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Rose Bengal mediated photooxidation of mitochondrial F,-ATPase and its
B-subunit resulted in inactivation and loss of about 50 and 60 % of their histidine
residues, respectively. The B-subunit was not cleaved upon photooxidation. Pho-
tooxidation of histidine probably results in changes in the conformational stability
of F;-ATPase leading to its inactivation. The participation of singlet molecular
oxygen during the photooxidation process is suggested by the selective loss of
histidine residues, while other amino acids, also sensitive to singlet oxygen attack,
were not affected.

Photochemical damage of F,-ATPase was prevented by various phenanthroline
compounds, the order of efficiency being bathophenanthroline-Fe chelate >
bathophenanthroline > orthophenanthroline-Fe chelate > bathophenanthroline-
sulfonate-Fe chelate. The prevention by bathophenanthroline-Fe chelate of pho-
tochemical damage is interpreted on the basis of its interaction with the photosen-
sitizer, Rose Bengal, probably implying a chemical reaction which decreases the
actual concentration of the sensitizer and, thereby, the extent of photoinactiv-

ation.

It is well established that the F;-ATPases* of mi-
tochondria, chloroplasts and bacteria consist of 5
subunits (o—¢), with a stoichiometry of a,B,yd¢.!
The B-subunit, with a molecular weight of ap-
proximately 50 kD, is generally considered to
contain the catalytic center of the enzyme. There
is evidence that the 3p subunits function in an
alternating fashion with respect to the binding
and release of ATP and of ADP + P, in the
course of the catalytic cycle of the enzyme,>? but
the details of this “alternate-site“ or “binding-
change” mechanism are not yet fully understood.
Likewise, although the idea that F, functions as a
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* Abbreviations used: BSA, bovine serum albumin;
Tris, tris(hydroxymethylamino)methane; F,, coupling
factor 1 of adenosine triphosphatase; BPh, bathophe-
nanthroline = 2,7-diphenyl-1,10-phenanthroline.
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proton-motive ATPase and ATP-synthase, in ac-
cordance with the chemiosmotic hypothesis, is
widely accepted,* the precise mode of interaction
of F, with the proton-translocating F, moiety of
the ATPase (or ATP-synthase) system is still un-
clear.’

Various inhibitors have proved useful in recent
years in an attempt to settle these questions.! In
our laboratory we have been particularly inter-
ested in the effects of trisbathophenanthro-
line)Fe?* (BPh,Fe?*) and related octahedral BPh-
metal chelates,®’ which we have found to act as
powerful inhibitors of soluble mitochondrial F;-
ATPase as well as of F,-ATPases from chloro-
plasts and bacteria and other enzymes catalyzing
the hydrolysis or synthesis of pyrophosphate
bonds.® A striking feature of the inhibition of
mitochondrial F,-ATPase by BPh,Fe?* is its re-
versibility by various uncouplers of oxidative
phosphorylation. These compounds, which are
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believed to act as “proton conductors” across
energy-transducing membranes, have been
shown to relieve the inhibition of soluble F,; by
BPh;Fe’* by forming an adduct to the chelate.®
Evidence was presented that BPh;Fe?* binds to F,
with a 3:1 molar stoichiometry, probably to the
B-subunit of the enzyme, and that this binding is
not altered by uncouplers although the inhibition
of the ATPase activity is abolished.® These find-
ings were interpreted as indicating that BPh;Fe**
has two types of binding sites on the $-subunit of
F,,’ one binding to the three bathophenanthro-
line moieties and not involved in the inhibition,
and another binding through Fe?*, probably caus-
ing the inhibition of the ATPase activity by bind-
ing to tyrosyl residues; this latter binding is pre-
vented by the addition of negatively charged un-
couplers.

