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Summary 

Protoporphyrin causes a photodynamic damage of the red blood cell 
membrane. After illumination of red blood cells in the presence of protopor- 
phyrin three effects can be observed: 

1. Red blood cell membranes show particle aggregation on the outer and 
inner fracture face, as seen in freeze-etch electron microscopy. 

2. Electrophorograms of membrane proteins show an increasing protein 
association, not disrupted by sodium dodecyl sulfate. 

3. The immunological response of A+ red cells to anti A serum is progres- 
sively retarded. 

It seems likely that these effects are interrelated consequences of the 
protoporphyrin-induced photodynamic membrane damage. 

Introduction 

Hypersensitivity of the skin to sunlight is the main characteristic of pa- 
tients suffering from erythropoietic protoporphyria (E.P.P.) [1,2]. It has been 
shown that red cells of these patients are liable to photohemolysis when ex- 
posed to light [ 3,4] . During illumination a progressive efflux of potassium ions, 
compensated by an equal influx of sodium ions is observed in the prelytic 
phase, followed by hemolysis. From experiments with normal intact red blood 
cells it was concluded that the lysis is induced by protoporphyrin, a compound 
which is present in high concentrations in the red cells of the patients [ 51. 

The damaging effect on the erythrocyte membrane appeared to be linked 
to the oxidation of amino acid residues in membrane proteins rather than to 
the oxidation of unsaturated membrane fatty acids [6,7]. Since proteins are 
related to intra-membrane particles which are visible on fracture faces of 



288 

freeze-etched membranes, it could be argued that these substructures are pos- 
sibly affected by the exposure of the membranes to protoporphyrin and light, 
thus offering the opportunity to risuahze defects in the membrane ultrastruc- 
ture. 

In this paper it will be shown that photooxidation of red cells in the 
presence of protoporphyrin leads to a rearrangement of intra-membrane par- 
ticles and ultimately to a severe mutilation of the membrane, with a concomi- 
tant change of the electrophoretic behavior of isolated membrane proteins. 

Methods 

Heparinized blood was centrifuged, washed and resuspended as described 
previously [7]. Ghosts were prepared according to the method described by 
Weed et al. [8]. Illumination was carried out at pH 7.4 with a 125 W super high 
pressure mercury lamp (Philips, type HPL), placed at a distance of 10 cm from 
a lens. A parallel beam of light was reflected through the bottom of the incuba- 
tion vessel by a mirror. E.P.P. red blood cell suspensions (10% cells) were 
illuminated as such, whereas ghost suspensions at a final concentration of 80% 
were supplemented with protoporphyrin (100 pg/ml), as protoporphyrin is 
completely washed out during ghost preparation. The observations on intact 
cells were limited to the first part of the prelytic phase, in which 75% K’ was 
lost. Beyond this point hemolysis starts rapidly [ 51. 

Samples for freeze-etching were prepared as described before [9] . Speci- 
mens were freeze-fractured and etched in a Denton machine. The replicas were 
stripped off on distilled water, cleaned with a hypochlorite solution (2% active 
chlorine) and examined in a Philips E.M. 200. 

Sodium dodecyl sulphate electrophoresis of membrane proteins was per- 
formed with the method described by Fairbanks et al. [lo], after solubilization 
of the stroma in 10 mM Tris/HCl, containing 1% sodium dodecyl sulphate 
(SDS), 40 mM dithiothreitol and 1 mM EDTA. 

The immunological response of intact cells after illumination was studied 
on A+ red blood cells. Illuminated cells were mixed with anti A serum, the 
concentration of which was adjusted to give microscopically visible agglutina- 
tion lo-15 seconds after mixing with non-illuminated cells. 

