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Summary

By an improved isolation procedure chloroplasts could be obtained from the
alga Bumilleriopsis filiformis (Xanthophyceae) which exhibited high electron
transport rates tightly coupled to ATP formation. Uncouplers both stimulate
electron transport and inhibit photophosphorylation. These chloroplasts retain
almost all soluble cytochrome ¢-553 besides a membrane-bound cytochrome
¢-554.5 (=f-654.5). Sonification or iron deficiency removed the soluble cyto-
chrome only with a concurrent decrease of electron transport from water to
methyl viologen or to NADP and decreased non-cyclic and cyclic photophos-
phorylation. However, photosynthetic control and the P/2e ratios remain un-
altered. ‘

In Bumilleriopsis, which apparently has no plastocyanin, the soluble cyto-
chrome ¢-553 seemingly links electron transport between the bound cyto-
chrome ¢ and P-700.

Introduction

In photosynthesis most of our knowledge of the functional interaction of
electron carriers is derived from studies of higher plant chloroplasts. Eukaryo-
tic algae offer many advantages, as they can be cultured easily under controled
conditions and allow environmental manipulation. Investigations with mutants,
which cannot carry out normal photosynthesis led to a genetic dissection of
the photosynthetic electron transport system [1,2].

The major problem with algal material is the isolation of chloroplasts with
intact photosynthetic electron transport coupled to phosphorylation. Particu-
larly ATP formation by linear electron transport (e.g. H,O0 -~ NADP) could be

Abbreviations: DCMU, 3(3'.4'-dichlorophenyl)-1,1-dimethylurea; P-700, pigment 700 (= reac-
tion center chlorophyll of photosystem I); HEPES, N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid; PMS, N-methylphenazonium methyl sulfate.
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achieved only with isolated chloroplasts of a few species, like e.g. Bumilleriop-
sis [3]. More recently a Chlamydomonas system with good photophosphoryl-
ation activity has been reported [4,5].

Since the early investigations on algal photosynthesis one major difference
to higher plant systems has been recognized, namely the detection of a solu-
ble cytochrome ¢, not present in higher plant chloroplasts [6]. Compared to
cytochrome f from higher plants its absorbance bands are slightly to the
short wavelength side and the molecular weight is typically around 10 000
[7]. It was thought that this soluble ¢-type cytochrome should take over the
role of higher plant cytochrome f. However, in enzymatic tests or reconsti-
tuted photosynthetic systems of higher plant chloroplasts it replaced plasto-
cyanin rather than isolated cytochrome f (see refs. 8-10). Moreover, it was
noted earlier that aside from the soluble c-type cytochrome a membrane-
bound species could be detected in algal chloroplast fragments with slightly
different spectral properties [11—14]. Since both c-type cytochromes were
similarly affected in algal mutants, it was concluded that both may represent
the same cytochrome, but located in different physical environment [11].
A very recent study succeeded in isolating plastidic bound cytochrome ¢ from
several algae. The membrane-bound cytochrome ¢ differs from the soluble one
by its absorption spectrum, molecular weight and kinetic properties in enzymatic
tests [15]. The hypothesis was put forward that algal membrane-bound cyto-
chrome ¢ should be analogous to cytochrome f of higher plants, as proposed
already by Grimme and Boardman [14], and the soluble species equivalent to
plastocyanin.

On the other hand, with two exceptions known, green algae contain both
plastidic soluble cytochrome ¢ and plastocyanin and their mutual replacement
still has to be investigated. It has been shown for Bumilleriopsis that this alga
contained no plastocyanin [16] as was briefly reported also for Euglena gra-
cilis (ref. 17 and own finding). Especially Bumilleriopsis offers the advantage
that chloroplasts with high phosphorylation activity in non-cyclic electron
transport activities may be isolated [3,18]. Therefore, it appeared to be the
appropriate object to investigate the role of soluble cytochrome ¢-553 in
photosynthetic electron flow. Furthermore, by our improved isolation pro-
cedure chloroplasts were obtained which retain their soluble cytochrome c-
553 almost completely. Moreover, this chloroplast preparation exhibited high
electron transport rates tightly coupled to phosphorylation.

