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ABSTRACT: Purified ubiquinol-cytochrome c reductase of beef heart mitochondria is very stable in aqueous 
solution; it suffers little damage upon illumination with visible light under aerobic or anaerobic conditions. 
However, it is rapidly inactivated when the photosensitizer hematoporphyrin is present during illumination. 
The hematoporphyrin-promoted photoactivation is dependent on sensitizer dose, illumination time, and oxygen. 
Singlet oxygen is shown to be the destructive agent in this system. The  photoinactivation of ubiquinol- 
cytochrome c reductase is prevented by excess exogenous ubiquinone, regardless of its redox state. This 
protective effect is not due  to protein-ubiquinone interactions but to the singlet oxygen scavenger property 
of ubiquinone. Ubiquinone also protects against hematoporphyrin-promoted photoinactivation of succi- 
nate-ubiquinone reductase and cytochrome c oxidase. The  photoinactivation site in ubiquinol-cytochrome 
c reductase is the iron-sulfur cluster of Rieske's protein. Two histidine residues, presumably serving as 
two ligands for the iron-sulfur cluster of Rieske's protein, a r e  destroyed. No polypeptide bond cleavage 
is detected. Photoinactivation has little effect on the spectral properties of cytochromes b and c, but alters 
their reduction rates substantially. This photoinactivation also causes the formation of proton-leaking channels 
in the complex. When the photoinactivated reductase is co-inlaid with intact ubiquinol-cytochrome c reductase 
or cytochrome c oxidase in a phospholipid vesicle, no proton ejection can be detected during the oxidation 
of their corresponding substrates. 

Ubiquinol -cy tochrome c reductase (commonly known as 
cytochrome b-c, complex or complex 111) is a segment of the 
mitochondrial respiratory chain which catalyzes antimycin- 
sensitive electron transfer from ubiquinol to cytochrome c 
(Rieske, 1986). The redox components in this complex are 
two b cytochromes (b-565 and b-562), one c-type cytochrome 
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(c,), one-high potential iron-sulfur cluster (2Fe-2S 
center), and a ubiquinone. The complex contains 7-1 1 

Rieske 
protein 

subunits depending on the sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE)' systems used 

I Abbreviations: ISP, iron-sulfur protein; Q2, 2,3-dimethoxy-5- 
methyl-6-geranyl- 1,4-benzoquinone; Q2HZ, 2.3-dimethoxy-5-methyl-6- 
geranyl- I ,4-benzoquinol; QCR, ubiquinol-cytochrome c reductase; 
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. 
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(Yu et al., 1974; Bell & Capaldi, 1976; Gellerfors & Nelson, 
1977; Schagger et al., 1986; Gonzalez-Halphen et al., 1988). 
The electron transfer and proton translocation mechanisms, 
as well as the spatial arrangement of this complex in the 
membrane, have been the subjects of intensive investigation 
(Mitchell, 1976; Wikstrom et al., 1981; Hatefi, 1985; Gon- 
zalez-Halphen et al., 1988). Electron transfer by this complex 
is coupled with the translocation of protons across the mito- 
chondrial inner membrane to generate a proton gradient and 
membrane potential. Although the proposed Q-cycle (Mit- 
chell, 1976) mechanism for the electron transfer path in this 
complex can explain most of experimental data, some results 
(Tsai et al., 1987) cannot be explained by this scheme. The 
redox-linked proton pumping (Papa et  al., 1982) mechanism 
has recently gained support over the direct ligand conduct 
proton translocation advocated by the Q-cycle mechanism. 
The mechanism of proton translocation in this complex re- 
mains to be clarified. 

The use of specific inhibitors (von Jagow & Link, 1986) and 
of resolution and reconstitution (Schagger et al., 1986; Shi- 
momura et al., 1984: Trumpower & Edwards, 1979) in the 
study of electron and proton transfer mechanisms has been 
quite successful. Selective destruction of one or more of the 
redox centers in a complex has some advantages over the 
resolution and reconstitution approach since it may eliminate 
the complication arising from the uncertainty of the “structural 
contribution” of the apoprotein of the redox component of 
interest. For example, if the removal of the ironsulfur protein 
diminishes proton translocation activity of ubiquinol-cyto- 
chrome c reductase, one cannot tell whether this loss is due 
to the iron-sulfur cluster alone or to the apoprotein as well. 
By selective destruction of a redox prosthetic group and de- 
termination of the partial electron transfer reactions in the 
damaged complex, the role of the apoprotein of the damaged 
redox component in the electron transfer reactions can be 
assessed. Similarly, the role of the apoprotein of the destroyed 
redox component in proton translocation can be assessed by 
measuring proton ejection activity of phospholipid vesicles 
inlaid with the damaged complex alone or together with an- 
other proton-ejecting complex. 

Recently we found that ubiquinol-cytochrome c reductase 
is inactivated when illuminated with a projector light in the 
presence of hematoporphyrin under aerobic conditions. 
Photoinactivation is proportional to the degree of destruction 
of the iron-sulfur cluster in the complex, indicating that this 
is the site destroyed by hematoporphyrin-activated singlet 
oxygen (Spikes & Machnight, 1971; Bourdon & Durante, 
1971). The oxidation of histidine residues leading to the 
destruction of the iron-sulfur cluster is consistent with the idea 
that the N-atom of the imidazole group of the histidine res- 
idues serves as two ligands of the iron-sulfur cluster (Cline 
et  al., 1985; Telser et al., 1987; Gurbiel et  al., 1989). The 
photoinactivated complex forms a proton-leaking vesicle when 
reconstituted with phospholipids. When the photoinactivated 
reductase complex is co-inlaid with intact reductase or other 
proton-pumping complexes in the phospholipid vesicles, a 
decrease in the proton ejection activity of the proton pumping 
complex was observed. These findings add a new dimension 
to the examination of the role of the iron-sulfur protein in 
electron and proton transfer reactions. Mitochondrial ubi- 
quinol-cytochrome c reductase has been reported to be partially 
sensitive to blue light, and some destruction of cytochrome has 
been observed during prolonged illumination (Ninnemann et 
al., 1970). The photoinactivation of ubiquinol-cytochrome c 
reductase in the absence of a photosensitizer is apparently 
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different from that which occurs in the presence of hemato- 
porphyrin. In the latter, a singlet oxygen is the key destructive 
agent as the inactivation is prevented by singlet oxygen sca- 
vengers. Addition of ubiquinone prevents the hemato- 
porphyrin-promoted photoinactivation. Herein we report the 
nature of, conditions for, and effect of ubiquinone on the 
hematoporphyrin-promoted photoinactivation of ubiquinol- 
cytochrome c reductase. 

