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Abstract

The irradiation of deaerated solutions of horse
heart cytochrome ¢ causes the reduction of Fe(III)
to Fe(Il). The dependence of the photoreaction
quantum yield on pH shows that the photoreactive
species is a form of cytochrome ¢ which contains
methionine-80 and histidine-18 as heme ligands.
The primary photochemical event consists of an
electron transfer from the sulphur of methionine-
80 to iron. The re-oxidation of the photochemically
obtained Fe(II) protein gives a Fe(Ill) cytochrome
which exhibits a typical low-spin absorption spec-
trum, lacking the 695-nm band and indicating
that a strong field ligand, other than methionine-80,
coordinates to the sixth binding site of the heme
iron. Spectrophotometric titration of the photochem-
ically modified Fe(III) cytochrome shows that histi-
dine-18 remains bound in the fifth position.

The substitution of methionine-80 with the
more oxidizable azide ligand increases the efficiency
of the intramolecular electron transfer. Azide
radicals, detected by spin-trapping ESR technique,
are formed in the primary act. Visible—UV spectral
data indicate that histidine-18 and methionine-80
occupy the fifth and sixth position, respectively,
in the photoreaction product. All the results obtain-
ed correlate well with those previously obtained
in investigations concerning the photoredox behav-
ior of iron porphyrin complexes.

Introduction

The role that cytochrome ¢, a heme protein from
the mitochondrial respiratory chain [2], plays in

*Part of this work has been presented at the 1st Interna-
tional Conference on Bioinorganic Chemistry, Florence,
June 1317, 1983 [1].
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biological electron transport has been the subject
of extensive investigations [3]. Nevertheless, the
detailed mechanism by which cytochrome c assists
electron transfer is still a matter of discussion.

Experimental evidence indicates that the site
which determines the physiological function of
cytochrome ¢ is the heme prosthetic group where
the iron center can alternate between diamagnetic
Fe(Il) and low spin Fe(IIl). It is likely that cyto-
chrome c¢ transfers electrons via an outer sphere
mechanism, [4] since its function is accomplished
when the prosthetic group, that is an exacoordi-
nated low-spin Fe(Ill) porphyrin complex, is
completely buried in the protein crevice and
ligation is sterically hindered.

A large part of the investigation concerning
cytochrome ¢ is aimed at clarifying its electron
carrier properties through the study of the kinetics
and the mechanism of the redox reactions with
biological as well as chemical substrates [3b]. Like-
wise, the study of the chemical modifications of
the proteic structure, in particular in proximity
of the heme group, proved to be a powerful tool for
obtaining information on the relationship between
the structure and the biological activity. In this
line, the use of light appeared to be a clean and
polished method for inducing chemical and/or struc-
tural changes in hemoproteins and a number of
papers have been published on this subject [5].
On the other hand, in most of the reported investiga-
tions little attention was devoted to the photoredox
reactions involving the iron center [6].

Some studies on the photoredox reactions of
Fe(IlI}) porphyrin complexes, which are known to
be very suitable models for hemoproteins, have
been published in recent years [7}. The most interest-
ing result obtained in these studies is that, in every
case, an intramolecular electron transfer from the
axial ligand to iron was the primary photochemical
event.

© Elsevier Sequoia/Printed in Switzerland
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Fig. 1. Spectral variations observed upon irradiation with A > 300 nm light of a 1 X 10—4 mol dm™ deaerated solution of Fe(IIl)-
cytochrome c. pH, ca. 7;irradiation times, 5 minutes; o, initial spectrum. Central panel, read ordinate on right X10.

On the basis of the results obtained by studying
the above models, we report here the results obtain-
ed in an investigation on the intramolecular photo-
redox reactions of cytochrome ¢ and its azide deriva-
tive.

Experimental

Materials

Horse-heart cytochrome ¢, Type VI, was
purchased from Sigma Chem. Co. All other chemicals
were commercial grade products.

