Volume 20, number 3

FEBS LETTERS

February 1972

THE INFLUENCE OF MEMBRANE POTENTIAL ON MEASUREMENTS OF
C-550 AT ROOM TEMPERATURE

Warren L. BUTLER*

Biophysical Laboratory of the State University,
Schelpenkade 14 A, Leiden, The Netherlands

Received 29 November 1971

1. Introduction

Knaff and Arnon [1] first described a light-in-
duced absorbance change in chloroplasts in the
region of 550 nm which was closely associated
with the primary photochemical activity of photo-
system II. The light-induced bleaching, which oc-
curred in the presence of ferricyanide added to
oxidize cytochrome f, was sensitized more efficiently
by red light than far-red light, was not blocked by
DCMU and occurred at the temperature of liquid
nitrogen as well as at room temperature. They sug-
gested that the bleaching was due to a new photo-
synthetic electron carrier, C-550, which, on the
basis of the action of electron donors to Tris-washed
chloroplasts, was photoreduced by photosystem I.

Erixon and Butler [2] showed that the light-in-
duced absorbance change of C-550 did represent a
reduction and could be achieved chemically in the
dark with strong reductants such as dithionite or
borohydride but not with ascorbate. They also cor-
related the absorbance change with photosystem II
activity by showing that the change was absent in
photosystem I particles and in a high fluorescence
mutant of Scenedesmus, no. 11, which lacked photo-
system II activity. A redox titration of the light-
induced absorbance changes of C-550 at —196°and
the light-induced fluorescence yield changes at —196°
showed a one-to-one correspondence [3]. On the
basis of the isomorphic relationship between C-550

* On leave from the Department of Biology, University of
California San Diego, La Jolla, California, USA.

North-Holland Publishing Company — Amsterdam

and fluorescence yield found in low temperature
measurements Erixon and Butler proposed that
C-550 was analogous to Q, the fluorescence quencher,
and that C-550 was either the primary electron
acceptor of photosystem Il or an accurate indicator
of the redox state of the primary acceptor.

The correlation between C-550 and Q, however,
was challenged by Ben-Hayyim and Malkin [4]
who examined the relationship between C-550 and
fluorescence yield in room temperature measurements
in the presence of DCMU. They found a reasonably
good correlation when low intensities of red light
were used but concluded, on the basis that the corre-
lation broke down in far-red light and under other
conditions, that the correlation in low intensity red
light was fortuitous and the C-550 did not correspond
to Q.

The purpose of the present work was to re-examine
the room temperature measurements of C-550 in an
effort to resolve the differences between the room
temperature and low temperature measurements. At
low temperature C-550 responds to the primary photo-
chemistry of photosystem II and indicates the redox
state of the primary electron acceptor. In the work
reported here it is shown that at room temperature
C-550 responds not only to the primary photochem-
istry but also to membrane potential. Since mem-
brane potential does not have a direct influence on
fluorescence yield the correlation between C-550 and
fluorescence yield may not hold at room temperature
whereas at low temperature, where only the effects
of the primary photochemistry are manifest, the
correlation is valid.
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Fig. 1. Light-induced absorbance changes of spinach chloro-

plasts (100 pg/ml) at 554 and 550 nm relative to 540 nm

due to irradiation with 720 nm light (1 uwatt/cm?) and

660 nm light (3 uwatts/cm2). A) With no additions. B) With

sequential and cumulative additions of 3.3 mM ferricyanide,
5 uM DCMU and 100 gM hydroxylamine.

The low temperature measurement of C-550 is
important because it provides an assay to determine
whether particular treatments or mutations affect
the photosystem II reaction centers directly. The
assay focuses on a very limited region of the electron
transport chain: measurements of C-550 at low
temperature are not affected by DCMU or Tris
washing which block electron transport on either
side of photosystem II. The low temperature assay
method does not require that experiments be done
at low temperature. In general the experiments are
carried out at room temperature and samples are

taken and frozen to —196° to determine the state of,

or the amount of, C-550.

2. Methods
Spinach chloroplasts with a good yield of “Class 1
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chloroplasts™ were prepared by the method of Kraay-
enhof [5]. The chloroplasts were suspended at 100
ug chlorophyll/ml in 0.4 M sucrose, 10 mM KCl,
2 mM MgCl,, 50 mM tricine buffer, pH 7.5,in a
1-cm cuvette. For measurements of C-550 3.3 mM
ferricyanide was added to oxidize cytochrome f.
Spectrophotometric measurements were made
with an Aminco—Chance dual wavelength spectro-
photometer with the measuring beams set at 554
and 540 nm for measurements of cytochrome f, at
550 and 540 nm for C-550, at 518 and 540 nm for
the 518 nm change, and at a variable wavelength
and 540 nm for difference spectra. Filters placed
between the sample and the phototube transmitted
the green measuring beams but not the red or far-red
actinic light. The actinic light from a tungsten lamp
through 660 or 720 nm interference filters was ortho-
gonal to the measuring beams.