Materials and Methods

Growth of algae. Bumilleriopsis filiformis VISCHER (Xanthophyceae; stock
collection of P.B.) was grown under continuous light in a sterile autotrophic
medium at 23°C [3,19], the iron complexed with ethylene-diaminetetraacetic
acid (EDTA). The iron-deficient cultures contained 1/10 of the iron normally
added. Sterile air, enriched with 2% CO, (v/v) was continuously supplied.
Illumination of the algae was provided by fluorescent lamps (Osram 32-1/
25-1) with an intensity of 13 000 lux. Cell density at the beginning was 5 -
1056 - 10° cells/ml, increasing about 10-fold (7-fold for iron-deficient cul-
tures) within 48 h, when the algae were harvested in the logarithmic phase.
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Isolation of chloroplasts. The procedure is based on methods for isolation
of intact spinach [20] and of type C chloroplasts from Bumilleriopsis [21].
The latter method was followed with some modifications. After harvesting,
the algal cells were washed once and homogenized with glass beads (1 mm
diameter) for 1 s, 10 times at 4000 rev./min with 3-s intervals at half speed
(Merkenschlager; Braun, Melsungen) in a medium containing 0.6 M sorbi-
tol, 50 mM 2-(N-morpholino)ethanesulfonic acid buffer (adjusted with NaOH),
pH 6.2, 1 mM sodium isoascorbate, 3.5% polyvinyl pyrrolidone M 2500, 5
mM MgCl,, and 1% bovine serum albumine. The glass beads were separated
from broken cells by filtering through a coarse fritted glass funnel (G1, Schott)
into a suction flask. The homogenate (25 ml) was diluted to 70 ml with the
homogenization medium and centrifuged 1 min at 1000 X g to remove cell
material followed by centrifugation of the supernatant at 3000 X g for 3 min.
The chloroplast pellet was suspended in a medium containing: 0.6 M sor-
bitol, 50 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES)
buffer (adjusted with NaOH), pH 7.8, 5 mM MgCl,, and 1% serum albumine.
Remaining cell material was removed by two successive centrifugations at
1000 X g for 30 s and chloroplasts were obtained from the supernatant by cen-
trifugation at 2000 X g for 2 min. They were resuspended in the medium just
mentioned above with a chlorophyll content adjusted to 2 mg/ml. It was found
that the high concentration of bovine serum albumine acted beneficially to
yield chloroplasts with high cytochrome ¢-553 content [5,22]. Under the phase
contrast microscope these chloroplasts appear to be devoid of the outer enve-
lope but otherwise intact.

Sonification of the chloroplast suspension (0.6 mg chlorophyll/ml) was per-
formed with a Branson sonifier (Type B-12, 60 W, power setting at 3) for 10 s
at 4°C. After centrifugation at 10 000 X g for 2 min the pellet was resuspended
in the same medium.

Chlorophyll was determined in 80% acetone extracts according to Arnon
[23]. This alga only has chlorophyll a.

"Light-induced oxygen uptake or evolution was measured with a YSI-oxygen
electrode (Mod. 53) at 25°C. Saturating red light (Schott RG 610, 3 mm, and
Filtraflex heat filters, Balzers) was provided by a 100 W tungsten iodine lamp
with an intensitivity of 600 J/m? per s. The reaction mixture contained in a
3 m! final volume: 0.6 M sorbitol, 5 mM MgCl,, 50 mM HEPES buffer, pH 7.8,
and 10 mM K,HPO,.

Photophosphorylation was measured by incorporation of 3?P into ATP ac-
cording to Avron [24], see also ref. 18. Open cuvettes containing 1 ml of the
reaction mixture (minus phosphate) and chloroplasts equivalent to 10 ug of
chlorophyll were illuminated for 2—3 min at 25°C with the electron acceptors
as indicated in Tables II and III; saturating white light (with Filtraflex heat fil-
ters) was 200 J/m? per s.