Results and Discussion 

Membranes of intact erythrocytes and ghosts display the well known 
freeze-etch image of fracture faces covered with randomly distributed particles 
(Fig. 1, A and B). Aggregation of particles was observed when normal red cell 
membranes were illuminated during 15 minutes in the presence of protopor- 
phyrin (Fig. 1, C and D). A similar membrane ultrastructure was visible during 
the second half of the prelytic phase of illuminated intact cells from patients. 
Membranes exposed to light for 30 minutes displayed a strongly mutilated 
ultrastructure, which did not permit a detailed analysis in terms of number of 
particles and area of particle-free fracture regions (Fig. 2). 

Membranes illuminated in the absence of protoporphyrin and membranes 
incubated with protoporphyrin in the dark displayed a normal freeze-etch 
image. 
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Fig. 1. A and B. Fracture faces of erythrocyte ghosts typical for material illuminated in the absence of 
protoporphyrin or kept in the dark in the presence of protoporphyrin. A, inner fracture face: B, outer 
fracture face. C and D. Fracture faces of erythrocyte ghosts illuminated during 15 minutes in the presence 
of protoporphyrin. C. inner fracture face. D, outer fracture face. Magnification: about 80 000X. 

Concomitantly it was found that the spectrum of erythrocyte proteins 
was altered considerably by illumination in the presence of protoporphyrin. 
Sodium dodecyl sulphate electrophoresis of non-illuminated membrane pro- 
teins yielded the normal pattern (Fig. 3, A). With increasing illumination 



Fig. 2. Fracture face of erythrocyte ghost illuminated during 30 minutes in the presence of protopor- 
phyrin. Magnification: about 80 000X. 

periods it appeared that the protein bands became blurred, whereas increasing 
amounts of protein remained on top of the gels (Fig. 3, B-E). This indicates a 
progressive association of membrane proteins during illumination. It is known 
that some non-covalent bonds in proteins are not dissociated by SDS [ 111. 
Therefore it could not be decided whether this association is caused by co- 
valent cross-linkage or by non-covalent intermolecular bonds. 

Aggregation of particles in erythrocyte membranes can be provoked by 
incubating the cells at pH 5.4, or by treating them with proteolytic enzymes 
like pronase and trypsine. From these and immunolabeling experiments it was 
concluded that intra-membrane particles are related to lipid-protein associa- 
tions [12] and most likely to glycoproteins [13] . Recently this idea was 
strongly supported by reconstitution experiments in which a part of the eryth- 
rocyte MN glycoprotein was incorporated in lipid bilayers [ 141. 

From our freeze-etch experiments alone, which show aggregation of par- 
ticles, it can not be concluded that the protein part of the membrane is modi- 
fied. Also changes in the lipid environment of the proteins might induce the 
aggregation of intramembranous particles [ 15,161 . Considering the biochemical 
experiments indicating that oxidation of the fatty acids is negligible [7] and 
the changed electrophoretic behavior of proteins as described above, we suggest 
that the primary cause for the change in the membrane architecture is the 
modification of the protein moiety. 

It has been suggested that the reversible aggregation of intramembranous 
particles at pH 5.4 represents an intramembrane precipitation at the isoelectric 
point of membrane proteins [17]. According to this view the primary effect of 
photooxidation might be an upward shift of the isoelectric point of the 
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Fig. 3. Sodium dodecyl sulphate electrophoresis of erythrocyte membrane proteins. illuminated in the 
presence of protoporphyrin during: A. 0 minutes; B, 5 minutes: C. 15 minutes: D, 30 minutes: E. 45 
minutes. Ghosts illuminated in the absence of protoporphyrin and ghosts incubated with protoporphyrin 
in the dark revealed a normal band pattern (A). 

oxidized membrane proteins. To investigate this possibility, ghost suspensions 
were illuminated in the presence of protoporphyrin at pH 7.4 and then ad- 
justed to pH 9.0. Subsequently freeze-etching and protein electrophoresis were 
carried out at this pH. Both freeze-etching and protein electrophoresis revealed 
the same pattern as at pH 7.4. Moreover, protein electrophoresis carried out at 
pH 5.4 yielded a normal band pattern. Thus, the observed modified protein 
pattern shown in Fig. 3 cannot be attributed to a process similar to that under- 
lying the ultrastructure modification observed by Pinto da Silva at pH 5.4 
(171. 

