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ABSTRACT

Cytoplasmic and chloroplast ribosomal proteins were isolated
from Euglena gracilis and analyzed on polyacrylamide gels.
Cytoplasmic ribosomes appear to contain 75 to 100 proteins
ranging in molecular weight from 10,200 to 104,000, while
chloroplast ribosomes appear to contain 35 to 42 proteins with
molecular weights ranging from 9,700 to 57,900. This indicates
that the cytoplasmic ribosomes are similar in composition to
other eucaryotic ribosomes, while chloroplast ribosomes have
a protein composition similar to the 70S procaryotic ribosome.
The kinetics of light-induced labeling of cytoplasmic ribosomal
proteins during chloroplast development has been determined,
and the results are compared with the kinetics of ribosomal
RNA synthesis.

Euglena gracilis contains three types of ribosomes which can
be attributed to the cytoplasm (89S), plastid (68S), and mito-
chondrion (71S), respectively. The ribosomal RNAs have also
been characterized. The cytoplasmic ribosomes yield 25S and
20S RNA, those of the plastid yield 23S and 16S RNA, and the
mitochondrial ribosomes have 21S and 16S RNA (ref. 1, and
papers cited therein). The ribosomal proteins, however, have
not been as well characterized (2, 6, 19). The present paper
reports studies of the ribosomal proteins from cytoplasmic and
plastid ribosomes which include a determination of their prop-
erties and, in the case of the cytoplasmic ribosomal proteins, a
study of their light-induced labeling during chloroplast devel-
opment.

MATERIALS AND METHODS

Growth Conditions. Euglena gracilis Klebs var. bacillaris
Pringsheim, mutants of this strain, WSBUL and SmlBNgL,
and Euglena gracilis Klebs strain Z Pringsheim were the or-
ganisms used in this study. Cultures were grown aseptically in
20-liter carboys containing 14 liters of Hutner's pH 3.5 me-
dium (10) bubbled with air. The medium had been previously
autoclaved for 3 hr. The cultures were incubated at 26 C in
light or darkness and harvested at the beginning of the sta-
tionary phase. Freshly harvested cells were used immediately.
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For studies of light-induced chloroplast development, dark-
grown cells were grown in 2-liter flasks containing 1 liter of
Hutner's 3.5 medium. A culture in the log phase of growth was
harvested aseptically by centrifugation at 5OOg for 2 min at
room temperature, and the cells were resuspended in pH 4.5
resting medium which contains in g/l: mannitol, 10; MgC1l-
6H20, 2; KH2PO4, 0.018; cyclo acid (1,2,3,4-cyclopentane-
tetracarboxylic acid), 2.5 (4). After shaking for 3 days in the
dark at 26 C, development was initiated by exposing the cul-
tures to light as previously described (4).

Buffers. Buffer I contains: tris-HCl, 100 mm, pH 7.6; KCI,
30 mM; magnesium acetate, 2 mM. Buffer II contains: tris-HCl,
10 mM, pH 7.6; KCI, 30 mM; magnesium acetate, 2 mm. Buffer
III contains:tris-HCI, 10 mm, pH 7.6; NH,C1, 100 mM; mag-
nesium acetate, 2 mm. Buffer IV contains: tris-HCI, 10 mM,
pH 7.6; magnesium acetate, 0.1 mM; mercaptoethanol, 20 mM.
Buffer V contains: tris-HCl, 10 mm, pH 7.6; magnesium ace-
tate, 0.5 mm. Buffer VI contains: tris-HCl, 10 mM, pH 7.6;
magnesium acetate, 200 mm. Buffer VII contains: urea, 6 M;
sodium acetate, 5 mm (adjusted to pH 5.6 with acetic acid).
Buffer VIII contains: urea, 6 M; sodium acetate, 5 mm; diso-
dium EDTA 5 mm (adjusted to pH 5.6 with acetic acid).

Isolation of Ribosomes and their Subunits. All operations
were performed at 0 to 4 C. For cytoplasmic ribosomes, freshly
harvested cells were washed with a sucrose solution (27% [w/w]
prepared in buffer I) and resuspended in the same solution
(1.0 ml/g of cells). The suspension was passed through a
French press at 1500 to 2000 psi, and the homogenate was im-
mediately diluted with 1 volume of 27% sucrose in buffer I.
The diluted homogenate was centrifuged at 3,000g for 5 min,
and the supernatant was recentrifuged at 15,000g for 10 min.
The 15,000g ribosomal supernatant was layered over 3 ml of
40% (w/w) sucrose prepared in buffer III and was centrifuged
in the Beckmann SW-27 rotor (38-ml tubes) for 5 hr at 25,000
rpm; the 27% sucrose layer was removed with suction and the
ribosome pellet was resuspended. The 40% sucrose cushion
was mixed with 20 ml of buffer III. The suspension was kept
at 0 C for 24 hr and was then centrifuged for 10 min at
15,000g. The 15,000g supernatant was centrifuged for 2.5 hr
at 130,000g. This pellet was resuspended in buffer II and cen-
trifuged for 10 min at 15,000g. This supernatant was layered
onto a 2.0 ml cushion of 40% (w/w) sucrose prepared in buffer
II and was centrifuged for 16 hr at 25,000 rpm in the Beck-
man SW-27 rotor using 17-ml tubes. This last pellet, repre-
senting purified cytoplasmic ribosomes, was clear and trans-
parent; it was washed with buffer II and was used for all
further analysis.

