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ABSTRACT

Yeast cationic ferricytochrome c was able to bind to the spinach
(Spinacia oleracea) chloroplast envelope with a low affinity (Kd = 1.1
JFM). The total amount of low affinity binding sites was of the order of 50
nmol cytochrome c mg-I protein. We gave the evidence that binding of
ferricytochrome c to the envelope was electrostatic and that the envelope
membranes were strongly negatively charged. Addition of yeast ferricy-
tochrome c to a preparation of intact washed chloroplasts (class I)
induced a strong agglutination of chloroplasts.

column. Cyt c was then purified according to the procedure of
Sels et al. (23). The Cyt c migrated as a single band in dodecyl
sulfate-polyacrylamide gel electrophoresis (14). An aliquot of
purified reduced Cyt c had a 550/280 absorbance ratio of 1.23.
The Cyt c (which was oxidized at 80%) was stored frozen in 10
mM Tricine-NaOH buffer (pH 7).
Binding Assays. The incubation medium used for binding

assays contained 0.3 M sorbitol and 1 mm Tricine-NaOH buffer
(pH 7.2) (standard medium). Binding assays with the labeled
protein 59Fe-Cyt c were carried out in a series of tubes containing
the standard medium and increasing concentrations of the la-
beled protein. The incubation was started by addition of intact
chloroplasts or membranes (envelopes or thylakoids) (total vol-
ume 4.5 ml). After an incubation period for 5 min at 0 C, the

Very recently, Billecocq (2) has shown that the anionic polar
head (sulfoquinovosyl pole) of the sulfolipid in the envelope is
accessible to the specific antibody and directed toward the out-
side. Recent studies (1, 28) have led to the proposal that the
isoelectric point of class I chloroplasts determined by cross-
partition is acidic. Hence, at physiological pH, the surface of the
envelope is probably negatively charged. Polycationic Cyt c (5)
was used as a probe to determine the importance and the exact
nature of the charges on the surface of the envelope membranes.

MATERIALS AND METHODS

Chloroplast Preparation. Intact spinach (Spinacia oleracea)
chloroplasts capable of high rate of CO2 fixation were prepared
from expanding spinach leaves (approximately 8 weeks old)
according to the method of Heber (10). The percentage of intact
chloroplasts in a preparation was determined by phase micros-
copy (16) and by its ability to evolve 02 in the presence of
ferricyanide before and after an osmotic shock (16). Envelope
membranes and thylakoids were isolated according to previous
methods (6, 13, 15) and resuspended in the following medium:
0.3 M sorbitol and 1 mm Tricine-NaOH buffer (pH 7.2). For
some experiments and in order to eliminate excess Mg, intact
chloroplasts were washed in the following medium: 0.3 M sorbi-
tol, 1 mm Tricine-NaOH buffer (pH 7.2), 2 mm EDTA, and
spun at 2,000g for 2 min (washed chloroplasts.)

Preparation of 59Fe-Cytochrome c. Yeast cells (D 261 strain)
were kindly given by Prof. P. Vignais. The glycerol culture
medium (24) contained 59FeC13 (0.3 mCi 1-1). For isolation of
yeast 59Fe-Cyt c, 0.5 kg of labeled yeast was suspended in 20 mm
phosphate buffer (pH 8.5) containing 1.2 M NaCl and broken at
5 C in a french press (40,000 p.s.i.). The homogenate was then
centrifuged for 20 min at 20,000g. The yellow-red supernatant
containing the Cyt c was diluted 10-fold and added to 8 g of CM-
Sephadex C-50 (Pharmacia) previously equilibrated with 0.1 M
phosphate buffer (pH 7.2). After shaking for 30 min, the resin
containing the bound Cyt c settled rapidly and was collected on a
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FIG. 1. Binding of Cyt c on the envelope of spinach chloroplast as a
function of Cyt c in the incubation medium. Experimental procedure was
described in the text.
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FIG. 2. Binding of Cyt c on the envelope of spinach chloroplast as a
function of envelope proteins in the incubation medium. Experimental
procedure was described in the text.
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DENSITY
(g cm-3)

1.12

| 1.14

SUCROSE i

(W/V)

25C% Y

4E+Cy

60%

CENTRIFUGATION: SW 40, 30,000rpm.
12 hours.

FIG. 3. Centrifugation of envelope fraction (left tube) and envelope loaded with Cyt c (right tube) on a discontinuous sucrose gradient.

suspensions were centrifuged. The incubation conditions were
sufficient to allow equilibrium between bound and free ligands.
The radioactivity in the pellets and the supernatants was deter-
mined by gamma counting (multichannel analyzer, Intertech-
nique SA 40 B, well-type Nal (Ti) gamma ray detector).

Protein Determination. Protein content was determined by
the method of Lowry et al. (17) with crystallized BSA as a
standard.

Table I. Effect of J{g2+ on the Binding of Cytochrome C
to the Envelope of Spinach Chloroplast

A suspension of chloroplast envelope (205 jg protein)
was incubated in the standard medium (see text) containing
a fixed amount of 59Fe - Cyt C (15 nmol, 18,000 dpm mg-1
protein). After an incubation period for 5 min at 0 C,
Mg2+ was added to the reaction mixture. The membranes
were then collected by centrifugation as described in the
text. Mg2+ added in the incubation medium before Cyt C
gave identical results.

