Vol. 6%, No. 4, 1976 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Phctoreduction of Membrane Bound Cytochrome ¢

by Excited-State Phencthiazine

Jane M. Vanderkooi
Department of Biochemistry and Biophysics
University of Pennsylvania
Philadelphia, PA 19174 USA

Received February 25,1976

SUMMARY: Ferricytochrome c can be reduced in a photochemical resction by
excited state phenothiazire. This reaction is observed between phenothiazine
which is solubilized by phospholipid artificial membranes and cytochrome

¢ which is adsorbed tc the membrane surface. Under conditions when cyto-
chreme ¢ is not bound to the phospholipid, the rate of reducticn by pheno-
thiazire is greatly reduced. The phosphorescence of phenothiazire is
quenched in the presence of cytochrome ¢, implying that the excited triplet
state interacts with cytochrome c¢. 0Oxygen inhibits the reaction since
possibly, as a paramagnetic species, it increases intersystem crossing of
the excited states of phenothiazire. O0On tne basis of molecular models

the proximity between the igson of ferricytochrome ¢ and phenothiazine

is estimated to be over 20 A.

Biological redox reactions are characterized by their speed and
specificity. Although they provide most of the energy for the cell, and
are tnerefore of utmost importance, a description of these reacticns in
molecular terms has been most difficult to formulate, arising in part
because so many redox reactions occur within the membrane. Furthermore
simple model systems for biclogical redox reactions are cften not available.
In the report given here a model system for the study of electron transfer
reactions in cytochrome ¢ is described. The reductant molecule is
excited state phenothiazire (I)., Phenothiazine is a small hydrophohic
molecule which can be solubilized by detergents (1) and like similar
molecules (2) partitions into phospholipid artificial membranes,

N
@SO I
In its excited state it has been shown to reduce metals {1) and quinones
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(3). Here data is presented showing that excited state phenothiazine can
reduce ferricytochrome ¢ in a phospholipid dispersion. The reaction is

discussed in terms of a tunneling mechanism for electron transfer.

Materials and Methods:

Cytachrome ¢ type VI, L-o-dimyristoyl lecithin and cardiolipin were
obtained from Sigma Chemical Company (St. Louis, M0)., Phenothiazine was
supplied by Aldrich Chemical Company (Milwaukee, WI). Aqueous suspensions
of phospholipids were prepared by sonicating the 1ipids for three minutes
using a Branson sonifier at maximum output. Phenothiazine was sonicated
with the lipids or small aliquots of phenothiazine added to the sonicated
1ipid suspension. A glass cuvette which was equipped with a screw cap
and rubber septum through which a syringe could be inserted was used during
the irradiation. Oxygen was first removed from the sample by bubbling
the sample vigorously for five minutes with ultrapure nitrogen (Matheson
Gas Company) and the sample was irradiated with a 100 Watt Tow pressure
mercury arc lamp held at 12 inches from the sample.

Luminescence spectra were taken at liquid nitrogen temperature (77°K)
using an Hitachi MPF-2A fluorescence spectrometer, The Hitachi phos-
phoroscope attachment and a quartz Dewar was used for the cell compart-
ment. The phosphoroscope was used without the rotating shutter.
Ferrocytochrome ¢ concentration was determined using 27.6 x 103w !

as extinction coefficient at 550 nm.

Results:

Photoreduction of cytochrome c: Irradiation of an anaerobic sample con-

taining ferricytochrome c and vesicles composed of a mixture of cardiolipin,
dimyristoyl lecithin and phenothiazine with 1ight from a Hg arc lamp causes

reduction of cytochrome ¢ (Fig. 1). Prolonging the time of exposure to

light produces more reduction and under the conditions described in the

legend twenty minutes exposure resulted in about 30% reduction of cyto-
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Figure 1: Photoreduction of cytochrome c: difference spectra before and
after i1lumination. The sample contained mixed 1ipid vesicles composed of
0.5 mg dimyristoyl lecithin/ml., 0.2 mg cardiolipin/m]l and G.47 mM pheno-
thiazine., Cytochrome c concentration was 24 uM and phosphate buffer {10 mM)
was at pH 6.5. Sample prior to illumination was used as reference.

chrome ¢ samples. The reaction rate decreases somewhat with Tonger times
of exposure (Fig. 1b); a decrease in the rate is linked to the photo-
destruction of phenothiazine and to the lowering of the concentration of
ferricytochrome c.

Several pieces of evidence indicate that excited state phenothiazine
is the reductant. The reaction does not occur in the dark. Also,
illumination of the reaction mixture in which phenothiazine is omitted
produced no reduction of cytochrome c.

Under conditions identical to the experiment described in Figure 1 but
in which atmospheric oxygen was not removed, cytochrome c was less than
1% reduced after 20 minutes exposure to 1light. The inhibition of the
photoreduction of cytochrome ¢ by oxygen may be related to several factors.