Cytoplasmic ribosomal subunits are prepared by resuspend-
ing the purified ribosome pellet in buffer II and dialyzing this
suspension against buffer IV for 5 hr at 2 C. The dialyzed sus-
pension was layered onto a linear 5 to 20% (w/w) sucrose
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gradient prepared in buffer V and centrifuged for 5 hr at 20,000
rpm in a Beckman SW-27 rotor using 17-ml tubes. Fractions
containing the separated subunits were collected and the ribo-
somal subunits were recovered by overnight centrifugation at
25,000 rpm.

Crude chloroplast ribosomes were prepared as described pre-
viously (23, ribosome pellet). The 68S chloroplast ribosomes
were purified by centrifuging the chloroplast ribosome pellet
through a 5 to 20% (w/w) sucrose gradient for 5 hr at 25,000
rpm and the 68S fraction was recovered and pelleted at 25,000
rpm for 18 hr. The stabilizing buffer (tris-HCl, 10 mM; KCI,
60 mM; magnesium acetate, 12 mM; spermidine, 0.5 mM; ,B-
mercaptoethanol, 14 mM) previously described (23) was used
for this purification.

Where indicated in the text, figure, and table legends, linear
sucrose gradients (12.5 ml) were prepared over a 2- or 3-ml
cushion of 40 or 50% (w/w) sucrose. The gradients were cen-
trifuged at 2 C in the SW-27.1 rotor of a Spinco Model L2 ultra-
centrifuge. Gradients were analyzed as described previously
(23).

Extraction of Ribosomal Proteins. Ribosomal proteins were
extracted with acetic acid or by RNAase treatment (13). Using
the acetic acid method, 2 volumes of glacial acetic acid were
added to 1 volume of buffer VI containing 300 to 500 A,./ml
of ribosomes or ribosomal subunits. The suspension was stirred
for 30 min at 2 C and then centrifuged for 10 min at 10,OOOg
in order to remove the precipitated RNA. The supernatant was
dialyzed against distilled water for 4 hr at 2 C, and the con-

ML MIGRATED ML MIGRATED
FIG. 1. Sucrose gradient sedimentation analysis of cytoplasmic ribosomes. A: The ribosome pellet resuspended in buffer II was layered over a

linear 20 to 50% (w/w) sucrose gradient and centrifuged for 5 hr at 25,000 rpm. The arrows indicate the monosome and polysome fractions which
were collected for further purification. B: The monosome fraction (from A) was recovered by overnight centrifugation, resuspended in buffer
II and analyzed on a linear 20 to 50% sucrose gradient. C: The polysome fraction (from A) was recovered by overnight centrifugation, resus-
pended in buffer II, and analyzed on a linear 20 to 50% sucrose gradient. The arrow indicates the position of the monosomes. D: The ribosome
pellet resuspended in buffer II was layered over a linear 5 to 20% sucrose gradient and centrifuged for 4 hr at 25,000 rpm. The arrows indicate
the positions of the E. coli 70S monosome, 50S subunit, and 30S subunit, which were run to calibrate the gradients.
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ML MIGRATED ML MIGRATED
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FIG. 2. Sucrose gradient sedimentation analysis of cytoplasmic ribosomal subunits. A: The ribosome pellet was resuspended in tris-HCl, pH

7.6, 10 mM; Na2EDTA, 1 mM; layered over a linear 5 to 20% sucrose gradient and centrifuged for 4.5 hr at 25,000 rpm. B: The ribosome pellet
was resuspended in buffer II (tris-HCl, pH 7.6, 10 mM; KCI, 30 mM; magnesium acetate, 2.0 mM), dialyzed 5 hr against buffer IV (tris-HCI, pH
7.6, 10 mM; magnesium acetate, 0.1 mM; mercaptoethanol 20 mM), layered over a linear 5 to 20%c sucrose gradient prepared in buffer V (tris-
HCl, pH 7.6, 10 mM; magnesium acetate 0.5 mM) and centrifuged for 4.5 hr at 25,000 rpm. C: The purified ribosome pellet was resuspended in
buffer IV, dialyzed for 10 hr against buffer IV, layered over a linear 15 to 35%c sucrose gradient prepared in buffer IV, and centrifuged for 14 hr
at 20,000 rpm. D: The purified ribosome pellet was resuspended in tris-HCl, pH 7.6, 10 mM; KCl, 30 mM; magnesium acetate, 0.1 mM; dialyzed
8 hr against this buffer, layered over a 10 to 35%70 linear sucrose gradient prepared in this buffer, and centrifuged 15 hr at 20,000 rpm. Arrows
indicate the position of E. coli ribosomal subunits (SOS and 30S) which were used to calibrate the gradient.

tents of the bag were concentrated by placing the dialysis bag
in dry aquacide II at 2 C. The concentrated protein solution
was dialyzed overnight against buffer VII at 2 C.

