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Summary 

1. The protoporphyrin-sensitized photo-oxidat ion of  free amino acids, amino 
acid residues in solubilized spectrin and amino acid residues in red blood cell 
membranes appeared to be virtually independent  of  temperature over the range 
0--37°C. The photodynamical ly  produced increase in cation permeability in 
intact cells was also almost temperature independent.  

2. The photodynamic  cross-linking of the membrane proteins, on the other 
hand, was clearly temperature dependent,  both when the proteins were present 
in the membrane structure and when isolated and purified. 

3. With red cell membranes, illuminated in the presence of  protoporphyrin at 
0°C, it could be shown that during subsequent incubation in the dark at 37°C 
the protein cross-linking increased considerably. 

4. The results indicate that cross-linking of  membrane proteins is a secondary 
reaction in which rather stable photo-oxidat ion products  of  susceptible amino 
acid residues are involved. Furthermore,  these experiments strongly suggest 
that  the deterioration of  membrane function, leading to increased cation per- 
meability, is caused by photo-oxidat ion of  amino acid residues rather than by 
cross-linking of  membrane proteins. 

Introduct ion 

Photoporphyrin-sensitized photo-oxidation of  many compounds  has been 
described and is believed to be caused by the formation of  singlet oxygen via 
the light-excited dye molecule [1,2]. The photodynamic  effect of  protopor-  
phyrin on the membrane of  human red blood cells has many structural and 
functional consequences, like photo-oxidation of  amino acid and unsaturated 
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fat ty  acid residues [3], inhibition of membrane-bound enzymes [4,5], mutila- 
tion of  the ultrastructure as visualized by electron-microscopic studies [6], 
changes in cell deformabili ty [7], inhibition of carrier-mediated transport [8], 
covalent cross-linking of membrane proteins [5,9,10] and increased passive 
permeability to cations, leading to photohemolysis [3]. The causal relation- 
ships between these phenomena have only been partially elucidated in recent  
studies. It could be shown that neither protein cross-linking nor photohemo- 
lysis were caused by lipid peroxidation [11]. Furthermore,  there was no cor- 
relation between inhibition of several membrane-bound enzymes and photo- 
hemolysis [4]. The decrease in cell deformability could, most likely, be attri- 
buted to the photodynamic  cross-linking of spectrin [ 7], whereas inhibition of 
anion transport and of membrane-bound glyceraldehyde-3-phosphate dehydro- 
genase could be ascribed to photo-oxidation of essential amino acid residues in 
band 3 and in band 6 protein, respectively, rather than to cross-linking of these 
proteins [5,8]. Finally, it is highly probable that photodynamic protein cross- 
linking is caused by a secondary reaction between photo-oxidized histidine 
residues and free amino groups [12]. 

As described previously, increased passive permeability to cations, leading to 
colloid-osmotic photohemolysis  occurring after illumination of intact red blood 
cells in the presence of  protoporphyrin,  is caused by photodynamic  effects on 
the membrane proteins [3]. It is no t  clear, however, whether  this is the con- 
sequence of photo-oxidation of  essential amino acid residues, or of  the subse- 
quent  cross-linking of membrane proteins. An a t tempt  was made to discrimi- 
nate between these two possibilities by studying the temperature effects on K + 
leakage, photo-oxidation and cross-linking. The results of these studies are pre- 
sented in this paper. 

Methods 

Erythrocytes  were washed three times with phosphate-buffered isotonic 
NaC1. Ghosts were prepared by using the method of Weed et al. [13]. Spectrin 
was extracted as described by Bennett  and Branton [14], purified by precipita- 
tion at pH 5.1 and dissolved in 50 mM phosphate buffer, pH 8.0. 

Sodium dodecyl  sulfate (SDS) polyacrylamide gel electrophoresis was per- 
formed as described by Fairbanks et al. [15], after solubilization of the pro- 
reins in a solution containing 1% SDS, 10% sucrose, 10 mM Tris-HC1, pH 8.0, 
1 mM EDTA and 40 mM dithiothreitol. The gels were always loaded with the 
same amount  of protein. Enlarged photographs of the gels were scanned on a 
Chromoscan. Photography was performed in the linear part of the film- 
response curve. This curve was constructed by scanning photographs of a mask, 
taken at different  exposure times. 