MATERIALS AND METHODS 
Materials. Cholate, horse cytochrome c, type 111, and 

hematoporphyrin were from Sigma; 2,2,6,6-tetramethyl-4- 
piperidone hydrochloride and 2,5-dimethylfuran were from 
Aldrich. Bovine heart ubiquinol-cytochrome c reductase and 
its Q- and phospholipid-depleted forms were prepared and 
assayed as previously reported (Yu & Yu, 1980). Ironsulfur 
protein was prepared according to the method reported by 
Shimomura et al. (1986). 2,3-Dimethoxy-S-methyl-6-gera- 
nyl-1 ,4-benzoquinone (Q2) and its reduced form (Q2HZ) were 
synthesized according to methods (Yu & Yu, 1982) previously 
described. Asolectin was obtained from Associate Concentrate 
and purified according to the method of Kagawa and Racker 
(1971). The concentrations of cytochromes b and cI were 
determined spectrophotometrically (Yu & Yu, 1980). He- 
matoporphyrin was dissolved in 0.1 N K O H  and then neu- 
tralized with 1 N HC1. Potassium phosphate buffer, pH 7.4, 
was added to a final concentration of 50 mM, and the con- 
centration of hematoporphyrin was estimated spectrophoto- 
metrically with a molar extinction coefficient of 1.4 X los 
M-’.cm-’ a t  391 nm (Blum & Grossweiner, 1985). Amino 
acid compositions of isolated iron-sulfur protein and ubi- 
quinol-cytochrome c reductase were determined by HPLC with 
a (2-18 column according to the method of Heinrikson and 
Meredith (1984). The duplicated protein samples were hy- 
drolyzed with 6 N HCI for 12, 24, and 36 h a t  110 OC under 
an argon atmosphere. SDS-PAGE was carried out by the 
method of Laemmli (1970). The amino acid composition of 
the iron-sulfur protein in ubiquinol-cytochrome c reductase 
was determined from the protein band sliced from the un- 
stained gel of SDS-PAGE, the stained gel being used as a 
marker. The protein in gel slices was eluted electrophoretically 
before it was subjected to hydrolysis with 6 N HCI. 

Illumination of Ubiquinol-Cytochrome c Reductase in the 
Presence of Hematoporphyrin. Aliquots of 0.5 mL of ubi- 
quinol-cytochrome c reductase, 2 P M  cytochrome cI  or oth- 
erwise as specified, in 50 m M  potassium phosphate buffer, pH 
7.4, containing 0.25% potassium cholate, were mixed with the 
indicated concentrations of hematoporphyrin. The samples 
were illuminated in a glass test tube with a 1 10-V, 600-W slide 
projector (Kodak Model 550) a t  a distance of 15 cm a t  room 
temperature for various periods of time. Photoinactivation of 
purified iron-sulfur protein was carried out under the same 
conditions except the protein concentration used was 0.5 
mg/mL. 

Spectrophotometric measurements were carried out in a 
SLM-Aminco dual-wavelength spectrophotometer, Model DW 
2000, a t  room temperature. EPR measurements were per- 
formed in a Bruker ER200D spectrometer. The instrument 
settings a re  given in the figure legends. 

RESULTS AND DISCUSSION 
Effect of Hematoporphyrin Concentration, Illumination 

Time, and Oxygen on Photoinactivation of Ubiquinol-Cyto- 
chrome c Reductase. Figure 1 shows the hematoporphyrin 
concentration-dependent illumination time dependent, and 
oxygen-dependent photoinactivation of ubiquinol-cytochrome 
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FIGURE 1 : Effect of illumination time, hematoporphyrin concentration, 
and oxygen on photoinactivation of ubiquinol-cytochrome c reductase: 
0.5-mL aliquots of ubiquinol-cytochrome c reductase, 0.3 pM cyto- 
chrome c,, in  50 mM potassium phosphate buffer, pH 7.4, containing 
0.25% sodium cholate and 0 (O) ,  1.5 (0), 3.0 (A), 15.2 (0, .) pM 
hematoporphyrin were illuminated with a slide projector light at 
different lengths of time under aerobic (0, 0, A, 0) and anaerobic 
(m) conditions. At the times indicated, ubiquinol-cytochrome c re- 
ductase activity of each sample was assayed. The 100% activity 
represents I5 pmol of cytochrome c reduced per minute per nanomole 
of cytochromc c,. 

c reductase. Purified ubiquinol-cytochrome c reductase suffers 
no loss of activity when illuminated with slide projector light 
for I O  min at  room temperature under aerobic (Figure I ,  curve 
with solid circles) or anaerobic (data not shown) conditions 
in the absence of hematoporphyrin. However, when illumi- 
nated for different lengths of time under aerobic conditions 
in the presence of various concentrations of hematoporphyrin, 
inactivation increases with the concentration of hemato- 
porphyrin and the illumination time. A 5-min illumination 
of ubiquinol-cytochrome c reductase in the presence of 1 S, 
3.0, and 15.2 p M  hematoporphyrin results in a loss of 49%, 
84%, and 98% of the activity, respectively. When ubi- 
quinol-cytochrome c reductase is illuminated in the presence 
of 15.2 p M  hematoporphyrin under aerobic conditions, no loss 
in activity is observed (Figure I ,  curve with solid squares). 
This suggests that, in addition to photosensitizer, oxygen also 
plays an essential role in the photoinactivation. 

