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1. Introduction

Unlike their counterparts in mitochondria, many
of the chloroplast inner-membrane proteins appear to
be synthesized on organelle ribosomes. Some of these
are, however, synthesized on cytoplasmic ribosomes
and imported into the chloroplast by an energy-depen-
dent process called ‘vectorial processing [1,2]. Thus,
biogenesis of the chloroplast inner membrane involves
a close interaction between the nuclear and chloro-
plast genetic systems. The sites of synthesis of the
chloroplast proton—ATPase complex have been
studied in [3—6] but those of the photosystem I reac-
tion center in higher plantshave never been elucidated.

In this study we employed short-term in vivo pulse-
labeling of Spirodela oligorrhiza. This aquatic higher
plant rapidly incorporates [**S]methionine into chlo-
roplast proteins and can be grown in sterile conditions
[7]. Our experiments, in the presence and absence of
protein synthesis inhibitors followed by subsequent
isolation of the protein complexes, revealed the fol-
lowing: Synthesis of subunits «, 8 and € of CF; as
well as subunit I1I (the chloroplast proteolipid, see
[8]) of CF, was inhibited in the presence of D-threo-
chloramphenicol but not cycloheximide, suggesting
that these proteins are products of the chloroplast
translation system. Subunits vy and § of CF; and sub-
unit II of CF,, behaved in an opposite fashion suggest-
ing that these components are products of the cyto-
plasmic transiation system. The site of synthesis of
subunit I of CF, was not resolved. In photosystem I
reaction center, only subunit II was indicated as being
synthesized on cytoplasmic ribosomes while subunits I,
V and VIb were characterized as being chloroplast
translation products. The site of synthesis of subunits
III, IV and Vla remains to be clarified.
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2. Materials and methods

2.1. Growth, radiolabeling and chloroplast membrane
isolation

Axenic Spirodela oligorrhiza (Kurtz) Hegelm was
cultured phototrophically in 250 ml flasks under
steady-state light conditions (200 foot candles, cool-
white fluorescent lights, 25°C) in half-strength
Hutner’s medium [9]. After transfer to fresh cultiva-
tion medium in Petri plates, plants were placed over-
night at 25°C under 300 foot candles of white light.
Fifty uCi/ml [*S]methionine was added to the
medium and growth allowed to continue for 3—6 h in
the absence or presence of cycloheximide (50 ug/ml,
final conc.) or D-threo-chloramphenicol (100 ug/ml,
final conc.). The labeled fronds were washed with 2
changes of 5 ml ice-cold medium, combined with twice
their wet weight of unlabeled fronds, and suspended
in 3 vol. ice-cold STN solution (0.3 M sucrose, 0.01 M
tricine—NaOH (pH 8) and 0.01 M NaCl). Thylakoid
membranes were prepared by blending followed by
differential centrifugation and resuspension in 0.1 ml
STN solution containing 5 mM MgCl, (STN-Mg)/g
fresh wt of original tissue [10].

2.2. Purification of the proton—ATPase complex
Chloroplast membranes, containing ~1 mg chl,
were washed with ~10 ml solution containing 10 mM

tricine—NaOH (pH 8). After centrifugation at
15000 X g for 15 min the pellet was homogenized in
10 ml solution containing 10 mM tricine—NaOH

(pH 8) and 0.15 M NaCl, and again centrifuged as
above. Following an additional wash with 10 mM tri-
cine—NaOH (pH 8), octyl8-D-glucopyranoside and
sodium cholate were added to final conc. 1% and
0.5%, respectively. After 20 min at 0°C the suspen-
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sion was centrifuged at 200 000 X g for 1 h and the
proton—ATPase complex purified as in [6].

2 3. Purification of photosystem I reaction center
Following the octyl-glucopyranoside—sodium cho-
late treatment and 200 000 X g centrifugation, the
pellet was homogenized in a solution containing
25 mM tricine—NaOH (pH 8) and 2% Triton X-100 to
give 0.5 mg chl/ml. After centrifugationat 20 000 X g
for 10 min the supernatant was applied on a DEAE-
cellulose column (0.6 X 10 ¢cm) [11,12]. The column
was washed with ~10 ml of a solution containing
20 mM Tris—HCI (pH 8) and 0.2% Triton X-100, and
the reaction center protein complex eluted with the
same solution containing 150 mM NaCl. A dark green
fraction of ~1 ml was collected and applied on a linear
sucrose gradient (5—30%) in a solution containing
20 mM Tris—HCI (pH 8) and 0.2% Triton X-100.
After centrifugation for 15hat 150000 X gina
SW 41 rotor in a Spinco ultracentrifuge, the lower
green band was collected as in [11,12]. Further steps
were as in [6].

