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SUMMARY

In view of some conflicting reports we investigated the properties of cyto-
chrome bss, present in membrane fragments of Nostoc muscorum (Strain 7119)
cells capable of high rates of photooxidation of water. We found that (i) the mem-
brane-bound cytochrome b 5, exists in more than one form, the high-potential form
being the predominant one, (ii) the high-potential form of cytochrome bs5, was
photooxidized at cryogenic temperatures { —196 °C), and (iii) the low-temperature
photooxidation was accomplished by short-wavelength light characteristic of Photo-
system II but not by long-wavelength light characteristic of Photosystem I.

Since similar properties of cytochrome 655, have also been found in chloro-
plasts, they appear to be general characteristics of the O,-evolving apparatus in photo-
synthesis.

INTRODUCTION

Of the three cytochromes (f, by, and bsso) embedded in the membrane
structure of chloroplasts, cytochrome 55, has recently been found to have several
unusual properties. Despite the uncertainty and divergence of views about its role in
photosynthetic electron transport [1-5], there is now wide agreement [6-11] that cy-
tochrome b5, is the only chloroplast cytochrome that undergoes photooxidation at
cryogenic (liquid N,) temperature [12]. Moreover, it has also been confirmed [9-11]
that the low-temperature photooxidation of cytochrome bss, proceeds effectively
only in Photosystem II (short-wavelength) light [12], a fact that is consistent with an
interpretation that cytochrome bss, is situated in close proximity to the reaction
center chlorophyll of Photosystem II. The association of cytochrome bss5, with
Photosystem 11 was also demonstrated when spinach chloroplasts were fractionated
with detergents [13-15] and when Tris-treated spinach chloroplasts gave (at room

Abbreviations: DCIPH,, reduced 2.6-dichlorophenolindophenol; DCMU, 3-(3.4-di-
chlorophenyl)-1,1-dimethylurea.
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temperature) contrasting action spectra for the photooxidation of cytochromes b5 54
and f: that for cytochrome b5, was characteristic of Photosystem II and that for
cytochrome f, of Photosystem I [16]. However, a photooxidation of cytochrome b5,
by Photosystem I light has also been observed in chloroplasts isolated from Chlamy-
domonas reinhardii [17], lettuce [18], and under special experimental conditions,
spinach [19].

Another distinctive feature of cytochrome b5 in chloroplasts is its existence
in forms that differ from one another in their oxidation-reduction potentials [10, 20,
21]. The high-potential form (E,, about 330-350 mV) is reducible by hydroquinone,
the middle-potential form (E,, about 50-80 mV) is reducible by ascorbate but not by
hydroquinone, and the low-potential form is reducible by dithionite but not by
ascorbate [20]. The high-potential form was the predominant one in freshly pre-
pared chloroplasts and was strongly correlated with Photosystem 1I activity [20].
Several treatments, singly or jointly, converted the high-potential form to the middle-
potential form (a conversion that was usually accompanied by a decrease in Photo-
system II activity). The association of the low-potential form of cytochrome bss,
with Photosystem 1I is not well established; this form has recently been observed in
spinach chloroplast fragments having Photosystem I activity but lacking Photosystem
IT activity [22, 23].

The work with chloroplasts suggested that the predominance of the high-
potential form of cytochrome b5, and its preferential photooxidation at low tem-
perature by short-wavelength light may be general characteristics of the O,-evolving
system in photosynthesis (regardless of how the significance of these two special
features of cytochrome b5 5, may be finally evaluated). Two recent reports, however,
have cast doubt on the applicability of this generalization to the most primitive (in
an evolutionary sense) photosynthetic cells that produce O, and are devoid of chloro-
plasts, i.e. the blue-green algae. Bendall and Sofrova [ 10] noted that a cell-free prep-
aration from the blue-green alga Plectonema boryanum did not contain the high-
potential form of cytochrome b4 54. Knaff [24], using membrane fragments of another
blue-green alga, Nostoc muscorum, identified in them a high-potential form of cyto-
chrome bs54 (synonymous with cytochrome bs;,) but observed that (at room
temperature) it was photooxidized preferentially not by Photosystem I (664 nm) but
by Photosystem I (715 nm) light.