The photoinactivation of ubiquinol-cytochrome c reductase 
in the presence of hematoporphyrin is different from that 
reported for complex 111 (Ninnemann et al., 1970). The time 
required for the maximum hematoporphyrin-promoted pho- 
toinactivation of ubiquinol-cytochrome c reductase is very 
short, only a few minutes. However, it took hours of illu- 
mination to show inactivation in the absence of photosensitizer 
(Ninnemann et al., 1970). Clearly, hematoporphyrin acts as 
a photosensitizer. 

Involvement of Singlet Oxygen in Hematoporphyrin-Pro- 
moted Photoinactivation of Ubiquinol-Cytochrome c Reduc- 
tase. Since the hematoporphyrin-promoted photoinactivation 
of ubiquinol-cytochrome c reductase occurs only under aerobic 
conditions, the destructive agent cannot be photoactivated 
hematoporphyrin. Rather, it must be activated oxygen. The 
formation of activated oxygen during illumination of hema- 
toporphyrin was established by noting the formation of a stable 
nitroxide radical in the presence of an activated oxygen trap, 
2,2,6,6-tetramethyl-4-piperidone (Moan & Wold, 1979). 

1 I -1 
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FIGURE 2: Nitroxide radical formed by 2,2,6,6-tetramethyl-4- 
piperidone during the illumination of hematoporphyrin in the presence 
and absence of ubiquinone-2. EPR spectra: To 0.5 mL of 50 mM 
potassium phosphate buffer, pH 7.4, containing 0.25% sodium cholate, 
50 mM 2,2,6,6-tetramethyl-4-piperidone, and 15.7 pM hemato- 
porphyrin was added 2.5 pL of 95% ethanolic solution containing (1)  
0 and (2) 5 mM QZH2; illumination was for I O  min. The illuminated 
samples were placed in a flat quartz cell, and EPR spectra were 
recorded at room temperature. The instrument settings were as follows: 
field modulation frequency, 100 kHz; microwave frequency, 9.76 GHz; 
modulation amplitude, 3.2 G; microwave power, 2 mW; time constant, 
0.2 s. 

Table 1: Effect of 2,s-Dimethylfuran and Superoxide Dismutase on 
the Hematoporphyrin-Promoted Photoinactivation of 
Ubiquinol-Cytochrome c Reductase 

addition inactivation ('56) 
none 98 
2,s-dimethylfuran 12 
superoxide dismutase 9s 

Spectrum 1 of Figure 2 shows EPR characteristics of the stable 
nitroxide radical generated by the illumination of hemato- 
porphyrin in buffer. The concentration of nitroxide radical 
increases almost linearly with the duration of illumination. The 
formation of nitroxide radical is suppressed by about 60% by 
the presence of 5 m M  ubiquinone-2 (Q2H2) in the system. 
These results clearly demonstrate that activated oxygen is 
involved in the hematoporphyrin-promoted inactivation of 
ubiquinol-cytochrome c reductase. However, there a re  two 
species of activated oxygen available in the photosensitizer- 
activated system: one is singlet oxygen; the other is superoxide 
ion. It is important to identify the activated oxygen species 
responsible for photoinactivation. 

If singlet oxygen is the destructive agent, the addition of 
2,5-dimethylfuran, a singlet oxygen scavenger, should prevent 
inactivation. W e  find that this is indeed the case (Table I). 
When ubiquinol-cytochrome c reductase is treated with a 44 
molar excess of hematoporphyrin and illuminated in the 
presence of 1 m M  2,5-dimethylfuran, only 12% inactivation 
is observed. Under the same conditions, but in the absence 
of dimethylfuran, a 98% inactivation is observed. The identity 
of singlet oxygen as the destructive agent is further substan- 
tiated by the failure of superoxide dismutase to protect pho- 
toinactivation (Table I) .  These results, together with the fact 
that illumination of hematoporphyrin generates singlet oxygen 
(Blum & Grossweiner, 1985), prove that singlet oxygen is 
indeed the destructive agent. 
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FIGURE 3: Hematoporphyrin-promoted photoinactivation of the intact 
and the Q- and phospholipid-depleted ubiquinol-cytochrome c re- 
ductases: 0.5-mL aliquots of intact, 0.60 pM cytochrome cI (0, @) 
and Q- and PL-depleted, 0.61 pM cytochrome c1 (A, A) reductases 
in 50 mM potassium phosphate buffer, pH 7.4, containing 0.25% 
sodium cholate in the presence (0, A) and absence (0, A) of 3 pM 
hematoporphyrin were illuminated under aerobic conditions. At the 
times indicated, aliquots were withdrawn and assayed for reductase 
activity. For illuminated intact enzyme, the activity was measured 
I O  min after standing at 0 O C  in the dark; for illuminated depleted 
enzyme, the activity was measured after reconstitution with asolectin 
(0.2 mg/mg of protein) and incubation at 0 O C  for I O  min. The 100% 
activity represents 15 and I O  pmol of cytochrome c reduced per minute 
per nanomole of cytochrome cI  (at 23 “C) for intact and depleted 
reductases, respectively. 

Effect of Ubiquinone on the Hematoporphyrin-Promoted 
Photoinactivation of Ubiquinol-Cytochrome c Reductase. 
Figure 3 compares the rates of hematoporphyrin-promoted 
photoinactivation of intact and Q- and phospholipid-depleted 
ubiquinol-cytochrome c reductases. The depleted enzyme, 
whose activity can be restored by reconstitution with Q and 
asolectin, exhibits a greater rate of photoinactivation than the 
intact enzyme. A 5-min illumination in the presence of a 3 
molar excess of hematoporphyrin results in 53% and 89% 
inactivation for the intact and depleted reductases, respectively, 
suggesting that Q and/or phospholipids protect against pho- 
toinactivation. 

