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ABSTRACT

The effect of 100 ug/ml spectinomyein, a specific inhibitor of

translation on organelle ribosomes, on the accumulation of chloroplast

rRNA was studied in the Chrysophyte Ochromonas danica. Intact algal-

rRNAs were isolated and characterized. The molecular weights of the

6

heavy and light cytoplasmic rRNAs are 1.18 X 10" and 0.66 X 106 daltons

respectively. The molecular weights of the heavy chloroplast and

mitochondrial rRNAs are both 0.94 X 106 daltons, while the light

chloroplast and mitochondrial rRNAs have values of 0.50 Xx 106 and

0.55 x 106 da;Lons respectively. The thermolabile heavy chloéroplast
TRNA 18 probably nicked in three places. Cells exposed to 24 hr light
and spectinomycin grow at nearly normal rates, but contain 30 - 40% leas
chloroplast rRNA than do controls. Electron microscopy showed that
spectinomycin disrupts the organization of chloroplast membranes and
inhibits the light-~induced synthesis of chloroplfst ribosomes by 50%.

These results strongly suggest that at least some chloroplast ribosomal

proteins are synthesized in the chloroplast of Ochromonas.
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RESUME DE THESE

+ L'effet de la spectinomycin (100 ug/ml), un inhibiteur spécifique
de la synthése protéique par les ribosomes d'organelles, sur 1'asccumulation

de 1'ARN chloroplastique furent étudiés chez le Chrysophyte, Ochromonas

danica. Les ARN ribosomiques intacts de 1'algue furent -isolés et caracterisés.

Les poids mol&culaires des ARN ribpsomiques lourds et légers du cytoplasme sont

6 et 0.66 X 106 respectivement. Les poids moléculaires des ARN

de 1.18 x 10
ribosomiques lourds du chloroplaste et des mitochondries sont tous les deux de
0.9 x 106, tandis que les ARN ribosomiques légers du chloroplaste et des

6 6

mitochondries oht des valeurs de 0.50. X 10° et 0.55 X 10° dmltons

respectifement . L'ARN ribosomique lourd du chloroplaste est thermosensidle
et probablement entailld@ & trois sites, Les cellules qui sont é;posées 8 l
la lumiére et & la spectinomycin pendant 24 hr, croissent & des taux presque
norﬁaux, main contiennent de 30 -LO%Z moins A'ARN ribosomique du chloroplaste
que les témoins. La microscopie &lectronique a qémontrée‘que la
spectinomycin dérange l'organisation des membranes chloroplastiques et inhibe
de 50% la synth@se stimulée par la lumidre des ribosomes chloroplastique.

Ces résultats suggérent fortement qu'au moins certaines protéines ribosomiques

du chloroplaste sont formées au chloroplaste méme.
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EXPLANATORY NOTE

In the text which follows, the names of a variety of different

antibiotics appear frequently. To aid the reader, I have listed the

antibiotics according to their mode of action.

Inhibitors of protein synthesis on bacterial-type ribosomes:
carbomycin -

chloramphenicol

cleocin

erythromycin

lincomycin

neamine

spectinomycin

streptomycin

virginiamycin

Inhibitor of protein synthesis on eukaryotic ribogomes:
cycloheximide

Analogue of aminoacyl-tRNA causing premature release of peptides
from ﬁacterifl—type and eukaryotic ribosomes:

puromycin

Inhibitor of the replication and transcription of cir;ular DNA
molecules:

ethidium bromide
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xi1
e. Inhibitors of bacterial DNA-dependent RNA polymerase:
rifampicin .
rifampin
f. Inhibitor of nucleoplasmic DNA-dependent RNA polymerase in

eukaryotic cells:
a—-amanitin

g. Inhibitor of oxidative phosphorylation:

oligomycin

In cases where individual ribosomal proteins are identified, the

nomenclature used is that of Wittmann et al. (1971).
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angstrom
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electron microscopy
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hour
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rpm

TRNA

SDS
thy

threo

optical density

polyactilamide gel electrophoresis
ribonucleic acid

ribonuclease 4

revolutions per minute

ribosomal ribonucleic acid
Svedberg unit

sodium dodecyl sulfate
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threonine

transfer ribonucleic acid
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INTRODUCTION
I. Literature Review
A, Organelle Biogenesis
1. Organelle autonomy

a. Biochemical studies

i. Organelles contain DNA and other componen? required

for autonomy.

Studies conducted during the 1960's established that

chloroplasts and mitochondria contain DNA and also the components required

for the replication and expression of their genomes.

These organelles are,

therefore, potentially autonomous with respect to the host cell (Gibor and

Granick, 1964; Kirk and Tilney-Bassett, 1967; Whitfield and Spencer, 1968;

Smillie and Scott, 1969; Ashwell and Work, 1970;

Rabinowitz and Swift,

1970; Tewari, 1971; Sager, 1972). The evidence supporting this

conclusion is basgsed on a variety of studies involving cytological and

biochemical techniques.

Ay

In 1962, Ris and Plaut described DNA-containing areas in the

chloroplast of Chlamydomonas moewusii cells, fixed by a procedure

originally developed for the preservation of bacterial nucleoplasm (Ryter

t al., 1958). Other investigators (e.g. Chiba, 1951) had previously

shown the presence of DNA in chloroplasts, but their results were

inconclusive since appropriate controls, such as DNase digestion, were not |

carried out. Ris and Plaut used light and electron microscopy combined

with cytochemistry to demonstrate that the fine fibrils approximately 25 )y
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in diameter which occupied areas in the chloroplast stainable with
acridine orange and the Feulgen reactioé.were removable by DNase, but not
RNase, treatment. The authors therefore concluded that the fine fibrils
observed in the chloroplast were DNA molecules. Ris and Plaat also
speculated on the possible genetic function of chloroplast DNA and the
evolutionary relationship between chloroplasts and blue-green algae.

The presence of DNA fibrils was subsequently reported in
chloroplasts of several other algal species. For example, Puiseux-Dao
et al. (1967) demonstrated DNase-sensitive fibrils in the chloroplasts of

Acetabularia mediterranea. In an ultrastructural study of the brown

alga, Egregia menzeisii, Bisalputra and Bisalputra (1967) identified an
electron-translucent area at each tip of longitudinally-sectioned
chloroplasts. Each area contained fibrils approximately 25 % thick which
were absent following DNase treatment. A similar organization of electron-
translucent regions containing fine fibrils was described in the chloroplast

of the golden-brown alga, Ochromonas danica (Slankis and Gibbs, 1968).

In higher plants, DNA-containing areas often appear scattered
throgghout the chloroplast matrix. Gunning (1965) studied the ultrastructure
of the chloroplast in oat seedlings (Avena sativa). He observed
several areas in each chloroplast section which contained fibrils 25-30 '
thick. Although sections were not incubated with DNase in this study, it
is most likely that the fibrillar networks described by Gunning are composed
of DNA since they resemble the filamentous nucleoids of bacteria. Kislev

et al. (1965) conducted a comprehensive investigation of chloroplast nucleic

K3 —- - .- . P
[ SN = [P ey v ook i

i
{
i
3

P

e



2ty e e Lo gt 1 prk s s - o i

acids in Swiss chard (Beta vulgaris). Using light microscope

cytochemistry and autoradiography, these authors showed that the
chlorqplast component which was Feulgen-positive and which incorporated
(3H)thymidine was also removable by DNase treatment. By electron .
microscopy, they also identified fibrils of chloroplast DNA by their
morphology and sensitivity to DNase. This method was also used to

demonstrate DNA fibrils in the chloroplasts of Tradescantia albiflora

(Sprey, 1966) and spinach (Spinacia oleracea) (Yokomura, 1967a).

Odintsova et al. (1970) described three to seven randomly distributed

fibril-containing areas per chloroplast section in pea (Pisum sativum).

The fibrils were also extracted from isolated chloroplasts lysed by
osmotic Sshock and spread on grids by the Kleinschmidt (1968) technique.
When the preparation was exposed to DNase, the fibrils were reduced to
a few fragments.

Plastids, other than chloroplasts, also possess DNA. Electron-—
translucent areas containing filamentous structures have been observed

in the chloroamyloplasts from Pellonia daveauana, proteinoplasts from

Hellebprus corsicus, and amyloplasts from potato tubers (Solanum tuberosum)

(Salema and Badenhuizen, 1969). The filaments probably represent DNA
molecules, since EM autoradiography showed that each of the three types
of plastid incorporated (3H)thymidine. Chromoplasts from Narcissus

pseudonarcissus also contain electron-translucent regions occupied by

25-30 X thick filaments (Kowallik and Herrmann, 1972). In this study,

enzyme digestion failed to remove the filaments from fixed material
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perhaps for technical reasons, but the identification of these
structures as DNA 1s most likely correct since strands of DNA from
chromoplasts w;;e also isolated biochemically (Herrmann, 1972). In an

ultrastructural study of Chilomonas paramecium, a colourless cryptomonad

flagellate, Sepsenwol (1973) demonstrated that the leucoplast of this
organism also contains DNA-like fibrils. The similarity between these
fibri}s and those in bacterial nucleoids in form and response to
fixatives strongly suggested that the leucoplast fibrils represent DNA
molecules.

Studies of both algae and higher plants indicaée that

chloroplast DNA serves a genetic function. In an experiment similar to

one designed by Meselson and Stahl (1958), Chiang and Sueocka (1967)

deponstrated that in Chlamydomonas :einhardi chloroplast DNA is replicated

semiconservatively and at a different time than nuclear DNA. Synchronous

cells were labelled during one division cycle with 15

to medium containing laN. Analysis of the buoyant density pattern of DNA

N and then transferred

extracted from samples taken at different times during the subsequent

division cycle showed that the 15N-alabelled band containing chloroplast

DNA was replaced by a hybrid 15N—14

N component early in the light period.
A shift in the buoyant density of the nuclear DNA band, however, did not
occur until near the end of the dark period. These observations are

consistent with the results of the direct assay of total cell DNA, which

showed a biphasic increase during the cell cycle of Chlamydomonas.

Synthesis of DNA has also been shown in chloroplasts isoclated from

e




Euglena gracilis (Scott et al., 1968), spinach (Spencer and Whitfield,

1967), and tobacco (Tewari and Wildman, 1967). In each case,
(sﬂ)thymidine or (3H)adenine was :I.nc?rporatefl into an acid-insoluble
product which coincided in CsCl grailients with chloroplast DNA synthesgized
in vivo. Incorporation of the radioactive precufsor by the 1solated
chloroplasts required the presence of the other three nucleotides as well,
and was inhibited by DNase and moderate concentrations of actinomycin D,
*The product of DNA synthesis by isolated tobacco chloroplasts was further
characterized by analysis of radioactive hydrolysates and molecular
hybridization studies. The results showed that the composition and base
sequence of the in vitro product are similar to that of chloroplast DNA,
but not nuclear DNA. In summary, these studies suggest that chloroplast
DNA is replicated semiconservatively within the organelle to ensure the
transmission of genes required for the biogenesis of the daughter
chloroplasts.

The existence of ribesomes in chloroplasts was first demonstrated
in spinach by Lyttleton in 1962. Chloroplast preparations shown to be
free from coutam;nants by phase microscopy were osmotically shocked to
release particles, which, by their spectral.pro;erties, Béngitivity to ion
concentration, and sedimentation behaviour in the analytical -
ultracentrifuge resembled gibosomes. By comparing the setiimentation
prafiles of chloroplast and whole cell preparatioms, Lyttleton was able °
.to identify the chloroplast ribosomes, which sedimendted more slowly than

the cytoplasmic ri'bosomes. ‘In a similar study, Brawerman (1963) showed
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that ribosome-1ike particles are alse present in;‘algal chloror{lasts.
When analyzed by ultracentrifugation, the particles from crude Euglena
chloroelasts exhibited a sedinmentation constant of 43§, ‘which was
Jowgr than that of the micros_omal pat;ticles, and dissoclated into two
smaller structures when the cortentration of magnesium ;aas reduced.
“The nucleotide composition of RNA extracted from the chloroplast ‘particles
differed from that of the microsomal fraction, but was similar to that
of RNA extracted from whole chloroplasté purified by flotation. Thus,
Brawerman concluded that the particles isolated from Euglena chloroplasts
are ribgsomes. The lew value for the sedimentation coefficient obtained
by Brawerman, however, suggests that th'e 43S component was the large
riboson;al subunit, rather than the monomeric chloroplast ribosome.

The sedimentation characteristics of éﬁloro’pl&st ribosomes were
su;sequently described in several other species of higher plants and
algae. Clark et al. (1964) examined tibosomes extracted from Chinese

3 4
cabbage (Brassica pekinensis) by-.analytical and sucrose gradient

ultracentrifugation. These authors demons traged the presence of two

s

classes of particles in leaf extracts, with values of 68S and 83S. By
appropriate controls, they also verified that the 685 and 83S species

were localized in the chloroplast and cytoplasm, respectively, and that

the smaller particles were not artifacts resulting from degradation of |,

the 83S component. Two classes of rfbosmes, with sedimentation

coefficients of approximately 70S and 805, were also reported in

exttacts of bean Iea(res (Phaseolus vulgaris) (Boardman, “1966) and pea

s
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seedlings (Svetailo et al., 1967). Parpicles were extracted from
/

purified chloroplast fractions disrupted/hy osmotic shock and

analyzed by ultracentrifugation. In agreement with previous

observations, the 70S and 80S components were each dissociable into

two smaller units and were exclusively located in the chloroplast and

cytoplasm, ~respectively. First attempts to study the chloroplast and

cytoplasmic ribosomes of Chlamydomonas indicated the presence of 70§

and B80S ribosomal species, but further analysis of the particles was
hampered by their instability in the extracting medium (Sager and
Hamilton, 1967). Later, Hoober and Blobel (1969) showed that

ribosomes from Chlamydomonas are stable in the presence of 20-25 mM

magnesium and characterized both chloroplast and cytoplasmic ribosomes
with respect to sedimentation, subunits, RNA components and ribosomal
proteins.

