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Summary

The membrane-bound cytochrome f-556.5 from the blue-green alga Spirulina
platensis was purified to apparent homogeneity. Most of its properties are com-
parable to cytochrome f isolated from higher plants and green algae. It is
clearly distinguishable from soluble cytochrome c¢-554, also present in Spiru-
lina, which probably replaces the function of plastocyanin in photosynthetic
electron transport.

1. The reduced form of cytochrome f exhibits an asymmetrical a-band with
a maximum at 556.5 nm, and a pronounced shoulder at 550 nm. The §-, v and
6-bands coincide with those described for Scenedesmus cytochrome f-553, with
maxima at 524 (532), 422, 331 and a protein peak at 276 nm. The maximum
of ferricytochrome f is at 410.5 nm; there is no indication of a weak 695 nm
band, described for soluble c-type cytochromes. The purest preparations had a
6 /protein-peak ratio of 0.8; the y/a ratio was 7.3. Formation of a pyridine
hemochromogen with a maximum at 550 nm indicated a c-type cytochrome.
The molar extinction coefficient at 556.5 nm is 30 200, the differential extinc-
tion coefficient 21 500.

2. The molecular weight determined by gel filtration or SDS-polyacrylamide
gel electrophoresis is 33 000 and 34 000, respectively.

3. The redox properties differ from those described for other cytochromes f
isolated from green algae and higher plants: the midpoint redox potential is sig-
nificantly more negative (+318 mV, pH 7.0) and from pH 6 to 10 no pH depen-
dence is observed.

4. The isoelectric point was determined at pH 3.95, which is more acidic as
compared to other cytochromes f.

5. Comparison of the amino acid composition indicated a distant relation-
ship to higher plant cytochrome f and a clpser relationship to cytochrome f
from green algae.
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Introduction

Cytochrome f, a membrane-bound component of photosynthetic electron
transport was first described by Hill and Scarisbrick in higher plants [1] and
purified since then from several plants [2—8] and recently, from green algae
[9,10]. Its biochemical and biophysical properties distinguish it clearly from
so-called soluble, plastidic cytochromes ¢, also present in eukaryotic algae,
which, however, replace the function of plastocyanin [10—15]. There is, on the
other hand, little information about the function and properties of cytochrome
f in prokaryotic algae. The present paper describes for the first time compre-
hensively the isolation, purification and properties of cytochrome f-556.5 from
Spirulina. The bearing of its unusual spectroscopic properties on proposed
schemes of photosynthetic electron transport of blue-green algae will be dis-
cussed.

Methods

The blue-green alga Spirulina platensis (Nordts.) om., strain Leonhard/
Wouters, was obtained in large quantities from Prof. C.J. Soeder, Institut fiir
Biotechnologie at the Kernforschungsanlage Jiilich. 200 g of wet algal cell paste
was washed and suspended in 200 ml of 50 mM phosphate buffer, pH 7.2, and
subjected to three freeze-thawing cycles. The broken cells were homogenized in
500 ml of the phosphate buffer, mixed in a Waring Blendor at full speed for
30 s, and centrifuged for 15 min at 50 000 X g. The blue-green pellet was used
for isolation of cytochrome f, whilst the supernatant contained cytochrome
¢-554, Its properties have been already described [16]. The pellet was then sub-
jected to two washes with phosphate buffer and one wash with phosphate buf-
fer (50 mM) containing 0.4 NaCl to remove soluble proteins. Chlorophyll was
determined according to Arnon [17], and adjusted to 0.4 mg/ml. This suspen-
sion could be stored in the frozen state at —25°C. The extraction of cyto-
chrome f-556.5 by organic solvents followed exactly the procedure described for
Scenedesmus [10]. The yield after this first step was approx. 1.5 nmol cyto-
chrome f/mg chlorophyll with an absorbance ratio (A331,m/4276am) Of 0.3.
Further purification was achieved by repeated gel chromatography (Sephacryl-
G 200) which could be combined with hydroxyapatite chromatography (Bio-
Gel HTP). The Sephacryl-G 200 columns (90 X 2.5 cm) were equilibrated with
50 mM Tris-HC1 (pH 8.0)/0.4 M NaCl, the hydroxyapatite column (1 X 5 cm)
with 20 mM phosphate buffer, pH 7.2. The cytochrome was eluted by 45 mM
phosphate buffer and could be recovered completely.