3. Results and discussion

Light-induced absorbance changes in spinach
chloroplasts at 554 and 550 nm relative to 540 nm
measured in the absence of an electron acceptor are
shown in fig. 1. The general pattern of absorbance
changes at 554 nm due to irradiation with 720 and
660 nm light has been reported previously [6,7].
Cyt f which is normally in the reduced state in the
dark is fully oxidized by far-red light and, in the
absence of an electron acceptor, remains largely
oxidized in the subsequent dark period. After an
irradiation with red light, cyt f returns to its fully
reduced state in the dark. It is apparent, however,
by comparing the relative steady state levels of
bleaching in red and far-red light measured at 554
and 550 nm (fig. 1A) that a photobleachable com-
ponent other than cyt f is involved in the changes
measured at 550 nm. Knaff and Arnon demonstrated
such a component, which they labeled C-550 [1],
in chloroplasts by showing that a photobleachable
component with an absorption maximum near 550
nm remained in the presence of ferricyanide which
oxidized cyt f prior to the actinic irradiation. Fig. 1B
shows the light-induced bleaching at 550 nm (relative
to 540 nm) in the presence of 3.3 mM ferricyanide.
The bleaching at 550 nm induced by irradiation
with 660 nm light was almost as great in the pres-
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Fig. 2. Light-induced absorbance changes at 518 and 550 nm relative to 540 nm due to irradiation with 660 nm light (3 uwatts/cmz);
on at upward arrows, off at downward arrows. A) With sequential and cumulative additions of 3.3 mM ferricyanide, 0.5 uM niger-
icin, 0.1 uM valinomycin, and 5 uM DCMU. B) With 3.3 mM ferricyanide and 0.1 uM valinomycin.

sence of ferricyanide as in the absence but 720 nm
light was much less effective in the presence of ferri-
cyanide. The sharp negative spike seen in fig. 1A on
turning on the 660 nm light may be ascribed to a
rapid bleaching of C-550 followed by a photoreduc-
tion of cyt f. Likewise the small recovery of absor-
bance observed on turning off the 720 nm light
should be due in part to dark oxidation of the C-550
photoreduced by the 720 nm light. Knaff and Arnon
reported that DCMU did not limit the extent of the
light-induced bleaching of C-550 in the presence of
ferricyanide, but did slow the dark recovery. In our
experiments (fig. 1B) DCMU did limit the extent of
the bleaching as well as slow the dark recovery. The
dark recovery was slowed much more in the pres-
ence of DCMU plus hydroxylamine.

The slower dark recovery of C-550 in the pres-
ence of DCMU is consistent with DCMU blocking
electron transport between C-550 and subsequent
electron transport carriers between C-550 and photo-
system L. The much prolonged dark recovery of
C-550 in the presence of DCMU and hydroxylamine
is probably due to a redox reaction between hydroxyl-
amine and the oxidized primary electron donor, Z*,

which prevents the back reaction between reduced
C-550 and Z". It was shown previously that DCMU
plus hydroxylamine prevents the dark decay of the
fluorescence yield [8] and that C-550, as measured
by the low temperature assay, remains fully re-
duced in the dark after irradiation [3].

Light-induced absorbance changes in the presence
of 3.3 mM ferricyanide were measured at 550 and
518 nm relative to 540 nm with and without iono-
phorous antibiotics and DCMU (fig. 2). Nigericin,

a potent uncoupler of chloroplasts in the presence

of potassium, had essentially no effect on either light-
induced absorbance change (fig. 2A). However, nigeri-
cin plus valinomycin markedly decreased both ab-
sorbance changes. (The addition of reagents was
cumulative so that the curves marked Val in fig. 2A
represent the absorbance changes measured in the
presence of ferricyanide, nigericin and valinomycin).
Valinomycin without nigericin (fig. 2B) decreased

the magnitude of the 518 nm change to a small ex-
tent, had little effect on the magnitude of the C-550
change and slowed the initial rates of both light-in-
duced absorbance changes. Subsequent addition of
nigericin to chloroplasts in the presence of valinomycin
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Fig. 3. Spectra of steady state light-induced absorbance
changes relative to 540 nm. Absorbance changes induced by
660 nm light (3 uwatts/cmz) in the presence of 3.3 mM
ferricyanide ( ); absorbance changes induced by 660
nm light in the presence of 3.3 mM ferricyanide and S uM
DCMU (----- ); absorbance changes induced by 720 nm
light (1 uwatt/cmz) in the presence of 5 uM DCMU and
1 mM ascorbate (— - — + — ). The latter spectrum should be
due predominantly to cyt f.

produced the same results as the addition of valino-
mycin to chloroplasts containing nigericin. Addition
of DCMU to chloroplasts containing nigericin and
valinomycin (fig. 2A) or to untreated chloroplasts
(not shown) eliminated steady state changes of the
518 nm absorbance. The light-induced absorbance
change at 550 nm, however, remained when DCMU
was added in addition to valinomycin and nigericin
and were of about equal amplitude to changes mea-
sured in the presence of DCMU without valinomycin
and nigericin (fig. 1B). The effects of nigericin and
valinomycin on the 518 nm change in spinach chloro-
plasts are similar to those reported by Jackson and
Crofts [9] for bacterial chromatophores in continuous
illumination.

