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ABSTRACT

The ratio of free to thylakoid-bound chloroplast ribosomes in Chlamydomonas
reinhardtii undergoes periodic changes during the synchronous light-dark cycle. In
the light, when there is an increase in the chlorophyll content and synthesis of
thylakoid membrane proteins, about 20-30% of the chloroplast ribosomes are
bound to the thylakoid membranes. On the other hand, only a few or no bound
ribosomes are present in the dark when there is no increase in the chlorophyll
content.

The ribosome-membrane interaction depends not only on the developmental
stage of the cell but also on light. Thus, bound ribosomes were converted to the
free variety after cultures at 4 h in the light had been transferred to the dark for 10
min. Conversely, a larger number of chloroplast ribosomes became attached to
the membranes after cultures at 4 h in the dark had been illuminated for 10 min.

Under normal conditions, when there was slow cooling of the cultures during
cell harvesting, chloroplast polysomal runoff occurred in vivo leading to low levels
of thylakoid-bound ribosomes. This polysomal runoff could be arrested by either
rapid cooling of the cells or the addition of chioramphenicol or erythromycin.
Each of these treatments prevented polypeptide chain elongation on chloroplast
ribosomes and thus allowed the polysomes to remain bound to the thylakoids.
Addition of lincomycin, an inhibitor of chain initiation on 70S ribosomes, in-
hibited the assembly of polysome-thylakoid membrane complex in the light.

These results support a model in which initiation of mRNA translation begins
in the chloroplast stroma, and the polysome subsequently becomes attached to the
thylakoid membrane. Upon natural chain termination, the chloroplast ribosomes
are released from the membrane into the stroma.

Synchronized cells of Chlamydomonas reinhardtii
(C. reinhardtii) which have been treated with
chloramphenicol (CAP) at the 4th h of the light
period contain two distinct populations of chloro-
plast ribosomes. Approx. 70% of the chioroplast
ribosomes occur free in the chloroplast stroma
whereas the remainder are associated with the
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thylakoid membranes (15). Electron microscope
examinations of the latter showed that the bound
ribosomes are arranged predominantly as penta-
or hexamers on the unstacked regions of the thyla-
koids. Similar thylakoid-bound ribosomes have
also been detected in nonsynchronous cultures of
the same organism (28).
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Experiments designed to probe the nature of
the ribosome-membrane interaction showed that
approx. 50% of the bound ribosomes could be
removed by a high salt (500 mM KCI) treatment
whereas the remaining 50% were released only by
a combination of high salt plus puromycin (15,
28). Therefore, in at least half of the cases the
nascent chains on the ribosomes were so tightly
bound to the membranes that the bound ribo-
somes resisted removal from the membrane by
treatment with high salt alone. These results, to-
gether with the observation that thylakoid-bound
ribosomes were detected at a time of membrane
protein synthesis, strongly suggest that these ribo-
somes may be involved in the synthesis of thyla-
koid membrane polypeptides (15, 28). Recently,
it has been shown that the nascent chains of thyla-
koid-bound ribosomes are firmly bound to the
membrane after artificial chain termination in-
duced by puromycin treatment (29). Further-
more, thylakoid-bound ribosomes prepared from
nonsynchronous cultures of C. reinhardtii could
incorporate amino acid into proteins in an in vitro
system, and the major product, which remains
associated with the membranes, has a mol wt of
23,000 in sodium dodecyl sulfate (SDS) gels
(30). These recent results are consistent with the
suggested role of bound ribosomes mentioned
above.

In order to examine the relationship between
thylakoid-bound ribosomes and thylakoid mem-
brane polypeptide synthesis in C. reinhardtii, we
have extended our previous observations (15) and
measured the proportion of free and bound 708
ribosomes throughout the entire synchronous cell
cycle. We found that maximal amounts of thyla-
koid-bound ribosomes were detected in the light
period when there is synthesis of both chlorophyll
and membrane proteins. The effects of light, lin-
comycin, and rapid cooling of the cells on the
proportion of free and bound ribosomes in vivo
were also investigated. The results of these experi-
ments will be discussed in relation to a model
proposed for the assembly of the chloroplast ribo-
some-thylakoid membrane complex in vivo.

MATERIALS AND METHODS

Conditions for the Synchronous Cultures
of C. reinhardtii

Cells of the wild type strain (137 ¢, mating type plus)
were grown according to Ohad et al. (32), in the minimal
medium of Sager and Granick (36) modified by the
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addition of 10 mg citric acid/liter. Synchronous cultures
were obtained by exposing the cells to repeated regimens
of 12 h light and dark cycles at 25°C (5). The cultures
were continuously bubbled with a moistened gas mixture
containing 5% CQO,-95% air. The light intensity at the
level of the culture flasks was approx. 4,000 Ix. Under
these conditions, synchronously dividing populations
were obtained after three light-dark cycles. The changes
in chlorophyll content and cell number during the syn-
chronous cell cycle were similar to those reported by
other workers (2, 26, 38).

Cell Fractionation Procedures

Procedures of cell fractionation were carried out es-
sentially as described previously (15). Experiments were
done with cultures which had been exposed to at least
three light-dark cycles. The cell number was determined,
and the cultures were diluted accordingly 1 day before
the experiments were carried out so that the cell density
at the time of the experiments was about 1 X 108 cells/
ml. Each 2-liter culture was divided into two equal por-
tions: one sample received 1 ml of a CAP stock solution
(100 mg/ml ethanol; final concentration 100 w/ml cul-
ture) whereas the control sample received 1 ml of
ethanol (final concentration 0.1%). Both samples were
further incubated for 10 min before the cells were har-
vested by centrifugation at 0°C in a Sorvall GSA rotor
(DuPont Instruments, Sorvall Operations, Newtown,
Conn.) at 2,500 g for 5 min. The pelleted cells were
washed once in 100 ml of TKMD buffer, which con-
tained 25 mM Tris-HCI (pH 7.5), 25 mM KCl, 10 mM
MgCl,, and 5 mM dithiothreitol (DTT), and resus-
pended in 10 m! of the same buffer to a cell concentra-
tion of about 1 X 10® cells/ml. The cell suspension was
passed through a chilled French pressure cell (American
Instrument Co., Travenol Laboratories, Inc., Silver
Spring, Md.) maintained at a constant pressure of 4,800
poundsf/inch®. The efficiency of cell breakage ap-
proached 100% as monitored by both light and electron
microscopy. All subsequent operations were carried out
at 0-4°C.