Using the RNAase method, ribosomes were resuspended in
buffer VIII or were dialyzed overnight against this buffer at
2 C. Pancreatic ribonuclease (5 jug/ml) and ribonuclease T1
(500 units/ml) were added, and the mixture was incubated for
1 hr at 37 C. This solution was used directly for electrophoresis
or was dialyzed overnight at 2 C against buffer VII.

ELECTROPHORESIS OF RIBOSOMAL PROTEINS

Acrylamide, 7.5 g; bis-acrylamide, 0.2 g; TMED,3 0.5 ml;
ammonium persulfate, 0.160 g; KOH (1.0 N), 6 ml; and glacial
acetic acid, 2.16 ml were added to enough 8 M urea solution to
make 100 ml. The gels were polymerized in tubes (180 mm X
6 mm) containing 4.7 ml of acrylamide solution pH 4.5. A so-
lution containing 100 to 150 ,ig of ribosomal proteins and py-
ronin y was layered on top of the gel. The upper buffer com-
partment contained 8-alanine, 3.12 g and glacial acetic acid,
0.8 ml in 1 liter of water; the lower compartment contained a
solution composed of 120 ml of 1.0 N KOH, 43 ml of glacial

One-Dimensional Urea-Polyacrylamide Gels. The technique 3Abbreviations: TMED: N,NN, N'-tetramethylethylenediamine;
is a modification of the method of Fogel and Sypherd (8). SDS: sodium dodecyl sulfate.
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acetic acid, and 837 ml of water. The 4% acrylamide, 6 M
urea, pH 8.6 gel described by Kaltschmidt and Wittmann (12)
was used for the analysis of acidic ribosomal proteins with
bromphenol blue as marker. In both cases a constant current
of 1.7 ma was applied until the dye had reached the bottom of
the tube (16-18 hr at 4 C). After electrophoresis the gels were
removed from the tubes and fixed for 15 min with 7% acetic
acid. They were stained for 3 hr in 0.1% (w/v) amido black in
7% (v/v) acetic acid and destained by washing in a succession
of solutions of 7% acetic acid.

Two-Dimensional Urea-Acrylamide Gels. The procedure
used was that of Kaltschmidt and Wittmann (12) using samples
of 1 to 3 mg/150,l; electrophoresis took place at room tem-
perature. The first dimension employed an 8% acrylamide gel
at pH 8.6 with a running time of 24 hr at 135 v. The second
dimension utilized an 18% gel at pH 4.6 with a running time
of 26 hr at 105 v.
The gels were stained for 20 min in 0.5% amido black in

5% acetic acid and were destained for 1 hr in running water
and then for 4 days in 5% acetic acid circulated through ac-
tivated charcoal. The protein spots were numbered successively
in horizontal lines starting at the upper left of the gel.

SDS-Polyacrylamide Gels. The method of Weber and Os-
born (25) was used. Proteins were denatured with 1.0% SDS,
1.0% mercaptoethanol in 10 mM sodium phosphate buffer, pH
7.0, for 45 min at 45 C. The gel solution contained: acryl-
amide, 10%; bis-acrylamide, 0.27%; SDS, 0.1%; TMED,
0.15%; ammonium persulfate, 0.075%; sodium phosphate
buffer (pH 7.0), 10 mm. Ribosomal proteins (50-100 ,tg) were
applied to the top of the gel and electrophoresis took place at
room temperature for 12 to 14 hr with a constant current of
8 ma/tube. Bromphenol blue was added as a visible mobility
reference.

After removing the gels from the tubes, a small piece of
copper wire was inserted to mark the position of the brom-
phenol blue marker. The gels were then fixed overnight with
50% trichloroacetic acid. The gels were stained with a solu-
tion containing: Coomassie brilliant blue, 0.1%; glacial acetic
acid, 2.5%; methanol, 40%; and glycerine, 2.5% for 5 hr.
Destaining was accomplished with a solution containing: acetic
acid, 10%; and methanol, 45%, circulating through activated
charcoal.