Cytochrome ¢-553/554.5 content retained in the photosynthetic membrane
was determined by difference absorption spectra (mod. DW-2 of Aminco, Silver
Spring, Md., U.S.A.) of a chloroplast suspension treated with 0.1% Triton
X-100 [25]. Triton X-100 converts cytochrome 5-559, also present in Bumil-
leriopsis chloroplasts, to its low-potential form facilitating the determination of
both c-type cytochromes. A line was drawn between the isosbestic points at
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541 and 561 nm and the cytochrome concentration was estimated from the
absorbance difference to the peak maximum using a Ae of 16.8 mM!-cm™*
[26]. Since the molar extinction coefficient of membrane-bound cytochrome
¢-554.5 is not known, no further corrections were made. By repeated determin-
ations the a-band was found between 554 and 555 nm. The fraction of soluble
plastidic cytochrome ¢ was determined in the supernatant of chloroplast mate-
rial after weak sonification (see above).

The content of pigment 700 (P-700) was estimated from potassium ferri-
cyanide-oxidized minus ascorbate-reduced difference spectra using a A€o0 om
= 64 mM™!-cm™! (27]. Bumilleriopsis ferredoxin was prepared according to
ref. 28.

Results

Chloroplasts from the alga B. filiformis can be prepared which retain most of
their so-called soluble cytochrome c-553 (Table I). Upon short-term sonifica-
tion of these chloroplasts soluble cytochrome ¢-553 is almost completely lost
and can be recovered quantitatively from the supernatant. The sonified chloro-
plasts still contain a thylakoid-bound c-type cytochrome. This results in a peak
shift of the a-band of the reduced form from 553 to 554.5 nm (Fig. 1), point-
ing to the presence of two difference cytochromes in these chloroplasts. In
accordance with the findings of Boardman’s group [14] with Chlorella and
Wood [15] with other algal species the membrane-bound fraction with an «-
peak at 554.5 nm may be analogous to cytochrome f of higher plants. In the
course of these experiments it was noted that the content of soluble cyto-
chrome ¢-553 in cells and chloroplasts was variable depending on the culture
conditions. This has already been noted for other algae as well [11,12,29].
Maximal values of four molecules of cytochrome ¢-553 and about one cyto-
chrome ¢-554.5 per one molecule of P-700, the Photosystem I reaction center
chlorophyll, could be measured (see Table I).

The data of Table II show that these chloroplasts exhibit high rates of elec-
tron transport with either methyl viologen or NADP as terminal acceptors.

TABLE I
CONTENT OF CYTOCHROME ¢-553/554.5 IN BUMILLERIOPSIS FILIFORMIS

nmol cytochrome ¢ Cytochrome/P-700
per pgmol chlorophyll (nearest integer)
Normal culture
Whole cells * 5.6—6.5
Chloroplasts 4 —5
Sonified chloroplasts 1.4—1.5 1 **
Iron-deficient culture
Whole cells 3.3—3.7 2
Chloroplasts 2.52.8 2

* Maximal value obtained was 8.3 nmol cytochrome ¢ per umol chlorophyll, approximately a total
cytochrome ¢ per P-700 ratio of (mol/mol).
**This cytochrome is bound eytochrome ¢-554.5.
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Fig. 1. Reduced minus oxidized difference spectra of Triton-treated chloroplasts isolated from (A) normal
and (B) iron-deficient cultures of B. filiformis (see Materials and Methods; hydroquinone minus potas-
sium ferricyanide, approx. 0.1 mM). (A) 1, control chloroplasts and 2, sonified chloroplasts: 66 v g chlo-
rophyll/ml. A cytochrome c/chlorophyll ratio of 1 : 205 (curve 1) and 1 : 640 (curve 2) can be calcu-
lated. (B) 4, control chloroplasts = 62 ug chlorophyll/ml; 5, sonified chloroplasts = 57 ug chlorophyll/
ml. From the curves obtained with chloroplasts from an iron-deficient culture a cytochrome c/chloro-
phyll ratio of (4) 1 : 432 and (5) 1 : 670 can be calculated. 3 and 6, baseline recorded at the same sensi-
tivity ; optical bandpass = 2 nm.