The homogenate, contained in a 50-mi polypropylene
tube (29 X 103 mm, DuPont Instruments, Sorvall Oper-
ations), was centrifuged at 17,000 gnax for 10 min in a
Sorvall §S-34 rotor, and the supernate was saved. For
maximal recovery, 5 ml of TKMD buffer was added, and
the pellet was dispersed by homogenization directly in
the polypropylene tube with a serrated Teflon pestle
(diam 1.0 inch; Arthur H. Thomas Co., Philadelphia,
Pa.) driven by a top-drive motor. The resulting suspen-
sion was centrifuged again at 17,000 gmax for 10 min.
The supernates from this and the preceding centrifuga-
tion were pooled and are referred to hereafter as S17.
The volume of S17 was measured and adjusted with
TKMD buffer to 15 ml.

For most of the experiments reported in this paper,
the 17,000 gmax pellet (P17) was resuspended by homog-
enization in the 50-ml polypropylene tube in about 3-5
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ml of TKMD buffer as described above. The volume was
measured with a graduated cylinder, and the suspension
was analyzed for its ribosomal subunits composition by
the high salt puromycin reaction described below.

For other experiments, a fraction consisting primarily
of chloroplast thylakoid membranes was purified from
P17 by flotation from a heavy sucrose layer (15). To this
intent, P17 was resuspended by homogenization in 1.87
M sucrose in TKMD buffer to a chlorophyll concentra-
tion of about 300 ug/ml. 4.5 ml of the suspension were
overlaid with 5 ml of TKMD buffer and centrifuged in an
A321 rotor (International Equipment Co., Needham
Heights, Mass. [IEC]) at 320,000 gnax for 40 min. The
thylakoid membrane band was collected from the su-
crose-buffer interface and diluted with 3 vol of TKMD
buffer. The membranes were collected by centrifugation
at 17,000 gmax for 10 min, and the resulting pellet was
finally resuspended in TKMD buffer to a chlorophyll
concentration of about 1.0-1.2 mg/ml. This fraction will
be referred to hereafter as the thylakoid membrane
fraction (TMF). Approx. 70% of the total chlorophyil
present in the homogenate was recovered in this fraction
(Table I).

Analysis of Ribosomal Subunit
Composition of the Various

Cell Fractions

Total ribosomes associated with each cell fraction
were analyzed in terms of their subunits by the high salt
sucrose gradient centrifugation technique described ear-
lier (14, 15). Both 70S and 80S ribosomes were first

dissociated into their respective subunits by treatment
with high salt and puromycin (14, 15), in a reaction
mixture which contained 0.5 ml of S17 (9-12 A,g), or
P17 (1.0-1.2 mg chlorophyll/ml), or TMF (1.0-1.2 mg
chlorophyll/ml); 0.1 ml of 5 mM puromycin (adjusted to
pH 7.0 with KOH), and 0.4 ml of compensating buffer.
The composition of the compensating buffer was ad-
justed to give, in the final reaction mixture, 50 mM Tris-
HCI (pH 7.5), 500 mM KCl, 5 mM MgCl, and 5 mM
DTT. The MgCl, concentration was raised to 25 mM in
samples without puromycin to prevent dissociation of
active 80S ribosomes (our unpublished observation).
The reaction mixtures were incubated at 37°C for 10
min, and aliquots were layered onto 5-20% linear su-
crose gradients containing 50 mM TrisHCl (pH 7.5),
500 mM KCl, 25 mM MgCl;, and 5 mM DTT. The
gradients were centrifuged at 39,000 rpm for 3h at 18°C
in an SB 283 rotor of an IEC centrifuge (B-60). The
absorbance of each gradient was continuously monitored
with an Instrument Specialties Co. model D gradient
fractionator (ISCO, Lincoln, Neb.) and UV analyzer,
and the absorbance profile was displayed with a 10-inch
Bristol chart recorder (American Chain and Cable Co.,
Inc., Bristol Div., Waterbury, Conn.).

The S17 and P17 fractions were heterogeneous in
their contents. In addition to ribosomes, S17 contained
soluble proteins including ribulose-1,5-diphosphate car-
boxylase, tRNA’s, and small membrane vesicles whereas
P17 also contained thylakoid membranes, cell-wall mate-
rials, pyrenoids, starch granules, and broken and intact
nuclei. These contaminants, however, did not interfere
with the dissociation of ribosomes into their subunits or

TasLE I
Distribution and Recovery of Chlorophyll and RNA

Control Chloramphenicol
Chlorophyll RNA Chlorophylt RNA
% % % %
(a) In S17 and P17 isolated from cultures at
L-4
Total homogenate 100 100 100 100
S17 7104 80.5+ 35 106 = 2.1 759 +13
P17 87.0x 1.0 16.0x 2.4 83.8+23 21.6 £ 0.7
Recovery 94.1 =+ 0.8 96.5 £ 1.2 94.5 + 0.21 975+ 1.7
(b) In fractions obtained from the floatation
step
P17 100 100
TMF 81.0 £ 4.0 508 42
1.87 M sucrose layer 7.5+ 3.0 24151
320,000 gmax pellet 3508 15555
Recovery 92.0 = 2.1 903 £ 6.0

Procedures for cell fractionation and measurements of chlorophyll and RNA are given in Materials and Methods.
Values given in (a) are means from three experiments +SD of the means. Experiments in (b) were carried out with
P17 fractions obtained from the CAP-treated cultures at L-4. These values are also means from three experiments
+SD of the means.
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with the subsequent separation of these subunits in the
sucrose gradient. The soluble proteins and tRNA’s sedi-
mented in between the top of the gradient and the small
subunit of 708 ribosomes (S) (Fig. 1la) whereas mem-
brane vesicles, cell wall materials, pyrenoids, starch
granules, and nuclei were all pelleted at the bottom of
the tube.

Determinations of Chlorophyll and RNA

Chlorophyll was measured according to Arnon (3)
and RNA according to a modification of the Schmidt-
Thannhausser procedure (7).