Scanning and Calibration of Gels. One-dimensional gels
(urea and SDS) were scanned on a Joyce-Loebl microdensi-
tometer. To calibrate the SDS gels, five proteins yielding mon-
omers of known mol wt were treated in the same manner as the
ribosomal proteins (see above). These standards included: cy-
tochrome c, 13,400; myoglobin, 17,800; chymotrypsinogen A,
23,650; ovalbumin, 46,500; and bovine serum albumin, 67,000.
The distance of migration plotted against the logarithm of the
mol wt yielded a straight line which was used to calculate the
mol wt of the ribosomal proteins.
Amino Acid Incorporation into Ribosomal Proteins. The

ribosomal proteins of dark-grown resting cells exposed to light
to induce chloroplast development were labeled by adding 5
uec of a "H-amino acid mixture supplied by New England Nu-
clear Corp. (NET 250) per ml of culture, at appropriate times.

Incorporation into whole cell proteins was determined as
follows. The labeled cells were suspended in 5% trichloroacetic
acid and were incubated for 20 min at 90 C. The suspension
was filtered through a glass fibre filter, and the filter was washed
with 3 volumes of 5% trichloroacetic acid, 1 volume of ether-
chloroform (3:1), and was then dried and counted in a Beck-
man LS-150 scintillation counter after addition of 10 ml of a
solution containing PPO, 4 g; POPOP, 50 mg; hyamine, 5 g;
per liter of toluene, in a standard scintillation vial.
The 15,OOOg ribosomal supernatant prepared from 3H-la-

beled cells was layered over a 2-ml cushion of 40% (w/w) su-
crose prepared in buffer II, and the ribosomes were recovered
by centrifugation for 17 hr at 25,000 rpm.
The ribosomal preparation was analyzed on sucrose density

gradients, and 0.2-ml fractions were collected. Each fraction
received 100 ,ug of bovine serum albumin and 1 volume of 10%
trichloroacetic acid. They were then incubated for 20 min at
90 C, and the precipitate was collected on a glass fiber filter.
The filter was washed three times with 5% trichloroacetic acid

Table I. Effects of Different Treatmeitis oni the Sedime,itation
Rates of Euigleiia Ribosomal Suibiunlits

Large Subunit Small Subunit
Reports of

Treatment Similar
Intact grde Intact De- Particlesna aded graded

reference
Mg'+ 0.1 mm dialyze 5 hrl 62 45 1-4, 6
Mg2+ 0.1 mm dialyze 10 hr2l 48 38 9
Mg2+ 0.1 mM, KCI 30 mM 62 47 45 40 i 6

dialyze 8 hr°
Na2EDTA I mm' 43 29 6

1 Complete buffer composition and dissociation conditions are
given in the legend of Figure 2B.

2 Complete buffer composition and dissociation conditions are
given in the legend of Figure 2C.

I Complete buffer composition and dissociation conditions are
given in the legend of Figure 2D.

4Complete buffer composition and dissociation conditions are
given in the legend of Figure 2A.

FIG. 3. Densitometer tracings of cytoplasmic ribosomal proteins
analyzed on pH 4.5, 8 M urea, 7.5% polyacrylamide gels. A: Cyto-
plasmic ribosomal proteins from Euglena gracilis var. bacillaris; B:
cytoplasmic ribosomal proteins from the bleached mutant WsBUL.
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and once with 95% ethanol. The filters were then dried and
counted as described above. An aliquot of the ribosomal prep-
aration was analyzed in a similar manner in order to deter-
mine the recovery from the gradient fractions.

RESULTS AND DISCUSSION

Extraction of Cytoplasmic Ribosome Components. Cells
grown at pH 3.5 were broken in a buffer containing 100 mm
tris-HCl in order to provide enough buffer capacity to keep the
pH of the homogenate above 7.5, since a Euglena ribonu-
clease is active in the range of pH 6 to 7 (11). For the analysis
of ribosomal proteins, the ribosomes are usually washed with
a buffer high in salt in order to remove adhering nonribosomal

proteins. However, this treatment seems to remove essential
ribosomal proteins from Euglena ribosomes, since smaller sub-
units are found after cytoplasmic subunits are treated with 500
mM KCI (6). In the present work, various washing buffers were
tried: 100 mm KCI was found to dissociate 20% of the mono-
somes while NH4C1 used at the same concentration did not
appear to induce ribosome dissociation; above 200 mm NH4Cl
ribosome dissociation is observed.

Ribosomes purified as described under "Materials and
Methods" and analyzed on a linear 20 to 50% (w/w) sucrose
gradient appear as a monosome peak followed by 6 to 7 peaks
which represent the polysomes (1, 5, 11) (Fig. 1A). The poly-
some and monosome fractions can be recovered for fur-
ther analysis by overnight centrifugation. Upon reanalysis on

B

D
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.....