First, irradiation of cytochrome ¢ by ultraviolet 1ight can produce a
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photooxidation of cytochrome c. However, probably more importantly,
molecular oxygen by virtue of its paramagnetism is expected to interact
with excited states of phenothiazine to produce intersystem crossing as
suggested by Alkaitis et al (1). These authors rule out the possibility
that oxygen is itself reduced by phenothiazine in its excited triplet
state.

The reduction rate of cytochrome ¢ by excited state phenothiazine is
greatly reduced when cytochrome ¢ is not bound to the membrane. When
1.0 M KC1 1is substituted for 10 mM phosphate buffer, the reduction was
inhibited (not shown). Under these conditions the negative charges on
the surface of the artificial membrane are shielded and cytochrome ¢
does not bind to the Tipid {4). These data indicate that the reaction
is occurring at the membrane interface and also rules out direct cyto-

chrome c-phenothiazine interactions.

Luminescence spectra of phenothiazine. The inhibition of the reaction

rates by oxygen would suggest that the long=lived triplet state of
phenothiazine (7300 msec) (1) rather than the short-lived singlet state
(< 2 nsec, our unpublished results) is the reactive species. If so, one
might expect that cytochrome c would quench the phosphorescence of
phenothiazine. This was indeed observed. In Fig. 2, emission spectra of
phenothiazine in ethanol, mixed phospholipids and phospholipids to which
cytochrome ¢ is bound are presented. Light emitted from 400 to 480 nm is
comprised of fluorescence and 1ight emitted above 480 nm represents the

phosphorescence.

Although the data presented by the Figure do not allow quantitative
determination of the extent of quenching by cytochrome c, they do provide
qualitative evidence that cytochrome c quenches the triplet of phenothiazine.
Taking 462 nm as the wavelength for fluorescence which is least affected

by scattering and absorption artifacts and 502 nm as the wavelength for

phosphorescence, the intensity of phosphorescence to fluorescence is 17.6
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Figure 2: Luminescence spectra of phenothiazine at 77°K.

A. 10 mM phenothiazire in ethanol B. 0.5 mg dimyristoyl lecithin/ml
0.2 mg cardiolipin/ml and G.10 mM phenothiazine in 6 mM phosphate buffer,
pH 6.5 and 30% glycerol. C. Same as B but 9.1 mM ferricytochrome ¢

was added. Instrumental gain for C was 3 times that of B. Dotted line
represents approximate baseline.

and 8.6 for phenothiazine in ethanol and lipids, respectively. This compares
with a ratio of 1.25 for the Tipid system in which cytochrome ¢ is bound
(Figure 2C). The differential guenching cf phosphorescence over fluorescence
of phenothiazine is related to the longer Tifetimes of the triplet state;
experiments are now in process to determine the rate constants. It can

be mentioned, however, that at room temperature the binding of cytochrome

¢ to negatively charged phospholipid vesicles which are doped with pheno-
thiazine results in very little fluorescence quenching, This is in contrast
to the quenching of anthracene under similar conditions (4). Although
anthracene and phenothiazine have similar emission spectra, anthrancene

has a much Tonger fluorescence 1ifetime (- 10 nsec), and consequently

energy transfer from the singlet excited state is more probable.

Discussion:

Cytochrome ¢, a positively charged molecule, adheres to the surface of
the negatively charged phospholipid dispersions (4). Cytochrome ¢ is
about 30 Z in diameter and the heme is slightly off center (5), making

the distance from the iron to the nearest edge of the protein to be about
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12 Z. Phenothiazine is extremely water insoluble and is expected to
partition into the hydrophobic region of the membrane. This means that the
distance between iron and phenthiazine is perhaps an additional 8 R
distance apart; therefore, the distance between the reductant and the oxidant
is roughly greater than 20 Z. The finding that the electron can be transferred
over such large distances is consistant with proposed tunneling mechanisms
for electron transfer (6,7). Using the analogy that electron transfer and
energy transfer can be described by similar equations (7), one would
expect that the electron transfer like energy transfer is orientation as
well as distance dependent. If however the electron is being transferred
from the triplet state to the porphyrin ring system, the orientation factor
for electron transfer, like energy transfer (8), should never go to zero.
This is due to the symmetry of the ring.

The reaction system described here is an excellent model for the
photosynthetic systems of plants and bacteria. Since the reductant
can be instantaneously produced by a flash of light, it provides a
potentially useful way to measure cytochrome c reaction kinetics. We are
currently measuring the reaction rates of the fluorescence and phosphorescence
of phenothiazine as well as the reduction rates of eytochrome ¢ in order

to get a detailed understanding of this redox reaction.
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