Mixed Monomolecular Films of Chlorophyll and Cytochromes
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Mixed monomolecular films of cytochrome (Cyt) and chlorophyll (Chl) were spread at a
nitrogen-water interface. A large interaction is observed between reduced Cytf and Chla in a
mixed film. Oxidized Cyt f and Chl a in a mixed film show little evidence for interaction. Mixed
monomolecular films of Chl a with either reduced or oxidized Cyt ¢ appears to result in denatura-

tion of the protein at the surface.

A light reaction is observed only in mixed films of reduced Cyt f and Chl a.

Introduction

Cytochrome f (Cytf) appears to occupy a key
position between the electron transport system and
photosystem I. It appears that there is a light-driven
electron transfer from Cytf to chlorophyll (Chl) of
system 1! in photosynthesis.

The electron transport system is located in the
thylakoid membrane of the chloroplasts. This mem-
brane also contains the pigments necessary for
photosynthesis. According to models of the thylakoid
membrane, the pigments exist as a monolayer at a
lipid-protein interface > 3. Pigment monolayers on
an aqueous surface serve as a useful model to study
various aspects of the physical and chemical proper-
ties of the in vivo state.

The properties of monomolecular films of oxidized
and reduced Cytc and Cytf were reported else-
where ¢. Evidence for an interaction between Cytc
and Chl in a mixed monolayer was reported by
Aghion et al. ®.

The present study is concerned with the inter-
action of Chl a with oxidized and reduced Cytc and
Cytf in mixed monomolecular films. The effect of
light on these films will also be examined.

Materials and Method

Studies of mixed monomolecular films are carried
out using a Wilhelmy plate surface balance housed
in an environmental chamber; the latter has provi-
sion for evacuation and flushing with nitrogen. A
constant temperature of 15 “C is maintained using a
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thermostatically controlled water cooling system. The
sensitivity of the balance is £ 0.2 dyn/cm.

Surface potential measurements are made as pre-
viously described ®. The accuracy of surface poten-
tial measurements is =10mV.

The area/molecule, A, and the surface potential
AV, are measured at a surface pressure 71 =6 dyn/
cm.

The concentration of cytochrome or chlorophyll in
the spreading solution is determined spectrophoto-
metrically (Cary, Model 14R). The spreading solu-
tion for chlorophyll is benzene, and for cytochrome,
water. Chlorophyll is spread on the surface, using a
Hamilton microliter syringe. The film of chlorophyll
is compressed and expanded several times while the
chamber is flushed with nitrogen to insure even
spreading and evaporation of the benzene solvent.
Surface isotherms are measured repeatedly until
they are reproducible. After the cytochrome is added
to the surface, the mixed monolayer is compressed
and expanded several times in order to facilitate
mixing. Surface isotherms are again measured re-
peatedly in the dark, until they are reproducible.
The mixed monomolecular film, maintained at a
constant area, is irradiated for fifteen minutes using
a 100 W, low pressure Hg arclamp (GE H100-A4).
The intensity of light on the surface is 2 x 103 ergs/
cm?. After this period of irradiation, several iso-
therms are measured in the light.

The number of molecules of Chl in the spreading
solution is determined using a molar extinction
coefficient of 7.95 < 10* (at 670 nm). The molar
extinction coefficient used for Cytc reduced and
oxidized is 2.9 x10* and 0.84 x 10%, respectively.
For reduced Cytf 2.6 x10* is used and for the
oxidize form 1.1 x 10%.

Crystalline chlorophyll a is prepared and stored
according to Aghion et al.?. Cytf is a generous gift
from Prof. N. Bishop of the University of Oregon,
Corvallis. Horse heart Cyt ¢ type II is obtained from
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Sigma Chemical Co., St. Louis, Mo. To fully reduce
the cytochromes, excess sodium ascorbate is added
(Nutritional Biochemical Corp., Cleveland, Ohio).
Excess potassium ferricyanide (Fisher Chemical Co.
N.J.) is used to oxidize the cytochromes. The bene-
zene used for spreading Chl is obtained from Mallin-
croft (St. Louis, Mo.).

Phosphate buffer, ionic strength 0.6 and pH 7.8
is used as the substrate for all experiments. A nitro-
gen atmosphere is maintained (Matheson, Ruther-
ford, N.J., 99.995%) above the films at all times.

A theoretical area, THEOR, is determined from
the following equation: THEOR =A4,n,+4,n,,
where A4, and A, refer to the area/molecule of indi-
vidual films of Cyt and Chl, respectively, and n, and
ny refer to the mole fraction. The experimentally
measured area of the mixed monomolecular film on

the surface is designated as EXPER.

Results and Discussion

The Chl a used in the present study had an 4 of
107 A? at pH 7.8, ionic strength 0.6. This area is
about 7% larger than that reported by Aghion et al.?
and Bellamy et al. 7. The difference in 4 might be
related to the higher ionic strength buffer used in the
present work. Isotherms of Chla are constant and
reproducible; even after remaining on the surface
for one hour.

Monomolecular films of oxidized Cytc are stable
with time while monomolecular films of reduced
Cytc are not?. The addition of Chl to films of
oxidized Cytc make these films unstable also, in-
dicating that there is an interaction between oxidized
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Fig. 1. Area/molecule, as a function of time of a mixed

film of oxidized cytochrome ¢ and Chl a at a ratio of 1:1.

The area increases at the same rate both in dark (dashed

line) and in the light (dotted line). The aqueous subphase

contained phosphate buffer at pH 7.8, ionic strength of 0.6

and the temperature was maintained at 15 °C. All measure-
ments were made in a nitrogen atmosphere.