FIG. 4. Two-dimensional analysis of the cytoplasmic ribosomal proteins of Euglenia gracilis. The anode is at the right for the first dimension
and at the top in the second dimension. A: 2 mg of ribosomal proteins extracted from light-grown cells of Euglena gracilis var. bacillaris; B: 2 mg
of ribosomal proteins extracted from dark-grown cells of Euglenia gracilis var. bacillaris; C: 1.5 mg of ribosomal proteins extracted from light-
grown cells of the bleached mutant W3BUL; D: 1.5 mg of ribosomal proteins extracted from dark-grown cells of the bleached mutant W3BUL.
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sucrose gradients, the polysomes are well preserved, and the
monosomes have not dissociated (Fig. 1, B and C). If the same
preparation is analyzed on a linear 5 to 20% (w/w) sucrose
gradient, only the monosome peak is visible; the majority of
the polysomes are not detected, since they enter the 40% su-
crose cushion (Fig. 1D). All of the strains studied, wild type
bacillaris and Z, WJBUL and SmlBNgL contain monosomes
showing an apparent S value of 89S compared with 70S mono-
somes and 50 and 30S subunits from E. coli (Fig. 1D).
When the ribosomal pellet is resuspended in a buffer con-

taining EDTA and analyzed on a sucrose gradient, two small
subunits (43S and 29S) (Fig. 2A) were obtained. Delihas et al.
(6) also described small subunits (35S-29S) after EDTA treat-
ment. Since these values are smaller than expected for the cy-
toplasmic ribosomal subunits (62-67S and 41-46S, ref. 1 and
papers cited therein), it was thought that the EDTA or high
salt concentration used to dissociate the monosome was strip-
ping proteins from the subunits. We therefore tried to dissoci-
ate the cytoplasmic monosomes by dialysis of the ribosomal
suspension against buffers containing a low magnesium con-
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centration. Dialysis of the 89S ribosomes for 5 hr against a low
magnesium buffer, in the absence of added KCl yielded two
particles, 62S and 45S (Fig. 2B) which represent the intact
subunits (1-4, 6). If the dialysis is continued for more than 5
hr, the values of the two particles obtained are 48S and 38S
(Fig. 2C), values already reported by Gnanam and Kahn (9)
for cytoplasmic ribosomal subunits. If KCI is present in the
dialysis buffer, three particles are found in addition to the mon-
osomes (Fig. 2D), 62S, 47S and 40S. Extended dialysis in this
buffer causes the amount of the 62S particle to decrease as the
45S particle peak increases, indicating that the large subunit
(62S) is progressively converted to a 47S particle due to either
a conformational change or to a change in composition. This
47S particle is probably similar to the 43S particle found after
EDTA treatment and the 48S particle found after a long dialy-
sis in low Mg` buffer, although this may not necessarily be
true. The small subunit does not seem to be affected as much
by the salt treatment as only a small part is converted to 40S.
It should be noted that Delihas et al. (6) found three peaks
when monosomes are treated with 300 mM KCl. All the results
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FIG. 5. Diagrammatic representation of the two-dimensional electrophoretogram of the cytoplasmic ribosomes of Euglena. The open spots

are those which are difficult to see in the photographs of the gels (Fig. 4).
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are summarized in Table I. The significance and composition
of these particles remain to be determined.

Characterization of Chloroplast and Cytoplasmic Ribosomal
Proteins. Twenty-five protein components were identified in

extracts of cytoplasmic ribosomes from wild type and WIBUL
using one-dimensional urea-polyacrylamide gel electrophoresis
(Fig. 3, A and B). Two rapidly migrating components are only
seen if the electrophoresis is carried out for less than 16 hr

(E MIGRATION -- Q) Q MIGRATIOIN- W

FIG. 6. Analysis of chloroplast ribosomal proteins extracted from light-grown cells of Euglena gracilis var. bacillaris. A: Densitometer tracing
of basic chloroplast ribosomal proteins analyzed on pH 4.5, 8 M urea, 7.5% polyacrylamide gels; B: densitometer tracing of acidic chloroplast
ribosomal proteins analyzed on pH 8.6, 6 M urea, 4% polyacrylamide gels; C: densitometer tracings of chloroplast ribosomal proteins analyzed on
SDS-polyacryiamide gels.

CYTOOff0EA c,,OO.7
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C3MI TR'lPAM A
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FIG. 7. Densitometer tracings of cytoplasmic ribosomal proteins analyzed on SDS-polyacrylamide gels. A: Proteins of known mol wt which
were used to calibrate the gel; B: cytoplasmic ribosomal proteins from Euglena gracilis strain Z; C: cytoplasmic ribosomal proteins from light-
grown W3BUL; D: cytoplasmic ribosomal proteins from SmorBNgL; E: cytoplasmic ribosomal proteins from dark-grown Euglena gracilis var.
bacillaris; F: cytoplasmic ribosomal proteins from light-grown Euglena gracilis; G: cytoplasmic ribosomal proteins from the large subunit of light-
grown Euglena gracilis var. bacillaris; H: cytoplasmic ribosomal proteins from the small subunit of light-grown Euglena gracilis var. bacillaris.
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(inset, Fig. 3B). These components are found in both strains.
The components which migrate slower than the 25th protein
are present in low amounts and may represent contaminants
rather than true ribosomal proteins. In electrophoresis of ribo-
somal proteins derived from subunits or monosomes which
have been purified on a sucrose gradient, these components are

still present, indicating that if they are contaminants, they are

tightly bound to the ribosome. One-dimensional ribosomal pro-

tein patterns obtained from monosomes or polysomes were

found to be identical.
The cytoplasmic ribosomal proteins extracted from light-

and and dark-grown cells of wild type Euglena gracilis var.

