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ABSTRACT

A mixture of cytoplasmic (80S) and chloroplast (70S) ribosomes from Chlamydomonas
reinhardtii was freed of contaminating membranes by sedimentation of the postmitochon-
drial supernatant through a layer of 1.87 M sucrose. The purified ribosomes were sepa-
rated into 808 and 70S fractions by centrifugation at a relatively low speed on a 10409,
sucrose gradient containing 25 mM KCI and 5 mM MgCl,. Both the 80S and 70S ribo-
somes were dissociated into compact subunits by centrifugations in 5-209, high-salt su-
crose gradients. The dissociations of both ribosomal species under these conditions were not
affected by the addition of puromycin, indicating that the ribosomes as isolated were de-
void of nascent chains. Subunits derived from the 80S ribosomes had apparent sedimenta-
tion coefficients of 5378 and 378 whereas those from the 708 ribosomes had apparent sedi-
mentation coefficients of 508 and 33S. In the presence of polyuridylic acid and cofactors,
the 808 and 708 ribosomes incorporated [*Clphenylalanine into material insoluble in hot
TCA. The requirements for incorporation were found to be similar to those described for
eukaryotic and prokaryotic ribosomes. Experiments with antibiotics showed that the ac-
tivity of the 80S ribosomes was sensitive to cycloheximide, whereas that of the 708 ribo-
somes was inhibited by streptomycin. The isolated subunits, when mixed together in an
incorporation medium, were also active in the polymerization of phenylalanine in vitro.

INTRODUCTION

It has been known for some time that isolated
chloroplasts are capable of incorporating amino
acids into proteins (see reference 1). Many workers
have shown that chloroplast ribosomes of both
higher plants (2-5) and algae (6-10) have a
sedimentation coeflicient of approximately 708
and differ from the cytoplasmic 80S ribosomes in
many aspects (see reference 1). These observa-
tions imply that the detailed but not the overall
mechanism of protein synthesis in the chloroplast
may be different from that in the cytoplasm.
Before this question can be resolved, it is first

necessary to obtain active 80S and 708 ribosomes
as well as their subunits in a relatively pure state.

In Chlamydomonas reinhardtii, the 80S and 708
ribosomes sediment closely as two peaks when the
postmitochondrial supernatant is centrifuged on a
sucrose gradient (7, 10). These two species of
ribosomes are present in the ratio of approxi-
mately 3:1, and it has been suggested that the
70S species is derived from the chloroplasts (7).
This is supported by the observations that mutant
strains of C. reinkardtii, which are deficient in
chloroplast ribosomes as seen under the electron
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microscope, also have reduced amounts of the
708 ribosomes! (10, 12, 13). In this paper we
present an improved method for the isolation of
purified ribosomes from the extract of C. rein-
hardtii and the fractionation of these ribosomes
into the 80S and 708 species with little cross-
contamination. Both of these species can be
dissociated into their respective subunits by
centrifugation in a high-salt sucrose gradient. The
subunits thus isolated, as well as the monomers
from which they are derived, are active in the
incorporation of phenylalanine programmed by
polyuridylic acid.

MATERIALS AND METHODS

A. Conditions for the Culture of
C. retnhardti

The wild-type strain (137 ¢, mating type plus)
of C. reinhardtii was used in all the experiments de-
scribed below. Cells of this strain were cultured in
liquid Tris-acetate-phosphate medium at 25°C
as described by Gorman and Levine (14). The cul-
ture was harvested at the exponential phase of growth
(3—4 X 108 cells/ml) by centrifugation at 0°C in a
GSA rotor of the Sorvall RC-2B centrifuge (Ivan
Sorvall, Inc., Newtown, Conn.) at 2,500 g for 5 min.

B. Centrifugation Technigues and
Fractionation on Sucrose
Density Gradients

Linear sucrose density gradients (12.5 ml) were
prepared in cellulose nitrate tubes (3 x 334 inches,
Beckman Instruments, Inc., Fullerton, Calif.). All
centrifugations of sucrose gradients were carried
out with an SB 283 rotor of the International Equip-
ment Company (IEC) centrifuge (B-60, Needham
Heights, Mass.). The absorbance at 254 nm of each
gradient was monitored with an Instrumentation
Specialities Company (ISCO, Lincoln, Neb.)
model D gradient fractionator and analyzer equipped
with a flow cell of 0.5 cm light path. The absorbance
profile was displayed with a 10-inch Bristol chart re-
corder (Bristol Div., American Chain & Cable Co.,
Waterbury, Conn.) such that the direction of cen-

!'There is a possibility that a small fraction of the
70S peak might represent mitochondrial ribosomes;
but, if present, they could not amount to more than a
minor contamination since, compared with the
chloroplast, mitochondria account for a much smaller
fractional volume and have much lesser amounts
of ribosomes as indicated by electron micrographs
of whole cells of Chlamydomonas (11).
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trifugation was from right to left. Monomers or sub-
units were recovered from the pooled fractions by
centrifugation in a Spinco no. 40 rotor for 15 and
16 h, respectively, and were stored at —80°C in the
form of pellets.

The apparent sedimentation constants of the
monomers were designated as 80S and 708 based
on earlier work (see reference 1). The apparent
sedimentation constants of the subunits of these
particles were determined by their sedimentation
mobilities relative to the subunits of Escherichia coli
and rat liver ribosomes (see Results).

C. Preparation of Purified
Total Ribosomes

Total ribosomes (cytoplasmic and chloroplast
ribosomes) were prepared by a modification and
extension of the procedure described by Hoober and
Blobel (7). The cell pellet was washed once in a
high-Mg?+t TKMD buffer, which contained 25 mM
Tris-HCl (pH 7.5), 25 mM KCI, 25 mM MgCls,
and 5 mM dithiothreitol (DTT), and resuspended
in the same buffer to a cell concentration of approxi-
mately 4-5 X 10% cells/ml. The suspension was
forced through a chilled French pressure cell main-
tained at a constant pressure of 4,800 lb/in% All
subsequent operations were carried out at 4°C.
The homogenate was centrifuged at 12,000 rpm for
10 min in a Sorvall $S-34 rotor, and 7.0 ml of the
resulting postmitochondrial supernatant was layered
over 2.5 ml of 1.87 M sucrose containing the high-
Mg?t TKMD buffer. After centrifugation at 40,000
rpm for 16 h in a Spinco No. 40 rotor, the ribosomes
were sedimented to the bottom of the tube, whereas
the photosynthetic membranes were retained at the
1.87 M sucrose interface. The surface of the pellet
was rinsed twice with ice-cold deionized water,
and either used directly or stored at —80°C for up
to several weeks.