Figure 4 shows the effect of Q2 and Q2H2 on the hemato- 
porphyrin-promoted photoinactivation of ubiquinol-cytochrome 
c reductase. Photoinactivation is significantly decreased when 
exogenous Q2 or Q2H2 is present during illumination. In the 
presence of 25 pM Q2 and Q2H2, inactivation is 45% and 38% 
as compared to the 98% inactivation without the addition of 
ubiquinone (Figure 4A). The protective effect of Q2 and of 
Q2H2 on the hematoporphyrin-promoted photoinactivation of 
the reductase is Q2 and Q2H2 concentration dependent (Figure 
4B). The maximum protection is 45% and 60% for Q2 and 
Q2H2, respectively. 

Since both intact and delipidated ubiquinol-cytochrome c 
reductases are susceptible to photoinactivation, the protective 
effect of Q cannot be attributed solely to the Q-protein in- 
teraction. Other mechanisms must be considered. One way 
for Q to decrease photoinactivation might be by reaction with 
the generated singlet oxygen before it causes damage. Figure 
2 shows that when hematoporphyrin is illuminated in the 
presence of Q2H2, the amount of nitroxide radical formed by 
2,2,6,6-tetramethyl-4-piperidone is drastically decreased. 
However, the concentration of nitroxide radicals is not de- 
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FIGURE 4: (A) Protective effect of ubiquinone-2 and ubiquinol-2 on 
the hematoporphyrin-promoted photoinactivation of ubiquinol-cyto- 
chrome c reductase. To 0.5-mL aliquots of ubiquinol-cytochrome c 
reductase, 0.3 pM cytochrome cl, in 50 mM potassium phosphate 
buffer, pH 7.4, containing 0.25% sodium cholate in the presence (0, 
0, A) and absence (0, A) of 15.2 pM hematoporphyrin was added 
2.5 pL of 95% ethanolic solution cont ining no addition (O), 5 mM 
Q2 (0, O),  or 5 mM Q2H2 (A,  A) and subjected to illumination. At 
the times indicated, aliquots were withdrawn and assayed for ubi- 
quinol-cytochrome c reductase activity. (B)  Q2 or Q2H2 concentra- 
tion-dependent protection effect of the hematoporphyrin-promoted 
photoinactivation of ubiquinol-cytochrome c reductase. To 0.5-mL 
aliquots of ubiquinol-cytochrome c reductase, 0.47 pM cytochrome 
cl, in 50 mM potassium phosphate buffer, pH 7.4, containing 0.25% 
sodium cholate in the presence (0, 0) and absence (0, M) of 15.2 
pM hematoporphyrin were added the indicated concentrations of Q2 
(0, M) of Q2H2 (O,@) and illuminated for 5 min at room temperature. 
The 100% activity represents 15 pmol of cytochrome c reduced per 
minute per nanomole of cytochrome c1 at 23 OC. 

creased if Q2H2 is added after illumination, indicating that 
ubiquinol does not react with nitroxide radicals; rather, it 
interacts with the generated singlet oxygen. 

If quinone acts as a singlet oxygen scavenger, Q2H2 should 
be more effective than Q2 in suppressing formation of nitroxide 
radicals because Q2H2 has a higher protective effect than Q2 
does. We find that this is indeed the case (Figure 4B). When 
hematoporphyrin is illuminated in the presence and absence 
of Q2 or Q2H2, the amount of nitroxide radical decreased is 
slightly more with Q2H2 than with Q2. The difference in 
scavenging effectiveness between Q2H2 and Q2, however, is 
too small to account for the benzoquinone ring as the sold 
contributor; other parts of the ubiquinone molecule must also 
be involved, especially the double bonds in the alkyl side chain. 
The involvement of the double bonds was investigated by 
comparing the effectiveness of scavenger activity of Q2 and 
its saturated side-chain derivative 2,3-dimethoxy-5-methyl- 
6-(3’,7’-dimethyloctyl)-l,4-benzoquinone. Both reduced and 
oxidized forms of 2,3-dimethoxy-5-methyl-6-( 3’,7’-dimethyl- 
octyl)-l,4-benzoquinone show only a partial (<20%) effec- 
tiveness of Q2 in scavenging singlet oxygen. This result clearly 
establishes that the double bonds of the alkyl side chain of 
ubiquinone play an important role in scavenging singlet oxygen 
in addition to the benzoquinone ring. 

That the protective effect of ubiquinone is not due to pro- 
tein-ubiquinone interactions but to the singlet oxygen sca- 
venger property of ubiquinone is further substantiated by the 
observation that ubiquinone protects against hemato- 
porphyrin-promoted photoinactivation with other electron 
transfer complexes. When succinate-Q reductase or cyto- 
chrome c oxidase is illuminated for 10 min in the presence of 
a 44 molar excess hematoporphyrin, about 96% of the original 
activity is lost. However, when ubiquinone is present during 
illumination, the photoinactivation of succinate-ubiquinone 
reductase and cytochrome c oxidase is significantly decreased. 
Although one might argue that protection is due to protein- 
ubiquinone interactions in the case of succinate-ubiquinone 
reductase, this would seem unlikely for cytochrome c oxidase. 
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FIGURE 5: EPR spectra of iron-sulfur protein in the intact and 
photoinactivated ubiquinol-cytochrome c reductase. Aliquots of 
ubiquinol-cytochrome c reductases, 1.9 pM cytochrome c,, containing 
120 r M  hematoporphyrin were kept in the dark (A) or illuminated 
for 5 min (B) at room temperature. Both the illuminated and control 
samples were precipitated by 40% saturation of ammonium sulfate 
and collected by centrifugation. The collected precipitates were 
dissolved in 50 mM potassium phosphate buffer, pH 7.4, containing 
0.25% sodium cholate and 10 mM sodium ascorbate to a protein 
concentration of 22 mg/mL. EPR spectra were recorded at  80 K. 
The instrument settings were as follows: field modulation frequency, 
100 kHz: microwave frequency, 9.34 GHz; modulation amplitude, 
6.3 g; microwave power, 2 0  mW. 