Mg2+ in the
incubation 0 5 10 100
meditum

mm

Bound Cyt C
nmol 12.0 7.6 4.3 0.8

RESULTS AND DISCUSSION

Electron micrographs of the purified envelope fractions show
single and double membrane vesicles of variable sizes with a
cross-section width in the range of 60 to 80 10-8cm (13, 25). No
plastoglobuli are trapped in the network of the envelope mem-
branes, no stroma lamellae are observed, and the Chl content is
less than 0.1 ,ug/mg total membrane proteins. In good agree-
ment with Sprey and Laetsch (25), we have observed in all cases
that the envelope preparation obtained from unpurified chloro-
plasts is more or less contaminated by other chloroplast or cell
constituents. The use of purified intact chloroplasts minimized
the dangers of cross-contamination (6, 13, 19). Finally, the
envelope vesicles are unstable. They fragment into smaller vesi-
cles with time.

Yeast Fe-Cyt c is able to bind to the chloroplast envelopes
with a low affinity (Kd = 1.1 ,uM) (Figs. 1 and 2). The total
amount of low affinity binding sites is of the order of 50 nmol
Cyt c mg-' protein (0.6 mg Cyt c mg-' protein). This value is
much higher than that found for the anionic inner mitochondrial
membrane (20). For example, Vanderkooi et al. (26) have
identified 3 nmol Cyt c-binding sites/mg of protein in Cyt c-
depleted pigeon heart mitochondria. The value for the envelope
is also much higher than that found for thylakoids (10 nmol Cyt c
mg-' protein). The binding of Cyt c to the chloroplast envelope
membranes is readily reversed by 50 to 100 mM Mg+2 (Table I).
These results indicate that binding of Fe-Cyt c to the envelope is
electrostatic and that the envelope membranes are strongly neg-
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atively charged. However, it has to be stressed that tU
layers used during the course of the envelope prepara
tained 4 mm MgCl2 (13). For this reason, it is very I
such assays underestimate the amount of Cyt c bou
isolated membranes. If we assume that only one cha
quired to bind 1 molecule of Cyt c, it is clear that the E

sulfolipid present in the envelope (110 nmol mg-' p
18]) is sufficient to bind such amount of Cyt c. Nev
whether the envelope-Cyt c complex really involves th
and/or the lipid compounds of the envelope is uncert

Centrifugation of pure envelope fraction and envelo
with Cyt c on a discontinuous gradient of 0.73, 0.88, 1
1.20, 1.29, and 1.46 M sucrose resulted in two separa
(Beckman SW 40, 30,000 rpm, 12 hr): a yellow ba
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interphase of 0.73 to 0.88 M sucrose layers, and a red band at
the interphase of 1.11 to 1.2 M sucrose layers (Fig. 3). Under
these conditions of equilibrium density centrifugation, the buoy-
ant density of the purified chloroplast envelope fraction (1.12 g/
cm3) differs markedly from envelope loaded with Cyt c (1.14 g/
cm3). It has to be pointed out that the buoyant density we have
found for the purified envelope fraction is identical to the buoy-
ant density of the double vesicles described by Poincelot and
Day (22).
These results give no information about the precise location of

the negative charges on the chloroplast envelope. However, we
give the direct evidence that at least the outer face of the outer
envelope membrane is highly negatively charged. Thus, if one
examines under light microscopy the washed intact chloroplasts,
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FIG. 4. Appearance of intact washed chloroplasts under light microscopy; A: without yeast Cyt c; B: with yeast Cyt c (50 uM). Preparation of
intact washed chloroplasts and suspension medium were described under "Materials and Methods." In this particular experiment, the chloroplasts
were 89% intact.
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they look uniformly distributed through the preparation (Fig.
4A; ref. 16). Addition of yeast Cyt c (50 AM) to the preparation
of intact washed chloroplasts induces a strong and rapid aggluti-
nation (Fig. 4B) of the chloroplasts. In this case, the amount of
yeast Fe-Cyt c bound to the washed intact chloroplasts, cor-
rected for the contribution of the broken thylakoids (16) is
considerable (53 nmol mg-' Chl). Addition of (2 mM) Mg Cl2 to
the medium prevents the agglutination of chloroplasts. The Cyt c

molecule is a 34 x 34 x 30 A prolate spheroid (5), and most of
the hydrophylic lysines which carry positive charges are distrib-
uted on the major axis of the molecule (5). Inevitably, in these
conditions, once bound to a chloroplast, the Cyt c still carries
free positive charges which, in turn, are able to interact with
other chloroplasts. This explains the strong and fast agglutina-
tion observed. Preliminary studies conducted with polycationic
ferritin (N,N-dimethyl-1,3-propane-diamine conjugate of ferri-
tin [4, 9]) led to the same conclusion.

Chloroplast envelopes consist of two osmiophilic membranes.
It is evident that fixed anionic surface charges may play an

important role: first in the recognition or interaction between the
two envelope membranes; second in the transport of anion (7,
11, 27) and protein (12) such as small subunit of D-ribulose-1,5-
bisphosphate carboxylase (3, 21), and third, in the interactions
between the chloroplasts and the other cell organelles (8).
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