Ribosomal pellets prepared according to the above
procedure contained a mixture of 808 and 70S
ribosomes and were substantially free of contaminat-
ing proteins and photosynthetic membranes. The
ratio of 4269 to Aago of the postmitochondrial super-
natant was between 1.40 and 1.50, and this value
increased to 1.84—1.88 for the pellets.

D. Separation of the 80S and
708 Ribosomes

The ribosomal pellet was resuspended in ice-
cold deionized water to a concentration of approxi-
mately 50 4260 U/ml. About 0.5 ml of this was layered
onto 10-409, (wt/vol) linear sucrose gradients con-
taining a low-Mg?"™ TKMD buffer (same buffer
as above, except that the Mg?t concentration was
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lowered to 5 mM) and the gradients were centri-
fuged at 22,500 rpm for 15.5 h at 4°C. Fractions
containing the 80S and 708 ribosomes (hatched
areas in Fig. 2) were collected separately. In order to
prevent dissociation of the ribosomes during sub-
sequent centrifugation, the Mg?* concentration in
the pooled fractions was raised to 25 mM by the
addition of appropriate amounts of a 1 M MgCls
solution. The ribosomes were then sedimented by
centrifugation as described in section B.

The RNA content of ribosomes was determined
by a modification of the Schmidt-Tannhauser pro-
cedure (15). For both the 80S and 70$ ribosomes
it was found that 1 Aggo U of ribosomes contained
45 wg RNA. This value was used to compute the
amount of ribosomes added to a reaction mixture.

E. Preparation of Subunits from 808
and 708 Monomers

Pellets of the 80S monomer obtained as above were
resuspended 1n ice-cold deionized water and a high-
salt compensating buffer was added such that the
final ionic composition of the suspension was 50 mM
Tris-HCl (pH 7.5), 500 mM KCl, 25 mM MgCl,,
and 5 mM DTT. A sample (~20 4269 U) was layered
onto a 5-20%, (wt/vol) linear sucrose gradient which
had the same ionic composition as the suspension,
and the gradient was centrifuged at 39,000 rpm for
3 h at 18°C. The separated large (L8%? and small
(839 subunits were collected and pelleted as de-
scribed in section € (see Fig. 4 &). Subunits (L.7°
and 87%) of the 708 monomers were prepared in the
same way except that the KCl concentration was
lowered to 400 mM (see Fig. 4 d).

It was found that the addition of 5 mM DTT
was necessary for the preparation of compact sub-
units from the 808 monomer since in its absence
the subunits assumed smaller sedimentation coefhi-
cients and were unfolded. {3-Mercaptoethanol can
be substituted for the DTT.

F. The High-Salt Puromyecin Reaction

The high-salt puromycin reaction was carried
out according to Blobel and Sabatini (16). The
reaction mixture contained the following compo-
nents: 40 pl of ribosomes in deionized water (3-5
A2go U), 10 ul of 10 mM puromycin (adjusted to
pH 7.4 with KOH), and 50 pl of the appropriate
compensating buffer. The ionic composition of the
compensating buffer was twice the concentration of
that used in the sucrose gradient. The control sam-

2180 and S%0 designate the large and small sub-
units, respectively, of the cytoplasmic 80S ribosomes,
whereas L7 and S7° designate their counterparts
of the chloroplast 708 ribosomes.
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ple received 10 ul of deionized water insiead of the
puromycin.

Both samples were incubated at 37°C for 10 min
and a sample of each, containing about 1-2 Asgo
units of ribosomes, was layered onto a 5-20%, (wt/
vol) linear sucrose gradient. For the 80S ribosomes,
the sucrose gradients contained 50 mM Tris-HCI
(pH 7.5), 500 mM KClI, 25 mM MgCls, and 5 mM
DTT. The KCl concentration was lowered to 400
mM in the case of the 708 ribosomes. Sucrose gradi-
ents were centrifuged at 39,000 rpm for 3 h at 18°C
and the absorbance at 254 nm was analyzed as de-
scribed above.

G. Incorporation of [“C|Phenylalanine
in the Prescnce of Polyuridylic Acid

The reaction mixture for the synthesis of poly-
phenylalanine contained the following components:
Tris-HCL (pH 7.5), 25 umol; KCl, 50 pmol; MgCls,
6.25 umol (for the 808 ribosomes or their subunits)
or 11.25 gmol (for the 70S ribosomes or their sub-
units}; DTT, 2.5 umol; high-speed supernatant,
125 ul (6-8 mg protein/ml); pH 5 enzyme, 125 ul
(10 mg protein/ml); creatine phosphokinase, 25
ug (1.87 U); phosphocreatine, 5 pmol; GTP, 0.25
pmol; ATP, 0.5 pmol; [*C]phenylalanine (383
pCi/umol), 0.25 pCi; ribosomes, approximately
2.0 Ao U; polyuridylic acid (poly U), 200 ug;
all in a final volume of 0.5 ml. All the components
except poly U were mixed together at 0°C; the
reaction was started by the addition of poly U and
the immediate transfer of the mixture to a 37°C
water bath. At 10, 20, 30, and 60 min, 50- or 100-ul
samples of the mixture were pipetied onto Whatman
3 mM filter paper disks which were then extracted
with hot 5% TCA, ethanol-ether (1:1), and ether
as described by Mans and Novelli (17). Radioactiv-
ity was measured in 10 ml of Liquifluor-toluene
mixture (40 ml! Liquifiuor, New England Nuclear,
Boston, Mass., plus 960 ml toluene) with a Nuclear-
Chicago Mark I scintillation counter (Nuclear-
Chicago Corp., Des Plaines, Ill.) which has an
efficiency for 14C of 60%.