The aim of this study was to determine whether two of the special features of
cytochrome b5 54 in chloroplasts are also found in O,-evolving membrane fragments
of blue-green algae, i.e. whether their cytochrome bss4 exists in several forms, of
which the high-potential one is the dominant one, and whether, at low temperature,
the high-potential form of cytochrome b5 54 is preferentially photooxidized by Photo-
system II light. The results showed that photosynthetic membranes from N. muscorum
(Strain 7119) cells are similar to chloroplasts in both respects. They contain different
forms of cytochrome b5 5o, of which the high-potential form is the most abundant. At
77 °K, a temperature at which thermochemical reactions are minimal, the high-poten-
tial form was photooxidized by Photosystem II light (664 nm); Photosystem I light
(720 nm) was ineffective.
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METHODS

The membrane fragments used here were digitonin-treated preparations
(Fraction C) from N. muscorum Strain 7119 cells grown and fractionated as described
by Arnon et al. [25]). The membrane fragments showed good electron transport
activity, either from water to NADP™* or (in the presence of 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU)) from reduced 2,6-dichlorophenolindophenol (DCIPH,)
to NADP™, giving in either case a rate of the order of 200 umoles of NADPH per
mg of chlorophyll @ per h. These and other properties of the membrane fractions and
the estimations of chlorophyll a content are described in the companion paper [25].

Absorbance changes were measured with a dual wavelength spectrophotom-
eter (Phoenix Precision Instrument Co.) as described previously [12]. The 664-nm
and 720-nm actinic illumination were provided by monochromatic light beams iso-
lated with Baird-Atomic interference filters with half-band widths of 10 nm. The
light intensities of the 664-nm and 720-nm beams were, respectively, 1.4 - 10* and
1.0 - 10* ergsjcm? per s. The light path at 77 °K was 2 mm and at room temperature,
10 mm. When absorption measurements were made at 77 °K, the membrane frag-
ments were reduced or oxidized prior to the addition of glycerol and freezing at
the low temperature. The hydroquinone, ascorbate, dithionite, and ferricyanide used
as the reductants and the oxidant were prepared freshly before each experiment.

RESULTS AND DISCUSSION

Evidence for the existence of different forms of cytochrome b554 in Nostoc
membrane fragments was sought at room temperature by reducing the cytochromes
in two stages (Fig. 1) and measuring the increase in absorbance at 558 nm. The cyto-
chromes, oxidized initially by ferricyanide, were titrated first with hydroquinone which
reduced the high-potential form of cytochrome b5s, (and cytochrome f). Upon the
completion of this reduction, dithionite was added to reduce the cytochromes with the
more negative potentials.

Several conclusions may be drawn from the two spectra in Fig. 1, one with
absorbance peak at 557 nm (hydroquinone minus ferricyanide), and the other
at 559 nm (dithionite minus hydroquinone). The predominant form of cytochrome
bssg in the membrane fragments, accounting for about three-quarters of the total
cytochrome bss4, was the high-potential form, reduced by hydroquinone. The
dithionite minus hydroquinone spectrum provides evidence for the presence of
cytochrome b4, of a lower potential, not reducible by hydroquinone but reducible
by dithionite (no distinction was made here between the middle- and low-potential
forms of cytochrome by, described in [20]. The same spectrum also shows the
reduction of cytochrome b¢ (in the 563-nm region). The shoulders in the 550-nm
region suggest the presence of membrane-bound c-type cytochromes. The possibility
is being investigated that one of these may be similar to the low-potential c-type
cytochrome found by Holton and Myers [26] or to one of the two e-type cytochromes
found by Ogawa and Vernon [17] in Anabaena variabilis.

Turning to photooxidation at low temperature (—196 °C). we observed that
it was the high-potential form of cytochrome b5, that was being photooxidized by
illumination with a 664 -nm light beam (Fig. 2). The experiment was carried out as
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Fig. 1. Titration of cytochromes in Nostoc membrane fragments by hydroquinone and dithionite.
Temperature, 20 °C. Left: Increase in absorbance at 558 nm due to chemical reduction of cytochromes
in two stages. First, hydroquinone (final concn, 2 mM) was added. Next, when reduction by hydro-
quinone was complete, dithionite (0.184 mg/ml) was added. Right: Absorption spectra resulting from
reduction of cytochromes by hydroquinone (hydroquinone minus ferricyanide spectrum) and
subsequent reduction by dithionite (dithionite minus hydroquinone spectrum). Each point in the
spectra was obtained on a different aliquot of the reaction mixture by the same procedure at each
measured wavelength. Reference wavelength in all cases was 540 nm. The initial reaction mixture
contained (per 1.0 ml) Nostoc membrane fragments (60 ug chlorophyll a) and the following:
50 pmoles Tricine (N-tris(hydroxymethyl)methylglycine) buffer (pH 7.7). 500 zmoles sucrose,
10 umoles MgCl,, and 0.5 umole ferricyanide.