Electron Microscopy

All specimens, cells in suspension or cell fractions,
were fixed as pellets in a 0.25% glutaraldehyde solution
(in 0.02 M cacodylate buffer, pH 7.0, and 10 mM
CaCl,) for 30 min at ~4°C. The pellets were postfixed in
1% 0sQ, (in the same buffer, CaCl, mixture) for 2-3 h
at ~4°C. Sectors, cut to include the whole thickness of
the pellets, were stained in block with uranyl acetate
(20), before being dehydrated in graded ethanols and
embedded in Epon. Sections through the entire depth of
the pellets were cut with diamond knives (DuPont In-
struments, Wilmington, Del.) on Porter-Blum MT2 mi-
crotomes (DuPont Instruments, Sorvall Operations),
then stained with uranyl and lead salt solutions and
finally examined in a Siemens 101 or 102 electron micro-
scope operated at 80 kV. For each cell fraction, the
entire depth of the pellet was systematically examined
before taking micrographs from representative fields.
The fixation procedure mentioned above was developed
to prevent plasmolysis of intact cells and myelin figure
formation at the expense of their membranes (9); it was
applied to cell fractions to maintain uniformity of prepa-
ration procedures.

Chemicals and Solutions

Chemicals were obtained from the following sources:
CAP, erythromycin, and DTT from Sigma Chemical
Co., St. Louis, Mo.; Ultrapure grade sucrose (ribonucle-
ase-free) from Schwarz/Mann Div., Becton, Dickinson
and Co., Orangeburg, N.Y.; puromycin hydrochloride
from Nutritional Biochemicals Div., International
Chemical & Nuclear Corp., Cleveland, Ohio; and linco-
mycin hydrochloride from the Upjohn Co., Kalamazoo,
Mich.

RESULTS

Cyclic Variations in the Proportion of
Thylakoid-Bound 70S Ribosomes During
the Synchronous Cell Cycle

We have previously reported (15) that treat-
ment of synchronous cultures with CAP from the
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Ficure 1 Sucrose gradient analysis of ribosomal sub-

units in S17, P17, and TMF isolated at L-4. The amounts
of materials loaded on each gradient are as follows: (a)
2.48 Agg U; (b) 2.48 Az U; (¢) 250 ug chlorophyll;
(d) 250 pg chlorophyll; (e) 2.48 Asg U; (f) 2.48 Agg
U; (g) 250 pg chlorophyll; and (k) 250 ug chlorophylt.
The S17 samples (a, b, e, and f) were derived from
approx. 2.6 X 107 cells whereas the P17 samples (c, 4, g,
and f) were from approx. 12.1 X 107 cells. The direction
of sedimentation is indicated by the horizontal arrows. In
all cases, the thylakoid membranes were sedimented to
the bottom. The small A,;, ., absorbance peak marked
by an asterisk in () and (e) is due to ribulose-1,5-
diphosphate carboxylase. The vertical arrows in (b), (¢),
(d), (P, (g), and (k) indicate the position of L7°. L* and
S8 large and small subunits of 808 ribosomes, respec-
tively; L™ and S™, large and small subunits of 708
ribosomes, respectively; PM, puromycin.

4th to the 5th h in the light, denoted by L-4 to L-5,
resulted in a shift of chloroplast ribosomes (70S)
from the S17 to P17 which fraction was enriched
in 70S ribosomes when compared to the control
sample. Analysis of the TMF isolated from P17 by
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a flotation procedure showed that it contained
most of the 70S ribosomes in the latter fraction.
Fig. 1 shows that essentially similar results could
be obtained when the time of incubation with the
antibiotic was reduced in 10 min. Under these
conditions, the concentration of CAP (100 ug/ml)
used was saturating as determined by experiments
with varying concentrations of the drug (data not
shown). The distribution and recovery of chloro-
phyll and RNA in the various cell fractions de-
rived from the two main steps of the fractionation
scheme are presented in Table I (a) and (b). It
can be seen that CAP treatment led to a shift of
only 5% of the total RNA from S17 to P17 (Table
I [a]). Although the magnitude of this CAP effect
was small, it was consistently observed in all three
experiments (Table I).

In order to estimate quantitatively the effects of
CAP treatment on the distribution of 708 ribo-
somes at L-4, it was assumed that the amounts of
70S ribosomes in S17 and P17 represent the
amounts of free and thylakoid-bound ribosomes,
respectively, in the homogenate. This assumption
is valid only if the amount of cross-contamination
between free and membrane-bound ribosomes in
the two cell fractions was minimal and if there was
no significant loss of ribosomes and thylakoid
membranes during cell fractionation. Both these
two conditions were met in our experiments. The
results in Table I(a) show that the recovery of
RNA and chlorophyll during cell fractionation of
the total homogenate into S17 and P17 was better
than 94%, indicating little loss of ribosomes and
thylakoid membranes. The amount of 70S ribo-
somal subunits per unit chlorophyll, and therefore
per unit thylakoid membrane, in P17 was approxi-
mately the same as that in purified TMF (cf. Fig.
1c and d and Fig. 1g and k). Thus, most of the
708 ribosomes that sedimented at 17,000 gmax
were attached to the thylakoids, and only a few
free ribosomes cosedimented with the mem-
branes. Table I(a) also shows that more than
84% of the chlorophyll-containing material was
recovered in P17 with 10% or less still remaining
in §17. Electron microscope examination of the
latter fraction revealed mostly free ribosomes and
some small membrane vesicles with very few
membrane-bound ribosomes. Thus, most of the
chlorophyll in S17 could be accounted for by the
presence of small thylakoid membrane vesicles
that were not pelleted at 17,000 gax.

In the case of 808 ribosomes, it is unlikely that
significant amounts of free ribosomes would be
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sedimented at 17,000 g,y after extensive homog-
enization. However, we have no evidence that all
the microsomes were pelleted, and it is possible
that under our experimental conditions a certain
amount of microsomes still remained in $17 thus
leading to an underestimation of the proportion of
membrane-bound 80S ribosomes.

Both the 708 and 80S ribosomes in S17 and P17
could be dissociated into their respective subunits
with puromycin at high ioni¢ strength (14, 15).
Under these conditions the dissociation is 85%-
90% complete for both types of ribosomes (14,
15). Using the centrifugation techniques described
in Materials and Methods, the dissociated subunits
could be displayed on a 5-20% sucrose gradient
without interference from any contaminating UV-
absorbing materials that were present in S17 or
P17. Since the large subunits of the 708 and 80S
ribosomes (L™ and L*, respectively) were well
separated in the gradient (cf. Fig. 1), their relative
absorbance was used for quantitative estimation.