3. Results

The purified proton—ATPase complex from
Spirodela, like that of spinach [6,13], was resolved
into 8 subunits upon SDS—polyacrylamide gel electro-
phoresis (fig.1, tracks 1,2). The purified complex from
plants untreated, or treated with chloramphenicol or
cycloheximide is shown in tracks 5—7: the 3 stained
patterns were similar, Autoradiograms of these are
shownin tracks 2—4.In the untreated sample (track 2)
all 8 subunits of the proton—ATPase complex were
labeled. Two additional radioactive bands were
present: one was the rapidly metabolized, 32 000 M,
photosystem II-regulatory polypeptide [10]; the
second, the 26 000 M, apoprotein of the light-har-
vesting chl ¢/b complex. In short term experiments
with [**S]methionine, these appear as the main,
labeled membrane components in Spirodela [7].
Neither of these polypeptides have been observed in
stained gels of the purified proton—ATPase complex;
nor do they co-purify with the complex upon frac-
tionation in sucrose gradients (not shown). The
proton—ATPase complex purified from plants labeled
in the presence of chloramphenicol (track 3) showed
radioactivity mainly in the ¥ and & subunits of CF,
and in subunit I of CF,. These subunits were not sig-
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Fig.1. Effect of chloramphenicol and cycloheximide on the
synthesis and assembly of the subunits of the proton—ATPase
complex. Fronds of Spirodela were labeled with [**S]methi-
onine, in the presence and absence of protein synthesis inhib-
itors, and the proton—ATPase complex was isolated as in
section 2. Samples of ~10 ug protein were applied on SDS—
polyacrylamide 10-15% gradient gels. Tracks 2—4 are auto-
radiograms of the Coomassie blue-stained gels shown in tracks
§5—7.Track 1 is from another stained gel of purified proton—
ATPase complex (~30 ug protein). Tracks 2 and 5 contain
samples from the control experiments (lacking protein syn-
thesis inhibitors). Tracks 3 and 6 are samples from fronds
labeled in the presence of 100 ug chloramphenicol/ml. Tracks
4 and 7 are samples from fronds labeled in the presence of
50 ug cycloheximide/ml,

nificantly labeled in the presence of cycloheximide
while «, 3, € and III were {track 4). We note that syn-
thesis of « and § subunits was strongly inhibited by
chloramphenicol (cf. tracks 3 ,4) although total elimi-
nation of the bands did not occur. Subunit I, which
was weakly labeled with [>**S]methionine in the
untreated control (track 2), was not resolved in the
inhibitor-treated samples.

The subunit structure of photosystem I reaction
center from Spirodela is shown in fig.2. It is very sim-
ilar to that from other higher plants [11,12,20-23].
As in the case of Swiss chard and spinach, subunit 111,
identifiable by its fluorescence upon excitation by
red light {16], changed positions with subunit [V when
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electrophoresed on slabs rather than tube gels (N. N.,
unpublished). In addition, subunit VI [11,12] was
resolved into two stained bands on the slabs, and is
referred to as VIa and VIb. To obtain more highly
purified reaction center from small amounts of labeled
chioroplasts, preparations of reaction center were
reapplied on a second sucrose gradient. This resulted
in a loss of subunit III from the complex as shown for
other plants [11,12]. The SDS—polyacrylamide gel
patterns of the purified reaction center complex,
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extracted from plants labeled in the absence and
presence of protein synthesis inhibitors are shown in
fig.3. The stained patterns are shown in tracks 1—-3
and their autoradiograms in tracks 4—6. In the auto-
radiogram of the untreated control (track 6), subunits
I, Il and VIb were clearly labeled, subunit V weakly
labeled, and subunits IV and VIa not detected by the
[**S]methionine probe. The radiolabeled 32 000 M,
and 26 000 M bands described in relation with fig.1
also appeared as minor contaminants in the photo

A |

Fig.2.SDS—polyacrylamide gel patterns of photosystem I reaction center from Spirodela chloroplasts purified through one sucrose
gradient. Purified photosystem I reaction center from 3 different preparations (tracks 1—3) containing ~30 ug protein each, was
electrophoresed ona 10-15% polyacrylamide gel. The gel was stained with Coomassie blue and destained as in [6]. Roman numerals

represent the subunits of the reaction center.