Interestingly these chloroplasts also showed photosynthetic control which
means that the basal rate (minus ADP) could be stimulated by a factor of 2—3
upon addition of ADP. By addition of uncouplers like NH,Cl or gramicidin a
stimulation by a factor of 4 was observed. As expected, both uncouplers inhib-
it phosphorylation completely (Table IIIA), which was not observed by others
[4,5]. The coupling phenomenon allows one to measure the ADP/O ratios
[30] as demonstrated in Fig. 2, hence calculating the P/2e ratio by state 3/
state 4 transitions (terminology adopted from Chance and Williams [31}]).
Routinely a P/2e ratio of one could be obtained, the basal rate was not sub-
tracted (see ref. 30) (Table II). This value was independently confirmed by
measuring O, evolution and *?P incorporation into ADP under the same experi-
mental conditions (data not shown). It should be noted that addition of ATP
(0.1 -1 mM) did not affect the basal electron transport, as was reported for
spinach chloroplasts.

Sonification of chloroplasts, thereby removing soluble cytochrome c-553,
resulted in an almost complete inhibition of electron transport and phos-
phorylation. Nevertheless the residual rate of electron transport could still be
stimulated by uncoupler. The partial Photosystem II reaction from H,O to
diaminodurene remained unimpaired (Table II). Note that the content of mem-
brane-bound cytochrome ¢-554.5 per P-700 remained unaltered under these
conditions (Fig. 2). This suggests that cytochrome c¢-553 mediates electron
flow between cytochrome ¢-554.5 and P-700.

In contrast to earlier findings with Euglena chloroplasts [17] electron trans-
port could not be restored by addition of cytochrome ¢-553 to sonified Bumil-
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Fig. 2. Photosynthetic oxygen uptake (H3 O — methyl viologen, MV) or evolution (H,0 — NADP) with
Bumilleriopsis chloroplasts. 300 nmol ADP was added before the light was switched on. This amount of
ADP was consumed (i.e. transformed into ATP) while electron transport proceeded as indicated by the
declining rate during the second half of the reaction. Additions as indicated: NH4Cl = 2 mM; methyl
viologen = 0.1 mM; NADP = 0.6 mM with 6.6 uM ferredoxin. Numbers along the traces indicate pmol
03 /ml chlorophyll per h. PC, photosynthetic control ratio.

leriopsis chloroplasts (Table II). Some protection of electron transport activity
by addition of cytochrome c-553 (70 uM) during sonification was observed.
The absolute electron transport rate, however, did not exceed 20% of the elec-
tron transport of control chloroplasts.

One objection may be made against this kind of experiments, namely that
sonification may alter the membrane structure or may solubilize additional
components other than cytochrome c¢-5563, and thereby be inhibitory to
coupled electron flow. We tried, therefore, to manipulate the soluble cyto-
chrome ¢-553 content by varying the culture conditions. It was found that iron
deficiency in the growth medium somewhat affected the growth rates and the
chlorophyll content but more severely the cytochrome ¢-553 content (Bohner,
H., unpublished experiments). The total cytochrome ¢-553 content in chloro-
plasts isolated from iron-deficient cells dropped to about 1/3—1/2 of the con-
trol value (compare Table I). As shown in Fig. 1, the ratio of bound cyto-
.chrome ¢-553 per P-700 of 1 was not influenced. The data of Table II show
_clearly that with decreasing amounts of cytochrome c-553 the rate of electron
transport decreased simultaneously. Interestingly the coupling and the P/2e
ratio remained unaltered. It appears that cytochrome c¢-553 is an obligatory
_electron transport mediator but not directly involved in the energy-conserving
mechanism.

In Table IIIA the rates of non-cyclic ATP formation obtained with Bumil-
leriopsis chloroplasts are shown., Comparing the phosphorylation activity ob-
tained with normal, iron-deficient and sonicated chloroplasts it is obvious that
ATP formation decreases with decreasing cytochrome c-553 content. Surpris-
ingly, cyclic phosphorylation catalyzed by N-methylphenazonium methyl sul-
‘fate (PMS) seems to require cytochrome ¢-553 as well. Increasing the concen-
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tration of this cofactor up to an 8-fold excess of the optimal concentration did
not overcome this inhibition by absence of cytochrome ¢-553 in sonified
chloroplasts.