bacillaris and WSBUL (Fig. 4) and those from strain Z and
SmlBNgL (not shown) were analyzed on two-dimensional urea-

acrylamide gels and the patterns obtained from all strains were

the same. Sixty-nine protein components can be distinguished
(Fig. 5) in agreement with the numbers reported for other eu-

caryotic cytoplasmic ribosomes (24, 26). Three proteins (15,
21, and 29) migrate toward the anode, indicating isoelectric

points lower than pH 8.6. These proteins are always present
but the extent of their migration is variable. The intensity of
staining of these components is never very high and compo-

nent 29 seems to have an isoelectric point close to 8.6 since

it does not move very far from the origin.
When extracts from chloroplast ribosomes are separated on

one-dimensional urea-polyacrylamide gels at pH 4.5, 22 basic
components are found (Fig. 6). If the electrophoresis is re-

peated at pH 8.6, 7 acidic components can be distinguished
(Fig. 6B). Cytoplasmic ribosomal proteins analyzed under the
same conditions at pH 8.6 showed, in most cases, only two

lightly staining components. The third component found using
the two-dimensional technique may not be resolved under
these conditions, as its isoelectric point seems close to 8.6
(Figs. 4 and 5).
With seven acidic components, chloroplast ribosomal pro-

teins behave in a similar manner to ribosomal proteins from
E. coli (17), while cytoplasmic ribosomal proteins are similar
to those from other eucaryotes (17, 19, 20, 24, 26).

Table II. Molecutlar Weights of Cytoplasmic Ribosonc,l Proteiuis

Molecular WNeight X 10-3

Zones
Bcllri aclars Bacillaris BacillarisBacillaris Bacillaris light grown light grown SmIrBNgL \\ aBUL dar' grown Strain Z light grownNdarkc grown light grown large subunit small subunit

27 98 104 98 97 99 98
26 82 83 88 83 84 86
25 80 81 81 81 81
24 74 75 74 75.5
23 71 71 72 71
22 65 66 65
21 61 61 62 57 60
20 54 55 57 51 54 57
19 48 49 47 48 47 48 48
18 42.5 43 42 42 43 43.5 43
17 40 41 38.5 39.7 40
16 36 37 38 38 37 37 37
15 33.5 34 35 35 35
14 31.5 32 30 30.6 30.6 32 31
13 28 29 28
12 26 26.4 26.7 28 26.6 26.2
11 24.5 24.3 25 25 25
10 23.3 23.4 23 23.6 24 23.3 23.7
9 22.2 22.7 22.5 22 22
8 21.2 20.8 21.4 20.7 20.4 20.7
7 19.4 19.5 19.1 19.6 17.5 18.2 19.4
6 17 17.3 17.6 18.3 16.7 16.7 17
5 15.2 16 15.7
4 13.3 14 14.7 14.3
3 12.2 11.9 11.8 13 13 12.7
2 10.2 10.2 10.2 11.4 11.5 11.2
1 8.9 9.3

WTN1 29,000 30,400 27,500 29,600 (±41,880)2 29,400
WTW3 36,500 36,100 34,500 34,800 (±=1,820) 35,400
NS4 97.6 92.6 102.5 96.7 (±45.9) 95.7
NT5 77.3 78 81.6 80.9 (±4.24I) 79.5

1 WTN, number average molecular weight = total daltons of protein divided by the total number of proteins.
2 Numbers in brackets indicate SD.
3 WTW, weight-average molecular weight = mean molecular weight obtained from the "center of gravity" of the densitometer tracing

of Coomassie stained SDS-polyacrylamide gels containing separated proteins.
4 Ns, the calculation of the number of proteins is based on staining of proteins by Coomassie blue following the technique described

by King et al. (14).
6 NT, the number obtained by dividing the total daltons of proteins by the weight-average molecular weight.
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In order to determine the mol wt of the cytoplasmic ribo-
somal proteins from several strains as well as from their sub-
units, ribosome extracts were analyzed on SDS-polyacrylamide
gels (Fig. 7). The results obtained are summarized in Table II.
The mol wt of the cytoplasmic ribosomal proteins range from
about 10,200 to about 104,000. The proteins in the large cyto-
plasmic ribosomal subunit range from 8,900 to 97,900 and
those in the smaller cytoplasmic subunit show a range of 9,300
to 81,000. Certain components are not found in all strains or
under all conditions (Table II). In all cases these represent
bands which are close to the limit of detection and it cannot
be concluded at present that they are truly missing.