Another effect of BPh;Fe?* on mitochondrial
F, that we noticed was that it prevented the inac-
tivation of the ATPase activity occurring upon
photooxidation of the enzyme by exposure to
light in the presence of Rose Bengal.” This effect
was also abolished by uncouplers. The inactiva-
tion by photooxidation, which had been de-
scribed by Godinot et al.,' is usually due to de-
struction of essential histidine residues. How-

ever, from the pH profile of the inactivation
these authors concluded that the inactivation of
mitochondrial F,-ATPase by photooxidation
probably was not related to attack of essential
histidine residues. The purpose of the present
study was to identify by direct amino acid analysis
the amino acid residue(s) involved in the inacti-
vation of mitochondrial F,-ATPase by photooxi-
dation and destruction of these residues in order
to characterize the mechanism by which
BPh;Fe?* prevents this effect.

Materials and methods

F,-ATPase was purified from beef heart mito-
chondria according to the method of Horstman
and Racker.!! The B-subunit of F, was isolated
according to the method of Yoshida et al.,"? ex-
cept that beef heart mitochondrial F;, and not F,
from the thermophilic bacterium PS3 was used as
starting material. Sephadex G-25 was used to
displace guanidine hydrochloride with urea.
Photooxidation of F, was performed at room
temperature in a reaction mixture of volume 1 ml
containing 0.03 mg F,, 25 mM Tris/acetate (pH
7.5), 0.2 uM Rose Bengal and 0.08-8 puM
Fe?*-phenanthroline chelate. The samples were

Table 1. Amino acid composition of F, (mol %) and its f-subunit (number of residues) derived from
photooxidized F,. Assay conditions as described in the Materials and methods section.

Amino acid F,

B-subunit of F,

Native Photooxidized Native Photooxidized
—BPh;Fe +BPh;Fe —BPhyFe +BPh;Fe
Lys 8.50 6.83 8.08 23 24 23.5
His 2.38 1.20 2.16 9 3.5 7.5
Arg 5.75 4.91 5.64 21 18 18
Asp 7.49 8.07 7.63 37 38 36
Thr 6.24 6.00 5.69 30 30 30
Ser 5.20 5.76 5.58 25 25 23
Glu 10.76 11.5 10.76 56 58 58
Pro 4.76 4.63 4.59 28.5 28 29
Gly 7.32 8.53 8.11 41 44 43
Ala 7.79 7.98 7.31 37 39 38
Val 9.36 9.60 10.54 52 52 53
Met 2.23 2.24 2.03 9 8 11
lle 6.51 6.85 6.75 32 345 32
Leu 9.19 9.84 9.34 445 43 46
Tyr 3.12 2.75 2.77 15 14 14
Phe 3.36 3.29 3.02 19 18 17
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irradiated at 23 °C for 1 min with a 1000 W photo-
lamp from a distance of 12 cm, corresponding to
a light intensity at the sample position of 0.25 W
cm™21. Under these conditions, photooxidation
in the absence of the Fe?*-bathophenanthroline
chelate caused an inhibition of F;-ATPase activity
of 75-85 % . Photooxidation of histidine was car-
ried out under similar conditions, directly in the
O,-electrode chamber in a volume of 0.5 ml, at
30°C. The concentrations of histidine and Rose
Bengal were 1 mM and 1 uM, respectively.

Fluorescence of Rose Bengal was measured at
an excitation wavelength of 525 nm and emission
wavelength of 566 nm at concentrations of 1 mM
histidine and 1 uM Rose Bengal. Absorption
spectra of Rose Bengal in the absence and pres-
ence of Fe?*-bathophenanthroline chelate were
measured in water using reagent concentrations
of 5 uM. Protein was determined by the method
of Lowry et al.3 using BSA as standard. Amino
acid analysis was performed after hydrolyzing the
proteins in 6 M HCl in vacuum at 110°C for 24 h;
the hydrolysed samples were then applied to a
Beckman 121 M amino acid analyzer.

