PHORBOL ESTERS AS MODIFIERS OF STRUCTURE OF BIOLOGICAL MEMBRANES
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We studied the effect of 12-0-tetradecanoylphorbol-13-acetate (TPA), a tumour promotor and secondary messenger modifier, and its inactive analogue 4a-phorbol-12,13-didecanoate (DDP) on the structure of plasma and microsomal membranes from murine liver and brain cells. Using three stable iminoxyl radicals, localized in various regions of the lipid bilayer, as probes, we found in experiments in vitro that within a wide range of concentrations down to super-small doses (10-9 -10-15 M) TPA increases the microviscosity of the surface layers of lipids and decreases it in deep hydrophobic regions, whereas DDP had virtually no effect on the parameters studied. The decrease in the microviscosity of the lipid hydrophobic layers is suggested to promote the transition of protein kinase C from the soluble to a more active membrane-bound form. The unidirectional character of microviscosity change, registered using two probes localized in the surface regions of the lipid bilayer, suggests that such changes in the membrane structure under the. action of TPA are associated with its promoter properties.

Many important processes occurring in the cell are regulated by systems of secondary messengers generated by special enzyme-receptor complexes localized in the cell membrane [1-4]. These are the differentiation and multiplication of cells, cell interactions, promoted development of tumours [5-7]. The activity of secondary messengers is dependent on both the action of external specific and nonspecific factors and the physico-chemical state of biological membranes [8-12]. One of the processes which control the physicochemical properties of biological membranes is the peroxidation of lipids which also occurs in the membrane and is regulated by its intrinsic system [13, 14]. Some reports carry the experimental results implying the existence of a relationship between the system of secondary messengers and lipid peroxidation [15-18]; they pertain, however, mainly to the effect of modifiers of signal transfer on the lipid peroxidation level, whereas the parameters of the regulatory system of lipid peroxidation are the concentrations of free radicals and natural antioxidants, lipid composition, membrane structure, activity of antioxidative enzymes [14, 15]. In order to clarify the problem of interrelation of the system of cyclic nucleotides, the phosphoinositol cycle and lipid peroxidation, it appears necessary to investigate the effect of specific modifiers of the first two systems on individual steps of the lipid peroxidation. The best known modulator of the systems of secondary messengers is the phorbol ester 12-0-tetradecanoylphorbol-13-acetate (TPA) [19-21] which exhibits the properties of a tumour pro-motor [22, 23]. TPA was found to affect the system of cyclic nucleotides and to directly interact with protein kinase C converting it into a more active membrane-bound form [24]; the membrane-bound protein kinase C is assumed to be a TPA receptor [21, 25].

The present work was concerned with studying the effect of two phorbol esters: TPA and its biologically inactive analogue 4a-phorbol-12,13-didecanoate (DDP) within a wide range of their concentrations on the microviscosity of the lipid component of biological membranes (plasma membranes and membranes of endoplasmic reticulum from the mouse liver and brain).

TPA and DDP were from Sigma (USA). TPA and DDP were stored at -20°C as 1 mM stock solutions in ethanol. TPA and DDP solutions of lower concentrations were prepared by successive dilutions; the volume of solvent aliquots added to samples was 1μ. The paramagnetic probes 4-capryloyloxy-TEMPO (probe I); 5,6-benzo-2,2,4,4-tetramethyl-l. 2.3.4-tetrahydro-y-carboline-3-oxyl (probe II); 4-palmitoyloxy-TEMPO (probe III) were synthesized at the Institute of Chemical Physics of the Russian Academy of Sciences.

White 18-20-g SHK mice available from the 'Stolbovaya' nursery station were decapitated and used for obtaining membrane preparations.

Membranes were isolated at 0-4 C. Liver cell plasma membranes were obtained as in [26], using percoll and 2 M sucrose, by double centrifugation at 35,000 g for 20 min and at 45,000 g for 30 min in an L-65 Beckman centrifuge (Austria). Synaptosomes were isolated as in [28], the protein level was determined by the Lowry method [29].

Microviscosity of the lipid component of membranes from the murine brain and liver was studied by the method of spin probes using iminoxyl radicals I-III localized in various regions of the membrane lipid bilayer [30]. The probe dissolved in ethanol was added to a protein suspension (3-5 mg of membrane protein in 1 ml) 40-45 min before measurements on a Brucker-2000 EPR spectrometer (Germany). The final probe concentration in the membrane suspension was 30-100 μM. The ethanol concentration in the sample after addition of TPA and DDP and spin probe did not exceed 0.6%. Computations of EPR spectra were performed using the time of the probe rotatory correlation (t ), having the meaning of the time of the probe reorientation at n/2 angle, and the formula for fast-rotating probes: uС = 6.65 H+1 [(.I+1 /I )1/2 - 1)-10-10 s, where I and I are the intensities of low- and high-field components of the absorption spectra; H is the distance between the extrema of low-field component [31].
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Fig 1. Typical EPR spectra of iminoxyl radicals: 4-capryloyloxy-TEM-PO (probe I) (a); 5,6-benzo-2,2,4,4-tetramethyl-l,2,3,4-tetrahydro-y-carboline-3-oxyl (probe II) (b); 4-palmitoyloxy-TEMPO (probe III) (c) in liver microsomal membrane.