Illuminations in the presence of protoporphyrin as sensitizer were carried 
out  as described before [6]. Unless otherwise stated, the protoporphyrin con- 
centrat ion was 0.05 mM, at a ghost protein concentration of 2 mg/ml or a spec- 
trin concentrat ion of  I mg/ml. Protein concentrations were measured according 
to the method  of  Lowry et al. [16]. K ÷ leakage during illumination was mea- 
sured in the medium with a flame photometer ,  after centrifugation of the cell 
suspension. 
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Histidine was determined according to the method of Sokolovsky and Vallee 
[ ] 7] sulfhydryl groups by using the method of Sedlak and Lindslay [ ] 8]. Lipid 
peroxidation was measured with the thiobarbituric acid method as described by 
Ottolenghi [19]. 

Oxygen consumption was measured manometrically, with differential 
respirometer units or with a Clark-type electrode, connected to a recording YSI 
oxygen monitor. 

Cholesterol depletion of erythrocytes was accomplished by using the method 
described by Cooper et al. [20]. The cholesterol concentration in the mem- 
branes was measured as described by Zlatkis et al. [21], after extraction 
according to the method of Rose and Oklander [22]. Diamide treatment of 
ghosts was performed as described by Haest et al. [23]. 

Results 

Illumination of a red blood cell suspension in the presence of protopor- 
phyrin results in K ÷ leakage and covalent cross-linking of membrane proteins. 
The temperature dependence of K ÷ leakage is shown in Fig. 1. An apparent 
energy of activation of 2.5 kcal/mol was calculated from the experimental data. 

The velocity of cross-linking of membrane proteins appeared to be clearly 
temperature dependent. Fig. 2 shows the cross-linking after an illumination 
period of 15 min at different temperatures, whereas Fig. 3 shows the decline of 
spectrin during illumination at different temperatures as measured by scanning 
of gel photographs. Band 3 protein is cross-linked with a lower velocity, but 
with a similar temperature dependence. From an Arrhenius plot of the experi- 
mental results an energy of activation of 11.3 kcal/mol could be calculated. 
The same results were obtained with purified, solubilized spectrin. 

When ghosts were illuminated at 0°C and subsequently incubated in the dark 
at 37°C, protein cross-linking continued in the dark (Fig. 4). 
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Fig. I .  K + leakage induced by  i l luminat ion of  erythrocytes  with protoporphyrin  at different temperatures. 
• -'2, 5°C; o o 20°C; [] o, 37°C. Exper imenta l  condi t ions:  2% erythrocyte  suspension; 
protoporphyrin  concentrat ion  I ~M. 
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Fig. 2. Temperature dependence of pho todynamic  cross-linking of membrane prote in~ Polyacrylamide 
gel electrophoresis of solubilized ghosts after 15 min i l luminat ion at: a, O°C; b, 10°C; c, 20°C; d, 30°C; e, 
37 ° C. For exper imenta l  condi t ions  see Methods. 
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Fig. 3. Decrease of spectzin (bands 1 and 2) during i l luminat ion of ghosts in the presence of Protopor- 
phyr in at: • _- O°C; ~-, % 10°C; o .0, 20°C; D D, 30°C; z~ -~, 37°C. For  experi- 
mental  condit ions see Methods. 
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Fig. 4. Cross-linking of  membrane  prote ins  after i l luminat ion of  ghosts  in the presence o f  protoporphyr in .  
a, n o t  i l luminated,  directly solubi l ized;  b, n o t  i l luminated,  solubi l ized after 20 rain at 37°C in the dark; 
c, solubi l ized directly after 10 rain of  i l luminat ion at 0°C; d, i l luminated as in c, solubi l ized after an addi- 
t ional  20  rain at 37°C in the dark; e, solubfl ized directly after 20  rain of  i l luminat ion at 0°C; f, illumi- 
nated as in e, solubi l ized after an addit ional  20  rain at 3 7 ° 0  in the dark. For  exper imenta l  cond i t ions  see 
Methods.  

In model  experiments, photo-oxidation of  histidine in solution was studied 
both by measuring oxygen consumption and histidine destruction. With both 
methods  it appeared that photodynamic destruction of  histidine in aqueous 
solution was temperature independent. On measuring SH- and histidine oxida- 
tion in ghost suspensions it appeared that SH-group oxidation was temperature 
independent, whereas photo-oxidation of  histidine residues exhibited a very 
slight temperature dependence, with an energy of  activation of  about 2.0 kcal/ 
mol. 