Apparatus and Methods

UV—Vis absorption spectra were recorded with
a Jasco Uvidec 650 spectrophotometer. X-band
electron spin resonance (ESR) spectra were record-
ed with a Bruker 220 SE spectrometer which was
calibrated using a,a’-diphenyl-picryl-hydrazyl
(DPPH). pH measurements were carried out with a
Beckman Select Ion 5000 pH-meter. Irradiations
were performed with a 250 W Xenon lamp. The
required irradiation wavelength ranges were obtain-
ed using cut-off glass filters. When necessary, mono-
chromatic light was obtained with an f/3.4 Grating
monochromator (Applied Photophysics). Spectro-
photometric quartz cells were used as reaction
vessels. Irradiations were also carried out in the
ESR cavity. In this case, the samples were contain-
ed in 0.5-mm flat cells. The protein was dissolved

in twice distilled water and the solution obtained
was used within 24 hours. Deaerated samples were
obtained by bubbling ultrapure argon into the
solution through a glass capillary for one hour. The
pH was adjusted to the desired value by addition of
small amounts of 1/1 HCI or NaOH solutions. The
protein solutions were irradiated at room tempera-
ture (22 °C) and the photoreaction monitored by
UV-Vis spectroscopy. In the chromatographic
separations the irradiated solutions were loaded
onto a 13 X 2.5 ¢cm CM-52 (Watman) column pre-
equilibrated with 5 X 1072 mol dm™ K-phosphate
buffer (pH 7.5) and eluted with a 9 X 107 mol
dm™ K-phosphate buffer at a flow rate of 50 ml/
h at room temperature. 5-ml fractions were col-
lected and spectrophotometrically analyzed at 410
nm or 525 nm depending on the concentration of
the sample. The most concentrated fractions
were collected and dialysed, first against 100 vols.
of 0.5 mol dm™ KCl (pH 7.5) in twice distilled
water to remove phosphate anions, and afterwards
exhaustively against twice distilled water. Samples
treated in this way were employed directly or, when
necessary, lyophilised and stored at —20 °C. The
quantum yield determination was carried out with
monochromatic light and was based on two actino-
metric measurements [8] performed in the reaction
cell before and after each photochemical run. The
initial concentration of the reagent was selected
so as to obtain the maximum absorption of the
excitation light compatible with the spectrophoto-
metric or ESR measurements.
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Results

Native Cytochrome ¢

Aqueous solutions of horse heart Fe(Ill) cyto-
chrome c in the pH range 4—10 were stable at room
temperature for several days.

The irradiation at A > 300 nm of 1 X 10™* mol
dm™ deaerated solutions of the native cytochrome
c at room temperature and pH 8.5 gave rise to the
spectral variations shown in Fig. 1. The absorbance
increase at 550 nm together with the decrease of
the 695-nm absorption indicate that the irradiation
causes the reduction of Fe(Ill) to Fe(Il) [9]. No
appreciable changes of pH occurred during the irra-
diation. In the pH range 4—10, as well as in aerated
solutions, qualitatively similar spectral variations
were observed. When ferricyanide was added or oxy-
gen was bubbled into the irradiated solutions, the
absorption spectrum showed essentially the features
of the original Fe(III) cytochrome c, except for the
695-nm band which appeared to be less intense.
The decrease in intensity of this band suggests that
under irradiation the native Fe(IIl) cytochrome ¢
underwent other modifications, besides reduction of
the heme iron.

The modified Fe(III) cytochrome ¢ was chromato-
graphically separated from the native protein as
described in the Experimental section. A two-peak
elution pattern was obtained (Fig. 2). On the other
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Fig. 2. Elution diagrams of Fe(lll)-cytochrome ¢ aqueous
solutions before (@) and after (®) irradiation at A > 300 nm,
obtained by chromatography on Watman CM-52 column
(13X 2.5cm).

hand, a single-peak elution pattern was obtained in
the case of a solution of the native protein under
similar conditions except that it had been kept in
the dark for the whole time of the photochemical
run. The solution of the modified Fe(IIl) cyto-
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chrome c, previously purified by dialysis (see Experi-
mental), displays the absorption spectrum typical of
the native protein, except for the lack of the 695-nm
band.

The modified cytochrome exhibits a different
behavior with respect to the native species as to the
effect of pH on the 620-nm absorption (Fig. 3).
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Fig. 3. Spectrophotometric titrations at 620 nm of (=) native
and (e) photochemically modified Fe(III)-cgrtochrome c.
Cytochrome concentration, 1 X 107* moldm™

The increase in absorbance with pH decrease, which
is indicative of the formation of high-spin species,
occurs as a two-step process in contrast to the case
of the native species which exhibits a single-step
transition.