Cytc and Chl. The instability is shown by a time
dependent increase in area at constant w (Fig. 1).
Perhaps Chl may be promoting the reduction of
Cytc in the dark to the unstable reduced form.
Mlumination has no effect on the film properties
(Fig. 1).

Mixed monomolecular films of oxidized Cytf and
Chl exhibit a slight increase in the difference
(EXPER — THEOR) as a function of mole frac-

tion (Fig. 2). However, this slight increase is not

=y
8
T

Area/molecule [2\2]

o

I NN W N N |
» T -u@ 3 4 8 8 T B =9
Mole fraction of Cyt

Fig. 2. The (EXPER—THEOR) areas of a mixed mono-
molecular film of Cytf and Chl a as a function of the mole
fraction of Cyt f. Measurements were made at a surface pres-
sure of 6 dyn/cm. The data for reduced Cytf is shown by
solid circles (dash line). The data for oxidized Cytf is
shown by open squares (dotted line). Aqueous phase as
described in Fig. 1. All measurements were made in a nitro-
gen atmosphere and in the dark.

considered significant enough to show an interaction
between Chl and oxidized Cytf. This slight increase
in area may arise from the presence of small amounts
of reduced Cytf (the reduced form shows a large
interaction with Chl — see below). Irradiation of
the mixed film for fifteen minutes produced no
change in the film area.

Mixed monomolecular films of reduced Cytf and
Chl show a large increase in the difference (EXPER —
THEOR), indicating an interaction. The maximum
interaction occurs at a mole ratio of 1:1 (see
Fig. 2).

The large increase in (EXPER — THEOR) ob-
served with mixed films of reduced Cytf and Chla
in the dark, originates primarily from Cytf. The
relatively small size of Chl a compared to Cytf could
not account for the large increase observed for
(EXPER — THEOR). Conformational changes in
the structure of Cytf seems to be induced by inter-
action with Chla. Oxidized Cytf (4g=2600 A?) is
smaller than reduced Cytf (A4g=2900 A2) 4; there-
fore, the increase in (EXPER — THEOR) would
argue against the possibility of reduced Cytf being
oxidized in the presence of Chl.
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Irradiation of a mixed film of reduced Cytf and
Chl (mole ratio of 1 : 1) for fifteen min results in a
decrease in area (Fig. 3). This decrease in A indica-
tes a light-sensitized reaction between reduced Cyt f
and Chl. Such a decrease in 4 is to be expected if a
redox reaction occurs, since oxidized Cyt f is smaller
than reduced Cyt f.

Reduced Cyt f: Chl (1:1)
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Fig. 3. Surface isotherms of a monomolecular film of Chl

and reduced Cytf (mole ratio 1:1) in a nitrogen atmo-

sphere. The isotherm in the dark is shown by solid circles,

the isotherm after illumination is shown by open circles.
The aqueous phase is as described in Fig. 1.

The difference in interaction of Chla with the
reduced and oxidized form of Cytf may be signifi-
cant as it relates to photosynthesis. It appears that
complex formation with Chl in a monolayer is a pro-
perty of the reduced form of Cytf but not the oxi-
dized form. Such specificity would conform to the
proposal that the reaction center of system I con-
tains reduced Cytf and Chl®. The primary photo-
reaction of photosynthesis involves the oxidation of
Cytf by reaction center I Chl. The sequence of events
as usually proposed is that Chl undergoes a photo-
oxidation by an electron acceptor and is then reduc-
ed to its original state by Cytf'. A strong inter-

1 R. P. F. Gregory, Biochemistry of Photosynthesis, pp. 132,
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action between Chla and reduced Cytf in the dark
could facilitate such a restorative reaction.

It is not yet clear what substance is the oxidant in
the photoreaction between Chl and reduced Cyt f in
the monolayer system. If the oxidant is the trace
amount of oxygen in the nitrogen environment then
the monolayer reaction is analogous to the in vivo
reaction. However, if the oxidant is Chl, then Chl
may be photoreduced, by Cytf, rather than photo-
oxidized.

If indeed there is a photoreaction between chloro-
phyll and reduced Cytf, as well as between chloro-
phyll and plastocyanin in the monolayer models,
it would tend to support the schemes proposed by
Hind and Olsen?, and Knaff and Arnon!°. Essen-
tially, an electron may be transferred to chlorophyll
of system I by either of two light reactions involving
Cytf in one reaction, and plastocyanin in another.

The results reported here with monolayers may be
contrasted with those obtained in colloidal systems
of Chl and Cytec. A light catalyzed reaction between
Chl, Cytc and TMQ (trimethyquinone) was report-
ed previously 112, It was proposed that Chl in the
excited states reacts with TMQ to formed reduced
TMQ which in turn reduces Cytc in a dark reac-
tion. A slow photoreduction of Cytc by Chl in
ethanol and aquenus systems was also reported 1% 14,
The hydrogen donor was presumed to be some un-
known impurity. When the system contained reduced
Cyt ¢ and Chl there was no reaction.

In the monolayer system a pH more alkaline than
that used in solution studies was used to avoid
pheophytinization of Chl. Also with Cytc films the
major reaction appears to be denaturation. To what
extent pheophytinization of Chl and denaturation of
Cyt ¢ occur in the colloidal system was not reported.
In any event these two reactions might in part ac-
count for the difference in photoreaction observed in
monolayer and colloidal systems.

Another important difference in the two systems
is the relative orientation of Chl and Cyt. In the
monolayer system the Chl and Cyt are in the same
phase (the film), whereas in the colloidal system Cyt
is in the aqueous phase and Chl is associated with
alcohol.
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