H. Preparations of the High-Speed
Supernatant and the pH 5 Enzyme

The high-speed supernatant was prepared by
centrifugation of the postmitochondrial supernatant
(see section C) at 40,000 rpm for 4 h in a Spinco
no. 40 rotor. The upper two-thirds of this super-
natant was removed with a Pasteur pipette, passed
through a Sephadex G-25 column, and stored at
~—196°C in 1.0-ml samples.

The pH 5 enzyme was prepared by the method of
Falvey and Staehelin (18). 1 g wet weight of packed
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cells was suspended in 2.0 ml of 10 mM Tris-HCI
(pH 7.5) containing 5 mM MgClz and 5 mM DTT,
and was disrupted by a French pressure cell at 4,800
Ib/in2. This homogenate was centrifuged at 17,000
rpm for 15 min in a Sorvall SS-34 rotor, and the
supernatant from this was centrifuged at 40,000 rpm
for 3 h in a Spinco no. 40 rotor. The upper two-
thirds of this supernatant was diluted with 2 vol
of ice-cold 5 mM DTT and the pH was adjusted to
about 5.1 by the dropwise addition of 1 M acetic
acid. The precipitate was collected by centrifuga-
tion at 10,000 rpm in a Sorvall 88-34 rotor for 10
min and redissolved in the low-Mg?t TKMD buffer
to a protein concentration of about 10 mg/ml. The
pH of the enzyme preparation was adjusted to 7.5
by the addition of I M KOH and the suspension was
stored in 1.0-ml portions at —196°C.

I. Chemicals and Solutions

Chemicals were purchased from the following
sources: ATP, GTP, DTT, creatine phosphate,
creatine phosphokinase (E.C. 2.7.3.2,, 75 U/mg),
bovine serum albumin, chloramphenicol, cyclo-
heximide, and streptomycin sulfate from Sigma
Chemical Co., St. Louis, Mo.; [!*C]phenylalanine
(sp act 383 uCi/umol), Liquifluor, and Protosol
from New England Nuclear, Boston, Mass.; poly U
from Miles Research Div., Miles Laboratories,
Inc., Elkhart, Ind.; Sephadex G-25 from Pharmacia
Fine Chemicals, Inc., Piscataway, N.J.; ultrapure
grade sucrose (ribonuclease-free) from Schwarz/
Mann Div., Becton, Dickinson & Co., Orangeburg,
N.Y.; and puromycin hydrochloride from Nutri-
tional Biochemicals Corp., Cleveland, Ohio.

Stock solutions of sucrose were passed first through
a 1.2 ym and then through a 0.45 ym Millipore
filter (Millipore Corp., Bedford, Mass.). Stock solu-
tions of KCI, Tris-HCl, and MgCls were filtered
through a 0.45 um Millipore filter.

RESULTS
A. Separation of 808 and 708 Ribosomes

During disruption of C. reinkardtii by a French
pressure cell the outer envelope of the chloro-
plast is damaged. The 70S ribosomes leak out of
the chloroplast and are obtained together with
the cytoplasmic 80S ribosomes in the postmito-
chondrial supernatant. To obtain a separation of
these two species of ribosomes with minimum
cross-contamination we took advantage of a pre-
vious observation (7, 10) that the 70S ribosomes,
but not the 808 ribosomes, undergo a progressive
reduction in sedimentation rate upon lowering
of the Mg?* concentration. The results in Fig. 1 4
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Ficure 1 Effects of centrifugal force on the sedimen-
tation pattern of total ribosomes. Purified ribosome
pellets were resuspended in buffers containing 25 mM
Tris-HCl (pH 7.5), 25 mM KCl, 5 mM DTT, and dif-
ferent concentrations of MgCly as indicated in the figure.
The ribosome suspensions were layered onto 10-409
linear sucrose gradients containing the same ionic com-
position as the suspension buffers. (a) Gradients were
centrifuged at 39,000 rpm for 5.2 h. Amount of ribo-
some layered was 8.32 Aoy U. (b) Gradients were cen-
trifuged at 22,500 rpm for 15.5 h. Amount of ribosome
layered was 9.0 Asg units. Temperature for both ex-
periments was 4°C.

show that an improved separation between the two
species could indeed be obtained when the Mg?t+
concentration was lowered from 25 to 5 mM. It
should be noted that the 70S ribosomes did not
sediment as a symmetrical peak; even at 25 mM
Mg?" there was a slower sedimenting shoulder
which was resolved into an additional peak at 5
mM Mg?* (Fig. 1 a). Isolation of these two peaks
which had apparent sedimentation coefficients
of 368 and 598, and subsequent recentrifugation
under the conditions as in Fig. 4, showed that
the 568 and 598 peaks were composed primarily
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of the small and the large subunit, respectively,
of the 708 ribosomes.

Further improvement of separation between the
708 and 80S species was obtained when the cen-
trifugation was performed at a reduced speed
(22,500 rpm for 15.5 h) and at 5 mM Mg?t.
Under these conditions (Fig. 15, right panel)
the 70S ribosomes sedimented as a single broad
peak of approximately 61S clearly separated from
the 80S ribosomes.

The results illustrated in Fig. 1 e and b sug-
gested that the 70S ribosomes sedimented as an
equilibrium mixture of 708 monomers and their
two subunits. This equilibrium was shifted to the
subunits by low Mg?* concentration and/or by
increasing pressure generated at a higher cen-
trifugation speed (19-24). Thus, at 5 mM Mg*t
and a high centrifugation speed (39,000 rpm for
5.2 h), the 708 ribosomes dissociated completely;
because this occurred during the course of the
centrifugation, the subunits assumed abnormally
high apparent sedimentation coefficients of 5395
and 568 (Fig. 1 a, right panel). At the same Mg?*t
concentration, however, the pressure generated
at lower centrifugation speed (Fig. 15, right
panel) was not sufficient to effect a complete
shift of the 70S monomers toward subunits, and
the equilibrium mixture sedimented as a single
broad peak at about 618. Furthermore, it should
be noted that at this lower sedimentation pressure
the 808 ribosomes sedimented as a sharp peak
whereas at the higher pressure (Fig. 14, right
panel) there was some broadening of the peak
due to incipient dissociation resulting in an over-
lap with the 708 ribosomes.