The change in absorbance at 550 nm (Fig. 1)
was monitored as a function of irradiation time.
A linear plot was obtained which indicates that the
photoreaction follows zero-order kinetics for an irra-
diation time long enough to minimize errors in the
quantum yield calculation. The quantum yield values
at different pHs and irradiation wavelengths are set
out in Table L.

Azide Cytochrome ¢

The presence of an excess of azide in neutral solu-
tions of Fe(IIl) cytochrome ¢ is known to produce
a stable form of cytochrome in which N3~ binds to
the sixth position of iron in the place of methionine-
80 [10].

The addition of 10 mol dm™ azide to a 1 X
10™* mol dm™ aqueocus solution of Fe(IIl) cyto-
chrome ¢ changed the absorption spectrum as shown
in Fig. 4 and increased the pH to ca. 9.5. No
appreciable spectral variations were observed if the
pH was re-adjusted to ca. 7, thus suggesting that, in
the conditions used, the azido derivative can be
considered stable in the pH range 7—9.5. The irra-
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TABLE I. Photoredox Quantum Yields of Fe(Ill)<yto-
chrome ¢ (¢ny¢) and its Azide Derivative (¢g,).

PH  nat® X 10% Ay énat® X 10% 6,5 x 10*

1.7 0.0 275 6.6

21 00 280 5.3

31 1.5 290 45

36 3.6 295 43

45 5.2 310 33

50 5.5 315 3.3

60 5.5 330 1.7

85 3.3 340 06 4.0
101 22 360 0.4 14
107 1.7 400 <0.1 <0.1
111 1.2
120 15.0
Agr313nm.  PpHB.S. CpHIS.

sbsorbance
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Fig. 4. Absorption spectra of Fe(Ill)-cytochrome c¢ in
aqueous solution at pH 9.5: (—-——-) in 10 mol dm~3
sodium azide; ( ) without sodium azide. Cytochrome
concentration, 1 X 10 % mol dm™3.

diation of the above oxygen-free solutions with light
of X > 335 nm gave, at pH 8.5-9.5, spectral varia-
tions which indicate the formation of Fe(II) cyto-
chrome c*. At pH 6.5-8.0 no appreciable amount
of Fe(Il) protein was formed upon irradiation.
The photoproduct formed in basic solution was
stable in the absence of oxygen and underwent
complete re-oxidation within 24 hours when air
was let into the reaction vessel. On the other hand,

*Irradiation at wavelengths shorter than 335 nm gave
complicated spectral variations indicating that photo-
processes other than photoredox were occurring.
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when the pH was lowered below 8, the photoproduct
underwent fast oxidation both in the presence and
in the absence of air.

Irradiated solutions which were dialyzed against
distilled water in order to remove excess azide
exhibited an absorption spectrum identical to that
of the native Fe(III) cytochrome c at neutral pH.

Photochemical experiments have been carried out
by irradiating inside the ESR cavity solutions of
azide—Fe(III) cytochrome derivative containing
phenyl-tert-butyl-nitrone (PBN) as spin trap [11].
The pH of the solution was in the range 6 to 9.5
and 350-nm irradiation light was used in order to
avoid photolysis of PBN. Irradiated solutions dis-
played an ESR spectrum which is typical of an N3
adduct of PBN [12].

The observed good zero-order kinetics followed
by the photo-redox reaction of the azide-cytochrome
derivative has allowed the calculation of the quantum
yields using the same procedure as that described
above for the photoredox of the native protein.
The values obtained at different irradiation wave-
lengths are reported in Table 1.

Discussion

The product formed as a consequence of the irra-
diation of Fe(IIl) cytochrome ¢ solutions exhibits
an absorption spectrum very similar to that of Fe-
(II) cytochrome c (Fig. 1). This product, after re-
oxidation and separation from the unreacted native
protein, displays an absorption spectrum which is
typical of a low-spin Fe(Ill) cytochrome with the
695-nm band missing. Since this band is known
to be an index of the stability of the heme iron—
methionine-80 bond, its absence in the new spectrum
indicates the breaking of the iron—sulfur bond in
the photoredox process.