The singlet oxygen scavenger property of ubiquinone probably 
accounts for the protection. 

The physiological significance of ubiquinone as a scavenger 
for singlet oxygen is difficult to determine at  the present time. 
Since singlet oxygen can be generated during the oxidation 
of NADPH (King et al., 1975), the scavenger role of ubi- 
quinone deserves more attention. W e  are currently investi- 
gating this aspect in our laboratory. 

Characterization of Redox Components in Photoinactivated 
Ubiquinol-Cytochrome c Reductase. Ubiquinol-cytochrome 
c reductase contains five redox centers: two 6-type cyto- 
chromes, one C-type cytochrome, Rieske’s iron-sulfur cluster, 
and ubiquinone. It is important to know which of these 
components is modified or destroyed by singlet oxygen gen- 
erated by hematoporphyrin. One way to locate the target site 
is to examine the properties of these redox components in 
photoinactivated reductase and compare them to those in 
normal samples. 

Iron-Sulfur Clusters. When the EPR spectra of the iron- 
sulfur clusters in illuminated and unilluminated hemato- 
porphyrin-treated ubiquinol-cytochrome c reductases a re  
compared, a drastic decrease of g = 1.89 in EPR signal in- 
tensity is observed in photoinactivated reductase (Figure 5). 
The degree of iron-sulfur cluster destruction is proportional 
to the extent of inactivation, and Q2,  which protects against 
photoinactivation, also protects the iron-sulfur cluster (Figure 
6 ) .  These results clearly indicate that the ironsulfur cluster 
of Rieske’s protein is the target site for the singlet oxygen. 
However, the possibility exists, though unlikely, that the ob- 
served decrease in the iron-sulfur cluster of photoinactivated 
reductase is secondary. To test this, reconstitutively active 
iron-sulfur protein prepared from ubiquinol-cytochrome c 
reductase by the method of Shimomura et  al. (1986) was 
subjected to illumination in the presence and absence of he- 
matoporphyrin. All of the g = 1.89 EPR signal is abolished 
upon illumination in the presence of hematoporphyrin, con- 
firming that the ironsulfur cluster of Rieske’s protein is indeed 
the target site for the hematoporphyrin-promoted singlet ox- 
ygen. The fact that singlet oxygen causes no destruction to 

Illumination Time (min) 

FIGURE 6 :  Correlation between the extent of photoinactivation and 
the EPR signal intensity of the iron-sulfur protein. Aliquots of 
ubiquinol-cytochrome c reductase, 1.9 pM cytochrome cl, containing 
91 pM hematoporphyrin in the presence (A, A) and absence (0, 0)  
of 69 pM Qz were subjected to illumination. At the times indicated, 
ubiquinol-cytochrome c reductase activity (0, A) and EPR spectra 
of ironsulfur center (A, 0) were determined. The reductase samples 
were concentrated for EPR measurements as described in Figure 5 
after the activity was determined. 

other redox centers of ubiquinol-cytochrome c reductase also 
indirectly supports the idea that the iron-sulfur cluster of 
Rieske’s protein is the primary target site for hemato- 
porphyrin-promoted photoinactivation. 

Although the detailed mechanism for the destruction of the 
iron-sulfur cluster by singlet oxygen is not known, it is not 
likely due to the cleavage of the peptide bond of the apoprotein 
during photoinactivation because the SDS-PAGE pattern of 
the photoinactivated complex is identical with that of the intact 
complex. It is plausible to speculate that the oxidation of 
acid-labile sulfide, the cysteinyl, or the histidyl ligand of the 
cluster by the generated singlet oxygen is the cause of the 
destruction of the ironsulfur cluster of Rieske’s protein. The 
involvement of the histidyl ligand in Rieske’s protein has re- 
cently been established (Cline et al., 1985; Telser et al., 1987; 
Gurbiel et al., 1989). The sulfide bond and the imidazol group 
are known to be susceptible to the singlet oxygen (Monroe, 
1979; Kacher & Foote, 1979). The singlet oxygen oxidizes 
sulfide to sulfoxide. Since the treatment of photoinactivated 
ubiquinol-cytochrome c reductase with FeCI,, Na2S, and p- 
mercaptoethanol [a process known to generate an “artificial” 
iron-sulfur cluster from any protein which contains sulfhydryl 
groups (Yang & Huennekens, 1970)] does not restore the 
destroyed iron-sulfur cluster, the destruction of the ironsulfur 
cluster of Rieske’s protein by the singlet oxygen is not likely 
due to the oxidation of sulfide bonds. The comparison of the 
amino acid compositions of illuminated and of the unillumi- 
nated hematoporphyrin-treated pure iron-sulfur proteins and 
the comparison of amino acid composition of the iron-sulfur 
protein in the illuminated and the unilluminated hemato- 
porphyrin-treated reductases (see Table 11) reveal that one 
cysteinyl and two histidyl residues are destroyed, accompanied 
by the destruction of the iron-sulfur cluster by photoinacti- 
vation. The destruction of the iron-sulfur cluster of Rieske’s 
protein by singlet oxygen results from the oxidation of these 
histidyl and cysteinyl groups. This result supports the recent 
finding that the nitrogen atom of the imidazole group of two 
histidines is involved in the ligation of the iron-sulfur cluster 
of Rieske’s protein (Gurbiel et al., 1989). This result is also 
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Table I I :  Amino Acid Composition of Isolated and Photoinactivated Purified IS, ISP in Ubiquinol-Cytochrome c Reductase, and 
Ubiquinol-Cytochrome c Reductase’ 
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pure ISP isolated ISP ISP in QCR 
(sequence data) (mol %) (mol % ) b  QCR (mol %) 