Measurements of the absorbance at 518 nm are
taken as indicating light-induced changes of membrane
potential [10]. The comparison of absorbance
changes at 550 and 518 nm indicates that a part of
the absorbance change at 550 nm is sensitive to the
membrane potential but not to the pH gradient, since
nigericin in the presence of KCI has no effect on
either the 518 or 550 nm absorbance changes. Under
conditions where the membrane potential is largely
or completely dissipated, as indicated by the 518 nm
change, the 550 nm change is decreased but not
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eliminated. A part of the 550 nm change is indepen-
dent of the membrane potential. It is not surprising
that DCMU should eliminate that part of the C-550
change which responds to membrane potential but
it should not eliminate the part due to the photo-
chemical reduction of the primary electron acceptor.
DCMU may change the extent of the C-550 change
which is related to the primary photochemistry. The
block of electron transport could cause the C-550
change to increase because the primary electron
acceptor would become more fully reduced during
irradiation but the intensity of the measuring beams
may be sufficient in the presence of DCMU to keep
the primary electron acceptor partially reduced so
that less is available for photoreduction by the ac-
tinic light. The latter effect appears to be relatively
small, however, with the monochromator slits set

at 0.75 mm since changing the intensity of the mea-
suring beam 16-fold by increasing the slits from 0.25
to 1.0 mm did not decrease the light-induced C-550
change in the presence of DCMU by more than
about 10%. The C-550 changes measured in the
presence of valinomycin and nigericin should be less
subject to these uncertainties. A more precise sepa-
ration of the C-550 change into the parts due to

the primary photochemistry and to the membrane
potential presumably could be made in a detailed
study of the effects of DCMU and ionophorous
antibiotics on the fluorescence yield changes as well
as the absorbance changes but the measurements

of fluorescence yield and absorbance would have

to be made under identical conditions with the same
(or identical) samples, measuring beams and actinic
light. The purpose of the present paper is not to
determine quantitatively the amounts of the C-550
change due to the primary and secondary photo-
chemical processes but only to show that both pro-
cesses contribute to the C-550 measurements at
room temperature.

Ben-Hayyim and Malkin [4] suggested there
might be two types of C-550 molecules on the basis
of biphasic kinetic data. The fast phase which ac-
counted for about half of the C-550 change in high
light intensities (the two phases were not so clearly
resolved with low light intensities) followed the reci-
procity law over a wide range of light intensities
while the slower phase saturated at moderate intensi-
ties. They found no significant spectral differences
between these two components.
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Two types of C-550 changes are also reported
here: one type which is independent of membrane
potential and may ascribed tentatively to primary
photochemical activity of photosystem II on the
assumption that it has the same basis as the C-550
change measured at —196°, and an additional change
which responds to membrane potential. Difference
spectra for the C-550 changes measured in the pres-
ence of ferricyanide with and without DCMU are
presented in fig. 3 (and compared against the spec-
trum of cyt f obtained from measurements of the
far-red light-induced absorbance changes in the pres-
ence of DCMU and ascorbate). The two difference
spectra for C-550 are essentially the same, except
for magnitude, and are very similar to the difference
spectra reported by Ben-Hayyim and Malkin. The
difference spectrum measured in the presence of
ferricyanide, nigericin and valinomycin (not shown)
was the same as that measured in the presence of
ferricyanide and DCMU.

At liquid nitrogen temperature the correlations
between C-550 and fluorescence yield are excellent
and have been established in a wide variety of ex-
periments [3, 11—13]. The low temperature mea-
surements indicate that C-550 is either the primary
electron acceptor of photosystem 1I or a completely
isomorphic indicator of the redox state of the
primary acceptor. The measurements of C-550 at
room temperature reported here indicate that it
responds to the membrane potential as well as to
the primary photochemical electron transfer. On
this basis alone it should be suspected that correla-
tions between C-550 and fluorescence yield might
not be as good at room temperature as at low temper-
ature. However, these correlations may be even
further complicated by the findings of Murata and
Sugahara [14] and Wraight and Crofts [15] that
the fluorescence yield of chloroplasts at room temper-
ature in the presence of a cofactor for cyclic photo-
phosphorylation is dependent on the energy state
of the membrane, specifically the pH gradient, as
well as the redox state of Q. Thus at room temper-
ature photosystem I activity may influence both the
C-550 absorbance change and the fluorescence yield.
An increase of the pH gradient by photosystem I
activity would be expected to quench chlorophyll
fluorescence (at a given redox level of Q) while the
build up of a membrane potential would increase
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the C-550 absorbance change resulting in a negative
correlation between fluorescence yield and C-550
bleaching. Other secondary photochemical effects
of photosystem I on fluorescence yield in whole
cells in the absence or presence of DCMU are also
known [16, 17]. The lack of correlation between
C-550 and fluorescence yield in room temperature
measurements does not invalidate the correlation
established at low temperature where the secondary
influences due to membrane potential and pH gra-
dient should not occur.
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