The spectral titration curves at 620 nm (Fig. 3)
show that the photochemically modified cytochrome
is converted to a high-spin form in a two-step
process with pK 2.5 and 5.3, respectively, whereas
the native protein undergoes a one-step transition
with pK 2.5. A similar pH dependence was previously
observed and discussed by Kaminsky et al. [Sd] for
the methionine-sulfoxide derivative of cytochrome
c. The two transitions were taken as an indication
of the replacement of the fifth and sixth ligands
of heme iron respectively. The fact that the pK
of 2.5 did not vary after the modification of the
native protein was taken by the above authors as
evidence that histidine-18 was the fifth ligand in the
methionine-sulfoxide cytochrome c. We propose a
similar explanation for the spectrophotometric titra-
tion reported in Fig. 3, ie., histidine-18 is also the
fifth ligand in the photochemically modified Fe(III)
cytochrome c.
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Fe(III) cytochrome c is known to have, in aqueous
solution, different pH dependent states which differ
from each other in the nature of the amino-acid resi-
dues bound to the two axial positions of the heme
group [2]. The equilibria involving these states are
reported in Scheme 1:

H H Met-80

N7
9 -H T n* IL H*
—Fe— T——" —Fe— FT——" —Fe— +—— 7
i\ +H* +H :‘ +H*
N,
H/ \H pKp=2.5 I ﬁ pKaA=9.3 E \W pKp=12.7
N N
Ny \H
His-18 His-18
A B c D
Scheme 1]

The nature of the heme ligands in the ‘basic’
states (C and D) is presently an object of discussion.
The substitution of methionine-80 with lysine-79
in state C was previously proposed by Dickerson
et al. [2]. However, a detailed work by Bosshard
[13] clearly shows that lysine-79 is not ligated
in the sixth coordination site of heme iron in state
C of Fe(Ill) cytochrome c. The situation is more
complicated in state D: at pH > 12 the protein does
not retain a closed conformation and the heme is
no longer completely buried in the proteic crevice.
As a consequence, OH and H,0 are likely to
compete with amino-acid residues in binding to the
axial positions of Fe(III).
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As is apparent from Table I, the highest quantum
yield is obtained at pH 12. However, due to drastic
conformational changes occurring in the proteic
moiety at these pHs [2], it is not possible to present
a clear picture of the photoredox process. On the
other hand, in the pH range 2—11 the maximum
quantum yield value is obtained near pH 5, where
state B is by far the most abundant species and thus
the one absorbing most of the excitation light. This
is an indication that the state which contains methio-
nine-80 and histidine-18 as heme ligands (B) is the
only photoreactive species and that the replacement
of methionine-80 with other ligands (states C and
A} prevents the photoredox reaction.

In Fig. 5, the experimental quantum yield values
are reported as a function of pH and compared with
a plot obtained by assuming that state B is the only
photoreactive species. Theoretical plots of quantum
yield versus pH can be constructed using the concen-
tration of state B evaluated from the equilibrium
constants of Scheme 1. Both the experimental and
the calculated points lie on bell-shaped curves which
have a maximum at about pH 6. This provides further
evidence that state B is the actual photoreactive
species. The fact that at pH > 9 and < 4 the experi-
mental points do not fit the theoretical plot can
be explained in the following way. At pH > 9 the
concentration of species D, which is likely to be
responsible for the high quantum yield obtained at
pH 12, is no longer present in a negligible amount,
thus causing the experimental values to be higher
than the calculated ones. At pH < 4 the photoreac-

7
6}
LT T T T T
- .
5| e
r -
L ’ N
4 Y
a4 / |
< ! !
=} ; © Q
» ,’
o 3 ’
/
1
! o]
21 /
/
’ o} N o]
/ AY
’ A ©
1 ’ AN
’ N
7/ A
’ N
.
1 alao 1 P 1 L 1 1 4 | i ]
o 1 2 3 4 5 [} 7 8 9 10 1 12
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tion product is likely to be in equilibrium with a
reduced cytochrome state which contains two water
molecules bound to Fe(Il) eqn.:

H H
| . \o/
+
—Fe(l)— +—= —Fel{ll— 1
-H
! AN
H H

This species, the concentration of which increases
with decreasing pH, is known to be very unstable
with respect to oxidation [2] even in deaerated solu-
tion; this provides a plausible explanation for the
experimental quantum yields being progressively
lower than the calculated ones as pH is lowered (Fig.
5).