Fig. 2. Photooxidation at —196 °C of cytochrome 6559 in Nostoc membrane fragments prereduced
with hydroquinone or ascorbate. The Nostoc membrane fragments were pretreated with 2 mM
ferricyanide. The photooxidation of cytochrome bsso was measured (at 556-537 nm) without
subsequent reduction (left) or after reduction by hydroquinone (2 mM) (right) or ascorbate (10 mM)
(centre). The reaction mixture contained (per 1.0 ml) Nostoc membrane fragments (100 ug chloro-
phyll @), 0.6 ml glycerol and the following: 20 umoles Tricine buffer (pH 7.7), 200 zmoles sucrose
and 4 ymoles MgCl,.

follows: prior to the addition of glycerol and freezing by immersion in liquid N,, fer-
ricyanide was added to three samples of the membrane fragments to oxidize all
cytochromes. Next, the cytochromes were reduced in one sample by the addition of
excess hydroquinone and in the second sample by the addition of an excess of ascor-
bate; no reductant was added to the third sample which served as the control. Fig. 2
shows thatin the sample produced by hydroquinone subsequent illuminationat 77 °K
by a 664-nm actinic light gave a marked decrease in absorption at 556 nm, a wavelength
indicative of the o peak of cytochrome b5, at low temperature [12]. The extent of
photooxidation was about the same as in the sample prereduced by ascorbate, sug-
gesting that here only the high-potential form of cytochrome b5 54 was photooxidized.
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Fig. 3. Photooxidation in the x-band region of cytochrome bss4 in Nostoc membrane fragments
at —196 °C. Reaction mixture as in Fig. 2 except that ascorbate (10 zmoles/ml) was added. Ref-
erence beam, 562 nm.

Fig. 4. Photooxidation in the Soret region of cytochrome bsso in Nostoc membrane fragments at
—196 °C. The reaction mixture contained (per 1.0 ml) Nostoc membrane fragments (50 ug chloro-
phyll a) 0.6 ml glycerol, and the following: 20 umoles Tricine buffer (pH 7.7), 200 umoles sucrose,
4 umoles MgCl,, 10 umoles sodium ascorbate and 0.001 gmole DCIP. Reference beam, 515 nm.

Very little change in absorption occurred in the control sample which was not prere-
duced.

Other experiments were undertaken to document, first, that the low-temper-
ature photooxidation was produced by Photosystem Il and not by Photosystem 1
actinic light and, secondly, that the photooxidation was reflected in spectral changes
characteristic of the « and y (Soret) regions of the absorption spectrum of cytochrome
bsso. Fig. 3 shows that illumination of the Nostoc membrane fragments at —196 °C
by a Photosystem IT (664-nm) light beam produced in the « region decreases in ab-
sorbance that had a maximum at 556 nm which coincides with the (low temperature)
maximum & absorption peak of cytochrome b5 54, whether measured in situ in chlo-
roplasts [12] or in an isolated and purified preparation [28].

When changes in absorbance in the Nostoc membrane fragments were mea-
sured under similar conditions in the Soret region, a maximum decrease in absorbance
was observed at 428 nm (Fig. 4) a wavelength very close to the ¥ absorption peak at
429 nm obtained (at low temperature) for the purified cytochrome b5, isolated
from chloroplasts by Wasserman and associates [28].

The absorbance changes of cytochrome bss54 produced by Photosystem 11
illumination (664 nm), in both the Soret and « regions, did not occur upon illumina-
tion with Photosystem [ light (720 nm). The absorbance elicited in this region by
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720-nm illumination is probably due to P700 [29, 30]. We conclude, therefore, that
in Nostoc membrane fragments, as in chloroplasts, cytochrome b5 54 is photooxidized
at cryogenic temperatures only by Photosystem II light.

As already mentioned, the Nostoc membrane fragments used in these experi-
ments (Fraction C) were treated with digitonin [25] a detergent that might create
some artifacts. Similar results were obtained, however, with membrane fragments
(Fraction A) that were prepared without a detergent treatment [25].
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