Analysis of the Euglena chloroplast ribosomal proteins on
SDS-polyacrylamide gels (Fig. 6C) yielded the mol wt distri-
bution shown in Table III. The mol wt range from 9,700 to
57,900.
The total number of proteins in each of the ribosomes was

determined using the technique of King et al. (14) employing
the following formula to calculate the number of proteins con-
tained in each zone of the gel: (axM)/ (Axm) where a and A are
the areas subtended by a particular peak and the total area re-
spectively, m is the mol wt of the protein in the zone and M is
the total daltons of protein in the ribosome. The sum of the num-
ber of proteins in each peak is equal to the total number of pro-
teins in the ribosome. Using the results of Brown and Hazelkorn
(3) and Rawson and Stutz (21), the protein content of the cyto-
plasmic ribosome was calculated to be 2.816 X 106 daltons,
while the protein content of the chloroplast ribosome was
calculated to be 0.824 X 10' daltons. The results in Tables
II and III are based on at least two preparations. In the case
of W3BUL cytoplasmic ribosomes, the standard deviation for
three preparations has been calculated (Table II) to indicate
the reproducibility of the technique. The cytoplasmic ribo-
somes contain 90 to 100 proteins whose number average mol
wt is 27,500 to 30,400 and whose weight average mol wt is
34.500 to 36,500 (Table II). These values agree with the values
reported for other eucaryotic cytoplasmic ribosomes (2, 14).
The chloroplast ribosome contains about 40 proteins whose
number average mol wt is 19,900 and whose weight average
mol wt is 23,400 (Table III). These values agree with those
found for E. coli ribosomes (2), although the number of pro-
teins found in the Euglena chloroplast ribosome, 40, is some-

Table III. Molecular Weights of Chloroplasi Ribosomal Proleitls
Extracted from Euglena gracilis var. Bacillaris

The abbreviations used are defined in Table II.

Zones Molecular W1'eight X 10-3

12 58
11 53
10 42
9 32
8 28
7 23
6 20.4
5 16.8
4 14.7
3 12.7
2 11.4
1 9.7

WTN 119,900
WTW 23,400
Ns 41.5
NT 35.2

ODu -OFD EEPe
HOURS OF DEVELOPMENT

FIG. 8. Incorporation of radioactive amino acids into whole cells
and the cytoplasmic ribosomal pellet during light induced chloro-
plast development. A: Whole cell incorporation in Euglena gracilis
var. bacillaris; B: incorporation into the cytoplasmic ribosomal pel-
let of Euglena gracilis var. bacillaris; C: whole cell incorporation in
W3BUL; D: incorporation into the cytoplasmic ribosomal pellet of
W3BUL.

what lower than the number of proteins, 45 to 56, reported
for the E. coli ribosome (2). The lower sedimentation co-
efficient, 68S, of the Euglena chloroplast ribosome is probably
a reflection of its lower protein content.

In conclusion, the Euglena cytoplasmic ribosomes contain
more proteins of higher mol wt than the Euglena chloroplast
ribosome. This agrees with the finding of Bickle and Traut (2)
that procaryotic ribosomes are smaller than eucaryotic cyto-
plasmic ribosomes because they contain fewer ribosomal pro-
teins and these proteins are smaller in size.

Synthesis of Cytoplasmic Ribosomal Proteins during Light-
induced Chloroplast Development. Figure 8 shows the in-
corporation of 'H-amino acids into cellular proteins during a
12-hr labeling period at various times during development.
Consistent with previous work using 3H-leucine (Schwartzbach
and Schiff, unpublished data), the rate of incorporation into total
cellular protein of wild type is high in the dark. During the first
12 hr of illumination, the rate decreases and then increases after
this time (Fig. 8A). Incorporation into W3BUL shows the initial
light-induced decrease in rate, but the subsequent increase in
rate observed with wild type cells is not seen (Fig. 8C). Con-
comitant measurements of incorporation of the amino acids into
the ribosomal pellets show a light-induced decrease in the rate of
incorporation in both wild type and W3 (Fig. 8, B and D). It
should be noted that the time of onset and the magnitude of the
increased rates of incorporation noted after the initial light in-
hibition in wild type were variable from one experiment to
another.
The cytoplasmic polysome content of dark-grown resting

cells of wild type and WSBUL was low (Fig. 9, A and C), as
has been previously observed in wild type Z resting cells by
Heizmann et al. (11). The addition of the labeled amino acid
mixture had no effect on the polysome content. On transfer of
these cultures to light, a net formation of cytoplasmic poly-
somes were observed (Fig. 9, B and D). The incorporation of
radioactive amino acids into polysomes and monosomes was
found to be higher in the dark than in the light (Fig. 9), in
agreement with the results obtained with the ribosomal pellets
(Fig. 8, B and D). This indicates that most of the protein in
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FIG. 9. Sucrose gradient sedimentation analysis of 3H-amino acid labeled cytoplasmic polysomes. pH 4.5 dark-grown resting cells were labeled
for 12 hr intervals. Cytoplasmic ribosomes were isolated and analyzed by centrifugation for 5 hr at 25,000 rpm on linear 20 to 50% sucrose
gradients. A: Polysomes extracted from Euglena gracilis var. bacillaris after a 12-hr incubation with 3H-amino acids in the dark; B: polysomes
extracted from Euglena gracilis var. bacillaris after incubation with 3H-amino acids during the first 12 hr of light-induced chloroplast development;
C: polysomes extracted from W3BUL after a 12-hr incubation with 3H-amino acids in the dark; D: polysomes extracted from W3BUL after incu-
bation with 3H-amino acids during the first 12 hr of light induction.