Results

I. Photosensitization of F-ATPase: inactivation
and sites of damage. Rose Bengal mediated pho-
tosensitization damage to F,-ATPase and its -
subunit probably proceeds by a type II mecha-
nism leading to singlet oxygen (*O,) generation in
a sequence of steps involving excitation of the
sensitizer (S) to the first singlet excited state
[egn. (1)], its conversion to the triplet state by
intersystem crossing [isc; eqn. (2)], and energy-
transfer quenching of the triplet sensitizer by
ground state O, to produce an electronically ex-
cited state of O,, singlet oxygen (1O,) [eqn. (3)]:

S + hv — !$* (1)
ls* — SS* (2)
’$* +3°0,-> S +'0, 3

Reaction 3 is usually very fast, accounting for
almost all the quenching of triplet sensitizer by
O,. Several acceptors (A), among them amino
acids, react at relatively high rates with '0,, thus
accounting for the O, consumption accompany-

PHOTOOXIDATION OF F,-ATPase
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Fig. 1. Inhibition (A) and protection (B) of F,-ATPase
activity by different Fe?* chelates. Assay conditions
as described in the Materials and methods section.
(O), bathophenanthroline Fe?* chelate; (@),
orthophenanthroline Fe?* chelate; (0),
bathophenanthrolinesulfonate Fe?* chelate; (A),
bathophenanthroline. In Fig. 1B, the control in the
absence of phenanthroline was irradiated in the
presence of Rose Bengal, causing an inhibition of
about 75 % of the ATPase activity.

ing the photooxidation process [eqn. (4)].
Though individual amino acids vary in their sus-
ceptibility to sensitized photooxidation, histidine,
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tryptophan, methionine, tyrosine and cysteine
are readily affected by photooxidation.!*!

'0,+ A—> AO, “4)

The role of 'O, in photosensitized inactivation of
F,-ATPase by Rose Bengal was investigated. The
amino acid compositions of F; and its B-subunit
before and after photooxidation are shown in
Table 1. The B-subunit of F, was isolated from F,
after photooxidation. Photooxidation resulted in
a marked difference in the content of histidine
but no significant differences in the content of
any other amino acids. The slight decrease in the
lysine content of F, (but not the isolated §-sub-
unit) was not statistically significant. Histidine is
probably oxidized via a 'O, mechanism, its reac-
tion rate with 'O, being about 5 x 107 M1 71,16
Approximately 50 % of the histidine residues of
F, (24 residues out of 50 per F,) were destroyed
by irradiation of F, in the presence of Rose Ben-
gal. In the B-subunit of F, about 60 % of the
histidine residues (i.e. S or 6 out of 9 per f-
subunit) were destroyed upon photooxidation.
The B-subunit as a whole was not fragmented by
the photooxidation process, as revealed by gel
electrophoresis (not shown). Since there are
three B-subunits per F;, 15 of 18 histidine residues
out of the 24 residues that are destroyed in the
whole F, are located in the g-subunits. The local-
ization of the 6 or 9 remaining histidine residues
which were not destroyed upon photooxidation

was not determined. Untreated y-, 8-, and e-
subunits contain 40 % of the total histidine resid-
ues of F,, and the remaining histidine residues in
the photooxidized F, might be located in these
subunits. No histidine residues appeared to be
destroyed in the a-subunit of F, (not shown).

IL. Effect of phenanthroline compounds on F-
ATPase activity and on photooxidation of F,-AT-
Pase. Fig. 1A shows the inhibition of the F;-
ATPase activity by bathophenanthroline and Fe?*
chelates with bathophenanthroline, orthophe-
nanthroline and water-soluble bathophenanthro-
linesulfonate. As shown earlier,® bathophenan-
throline and the Fe?* chelates with orthophenan-
throline and bathophenanthrolinesulfonate have
much weaker inhibitory effects on F,-ATPase
than the Fe?* chelate with bathophenanthroline.

Fig. 1B shows that the photosensitization dam-
age to F;-ATPase is prevented by the various
phenanthroline compounds. There is a correla-
tion between the capacity of different Fe’* che-
lates to inhibit the ATPase activity, and their
capacity to prevent photooxidation damage to
F,-ATPase. However, bathophenanthroline,
which does not inhibit the ATPase activity, pre-
vents the inactivation of the enzyme during pho-
tooxidation almost as efficiently as its Fe?* che-
late. The Fe?* chelate with bathophenanthroline
prevents almost completely the destruction of
histidine residues during irradiation of F, in the
presence of Rose Bengal (Table 1).