From these data we adopted the low-Mg?*t and
low-pressure procedure for the separation of the
80S and 70S ribosomes (Fig. 2). Separate recen-
trifugations of the pooled 808 and 70S fractions
under the hatched areas shown in Fig. 2 indi-
cated less than 5%, of cross-contamination (data
not shown). The amount of ribosomes in the
polysome region as determined in gradients
centrifuged for a shorter time amounted to less
than 109, (data not shown).

B. Dissociation of 808 and 708
Ribosomes into Active Subunits

Active subunits from ribosomes have been
obtained by a variety of procedures. Methods
for the dissociation of prokaryotic ribosomes, to
which the chloroplast ribosomes are related,
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FicURE 2 Preparative sucrose gradient for the separa-
tion of 80S and 70S ribosomes. 26 A2 U of purified
ribosomes were layered on the gradient as described in
the text. The areas under the peaks cannot be quantita-
tively compared with each other, since at high con-
centrations absorbance readings traced by the ISCO
analyzer are not linear.

have been known for some time, and usually
involve dialysis of ribosomes against buffers con-
taining low concentrations of Mg?** (25). Eukary-
otic ribosomes, on the other hand, have only re-
cently been dissociated into active subunits and
several methods have been used (16, 18, 26-32),
the most frequent of which employs a high con-
centration of monovalent ions in the presence of
Mgt (16, 18, 26, 29-32). Detailed studies from
several laboratories (16, 24, 29-31) have es-
tablished that the ribosomal monomer occurs
in an equilibrium with its two subunits. This
equilibrium can be shifted toward full dissocia-
tion depending upon the parameters shown in
Fig. 3. However, the parameters which effect
complete dissociation into compact subunits will,
beyond their threshold values, ultimately lead
to the unfolding and inactivation of these sub-
units (16, 30, 31, 33). Furthermore, ribosomes
which contain nascent chains, i.e., monosomes
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Figure 8 Schematic diagram of the relationships
among monosomes, monomers, subunits, and deriva-
tives of subunits. L and S are the large and small sub-
units of ribosomes; PM, puromyecin.

and polysomes, do not participate in this equi-
librium because the presence of nascent chains
stabilizes the subunit interaction for unknown
reasons. Only after artificial release of the nascent
chains by puromycin (16, 27, 29, 31, 34) or
natural release by in vitro readout of messenger
RNA (18, 26, 30) do the resulting ribosomes be-
have like the monomers.

Fig. 4 b and d show that both the purified 80S
and 708 ribosomes from C. reinhardtii dissociated
into compact subunits at optimal ionic conditions
(see below). Addition of puromycin did not sig-
nificantly increase the amount of subunits (Fig.
4 a and ¢), indicating that both species of ribo-
somes were essentially free of nascent chains.
Puromycin was therefore omitted in subsequent
dissociation experiments. The results presented
in Fig. 4 again show that the 80S and 70S ribo-
somal preparations were pure; the amount of
cross-contamination was less than 59,

We have studied in detail two of the parameters
(Fig. 3) which affect the equilibrium between
monomers and compact subunits: the mono-
valent and divalent ion concentrations. In the
first series of experiments, the Mg?* concentra-
tion in the sucrose gradient was held cobstant
at 25 mM and the KCI concentration was varied
from 25 to 700 mM. At 25 mM KCl (Fig. 5 a),
the 80S monomer sedimented as a single peak
with no apparent dissociation into subunits.
With increasing KCI concentration there was a
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Freure 4 Effects of puromycin on the dissociation
of 80S and 70S ribosomes in high-salt buffer. Experi-
ments were carried out as described in Materials and
Methods. (@) 80S, 1.80 Azgo U plus puromycin; (b)
808, 1.30 Ao U minus puromyein; (¢) 70S, 1.23 Az U
plus puromyein; and {(d) 708, 1.23 Agg U minus puro-
myecin. The absorbance at the top of the gradients ¢ and
¢ was due to puromycin and that at the top of gradients
b and d was due to oxidized DTT.

progressive reduction of the 80S peak and a con-
comitant dissociation into subunits which was
complete at 500 mM. The absorbance profiles
obtained between 200 and 300 mM show several
not well resolved peaks sedimenting slower than
80S. These peaks probably contained an equi-
librium mixture of monomers and subunits ob-
tained at these intermediate KCl concentrations,
concentrations which were below the threshold
value necessary for complete dissociation. Similar
anomalous patterns have been reported by other
workers (22-24, 30, 31).

In contrast to the 80S monomer, the 70S mono-
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Fioure 5 Effects of different concentrations of KCi
on the dissociation of 80S and 70S monomers at 25
mM Mg, 808 or 70S monomers were suspended in
buffers containing 50 mM Tris-HCl (pH 7.5), 25 mM
MgCly, 5 mM DTT, and different concentrations of
KCl as indicated in the figure. The ribosome suspen-
sions were layered on 5-209, linear sucrose gradients
containing the same ionic compositions as those of the
suspensions. The gradients were centrifuged at 39,000
rpm for 1.8 h at 18°C. (a) 80S, 1.06 Asp U; and (&)
708, 1.02 Ase U.

mer (Fig. 54) was already partially dissociated
at the lowest KCI concentration tested (25 mM).
Complete dissociation was obtained at 300-400
mM. Further increase in the KCI concentration
to 700 mM did not seem to affect the sedimenta-
tion values of the subunits from both the 80S
and 70S monomers.