Considering the relationship between antigenic properties and the freeze- 
etch ultrastructure of the membrane [13] , we investigated whether the im- 
munological properties of intact E.P.P. cells were affected by illumination. It 
appeared that in the second half of the prelytic phase the immunological re- 
sponse was progressively retarded. The interval between mixing of A+ E.P.P. 
cells with anti A serum and microscopically visible cell-agglutination increased 
gradually from about 10 seconds in non-illuminated cells to about 2 minutes. 
The strongest retardation of the immunological response was observed shortly 
before the onset of hemolysis, when about 75% of the intracellular K’ had 
leaked out. 



292 

With normal red blood cells, sensitized by protoporphyrin added to the 
medium, similar results were obtained both in freeze-etch, electrophoretic and 
immunological studies. 

In conclusion these experiments reveal that as a consequence of protopor- 
phyrin-induced photooxidation of membrane proteins three phenomena can be 
observed: aggregation of particles on outer and inner fracture faces of freeze- 
etched membranes, protein association as seen on electrophorograms and a 
retarded immunological response. It seems likely that these phenomena are 
interconnected, although the exact mechanism is still obscure. 

Acknowledgments 

The authors are obliged to Dr P.F. Elbers for his critical discussions. We 
wish to thank Miss J. Bijvelt for her expert assistance in the freeze-etch work. 

References 

1 Magnus. I-4.. Jarrett. A., Prankerd, T.A.J. and Rimington, C. (1961) Lancet ii, 448 

2 Suurmond. D.. van Steveninck. J. and Went, L.N. (19’70) Br. J. Dermatol. 82. 323 

3 Fleischer. AS., Harber, L.C., Cook, J.S. and Baer. R.L. (1966) J. Invest. Dermatol. 46. 505 

4 Peterka, ES., Runge. W.J. and Fresaro, R.M. (1966) Arch. Dermatol. 94, 282 

5 Schothorst. A.A., van Steveninck. J., Went. L.N. and Suurmond, D. (1970) Clin. Chim. Acta 28, 41 

6 Schothorst. A.A., van Steveninck. J., Went, L.N. and Suurmond, D. (1971) Clin. Chim. Acta 33, 207 

7 Schothorst. A.A.. van Steveninck, J., Went. L.N. and Suurmond. D. (1972) Clin. Chim. Acta 39. 161 

8 Weed, R.I.. Reed, C.F. and Berg, G. (1963) J. Clin. Invest. 42, 581 

9 Ververgaert. P.H.J.Th., Elbers. P.F., Luitingh, A.J. and van den Berg, H.J. (1972) Cytobiology 6, 8 

10 Fairbanks. G., Steck. T.L. and Wallach. D.F.H. (1971) Biochemistry 10. 2606 

11 Bbakdi. S.. Kniifermann, H., Schmidt-Ulrich, R.. Fischer, H. and Wallach, D.F.H. (1974) Biochim. 

Biophys. Acta 363, 39 

12 Branton. D. (1971) Trans. Roy. Sot. London B 261. 133 

13 Pinto da Silva, P., Douglas, S.D. and Branton. D. (1971) Nature 232, 194 

14 Segrest. J.P., Gulik-Krzywicki. T. and Sardet. C. (1974) Proc. Natl. Acad. Sci. U.S.A. 71, 3294 

15 VerkIey. A.J.. Ververgaert, P.H.J.Th., van Deenen, L.L.M. and Elbers. P.F. (1972) Biochim. Biophys. 

Acta 288. 326 

16 James, R. and Branton. D. (1973) Biochim. Biophys. Acta 291, 627 

17 Pinto da Silva, P. (1972) J. Cell Biol. 53, 777 