Fig. 2. Inhibition of oxygen consumption
elicited by Rose Bengal mediated
photooxidation of histidine by different
analogues of phenanthroline. Experimental
conditions as described in the Materials and
methods section. (O), bathophenanthroline
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Fig. 3. Inhibition by bathophenanthroline Fe?* chelate
of oxygen consumption elicited by Rose Bengal
induced photooxidation of histidine. Photooxidation
was performed as described in the Materials and
methods section with varying concentrations of Rose
Bengal. (@), (O) and (O): 1, 2 and 3 uM Rose
Bengal, respectively.
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Fig. 4. Quenching of Rose Bengal
fluorescence by different phenanthroline
compounds. Assay conditions as in the
Materials and methods section. (O),
bathophenanthroline Fe?* chelate; (@),
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The inhibition of photosensitized inactivation
of F;-ATPase by bathophenanthroline and its
chelate mentioned above could be interpreted in
terms of: (a) interaction of bathophenanthroline
and its Fe’* chelate with F,, thus shielding F,
against 'O, attack; (b) reaction with or quenching
of !0, by bathophenanthroline, thus establishing
competition for !0, between bathophenanthro-
line and the photooxidation-sensitive amino acid
residues of F;; (c) reaction with or quenching of

13 Acta Chemica Scandinavica B 42 (1988)

orthophenanthroline Fe?* chelate; (0),
bathophenanthrolinesulfonate Fe?*
chelate; (A), bathophenanthroline.

the sensitizer by bathophenanthroline, thus de-
creasing the actual concentration of the sensitizer
and, thereby, the extent of photooxidation of F;.

O,-consumption originating from the photo-
oxidation of histidine (eqn. 4) in the presence of
Rose Bengal was used to evaluate the possibil-
ities listed above. Bathophenanthroline, its Fe?*
chelate, and the Fe?* chelates with orthophenan-
throline and bathophenanthrolinesulfonate in-
hibit the O,-consumption accompanying pho-
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Fig. 5. Absorption spectra of bathophenanthroline Fe?* chelate and of Rose Bengal in the absence and
presence of bathophenanthroline Fe?* chelate. Spectra were recorded at equimolar concentrations (5 uM) of

Rose Bengal and bathophenanthroline Fe?* chelate.

tooxidation of histidine by Rose Bengal (Fig. 2).
This implies that there is not competition for 'O,
between the acceptor (histidine) in the present
model and the phenanthroline compound. The
inhibition exerted by the Fe?* chelate with batho-
phenanthroline on the O,-consumption coupled
to histidine photooxidation is somewhat more ef-
ficient than the inhibition by bathophenanthro-
line in the absence of Fe?*. Maximal inhibition is
obtained at a concentration of 0.4 puM in the
presence of Fe?* and 0.7 uM in the absence of
Fe?*. The inhibitory effect of other chelates is
much weaker.

Fig. 3 shows the inhibition of O,-consumption
by the Fe?* chelate with bathophenanthroline at
three concentrations of Rose Bengal, viz. 1, 2
and 3 pM. Increasing concentrations of the che-
late are required to inhibit O,-consumption when
the concentration of Rose Bengal is raised: i.e., a
10-fold increase in the concentration of Fe?*
bathophenanthroline chelate is necessary when
the concentration of Rose Bengal is doubled.
These results indicate a possible interaction be-
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tween the photosensitizer and the Fe?* chelate
with bathophenanthroline. This view is sup-
ported by the efficient quenching of Rose Bengal
fluorescence by both bathophenanthroline (70 %
at 1 uM) and its Fe** chelate (95 % at 1 uM) (Fig.
4). 20-30-fold higher concentrations of the Fe?*
chelates with orthophenanthroline and bathophe-
nanthrolinesulfonate are required for half-maxi-
mal quenching of Rose Bengal fluorescence, the
latter chelate being slightly more efficient than
the former.