amino acid residues mol % +hu -hu +hu -hu +hu -hu sequence dataC 
Asp (Asn) 16 8.10 8.16 8.08 8.64 8.22 8.41 8.39 7.95 
Thr 9 4.59 4.80 4.62 4.50 4.60 5.01 5.01 5 . 1  1 
Ser 19 9.69 9.25 9.47 9.90 10.09 6.97 6.95 7.72 
Glu (Gln) 16 8.16 8.43 8.37 9.04 8.57 9.1 1 9.14 9.02 
Pro I I  5.61 6.08 5.97 5.11 5.72 5.56 5.52 5.21 
GlY 14 7.14 7.13 7.12 7.40 7.49 6.86 6.78 6.65 
Ala 16 8.16 8.58 8.48 8.29 8.34 10.24 10.20 10.00 
Val 19 9.69 9.66 9.32 9.25 9.10 6.96 6.92 7.07 
c y s  4 2.04 1.38 1.91 1.35 1.81 1.10 1.20 1.26 
Mct 4 2.04 2.22 2.15 1.78 1.32 1.99 2.04 2.23 
Ile I O  5.10 5.43 5.12 4.97 4.93 4.73 4.69 4.79 
Leu I 1  5.6 I 5.73 5.40 5.50 5.30 10.14 10.09 10.41 
Tyr 7 3.57 4.20 4.02 3.86 3.72 3.91 3.89 3.81 
Phc 7 3.57 3.40 3.46 3.91 3.71 4.52 4.59 4.51 
L ys 15 1.65 7.30 7.27 7.23 7.02 4.92 4.95 5.1 1 
His 6 3.06 1.75 3.1 1 2.3 1 3.38 2.84 3.05 2.88 

I O  5.10 5.48 5.16 5.27 5.00 5.42 5.32 5.16 
Tru 2 1.02 nd nd nd nd nd nd 1.26 

a Mole pcrccnt of the amino acid residues except Trp was calculated on the basis of a total of 194 amino acid residues excluding Trp per mole of 
iron-sulfur protcin as 98.98%. Mole percent of Cys was calculated on the basis of four residues per mole of iron-sulfur protein as 2.04%. Trp 
content was not determined. ISP in QCR represents the iron-sulfur protein band sliced from the SDS-PAGE of ubiquinol-cytochrome c reductase. 
The protein in the gel slices was eluted electrophoretically. CCalculated from reported sequence data of all ten subunits of QCR, assuming that the 
amino acid composition of subunit I is similar to that of subunit 11. 

consistent with the observation that diethyl pyrocarbonate 
inh ib i t s  cy tochrome  b-c, complex a t  a s i te  
“phenomenologically” between cytochromes b and c, (Yagi 
et  al., 1982). 

The observation that hematoporphyrin-promoted singlet 
oxygen specifically destroys the cysteinyl and histidyl ligands 
of the iron-sulfur protein but not the ligands of cytochromes 
b (as described in the next section, little change in cytochrome 
b spectra is observed) can be explained by the lack of oxygen 
at ,  or the inaccessibility of hematoporphyrin to, the vicinity 
of the heme of cytochromes b. Since the generated singlet 
oxygen is not likely to travel a long distance, its target site is 
expected to be on or near its generation site. The Rieske’s 
protein of ubiquinol-cytochrome c reductase has been shown 
to be located in a more hydrophilic environment (Schagger 
et  al., 1987) than that of cytochrome b. The accessibility of 
hematoporphyrin to and the availability of oxygen a t  the 
iron-sulfur cluster make the latter a logical target site for 
singlet oxygen. The site-specific histidyl or cysteinyl residues 
destroyed by the hematoporphyrin-generated singlet oxygen 
are also reflected in the total amino acid composition (see 
Table 11) of intact and photoinactivated ubiquinol-cytochrome 
c reductases. Besides the histidyl and cysteinyl residues, no 
significant change in the other amino acids is observed. Of 
these two changed amino acids, about 4 out of 62 histidyl 
residues and 2 or 3 out of 27 cysteinyl (or half-cystinyl) res- 
idues are destroyed in the photoinactivated reductase. The 
numbers of histidyl and cysteinyl residues in ubiquinol-cyto- 
chrome c reductase were calculated from the reported amino 
acid sequences of subunits I to Xz (Anderson et al., 1981; 
Wakabayyashi et al., 1982a,b, 1985; Schagger et al., 1983, 
1987; Brochart et al., 1985, 1986). The amino acid sequence 
or composition of subunit I is not yet available. It was assumed 
that the amino acid composition of subunit I is similar to that 
of subunit 11. 

A preparation of ubiquinol-cytochrome c reductase lacking 
only the iron-sulfur cluster is valuable in the study of electron 

Unpublished data from our laboratory indicated that the active 
crystallized QCR contains only ten different subunits. 

transfer and proton translocation. This type of preparation 
has an advantage over the iron-sulfur protein depleted prep- 
aration since it has the intact protein structure of the complex. 
The role of the iron-sulfur cluster and its spatial relationship 
with other redox components can be established without 
complications due to conformational changes caused by the 
removal of the apoprotein of the iron-sulfur cluster. Since 
only the two histidyl residues involved in the ligating of the 
iron-sulfur cluster of Rieske’s protein are destroyed, identi- 
fication of these specific histidyl residues through conventional 
peptide analysis and amino acid sequencing will provide 
structural information about the iron-sulfur cluster. There 
are three histidyl residues located near the C-terminal end of 
Rieske’s protein, but only two of them are involved in ligating 
the iron-sulfur cluster. 

Cytochromes b and cl. Figure 7 compares absorption 
characteristics of cytochromes cl (Figure 7A) and b (Figure 
7B) in ubiquinol-cytochrome c reductase containing a 44-fold 
molar excess of hematoporphyrin with and without illumina- 
tion. Cytochrome cl was measured by the difference spectra 
of ascorbate-reduced minus oxidized samples; cytochrome b 
was determined by the difference spectra of dithionite-reduced 
minus ascorbate-reduced samples. No significant decrease in 
the amount of cytochromes b and c, is observed after pho- 
toinactivation (less than 10% and 5% for cytochromes b and 
c,, respectively). In the photoinactivated reductase, the a- 
absorption maximum for cytochrome cI remains unchanged, 
while the a-absorption peak for cytochrome b shows a I-nm 
blue shift compared to the sample without illumination. 