Evidence for the presence of ribosomes in chloroplasts is
also based on light and electron microscopy. Particles resembling
ribosomes were detected 1n proplastids and chloroplasts of maize (ggg
mays) by Jacobson et al. (1963). Using light microscope and
autoradiography, they showed that material which stained with basophilic
dye and contained (BH)gytidine was removable with RNase. By electron
microscopy, they found Bhat most, 1if not all, of the RNase-sensitive

wmaterial in plastids was in the form of 170 2 particles. By thelr size

and RNA content, these particles were identified as ribosomes. Using

the technique of negative staining, Bruskov and Odintsova (1968) studied:
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ribosomes from pea seedlings and bean leaves. The authors found a

significant difference in the size of the purificd cytoplasmic and
chloroplast ribosomes, which measured approximately 260 % and 200 &
respectively. The redults of these studies involving sedimentation
analysis and various visual methods thus illustrate that chloroplasts

contain ribosomes which are distinct from those located in the
cytoplasm.

Both indirect and direct evidence shows that chloroplasts
contain rRNA, tRNA and mRNA. The studies described above, which
demonstrate the existence of chloroplast ribosomes, also imply the
existence of chloroplast rRNA. Furthermore, Brawerman .and Eisenstadt
(1964a) analyzed high molecular weight rRNA phenol-extracted from either
disrupted cells or chloroplast fractions of Euglena. When examined in
sucrose density gradients, the chloroplast rRNA separated into two
componentsp(slightly degraded) with sedimentation coefficients of 198

and 14S. Oshio and Hase (1968) characterized chloroplast RNA isolated

from non-aqueous extracts of lyophyllized cells of Chlorella protothecoides.

They found that the chloroplast rRNA was composed of two components which
behaved similarly to E. coli rRNA on MAK columns and sucrose

gradients. Chloroplast rRNA from Chlamydomonas was likewise resolved

into two components which exhibited a similar sedimentation pattern to
E. coli rRNA on sucrose gradients (Hoober and Blobel, 1969). Chloroplast

rRNA from higher plants has also been characterized. For example,

Hadziyev\EE al. (1968) compared wheat (Triticum vulgare) leaf and
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chloroplast RNA with respect to base composition and elution from MAK
columns. Intact wheat chloroplasts, which were isolated in Honda
mwedium (and thus probably free from bacteria) and purified in a
discontinuous sucrose gradient, contained an RNA which differed from
the corresponding leaf RNA with respect to both elution properties and
base composition. The bulk of the RNA in these preparations, by its
behaviour on MAK columns, was ribosomal in nature.

Evidence for the existence of mRNA in chloroplasts 1s based
partly on observations of chloroplast polysomes. For example, Gunning
(1965) described polysome-like structures in thin sections of oat
plastids. Polysomes were also obtained from Chinese cabbage (Clark et
al., 1964). Whether or not some of the polysomes were derived from the
chloroplast, however, was not determined in this study, since only whole
leaf extracts were analyzed. Brawerman and Eisenstadt (1964a) provided
more direct evidence for the existence of mRNA in chloroplasts by
showing that RNA extracted from isolated Euglena chloroplasts stimulates
the amino acid incorporating activity of E. coli ribosomes in vitro.
Chloroplasts obtained by differential centrifugation were lysed to yield
particulate and soluble RNA fractions. Both fractions exhibited
significant messenger activity, which was associated predominantly with a
128 and, to a lesser extent, with a 225 RNA. In contrast go that of
chloropl;st preparations, most of the putative cytoplasmic mRNA consisted

of the 22S component. These results clearly indicate the presence of

a chloroplast RNA with messenger~like properties. Chen and Wildman (1967)
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later showed that polysomes from isolated washed tobacco chloroplasts
incorporate amino acids both before and after liberation from the

chloroplasts, and with higher specific activity than monosomes.
Furthermore, either increasing the time of incubation or exposure to
RNase resulted in conversion of the polysomes to monosomes, indicating
that the aggregates were not formed by the non-specific association of
ribosomes.

The presence of tRNA in chloroplasts has been demonstrated

biochemically.  Sissakian et al. (1965) obtained a fraction with the

properties of tRNA from pea by extracting dsmotically-shocked
chloroplasts with phenol and dissolving the ethanol-precipitated RNA
in water containing 10% NaCl to precipitate rRNA. The remaining

soluble RNA was then purified, freed from attached amino acids, and

! tested for amino acid acceptor activity by an in vitro assay. The

results indicated that radioactive amino acids were transferred to the

é

soluble RNA fraction. Oshio and Hase (1968), in their study of nucleic

| acids in Chlorella, detected a slowly sedimenting component by sucrose
gradient centrifugation of chloroplast RNA preparations. The

i sedimgntation characteristics’' of this fraction suggested its identity
with 4S tRNA.

Evidence suggests that some, if not all, of the RNA present in

b e st R i At O kY 1 ol e AR
3

<
o

cliloroplasts is synthesized in the organelle. The ability of

chloroplasts to synthesize RNA was demonstrated by Schweiger et al. (1967)

in enucleated cells of Acetabylaria. ° These investigators used cultures
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monitored for sterility by microscopy, so that the incorporation of
radloactive precursors into RNA by the enucleated plants was probably
not due to contaminating microdrganisma. The products labelled in
vivo were analyzed by sucrose gradient centrifugation, which indicated
that the anucleate fragments synthééized TRNA and tRNA. These results

were algo confirmed by similar experiments with chloroplasts isolated

from Acetabularia (Berger, 1967). Again, only sterile preparations

were used and the products gynthesized by the isolated chloroplasts
i migrated on sucrose gradients to positions coincident with rRNA and tRNA.
; Isolated chloroplasts from Euglena were also shown to be capable of RNA
synthesis (Shah and Lyman, 1966). The purity of the chloroplast
preparation was checked by miéroscopy and RNA synthesis was promoted by
incubating the chloroplasts in medium containing the required factors.
The products of the in vitro system were not characterized by
sedimentation, but incorporation of radiocactive RNA precursors into acid-
- ingoluble maéerial was sensitive to actinomycin D, DNase and RNase. This
suggests that the algal chloroplasts were carrying out DNA-dependent RNA
synthesis. Kirk (1964) obtained similar results with chloroplasts
isolated from broad bean (Vicia faba).

Other methods used to demonstrate the ability of chloroplasts
to synthesize RNA include EM autoradiography. Gibbs (1968) studied the
distribution Qf RNase-removable grains over various subcellular
compartments of Ochromonas after cells were allowed to incorporate
"(aﬂ)ufidine. Affer a 30 min labelling period, apptoximateiy two-thirds
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of the cytoplasmic grains were located over the chloroplast and

~mitochondria,, whereas after a 2 hr labelling period, the proportion

of cytoplasmic grains mssoclated with non-organellar regions increased
to one-half of the total grain count. Thisg suggested that there 1s

a lag in the appearance’RNA in the cytoplasm, but that in chloroplasts,
as well as in mitochondrig, RNA is synthesized gg_gigg.’ Since the
chloroplast nucleoid in Ochromonas is %ell-defined in appearance and
location, Gibbs (1967) was also able to show that chloroplast RNA is
synthesized at the site of ch;Proplast DNA; after short-term labelling,
the grains were clustered over the chloroplast nucleoid, whereas, after
a longer period of incorporation, grains were more randomly distributed
over the chloroplast. Molecular hybWMdization étgzies provide more
evidence for transcriptiok of chloroplast RNA from chloroplast DNA.

32P--labelled RI&E?

Scott and Smillie (1967), for example, showed that
isolated from Euglena chloroplasts hybridized to approximately 1% of the
total chlonpblast DNA sequences. More recently Stutz and Vandrey (1971)
found that the amount of Euglena chloroplast DNA con;aining rRNA cistrons
is closer to ﬁ?, when nucleic acids are extracted by a modified procedure
which preserves a heavy chloroplast DNA component; In ; study of
tobacco, Tewari %Pd Wildman (1968) showed that RNA extracted from 70S
ribosomes hybridized with 0.45-0.65% of the chloroplast DNA, They also
found that, although no significant binding occurred between chloroplast
DNA and RNA extracted from 80S ribosomes, chloroplasé TRNA hybridized to
about 0.1% of the nuclear DNA, - Tewari and Wildman interpreted this
finding as evidence for the existehce of chloroplast rRNA cistrons in

?’
£l
?

ll\

’4

g)
t
° .

— T T e T TT——

B s NP DN LR A el - Pt - 4 o -
e FE m o Yo W ke XL, L YN Yeea LA
PSS CORRE RN V1 R i 2R G o et

) KN it Do e

PRy

P A

[ e AT P e



13

the nucleus. However, the cross-hybridization between chloroplast
\FRNA and nuclear DNA most likely reflects the conservation of similar,
but non~identical, sequences in chloroplast and cytoplasmic rRNAs
(Matsuda and Siegel, 1967; Whitfield, 1973).

The ability of chloroplasts to synthesize proteins is
indicated by the incorporation of amino acids into protein by isolated
chloroplasts. In the initial experiments, however, most of the amino
acid incorporating activity attributed to chloroplasts was probably\due
to contaminating bacteria. This is indicated, for example, in a
report by App and Jagendorf (1963), which showed that amino acid
incorporation by isolated spinach chloroplasts was insensitive to RNase
and the addition of co-factors such as ATP. Presumably these molecules
do not pemetrate bacterial cells. Gnanam et al. (1969) showed that
the use of "Honda' medium, which contains Dextran and Ficoll, allows
the isolation of intact chloroplasts relatively free from bacteria,
Therefore, this method was employed for isolation of chloroplasts from

spinach (Spencer, 1965), tomato (Lycopersicum esculentum) (Hall and

Cocking, 1966) and wheat (Bamji and Jagendorf, 1966). The
characteristics of the amino acid incorporating activity of these sy;tems
confirmed the conclusion that chloroplasts are capable of synthesizing
proteins. Furthermore, ribosomes extracted from isolated tobacco

chlovoplasts were also shown to be active in incorporating amino acids

into protein (Boardman et al., 1966; Chen and Wildman, 1967).

The 1ndependence of chloroplasts would be severely reatricted
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if the organelle were dependent on the host cell for its supply of amino
acids required for protein synthesis. The ability of chloroplasts to

synthesize amino acids in situ, however, has been demonstrated in

Acetabularia (Shephard and Levin, 1972). Chloroplasts were isolated iq

a medium containing Ficoll and purified by passage through a membrane
filter. The chloroplast suspension was exposed to 1I‘C—labelled
bicarbonate for 6-8 hr, and then the acid-insoluble material was hydrolyzed
and finally analyzed by thin-layer chromatography. The results indicated
that 14CO2 was incorporated into most, if not all, the amino acids
comprising the chloroplast protein. Bacterial contamiegtion could not
account for this observation since plate counts indicated the presence of
very few microBrganisis. Furthermore, the relative amounts of different
amino acids incorporated in vitro resembled the pattern of in vivo
incorporation, and the amount of radioactivity recovered in protein was
200-fold greater whem chloroplasts were illuminated. The possibility
that the incorporation of 14CO2 into amino acids might result from the
addition of carboxyl groups to partially completed carbon skeletons was
also ruled out by demonstrating that the amount of label removed by

a—-decarboxylation was not significantly different from the predicted value

for uniformly labelled amino acids, Thus, Acetabularia chloroplasts

" apparently possess the more than fifty enzymes involved in amino acid

biosynthesis.
Chloroplasts therefore display considerable autonomy and

several attempts have been made to culture these organelles -outside the

cell. Ridley and Leech (1970), for example, maintained chloroplasts
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isolated from immature leaves of Vicia faba for up to 6 days in an
artificial medium containing Ficoll 4nd bovine serum albumin.
Chloroplast division was monitored by phase microscopy and ' dumb~bell’
chloroplasts were observed by electron microscopy. A similar medium
containing Ficoll and Dextran was used by Kameya and Takahashi (1971)

to culture chloroplasts isolated from young leaves of Nicotiana tabacum.

Phase and fluorescence microscopy indicated that the number of tobacco
chloroplasts increased over a period of 3 days, although the average
size of the organelles decreased. Giles and Sarafis (1971{/ydi;;ained

chloroplasts prepared from the marine alga Caulerpa sedeié;s and the

freshwater alga Nitella gracilis for up to 27 days in hens' eggs, treatad

with kinetin. The structural integrity of the chloroplasts after 15 days
was confirmed by various light microscope methods, as well as electron
microscopy. The presence of butterfly-shaped chloroplasts and the
correlation between the changes in the proportion of 'butterflies' and
increase in size of the plastid population with time was Interpreted as
evidence for chloroplast division. Although none of these studies
demonstrated an increase in the mass of individual chloroplasts, they do
indicate that, given a favourable environment, chloroplasts can survive
and divide in vitro.