[image: image2.jpg]b/

21

20l
2

2 /’72( 4 °




Fig 2. Typical kinetic curves of variation of probe II rotary correlation time TC in the plasma (a) and microsomal (b) membranes from liver cells after addition of TPA and DDP at different concentrations, a: 1 pM TPA (1), 0.1 nM TPA (2), 10 nM TPA (3), 10 μM DDP (open triangles),' 1 pM DDP (open squares); b: 0.01 pM TPA (I), 1 pM TPA (2), 0.1 nM - 0.1 uM TPA (3). O.I pM DDP (open triangles), 1 pM DDP (open squares).

The data shown in the figures are the average values obtained in 3-4 independent experiments at 3-5 parallel measurements in each experiment. The data derived were statistically processed using the computer program STATGRAF. The effect of TPA and DDP on microviscosity of the membrane lipid component was studied as follows: spin probes were added to a suspension of cell membranes (3-5 mg protein/ml) and incubated for 30-45 min at 4 C. The incubation time was chosen individually for each probe and type of studied membranes on the basis of the criterion of tс constancy; then phorbol ester was added to the suspension and the time course of tс variation was recorded at 20°C. A separate membrane suspension aliquot was taken for each concentration of TPA and DDP and controls.

RESULTS AND DISCUSSION

Fig 1 shows characteristic EPR spectrograms recorded after addition of probes I-III to a suspension of liver microsomal membranes. Fig. 2 also shows typical dependences of probe II t variation under the action of TPA in the plasma and microsomal membranes from liver cells. We also obtained analogous curves for the membranes isolated. from murine brain.

The curves of t variation had an extremal character with a maximum for c probes I and II and a minimum for probe III at the 10-15th min after the addition of TPA.

DDP, an inactive TPA analogue, as well as ethanol used as a solvent for the probe introduction and phorbol esters, did not affect the magnitude of t . It is known that the probe localization in the membrane is characterized by the isotropic constant a determined from the EPR spectrum; values of a for the probes used can vary from 14.2±0.3 (nonpolar solvent) to 17.4±10.2 (water) [31]. The table summarizes the mean values of parameter a. obtained for the membranes under study N in the control and upon treatment with TPA. Phorbol esters were found to have no effect on the magnitude of aN which is indicative of the absence of changes in the probe localization when such compounds are used. Analysis of the ethanol solution has not revealed any interaction of the probes with the phorbol esters. Thus, the results summarized in Fig. 2, as well as the data obtained on other membranes but not shown because of their analogy, allow the conclusion that TPA induces transient changes (of 20-30-min duration) in the microviscosity of the lipid component of biological membranes which are levelled with time. Apparently, the recovery of t to its normal value may be explained by the TPA migration to other regions of the lipid bilayer. In order to establish the dependence of t on TPA concentration for the three probes, we studied a wide range of TPA concentrations and to characterize the effect, we used for each concentration the magnitude of maximal deviation from the control value (in 10-15 min after. TPA addition).

[image: image3.jpg]Variation, %

BT
log (TPA) 1)





Fig 3. Variation of the rotatory correlation time TC for probes I-II I (a-c) in the plasma membranes from liver cells as a function of TPA concentration in vitro.
TABLE. Values of Isotropic Constant an for Probes l-III in Membranes after Treatment with TPA

	Memebranes


	Probe


	an, Cs Control After TPA treatment



	Endoplasmic reticulum
	I

II
	16.2

15.6
	±0.2


	16.1

15.8
	±0.1

±0.3

	membranes
	ill
	15.1
	±0.1
	15.2
	± 0.2

	Plasma
	I
	16.0
	±0.3
	16.2
	+ 0.3

	membranes
	II
	15.5
	±0.2
	15.6
	± 0.2

	
	III
	15.4
	±0.3
	15.3
	+ 0.2
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Fig 4. Variation of the rotatory correlation time Tc of probe - II in brain synaptosomes as a function of TPA concentration.