Although photoinactivation causes little change in the 
spectral characteristics of cytochromes b and c,, a difference 
is observed in the rate of reduction of these cytochromes. The 
reduction of cytochrome b by NaZSzO4 is more rapid in in- 
activated than in intact reductase (Figure 8A). About 96% 
of the cytochrome b in photoinactivated reductase is reduced 
in 10 s with 10 mM dithionite, compared to 69% in the intact 
sample. Although the rate of cytochrome b reduction by 
sodium dithionite in the photoinactivated complex is faster, 
the total dithionite-reducible cytochrome b in photoinactivated 
reductase is slightly less than that of intact reductase. The 
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FIGURE 8: Reduction of cytochromes b and c1 in the intact and the 
photoinactivated ubiquinol-cytochrome c reductases. The intact and 
photoinactivated ubiquinol-cytochrome c reductases were prepared 
as those given i n  Figure 3. Reduction of cytochromes b (A) and c1 
(B) was started by the addition of 20 pmol of sodium dithionite and 
20 pmol of sodium ascorbate, respectively. The solid lines (-) are 
for thc intact sample, and the broken lines (--) are for the photo- 
inactivatcd sample. Upper horizontal lines in the figure indicate the 
full  reduction level of each cytochrome. 

reason for the change in the reduction rate is not known. It 
is possible that the destruction of the iron-sulfur cluster fa- 
cilitates the access of NazS2O4 to cytochrome b and prevents 
the reduced cytochrome b from being reoxidized by the 
iron-sulfur cluster and subsequently by cytochrome c,. 

When succinate is added to reconstituted succinate-cyto- 
chrome c reductase formed from succinate-Q and ubi- 
quinol-cytochrome c reductases, about 50% of total cytochrome 
b is reduced during the mixing time followed by a slow re- 
duction of cytochrome b. When inactivated complex is re- 
constituted with succinate-Q reductase to form succinate-cy- 
tochrome c reductase (no succinate-cytochrome c reductase 
activity is observed), cytochrome b is reduced slowly when 
succinate is added. Thus the rapidly reduced cytochrome b 
component found in normal reconstituted succinate-cyto- 
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FIGURE 9: Photodynamic effect of hematoporphyrin on oxidant-in- 
duced reduction of cytochrome b: 2-mL aliquots of ubiquinol-cyto- 
chrome c reductase, 1.4 pM cytochrome cl, in SO mM potassium 
phosphate buffer, pH 7.4, containing 0.25% sodium cholate and 70.2 
pM hematoporphyrin were illuminated for 0 ( I ) ,  2 (2), 5 (3), and 
10 min (4). Q2H2 (144 nmol), antimycin A (25 nmol), and potassium 
ferricyanide (SO nmol) were added where indicated. 

chrome c reductase is missing when photoinactivated ubi- 
quinol-cytochrome c reductase is used. The loss of rapidly 
reducible cytochrome b can be explained either by damage 
to the iron-sulfur cluster and that indirectly induced the 
conformation change of cytochrome b even though a direct 
contact between the iron-sulfur cluster and the heme moiety 
of cytochrome b has not been documented or by a minor 
modification of histidyl or cysteinyl residues of cytochrome 
b protein in photoinactivated reductase. It is also possible that 
the loss of rapidly reducible cytochrome b might be due to the 
destruction of one of the histidine ligands of cytochrome 6. 
The minute change in the spectral properties of cytochrome 
b, the low degree of destruction of total histidine residues in 
reductase, and the lack of spectral modification of cytochrome 
cI in the photoinactivated reductase, however, lessens this 
possibility. Further characterization of cytochrome b is needed 
to answer this question. 

The rate of reduction of cytochrome cl by ascorbate (Figure 
8B) in photoinactivated reductase is slower than in the intact 
sample. While 90% of the cytochrome cl in the intact re- 
ductase is reduced by 10 m M  sodium ascorbate in 20 s, only 
39% is reduced in the photoinactivated enzyme. This decrease 
in the reduction rate can be explained by the disruption of 
electron input to cytochrome c1 through the ironsulfur cluster. 
In other words, in the intact ubiquinol-cytochrome c reductase, 
ascorbate can reduce cytochrome c1 directly or through the 
iron-sulfur protein, but in the photoinactivated reductase, 
cytochrome c1 can only be reduced directly. 

Q2HZ is known to partially reduce cytochrome b of ubi- 
quinol-cytochrome c reductase in the presence and absence 
of antimycin (Zhu et al., 1983). In the presence of antimycin, 
the extent of cytochrome b reduction increases upon addition 
of oxidant, such as ferricyanide, a phenomenon generally 
known as oxidant-induced reduction of cytochrome b (Baum 
et al., 1967; Erecinska et al., 1972). Are these properties of 
cytochrome b affected by photoinactivation? Figure 9 com- 
pares the oxidant-induced cytochrome b reduction by intact 
and photoinactivated ubiquinol-cytochrome c reductases. In 
photoactivated reductase, the amount of cytochrome b reduced 
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by Q2H2 and the amount reduced by Q2H2 induced by fer- 
ricyanide in the presence of antimycin are much less than that 
reduced by intact samples. Furthermore, the decrease of 
oxidant-induced cytochrome b reduction in photoinactivated 
reductases is proportional to the extent of inactivation (data 
not shown). These results are consistent with the finding that 
hematoporphyrin-promoted photoinactivation of ubiquinol- 
cytochrome c reductase is due to damage of the iron-sulfur 
cluster of Rieske’s protein, because the iron-sulfur cluster is 
thought to act as the first electron acceptor for ubiquinol 
oxidation (Mitchell, 1976; Yang, & Trumpower, 1988), thus 
generating a high reducing power in the transient ubisemi- 
quinone radical that reduces cytochrome b. Without the 
iron-sulfur cluster, no ubisemiquinone radical will be gener- 
ated; thus, no enhancement of cytochrome b reduction is ex- 
pected. 