Like chloroplasts, mitochondria also contain DNA, RNA and
ribosomes, and thus are at least semi-autonomous organelles (Ashwell
and Work, 1970; Rabinowitz and Swift, 1970; Sager, 1972). The

eﬁidence-estaﬁlishing the independent nature of mitochondria is similar
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to that discussed above concerning the biochemicaf autonomy of

chloroplasts.
In 1963 (a, b), Nass and Nass demonstrated the presence of

fibrils 15-30 & thick in electron-translucent areas of chick embryo
mitochondria. The fibrils responded to different fixation and staining
procedures in a fashion similar to that of the fine fibers in the
nucleoplasm of E. coli. By analogy, this suggested that the
intramitochondrial fibrils were composed of DNA, a conclusion supported
by the observations that DNase, but not RNase or pepsin, removed the
filamentous structures. The presence of DNA-like fibrils in plant
mitochondria was shown by thin section electron microscopy In a survey

of 18 species of algae and higher plants (Yokomura, 1967b), Mitochondria
from dark-grown pea seedlings were also shown to contain DNA-like fibrils
occupying electron-translucent regions. When the fibrils were extracted
from isolated pea mitochondria and exposed to DNase, they were digested
into small fragments (Mikulska et al., 1970). Evidence from studies by
Reich and Luck (1966) with Neurospora indicate that mitochondrial DNA
serves a genetic function. The results of their density-labelling
experiments suggested that mitochondrial DNA is replicated by a semi-
conservative mechanism. In another set of experiments, involving crosses
between selected strains of Neurospora, these investigators showed that
the mitochondrial cytochrome pattern was inherited together with
mitochondrial DNA (Reich and Luck, 1966). These results therefore

indicated that mitochondrial DNA is a genetic determinant of organelle
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phenotype.
Mitochondrial ribosomes were first demonstrated by EM

cytochemistry in a variety of adult and embryonic animal tissues (André

and Marinozzi, 1965). Lead-stained particles 120-150 X in diameter
were distinguished from larger 'dense granules' and identified as

ribosomes by their sensitivity to RNase. Similarly, ribosome-like

particles, 150 % in diameter, were also observed in mitochondria of
| ‘ Swiss chard, and were shown to contain RNase-sensitive material (Kislev
t al., 1965). Vignais et al. (1969) characterized mitochondrial

| ribosomes from yeast (Candida utilis) by sucrose gradient centrifugation.

A mitochondrial fraction was obtained which was free from cytoplasmic

contamination when checked by electron microscopy. Numerous ribosomes

approximately 180 2 in diameter were observed, often in clusters, attached
to the inner mitochondrial membrane. The sedimentation profile of
ribosomes extracted from the isolated mitochondria showed two main peaks
at 52-54S and 77-80S. The larger particles were identified as the
mitochondrial monosome on the basis of an experiment in which isolated
mitochondria were incubated in the presence of (lac)leucine:and bacterial
contamination was minimized. Most of the incorporated radiocactivity was

assoclated with the 77-80S component. Also, in view of this demonstration

of in vitro protein synthesis, the clusters of ribosomes seen in thin

sections of the isolated yeast mitoghondria most likely represent polysomes.
‘ The data of Vignais et al. therefore also provide evidence for the existence

! of mitochondrial mRNA.
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The presence of a complete complement of tRNAs in mitochondria

was demonstrated in Neurospora crassa by Barnett and Brown (1967).

Transfer RNA was phenol-extracted from cytoplasmic and mitochondrial
fractions prepared from disrupted hyphae and eluted from DEAE~-cellulose
columns, Mitochondrial tRNA exhibited acceptor activity for all eighteen
amino acids assayed. Bacteérial or cytoplasmic contamination could not
account for the observed activity, since only‘éterile solutions were
employed for cell fractionation and no significant amount of cytoplasmic
material was detected in thin sections of the mitochondrial pellégi///
Furthermore, isolated mitochondria were treated with venom
phosphodiesterase prior to tRNA extraction to remove any residual
cytoplasmic tRNA. Thus, one interpretation of these data is that”
mitochondria contain a separate set of tRNA molecules.

As discussed above in the case of chloroplasts, attempts to
demonstrate that mitochondria synthesize proieins were also hampered by
difficultiesrin preventing bacterial contamination. Kroon et al.
(1967), however, succeeded in op}aining preparations ;f mitochondria from
rat liver which were devoid of microbrganisms as tested by surface viable
comts. This method involved differential fractionation of the
experimental material using equipment and solutions sterilized by
autoclaving or Millipore filtration. When incubated in the appropriate
reaction mixture, the isolated mitochondria incorporated radioactive ‘
leucine and also radioactive ATP into acid-insoluble material, thus
heﬁoﬂétfating that mitochondria possess all the factors required for

" 4
(d) the synthesis of RNA and protein. Kroon et al. also reported that both
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ATP and leucine incorporation by the sterile mitochondria were resistgnt
to RNase. This finding seems to be inconsistent with the fact.that no
bacteria were detected in the mitochondrial preparations, since
insensitivity to RNase is often interpreted as an indication of bacterial
contamination. Perhaps the conditions employed were not oétimal for
RNase activity or the enzyme did npt penetrate the isolated organelles.
The notion that mitochondria do carry out RNA and protein synthesis was
subsequently confirmed by other investigators, including Vignais et al.

(1969), whose experiments are described above.

i1. Some organelle components are distinct from
cytoplasmic counterparts
Many components of both chloroplasté and mitochondria are
distinct from their counterparts in the Surrounding host ceil. For
example, nuclear and organelle DNAs can be distinguished by whe?her or
not S—methylcyzosine is present. Nuclear DNA from Euglena#contains
about 2.3 mole % S;methylcytosine (Brawerman and Eisenstadt, 1964b; Ray

(1 ]
and Hanawalt, 1964), while nuclear DNA from HeLa cells and Xenopus laevis

consists of 0.7-1.7 mole Z of the modified ﬁucleoside (Dawid, 1974).
Chloroplast DNA from Euglené‘gnd mitochendrial DNA from the animal cells,
however, do not contain d;tectable amounts of S5-methylcytosine. 1In these
studies, the base composition of éach,nugieic acld preparation was
determined directly by .paper or Fhinvlayef chrqmatoéraphy of the enzyme-
digested DNA. The bege cgmposifion‘of ;rganelle DNA has also been

analyzed by buoyant density centrifhgation. The‘buqyant density of |
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chloroplast DNA wags a controversial issue during the iatter 1960's,
but now appears to be generally resolved (Kirk, 1971). Although only
a limited number of higher plants and algae have been analyzed, the
evidence indicates that chloroplasf DNA has an average buoyant density

in CsCl of about 1.697 g/&q?, and, relative to nuclear DNA, is more

"constant in base composition in different species. The buoyant

densitf’of mi tochondrial DNA\is distinet from that of both chloroplast
and nuclear DNA, with a value of approximately 1.706 g/cm3 in higher
plants and 1,713 g/cm3 in green‘algae (in Sager, 1972). Another*
ériterionby which nuclear and Siganelle‘DNAs can be distinguished is
renaturation behaviour. Tewari and Wildman (1966) showed that, whereas
chloroplast DNA from tobacco renatures rapidly during slow cooling,
nuclear DNA fails to renature completely. This indicates the presence

of a higher number of reiterated sequences in chloroplast DNA compared

to that in nuclear DNA.

D Several enzymes associated with chloroplasts and iitochondria
are different from their analogs located in the nucleus or cytoplasm.
Polya and Jagendorf (1971) found that chloroplast RNA polyﬁerase from
wheat, although similar to nuclear RNA polymerase with respect to
cation dependence, thermal and pH optima, differs f;pm‘the nuclear enzyme
in its template spegificify. Thege investigators suggested that the
catalytic cores,of‘both)enzymes may be 1denticé1, but dis;imilar subunits

modify théir respective activities. Smith and Bogorad (1974)

characterized RNA polymerases from Zea mays by gel electrophoresis and
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found that one of the two polypeptide subunits of the chloroplast

enzyme could be resolvéd from the corresponding subunit of the nuclear
enzyme, Kiintzel and Schifer (1971) 1isolated mitochondrial RNA
polymerase from Neurosgora and showed it consists of only one polypeptide
chain with a molecular weight of 64,000 daltons. They further
demonstrated that the mitochondrial enzyme 1s sengitive to rifampicin,
resistant to a-amanitin and discriminates between native and denatured
mitochondrial DNA. Mitoch;;drial RNA polymerase from Neurospora thus
differs from nuclear RNA polymerases in its size, monomeric construction
and sensitivity to certaln antibiotjics, as well as 1its specificity for a
mitochondrial DNA template. .

Specific tRNAs and acylating enzymes are associlated with both
chloroplasts and mitochondria. Barnett and Brown (1967) demonstrated
that, in Neurospora, one speciles of aspartic acid tRNA {s located
exclusively in the mitochondria. They also showed that only one of
the two aspartyl-tRNA synthetases present in whole cells reacts with the
mitochondrial tRNA species. These data suggest that mitochondria contain
unique tRNA synthetases. A study of light- and dark-grown Euglena
provides direct evidence for the presence of specific tRNAs and synthetases
in chloroplasts. Reger et al. (1970) separated constitutiye and light-
inducible isaleucyl—tRNA synthetases from w%ole green cells by reversed-
phase chromatography. Only one peak of synthetase activity, identical

with the constitutive component, was obtained from dark-grown cells and

from WBBUL, an ultraviolet-bleached mutant lacking chloroplast DNA,
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The second component, on the other hand, was present in isolated |
chloroplasts. Likewise, two different isoleucyl~tRNAs were also found
in green cells, only one of which was present in isolated chloroplasts.
The 1isoleucyl-tRNA associated with chloroplasts was acylated only by the

chloroplast enzyme, which was identical to the inducible component present

in the-whole green cells. Multiple phenylalanyl~tRNAs and their
synthetases were also found in Euglena with a specific phenylanyl-tRNA
acylating enzyme located exclusively in the chloroplasts. In a study
comparing light-grown wild-type and streptomycin*bleached cells of
Euglena, Kislev et al. (1972) showed that mitochondria also contain a
Speci;ic isoleucyl-tRNA distinguishable from chloroplast and cytoplasmic
specles by benzoylated DEAE-cellulose chromatography. Their results
failed to demonstrate the presence of a mitochondrial-specific
isoleucyl-tRNA synthetase, but do not exclude the possibility that
specific mitochondrial aminoacyl-tRNA synthetases do exist in t?is alga.
Specific tRNAs and synthgtases have also been demonstrated in
chloroplasts of higher plants. In a study where bacterial and cytoplasmic
contamination of preparations was carefully controlled, Burkard et al.
(1970) showed that the valyl-tRNA synthetases from chloroplasts and cytoplasm

of bean (Phaseolus vulgaris) exhibit different properties when conditions

are altered by, for example, the addition of magnesium. Bean chloroplasts
also contain three leucyl-tRNAs and one valyl-tRNA species which are charged
only by the corresponding chloroplast enzymes. Specific leucyl-tRNAs and

phenylalanyl-tRNAs have also been demonstrated in chloroplast® of tobacco
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(Nicotiana tabacum) (Guderian et al., 1972) and barley (Hordeum vulgaref

(Hiatt and Snyder, 1973), respectively, which are acylated exclusively

by chloroplast-gpecific synthetases. Distinct species of leucyl-tRNA

were also found in mitoghondria purified from topacco extracts, but

mitochondrial synthetases did not appear to be specific, since they

acylated both mitochondrial and cytoplasmic leucyl-tRNAs. This result,
however, does no; rule out the poésibility of unique mitochondrial
synthetases.

The presence of a specific methylating activity associlated

with both chloroplasts and mitochondria of bean (Phaseolus vulgaris) was

shown recently by Dubois et al. (1974). Pure yeast aspartyl-tRNA was
employed as a substrate for in vitro methylation by enzyme preparations
from the isolated organelles and cytoplasm. Theé regions of the molecule

methylated by the three different fractions were determined by nucleotide

sequence analysis involving enzymatic digestion followed by electrophoresis

or DEAE-cellulose chromatography. The results indicated that one

o
adenylic residue was methylated by enzymes from all three subcellular
compartments, but that another adenylic residue was methylated only by
the chloroplast and mitochondrial enzymes. These organelles, therefore,
contain a methylase which is absent from bean cytoplasm. |

Different forms of triose phosphate isomerase have been

described in chloroplasts and cytoplasm.from pea. Anderson (1971)
tesolved two isomerases from pea chloroplast and cytoplasmic extracts
by isvelectric focussing, and showed that gﬁa isoenzymes differ
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significantly in their pH optima, Michaelis and inhibitor constants.
The existence of such differences between organelle and cytoplasmic
components and also those discussed above reflects the independent

nature of chloroplasts and mitochondria.

b. Genetic studies

i. Variegated plants
One line of evidence for the genetic autonomy of plastids 1is
derived from studies carried out in the early 1900's on the phenomenon

of variegation in higher plants. The major results of investigations,

. : such as those of Rhoades with iojap Corn and .Renner with Oenothera are

reviewed by Sager (1972) in the context of current knowledge regarding

the role of plastid DNA in plant genetics. For example, Renner
analyzed the results of reciprocal crosses between O. hookeri an:l

0. lamarkiana, which produced green, yellow and variegated progeny, and
concluded that plastid phenotype is determined by the interaction of
distinct plastid and nuclear genotypes. Neither Renner, nor his
contemporaries, however, established the site of the plastid genetic

determinant as being in the chloroplasts, themselves. Nonetheless,

th_e extensive body of literature &’nerated by these early studies provides

a wealth of descriptive data implicating discrete cytoplasmic genes

involved in chloroplast biogenesis. *

i11. Division of chloroplasts

. ' e "’ Another line of evidence establishing the genetic '.C'-Ot‘ltin.l..lity'

) T

of organelles is based on the observation of chloroplasts dividing in
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vivo. In the late 1800's, the cytologists Schmitz, Meyer and Schimper

described chloroplast division in algae and higher plants (in Diers,

1970). More recently, Green (1964) recorded the division of chloroplasts

in Nitella by time-lapse cinematography. It is now generally accepted

that all plastids are derived from pre-existing plastids.