Quantitative data relating to the experiments in
Fig. 1 are summarized in Table I1. At L-4, the P17
of the control sample had 8.6% of 80S ribosomes

TasLE II

Effect of CAP on the Percent of Total 80S and 708
Ribosomes Associated with the P17 Fraction

Percent of ribosomes in P17

Experiment 80S 708
Control (L-4) 8615 6613
+ CAP (L-4) 8114 27.0+33
Control (D-4) 11.7+ 0.8 4721
+ CAP (D-4) 110+ 1.5 42+ 0.8

To estimate the relative amounts of 70S ribosomes in
817 and P17, photocopies of the ribosomal subunit pro-
files of both cell fractions, e.g., Fig. 15, c, f, and g, were
made. The L7 peak of each profile was cut out and
weighed, and the weight multiplied by the appropriate
dilution factor in the high-salt puromycin reaction (cf.
Materials and Methods) as well as by the volume of the
corresponding cell fraction should give the amount of
70S ribosomes in arbitrary units in that fraction. By
assuming a 100% recovery for 708 ribosomes during the
fractionation into $17 and P17 the proportion of total
708 ribosomes that are bound to the thylakoid mem-
branes, i.e., in P17, could be computed. Similar proce-
dures were followed for the computation of the propor-
tion of total 80S ribosomes in P17. In the later case, it is
assumed that the fraction of 80S ribosomes that sedi-
mented a 17,000 gna are all membrane-bound. Values
are means of three (D-4) or four (L-4) experiments +SD
of the means.
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and 6.6% of 70S ribosomes associated with it.
Addition of CAP did not affect the distribution of
80S ribosomes in S17 and P17 but increased the
proportion of thylakoid-bound 70S ribosomes
from ~7% to 27% of the total. This effect of CAP
has been noted before and was attributed to its
ability to block chloroplast polysomal runoff which
occurred during cell harvesting (15). If this is the
case, then the distribution of free and thylakoid-
bound 70S ribosomes in the CAP-treated sample
should reflect the situation in vivo at L-4. The data
in Table II also show that CAP treatment led to an
increase of 20% of the total 70S ribosomes in P17
as compared to the control sample. If it is assumed
that ribosomal RNA accounts for about 90% of
the total cell RNA’s in C. reinhardtii and since the
ratio of 808 to 70S ribosomes is about 2 (10, 14,
24}, a shift of 20% of the total 70S ribosomes
would correspond to (90 X 0.33 X 0.2)% = 6%
of the total cell RNA. This figure agrees fairly well
with the RNA data in Table I (4). In contrast to
the results obtained at L-4, only ~5% of the total
70S ribosomes were associated with P17 at 4 h
after the beginning of the dark period (D-4), and
this value was the same for both the control and
the CAP-treated cultures (Fig. 2 and Table II).
We have extended our observations at L-4 and
D-4 and investigated the variations in the propor-
tion of bound ribosomes throughout the entire
light-dark cycle. The results of these experiments
are presented in Fig. 3a. These data were ob-
tained with cultures that had been treated with
CAP for 10 min as described under Materials and
Methods. Similar data for the membrane-bound
80S ribosomes are also given for comparison (Fig.
3b). It can be seen that thylakoid-bound 708
ribosomes were detected during the entire light
period, and this population of ribosomes
amounted to 20-30% of the total 70S. Cattolico
et al. (12) have recently published data on the
cyclic variations of total chloroplast ribosomes in
the same strain of C. reinhardtii grown under
conditions almost identical to ours. If we use their
data to calculate the amount of thylakoid-bound
chloroplast ribosomes as a function of time in the
cell cycle, we find that this amount varies cyclically
from a low of 40 relative units at D-4 to a high of
390 relative units at L-7 (Table III). These values
should be considered minimal since in the work of
Cattolico et al. (12) the increase in 70S ribosomes
was smaller than three times over one cycle, and
since we do not know whether or not we are
obtaining complete inhibition of translation by
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FiGure 2 Sucrose gradient analysis of ribosomal sub-
units in S17, P17, and TMF isolated at D-4. The
amounts of materials loaded on each gradient are as
follows: (@) 2.12 Az U; (b) 2.12 Asge U; () 250 ug
chlorophyll; (d) 250 ug chlorophyll; (e) 2.12 Ay U; ()
2.12 Agg U; (g) 250 ug chlorophyll; and (k) 250 ug
chlorophyll. The S17 samples (a, b, e, and f) were
derived from approx. 3.4 x 107 cells whereas the P17
samples (c, d, g, and h) were from approx 12.5 x 107
cells. For other experimental details, see Fig. 1 and
Materials and Methods.

CAP in our system. Table III also shows that the
amount of thylakoid-bound ribosomes is highest
from L-4 to L-11 during which time there is rapid
synthesis of chlorophyll and also membrane poly-
peptides (4, 9, 38). In contrast to the values ob-
tained in the light, the amount of 70S ribosomes
attached to the thylakoids decreased to 4-5% of
the total during the dark phase of the cell cycle
when there is no change in the chlorophyll concen-
tration. The significance of this low level of re-
maining bound 70S ribosomes in the dark is not
known since this value was not increased by the
addition of CAP in all the samples investigated. It
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is possible that these ribosomes represent a small
fraction of the free 70S which remained entrapped
by the thylakoid membranes even after extensive
homogenization and subsequent flotation. The
transition from dark to light in the synchronous
cycle was striking: 70S ribosomes became mem-
brane-bound immediately upon entering the light
phase. This result implies that one or more light-
dependent factors were involved in the attachment
of ribosomes to the membranes. In the case of
membrane-bound 80S ribosomes (Fig. 3b), no
pronounced variations during the light-dark cycle
were observed except that the value at D-0 is
higher than at the other time-points.

Electron Microscope Observations

Thylakoid membrane fractions prepared from
synchronized cultures at selected time-points (L-4,
I-7, and D-4) during the cell cycle were examined
in a series of successive experiments (five for L-4,
two for L-7, and three for D-4). In each experi-
ment, the effect of CAP treatment in vivo and the
effects of KCl-puromycin treatment of isolated
fractions were systematically studied. Less exten-
sively investigated were chloroplast fragments in
P17. A preliminary survey of intact cells after
CAP treatment in vivo was also carried out.

