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Abstract 

Photooxidation of pyranine (8-hydroxypyrene-l,3,6-trisulfonate) by an intensive UV laser pulse (20-60 MW/cm 2) leads to an 
instantaneous formation of the oxidized form of the dye. The redox reaction between the oxidized dye and ferrocytochrome c was 
followed by transient absorption spectroscopy looking either at re-reduction of oxidized pyranine or the oxidation of the cytochrome. At 
high ionic strength (100 mM Hepes and 20 mM KC1, pH 6.5), second-order kinetics of ferrocytochrome-c oxidation was observed with a 
rate constant of (3.2 _ 0.3). 109 M - I s - 1 .  At lower ionic strength a 1:1 complex was formed between the cytochrome and pyranine. The 
rate for intracomplex electron transfer was found to be (3.6 ___ 0.2). 106 S- 1. This rapid photooxidation of cytochrome c makes it a useful 
tool for fast initiation of a synchronized electron flow within redox proteins. 
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Cytochrome c is water-soluble, low molecular weight 
hemoprotein component of the mitochondrial and bacterial 
respiratory chain. While associated with the inner mito- 
chondrial membrane it transfers electrons between b-c 1 
complex and cytochrome oxidase. Cytochrome c is 
strongly cationic protein with p I  value greater than 10 and 
the net charge of + 6 at pH 7.0. The positively charged 
residues are predominantly lysines. Numerous studies have 
revealed that lysines, especially those located around the 
heme crevice, play an important role in the interactions of 
the cytochrome with many proteins like: cytochrome oxi- 
dase, b-c I complex [1-5], cytochrome b 5 [6-9], cy- 
tochrome-c peroxidase [10,11] and others. The electrostati- 
cally stabilized complex formed between cytochrome c 
and alternative proteins represent one of the simplest sys- 
tems for the study of interprotein electron transfer. Several 
techniques are available to initiate the electron flow within 
such complexes. These include photosensitized reduction 
of cytochrome c in the presence of flavins and EDTA 
[12-15], flash photolysis of zinc-substituted heme proteins 
[16-19] or photoexcitation of covalently attached ruthe- 
nium complexes [20-24]. All these techniques can deliver 
the photoreductive pulse to isolated cytochromes or cy- 
tochrome complexes. 
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We have recently introduced a new method capable of 
delivering an intensive oxidative pulse (unpublished re- 
suits). The reaction is based on excitation of pyranine (Pyr, 
8-hydroxypyrene-l,3,6-trisulfonate) molecule to its second 
electronic singlet state by intensive laser pulse. The second 
singlet state of pyranine anion ejects an electron and 
relaxes to a ground state oxidized radical (Pyrox). The 
solvated electron released from the excited pyranine reacts 
preferentially with H ÷. The reaction of Pyrox with hydro- 
gen is rather slow and the oxidized product decays with a 
rate constant of 0.1-0.2 min -1. Its redox potential is 
sufficiently high E m (Pyr/Pyrox) ~ 1 V to oxidize a wide 
variety of electron donors of chemical and biological 
nature. 

In the present paper we report the use of photooxidative 
pulse for rapid oxidation of reduced cytochrome c. The 
electron transfer from the ferro heme group of the cy- 
tochrome to Pyrox has been followed in a /zs time frame 
and the kinetic parameters of the reaction were measured. 

Cytochrome c from horse heart was obtained from 
Sigma. Pyranine was made by Eastman Kodak. The sam- 
ple (1 ml), contained Hepes (1 or 100 mM) cytochrome c 
(50-200 /xM) and 150 /xM ascorbate (pH 6.5) was placed 
in four-phase quartz semimicrocuvette with front face 1 
cm and depth 0.4 cm. The anaerobic conditions was 
reached by continuous bubbling of argon at 30 m l / m i n  
through the cuvette for 15 min prior to and during the 
experiment. Electron transfer was initiated by an excitation 
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pulse, third harmonic frequency of Nd-YAG laser (355 
nm, 2 ns FWHM, 17 mJ/pulse),  which was focused on the 
0.4 cm side of cuvette over a spot having a surface of 0.15 
cm 2, Continuous monitoring of the redox state of pyranine 
and cytochrome c was carried out respectively at 458 nm 
and 550 minus 556 nm (the reference 556 nm wavelength 
is at an isosbestic point of cytochrome c). The probing 
beam, either the 458 nm band of a CW Ar laser (458 nm) 
or the output of 'Coherent'  CR-599 Dye laser with Rho- 
damine- l l0  dye (550 and 556 nm) was crossing the pulse 
irradiated face of the cuvette, perpendicular to the excita- 
tion beam. The probing beam was directed to monochro- 
mater photomultiplier assembly and transients were stored 
and averaged by a Tektronix 2430A digital oscilloscope as 
previously described [25]. The response time of the detec- 
tion system is 20 ns. The transients are the average of 128 
pulses collected at a frequency of 0.02 Hz. Oxidation of 
cytochrome and reduction of Pyrex was quantified on the 
basis of the absorbance coefficient difference of e550_ 556 
= 19000 M l c m - t  and absorbance coefficient e458 = 

27 000 M -  1 cm - 1, respectively. 
Excitation of pyranine with intensive UV laser pulse 

resulted in its photooxidation. The oxidized product - -  
Pyrex - -  produced is characterized by an intensive ab- 
sorbance (e = 27000 M - l c m  1) at 458 nm, a wavelength 
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Fig. 1. Transient kinetics for electron transfer in a solution containing 100 
/~M cytochrome c, 300 ~ M  pyranine, 150 /zM ascorbate, 20 mM KC1, 
0 . |  M Hepes (pH 6.5). (A) The transient at 458 nm was due to the 
formation and decay of Pyrex. (B) The transient at 550 nm minus 556 nm, 
the cytochrome-c isosbestic. Both transients were fit by a single exponen- 
tial decay (solid line) having a (first-order) rate constant kob s = (3.2 4- 0.2) 
.10 s s -1. 