2. Evolutionary origin of organelles
a. The endosymbiont hypothesis

Aside from the presence of a defined nucleus, eukaryotic
cells differ from prokaryotic cells by containing one or more membrane-
bound organelles, such as chloroplasts and mitochondria. The
acquisition of organelles by euquyote ancestors during the latter
Proterozoic era probably contributed to their rapid development which
culminated in the last 600 million years of metazoan evolution (Siever,
1975). One explanation of the evolufionary origin of these organelles
is provided by the endosymbiont hypothesis. First formulated by
Altmann in 1890 for ‘mitochondria and Mereschkowsky in 1905 for
chloroplasts (in Uzzel and Spolsky, 1974), this hypothesis proposes
that organelles are modern descendants of prokaryotic cells which were
incﬁrporated and maintained by a protoeukaryotic organism. The manner
in which the endosymbiotic event might have occurred can be reconstructed
from data concerning the earth's history. After condensing from the
primitive solar nebyla, the earth had a reducing atomosphere and

[4
therefore the first forms af life were probably anaerobic heterotrophs
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(Siever, 1975). Stromatolite fossil formations indicate that
oxygen-producing blue—éreen algae were present 2.5 billﬁn@ years ago
(in Raven, 1970). The subsequent accumulation of atmospheric oxygen
during the Proterozoic era would have allowed the appearance og
prinitive aerobes. It i1s possible that an anaerobic protoeukaryotic
cell eventually evolved which lacked & rigid cell wall and was able
to phagocytize. The eukaryotic ancezgor ingested bacteria~like
organisms but, perhaps in some cases, @he prokaryote was not digested
and survivad in the host cytoplasm. g symbiotic association could
have developed whereby the respiring offphotosynthesizing prokaryote
provided its anaerobic host with an effigient energy source in exchange
for ; constaqt food supply. Of little benefit in an intracellular

environment, the symbiont cell wall could have been lost. Since 1t

would ensure the cobrdination of endosymbiont and host cell functions,

)
t

control of the prokaryote's development and replication by nuclear
genes may have been advantageous. Translocation of the symbiont's
genes may have been facilitated by an episomerlike mechanism and would
result In a reduction in the size of the prokaryote genome. Thus, the
endosymbfont could have become so integrated into the host cell
biochemistry that it finally assuméd the status of an orgamelle. This
sequence of ev;nts may have occurred, not just once, but oﬁ several
separate occasions, as proposed by Raven (1970) regarding the evolution

of chloroplasts and mitochondria. B

The majof weéknesaes of the endosymbiont hypothésis are that it
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fails to explain the evolution of the nucleus itself, and does not
accomt for the inefficient energy metabolism of the putative
protoeukaryote. An alternative explanation for the origin of
organelles is that they arose by the elaboration of the plasma membrane
with which DNA became associated. The most salient feature of this
hypothesis is that eukaryotic cells evolved directly from prokaryotes.
Several versions of this 'partition' hypothesis have recently appeared
in the literature (Raff and Mahler, 1972; Uzzel and Spolsky, 1974;
Bogorad, 1975; Cavelier—%gith, 1975). All suffer, however, from a
serious inadequ;cy; namely%ishe failure to explain tg; existence of
at least two distinct transcriftion and translation systems in the
aevkaryotic cell.

The evidencevconcerning the hypothetical endosymbiotic origin
of organelles has been reviewed by Sagan (1967), Goodenough andeLeviqg
Q970a), Taylor (1970), Margulis (1971), Flavell (1972), Lee (1972), a%d
others. Evidence consistent with this hypothesis includes that
discussed above indicating the biochemical and genetic autonomy of
chloroplasts and mitochondria. Evidence which favours the endosymbiont

hypothesis includes examples of modern endosymbiosis and the biochemical

homology between contemporary prokaryotes and organelles.

i. Contemporary endosymbiotic relationships
The number and diversity of contemporary endosymbiotic

associlations suggests that such relationships are easily established.

Q
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Eukaryotic algae have formed symbiotic associations with members of
more than one hundred énd fifty genera of invertebrates, representing
eight phyla (in Raven, 1970). Prokaryotic blue-green algae, too,
have entered symbiotic relationships with diverse organisms, such as
amoebae, flagellated protozoa, green algae, diatoms and fungi (in
Raven, 1970). The blue-~green algal endbsymbiogt, or cyanelle, of the

cryptomonad Cyanophora paradoxa, has apparently undergone some

modification. Electron microscopy shows that the cell wall of the
cyanelle is entirely absent and the organism is limited by a single
membrane only (Hall and Claus, 1963). Thus, in the context of the
endosymbiont liypothesis, the cyanelles of C. paradoxa may represent an
intermediate stage in chloroplast evolution.

Endogymbiosis also occurs between nitrogen-fixing bacteria an?
leguminous plants. This assoclation has been established in vitro,
first between Rhizobium and cultured soybean root cells (Holsten et al.,

1971), and then with Rhizobium and pea leaf protoplasts (Davey and Cocking,

-~
\

1972).
The incorporation of organelles into alien host cells has been
reported in vitro and also in nature. For example, chloroplasts from

the alga Codium fragile are sequestered intracellularly in the

hepatopancreas of the marine sacoglossan opisthobranch Elysia viridis

(Trench et al., 1973). The precise mechanism by which the algal

chloroplasts enter the animal cells is unknown, but neither the

”

uitréséructhre nor thé photosynthetic capacity of the organelles is
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significantly damaged. In the laboratory, both the intraspecific
(Potrykus, 1973) and interspecific (Bonnett and Erikssom, 1974)
trans;.slantation of chloroplasts into higher plant protoplasts was
recently achieved. Also Nass (1969) showed that chloroplasts

isolated from spinach and African violets (Saintpaulias) and mitochondria
from chicken liver were rapidly taken up by cultured L cells. Al though
these organelles did not divide, their integrity was maintained even
after 5 days residence in L cell cytoplasm.

These examples of natural or artificial endosymbiosis
involving contemporary bacteria, blue-green algae, chloroplasts and
mitochondria 1llustrate the flexibilif:y of this biological arrangement.
With respect to the endosymbiont hypothesis, these examples of wmodern
endosymbiosis also indicate that such phenomena could also account for

the evolution of organelles.

ii1. Similarities between prokaryotes and organelles
Current evidence indicates that the biochemistry of organelles
is similar to that of free-living prokaryotes. For example, organelle
DNA, lftke bacterial DNA, 1is not associated with histones, and closely
resembles the bacterial nucleoid when viewed in thin section by electron

Y
microscopy. In their ultrastructural study of Chlamydomonas, Ris and

Plaut (1962) remarked on the similarity of the DNA-containing regions
of the chloroplast and the nucleoplasm of blue-green algae. Another
property common to both prokaryote and organelle DNA is circularity.

Covalently-closed circular DNA molecules have been isolated from both

%
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mitochondria (Borst, 1970) and plastids (e.g. Manning et al., 1971,
1972).

Organelle and bacterial ribosomes are similar in many
respects, including their biophysical properties. Analytical

centrifugation analysis indicates that the sedimentation coefficient

of bacterial ribosomes is approximately 70S, whereas the value for

ribosomes from the cytoplasm of eurkaryotic organisms is close to 80S

(Taylor and Storck, 1964). Noll and his collaborators showed, by

velocity sedimentation in sucrose gradients using E. coli ribosomes as
markers, that chloroplast ribosomes from bean and mitochondrial

ribosomes from Neurospora belong to the 70S class (Noll, 1970).
Measurement of mitochondrial and chloroplast ribosomes in electron
micrographs of Ochromonas, also shows that organelle ribosomes are
smaller than their cytoplasmic counterparts (Gibbs, 1968). Al though
chloroplast ribosomes from all species of algae and higher plénts
analyzed so far are a constant 68S-70S in size, mitochondrial ribosomes
from various sources exhibit considerable size differences (Sager, 1972).
Mitochondrial ribosomes from eukaryotic microSrganisms (Stewart, 1973)

and-higher plants (Leaver and Harmey, 1973) are larger than those from

E. Egii, vhereas animal mitochondrial ribosomes are relatively small,
55-60S8, and thus are often called 'miniribosomes' (Borst and Grivell,
1971). Degpite the variations in size, mitochondrial ribosomes resemble
those from chloroplasts and bacteria in their requirement for relatively

(:S | high GOncentrationé of magnesium to remain intact. Like E. éeli 708
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ribosomes (Spirin and Gavrilova, 1969), organelle ribosomes dissociate

into their subunits at higher magnesium concentrations than do most
eukaryotic 80S ribosomes (Boardman et al., 1966; Klintzel, 1969a).

) The RNA components from both organelle and bacterial
ribosomes have been studied extensively and possess many common features.

The two high molecular weight RNAs from chloroplast ribosomes are similar

in size to 23S and 16S bacterial rRNAs, and are therefore smaller than

the corresponding RNAs of eukaryotic ribosomes, which are 25-28S and 18S 7
(Wwhitfield, 1973). Mitochondrial ribosomes from yeast also contain 23S
and 168 type high molecular weight RNAs; the rRNAs of animagl #

miniribosomes, however, are somewhat smaller, 16-19S and 12-13S (Stewart,

P A

1973). Like bacterial ribosomes, chloroplast (Payne and Dyer, 1971)

ERS KT 5

and mitochondrial ribosomes (Leaver and Harmey, 1973) also contain 585 .
rRNA. The absence of another low molecular weight ribosomal component,
5.88 rRNA, which is found in 80S ribosomes, further distinguishes
bacterial and organelle ribos;mes from the eukaryotic type (Payne and
Dyer, 1972; Leaver and Harmey, 1973).

Rijven and Zwar (1973) compared the methylation patterns of
chloroplast and cytoplasmic high molecular weight rRNAs from (3H)methy1-

methionine-labelled fenugreek (Trigonella foenumgraecum) and found a

significant difference. Taking advantage of the fact that methylation
of the ribose moeity confers stability on the adjacent phosphodiester

bond, they determined the ratio of ribose methylation to base methylation
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by measuring the relative amounts of mono- and dinucleotides recovered
after alkaline hydrolysis of the RNA preparations. The resultq
1ndic§ted that 70%Z of the methyl label in rRNA from cytoplasmic

ribosomes was In ribose, whereas the value for rRNA from isolated
chloroplasts was only 23%Z. Citing the data of Fellner (1969), the
authors point out that the low level of ribose methylation in chloroplast

rRNA is approximately the same as in E. coli rRNA. It is unlikely that

¥
1

contamination of the isolated chloroplasts with bacteria could account

-

for this similarity in methylation pattern, since the plant material was

Mo 2 TR e

grown and handled under sterile conditions.

A
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Several studies indicate a close relationship between the base

gsequences of rRNA from chloroplasts and those from blue-green algae.

PR, LY

Pigott and Carr (1972) compared the ability of rRNA from seven speci®s

Y S

of blue-green algae, as well as seven species Qf bacteria, to hybridize
with chloroplast DNA from Euglena. In contrast to cytoplasmic rRNA
from Euglena, neariy all the prokaryotic rRNAs bound significant amounts
of chloroplast DNA, and rRNA from one species of blue-green algae

LS

exhibited 47% sequence homology with Euglena chloroplast rRNA. The

L]

v i aiandligt 5. e

binding of heterologous rRNAs to Euglena chloroplast DNA was specific

since chlorgplast rRNA blocked the binding sites of the other rRNAs in

competitive hybridization experiments. Thus, considerable genuine

I I T R O

sequence homology appears to exist between the rRNAs from chloroplastsg
and blue-green algae. This conclusion received further support

recently in two papers describing the results of 'fingerprinting' rRNAs :

LI
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from chloroplasts and prokax:yotes. The technique of fingerprint
analysis involves digession of rRNA molecules into oligemers by Tl
ribonuclease followed by two-dimensional electrophoresis. Zablen
et al. (1975) examined the 'fingerprint' of 165 rRNA from Euglena

chloroplasts and found six out of thirty-one oligomers common to rRNA

from Anacystis nidulans, a blue—-green alga. Furthermore, from a
sequence conservation map of E. coli 16S rRNA showing the frequency of
E. ¢coli rRNA oligomers present in the 165 rRNAs from twenty-six other
organisms, it can be seén that most of the sequences common to both
chloroplast and E. coli rRNAs are conserved in the other prokaryotic

rRNAs as well. Three-fourths of the pentamers obtained from Euglena

chloroplasts rRNA are also present in chloroplast rRNA from Porphyridium,

a red alga, suggesting that the chloroplasts of the two specles are
closely related. The 'fingerprint' of chloroplast 165 rRNA from \
Porphyridium was provided by Bomen and Doolittle (1975) who further
compared it with the oligomer catalogs known for 16S rRNAs from

E. coli, B. subtilis, and A. nidulans. Statistical analysis showed

that the number of sequences common to each pairing of chloroplast and
prokaryotic rRNAs was significantly greater than that expected.for
wnrelated molecules. On the other hand, relatively few oligomeis from

either Euglena or Porphyridium chloroplast 165 rRNAs coincided with

those from 185 rRNAs of several eukaryotic organisms.

The synthesis of chloroplast rRNA in Chlamydomonas has been -

shown ‘to be regulated by a mechanism similar to that in bacteria.
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Synthesis of RNA in bacteria is normally stringent, since it requires
the availability of all amino acids; removal of any one amino acid
precipitates an immediate decline in the accumulation of RNA (Edlin and
Brod_fa: 1968). Sux"zycki and Hast:ipgs (1968) identified the chloroplast

RNA component in profiles of Chlamydomonas RNA fractionated on MAK

,colunns l;y comparing RNA from wild-type cells Witl:l‘( that from i'solated
chloroplasts and mutant ‘cells lacki.t/ig normal amounts of chloroplasts
ribogomes. By labelling synchron lus ctltures at various times during
the cell cycle, these investigators found that ch:loroplast RNA is
synthesizedgonly during the photosjynthetic phase. Since the amino acid
pool might be expected to increas¢ under conditions of active
photosynthesis, this finding sugg,Lsts chloroplast RNA synthesis is
subject to stringent control. 43 furthet evidence for this conclusion,

!