Thylakoid membrane fractions isolated from
CAP (100 pg/ml for 10 min)-treated cells during
the light phase of the cell cycle (L-4 and L-7)
consist almost exclusively of thylakoids, many of
them swollen and deformed, but most of them still
stacked into small, two to three disc grana. Chlo-
roplast envelope fragments, osmiophilic droplets
and pyrenoid tubules are rare, and cytoplasmic
contaminants (mitochondria, ER-fragments) are
only occasionally encountered.

In fractions prepared at both L-4 and L-7, free
thylakoids and thylakoids at the end of grana have
ribosomal clusters attached to the outer aspects of
the exposed (not stacked) domains of their mem-
branes. In normal sections these clusters appear as
apparently linear series of two to four particles
(Figs. 4-6), but grazing sections reveal that these
series correspond to circular polysomes which
range in size from pentamers to octamers, hexa-
mers being the predominant form (Figs. 4-6).
Open circles of the same sizes (Figs. 4-6) are less
frequently found, and extreme forms, e.g., tetra-
mers and clusters larger and more complex than
octamers, are only occasionally encountered. The
gallery in Fig. 7 illustrates the spectrum of charac-
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Ficure 3 Cyclic variations in the proportions of 70S
and 80S ribosomes associated with P17 during the syn-
chronous cell cycle. The proportions of 70S and 80S
ribosomes were determined as described under Materials
and Methods and legend to Table II. The number of
experiments carried out for each time-point is shown
within parentheses in the following: L-0 (2), L-4 (7), L-7
(3), L-11 (2}, D-0 2), D-4 (4), D-7 (3), and D-11 (2).
The average values are represented by the closed circles,
whereas the vertical bars indicate the range of variation.
The changes in chlorophyll concentration (microgram/
milligram culture) during the synchronous cell cycle are
represented by the continuous line. Under these condi-
tions, the cell number increased by about four times in
the dark. L and D denote the light and dark period of
the synchronous cell cycle, respectively. The number
after L or D refers to the time in hours.

teristic appearances shown by these attached poly-
somes when seen in full face view.

After treatment of the thylakoid membrane
fractions with 25 mM KCl only (15), the poly-
somal forms described are seen against a variable
background of ribosomes scattered singly or in
groups 2-4 particles, which may represent the
actual distribution in situ or may be the result of
microtomy artefacts. The polysomes themselves
are rather frequent but unevenly distributed: on
some exposed thylakoid surfaces, they appear
spaced at ~100 nm (center to center); on others,
the spacing is five to seven times larger. The back-
ground of scattered ribosomes is considerably re-
duced after treatment of the fractions with 500
mM KCI (15), but in the same time the frequency
of attached polysomes is noticeably decreased.
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TasLe III

Changes in the Relative Amounts of Thylakoid-
Bound Ribosomes per Unit Culture during the Syn-
chronous Light-Dark Cycle

Amount of total % of 70§ ribo-  Amount of bound

708 ribosomes somes bound to 708 ribosomes

Time of per unit culture thylakoids per unit culture

cycle (relative values) (mean values) (relative values)
L0 380 20 76
L-4 760 29 220
L7 900 32 288
11 1100 20 220
L-12 (D-0) 1100 11 121
D4 1000 4 40
D-7 900 7 63
D-11 1000 5 50

Values for the relative amounts of total 70S ribosomes
per unit culture were obtained from Fig. 4 of reference
12. The values for the percent of total 708 ribosomes
attached to the thylakoid membranes were taken from
the mean values presented in Fig. 3.

A more careful examination of the polysomes
shows that the extent and type of their attachment
to thylakoid membranes is variable. In normal
sections, partial detachment is found at the ends of
the linear series, as well as in their middle, and
attachment limited to a single ribosome, out of a
series of three or four is occasionally recognized;
in grazing sections, some circular polysomes ap-
pear close to, rather than on top of, thylakoid
membranes. The gallery in Fig. 8 illustrates the
spectrum of appearances interpretable as partial
detachment of polysomes. This kind of relation-
ship suggests that polysome assembly precedes
attachment to thylakoid membranes.

Combined treatment with 500 mM KCl and 1
mM puromycin leads to a quasi-complete removal
of all ribosomes from thylakoid membranes: poly-
mers are no longer found, and individually scat-
tered ribosomes are drastically reduced in fre-
quency (Fig. 9). Treatment with 1 mM puromycin
at low salt concentration (25 mM KCl) does not
remove either the polysomes or the scattered ribo-
somes.

Thylakoid membrane fractions isolated from
the corresponding controls (synchronized cultures
(L-4) not treated with CAP) have extremely few
attached ribosomes and polysomes (Fig. 10). The
polysomes found, however, have the size-range
and morphology already described in the case of
thylakoid membrane fractions derived from CAP-
treated cells. The appearance of control fractions
is not changed by subsequent treatments in vitro,
e.g. low salt = puromycin, high salt) except that
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practically all residual ribosomes are removed by
exposure to 500 mM KCl in the presence of 1 mM
puromycin. Thylakoid membranes in fractions iso-
lated at D-4 are free of attached polysomes, and
ribosomes attached individually or in small groups
are rarely found, irrespective of the treatment of
the cells in vivo with CAP.

Relatively large chloroplast fragments that con-
tain less disturbed sets of grana and that are still
partially surrounded by remnants of the chloro-
plast envelope were examined in P17 isolated at
L-4 from synchronized cells. After CAP treatment
in vivo, the frequency of apparently attached poly-
somes is considerably higher in such fragments
than in thylakoid membrane fractions, but their
size range, their morphology, and their relation-
ship to the membranes (including partial detach-
ment) are the same (Figs. 11 and 12). These
findings suggest that at -4 in the cycle the propor-
tion of attached polysomes in intact chloroplast is
considerably higher than the estimate based on
data obtained on isolated thylakoid membrane
fractions. This is a reasonable assumption, since
CAP inhibition, already known to be incomplete
in vivo, may be further reduced by the dilution of
the inhibitor during cell homogenization and frac-
tionation, Finally, the same type of circular, pre-
dominantly closed polymers were found appar-
ently attached on thylakoid membranes in the
chloroplasts of intact cells fixed after 10 min of
CAP treatment in vivo (Fig. 13).

