen by the method of Goldfeld et al.
(1978). Immediately prior to use the thylakoids were thawed and diluted with a buf-
fered medium 10mM Tricine (KOH), pH 7.80, 5mM MgSO, to a chlorophyll con-
centration of 6 ug.ml-2.

The dark swelling of thylakoids was estimated by the decrease in basal light-scat-
tering level at | =550 nm.

Photoinduced scattering kinetics of thylakoid membranes were evaluated by
measurement of the LSincrease at 90° (I =550 nm) with amodified spectrophotom-
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eter. The photo cell was protected with cut-off filters from actinic light (I >640nm)
with intensity 2950 uE.m2.s1.

The reaction medium used in the LS experiments contained 40 uM phenazine
methosulphate (PMS) as one of the most effective mediators of photosynthetic el ec-
tron transport processes.

The statistical programme was a modification of the |east-squares method (Dol-
tchinkovaet al., 1993).

Electrophoretic mobility studies were performed using an OPTON Cytophero-
meter (FRG) as described in Doltchinkova et al. (1993). The total ionic strength of
the suspending medium was p=0.0031 mol.dm'3. The surface charge density was es-
timated from EPM data according to Barber (1982).

Tricine was purchased from Fluka AG, Switzerland. MgSO, was obtained from
VEB Jenapharm-Laborchemie Apolda and phenazine methosul phate was obtained
from Serva (Germany).

Thefollowing list of unsaturated fatty acids— Sigma Chem.Co., USA wastested:

Oleic acid (9-octadecenoic), free acid;

Linoleic acid (9,12-octadecadienoic), free acid;

Linolenic acid (9,12,15-octadecatrienoic acid), free acid;

Arachidonic Acid (5,8,11,14-eicosatetraenoic acid), free acid dissolved in
ethanol as 0.1 mM stock solutions.

The experimentswere carried out at 20°C after 10 min incubation of thylakoids
with UFA added to the definite quantities of incubation medium and then diluted to
the final volume (2ml for LS and 20 ml for the EPM measurements).

Theviscosity of the different media, including the thylakoids, was evaluated by
measurement with a viscoelastometer (sample volume of 1 ml) constructed in the
Technical University (Bulgaria).

Results and Discussion

UFA can influence several structural parameters and photochemical functions of
chloroplast in vitro. It was experimentally verified that fatty acids modified the physi-
cochemical properties of the membrane, namely the osmotic propertiesin such away
that the thylakoid membranes swelled (Siegenthaler, 1973). Fatty acids damaged the
membrane integrity in such away that the subtle equilibrium between the factors con-
trolling the electron flow activity: proton pump (buffer capacity), DpH, pH; and pH,,
was disturbed (Siegenthal er and Depery, 1976).

The kinetic curves of photoinduced scattering of thylakoids after 20 min dark
adaptation consisted of two main phases: fast and slow with different signal ampli-
tude and characteristic time of enhancement (Doltchinkovaet al., 1993). Theinten-



6 V. Doltchinkova and R. Nikolov

sity of photoinduced scattering exponentially decreased after turning off the actinic
light, but not always reached theinitial state asin the presence of UFA in thylakoid
suspension. Latter, we used the term decay phase of LS describing the dark relaxa-
tion of the system.

Thedark scattering level at 90° represents the degree of stacking (Coughlan and
Schreiber, 1984). The changes in scattering intensity of thylakoids under illumina-
tion had been caused by changes in selective dispersion induced by conformational
changes of membrane components as aresult of protonation of intrathylakoid lume-
nal space (Thorneet al., 1975).
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Fig. 1. Electrophoretic mobility of thylakoid membranes suspended
in 10 mM Tricine (KOH) buffer, pH 7.80, 5 mM MgSO, treated
with oleic (a), linoleic (o), linolenic (@) and arachidonic (O) ac-
ids. Measurements were performed in the absence of PMS.
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The surface charge density changes upon UFA treatment of thylakoid membranes
were significantly less evident than the slow phase effects of LS. A 20% increasein
EPM was detected of thylakoidstreated with LnA and 15% — after OIA action (Fig.1).
The enhancement of negative charges at the membrane surface was due to incorpo-
ration of the fatty acids into the membrane (Vernotte et al., 1983). A 5% effect on
EPM was detected of thylakoidstreated with LIA (Fig. 1). The EPM effect decreased
only 10% post action of ArA. Similar dependences in the slopes of enhancement in
photoinduced scattering of thylakoid suspension in the presence of UFA were ob-
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Fig. 2. The percent changein the basal LS (B) and in the slow phases
of LS(A) asafunction of oleic (a), linoleic (o), linolenic (®) and ara-
chidonic (m) acids. The standard reaction mixture contained 10 mM
Tricine (KOH) buffer, pH 7.80, 5 mM MgSO,, 40 pM PM S and vari-
ous fatty acid concentrations.
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Fig. 3. The percent change in the decay phases of LS as a function of
oleic(a), linoleic (o), linolenic (®) and arachidonic (m) acids. The stan-
dard reaction mixture contained 10 mM Tricine (KOH) buffer, pH 7.80,
5mM MgSO,, 40 uM PMS and various fatty acid concentrations.