During illumination of  ghosts some lipid peroxidation occurred. This lipid 
peroxidation appeared to temperature dependent, with an energy of  activation 
of  about 4.8 kcal/mol (Fig. 5). 

In order to estimate a possible effect of  the lipid bilayer structure on mem- 
brane protein cross-linking, erythrocytes were depleted with respect to choles- 
terol. In a typical experiment 40% of  the cholesterol was extracted, but the 
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Fig. 5. F o r m a t i o n  of  m a l o n a l d e h y d e ,  expressed  in E s 3 $ uni ts ,  du r ing  p h o t o d y n a m i c  act ion of  protopor-  
phyrin  u p o n  ghosts  at:  • --, 0°C;  o - o, 20°C;  [] o, 37°C.  Fo r  exper imenta l  cond i t ions  
see Methods .  

sensitivity of the membrane proteins to cross-linking was not changed. 
When protein mobility was restrained via S-S bridge formation by diamide 

treatment, photodynamic cross-linking was again unchanged. 

Discussion 

In photodynamic effects on biomembranes different steps can be distin- 
guished. First the sensitizer (protoporphyrin) is excited by light. Subsequently, 
molecular oxygen reacts with the sensitizer in the excited state, yielding singlet 
oxygen and ground-state sensitizer. The singlet oxygen can react with target 
molecules in the membrane, leading to photo-oxidation of unsaturated fatty 
acids, cholesterol and amino acid residues and to protein cross-linking. 

In general, the results presented are in accordance with the fact that photo- 
oxidation per se is temperature independent. The very limited influence of tem- 
perature on histidine oxidation in membrane proteins can be easily explained 
by temperature-induced conformational changes in the membrane proteins, 
rendering some histidine residues more accessible to singlet oxygen. It is well 
known that the conformation of, e.g., spectrin is very sensitive to temperature 
[24]. Also, the slight temperature dependence of peroxidation of unsaturated 
fatty acid residues in the lipid bilayer does not necessarily violate the general 
rule. With increasing temperature the lipid bilayer changes from a rigid gel into 
a fluid state, as reflected, e.g., by a strong decrease of the microviscosity of the 
membrane [25]. Therefore, it seems probable that the accessibility of unsatu- 
rated fatty acid residues in the lipid bilayer to singlet oxygen will increase with 
increasing temperature. 

As shown in Fig. 4, the cross-linking reaction continued after cessation of 
photo-oxidation by placing the incubation mixture in the dark. Furthermore, 
the two processes exhibited quite different apparent energies of activation 
(approx. 11.3 kcal/mol and 0--2.0 kcal/mol, respectively). These results sup- 
port our previous conclusion that cross-linking is not a primary photodynamic 
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reaction, but a secondary reaction between photo-oxidized amino acid residues 
and reactive groups in the membrane proteins [12]. 

Two factors could be involved in the temperature dependence of protein 
cross-linking: the activation energy of the chemical reaction and the restrained 
mobility of the proteins in the membrane structure, limiting the collision fre- 
quency of reactive groups. In this context the effect of increasing temperature 
could be ascribed to fluidization of the lipid bilayer, leading to enhanced 
mobility of the membrane proteins. This is contradicted, however, by the lack 
of effect of both cholesterol depletion (also leading to fluidization of the mem- 
brane [20]) and of reversible chemical cross-linking by diamide (restraining 
protein mobility). Moreover, the observation that the temperature effects on 
cross-linking of solubilized spectrin and of spectrin present in the membrane 
structure are equal also indicated that the temperature effect reflects the 
energy of activation of the chemical cross-linking reaction rather than the 
anchoring of the proteins in the membrane structure. 

In previous papers it has been shown that the increased passive cation per- 
meability of the membrane can not be attributed to peroxidation of unsatu- 
rated fatty acids or cholesterol, but must be ascribed to photodynamic effects 
on membrane proteins [11]. The energies of activation of K ~ leakage (2.5 kcal/ 
mol) and of photo-oxidation of amino acid residues in membrane proteins 
(0--2.0 kcal/mol) are very close, whereas the activation energy of protein cross- 
linking is much higher (11.3 kcal/mol). This strongly suggests that the increased 
passive cation permeability is caused by photo-oxidation of certain essential 
amino acid residues in membrane proteins rather than by membrane protein 
cross-linking. 
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