Effects of Darkness and Light on

the Recovery of Thylakoid-Bound 708
Ribosomes at -4 and

D-4, Respectively

Fig. 3a shows that there is only limited poly-
some-thylakoid membrane association throughout
the dark phase of the cell cycle. This low level of
thylakoid-bound ribosomes may be attributed to
the absence of light since the cells are grown under
phototrophic conditions and therefore require
light to synthesize ATP and certain amino acids
for protein synthesis within the chloroplast. If this
explanation were correct, then it should be possi-
ble to reduce the amount of thylakoid-bound 70S
ribosomes at L-4 by darkness and to increase the
amount of thylakoid-bound 708 ribosomes at D-4
by light. Table IV shows that the amount of bound
ribosomes at L-4 and D-4 was indeed dependent
on light. The proportion of total 70S ribosomes
bound to the thylakoid membranes decreased
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Ficures 4-6 TMF’s prepared from synchronized cells treated at L-4 with 100 ug/ml CAP for 10 min
before cell disruption. Fraction treatment: Fig. 4, 25 mM KCl, no puromycin; Figs. 5 and 6, 500 mM KCl,
no puromycin. In all figures, polysomes (p) are seen on the free surface of terminal thylakoids (). On
grazing sections they appear as circular (closed or open) penta- or hexamers (ps, pg); on normal sections
they are seen in side view (p') as linear series of two to three ribosomes. Note the partial detachment of the
polysome marked p”. Coupling factor particles (f) (33) and single ribosomes (r) are less frequent after
high-salt treatment (Figs. 5 and 6 as compared to Fig. 4). Arrows mark areas of persisting thylakoid
membrane fusion (incompletely dismantled grana). Fig. 4, x 72,000; Figs. 5 and 6, x 150,000.

from 28% to 5% after cultures at L-4 had been
transferred to darkness for only 10 min. These
results show that the time taken for the polysomes
to run off from the membrane is 10 min or less.
On the other hand, when cultures at D-4 exposed
to light for 10 min, an additional 10% of the

CHUA ET AL.

chloroplast ribosomes became membrane-bound
(Table IV). However, since this value is still lower
than those obtained during the light phase and
since the proportion of 708 ribosomes bound to
the thylakoid membranes varied over twofold dur-
ing the light (Fig. 3a), factors other than light

Thylakoid-Bound Ribosomes in Chlamydomonas 505



Ficure 7 Gallery of chloroplastic polysomes seen in full face view in grazing sections through terminal
thylakoids. All micrographs come from either TMF (a-f and k) or Py (g, i, and j) preparations obtained
from synchronized cells treated with CAP (100 ug/ml) at L-4 for 10 min before cell disruption. A tetramer
appears ina, closed pentamers in b and ¢, open pentamers in d and e, closed hexamers in fand g, and open
hexamer in &, a closed heptamer in /, and an open octamer in j. Coupling factor particles (33) are indicated
by arrows. (a) x 150,000; (b-j) x 200,000.

1
o
i

FiGure 8 The gallery shows seven (a-g) attached
polysomes seen in profile (or side view) on normally
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must also be important in controiling the assembly
of polysome-membrane complex. Such factors
may include specific mRNA’s which are present
only during a restricted period of the cell cycle.

Effects of Rapid Cooling and Other
70S-Specific Antibiotics on the
Recovery of Membrane-Bound
Ribosomes at L-4

We have previously suggested that the low level
of thylakoid-bound ribosomes in the control sam-
ple at [-4 (Fig. 1¢ and d) is due to the slow
cooling of the culture during harvesting (14, 15).
It has been shown in both Escherichia coli (21)
and chick embryo (31) that slow cooling of cells
preferentially blocks polypeptide chain initiation
but allows chain elongation to continue and chain
termination to occur, leading to an accumulation

sectioned membranes of terminal thylakoids. The attach-
ment of the polysomes varies from complete (a) to
limited to either two ends (b, ¢, and €) or one end only
(d, f, and g) of the profile. At A, a hexamer is seen in full
face view at a distance of 400 A of the nearest (obliquely
sectioned) thylakoid membrane (arrow). All these ap-
pearances can be explained by assuming that these poly-
somes are assembled in the stroma and attach as groups
to the membranes. Preparation of the specimens as for
Figs. 5 and 6. (a-g) X 200,000; (k) x 160,000,
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of ribosomes devoid of nascent chains. A similar
situation might occur in C. reinhardtii and, in this
case, the nascent chain-free ribosomes become
detached from the thylakoid membranes and accu-
mulate as free ribosomes in the chloroplast
stroma. Addition of CAP, an inhibitor of peptidyl
transferase (cf. reference 34), prevents this runoff
and permits the isolation of polysomes-thylakoid
membrane complex (Fig. 1g and k). Similar re-
sults (not shown) could also be obtained with
erythromycin (50 ug/ml; 1 h incubation), another
inhibitor of chain elongation (cf. reference 23).
Were the above interpretation correct, it should
be possible to obtain thylakoid-bound polysomes
by rapid cooling of the cells without the use of
antibiotics that inhibit chain elongation. The re-
sults presented in Fig. 14 show that this is indeed
possible. In this experiment, rapid cooling of the
culture before harvesting increased the proportion
of the totat 70S ribosomes in P17 from 7% to
20%. The latter value is still lower than that of
CAP-treated cultures (27-30%), indicating that
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limited polysomal runoffs had occurred even un-
der these conditions.

Results obtained with the control sample at 1.-4
also suggest that polypeptide chain initiation,
which is presumably inhibited by low tempera-
tures, is important for the assembly of ribosome-
membrane complex. In order to gather direct evi-
dence on the role of initiation in the assembly
process, experiments were carried out with linco-
mycin, a specific inhibitor of chain initiation on
708 ribosomes (11, 34). Cultures at L-4 were first
treated with lincomycin (150 ug/ml) for 50 min,
the followed by CAP (100 ug/ml) for 10 min. Fig.
15 shows that lincomycin greatly suppressed the
amounts of 70S ribosomes in P17, compared to
that recovered in the sample treated with CAP
alone.