Quenching of fluorescence could be inter-
preted as arising from a chemical reaction be-
tween Rose Bengal and bathophenanthroline or
physical quenching of the singlet (fluorescent)
state of the sensitizer. Quenching of the triplet
state of Rose Bengal (°S*) is not likely, since
bathophenanthroline, at 1 uM, would have to
compete with 220 uM O, (eqn. 3) (cf. Fig. 2), the
latter reaction proceeding almost at the diffusion-
controlled rate.

Additional evidence for an interaction between
Fe?*-bathophenanthroline chelate and Rose Ben-
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gal is obtained from the absorption spectral shift
that occurs when the chelate is mixed with the
sensitizer (Fig. 5): the absorbance maximum of
Rose Bengal at 550 nm is shifted to about 566 nm
in the presence of Fe** bathophenanthroline-che-
late. No such shift could be observed with either
bathophenanthroline in the absence of Fe** or
the Fe?* orthophenanthroline-chelate (not
shown).

These results are compatible with a chemical
interaction between Rose Bengal and the Fe?*
bathophenanthroline-chelate. In the absence of
Fe?*, bathophenanthroline probably acts by
quenching the first singlet state of Rose Bengal.

Discussion

Photooxidation of F,-ATPase in the presence of
Rose Bengal results in inhibition of the catalytic
activity of the enzyme. The results presented
here indicate that the photooxidation is associ-
ated with photochemical damage to about 50 %
of all histidine residues of F, (24 residues out of
50). It is also shown that about 60 % of the histi-
dine residues (5 or 6 out of 9) of the B-subunit of
F, isolated after photooxidation are destroyed.
This implies that 15 or 18 of the 24 histidine
residues destroyed upon photooxidation are lo-
cated on the B-subunit of the enzyme.

It remains to be established how many of the
damaged histidine residues are critical for the loss
of the ATPase activity. Photooxidation of succi-
nate dehydrogenase in the presence of Rose Ben-
gal is associated with the modification of an es-
sential histidine residue at or near the active site

13*

BPhaFez*-- -FCCP

of the enzyme.!” Studies on the effect of mod-
ification of the B-subunit of F,-ATPase by histi-
dine reagents on the binding of P; and ATP®
reveal that histidine residues participate in the
binding of both P; and of the y-phosphate group
of ATP.

The effect of protection against photooxidation
can be interpreted in terms of direct shielding of
F, against 'O, attack or by the reaction of batho-
phenanthroline or its Fe?* chelate with the pho-
tooxidizing system, i.e. 'O, or the sensitizer. Al-
though we cannot draw any definitive conclusions
at present, our results suggest an interaction be-
tween bathophenanthroline and its Fe?* chelate
with the sensitizer, resulting in inhibition of 'O,
formation. This conclusion is based on the fol-
lowing facts: (1) the protection against photooxi-
dation is obtained in a model system in which
histidine is photooxidized in the presence of Rose
Bengal and O,-consumption is monitored pola-
rographically (cf. Fig. 2); (2) increasing concen-
trations of the chelate are required to inhibit
O,-consumption when the concentration of Rose
Bengal is raised (cf. Fig. 3); (3) the shift in the
absorption spectrum occurs when BPh;Fe?* is
mixed with the sensitizer (cf. Fig. 5).

A possible interpretation of the results pre-
sented above is summarized in Scheme 1. The
upper part of this scheme shows the photooxida-
tion and indicates the site of damage of F,-AT-
Pase, and the lower part shows the prevention of
photooxidative damage to F;-ATPase by phenan-
throline compounds and its reversal by uncou-
plers. It remains an open question whether these
two effects are related to each other, since our
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results indicating a direct interaction between
phenanthroline compounds and the sensitizer do
not exclude a shielding effect of BPh,Fe?* on F,.
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