served. The slope of the fast phases of LS after LnA, OIA or ArA treatment was
strongly influenced (data not shown).

The slow phase of LS of thylakoids was altered much better even by the least
concentrations of UFA investigated (Fig. 2). Asknown the oleic acid’ s anion posses
the highest inhibitory activity (Ljadsky, 1987). OIA altered the slow phases of LS up
to -30% (Fig. 2).

Addition of LnA led to a small inhibition (up to 10%) of the secondary ionic-
exchange processes characterized by the slow phase of the kinetic curve but in that
case there was a concomitant slight decrease (up to 30 UM concentration range) and
increase (at 40-55uM LnA concentrations) in the basal LS level and in the EPM ef-
fect (Fig. 2, Fig. 1).

According to Vernotte et al. (1983) at alkaine pH an increase of negative charges
in the membrane had been due to incorporation into the membrane of linolenic acid.
We also detected 20% increase in EPM effect on thylakoids by LnA (Fig. 1)

As shown in Fig. 2 the slow phase increase induced by addition of 2uM LnA
was detected due to electrostatic effect of interaction in consequence of LnA-induced
conformational change.

Aninhibition of the processes concerning the relaxation and DpH dependent slow
phases of LS in accordance to reduction in surface charge density effects of ArA
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treated thylakoids was observed (Fig. 3, Fig. 2, Fig. 1). It could be explained by an
ArA damage of membrane integrity accompanied by slight inhibition of the primary
ionic-exchange processes (up to 29% decrease at all ArA concentrations used, Fig. 4).
ArA was the most effective in decreasing the decay phase of LS at ~15uM inhibi-
tory concentration (Fig. 3).

The abhility of freefatty acid to inhibit stacking was previously reported by Shaw
et al. (1976). UFA induced thylakoid swelling up to 17% in dark as shown by dark
LSlevel (Fig. 4).

Negligible effects of OIA on photoinduced fast phase and basal LS of stacked
thylakoids were detected (Fig. 4).

Upon OIA and LIA inhibitory alteration on the dow phase of LS only up to 50 uM
concentration range the similar dependencies were registered. There were well pro-
nounced differences in the course of the decay phase in the presence of OIA or LIA,
consequently (Fig. 3).

According to the fast phase of LS level, we concluded that LnA and LIA (55uM)
induced a great inhibition of the primary ion-exchange processes whereas post OlA
(5-55 uM) treatment practically no significant decrease of the fast phase of LS was
occurred (Fig. 4). In thylakoids, we observed that ArA (5-55uM) caused a detect-
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Fig. 4. The percent changein thefast phases of LS asafunction of oleic
(a), linaleic (o), linolenic (@) and arachidonic (m) acids. The stand-
ard reaction mixture contained 10 mM Tricine (KOH) buffer, pH 7.80,
5mM MgSO,, 40 uM PMS and various fatty acid concentrations.
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able decrease in fast phase changes up to 30% (Fig. 4). These observations, however,
open the possibility that the mechanism of ArA-indiced action on fast ion-exchange
processses might be analysed in relation to the structural differencesin UFA.

The DL S kinetics of thylakoid membranes in the presence or without distinct
concentrations of UFA were compared by statistical methods. Statistically significant
variations in decay phases of LS were observed only in relation of LnA to ArA.

Higher negative surface charge density was expected in stacked thylakoids treated
by OIA (s varied from -0.0046 to -0.0054 C.m?) and LIA (s varied from -0.0048 to
-0.0052 C.m™). No significant changesin surface charge density effect by LIA (s var-
ied from -0.0046 to -0.0048 C.m2) were produced. A slight reduction of the nega-
tive charges after involvement of ArA in thylakoid suspension was detected (s var-
ied from -0.0048 to -0.0044 C.m?).