The effects of decreasing Mg?™ concentrations
on the compactness of the 80S subunits were ex-
amined at 500 mM KCI. Fig. 6 a shows that the
L3 and S# exhibited differential sensitivity to-
ward changes in Mg?" concentrations. The S8°
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Ficure 6 Effects of different Mg?* concentrations on
the compactness of 805 and 70S subunits at 500 mM
KCl. Ribosomes were suspended in high-salt buffers
containing 50 mM Tris-HCl (pH 7.5), 500 mM KClI,
5 mM DTT, and different concentrations of MgCls as
shown in the figure. The ribosome suspensions were
layered onto 5-20%, linear sucrose gradients containing
the same high-salt buffers. The gradients were cen-
trifuged at 89,000 rpm for 8 h at 18°C. (a) 80S, 1.30
Aogo U; and () 708, 1.23 Agg U.

remained compact even when the Mg?" concen-
tration was reduced to 5 mM whereas the 180
began to unfold already at 15 mM. With de-
creasing Mg?t concentration in the gradient
there was a concomitant reduction in the amount
of compact L% At 5 mM Mg?*, the unfolded
derivative of the L3° sedimented as a distinct
peak slightly slower than the compact S3° This
unfolded derivative was not clearly resolved from
the S8 peak at the intermediate Mgt concentra-
tions (15-10 mM).

The subunits of the 708 monomer did not un-
dergo any apparent unfolding as the Mg?™

804 Tae JourNaL oF CeLl Broroey - VoLuME 57, 1973



concentration was reduced from 25 to 5 mM
(Fig. 6b). At lower concentrations (2.5 mM-0),
however, both subunits also sedimented slower in
the sucrose gradient and were presumably un-
folded (data not shown).

The sedimentation coefficients of the compact
subunits of both the 808 and 705 monomers
were determined in a 5209, linear sucrose gradi-
ent containing 50 mM Tris-HCI (pH 7.5), 500
mM KCl, 25 mM MgCl,, and 5 mM DTT. Sub-
units derived from rat liver and E. coli were used
as standards. Assuming sedimentation coeflicients
of 60S and 40S for the large and small subunits of
rat liver ribosomes (35) and 50S and 30S for those
of E. coli ribosomes (25), the following values
were obtained: L3¢, 57S; S%  37S; L7% 50S;
and S7% 33S. The ratio of L& to S8 varied be-
tween 1.75 and 1.95 whereas that of L7 to S7¢
was between 2.5 and 3.0, as measured by Aas.

In the scheme presented in Fig. 3 the isolated
compact subunits should reassociate into mono-
mers under the appropriate conditions. To
achieve this, we lowered the KCl concentration
to 25 mM. Under these conditions the two sub-
units derived from the 80S ribosomes reassociated
into monomers (¥Fig. 7¢). The two subunits of
the 708 ribosomes, however, remained separated
(Fig. 7f), and may require higher Mg?* con-
centrations to achieve reassociation. It also can
be seen that each subunit preparation showed
little cross-contamination by its respective part-
ners (Fig. 7 a, b, d, and ¢).

C. [*C)Phenylalanine Incorporation by
Monomers and Isolated Subunits
In Vitro

Both the 80S and 70S monomers, collected
as shown in Fig. 2, were active in polyphenylala-
nine synthesis in an in vitro system. The data in
Table I indicate that the requirements were
similar to those of other in vitro plant systems
which have been examined (36-41). The require-
ments for GTP, ATP, and an ATP-generating
system, as well as for the pH 5 enzyme fraction,
were only partial. The high-speed supernatant
was not required, indicating that perhaps all
the protein factors and tRNA necessary for the
phenylalanine incorporation were present in the
pH 5 fraction. The polyphenylalanine-synthesiz-
ing activities of the monomer varied somewhat,
depending on the preparations. The amounts of
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Figure 7 Reassociation of the large and the small
subunits into monomers. (o) 0.8 Ao U of L¥ were
suspended in high-Mg?" TKMD buffer and centrifuged
in a 10-40%, linear sucrose gradient containing the
same buffer for 15.5 h at 22,500 rpm and 4°C. (b)
0.8 Ageo U of S¥ were treated as in a. (¢) 0.8 Ageo U of
1.8 were mixed with 0.4 Aseg U of S0 and incubated at
0°C for 10 min. The mixture was then centrifuged as in
a. (d) 0.9 Asgo U of L7 treated as in a. (¢) 0.6 Az U
of 87 treated as in a. (f) 0.9 Aasgo U of 1.7° were mixed
with 0.45 Aseo U of §™ and the mixture was processed
as in ¢.

phenylalanine incorporated per milligram RNA
after 60 min of incubation were 630~1,600 pmol
for the 80S ribosomes and 424-1,100 pmol for
the 708 ribosomes.
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TABLE I

Requirements for [4C]Phenylalanine Incorporation by
708 and 80S Ribosomes

cpm
Conditions 708 80S
Complete 6,436 11,181
— Ribosomes 276 380
— Poly U 366 374
— High-speed supernatant 8,727 13,115
— pH 5 enzyme 1,514 2,683
— High-speed supernatant 152 144
and pH 5 enzyme
— GTP 1,065 7,879
— ATP 2,074 3,793
— Phosphocreatine and crea- 2,068 8,255

tine phosphokinase

Experiments were performed as described in the
text. Amounts of ribosomes used: 808, 2.04 Aggo U;
708, 1.86 Agg U.

Boardman et al. (36) reported that the chloro-
plast ribosomes of tobacco leaves required higher
Mg?*t concentration for optimum amino acid
incorporation as compared with the cytoplasmic
ribosomes of the same plant. Similar results
were obtained with chloroplast and cytoplasmic
ribosomes of C. reinhardtii as assayed with the
phenylalanine-incorporating system (Fig. 8). The
higher Mg?* optimum observed with the 708
ribosomes was in the range of that reported for
isolated yeast mitochondrial ribosomes (42) and
for E. coli ribosomes (43).

The isolated subunits (cf. Fig. 4 ¢ and d) when
mixed together were also active in polyphenyl-
alanine synthesis in vitro. For the purpose of
comparison, we assayed monomers and subunits
derived from the same monomer preparation
simultaneously (Fig. 9). The amounts of phenyl-
alanine incorporation per milligram RNA after
completion of the reaction (60 min of incubation)
were: 808 monomer, 1,070 pmol; 80S subunit mix-
ture, 950 pmol; 70S monomer, 495 pmol; 70S
subunit mixture, 583 pmol. These results show
that the recombined subunits had approximately
the same activity as the monomer preparation
from which they were derived, indicating that
the high-salt treatment did not impair their
activity.