Re-addition of isolated cytochrome c¢-553 to sonified chloroplasts also did
not stimulate phosphorylation activity (see Table IIIB). When cytochrome c-
553 was present during sonification some protection of cyclic and non-cyclic
phosphorylation was observed; however, the rates did not exceed 10% of the
control (compare ref. 33). As found by others DCMU inhibits the PMS-cata-
lyzed phosphorylation. This inhibition is prevented by ascorbate acting as a
quencher for superoxide, thereby preventing the photoconversion of the add-
ed catalyst to pyocyanin which does not catalyze cyclic phosphorylation
under aerobic conditions in the presence of DCMU [5].

Discussion

The results presented above demonstrate that chloroplasts can be isolated
from the alga B. filiformis with high rates of both cyclic and non-cyclic elec-
tron transport coupled to phosphorylation (compare also ref. 18). Control
ratios of 2—3 upon ADP addition and about 4 upon addition of uncouplers
could be obtained (Fig. 2). This is in contrast to reports on phosphorylating
algal fragments where neither ADP nor uncouplers stimulated electron trans-
port [4,5,32]. Since methylamine did not inhibit photophosphorylation in
algal fragments it was concluded that the membrane potential is the main
driving force for ATP formation [4,5]. Algal chloroplasts used in this study,
however, exhibit properties similar to higher plant chloroplasts, i.e. un-
coupling by either NH,;Cl or gramicidin stimulates electron flow and inhibits
phosphorylation.

A P/2e ratio around 1.0 was routinely measured; maximal values of 1.2
were reached. As shown in Results these chloroplasts retain most of the so-
called soluble cytochrome c-553. The approximate molar ratios of P-700,
bound cytochrome c¢-554.5 and soluble cytochrome ¢-553 were 1:1: 34,
respectively. The obligatory requirement for cytochrome c¢-553 in electron
transport was shown by comparing electron transport and phosphorylation
rates of control chloroplasts with the rates obtained after removing cyto-
chrome ¢-553 by sonification. Although this procedure does not influence
the lamellar cytochrome c¢-554.5 content and liberates cytochrome c¢-553
almost completely, cyclic and non-cyclic electron transport rates coupled to
phosphorylation are substantially lowered. A correlation of PMS-catalyzed
cyclic phosphorylation and cytochrome ¢-552 content has been observed with
Euglena chloroplasts, but the presence of two c-type chromosomes with differ-
ent functions was not recognized [33]. In chloroplasts isolated from iron-
deficient cultures where the content of soluble but not lamellar bound cyto-
chrome ¢ was decreased by a physiological parameter, cyclic and non-cyclic
electron transport and phosphorylation were almost equally affected. Inter-
estingly, the photosynthetic control and P/2e ratios remain unaltered suggest-
ing a direct function of ‘“soluble” cytochrome c¢-553 in electron transport
mediation but not in energy conservation.

It has been shown before that in the alga Bumilleriopsis plastocyanin is ab-
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sent and cytochrome ¢-553 may be directly oxidized by Photosystem I [16].

Similar to the data obtained with soluble cytochrome ¢-552 from Fuglena
[8,33] cytochrome ¢-553 rather behaved as a substitute for plastocyanin than
for cytochrome f of higher plants in a variety of enzymatic tests and photo-
reactions [16] (compare also refs. 15 and 34).

Both cytochrome ¢-553 and plastocyanin (of higher plants) are acidic pro-
teins of low molecular weight. They appear to be peripherally located in the
membrane as they are easily removed by physical treatments like freeze-thaw-
ing, French-press or sonification. A similar pool size of 3—4 molecules per
reaction center I for cytochrome c¢-553 (Bumilleriopsis) and plastocyanin
(higher plants) is observed [35]. Both proteins seem to interact directly with
P-700, the reaction center chlorophyll [16]. It appears that comparable to
cytochrome [ of higher plants the membrane-bound cytochrome c¢-554.5
mediates electron transport between the lipophilic quinone pool and extrinsic
cytochrome ¢-553 [15]. An obligatory sequential electron transfer between
cytochrome c-554.5 » cytochrome ¢-553 - P-700 is not proven by the experi-
ments presented, but it is compatible with our data.
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