Polyacrylamide electrophoresis (15% gel [18]) yielded one red band mea-
sured densitometrically at 422—450 nm, dual-wavelength mode (Shimadzu UV
300, gel scan accessory). After staining with Coomassie Brilliant Blue (R 250)
no additional protein bands became visible, It is therefore concluded that the
isolation procedure yields an essentially pure protein (cf. Fig. 4). A partial puri-
fication of cytochrome f from Anabaena flos-aquae has been recently described,
but no further data were given [19].

All other physical and chemical measurements have been described in a pre-
vious paper [10].
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The following standard proteins were used for molecular weight determina-
tion by gel filtration (Sephadex-G 75, Pharmacia Calibration kit): ribonuclease
(molecular weight of 13000), chymotrypsinogen (25000), ovalbumin
(43 000), bovine serum albumin (67 000). For calibration of the SDS-polyacryl-
amide gels (15%) the following standard proteins were used (Sigma, Boeh-
ringer): horse heart cytochrome ¢ (12500), lysozyme (14 300), myoglobin
(17 800), trypsin inhibitor (soybean, 21 500), chymotrypsinogen A (25 000),
trypsin inhibitor (hen egg, 28 000), pepsin (34 700) ovalbumin (45 000).

Room- and low-temperature spectra were run on an Aminco DW 2 spectro-
photometer or a Shimadzu UV 300. Fourth derivative spectra [20] were
recorded by a single-beam spectrophotometer on line with a small computer
(Nicolet, Mod. 1170) constructed by Dr. W. Schmidt of this faculty; half-band-
width and AN was 1 nm. Wavelengths were calibrated with a krypton spectral
lamp (Oriel).

Results and Discussion

Absorption spectra The absorption spectrum of the reduced and oxidized
form of cytochrome f-556.5 at room temperature is shown in Fig. 1. The
reduced cytochrome exhibits the typical three absorption bands in the visible
at 556.5 (), 524 (), and 422 (y) nm, and two bands in the ultraviolet region
of the spectrum, at 331 (§) and 276 nm (protein). There are shoulders at 550,
532, 514, 508, 400, 365 and 283 nm. A spectral characteristic distinctive to
other cytochromes f is the pronounced shoulder at 550 nm, resulting from a
red-shifted «-peak at 556.5 nm. An «-peak at 556—557 nm has also been
observed with partially purified f-type cytochrome from Anacystis nidulans
[11], Nostoc muscorum [21], and Anabaena variabilis (B6hme, H., unpub-
lished results). The y/a absorbance ratio is about 7.3; a 6/protein-peak ratio of
0.8 indicates an essentially pure protein. The oxidized form can be obtained by
treatment with excess (50-fold) of ferricyanide and removal of excess oxidant
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Fig. 1. Absorption spectrum of plastidic membrane-bound eytochrome f-656.5 from Spirulina platensis.
Reduced ( ), oxidized (-~---- ) forms; upper trace is a 2.5-fold scale expansion. Insert shows the
«/f xegion enlarged; isosbestic points are indicated.
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Fig. 2. Difference absorption spectrum (reduced minus oxidized) of cytochrome £-556,5. The sample
was oxidized by ferricyanide and excess oxidant removed by gel filtration, recorded, then reduced by
borohydride and recorded again; a 2-fold scale expansion was used to demonstrate isosbestic points.