Modification of the Structure of Plasma Membranes from the Brain and Liver Cells by Phorbol Esters

Figures 3 and 4 show the curves of t variation for probes I-III in the plasma membranes from liver cells and brain synaptosomes as a function of TPA concentration. For probes I and II, t is seen to increase under the action of this agent, whereas for probe III t is seen to decrease. For probe III the largest t deviations from the control were obtained in the range of TPA concentrations from 10-8 to 10-15 M. At different TPA concentrations the extent -of tс variation is not the same in comparison with the control values; however, the differences were found to be statistically significant (p<0.05) throughout the concentration range studied.

When discussing the localization of the nitroxyl fragments of the probes, it should be mentioned that in probes I and II these fragments are submerged into the lipid bilayer only to a depth of 2-4 A, whereas in the more hydrophobia probe III. to 9-11 A [30, 31].

The relevant literature carries the data pertaining solely to the TPA distribution in artificial membranes and they are rather equivocal. The authors of [32] established that TPA is localized in the hydrophobic region of membranes; on the other hand, there is information that TPA does not penetrate deep into the membrane but is distributed quite near its surface [33]. Therefore, the changes in t for probes I-III probably reflect the direct action of TPA, i.e., TPA is a double modifier of the plasma membrane: under its action the surface lipid layer becomes more rigid, whereas the hydrophobic regions of membrane lipids increase their fluidity. As noted above, the physicochemical properties of the lipid bilayer are rather important for both the operation of the systems of secondary messengers and normal functioning of the lipid peroxidation system [8-14]. Changes in microviscosity of specific membrane regions may substantially influence the ligand-receptor interaction because it is the, membrane fluidity which determines the extent of receptor submersion into the lipid bilayer and its interaction with the ligand. At high fluidity of the lipid component the receptor can penetrate deep into the membrane and have no response to the ligand. In other words, changes in the membrane structure may affect a receptory act. On the other hand, the lipids constitute the medium for the propagation of informational signals, and, naturally, the properties of this medium exert a nonspecific effect on the rate of this process. Therefore, different characters of changes in the viscosity of lipid clusters localized in various membrane regions are possibly capable of modifying substantially certain stages of the informational signal transduction into the cell.

It may be suggested that the more rigid state of surface, lipid layers promotes a definite orientation of TPA receptors (which are known to be protein kinase C molecules) already existent in the membrane and the establishment of a more favorable conformational state for the interaction with the ligand. At the same time, the decrease in the lipid viscosity in the region of probe III localization appears to promote the binding of cytosol protein kinase C to the membrane and, consequently. to increase the number of receptors .in it which should be conducive to the enhancement of the initial signal. We made this conclusion on the basis of our own and literature data [34, 35]. As already indicated, the action of TPA on the cell induces the activation of protein kinase C and its redistribution from the cytosol to the membrane, the membrane-bound form of protein kinase C being more active. According to [34], after treatment with TPA the protein kinase C turns out to be so strongly bound to the membrane that this bond is not broken even by chelators. In the interesting and thorough studies of Lester [35] on changes in microviscosity of phospholipid vesicles upon addition of linoleic acid and its esters it was demonstrated that the increase in fluidity of the membrane lipid component results in the breakdown of phosphatidylserine domains, release of additional molecules of this effector of protein kinase C for the contact with the enzyme and changes in the conformation of protein kinase C forming a structure which provides for a more effective interaction of the enzyme, effector and substrate. All this is conducive to the increase of activity of protein kinase C. It is noteworthy that in this work the quantitative changes in microviscosity were found to be within the same limits as those we revealed for t of probe III (not exceeding 107.); the fluorescent probe diphenylhexatriene was found to be localized approximately in the same hydrophobic region of the membrane.
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Fig 5. Variation of the rotatory correlation time Tc of probes I-III (a-c) in the liver microsomal membranes as a function of TPA concentration.

The authors of [35] concluded that the optimal activation of protein kinase C is determined both by the interaction , of TPA or diacylglycerol with the active center of the enzyme and by the state of lipids in the hydrocarbon environment. It is this environment that plays the critical role in the establishment of appropriate protein conformation at which protein kinase C can interact and eventually phosphorylate its substrate. By extrapolating the conclusion reached in [35] to the real plasma membranes and cells with due account for the results we obtained; we may suggest a role of TPA in the activation of protein kinase C. As mentioned above, TPA is directly bound to protein kinase C that is its membrane receptor. Modification of the membrane structure under the action of TPA may influence this specific act in a dual manner: the increase in rigidity of the lipid regions of probes I and II localization seems to promote the formation of a conformational structure of membrane-bound protein kinase C favorable for the interaction of the ligand, substrate and the phospholipid phosphatidylserine which is the effector of this enzyme. The decrease in viscosity of the hydrophobic lipid regions (more specifically, the regions of probe III localization), which facilitates the binding of cytosol protein kinase C to the membrane, leads to the increased number of receptors in the membrane and higher overall activity of the enzyme.
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Fig 6. Variation of the rotatory correlation time Tc of probes II (a) and III (b) in the brain microsomal membranes as a function of TPA concentration.