From the above calculations it appeared that not
all ribosomes had participated in the polymeriza-
tion reaction. To obtain quantitative data on this
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point we exposed the ribosomes after incorpora-
tion to the dissociation conditions given in Fig. 4.
It can be seen (Fig. 10 ) that approximately 33 %,
of the subunits derived from the 80S ribosomes
had reassociated into salt-resistant monosomes
after synthesis of polyphenylalanine in the pres-
ence of poly U. The monosome peak contained
most of the radioactivity in the sucrose gradient,
and only after the addition of puromycin were
these monosomes dissociated into subunits with
the concomitant release of the labeled poly-
phenylalanine. Similar results were obtained
with the subunits derived from the 708 ribosomes
(Fig. 10b) except that the amount of subunits
participating in polyphenylalanine synthesis was
only about 8%. Since no extensive investigation
was made to establish the optimal conditions
for incorporation, this low activity may not be
the result of a large number of nonfunctional
ribosomes or subunits but may be caused by some
other deficiencies in the system. Assuming a
molecular weight of 4.5 X 10% for the 80S ribo-
somes (44) and 2.7 X 10° for the 70S ribosomes
(25), it can be calculated that an average of
about 3.8 and 8.7 phenylalanine residues, respec-
tively, are polymerized on each monosome.

Sucrose gradient analyses of the amino acid
incorporation mixture with either monomers or
subunits failed to show the formation of active
ribosomes larger than monosomes. Since it is
known that the sedimentation pattern of a ribo-
some-poly U mixture depends on the molar ratio
of these two components (45), and since the in-
cubation mixture used in our experiments con-
tained a large excess of poly U over ribosomes,
it was not surprising that only monosomes were
detected.

D. Effects of Antibiotics on the
[4C) Phenylalanine Incorporation by
the 80S and 708 Monomers

In vivo and in vitro experiments with a number
of antibiotics have indicated that the 80S and 70S
ribosomes exhibit different sensitivities toward
inhibition of antibiotics (see reference 1). Cyclo-
heximide has been shown to affect protein syn-
thesis with the eukaryotic 808 ribosomes, whereas
chloramphenicol and streptomycin exert their
effects on the prokaryotic 70S ribosomes (see
reference 46). Similar results were obtained with
the 808 and 70S ribosomes from C. reinhardtii in

Tae JourNaL oF CeLL Brovogy - VoLuME 57, 1973



80S

~m
1
e
g lof . 708
Q.
o
5k
o 1 1 1 L [ 1 i _ .
50 10.0 150 20.0 25.0 30.0
MgCiy  (mM)

Figure 8 The effect of varying Mg?* concentrations on the [**C] phenylalanine incorporation activities
of 80S and 70S monomers. Experiments were carried out as described in Materials and Methods except
that the final Mg?* concentration of the incubation mixture was varied as shown in the figure. Each
point represents the amount of hot TCA-insoluble counts in 100 ul of the reaction mixture after 60 min
of incubation at 37°C. The counts in the absence of poly U have been subtracted. With this system, 1
pmol of phenylalanine is equivalent to 509 cpm. —@ — @ — 808, 2.06 Ay U in 500 ul reaction mixture;
—A—A— 708, 1.82 Ay U in 500 ul reaction mixture.

the poly U-directed polyphenylalanine synthesis
(Table II). Cycloheximide inhibited the 80S
system by approximately 509%,. However, there
was only a low level of inhibition by chlorampheni-
col in the 70S system. This observation is in agree-
ment with results obtained with E. coli ribosomes,
where it was shown that the degree of inhibition
by chloramphenicol depended to a great extent
on the base composition of the synthetic messen-
ger RNA (47). In our experiments the most com-
plete inhibition of the 708 system was achieved
with streptomycin. This finding is consistent
with the observation that this antibiotic blocks
protein synthesis on bacterial ribosomes (46) and
also interferes with the synthesis of several chloro-
plast components during the light-induced
chloroplast development in Euglena gracilis (48).

DISCUSSION

Under our preparation conditions almost all
the ribosomes in the 80S and 70S peaks (Fig. 2)
were devoid of nascent chains as demonstrated by

CHUA ET AL.
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the lack of a puromycin effect (see Results).
The amount of ribosomal materials which sedi-
mented faster than 80S was between 5 and 109,
depending on the preparations, and this material
consisted of small polysomes of the 80S type.
Since it is difficult to imagine that approxi-
mately 909, of the cytoplasmic ribosomes and
almost all of the chloroplast ribosomes of the
cells were inactive in vivo, the apparent lack of
active ribosomes must be an artifact of our iso-
lation procedure. Since we have recently found
(manuscript in preparation) that it was possible
to increase the proportion of the polysomal mate-
rials to 30-409, by previous cooling of the culture
in acetone-dry ice before harvest or by the addi-
tion of 80S- and 70S-specific antibiotics which
block polypeptide chain elongation, a large
proportion of the 80S and 70S monomers must
have been derived from the runoff of subunits
from polysomes in vivo, perhaps as a result of
slow cooling (49), from the 25°C temperature of
the culture to the 0°C of the harvesting. The most
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Ficure 9

[**C]Phenylalanine incorporation activities of 80S and 70S monomers and their subunits.

Experiments were carried out as described in Materials and Methods. Each point in the figure represents
the amount of hot TCA-insoluble radioactivity in 100 ul of the reaction mixture. In the absence of ribo-
somes or subunits, there were 285 cpm/100 ul of reaction mixture after 60 min of incubation. (a) 80S

monomer, 1.80 dag U; L, 1.40 Ao U; and S*°, 0.66
U; and 8%, 0.52 Ay U—A—A—, small subunits;
small subunits; —#—M—, monomers.

striking example of the accumulation of runoff
ribosomes during slow cooling has been obtained
with chicken embryo in which the resulting
monomers subsequently crystallized into sheets
of tetramers (50).