by gel filtration (Sephadex G 25, coarse, equilibrated with 20 mM phosphate
buffer, pH 7.2 and 80 mM NaCl). The maximum of the oxidized form is at
410.5 nm, whereas the a/3-region and the 331 nm band is replaced by a more
diffuse spectrum. A 695 nm band ascribed to a methionine residue as sixth
ligand of the heme iron in soluble c-type cytochrome is absent in the ferricyto-
chrome f spectrum [22,23]. The difference spectrum (Fig. 2) reduced minus
oxidized, shows isosbestic points at 562.5, 544.5, 534.5, 510, 434, 415 and
350 nm; the maximum of the vy-peak shifts to 423 nm. The reduced minus
oxidized low-temperature spectrum (77 K) exhibits a fine structure comparable
to other f-cytochromes with bands at 555, 549, 544, 538, 531, 525.5, 523,
520, 515.5, 513 and 507.5 nm (Fig. 3A). A similar resolution of bands of
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Fig. 3. A. Low-temperature (77 K) difference absorption spectrum of cytochrome f-556.5; half-band-
width 0.7 nm. B. Fourth-derivative spectrum of reduced cytochrome f-556.5, half-bandwidth and A\ =
1 nm.
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reduced cytochrome ¢-556.5 is obtained by a fourth-derivative spectrum at
room temperature: 556.5, 550, 540, 532, 523.5, 514, 507.5, 422, 411 and
399.5 nm (Fig. 3B). Due to the better resolution, higher derivative and low-
temperature spectra have been used to analyze complex mixtures of absorb-
ance bands in biological material [20], e.g., cytochromes in thylakoid mem-
branes.

The «-band of the pyridine hemochromogen is at 550 nm, indicative of a
c-type cytochrome. The extinction coefficients for the a- and S-band were
€ss6.5 = 30.2, and €554 = 16 (mM™! - cm™), respectively; the differential extinc-
tion coefficient was Ae, = 21.5 (mM™! - cm™).

Molecular weight. Gel filtration (Sephadex G-75) of cytochrome f-556.5
revealed a single symmetrical peak with an estimated molecular weight at
33 200 (average of three different runs). Polyacrylamide electrophoresis (156%
gel) in the absence of SDS gave a single band moving close to the Bromophenol
Blue marker front. This indicates a highly charged protein, and is generally
characteristic of soluble plastidic c-type cytochromes with a molecular weight
close to 10000 (Fig. 4). In the presence of SDS and dithiothreitol a molecular
weight of 34 000 was obtained (average of five different runs, with the protein
molecular weight markers described in Methods). A molecular weight of
27 000—33 000 is generally indicative of monomeric cytochrome f [6—10].

Isoelectric focusing of cytochrome f-556.5 in thin-layer gels (Sephadex G-75,
superfine), containing 2% ampholine (pH 3—5) gave a single band with a iso-
electric point at 3.95 pH. This value is about 1—1.5 pH units more acidic than
that reported for cytochrome f from Sinapis arvensis [7] and Scenedesmus acu-
tus [10].

The midpoint redox potential (E_) was determined by plotting the absorb-
ance change (556.6~—562.5 nm, dual wavelength mode) of the a-band versus the
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Fig. 4. Densitometric recordings of cytochrome f-556.5 bands after polyacrylamide electrophoresis in the
absence (upper two traces) and presence of sodium dodecyl sulfate and dithiothreitol (lower trace). The
middle trace shows a dual wavelength scan at 422--450 nm, which records the cytochrome only; after
staining with Coomassie Brilliant blue no additional band becomes visible (upper trace). The lower trace
shows the same cytochrome sample after denaturation with sodium dodecyl sulfate; the apparent molec-
ular weight is 34 000.

Fig. 5. Redox titration curve of cytochrome f-556.5 at pH 7.0 and 20°C. The buffer was 0.2 M morpho-
linopropane sulfonic acid/NaOH, pH 7.0; wavelength pair used was 5566.5—562.5 nm; ®, oxidation by
ferricyanide; O, reduction by sodium ascorbate.
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TABLE I

AMINO ACID COMPOSITION OF PLASTIDIC, MEMBRANE-BOUND CYTOCHROME £-556.5 (SPIRU-
LINA) AND CYTOCHROME (-553 (SCENEDESMUS) AS COMPARED TO CYTOCHROMES f OF
HIGHER PLANTS