Surzycki and Hastings also point’i' out that the data of Jones et al. (1968)

show that chloroplast RNA is notf' synthesized in arginine-requiring cells ¢
|

of Chlamydompnas during argininé starvation, nor in wild-type cells

during gametogenesis, which is l&riggered by nitrogen starvation. These

studies constitute the only mff rmation to date concerning the mode of

regulation of organelle RNA synthesis. More definitive evidence could

be obtained with improved RNA xtraction procedures and gel ‘ %
A p .

_electrophoresis,

The protein component of organelle ribogsomes also resembles
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the ribosomal proteins from both the cytoplasmic and chloroplast ribosomes

of Chlamydomonas. They found that the total number of different

chloroplast ribosomal proteins is considerably less than that comprising
eukaryotic ribosomes, and comparable to that present in ribosomes from
Neurospora mitochondria and E. coli. Furthermore, the large subunit of

Chlamydomonas chloroplast ribosomes contains twe acidic proteins which

cannot be distinguished electrophoretically from two proteins from the
large subunit of E. coli ribosomes. The similarity between chloroplast
and prokaryotic ribosomes is limited, however; comparison of ribosomes

from pea chloroplasts and Chromatium vinosum indicates that chloroplast

ribosomes have a higher protein content than those from photosynthetic
bacteria, and that probably all the ribosomal proteins frgm the two
sources are dissimilar (Opariﬁ et al., 1975).

It is likely that.the structural homologies between organelle
and bacterial ribosomes underlie functiocnal similarities as well. A
number of antibiotics, such as chloramphenicol, which inhibit protein
synthesis in bacteria, also inhibit protein synthesis in chloroplasts
and mitochondria (Eisenstadt and Brawerman, 1964; Lamb et al., 1968).
These same antibiotics do not, however, interfere with the synthesils of
proteins on eukaryotic 80S ribosémes. " The mechanism by which many
antibjotics effect their primary action involves their binding to a
specific ribosbmal protein and subsequént blocking of one of the steps

in peptide chain formation. For example, spectinomycin has been shown

by reconstitution experiments to bind to protein S§5 in the small subunit
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of the E. coli ribosome (Bollen et al., 1969), and to interfere with
translocation (Peastka, 1971), Radioactive dihydrospectinomycin has
also been shown to bind the small subunit of chloroplast ribosomes from

Chlamydomonas (Burton, 1972), although the protein responsible has not

been directly identified. This indicates the presence\of similar sites
in bacterial and chloroplast ribosomes which bind spectinomycin. Thus,
the similar response of bacterial and organelle ribosomes to certain
antibiotics is probably not merely fortuitous, but reflects fundamental

homologies in their structure and function.

Direct evidence that the process of protein synthesis is
similar in prokaryotes and organelles was provided by Smith and Marcker
(1968) who demonstrated that fMet-tRNA, the initiator in bacterial

systems, is also present in mitochondria isolated from: yeast and rat

¥

liver. Burkard et al. (1969) showad that fMet-tRNA is also found in &
chloroplasts from French bean (Phaseolus vulgaris). In neither case ‘
g

¥

vere significant amounts of fMet-tRNA detected in the cytoplasm. Since %
3

:

contaminatin& bacteria could influence the results of these studies, the
sterility of the organelle preparations was monitored by plate counts or
electron microscopy. %sing an in vitro assay for the synthesis of

fMet-puromycin, Sala et al. (1970) showed that ribosomes extracted from

Euglena chloroplasts and stripped of initiation factors by high salt

treatment, also utilize E. coli initiation factors. With respect to

ki

several criteria, such as GIP dependence, the reaction catalyzed by the

heterologous system containing chloroplast ribosomes resembled that
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catalyzed by the homologous system using E. coli ribosomes. This
confirmed that the bacterial initiation factors czzgerated with

0

chlorqplast ribosomes {n genuine peptide bond formation.

Hybrid ribosomés, active in protein syﬁthepis, have been
constructed from subunits prepared from organelle and bacterial
ribosomes. Lee and Evans (1971) found that when crude chloroplast
ribosomes from Euglena wetre incubated with 14C~1abe11ed E. cold 508
gsubunits, the radicactivity appearing on sucrose gradiepts was assoclated
with 70S particles, indicating that E, coli 50S subunits and chloroplast
30S subunits had formed hybrid ribosome;. Under the conditions used
in this study, the phenylalanine incorporating activity of the combined
Euglena chloroplast 30S and E. coll 50§ particles in an in vitro systeé
containing polyuridylic acid exceeded that of intact chloroplast
ribosomes. Similar resulta were obtained in other experiments when
the source of chloroplast ribosomal subynits was spinach (Grivell and
Walg, 1972). In this case, active hybrid ribosomes were formed from
the chloroplast 508 subunit and E. coli 30S subunit. Subimits derived
fr?m yeast mitochondrial ribosomes, however, failed to associate with
either é. coli or chloroplast ribosomal subunits. These negative
results indicate differences exist between mitochondrial and bacterial
ribosomes or that technical problems interfere with fﬁeir hybridization.
On the other hand, the observatian that chloroplast ribo%omal subunits

from two different species are interchangeable with those ‘from E, coli

indicates homology between at least some of the sites inyolved in the
2 -
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association of the large and small subunits and in polypeptide formationm.
As diacussed'above; chloroplasts and mitochondria contain

species of tRNA which can be separated from their cytoplasmic counterparts

by don-exchange or reversed-phase chromatography (Barnett and Brown, 1967;

Reger et al., 1970). Another property which distinguishes organelle

from cytoplasmic tRNAs is the absence of fluorescent bases. Fairfield
and Barnett (1971) analyzed the fluorescence emission spectra of

phenylalanyl-tRNAs prepared from Euglena, Neurospora, and yeast and

L

showed that, In contrast to the cytoplasmic tRNA species, neither
. chloroplast nor mitochondrial phenylalanyl-tRNA contains fluorescent
bases. The fluorescence emission spectra of the organelle tRNAs does,
' however, match that of tRNA from E. cpli. Thus, the structure of

organelle tRNA provides another example of parallels between the

bilochemistry of organelles and prokaryotes.

} B. Sites of Coding and Synthesis of Organelle Proteins
1. Chloroplast
Chloroplast protein is distributed about equally between a
water-insoluble phase, which includes membrane polypeptides, and a soluble
phase, which contains’ﬁost chloroplast enzymes. Although the complete
r& blochemical composition of the chloroplast is not known, tge number of
different proteins composing the organglle can be estimated from ayéilable

information. Membrane polypeptides from the chloroplast envelopé fJoy

and Ellis, 1975) and thylakoids (Chua and Bennoun, 1975) have been
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characterized by gel electrophoresis amnd probably total more than @
fifty. A partial 1list of enzymes such as those of the Calvin cycle

v‘t;d the photosynthetic electron transfer system indicates these number
at least fifty (Smillie and Scott, 1969). An additional fifty
enzymes are required for the synthesis of amino acids (Shephard and
Levin, 1972). Finally, the protein synthetic machinery of the chloroplast
probably contains close to one hundred proteins itself, including at least
twenty amino acyl-tRNA synthetases (Reger et al., 1970) and about fifty
ribosomal proteins (Hanson et al., 1974). Thus, the chloroplast probably
contains a minimm of two hundred to three hundred different proteins.

The number of proteins for which chloroplast DNA can potentia'lly
code can be estimated from measurements of its length. Circular
chloroplast DNA molecules, 40-45 ym in circumference, have been isolated
from both algae (Manning et al., 1971; Manning and Richards, 1972) and
higher plants (Manning et al., 1972; Kolodner and Tewari, 1972a;

Herrmann et al., 1975). ~ Molecules of this size could code for
approximately one hundred different proteins with an average molecular
weight of 40,000 daltons (see Appendix). As discussed below, however,

very few chloroplast genes have been identified. »

a. Sites of synthesis and coding of chloroplast membrane
and soluble proteins .
Evidence from séﬁdies of a variety of algal and higher plant
species indicates that genes coding for certain chloroplast membrane

(j) componenta nfe located in nuclear DNA, whereas others reside in



P

40

chloroplast DNA. Nuclear transplantation experiments with two species

of Acetabularia showed that the three species-specific peaks in the

electrophoretic pattern of a chloroplast membrane fraction from the host
species are determined by the donor nucleus (Apél and Schweiger, 1972).
The photosystem II chlorophyll-protein complex also appears to be
dependent on nuclear genes. Kung et al. (1972) determined the mode of
inberitance of this component by analyzing tryptic digests of the protein
from hybrids produced by reciprocal crosses between different species of
Nicotiana. A Mendelian mode of inheritance generally indicates that the
gene coding for a certain protein is transmitted to progeny by both the
maternal and paternal parents equally. In non-Mendelian inheritance,

a particular gene 1s transmitted by the maternal parent only.
Non-Mendelian inheritance suggests that the gene may reside in chloroplast
DNA, since presumably this component is donated exclusively by the égg
cell or its equivalent in plant species which reproduce sexually. The
mode of inheritance displayed by the photosystem II protein in Nicotlana'
is Mendelian, however, indicating the participation of nuclear genes. In

Chlamydomonas, Chua and Bennoun (1975) demonstrated that a thylakoid

polypeptide resolved by SDS-gel electrophoresis is correlated with

photosystem II activity. Mutants of Chlamydomonas, which are deficient

in this enzyme activity, also lack or contain reduced amounts of this

x
polypeptide. Since thie mutants exhibit Mendelian inheritance, the gene
coding for the photosystem II polypeptide probably resides in the nucleus.

Evidence suggests that components of the photosystem I compl®w



o

are coded by chloroplast DNA. Herrmann and Bauer-StHb (1969) studied

a non-Mendelian mutant of Antirrhinium majus deficient in photosystem

2>
I activity. Comparing membrane preparations of chloroplasts isolated
from wild-type plants and the mutant albomaculata-l by gel electrophoresis,
these authors found that 2 membrane components are absent in the

non-Mendelian mutant. In a detailed study of a similar varlegated

)
non-Mendelian mutant of 'Nicotiana tabacum, Wong-Staal and Wildman (1973)

»

demonstrated that the DNAs purified from chloroplasts isolaged‘ftom gtéen
and white tissue differ slightly in thelr guanosine-cytosine cdntent.
Moreover, electron microscopy of hybrids of DNA from normal and defective '
chloroplasts revealed the presence of a non-complementary region about

0.15 um long in some of the heteroduplexes. Thus, the defective condition

of the mutant chloroplasts could be due to a deletion of 500-1000 base

pairs from chloroplast DNA. The authors suggest that the protein affected

by the mutation 1s assoclated with photosystem I. Similarly, photosystéem
I proteins are absent in the electrop?oretic profiles of lamellar proteins
from two non-Mendelian mutants of Hordeum (B8rmer et al., 1975). Not all
polypeptides comprising the pigment-protein complex may be coded by
chloroplast DNA, however, since photosystem I activity is also absent in
two nuclear gene mutants of tomato (B8rmer et al., 1975).

The synthesis of some major membrane polypeptides.apparently
occurs on cytoplasmic ribosomes. Hoober (1970) studied the effects of

chloramphenicel and cycloheximide on the synthesis of chioropI::t

thylakoid proteins prepared from Chlamydomonas and separated by gel
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electrophoresis. The data indicated that over half of the proteins
comprising the algal chloroplast membranes are synthesized on the
cycloheximide-sensitive ribosomes in the cytoplasm. Two components
synthesized in the cytoplasm together represent about 36% of the total
protein mass of the chloroplast membranes. Hoober (1972) also found
that one of these major membrane components, polypeptide c, is
synthesized as a soluble product, since it accumulates in the soluble
phase of cells treated with chloramphenicol. Ellis and his associates
(Eaglesham and Ellis, 1974) have characterized the membrane polypeptides
from pea chloroplasts by SDS-gel electrophoresis. When the distribution
of labelled methionine incorporated into membrane protein by isolated

chloroplasts was analyzed, they found that only five out of twenty-one

. polypeptides are apparently synthesized within the organelle. In a

more recent study, the synthesis of only two out of twenty-five envelope
polypeptides was detected in isolated pea chloroplasts (Joy and Ellis,
1975). Therefore, most thylakoid membrane proteins are probably
synthesized in the cytoplasm.

Ultrastructural studies of algae and higher plants show that a
membrane-organizing factor is synthesized on chloroplast ribosomes.
Inhibition of protein synthesis on 70S ribosomes by chloramphenicol

produces a syndrome of similar chloroplast abnormalities in Chigmydomonas

(Goodenough, 1971), Ochromonas (Smith-Johannsen and Gibbs, 1972), Euglena
(Bishop et al., 1973), Phaseolus (Margulies, 1966), and Pisum

(Srivastava et al., 1971); characteristic membrane organization is
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disrupted and thylakolds are often arrariged in abnormally large stacks.

Thus, one or more proteins involved in the control of thylakoid fusion

is probably synthesized by chloroplast ribosomes in these organisms.
Analysis of the cytochromes present in chloroplast

ribosome-deficlent mutants indicates that the synthesis of tﬁese(membrane-

bound proteins occurs in the chloroplasyt (Levine and Armstrong, 1972).

When cultured under mixotrophic conditions, the Chlamydomonas mutant,

ac-20, contains few chloroplast ribosomes and is deficient iIn

cytochromes 553 and 563. Moreover, a partial recovery in the number

of chloroplast ribosomes following transfer of the mutant cells to

phototrophic conditions is accompanied by a 20-30%Z increase in cytochrome
content. The results of several studies using chloramphenicol to
disrupt protein synthesis on 70S ribosomes suggest that cytochromes are
also synthesized in the chloroplast of Euglena (Smillie et al., 1967),

Chlamydomonas (Armstrong et al., 1971) and bean (Gregory and Bradbeer,

1973). Fur thermore, these proteins may b® coded by chloroplast DNA,
since rifampicin, a specific inhibitor of chloroplast DNA~dependent RNA

polymerase (Surzycki, 1969), blocks normal increases of cytochromes 553

and 563 in synchronous cultures of Chlamydomonas (Armstrong et al., 1971).