Fig. 3 summarizes the results presented in this
paper concerning the relationships among mono-
somes, monomers, and subunits. The dynamic
equilibrium between a monomer and its con-
stituent subunits is governed by a least five vari-
ables (16, 24, 29): (a) KCI concentration, ()
Mg?* concentration, (¢) temperature, (d) centrif-
ugation speed (pressure), and (¢) ribosome con-
centration. At a constant centrifugation speed
and a fixed amount of ribosomes, there is a nar-
row range of ionic concentrations and tempera-
ture in which dissociation of monomers into
active subunits occurs. Beyond this range, the
active subunits may be irreversibly converted
into unfolded derivatives which have smaller
sedimentation coefficients and which are inactive.
In order to ensure that the latter reaction does
not occur, it is necessary to establish the ionic
conditions and temperature required for com-
plete dissociation in each system.

808

Aseo U. (b) 708 monomer, 2.26 Age U; LTO, 1.60 Aago
—QO—0O —, large subunits; —[1—[]—, large and

The effects of KCl and Mg?* concentrations in
the monomer = subunit equilibrium are an-
tagonistic: an increase in the KCI concentration
favors dissociation whereas the reassociation of
subunits is facilitated by high Mg?* concentra-
tion. Several workers (16, 24, 29, 30) have
shown that there is a critical K¥:Mg?* ratio
necessary for complete dissociation. In addition,
Faust and Matthaei (31) have also stressed the
importance of an absolute KCIl concentration.
Table III lists the ionic conditions used for the
isolation of subunits from the 808 and 708 mono-
mers of C. reinhardtii compared with those used
for the isolation of active subunits from other
sources. The 80S ribosomes of C. reinhardiii
differ strikingly from all other eukaryotic ribo-
somes investigated, in that the subunits are stable
only in a very narrow range of K+:Mg?*" ratios.
Approximately 95%, of the monomers dissociate
into subunits at 500 mM KCl and at a K+/Mg*t
ratio of 20. The latter value is about five times
lower than the usual value found for other cyto-
plasmic ribosomes from either plant or animal
sources (Table III). Inactivation of the L8°
occurred when the Mg?t concentration was de-
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Ficure 10 Sucrose gradient analyses of subunits after [4C]phenylalanine incorporation. (a) The
[4C]phenylalanine incorporation mixture (1 ml) containing 5.92 Asgo U of 12 and 2.92 Asgo U of 8% was
incubated at 87°C for 90 min and then chilled on ice to stop the reaction. 850 ul of the solution was
mixed with 50 ul of 10 mM puromycin (pH 7.0} followed by 400 ul of compensating buffer so that the
final ionic composition was 50 mM Tris-HCl (pH 7.5), 500 mM KCl, 25 mM MgClz, and 5 mM DTT.
After an incubation period of 10 min at 0°C, 400 ul (0.89 Asg U of 18 and 0.44 Asg U of S%) of the
reaction mixture was layered onto a high-salt 5-209, linear sucrose gradient containing 500 mM KCl
and was centrifuged at 39,000 rpm for 1.8 h at 18°C. A second sample was processed in the same way
except that 50 pl of deionized water was used instead of puromycin. After centrifugation, the gradient
was fractionated into 0.5 ml portions. 0.1 m! of 1%, bovine serum albumin was added to each fraction
as a carrier, followed by 0.2 ml of 2 N KOH. After incubation at 37°C for 30 min, 0.2 ml of 2 N HCI
was added to neutralize the base. The proteins were precipitated with 4 ml of ice-cold 10% TCA. After
being kept at 4°C overnight, the precipitate was washed twice with 5 ml of ice-cold 5%, TCA, dissolved
in 0.5 ml of Protosol, and the radioactivity was measured in 8 ml of the Liquifluor-toluene mixture with a
Nuclear-Chicago Mark I scintillation counter. The counting efficiency for C in this system was about
81%. 695 cpm corresponds to the incorporation of 1 pmol of phenylalanine. A control sample was also
incubated in the same reaction mixture except without poly U. After 90 min a sample containing 0.89
Aszgo U of 12 and 0.44 Agg U of S¥ was layered onto a high-salt buffered gradient as described above.
This gradient was not processed for radioactivity. (b) Experiments were carried out and processed for
counting as in a. The following amounts of ribosomes were layered onto the gradients: minus poly U,
0.89 Az U of L7 and 0.44 Ayg U of S; plus poly U, 1.08 Ao U of L7 and 0.53 A U of S70; plus
poly U and puromyecin, 1.08 A U of L7 and 0.58 Ayg U of ST,



creased to a level below 25 mM (Fig. 64). In
contrast to the 80S ribosomes, subunits of the 708
ribosomes can tolerate a wider variation in the
K*:Mg?* ratio without being converted to
slower sedimenting derivatives (Fig. 6 5).

It was shown previously that the L3% and S3% of
C. reinhardtii contain 258 and 188 RNA, respec-
tively (7, 10). In a high-salt sucrose gradient,
both the 1.8% and the S3° sedimented slightly slower
than their counterparts in rat liver ribosomes.

TasLE 11

Effects of Antibiotics on the In Vitro [**C]Phenylalanine
Incorporation by 80S and 708 Monomers

Activity
Conditions 805 708
%o Yo
Control 100 100
+ Cycloheximide 54 .5 95.5
-+ Chloramphenicol 100 84.5
+ Streptomycin 96.5 19.5

Experiments were carried out as described in
Materials and Methods. The following concen-
trations of antibiotics were used: cycloheximide,
100 ug/ml; chloramphenicol, 85 ug/ml; strepto-
mycin sulfate, 100 pg/ml. 100% activity corre-
sponds 1o 915 pmol of phenylalanine incorporated/
mg RNA for the 80S and 753 pmol phenylalanine
incorporated/mg RNA for the 708S.

The large subunit of the latter contains 285 RNA
(54) and this may account for the differences in
sedimentation coefficients. With chloroplast 708
ribosomes, the L7% and the large subunit of E.
coli ribosomes sedimented at the same position
in a high-salt sucrose gradient whereas the S7°
sedimented faster than its counterpart in E. coli
ribosomes. Boardman et al. (36) obtained the
following sedimentation coefficients for subunits
from the chloroplast and cytoplasmic ribesomes of
tobacco leaves: cytoplasmic large subunit, 58S;
cytoplasmic small subunit, 35S; chloroplast large
subunit, 518; and chloroplast small subunit, 358S.
These values are in excellent agreement with
those reported here for the subunits of 80S and
708 ribosomes of C. reinhardtii.