the ribosomal pellets cosediments with monosomes or poly-
somes. Since an appreciable amount of the radioactivity of the
ribosomal pellet cosediments with the ribosomal subunits, on
dissociation (Fig. 10), the major incorporation of label is into
ribosomal proteins rather than nascent polypeptides. The

amount of contaminating proteins in the ribosomal pellet is low,
since only a small amount of radioactivity is found on the 50%
sucrose cushion or at the top of the gradient.
The light-induced decrease in the rate of amino acid in-

corporation into ribosomal proteins and total cellular proteins
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FIG. 10. Sucrose gradient sedimentation analysis of 3H-amino
acid labeled cytoplasmic ribosomal subunits. pH 4.5 dark-grown
resting cells were labeled for 12 hr as described under "Materials
and Methods" and cytoplasmic ribosomes were extracted and con-
verted to subunits as described in Figure 2. The subunits were ana-

lyzed by centrifugation for 4.5 hr at 25,000 rpm on linear 5 to 20%
sucrose gradients.

is probably not a consequence of a change in the effective
specific radioactivity of the precursor related to a change in
cellular permeability or amino acid pool size. Kirk and Tilney-
Bassett (15) found that there was no marked change in the size
of the total amino acid pool during the first 12 hr of light-
induced chloroplast development. The rate of amino acid
incorporation into the bulk protein of Euglena was also de-
creased to the same extent by light when the amino acids
(Schwartzbach and Schiff, unpublished data), leucine, phenyl-
alanine, or a mixture of 15 labeled amino acids (Fig. 8) were

used to determine the rate of protein synthesis. This suggests that
the pool sizes of the individual amino acids do not expand on

light induction to yield a lower specific radioactivity of the
precursor pool of amino acids and hence an apparent lowering
of the rate of incorporation into protein on light exposure.

Another possibility not ruled out is that more than one pool of
each amino acid exists in the cell and that some of these repre-

sent metabolically active pools which behave differently from
the bulk amino acids.
The rate of uptake of the labeled amino acid does not seem

to limit the rate of protein synthesis, since the amount of amino
acid taken up by the cell is always greater than the amount in-
corporated into protein. Furthermore, the amount incorporated
into protein is decreased to a greater extent by light than is the
amount taken up by the cell, indicating that a light-induced
permeability change is probably not the cause of the change
in protein labeling that is observed (Schwartzbach and Schiff,
unpublished data).

Previous work (4, 5, 27) has shown that light induction of
chloroplast development in Euglena results in an increased rate
of labeling of cytoplasmic ribosomal RNA, although the total
amount of cytoplasmic ribosomal RNA remains constant. This
indicated that the ribosomal RNA is turning over. If we assume

that all of the labeled ribosomal RNA is in ribosomes, then
light induces an increased rate of cytoplasmic ribosome forma-
tion. Since light decreases the rate of incorporation of amino
acids into rihosomal troteins, ribosomal proteins would have

to be reutilized during turnover in order to provide the proteins
for the synthesis of ribosomes containing the newly transcribed
ribosomal RNA. During magnesium starvation of E. coli,
ribosomes cannot be detected. The addition of magnesium
results in the synthesis of ribosomes without the synthesis of
new ribosomal proteins (16). This indicates that the ribosomal
proteins can be reutilized for the synthesis of ribosomes con-
taining newly transcribed RNA.

CONCLUSIONS

The ribosomal proteins of the cytoplasm of Euglena resemble
those of other eucaryotic cytoplasmic ribosomal proteins in
their size and number. The ribosomal proteins of Euglena
chloroplast ribosomes, on the other hand, are very similar to
procaryotic ribosomes such as those of E. coli. Thus ribo-
somal proteins join a long list of properties which suggest that
the plastid is procaryotic in nature and which may point in the
direction of an endosymbiotic invasion by a procaryote as
the origin of the plastid (22).

Although ribosomal RNA synthesis and presumably ribo-
some synthesis are stimulated by light (4, 5), the rate of in-
corporation of amino acids into cytoplasmic ribosomal proteins
is decreased, indicating that the ribosomal proteins were re-
utilized. This reutilization allows the cell to devote its protein
synthetic machinery to the synthesis of the proteins required
for chloroplast development.
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