Results similar to these have been reported by
Margulies and Michaels (28) with streptogramin,
another inhibitor of 708 chain initiation. Our re-
sults, together with those of Margulies and Mi-
chaels (28), are consistent with a model in which

Ficure 9 TMEF isolated from synchronized cells treated at L-4 with CAP (100 ug/ml) for 10 min before
cell disruption. The fraction was treated in vitro with 500 mM KCl and 1 mM puromycin. The membranes
of terminal thylakoids (arrows) are practically free of attached ribosomes. Possible exceptions are indicated
by r for isolated ribosomes and p for polysomes. x 28,000.
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Ficure 10 TMF isolated from synchronized cells at L-4 without treatment in vivo with CAP. The
fraction was treated in vitro with 25 mM KCl without puromycin (control preparation). The membranes of
terminal thylakoids (arrows) only occasionally show attached ribosomes (r) or polysomes (p). x 47,000.

translation of membrane-bound mRNA’s begins
first in the soluble compartment of the chloroplast.

DISCUSSION

The variations in the physiological and biochemi-
cal parameters of the synchronous cultures of C.
reinhardtii have been well characterized by several
groups of workers (2, 4, 9, 25, 26, 37). Under our
experimental conditions, the cell number remains
constant during the light phase but in the dark
each cell divides two times giving rise to four
daught:r cells. The amount of chlorophyll per
milliliter culture also increases by about four times
but this increase is restricted to the light phase.
There is evidence that a group of thylakoid mem-
brane proteins are preferentially synthesized and
assembled during this period (2, 4, 9, 32). The
synthesis of only a fraction of thylakoid membrane
proteins is sensitive to 70S ribosome inhibitors,
implying that some of them are made in the chlo-
roplast (2). Although the precise size of this frac-
tion is still unknown, it appears to be a minority.
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Also, evidence obtained during the re-greening of
Chlamydomonas y-1 mutant indicates that some
thylakoid membrane polypeptides are translated
on chloroplast ribosomes (18, 23). Results pre-
sented in this paper show that during the light
phase a sizable fraction of the 70S ribosomes is
attached to the thylakoids, and this population of
bound ribosomes may account for up to 20-30%
of the total. We assume that these bound ribo-
somes are involved in the synthesis of the mem-
brane proteins mentioned above although we real-
ize that final proof remains to be established by
future work.

Schor (37) has previously reported that the in-
corporation of radioactive precursor into whole
cell proteins in the dark phase of the synchronous
cell cycle is insensitive to spectinomycin, an inhibi-
tor of chloroplast ribosomes. His results suggest
that chloroplast ribosomes, both free and thyla-
koid-bound, are inactive during this time. Iwanij
et al. (25) reported that the rate of synthesis of a
soluble chloroplast protein, ribulose-1,5-bisphos-
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Ficure 11 Chloroplast fragment in P17 obtained from synchronized cells exposed for 10 min to CAP
(100 ug/ml) at L-4. Numerous polysomes (p) appear against the irregular light gray bands which represent
oblique sections through terminal thylakoids in a series of grana (the darker composite bands (g, g2, 83, g4,
gs) are oblique sections through the central part of these grana). Many of the polysomes are circular (either
closed or open) and vary in size from penta- to hexa- (ps) and heptamers (p;). As expected, the frequency
of recognizable circular polymers decreases towards the left where the thylakoids are less obliquely
sectioned. The smaller light bodies associated with the free surface of terminal thylakoids are coupling

factor particles (f). x 72,000.

phate carboxylase, whose large subunit is presum-
ably made by the free chloroplast ribosomes (17),
is very slow in the dark, and the results in this
paper show that there are very few or no thyla-
koid-bound ribosomes during the same period.
Taken together, these results strongly suggest that
the chloroplast protein-synthesizing apparatus
may be quiescent in the dark.

The ratio of free to thylakoid-bound chloroplast
ribosomes in synchronous Chlamydomonas cul-
tures is not strictly dependent on the cell cycle
since it can be modulated by exposure to light or
dark out of phase with the cycle. The proportion
of bound 70S ribosomes increased after cells at
D-4 were exposed to light for only 10 min and
decreased dramatically after cells at L-4 had been
transferred to the dark for 10 min. Previous evi-
dence of thylakoid-bound ribosomes in higher
plants relied on either electron microscopy (19,

CHUA ET AL.

Thylakoid-Bound Ribosomes in Chlamydomonas

40) or biochemical analyses (13, 39) alone. Esti-
mates of the fraction of thylakoid-bound ribo-
somes range from 18% (39) to 50% (13). In view
of the results presented in this paper, it would be
of interest to know whether the attachment of
chloroplast ribosomes to thylakoid membranes in
higher plants also depends on environmental con-
ditions (light=dark) and perhaps on cell cycle.
The results obtained with the various 70S-spe-
cific antibiotics as well as with rapid cooling of the
cells have important implications with respect to
the mechanism of assembly of the polysome-mem-
brane complex in vivo. These results establish
conclusively that the interaction between ribo-
somes and thylakoid membranes is a transitory
process: ribosomes remain bound on the mem-
branes as long as they are active in protein synthe-
sis. The transit time for polysomes on membrane
is at most 10 min, since a large fraction of the
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Ficure 12 Chloroplast fragment in a P17 pellet prepared as for Fig. 11. Three partially disrupted grana
(81, 82, &) appear in this field. Their terminal thylakoids bear attached polysomes (p) seen in side view as
series of four to two ribosomes. Fusion lines between granal thylakoids are indicated by arrows and

coupling factor particles by f. x 170,000.