Ferredoxin, another membrane-bound protein, is apparently

synthesized on cytoplasmic ribosomes and coded by a nuclear gene. The

amount of this iron-sulfur protein is not reduced in Chlamydomonas
(Armstrong et al., 1971) or in bean (Haslett et al., 1973) treated with

chloramphenicol. Synthesis of ferredoxin in Chlamydomonas is, however,

O ~
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gensitive to cycloheximide (Armstrong et al., 1971). Interspecific
crosses of Nicotiana were used to demonstrate that the structural
gene for ferredoxin is located in nuclear DNA (Kwanyuen and Wildmen,
1975). The hybrid produced by crossing N. glutinosa ¢ and N. glauca
d contained two isozymes of ferredoxin which were resolved by

electrofocussing. Amino acid analysis indicated that, whereas

ferredoxin from N. glauca contains methionine, ferredoxin from

N. glutinosa does not. Since the methionine cgntent of ferredoxin

from the hybrid was half that of the N. glauca protein, information for
one of the two forms of ferredoxin in the hybrid was transmitted via
nuclear genes in the pollen from N. glauca.

One of the Calvin cycle enzymes, ribulosediphosphate (RuDP)
carboxylase, alone constitutes 25~50% of the soluble phase of the
chloroplast. The enzyme is composed of two types of subunits, one

considerably larger than the other (inm Givan and Criddle, 1972). A

number of early studies suggested that the development of RuDP carboxylase

activity is dependent on chloroplast ribosomes (Smillie et al., 1967;

Surzycki et al., 1970; Ireland and Bradbeer, 1971), but other studies
showed that cytoplasmic ribosome; are also involved (Armstrong et al.,
1971). Subsequent investigations have resolved these apparently
conflicting results and allow several conclusions regarding the
biogenesis of this abundant chloroplast protein.

In vitro amino acid incorporation studies indicate that the

large subunit of RuDP carboxylase is synthesized within the chloroplast,
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whereas the small subunit is synthesized on cytoplasmic ribosomes.
Ellis and his associates (Blair and Ellisg, 1973; Siddell and Ellis,
1975) demonstrated that isolated intact pea chloroplasts, using light
or ATP as the sole energy source, incorporate labelled amino acids

into a polypeptide whose tryptic peptide 'map' corresponds to that of
the large subunit of RUDP carboxylase. Other experiments conducted

in Ellis' laboratory showed that the large enzyme subunit is also
synthesized by E. coli ribosomes programmed with RNA from spinach
chloroplasts (Hartley et al., 1975). The large subunit of RuDP
carboxylase was identified as a product of the heterologous translation
system by comparing the chymotryptic digests of polypeptides labelled
in isolated chloroplasts with the large enzyme subunit labelled in vivo.
The fidelity of translation by the E. coli ribosomes was confirmed in
two ways. First, in the presence of MS2 viral RNA, the bacterial
ribosomes synthesized a polypeptide with the same électrophoretic
behaviour as MS2 coat protein. Also, the electrophoretic patterns of
discrete products translated from spinach chloroplast mRNA in the

E. coli extract and in isolated spinach chloroplasts were similar. The
small subunit of RuDP carboxylase has been synthesized in an in vitro
system using cytoplasmic polysomes from bean (Gray and Kekwick, 1973).
The purity of the cytoplasmic polysome preparation Qas checked by
ultracentrifugation with marker ribosomes from rat liver and E. coli,
and by electrophoregis of extracted RNAs. No significant contamination

by chloroplast ribosomes was detected. Thirty percent of the protein

IV . -
. I AR AT e A

- e e D0

SN

(o oy 8

.

R ST NI gy

JRESPIRE, S



46

synthegized in vitro was the small RuDP carboxylase subunit as

identified by immunoprécipitation. The antibody reacfion was probably
specific since, in control experiments, anti-y—glob&lin antibody
precipitated only 1% of the products of in vitro protein synthesis. The
investigators did not test the products of their 1gﬂgi£;g system with
antisera to RuDP carboxylase large subun;u. The results of these studies
by Ellis' group and Gray and Kekwick permit the conclusion that the large
and small subunits of RuDP carboxylase are synthesized on chloroplast and
cytoplasmic ribosomes, respectively.

Evidence from studies using interspecific hybrids of Nicotiana
shows that both chloroplast and nuclear genes code for RuDP carboxylase.
Analysis qéﬂpeptides derived from the large subunit of the enzyme from
plants produced by interspecific crosses indicated that the gene
controlling the expression of the large enzyme subunit is transmit;ed
only by the maternal parent (Chan and Wildman, 1972; Sakano et al.,
1974). The " values of RuDP carboxylase activity also exhibit maternal

g‘lngh and Wildman, 1973). This mode of inheritance

inheritance (

indicates that the gene governing the expression of the large subunit of

R

RuDP carboxylase is located in the chloroplast. The gene coding for the
small enzyme subunit, on the other hand, is transmitted by both’parents

in Nicotiana:. Kawashima and Wildman (1972) andlyzed the éryptic peptides
of the smaller component of RuDP carboxylase from hybrids produced by
reciprocal crosses of Nicotiana and concluded that this enzyme subunit is

inherited in a Mendelian manner and thug eoded by a nuclear gene. These

I
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studies therefore indicate that in higher glant:s the biogenesis of
RuDP carboxylase requifes the co8peration of two spatially separated
transcription/translation systems. A comparable analysis of the
sites of coding and synthesis of this enzyme iIn algae is not yet
available.

Like the small subunit of RuDP catl';*qulase, a number of
chloroplast enzymes appear to be coded by nuclear DNA and synthesized

in the cytoplasm. Except for RuDP carboxylase, the synthesis of

Calv!in cycle enzymes 1s not inhibited by lincomycin in pea (Ellis and
Hartley, 1971) or by chxloramphenicol in bean (Ireland and Bradbeer,

1971).  Surzycki (1969) concluded that DNA polymerase is coded by nuclear
DNA since rifampicin, which causes loss of chloroplast ribosomes in

Chlamydomonas, does not reduce the amount of total DNA per cell. DNA

polymerase also appears to be synthesized on cytoplasmic ribosomes in
tabacco, since cycloheximide, but not chlorambhenicol, inhibits
chloroplast DNA syz;thesis (Drilica and Knight, 1971). Ellis and Hartley .

(1971) found that lincomycin does not prevent the development of RNA

polymerase activity in pea indicating that this enzyme dlso is synthesized
on cytoplasmic ribosomes, The results of studies using chlorampherx.:'lcol
or sqreptomyéin and cycloheximide: to éistinguish l3_etween proteins
originating in the chloropla;;t and ¢ytoplasm, respectively,i showed that
in Euglena chloroplast amino acyl-tRNA synthetases are synthesized on
cytoplasmic ribosomes (Parthier, 1973; Hecker.et al., 1974). Furthermore,

low levels of phenylalanyl- and valyl-tRNA synthetases were detected in

i
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the ultraviolet-bleﬁched Euglena mutant, W3BUL, which lacks
chloroplast DNA, indicéting that the genes for these enzymes are most
likely located in r:,u’clear DNA (Hecker et al., 1954). At least some
of the e?,zymes involved in pigment synthesis are also products of
extra-chloroplast transcription. and translation. Rifampicin does not
prevent the accumulation of chlorophyll (Armstrong et al., 1971) or
carotenoids (Sirevig and Levine, 1973) during synchronous growth of

Chlamydomonas suggesting that their synthegis does not require enzymes

coded by chloroplast DNA. " That nuclear genes do code for. enzymes in
the chlorophyll biosynthetic pathway was indicated in a study of two

Chlamydomonas mutants, each exhibiting Mendelian inheritance of a different

defect in chlorophyll synthesis‘ (Wang et al., 1974). Fipally, evidence
that at least some of the enzymes requiréd fop pigment synthesis are not
only coded by nuclear genes, but also are also synthesized ;'m‘cytoplasmic
ribosomes, is provided by the observation that cycloheximidé blocks the

synthesis of chloroptiyxli énd carotenoids in synchronized cells of

Chlamydomona‘s (Armstrong et al., 1971; Sirevig %nd Levine, 1973).
In summary, élthough 4 few chloroplast components, such as

membrane polypeptides, cytochromes 553 and 563, a?d the large submit of

RuDP carboxylase, are coded an‘;i synthesized :Ln ’the. chloropla&_‘.,t, many

other proteins composing the organelle are products of nuclear genes

and cytoplasmic protein synthesis. These proteins, including membrane

polypeptides, ferredoxin, €alvin cycle enzymes, DNA and RNA polymerases ,

amino acyl- tRNA synthetases and enzymes :{nvolved in pigment synthesis,

¢
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mugt therefore be somehow imported into the chloroplast.

b. Sites of codin{ and synthesis of chloroplast

ribosomal proteins.

1. Site of coding of chloroplast ribosomal proteins
Most of the evidence regarding whether chloroplast ribosomal

genes are coded by plastid or nuclear DNA 1s based on studies of mutants

of the green alga, Chlamydomonas reinhardi, which are reaiafant to or
dependent on various antibiotics. In bacteria, resistance to certain
antibiotics has been shown to be due to a change in the amino acid
sequence of a ribosomal protein such that it no longer binds the drug

in questiom. For example, in E. coli, resistance to spectinomycin is

conferred on the ribosome ,by single amino acid replacements in 85, a

+ protein in the small ribosomal unit (Funatsu et al., 1971). Since

vibosomes from the orgattelles of eukaryotic organisms resemble
bacterial ribosomes in many respects including their sensitivity to
inhibitors, such as spectinomycin (as discussed agbove), it is likely

that antibiotic-resiétance or -dependence in Chlamydomonas may be

cauged by alterations in the rilbosomal proteins of the chloroplast.

I

The pattern of inheritance in these Chlamydomonas mutants allows one to

determine the location of genes affect%ng their sgensitivity to
antibiotics; Mendelian inheritance iJAicates that nuclear genes are
involved, and non-Mendelian (alternate ﬁerﬁs are cytgglasmic, mategpal,
and uniparental) inheritance implicates the participation‘of_chloroplast

genes (Sager and Ramanis, 1971). Thus, mutants which are reaistaﬁt to

\



inhibitors of bacterial protein synthesis and which exhibit
non-Mendelian inheritance provide evidence for the coding of
chloroplast ribosomal proteins by chloroplast DNA. Since

Chlamydomonas contains mitochondria, as well as a chloroplast, the

resistance to or dependence on antibiotics by non-Mendelidn mutants
may also be related to mitochondrial ribosomal proteins and/or
mitochondrial DNA. Furthermore, not all antibiotic-resistant or
-dependent mutants can be assumed to contain altered ribosomes. For
example, some mutants may be capable of de~-toxifying the drug as in
some strains of bacteria (Beneviste and Davies, 1973). Also, the ’
cell or chloroplast (mitochondrial) membrane may be altered so that it
18 less permeable to the antibiotic, or accessory factors required for
organelle protein synthesis may be missing or non-functional. Even in
cases where antibiotic-resistance or -dependence 1s traced to a ribosomal
protein, the mutant gene product may actually be an enzyme which modifies
the structural proteige+ Bearing these various possible levels of
antibiotic-resigstance and -dependence in mind, I will digcuss the
evidence regarding the location of genes coding for chloroplast ribosomal
proteins. ' '
o . L L
Evidence for coding of chloroplast ribosomal proteins bxjchloroglaat DNA

]

in Chlamydomonas N E

&
As discussed above, .the existence of a class of non-Mendelian

mutants of Chlamydomonas which display resistance to or dependence.ﬁn

antibiotics suggests that chloroplast DNA may code for chloroplast

!
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ribosomal proteins. According to the classification system proposed

by Surzycki ard Gillham (1971), Chlamydomonas mutants exhibiting

alceged sensitivity to antibiotics fall into three distinct classes,
depending on whether thé éhloroplast, mitochondria, or both organelles T
are involved in phenotype expression. Eleven of the thirteen

antibiotic-resigtant mutants analyzed by these authors were of the type

in which both the chloroplast and mitochondria are affected. Six of

these eleven mutants exhibited non-Mendelian inheritance, indicating

that organelle DNA was responsible for the phenotype. To determine
whether chloroplast or mitochondrial DNA contained the mutation,

! ‘ Surz;cki and Gillham treated the antibiotic-resistant or -dependent
strain of;cella with rifampicin in the presence of the appropriate

. antibiotic. Rifampicin causes the loss of chloroplast ribosomes, but

does not alter mitochondrial ultrastructure, in Chlamydomonas

(Goodenough, 1971). Rifampin, a related substance, inhibits the

synthesis of RNA in chlproplasts isolated from Chlamydomonas, but does
naot prevent the heterotrophic growth of cells (Surzycki; 1969). Thus,
rifampicin appears to selectively inhibit chloroplast DNA-dependeqt RNA

polymérase, but not the mitochondrial enzyme. Surzycki and Gillham

reasoned that if antibiotic-resistan;:e or -depende‘nce in & non-Mendélian
mutant was deternined by a chlorobla;t gene, then the ml;tdt:lt cells

", should lose their resistance or dependence after exposure to rifampicin.
They found f&ur'mdtants (gg_—-}_-:gg ' g_r_x-gx.) E_a_n__:_:g_. 8d-3-18) yﬁich became
.sensitive to antibiotic in the presence of rifampicin, ix{dicatins the

i
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the location of the gene conferring antibiotic~resistance and -dependence
on the cells in chloropiast DNA. Although this evidence does establish
the existence of chloroplast genes involved in resistance to and
dependence on antibiotics, it does not indicate whether or not the
product of the mutant chl&roplast gene 1s a chloroplast ribosomal protein
(a question which was not considered by the authors). If the structural
gene for a ribosomal protein is mutated such that the gene product no
longer binds a particular antibiotic, then blocking the transcription of
this gene would not render the ribosome sensitive to the same antibiotic.
Two other non-Mendelian mutants studied by Surzycki and Gillham,
spr=1-27 (+) and spr~1-27 (-), did not become sensitive in the presence of
rifampicin, suggesting that antibiotic-resistance in fheae strains might
be effected at the ribosome level. Although this observation still does
not dllow a concluaioﬁ regarding which organelle DNA is involved, a
subsequent study of 5g£:l:gz cells (Boynton et al., 1973) showed that the
mutatian affected the chloroplast only. Thus, the behaviour of the 1P

spr-1-27 Chlamydomonas mutant suggests that chloroplast BNA codes for a

chloroplast ribosomal protein. The use of rifampicin (Surzycki and

Gillham, 1971) as a means of distinguishing between mitochondrial anﬁ

- chloroplaat genes, however, can be criticized since the effects of thie

idhibitor niay be related to dilucion of chloroplast ribosomes. ‘
Furthermore, the lighﬁfsensittvity of rifampicin necessitates the use of -
heterotrophic growth conditions which probably {nfluence the expression of

mutant phenotype.
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Examples of gon-Mendelian mutants of Chlamydomonas with

altered sensitivity to 'ant:lbiotics have been described by other
investigatars. Behn and Arnold (1972) c¢concluded from the genetic
behaviour of neamine-sensitive revertants that the non-Mendelian

mutation to neamine-dependence (nd) is localized in the chloroplast.