Amino acid residue Spirulina Scenedesmus Raphanus Singpis
residue platensis acutus sativus arvensis
cyt 1-556.5 cyt -5653 cyt 1-554 cyt f-5654
(Ref. 8) (Ref. 7)
Asx 29 37 40 27
Thr 20 11 12 8
Ser 14 12 12 11
Glx 41 34 35 30
Pro 30 30 27 24
Gly 33 28 29 24
Ala 25 18 19 22
Val 47 32 20 16
Met 1 3 2 1
Ile 18 18 18 17
Leu 18 18 22 19
Tyr 12 11 11 8
Phe 9 10 10 7
Lys 11 24 22 19
His 3 2 3 4
Trp — - 1 2
Arg 8 7 13 7
Cys 2 2 3 2
Number of residues 321 297 299 248
Calculated molecular weight * 34 443 32740 33 366 27 340

* Includes the heme prosthetic group.

redox potential of the solution measured simultaneously with a platinum-calo-
mel combination electrode. An E, value of +318+4 mV at pH 7.0 was
obtained, which is considerably more negative than those reported for other
cytochromes f (Fig. 5) [6,7,10]. The generally observed pH-dependency (—60
mV/pH unit) at alkaline pH [3,10] is not observed with cytochrome f from
Spirulina. We determined values of 312, 310, 304 and 300 (*4) mV at pH 6.0,
8.0, 9.0 and 10.0, respectively.

The amino acid analysis of Spirulina cytochrome f-556.5 is shown in Table I
and compared to cytochrome f from other sources. (Also included is the amino
acid analysis of Scenedesmus cytochrome f, which has not been published so
far.) The degree of similarity of f-cytochromes was determined by statistical
comparison of their amino acid composition [24]. The sum of the squared dif-
ferences (SAQ) was taken as estimate of protein relatedness (Table II). It was
shown previously that unrelated proteins differ by more than 100 SAQ units
[24]. The data of Table II indicate that cytochrome f and cytochrome ¢ from
the same organism (Spirulina or Scenedesmus, respectively) are totally unre-
lated, as expected. For f-type cytochromes from various sources a sequence of
relationship can be found in the following order: blue-green algae - green
algae - higher plants. Among cytochromes f from higher plants SAQ values of
35 and below indicated a very close similarity [7].
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TABLE I1

COMPARISON OF THE AMINO ACID COMPOSITION BY SAQ VALUES OF f- AND ¢-TYPE CYTO-
CHROMES ACCORDING TO REF. 24

Cytochrome Scenedesmus Raphanus Spirulina Scenedesmus
cyt f-563 cyt f-554 cyt ¢c-554 cyt ¢-553
Ref. 8 Ref, 16 Ref. 10
Spirulina cyt f-556.5 59.0 133.7 276.9 288.4
Scenedesmus cyt f-553 — 42,1 263.0 218.0
Spirulina cyt c-5564 — — — 56.2

Comparison of the polarity of (membrane-bound) cytochrome f and (solu-
ble) cytochrome ¢, both isolated from Spirulina, by summing up the mole frac-
tions of polar amino acids [25], yielded values of 39.2 and 41.8%, respectively.
Although cytochrome c¢ appears to be more polar than cytochrome f, both
proteins are not particularly hydrophobic as a whole. With membrane proteins,
which require detergents of organic solvents for extraction, values below 40%
were generally obtained [25].

The data presented clearly show common features between isolated cyto-
chromes f from higher plants, green and blue-green algae, concerning bio-
chemical and biophysical properties. The red-shifted a-band of cytochrome f
from blue green algae at 556—557 nm, however, necessitates a reinterpretation
of light-induced absorbance changes measured with thylakoid membrane frag-
ments. Data on redox reactions of a component absorbing at 557—558 nm and
at 549—550 nm as reported [26,27] can be clearly assigned now to cytochrome
f alone rather than to cytochrome 5-559 and cytochrome c¢-549. The interpre-
tation of light-induced redox reactions might be further complicated by the
presence of soluble cytochrome c-554 which, however, replaces the function of
plastocyanin in several blue-green algae (e.g. N. muscorum, S. platensis [16,
21)).
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