In order to demonstrate the influence of equilib-
rium 1 on the quantum vyields, these were made
independent of the equilibria of Scheme 1 by dividing
the experimentally obtained values by the intensity
of the excitation light absorbed by the photoreac-
tive species B. The quantum yields obtained in this
way are reported as a function of pH in Fig. 6. In
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Fig. 6. Dependence of the corrected photoreaction quantum
yield (¢porm.) on pH. The corrected values have been calcu-
lated using the intensity of excitation light (313 nm) absorb-
ed by the photoreactive species.

one portion of this plot (low pH) the quantum
yield strongly increases with pH, in agreement with
the difference between the theoretical and experi-
mental quantum yield values in the same pH region
of Fig. 5. At high pHs, where the concentration of
the easily oxidizable Fe(Il) cytochrome species
becomes negligible, the corrected quantum yields
do not depend on pH.

Azide has been chosen as an exogenous ligand in
the present study, since it proved to be frequently
very useful in spectroscopic investigations on hemo-
proteins, particularly with regard to charge transfer
transitions involving axial heme-iron ligands [14].

The experimental results clearly indicate that the
irradiation of solutions of Fe(IIl) cytochrome ¢ con-
taining an excess of azide, at pH 9.5, causes the
reduction of heme iron and the formation of -Nj
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radicals. The photoreaction product is Fe(II) cyto-
chrome ¢ containing methionine-80 and histidine-18
bound in the two axial binding sites of the heme iron.
This behavior can be interpreted in terms of Scheme
2, where S is the sulphur of methionine-80 and N the
nitrogen of histidine-18.

!

~
N/ S Ny
!
—Fell— + Ny T — F':e(lll)— Q)
N M
N7 N
S Ny s Ny
—Fel)— ¥, — Fe(ll) — 3)
! |
/N\ /N\
/ /
~s N s N
N3 )3
—Fe(ll)— _ —Fellil)— 4
! 1
/N\ /N\
.!Na \S
—Fell)— ——— —Felin— ++Ng  (5)
| |
/N\ /N\
</ Ng/
s [
—Fe(l)— _ —Felll)— (6)
| |
Scheme 2

Equilibrium 2 is strongly displaced toward the
right due to the presence of a large excess of N3
The primary electron transfer from axial N3 to
Fe(IIl) (egn. 3)is followed by a back electron trans-
fer (eqn. 4) which competes with the N; radical
diffusion (eqn. 5). The free binding site of the Fe(II)
intermediate is rapidly occupied by methionine-
80 (eqn. 6) which is known to be a good ligand for
Fe(II) cytochrome species.

Analogous mechanisms have previously been
proposed for the photoredox reactions of Fe(III)
porphyrin complexes [7a, 7c] and the detection of
radical species provided in some cases [7e] direct
evidence for an electron transfer from axial ligand
to Fe(Ill) being the primary photochemical act.
These results, together with those reported above for
the azido cytochrome derivative, suggest that the
photoredox reaction of the native Fe(IIT) cytochrome
¢ occurs according to a mechanism where the primary
photochemical process is an inner sphere electron
transfer from axially bound methionine-80 to heme



Photoredox Reactions of Fe(lll) Cytochrome ¢

iron. Although it is reasonable to suppose that a
methionyl radical cation is actually formed in the
primary electron transfer, its fate is not easily pre-
dictable. The formation of a sulfoxide derivative,
previously proposed by Jori et al. [5b] on the basis
of results obtained in a study concerning the photo-
chemical behavior of cytochrome ¢ in the absence
of photosensitizers, was not subsequently confirmed
[5d] and on this basis it can also be ruled out in the
present case.

The photochemically modified cytochrome ¢ exhi-
bits, in its oxidized state, a low-spin type absorption
spectrum. This suggests that the modification of the
methionine-80 residue yields the sixth binding posi-
tion of heme available for ligation of a strong field
ligand. This might be either an aminoacid residue
which is drawn closer to the heme group as a
consequence of conformational changes induced
by the photochemical process, or a new species
formed through reactions of the methionyl radical
cation.