Using a different approach, Lee and Jones (19]3) exposed synchronized

cultures of Chlamydomonas to N-methyl-N'-nitro-N-nitrosoguanidine

(MVNG), at various times during the cell cycle. A potent mutagen,

MNNG acts by inducing base changes in replicating DNA (Guerola et al.,
1971). When mutagenesis coincided with the time of nuclear DNA

replication, a 15-30~-fold increase in the number of Mendelian

streptomycin-resistant mutants (sr-1), but no 1ncrea€e in the number of
! non-Mendelian streptomycin-resistant mutants (sr-2) was observed.

When mutagenesis occurred at ‘the time of chloroplast DNA replication, ’
a 1.5-1.6-fold increase in the number of the non-Mendelian sr-2 mutants
was obtained; a 1.5-e-1.6--f014£l’a increase in the number of Meudeliadj

sr~l mutants was also observed, but was ascribed to a small degree of

. asynchrony in nuclear DNA synthesis. Thus, the data of Lee and Jones

(1973) establish a correlation between a mutation in chloroplast DNA
' and resistance to"streptomycih, and provide-suggestive evidence that a
chloroplast gene codes for a chloroplast ribosomal pi'otein (which

confers sensitivity to streptomycin on wild-type cells). "

o Some non-Mendelian mutants of Chlamydomonas have been deascribed
It

e . in which antiblotic-resistance 1s associsted with altered chloroplast

’., vl . ‘
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ribosomes.  Gillham et al. (1970) analyzed ribosomes from several
¢

uniparental mutants by'sedimentation velocity in sucrose gradients and

found that the 70S ribosomes are replaced by 66S particles in two

— ¥ —— —

both streptomycin-resistance and altered ribosomal phenotype segregated
together in reciprocal crosses of mutant and wild-type cells. The

authors showed that the 665 particles are altered 70S ribosomes by

extracting both 23S and 16S rRNAs from the former (electrophoretic
profiles of the RNA were not presented in the paper, however). They
also showed that the 668 particles originate from the chloroplast by

constructing the double mutant ac-20 sr-6-60, which grows in the presence

of streptomycin and contains a greatly reduced amount of al‘tered
ribosomes. A uniparental mutant dependent on streptomycin (sd-3-18) was
also included in this study. Although the sedimentation behaviour of

* 8d-3-18 70S ribosomes is similar to the yild-type, antibiot{c-dependence
vas found to be assoclated with a reduction in the number of monosomes
a'nd accumulat:}on of 548 gibogamal subunits., The 708 ribosomes described
in t‘n:lg study can be assumed to be derived from the chloroplast, al;:hdugh

nitqchondria also contain ribosomes of gimilar size. \Mitochondrial

-
Wea
R

ribosomes comprise only a small Fraction .of t;he dotal ribosome population

Y

iﬁ «f‘r S
VY in Chlamydomonas (Goodenough and Levine, 1970b).
P v . . ’
;‘;’*Q;{;};,;; In some non~Mendelian mutants, investigatora have demonstrated
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ribosomes to bind the antibiotic. Burton (1972) assayed the capacity
of cytoplasmic and chléroplast ribosomes from wild-type cells to bind
(3H)d1hydrospect:inomycin in vitro, and found the antibiotic to interact
specifically with the small subunit of chloroplast ribosomes.
Chloroplast ribosomes isolated from the uniparental spectinomycin-
registant mutant, sp2-73, however, failed to bind the radioactive
antibiotic. Therefore, by analogy with E. coli in which resistance

to spectinomycin is determined by a single protein in the small

. tibosomal subunit (Funatsu et al., 1971), sp2-73 may contain a mutation
] .,
in the chloroplast DNA coding for a protein in the small subunit of
[

chloroplast ribosomes.l Byrton also assayed the affinity for

spectinomycin of chloroplast ribosoges from a Mendelian mutant (spa-1)
resistant to spectinomycin and found a binding activity equivalent to
that of chloroplast ribosomes from the wild-type sensitive strain.

/’

Thus, antibiotic-resistance in the Mendelian mutant spa-I1 does not

océur at the ribosome level and must be attributed to an alteration im

3,
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membrane permeability or some other cellular function.

§ ) An in vitro assay for antibiotic~binding activitg.r was also
uploygd by Boschetti and Bogdanov (1973a) to determine the site of.
o . s.treptémycin—teéistancé in non-Mendelian (9_535) and Mend;;lian (5_1;3)

mutant strains of Chlamydomonas. In this study, the 30S subunits of
- K

o i - e strain sp2-73 is considered identical to the spr-1-27 mutant

: deacribed above in the study of Surzycki and Gillham (1971), and both
strains represent subclones of spr~1-27 originally derived from
wild-type cells by exposure to MNNG (Boynton et al., 1973).
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chloroplast ribosomes from both mutant gtocks failed to bind
(3H)dihydroapectinomycin, although the small subunits of ribosomes
from a sensitive strain (s8) exhibited considerable binding activity.

When intact monosomes were tested, however, the 70S ribosomes from

% ol DAl e

the Mendelian mutant BI4 ybound half as much antibiotic as did ribosomes
from the control, whereas those from the non-Mendelian mutant sr,. did
not bind a significant amount of antibiotic. This finding may help to
explain the pari:ial sensitivity of B, cells to streptomycin in vivo '
reporsed by Boschetti and Bogdanov (1973b). When intact cells were
exposed to streptomycin, the protein synthetic activity of chloroplast
ribosomes in the Mendelian mutant B, was 40-fold less than that
observed in the non-Mendelian mutant 8T, as determined by measuring
RuDP carboxylase activity. The investig;t;ors also found diffarences
in some biophysical properties of the 70S r;bosomes from the two
mutants. Ultracentrifugation analysis indicated that the tendency of
ribosomal subunits to form 70S monosomes and the monosomes to form
1008 dimers was greater in the non-Mendelian mutant 8L, than in the
Mendelian mutant s_r_a, and greater in both mutants than the sensitive
strain ss. In both resistant and sensitive cells grown in the
presence of streptomycin, the ’pi'oportions of monosomes and dimers in
the ribosome population was higher. The magnitude of the relative
increase in the incidence of particle apsociation varied, however,
such that this 'sticking effect' was minimal in the non-Mendelian
. strain 8Tass moderate in the Mendeliat; mutant sre and maxipal in the
' ( a
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sensitive strain ss. A similar biophysical behaviour has been
described for the response of sensitive E. coli ribosomes to
streptomycin, as well as a loss of the sticking effect accompanying
registance of ribosomes to the antibiotic (Herzog, 1964). Since
streptomycin-resistance in E. coli is determined by a single amino
acid substitution in the ribosomal protein 512 of<the 30S subunit
(Funatsu and Wittmann, 1972), a protein in the small ribosomal subunit
of chloroplast ribosomes from each of the two streptomycin-resistant
strains may also be the locus responsible for both antibioti‘c resistance
and the 'stickiness' of the 70S ribosomes. Thus, in the case of the
uniparental mutant 8455 the mutant ribosomal protein may be coded by
chloroplast DNA, whereas in the Menc‘lelian mutant 8rq, @ nuclear gene
may code for another chloro;::légt ribosomal protein affecting the
binding of streptomycin., Although a particular antibiotic probably
binds to only one ribosomal protein, other proteins in the ribosome
structure may influence the affinity of the binding site (Cannon and
Cundliffe, 1973).

The characteristics of the streptomycin-resistant and sengitive
strains were further examined by Boschetti et al. (1974) who tested ?the
effects of streptomycin on growth of the nutants under hetejo-, mixo-,
and phototrophic conditions. Under heterotrophic conditions and on
solid'media, str#in Sfag displays a resistant phenotype (green), tut

&

strain 85I, forms only yellow colonies as do sensitive cells. In the

Y

light Sra cells are capable of greening. Measurement
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of RuDP carboxylase -
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\

activity in light-grown 8T 4 and sr,. cells cultured in the presence

35
and abgence of streptoinycin indicated that protein synthesis in the
Mendelian mutant, but not in the uniparental mutant, is inhibited

at least 50%. Since the 8r, cells appear green, however, they are

apparently able to syr;thesize enough enzymes for chlorophyll
formation. Boschetti and Walz (1973) postulated that the differential

response of sr. cells to dark and light growth conditions might be

3
caused by a mutation affecting mitochondrial ribosomes. This 1is an
unlikely possibility beiause the antiblotic-resistance of the 8L,
mutant has been shown to be correlated with altered biophysical
properties of its 70S ribosomes, and mitochondrial ribosomes comprise

too small a fraction of the 70S ribosome class to account for this
observation. The possibility exists, however, that, although the 30S
ribosomal subunit from s8Iy cells does not bind streptomycin ’zioschetti
and Bogdanov, 1973a), association of the 30S with the 50S ribosomal
subunit alters the conformation of a postulated streptomycin-protein

such that Intact 70S monosomes do bind sufficient amounts of' streptomycin
to inhibit chloroplast protein synthesis in dark-grown cells. Morec;ver,
the apparent reduction in the sensitivity of chloroplast ribosomes éo
atréptomycin in 8rq cells expésed to light.may be explained :l.f the

intra-organellar concentration of the strep'tomycin is redu;:ed by a

corresponding change in membrane permeability. Such a change could '

®

occur in the plasma membrané or in the éhloroplas@: envelope, which is

L

known to alter in composition in response to illumination (Cobb:and
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Wellburn, 1974). Since the complete genotype of gxé/:;%ﬂg is not
known, the possibility that this strain also carries another Mendelian ]
mutation closely linked to 8I, coding for a protein involved in

membrane permeability cannot be excluded.

’

Sager and her colleagues have demonstrated that resistance in

a uniparental carbomycin-resistant mutant (Schlanger et al., 1972) and

also in four other uniparental antibiotic-resistant strains (Schlanger
‘ .

and Sager, 1974) of Chlamydomonas ogcurs at the ribosome level. By

means of a poly(U)-directed amino acid incorporating assay system in
which the activity of the chloroplast ribosomes is favoured by the

presence of 25 mM magnesium and 3.3 mM spermidine, these investigators

assessed the protein synthesizing capacity of chloroplast ribosomes

from streptomycin-, neamine~, spectinomycin-, cleocin~ and carbomycin=-
resistant strains.\ In all cases, the riboscmes from the antibiotic- . g
resistant mutants incorporate an equivalent amount of phenylalanine in
the presence and absence of the corresponding antibiotic, whereaé the
activity of the ribosomes from wild-type cells is considerably diminished

by the antibiotic. By testing the sensitivity of various combinations

. of subunits from sensitive and resistant ribosomes, Schlanger and Sager
'(1§74) were able to assign the site of resistance to streptomycin, neamine
‘and gpectinomycin to the 305 ribosomal subunit, and the site of cleocin-
’lnd carbomycin~resistance to th; SOS ribosomal subunit. These results

. implicate the involvement of ' altered chloroplast ribosomal proteins in

the antibiotic-resistance of -these strains by analogy with some

Al
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®resistant forms of bacteria (Otaka et al., 1970). Since each of the
mutants exhibits non—Mendelian inheritance, the data also provide
indirect evidence for the coding of some chloroplast ribosomal proteins
by chloroplast genes. On the other hand, the possibility that an
alteration In chloroplast rRNA .is responsible for the drug-—res)istance
in one or more of these mutants is not excluded in this study. In a
subsequent paper (Oh.ta et al., 1975), however, Sager's group reports
that, in at least the streptomycin-resistant strain, the altered
comp;ment of the 308 ribosomal subunit is a protein. The prgggnce of !
an abnormal ribosomal protein was indicated in a double label
experiment in which the 30S ribosomal proteins from the wild-type and
a streptomycin-resistant strain were co-chromatographed in 6M urea on
a CM-cellulose column. The M chromatographic behaviour of the
protein’ could be caused by an amino acid substitution, but the data does
not rule out the possibility of post~translational modification such as
methylation. |

Likewise, secondary ﬁxodificat;ion may be involved in the

alteragtion of a ﬁrotein of the large subunit of chloroplast ribosomes
from a non-Mendelian jeryth_romslrcin-resistant mutant @'ﬂ_li) (Mets and
Bogorad, 1972). Detected by two-dimensional gel electrophorésis, the

' muéant’ protein appears to form anoméious aggregates, t:he~ precise nature of
which is unclear. This.was the first 1:'eport of ‘an altered chloroplast
ribosomal protein controlled by a uniparentally-inherited gene.