The sedimentation coefficients of the high-salt-
derived subunits reported in this paper are higher
than those found previously (7). These discrep-
ancies may be attributed to different methods of
preparing the subunits. Hoober an Blobel (7)
obtained their subunits at 50 mM KCI and 0.1
mM Mg?t or at 50 mM KCI without Mg?",
whereas it is now known that with mammalian
ribosomes, chelation of Mg*" by EDTA leads
to the formation of inactive subunit derivatives
which move slower than active subunits obtained
by high-salt treatment (26, 30, 33).

The subunits of both the cytoplasmic and
chloroplast ribosomes spontaneously reassociated

TasrLe I11

Ion+c Conditions for the Isolation of Active Subunits from Ribosomes of Various Sources

Source of ribosomes K+ Mgt K*/Mg2t Reference
mM mM

Rat liver and muscle 880 12.5 70.5 Martin and Wool (34)
Rat liver 500 5 100 Blobel and Sabatini (16)
Rat and mouse liver 500 2-3 166-250 Falvey and Staehelin (18)
Dog pancreas 500 3 166 Dickman and Bruenger (28)
Sea urchin 240 5 48 Infante and Krauss (19)
Mouse plasmacytoma tumors 300 5 60 Mechler and Mach (30)
Chicken embryo 500 5 100 Morimoto et al. (50)
Mouse lymphoma cells 500 5 100 Farber and Tamaoki (32)
Murine plasma cells 500 5 100 Faust and Matthaei (31)
Pea seedlings 500 5 100 Lin and Key (51}
Rice embryo 500 4 125 App et al. (52)
Neurospora crassa 800 7 114 Sturani et al. (53)
Yeast mitochondria 500* 10 50 Grivell et al. (42)
Chlamydomonas 80S 500 25 20 This paper
Chlamydomonas 708 500 5-25 20-100 This paper

* NH4CI was used instead of KCI.
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to form active ribosomes when they were incu-
bated under conditions for amino acid incorpora-
tion. The monosomes, which carried nascent
polyphenylalanine chains, were susceptible to
dissociation in high salt only after the chains had
been removed by puromycin treatment (Fig.
10). These observations confirm the earlier
work on mammalian (16, 18, 26, 34), yeast (55)
and Neurospora crassa (53) ribosomes, and give
further emphasis on the role played by the nascent
chain in the stabilization, under high ionic
strength conditions, of subunit couples in both
the 80S and 70S systems.

The polyphenylalanine-synthesizing activities
of the 80S monomer and its subunits were less
than those of other eukaryotic ribosomes (16,
18, 26, 34). Falvey and Stachelin (18) estimated
that 50-609%, of their mouse liver subunit prepa-
ration was active in in vitro polypeptide synthe-
sis, and each active ribosome couple had about
15-20 phenylalanine residues. With our subunit
preparation from the 80S ribosomes, approxi-
mately one-third of the subunits reassociated
into active ribosomes and there were about 4
phenylalanine residues per monosome.

Previous investigations on chloroplast protein
synthesis have been carried out mainly with iso-
lated chloroplasts (see reference 1) or chloroplast
extracts (3, 56-58). Only a few attempts have
been made to isolate purified ribosomes and to
test for their protein synthesis capacity in a
reconstituted system in vitro. Eisenstadt and
Brawerman (59) first reported that isolated Fu-
glena chloroplast ribosomes are able to incorporate
amino acids into protein. They characterized
the ribosomes as having a sedimentation coeffi-
cient of 608 containing 148 and 19S RNA (60)
Subsequent investigations by Rawson and Stutz
(8), however, provided clear evidence that intact
chloroplast ribosomes in fact sediment at 70S
and contain 225 and 178 RNA. With higher
plants, both Boardman et al. (36) and Van
Kammen (61) obtained active chloroplast ribo-
some fractions from tobacco leaves but the prepa-
ration was 509% contaminated by cytoplasmic
ribosomes. In all these cases, the activities of the
chloroplast ribosomes were uniformly low. Re-
cently, Hadziyev and Zalik (38) and Avadhani
and Buetow (41) reported the isolation of active
chloroplast polyribosomes from wheat and Fu-
glena, respectively.

In this paper, we describe a procedure for the

CHUA ET AL.
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purification of chloroplast 70S ribosomes from
extracts of C. reinhardtii. The purified preparation
was contaminated by less than 39, of the 80S
ribosomes and it could synthesize polyphenyl-
alanine in an in vitro system with activities, at
completion of incorporation, of 424-1,100 pmol
phenylalanine/mg RNA. These activities are
within the range of those reported for isolated
active mitochondrial ribosomes (42) and are 4-20
times higher than those of related plant systems
(36, 59).

Subunits prepared from the 70S monomers by
high-salt dissociation still retain their capacities
to incorporate phenylalanine in vitro. It was
estimated that about 89, of the subunits reasso-
ciated into monosomes, and each monosome had
approximately 8-9 phenylalanine residues. Simi-
lar values were also obtained with the monomers
from which the subunits were derived (unpub-
lished results). Therefore, the fact that only a
small amount of the subunits were active in vitro
could not be an artifact resulting from exposure
to high salt. In Euglena, it has been reported (62)
that the 508 and 308 subunits of chloroplast
ribosomes when mixed together failed to incor-
porate phenylalanine programmed by poly U.
However, a heterologous mixture of chloroplast
30S subunits and E. coli 50S subunits showed some
incorporation activity, suggesting that the 508
subunits of the chloroplast ribosomes were prefer-
entially inactivated by the isolation procedure.
It is also known that under certain conditions,
both subunits of the E. coli ribosomes may be
inactivated without a change in their sedimen-
tation values, and the inactivated subunits may
be reactivated by heat treatment (63, 64). We
are at present investigating the possibility of in-
creasing the yield of active 70S ribosomes by
similar treatments. After the completion of this
work, Grivell and Groot (65) reported the suc-
cessful isolation of active chloroplast ribosomes
and subunits from spinach leaves. Their experi-
ments, however, were carried out with super-
natant factors from E. coli.
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