The involvement of methionine-80 in the photo-
reaction of native Fe(III) cytochrome as well as the
involvement of N3~ in the azide derivative, implies
that an axial ligand-to-metal charge transfer excited
state is responsible for the primary photoprocesses.
The possibility of charge transfer transitions to or
from axial ligands in metallo-porphyrins and metallo-
proteins was postulated on the basis of Polarized
Electronic and Resonance Raman Spectroscopy inves-
tigations [14]. Unfortunately, the intense m—m*
transitions which dominate the spectrum of these
compounds make the location of the ligand-to-metal
or metal-to-ligand charge transfer transitions very
difficult.

The comparison of the photoreaction quantum
yield values obtained for the native Fe(III) cyto-
chrome c with those obtained for the azide deriva-
tive indicates that the latter photoreacts at irradia-
tion wavelengths longer than 360 nm where the
native species appears to be quite unreactive. This
allows one to consider the possibility that the N3 -
Fe(IIl) charge transfer transition is shifted toward
lower energies, in agreement with the higher oxidiza-
bility of N3~ with respect to methionine. The loca-
tion of the absorption bands corresponding to these
transitions is hazardous because of the complicated
nature of the spectrum of cytochrome c. However,
the depencence of the quantum yield on the irra-
diation wavelength allows one to locate them in the
near UV spectral region.

The results obtained in the present investigation
demonstrate that the excitation of Fe(IIl) cyto-
chrome c leads to an inner sphere electron transfer
from heme axial ligand to iron. This behavior is
quite similar to that previously observed for iron
porphyrin complexes which can be considered good
models for a number of heme proteins. The effi-
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ciency of the photoredox depends, as expected, on
the nature of the axial ligand. However, a correlation
between the oxidizability of the ligands and the
photoredox quantum yield should be of little signifi-
cance because the quantum yield value depends on
a number of different parameters such as excited
state lifetime, efficiency of the back electron trans-
fer and reactivity of intermediates formed in the pri-
mary photochemical act. It should be noted,
however, that state C (Scheme 1) of the native cyto-
chrome c, which is known to be capable of under-
going oxidation and reduction of its heme iron in
physiological conditions, is the only photoreducible
species. Despite the difficulties involved in this
correlation, it gives further evidence of the funda-
mental role of the binding of methionine-80 to
iron in the redox processes of cytochrome c.

The finding that the light induced oxidation of the
methionine-80 residue of Fe(IIl) cytochrome ¢ pro-
ceeds via an intramolecular electron transfer from the
methionyl sulfur to iron is not in agreement with the
results obtained by Jori and co-workers [5b] on the
photo-oxidative modification of heme ligands of
Fe(IIT) cytochrome c. These authors did not observe
photoreduction of Fe(III) to Fe(II) during the irradia-
tion and ascribed the formation of methionyl
sulfoxide to a heme photosensitized oxidation of
methionine-80 residue. In a successive investigation
Kaminsky and co-workers [5d] were able to perform
the oxidation of the methionine-80 residue of horse
heart cytochrome c¢ to sulfoxide in the presence
of methylene blue as sensitizer. On the contrary,
any attempt to obtain methionine sulfoxide by
irradiation of the Fe(IIl) protein without external
sensitizer failed in the hands of the same author as
well as in those of a number of other researchers in
different laboratories. As a matter of fact, the inabi-
lity of the heme group to work as sensitizer is in
good agreement with the known very short lifetime
of Fe(Ill) porphyrin excited states [15] in fluid
solution which is presumably due to radiationless
decay to low lying d—d states. In spite of the evident
disagreement between our results and those of
Kaminsky et al. [5d], a common indication is that
the photo-oxidation of the methionine-80 residue of
Fe(III) cytochrome ¢ occurs in the presence as well
as in the absence of external sensitizers. While in
the former case methionyl sulfoxide is formed
without changing the oxidation state of iron, in
the latter case an intramolecular electron transfer
from methionine-80 to iron produces a methionine
oxidation product other than the sulfoxide, simul-
taneously reducing Fe(III) to Fe(II).
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