The present work demonstrated that linolenic acid induced significant enhance-
ment of the net negative surface charge density of thylakoids at concentrations of 5—
55 uM of this study. Other fatty acid such as ArA was effective (although to alower
degree) in decreasing EPM values of thylakoid membranes.

A slight increase in EPM effect on thylakoids by OIA, LIA or LnA without any
significant changes was detected in basal LS and amild reductionins was observed
with a great extent of inhibition in the DpH dependent ion-exchange processes (i.e.
the slow phase of LS).

References

Barber, J., 1982. Influence of surface charges on thylakoid structure and function. Annu. Rev.
Plant Physiol., 33, 261-295.

Barber, J., J. Mills, A. Love, 1977. Electrical diffuse layers and their influence on photosyn-
thetic processes. FEBS Lett., 74, 174-181.

Coughlan, S. J., M. Schreiber, 1984. Light induced changes in the conformation of spinach
thylakoid membrane as monitored by 90° and 180° scattering changes. a compara-
tiveinvestigation. Z. Naturforsch., 39c, 1120-1127.

Dilley, R. A., A. Rothstein, 1967. Chloroplast membrane characteristics. Biochim. Biophys.
Acta, 135, 427-443.

Doaltchinkova, V., D. Milkov, N. Naidenov, 1993. Effect of polyamines on surface charge and
light-scattering changes in thylakoid membranes. Bioelectrochem. Bioenerget.,
32, 77-87.

Goldfeld, M. G., L. G. Dmitrovski, L. A. Blumenfeld, 1978. Effectiveness of photophospho-
rylation of chloroplastsin stationary and impulse illumination. Mol. Biol. (USSR),
12, 179-190 (In Russ.).

Gross, E. L., S. H. Prasher, 1974. Correl ation between cation-induced decreasein chlorophyll a
fluorescence and chloroplast structural changes. Arch. Biochem. Biophys.,
164, 460-468.



Unsaturated fatty acidsinduced changes. . . 11

Krause, G. H., 1974. Light-induced movement of metal cationsin chloroplasts, evidence from
chlorophyll fluorescence and light-scattering. In: Proc. 3rd Int. Congr. Photosynth.,
vol.2, Ed. M. Avron, Elsevier Scientific Publishing Company,1021-1030.

Ljadsky, V.V., 1987. PSII reaction centres inhibition of chloroplasts upon oleic acid action.
PhD Thesis, Moscow (In Russ.).

McLaughlin, St., 1977. Electrostatic potentials at membrane solution interfaces. Curr. Top.
Membr. Transp., 9, 71-144.

Siegenthaler, P-A., 1973. Change in pH dependence and sequential inhibition of photosyn-
thetic activity in chloroplasts by unsaturated fatty acids. Biochim. Biophys. Acta,
305, 162-173.

Siegenthaler, P-A., |. Depery, 1976. Influence of unsaturated fatty acidsin chloroplasts. Shift
of the pH optimum of electron flow and relations to DpH, thylakoid internal pH and
proton uptake. Eur. J. Biochem., 61, 573-580.

Shaw, A. B., M. M. Anderson, R. E. McCarty, 1976. Role of galactolipidsin spinach chlorop-
last lamellar membranes. Plant Physiol., 57, 724-729.

Thorne, S. W., G. Horvath, A. Kahn, N. K. Boardman, 1975. Light-dependent absorption and
selective scattering changes at 518 nm in chloroplast thylakoid membranes. Proc.
Nat. Acad. Sci. USA, 72, 3858-3862.

Vernotte, C., C. Salis, |. Moya, B. Maison, J.-M. Briantais, B. Arrio, G. Johannin, 1983.
Multiple effects of linolenic acid addition to peathylakoids. Biochim. Biophys. Acta,
725, 376-383.

Whatley, F.R., D. Y. Arnon, 1963. Photosynthetic photophosphorylation in plants. In: Meth-
odsin Enzymology, Vol. 6, Ed. S. P. Colowick and N. O. Kaplan, Academic Press,
N.Y., 308-313.

Yakovleva, G. A., Yu. G. Molotkovsky, 1982. Energy-dependent ion transport in isolated
chloroplasts. Plant Physiol. (USSR), 29, 925-931 (In Russ.).