Proton Translocation Actioity of Photoinactivated Ubi- 
quinol-Cytochrome c Reductase. In addition to the loss in 
activity, illumination of ubiquinol-cytochrome c reductase in 
the presence of hematoporphyrin also leads to the formation 
of a proton-leaking channel in the reductase. When the 
partially inactivated complex is incorporated in the photpho- 
lipid vesicles, no proton ejection is observed during the oxi- 
dation of ubiquinol (data not shown). Similarly, when pho- 
toinactivated complex is co-inlaid in vesicles with intact 
ubiquinol-cytochrome c reductase or cytochrome c oxidase, 
the proton ejection normally observed in the intact reductase 
or oxidase-inlaid vesicles is halted, suggesting that a proton- 
permeable channel is created in the photoinactivated ubi- 
quinol-cytochrome c reductase whose iron-sulfur cluster is 
destroyed. The proton permeability of the reconstituted 
vesicles is not due to the presence of hematoporphyrin in the 
vesicles, because the intact ubiquinol-cytochrome c reductase 
vesicles formed in  the presence of hematoporphyrin without 
prior illumination show normal proton ejection behavior. These 
results imply that, in addition to its essential role in electron 
transfer, the iron-sulfur cluster of Rieske’s protein may par- 
ticipate in proton translocation. The ability of the photoi- 
nactivated ubiquinol-cytochrome c reductase to form proton- 
leaking phospholipid vesicles imbedded with electron transfer 
complexes provides a useful tool to study the fate of the 
localized and the bulk proton gradient in the oxidative phos- 
phorylation. Work on this aspect is currently in  progress in 
our laboratory. 
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ABSTRACT: p-Cresol methylhydroxylase ( P C M H )  isolated from Pseudomonas put ida is an  a2P2 tetramer 
of approximate subunit M, 49 000 and 9 000. It is a flavocytochrome c containing covalently bound F A D  
in the larger subunit and covalently bound heme in the smaller. Crystals in space group P212121 with unit-cell 
parameters u = 140.3 A, b = 130.6 A, and c = 74.1 A contain one full molecule per asymmetric unit and 
diffract anisotropically to about 2.8-A resolution in two directions and to about 3.3-A resolution in the third. 
An electron density m a p  has been computed a t  a nominal resolution of 3.0 A by use of area detector data 
from native crystals and from two derivatives. The phases were improved with the B. C. Wang solvent leveling 
procedure, and the map was averaged about the noncrystallographic 2-fold axis. The  cytochrome subunit, 
whose amino acid sequence is known, has been fitted to  the electron density on a graphics system. The  
course of the polypeptide chain of the flavoprotein subunit, whose sequence is mostly unknown, has been 
traced in a minimap and a model of polyalanine fitted to  the electron density on the graphics system. The 
flavoprotein subunit consists of three domains in close contact. The  N-terminal domain consists largely 
of /%structure and contains most of the F A D  binding site. The  second domain contains a seven-stranded 
antiparallel 0-sheet of unusual topology connected by antiparallel a-helices on one side. The  flavin ring 
lies a t  the juncture of the first two domains. The  third domain lies against the first domain and helps cover 
the rest of the F A D  chain. The  cytochrome subunit resembles other small cytochromes such as c-551 and 
c5 and fits into a depression on the surface of the large flavoprotein subunit. The  flavin and heme planes 
a re  nearly perpendicular, the normals to  the planes being approximately 65' apart .  The  two groups are  
separated by about 8 A, the  distance from one of the vinyl methylene carbon atoms of the heme to the 
8a-methyl group of the flavin ring. 

p-Cresol methylhydroxylase (PCMH)' is a flavocytochrome 
c found in the periplasmic space of certain pseudomonads. It 
catalyzes the first steps in the oxidation of p-cresol to p -  
hydroxybenzaldehyde (Hopper & Taylor, 1977). The product 
is then converted to p-hydroxybenzoic acid and subsequently 
undergoes ring fission in later catalytic steps. During catalysis, 
hydroxylation of p-cresol occurs by the abstraction of two 
hydrogen atoms by the flavoprotein after which the putative 
p-quinone methide intermediate is believed to be attacked by 
water to yield p-hydroxybenzyl alcohol (Hopper, 1976). The 
two electrons are then transferred one at  a time to the heme 
on the cytochrome subunit and then to an acceptor protein in 

tThis work has been supported by NSF Grants m - 8 8  1661 8 and 
DMB-8718741, USPHS Grant HL-16251, and the Veterans Adminis- 
tration. 

f Cryatallographic coordinates for PCMH have been submitted to the 
Brookhaven Protein Data Bank. 
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vivo (Hopper, 1978). The acceptor protein is believed to be 
an azurin (McIntire et al., 1985). The product of the reaction, 
p-hydroxybenzyl alcohol, can also serve as substrate for the 
enzyme in a dehydrogenation reaction yielding p-hydroxy- 
benzaldehyde. In vitro, phenazine methosulfate can act as an 
artificial electron acceptor for the protein. 

Seven forms of PCMH have been isolated from six bacterial 
sources (Koerbert et al., 1985; Bossert et al., 1989). A fla- 
vocytochrome c preferring 4-ethylphenol as its primary sub- 
strate, and which is closely related to PCMH, has also recently 
been characterized (Reeves et al., 1989). Pseudomonas putida 
strain NCIB 9869 produces two forms of PCMH (Keat & 
Hopper, 1978). One, form A, is carried on a plasmid and is 
expressed constitutively by cells grown on 3,s-xylenol. The 
other, form B, is chromosomally encoded and is induced by 
p-cresol. PCMH form A, the subject of this study, has a 
molecular weight of approximately 116000. It can be resolved 

' Abbreviations: PCMB, p(ch1oromercuri)benzoate; PCMH, p-cresol 
methylhydroxylase; PEG, poly(ethy1ene glycol); rms, root mean square. 

0006-2960/91/0430-238$02.50/0 0 1991 American Chemical Society 