Fig.3. SDS—polyacrylamide gel patterns of photosystem I reaction center purified through two gradients of sucrose from fronds
treated with and without protein synthesis inhibitors. Gel conditions as in fig.2. Tracks 4—6 are autoradiograms of the stained gels
in tracks 1—-3. Tracks 3 and 6 contain samples from the control experiment (lacking protein synthesis inhibitors). Tracks 2 and 5
are samples from fronds labeled in the presence of 100 ug chloramphenicol/ml. Tracks 1 and 4 are samples from fronds labeled in

the presence of 50 ug cycloheximide/ml.
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system I-reaction center fraction. These proteins did
not copurify with the reaction center on sucrose gra-
dients (not shown}. Among those subunits revealed
by the [**S]methionine-label only subunit IT was
labeled in the presence of chloramphenicol (track 5)
while subunits I, V and VIb were labeled in the pres-
ence of cycloheximide (track 4).

4. Discussion

Protein synthesis inhibitors, specific for the cyto-
plasmic or plastid translation systems, as well as syn-
thesis of proteins by isolated chloroplasts have been
the two main methods used to probe the subcellular
site of synthesis of chioroplast proteins [4,24]. For
chloroplasts from several cell types it was reported
that the «, § and € subunits of CF, are translated
within the organelle whereas the vy and § subunits are
translated in the cytoplasm and imported into the
chloroplast [3--5]. In {6] the v subunit of CF, was
synthesized by isolated spinach chloroplasts. Here,
in vivo labeling of Spirodela plants in the presence of
specific inhibitors, shows the v subunit of CF, tobea
product of cytoplasmic ribosomes and has to be trans-
ported into the chloroplasts. The apparent discrepancy
among the various observations might be due to a
silent gene for the y subunit in the chloroplast that
was activated in the isolated spinach chloroplasts. It
also might be that the site of synthesis of the y subunit
of plastid proton—ATPase is different in various plant
species, as has been suggested for the proteolipid of
the mitochondrial ATPase from Newrospora and yeast
[16]. This work also confirms findings that subunit HI
(proteolipid) of CF, is a chloroplast product {6,14],
and that subunit IT is synthesized outside the organelle
on cytoplasmic ribosomes [6]. A possible biological
significance for synchronizing the synthesis of the CF,
5 subunit and CFy subunit 11 has been proposed [6].

The site of synthesis of individual subunits of puri-
fied, higher-plant photosystem I reaction center was
studied here for the first time. The presence of poly-
peptides of cytoplasmic and chloroplastic origin in
partially purified preparations of photosystems I and
Il in Chlamydomonas had already been indicated [25].
It was also known that subunit 1 of photosystem I
reaction center in Chlamydomonas is a product of the
chloroplast translation system [15] although its pres-
ence in the thylakeid membranes is under the control
of both chloroplast and nuclear [18,19] genes in this
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alga. From our data with in vivo labeled Spirodela,
sites of synthesis can be provisionally assigned to 4 of
the 7 subunits. Subunits I, V and VIb appear to be
translated within the organelle while subunit I is syn-
thesized outside the plastid on cytoplasmic ribosomes.
These findings require confirmation by other, com-
plementary approaches, such as synthesis by isolated
chloroplasts or cell-free translation of chloroplast
mRNAs. It is noteworthy that no biochemical function
in electron transfer was assigned to subunit 11 in the
published model for photosystem I reaction center
[12,20]. 1t is tempting to suggest that this cytoplas-
mically made subunit plays a role in the regulation of
synthesis or assembly of the other chloroplast trans.
iated subunits in the reaction center. The biogenesis
and assembly of the various subunits of photosystem [
reaction center is under investigation in our labora-
tories.,
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