thylakoid-bound ribosomes became free after cul-
tures at -4 had been transferred to darkness for
only 10 min (cf. Results). This period is consider-
ably shorter than the duration of the light phase
(12 h), indicating that the polysomes must un-
dergo many rounds of attachment and detachment
during this time. The findings so far obtained are
consistent with the hypothetical sequence of
events indicated in Fig. 16 which is adapted from
the model proposed by Blobel and Sabatini (8)
and Blobel and Dobberstein (6) to account for the
translation of specific mMRNA’s on the polysome
attached to the rough endoplasmic reticulum
membrane in eucaryotic cells. We describe the
interaction in three distinct steps. Translation of
mRNA'’s coding for a certain class of membrane
proteins begins first in the soluble compartment of
the chloroplast. After the nascent chain has at-
tained a certain critical length, the ribosomes be-
come attached to the unstacked region of the
thylakoid membranes forming the polysome-
membrane complex. Upon natural chain termina-
tion, the chloroplast ribosomes or their subunits,
S and L™, are released into the chloroplast
stroma where they are able to start a fresh round
of translation. In the presence of a specific initia-
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tion inhibitor, such as lincomycin (this paper) or
streptogramin (28), or under conditions in which
the cells are slowly cooled, step 1 is blocked, but
step 2 and 3 continue, resulting in a low level of
thylakoid-bound ribosomes. Step 1 is also blocked
during the dark phase of the synchronous cell
cycle or when cells in the light phase are inter-
rupted by 10 min of darkness. In both cases, the
proportion of 70S ribosomes attached to the thyla-
koids is reduced to 5% or less. Step 3, on the
other hand, is inhibited by antibiotics that prevent
chain elongation, e.g. spectinomycin (16); CAP,
and erythromycin (this paper), or by rapid cooling
of the cells, and under both sets of conditions, the
polysomes remain “frozen” on the thylakoid
membranes.

In the hypothetical model presented in Fig. 16,
we assume that the mRNA is released into the
chloroplast stroma after polysomal run-off. How-
ever, it is also possible that the mRNA is attached
directly to the thylakoid membranes via its 3’
end, as was shown to be the case for the mRNA of
membrane-bound polysomes in certain eucaryotic
cells (cf. reference 35).

As shown previously (15), approx. 40-50% of
the thylakoid-bound chloroplast ribosomes can be
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removed by high-salt treatment alone whereas the
remainder are released only by high salt and puro-
mycin. Strictly speaking, the scheme in Fig. 16
applies only to the latter fraction which is high-salt
resistant. The precise nature of the salt-labile frac-
tion of thylakoid-bound 70S ribosomes is not
known, but in the case of microsomes from liver

(1) and mouse myeloma cells (22) a similar frac-
tion of the membrane-bound 80S ribosomes has
been shown to be predominantly monosomes.
Although our results provide strong experimen-
tal evidence for the dynamic aspects of this model,
many points remain to be clarified by future work.
For example, the molecular events involved in the

Fiure 13 Algal cell from a synchronized culture fixed at L-4 10 min after the addition of CAP (100 ug/
ml) to the culture medium. The section cuts obliquely through a series of small grana (g,, g, g3, g¢) and
normally through a minimal (two discs) granum (gs). A series of circular penta-, hexa-, and heptamers (ps,
Ps, pr) appear within the lighter bands which separate the grana and represent oblique sections through
terminal thylakoids. The other ribosomal clusters (rc) could be attached, detached, or free chloroplastic
polysomes; their irregular appearance may result in part from microtomy. The inset shows at a higher
magnification a small field in Fig. 13 which contains one pentamer (p;) and two hexamers (pg).

% 100,000; inset, X 160,000.

CHUA ET AL.

Thylakoid-Bound Ribosomes in Chlamydomonas

§11



TasLe IV

Effect of Darkness and Light on the Proportion of
708 Ribosomes in P17 Isolated at L-4 and D-4,
Respectively

Percent of ribosomes in P17

Experiment 808 708
L-4 + 10 min light + CAP 71170 28044
L-4 + 10 min darkness + CAP 7.5+1.0 48x21
D-4 + 10 min darkness + CAP 12.5 5.0
D-4 + 10 min light + CAP 12.5 15.5

Cultures at L-4 were divided into two equal portions:
one sample (control) was kept in the light whereas the
other sample was darkened by wrapping the culture flask
with three layers of aluminum foil. After 10 min, both
samples received CAP at a final concentration of 100
pug/ml, and the cells were further incubated with the drug
for 10 min before they were harvested. Experiments
with D-4 cultures were carried out with similar protocol.
One sample (control) was kept in the dark whereas the
other sample was exposed to light (intensity = 4,000 1x).
After 10 min, CAP (final concentration = 100 ug/ml)
was added to both samples, and the cells were further
incubated with the inhibitor for 10 min before they were
harvested. Procedures for cell fractionation and methods
of computation for the distribution of 70S and 80S, ribo-
somes in S17 and P17 are given in Materials and Meth-
ods and legend to Table II. Values for L-4 are means
from three experiments =SD for the mean. Values for
D-4 represent the average from two experiments.

Control Rapid Cooling
(@) -PM (b} + PM (c) -PM |[(d) +PM

< 04+ -

O

I\
<

02F - * ‘
o) |

Ficure 14 Effect of rapid cooling on the recovery of
thylakoid-bound 70S ribosomes in P17 prepared from
synchronous cultures at L-4. The rapidly cooled cells
were obtained by pouring the culture directly onto 2 vol
of crushed ice. The cells were then collected by centrifu-
gation in the cold as described under Materials and
Methods. The amounts of materials loaded onto each
gradient are as follows: (@) 250 ug chlorophyll; (b) 250
ug chlorophyll; (¢) 250 wg chlorophyll; (d) 250 ug
chlorophyll. PM, puromycin. Vertical arrows indicate
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(a) (b)

Ficure 15 Effect of lincomycin on the amount of thy-
lakoid-bound 70S ribosomes at L-4. (a) P17 of CAP-
treated sample, 250 pg chlorophyll; () P17 of sample
treated with lincomycin and CAP, 250 ug chlorophyll.
Vertical arrows indicate position of L™,

Slow cooling
Lincomycin
/é(_\ $70
I_'(0
5’ _ 3
CAP
Erythromycin
s O
li
L0 5 3! Rapid cooling
Thylakoid
membrane

FiGure 16 A proposed model for the attachment of
chloroplast ribosomes to thylakoid membranes of C.
reinhardtii in vivo. S and L™ designate the large and
small subunits of 70S ribosomes, respectively.

specific interaction between polysomes and thyla-
koid membrane are largely unknown. It may in-
volve a ‘‘signal” as in the case of polypeptides
produced for secretion (6), it may depend largely
on the hydrophobicity of the membrane polypep-
tides, or it may involve a preparatory step (prote-
olysis) as in the case recently studied in reticulo-
cytes (27).

THE JoURNAL ofF CELL BioLoGy - VOLUME 71,

position of L™. For other experimental details see Fig. 1
and Materials and Methods.
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