Modification of the Structure of Microsomal Membranes from Mouse Liver and Brain Cells by Phorbol Esters

The membranes of endoplasmic reticulum play an important role in the operation of the systems of secondary messengers, because they are depots for Ca + ions and differ from the plasma membranes in the number of TPA receptors [4]. It appeared, therefore, interesting to compare the effect of TPA on the plasma and microsomal membranes.

Figures 5 and 6 show the dependences of t of probes 1-111 on TPA concentration in the liver and brain microsomal membranes. It is seen that, like in the plasma membranes, t of probes I and II increases, whereas t of probe III decreases under the effect of TPA. DDP, an inactive TPA analogue, had no influence on parameter t within the same concentration range. The maximal effect was observed at TPA concentrations from 10-10 to 10-14 M. Comparison of the data summarized in Figs. 3-6 indicates that the quantitative changes of parameter t are also comparable for all probes in both various membranes and different organs (liver and brain). Analogous qualitative and quantitative changes of this parameter imply a nonspecific character of the changes in microviscosity of the lipid component of biological membranes under the effect of TPA. Most likely, the variation of the lipid microviscosity is not the direct consequence of the receptory act because the number of TPA receptors is substantially different both in the plasma membranes compared to the microsomal ones and in the brain compared to liver [36]. The effective TPA concentrations are rather low for both the plasma and microsomal membranes, their range is from 10-10 to 10-15 M. Usual TPA doses, which are said to be activators of cell differentiation and multiplication, are of the order of lO-7-1O-9 M [19-24].
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Fig 7. Variation of the rotatory correlation time Tc of probe I in the liver microsomal membranes in time after a single U), double (2) and triple (3) addition of TPA at a concentration of 10 M. The moments of TPA addition are indicated by the arrows.

Since in these cases experiments are conducted on the whole cells, it is not ruled out that the membrane is a more sensitive system than the cell. On the other hand, since we discuss a nonspecific reaction in the membrane lipid region, it seems reasonable to express the TPA concentration as per 1 mg of lipid; in such a case the effective doses of TPA, as a modifier of the systems of secondary messengers and the physicochemical properties of lipids, become comparable (10-9 -10-11 M).

Of interest is the fact that in both the plasma and microsomal membranes t of probes I and II varies unidirectionally (increases) under the action of TPA. Such changes of t are unusual: normally, all biologically active substances studied to date (antioxidants, hormones, antitumour agents) caused counterphasal changes of t of probes I and II [14, 30, 37]. The unidirectional character of the variation of these magnitudes was observed only for the membranes of tumour cells [14]. TPA is an active tumour promoter. It is possible that the observed changes of t of probes I and II are important namely for the manifestation of this quality of such compounds. This suggestion is consistent with our earlier data on both higher values of t of probes I and II in the tumour cell membranes [14] and a considerable increase of these parameters (2-3 times) in microsomes from the Krebs II cell culture maintained in a prolonged contact with TPA [38]. We attempted to simulate the conditions of tumour promotion in vitro by staging model experiments on chronic successive additions of TPA at a low concentration (10-1 M). The results of such experiments are summarized in Fig. 7. It is seen that the double and triple addition of TPA at 10-min intervals' leads to a prolonged (24 h) increase of tc. Thus, evidence is given for our suggestion on the essential role of modification of fluidity of the membrane lipid bilayer by phorbol esters for the manifestation of their promoter properties.

The data obtained enable us to conclude that the phorbol ester TPA, a known modulator of the systems of cyclic nucleotides, the phospho-inositol cycle and a tumor promoter, substantially influences one of the parameters of the regulatory system, of lipid peroxidation - the microviscosity of the lipid component of membranes. DDP, an inactive TPA analogue, does not possess such properties. It is rather important that the maximal effect is observed at low TPA levels (lO-10-lO-15 M).

Variation of the lipid fluidity in the region of probe III localization seems to be highly important for the translocation of cytosol protein kinase C to the membrane, formation of a stable enzyme-membrane complex and, consequently, higher activity of protein kinase C. An analogous character of changes of t of probes I and II, as well as a prolonged increase of TC under a chronic successive introduction of TPA into microsome suspensions, support the suggestion on the relationship between such changes in the surface layers of membrane lipids and the promoter properties of TPA.

On the whole, the observed changes of tc for the three spin probes are indicative of a considerable contribution of nonspecific (different from the receptory) factor to the TPA effect on membranes of various types. It is possible that such nonspecific changes, membrane viscosity in our case, underlie the interrelation of the systems of secondary messengers.
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