0.5 

7= 
0.4 

% 
x 

0.3 

0.2 

01 

Ic  l I I I I I I I 
-10 10 30 50 70 90 110 130 150 

[Cytochrome c], pM 

Fig. 2. Second-order plot for  oxidat ion o f  reduced cytochrome c by 

Pyrex. The details are as shown in Fig. l. The second-order rate constant 
calculated from the slope was k = (3.2 ± 0.3). 109 M -  I s -  1. 

where the protonated ground state compound has a negligi- 
ble absorbance. Fig. 1A shows Pyrex has an unresolved 
rise time followed by a few /xs decay. The decay corre- 
sponds with re-reduction of Pyrex by ferrocytochrome c 
back to the ground-state form. The residual absorbance of 
the transient is due to the difference in the extinction 
coefficients of ferri- and ferrocytochrome c at 458 nm 
( A e = 9 5 0 0  M - l c m - 1 ) .  The electron transfer from cy- 
tochrome c to Pyrex is shown in Fig. lB. The amount of 
cytochrome c which was oxidized during the transient 
( =  25 /zM) is approximately equal to that of Pyrex, indi- 
cating a preferential re-reduction of the oxidized dye by 
the ferrocytochrome. The transients at 458 and 550-556 
nm, as seen in Fig. 1 are monophasic, with a rate constant 
of (3.2 + 0.2) • 105 s -  1. The rate constant (kob S) increases 
linearly with cytochrome-c concentration from 50 to 150 
/xM as evident from Fig. 2. A second-order rate constant 
of (3.2 + 0.3) • 1 0  9 M ls-1,  calculated from the slope of 
the line in Fig. 2, is compatible with that for diffusion 
controlled reactions. Thus the electron transfer that follows 
the complex formation is not a rate limiting step. 

At low ionic strength addition of cytochrome c shifts 
the pK of pyranine from 7.9 to 7.2 (not shown). The 
observed shift is equated with the enhanced binding of 
deprotonated form of the dye with the hemoprotein [26]. 
The probable site for the electrostaticly stabilized complex 
is the positively charged polylysine clusters located on the 
cytochrome surface [27]. 

The pyranine-cytochrome complex is not a very stable 
one (K  d = 30 /xM) and rather high concentration ( >  50 
/zM) of cytochrome c is required to measure the pK-shift. 
Under these conditions the oxidation of cytochrome c 
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corresponds with an electron transfer within the cy- 
tochrome-pyranine complex (see Fig. 3). The rate constant 
of (3.6 _+ 0.2). 10 6 S -  1 estimated from the data of Fig. 3 
was independent on the concentration of the complex, 
while the total amplitude of the transient increases with 
cytochrome-pyranine concentration from 50 to 200 /xM. 
The fact that the rate constant was independent of concen- 
tration is indicative of an intramolecular electron transfer 
mechanism. 

Under conditions where we have both the free pyranine 
and the 1:1 complex the reaction reveals two well-dis- 
tinguished phases (see Fig. 4). At first we observe a fast 
redox event having a time constant typical of intracomplex 
reaction (see Fig. 3). The rest of the reaction is signifi- 
cantly slower corresponding with the collision controlled 
reaction between Pyrox and cytochrome c. The fast-phase 
rate constant (4.0___ 1.0). 10 6 S -1 was independent of 
cytochrome-c concentration. In contrast, the rate constant 
of the second one (2.7 _ 0.2) • 105 s -  1 increases with the 
concentration of cytochrome c. This kinetic behavior is 
consistent with combination of intracomplex and inter- 
molecular electron transfer mechanisms. 

Previous studies employed the photoexcitation of photo- 
sensitive compounds to reduce cytochromes and even cy- 
tochrome complexes [12-24]. The oxidative pulse method, 
described in this paper, is capable of delivering a mi- 
crosecond oxidative pulse to cytochrome c. Being a strong 
oxidant (E  m = 1 V) Pyrox may be employed for study of 
both the low and high potential section of the respiratory 
chain of mitochondria and bacteria. 

This research is supported by the US Navy Office of 
Naval Research (Grant No. N00014-89-J1622) and the 
United States-Israel Binational Science Foundation (91- 
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Fig. 3. Cytochrome c-Pyrox intracomplex electron transfer. The solution 
contained 100 /xM cytochrome c, 100 /xM pyranine, 150 /zM ascorbate, 
1 mM Hepes (pH 6.5). The transient at 550-556 nm was fit an exponen- 
tial (solid line) with kob s = (3.6+0.2). 106 M -  I s -  1. 
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Fig. 4. Biphasic absorption transient following a laser pulse at low ionic 
strength. The solution contained 100 /xM cytochrome c, 300 /zM pyra- 
nine, 150 /xM ascorbate, 1 mM Hepes (pH 6.5). The solid line is the 
theoretical fit assuming two exponential reactions measured at 550-556 
nm. The rate constants estimated for the fast and slow phases were 
(4.0+ 1.0). 106 s -  1 and (2.7+0.2). 105 s -  1, respectively. 

00226). The authors are grateful to Dr. M. Gutman for his 
assistance throughout this study. 
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