The poasibility that at least one protein is c;munon to both

"
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chloroplast and mitochondrial ribosomes and is coded by an extra-nuclear

gene 1r[ Chlamydomor;as is supported b}'v the results of Boynton et al.

(1973). These investigators found that, alth;augli the uniparental
spectinomycin-resistant mutant s i:—_f_l_-_gl dfsplays a resistant phenotype
when grown heterotrophicall}" in the presence of 90 ug/ml spectinomycin,
its growth is complet:elyinhibited by 60.ug/ml spectinohycin under
phototrophic conditions. Thus, only when the medium is supplemented with
acetate are tlhle mutant cells able to escape spectimomycin inhibition.
Even when cultured mixotrophically in the presence of spectinomycin, the
8pr—1-27 mutant grows only to heterotroi:hic cell densities. Electron
microscopy of mutant cells grown mixoltro‘phically, for five generations in
90 ug/ml spectinomycin showed that chloroplast membrane organization is
disrupted, but that mitochondrial ultrastructure is normal. This
observation suggests that in spr-1-27 cells, chloroplast ribosomes, but

not mitochondrial ribosomes, are semsitive to spectinomycin. Burton

(1972) has shown, however, that chloroplast ribosomes isolated from

gp_@_—73 (another subclone of the same s r-1-27-3 mutant from which

8pr~1-27 was derived) .do not bind as much (3H)dihydroapectinomycin as do
chloroplast .ribosomes from wild-type cells. - This. observation was also
confirmed by Boynton et al. (1973) vho demonstrated that the radioactive
antibiotic is bound by chloroplast ribosomes fyx_'em wild—type cells, but not
at all by chloroplaAs}:‘ ribosomes from either _q_z_—]_i or spr-1-27 cells,
Furthermbre, when the rilposomai- pfo:t;einé from' the gmall subunit of the

chloxopldst ribosomes from _s:p_g_-_l_—g_?_ and wild-type cells are compared by

)
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~ in the chloroplast, Boynton et al. also hypothesized that sprel-27 cells i

. mutation may affect mitochondria, the ribosomal protein coded by

. chlo‘roﬁlast DNA is also a component of mitochondrial ribosomes. The -

or mRNA would have to diXfuse across at least four membranes separating
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~
one-dimensional gel electrophor.esis, one band present in the profile of
wild-type proteins is missing in the profile of‘y_s_E'-_J:-_gl protéins. Boynton
et al. account for the paradox between the in vivo and in vitro results by
postulating thafyfhe product of the spr-1-27 geng is a in.'otein common to
both chloroplastland mitochondrial ribosomes, but which fails te bind
spectinomycin only when incorporated irito mitochondrial ribqsc)més:
They suggest that the gpr-1-27 protein is only loosely bound to the
chloroplast ribosomes and is therefore lost during isolation of 70S
ribosomes. An alternative interpretation of the data of Boynton et al.
is that the spr-1-27 gene product retains its spectinomycin-binding
property, but its conformation is altered such that it cannot be
gccomodated in the mit:ochondriai ribosomes, but it is still loosely

bound by chloroplast ribosomes, rendering them sensitive to antibiotic

in vivo. Finally, since this mutation is unipa:entélly-inherited and

similar mutations to antiblotic-resistance are believed to be localized i

contain a mutation in a chloroplast gene specifying a r:'lbosomal,p'rotein

in chloroplast ribosomes. The.data also suggest that since the same ' 'K

possibility that chloroplast ‘and mitochondrial ribosomes have one or

more proteins in common seems remote, howevé;; the putative polypeptide




i 63

@
4

" the respectffe domaines of chloroplast and mitochondrial ribosomes.

Vs rent v, s 4 W 8

Biochemical analysis of ribosomes from purified thloroplasts and

mitochondtia is required to prove whether the two organelleg share

"y

ribosomal proteins, but evidence indicates that all proteins from

P

chloroplast ribosomes are distinct from those of cytoplasmic

ribosomes (Hanson et al., 1974). Perhaps the spr-1-27 strain
' described by Boyhton et al. is actually a double mutant in which a
qnmt:aty:icm 113 mi’t:b‘chondr‘:lai DNA leads to speétihomycin-?resistance of
; . ) “HItochondrial ribosomes {ndepgndently ‘of the ;‘mutatiopl:ln chjoroplast
| DNA. ‘ Suchl' a mutation vibuld, also exhibit a ncn_—l&ndelilm pattern of

» . inheritance. "y

< .

Evidence fpr coding lof chldroplast ribogomal proteins by nuclear

x . . DNA :Ln Chlamxdbmonau \
| ‘ Alt.hough the rasuhlt:s‘ of studies by boﬁh Boynton's and Sager's

k4

L% 4 ' r : B
groups on mutants of Chlamydomonas suggest that chloroplast genes code

L for a number of differen 'ribdsot‘nabl proteins in the organelle, the

- . ribosomal protein mdicates t least, om‘s nuclear geno 1-'1nvolv¢d

. " Bosorad and hia colleagues ve characterizad ueveral Mendelian (g__x—_}_i)

3

‘ . to the lar ] lubunit of chlor'plut ribosml trm wild-typo cnlh, but: N

fa:lll t:o bin to chloraplast: T bolomqo‘z !xom mutant cells. thn .the
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ribosomes isolated from wild~type and ery-M2d cells were analyzed by
one~dimensional uraa—gél?elébtrophoreais, one prQCein’present in the
large ribosomal subunit from the ery-M2d strain migrated more slowly
than the corresponding ribosomal protein from wild-type cells (Mets
and Bogorad, 1972). Tié authors acknowledge the possibility that
the substantlal change in elagtrophoretic mobility of this protein
could arise from a post-trans%ational event such as methylation, but
favour the alternative idea tﬂat ery-M2D is a structural gene in which
mutation has altered the relﬁtive proportions of acidic and basic
amino acids in the polypeptide praduct. Evidence which further
supports the notion that the nucleus containa at least one atructuéal

gene for a chleroplast ribosomal ?rotein was recently reported

"(Davidson et al., 1974). A comprehensive genetic and biochemical

analysis of four Mendelian mutants resistant to erythromyein jgﬁx:glg,

erf-ulb; ery-Mlc, ery-Mld) indicates the éxistence of altered forms of
chloroplast ribosomal proéain LCé. The fact'thit ;ecomblnanCG are not
recovarbd from crosses between mutants nrguou that the four ery-Ml
mucants are allelic, and thus that the diffarant forms of LG6 result
irom correspcnding mutations in a. ningle nuclear gene, It s 1ndeed
difficult to cnvisage four mutation' altaribg a modifying. enzyme -uch
that 11: producu d!.fferdnt changes :Ln‘tha same ribo;omal protnin.

£y

Other evidence indicacing that some ehlotopltlt rtbosomal

protciqp may be codad by nucleasr senu- ha- been mentidncd abovt, for

/

example, the date of Lee and Jonca (1973). Thesa investigators
’ . t :
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obtajned many Mendelian streptomycin-resistant mutants (sr-l) by

- exposing cells to MNNG, Whether reslstance was due to a change in
Fhe primarya structure of a’\chlo‘roplast ribosomal prote‘in, however, was
not determined in this study. B‘oachet:ti and Bogdanov 919738) showed

that resistance of the sr, mutant to streptomycin does occur at the

3
_ ribosome level, since the isolated chloroplast ribosomes exhibited

“

B altered biophygical properties, including reduced binding of streptomycin.

This does not necessarily prove, however, that the nuclear determinant of

the chloroplast ribosome 1s a structural gene for a ribosomal protein.

\ Studies of Chlamydomonas mutants, other than antibiotic-

resistant strains, also suggest that nuclear genes are involved in the
synthesis of chloroplast ribosomes, For example, @odenoﬁgh gmg Levine
(1970b) described the Mendelian ac-20 mutant which contains only 5-10%
the normal amount of chlort;plaat ribosomes when grown mixotrophically.
These authors 1ater~showed, %xqwever, that in ac-20, the block in

. chloroplast #ibosome formation involves impairment of chloro:plast “rRNA '

™

synthesis (Goodenough and Lev',ine, 1971). On the other hand, four other,; ,
Mendelian mutants tnxave been characterized in[wh:lch the ly\ﬁthesi“s of only’
the small subunit is affected (Boynton et al., 1970; Bn'ri_l g_t_,._g]_...,'*197ll&).
;1;. mutant cells ;ccpmulate 548 particles which contain 23§ RNA and -are . i'
" therefore iderxtified as large ribosomal subunits. In the 'cuo of the'

. » .
er~l mutant, it is possible that a nuclear-coded protein required for

s proper assembly of the small ribosomal subunit ie aln'rl"d. although the

i
i o
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data do not exclude other intorpgtatuu. ' o
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Evidence reggxding the location of genes codingffor chlgraplast

ribosomal proteins in organisma other than Chlamydomonas

Aside from studies of Chlémydomonas, the evidence concerning

~

the loc;éion of genes coding for chloroplast ribosomal proéeina is gﬁsed
on only two other organisms, a green alga, - Acetabulariu, and a .higher
| plant, Ricot;ana. In both\caaes, apeéiesfspecific differences in
chloroplast ribosomal proteins are detéctable by one~-dimensiondl gel
electrophoresis. Although indi&idual proteins frsm pufified large
subunits of ribosomes prepared from isélaned chloroplasts (Kloppstech"
and Schweiger, 1973a) are hot:comgle;elyrrgsolved, the protein patterns
diaplayndlby each of three species of Acetabularia can be diseinguished
by the presence or absence of characteristic peakg (éloppstéch and
Schweiger, 1973b). The reuﬁltu of nuﬁlear transplantation experiments
indicate that, since the sﬁecdes;upecific pattern of chloroplact
ribouonal proteins is deteymined by the donor‘nuc}aua rather than the

rccipiznt cytoplasm, at leaet those protsines alaociatcd with the

opaciat-specific peaks seén in’ the oleetrophoratig profiles, are probably‘

coded by the nuclear genome.

" In Nicotiana, two spacien-specific peaks in the olectrophorntic
protilca of proteins ftom the large subunits of chloroplna: ribosones
"from isqlnteg c@loroplaltl can be distinguished, one (a) naoociaecd with
preparations from N. glauca and the other (b), with N. tabscum (Bourque

‘;ﬁ’*'nij1idmhn. 1973).  Analysis of the chloroplast ribosomsl proteins
i from the ¥, mof,-p-cmq hybrids resulting from reciprocal crosses of

.

s
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the two species shows’ that both hybrids contained both protein(s)
(a) ;nd protein(a} (b). Beéause of the rigo:ous standardﬁ of purity
of th? ribosomal subunits established dn thi; study, the possibility
that proteins (a) and (b) represent contamination by cytpplggmic
ribosomes is remote, ~Therefore. in Nicotiana, some proteins of the
chloroplast ribosomes are apparently coded by nuclear genes. ‘
Evidence ie-presented‘in a recent paper. which sugéeats that

not éll genes coding for the chloroplast ribosomal proteins are located
in the nucleus of Nicotlana cells. Mkliga‘gg_é;. (1975) describe

| experiments with a mutant cell line SRl of N. tabacum displaying |
non~-Mendelian inhe;icance of streptomycln-resiétance. " Electron
microscopy showed thgt, in sensftive agrains exposed to streptomycin,

few chloroplast ﬁembranés are presefit and there is an increase in theg

electron opacity of mitochondria. In resistant cells, however,

streptomycin neither prevents the formation of chléroplasﬁ thylakoids
and grana, nor alters mitochondrial ultrastructure. £ To study the leéql
'q? resistance to antibiofic, the authors measured the uptake of
streptomycin from the culture medium by sensitive and resistant cells.‘
The results of both the chemical determination aqd bloassay of streptomycin
indicate tﬁat the concentration of the antibiotic is the same in both
rcuI-Cant’and sensitive material; These data therefore rule out tpc
-péssibilities that resistance of the mutant cells is due to a reduction

tet I

in mambran- pormeability to ltraptomycin or to inactivation of the drug,

and uulgn-e, by annlosy with some ctrcpcomycin—rauintunt ltraina of
L - ‘ L - ‘ ,
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be caused by a protein in the large ribosomal subunit, Since th

may contain the same altered protein. Also, whe;\‘%xer ‘the non
mutation affecting the protein is located in chloroplast or
mitochmdrial DNA 1s uncertain. On the other hand, the electron T
micrographs which provide the evidence that mitochés{ ia are affected

by the mutation are not presented by Maliga et al., and their experiments

do oy fule out/the possibility that the SR mutant cells do contain

W

uéreptomycin-sensitive mitochondria but survive because chloroplast
ribosomes are resistant to the drug. If this were i:he case, the SR1

!
cells would result from a mutation in chloroplast DNA coding for a

chloroplast ribosomal protein.

Summayy of evidence regarding the site of codir;g of chloroplast

ribsomal proteins

NG

[ 4

In sumary, the evidence indicates that, in Chlamydomonas. the .

gcneo coding for chloroplaat ribosomal proteins are localized in at laast:

two diatinct genomes. The Mendelian mutancs __z-Mla, ery-Mb, ery-Mlc,

. __:_;x_-ﬁld (Davidaon st al., 1974), and ggz-MZd (Meta and Bogorad 1972)

provide the most defini;ive evidence to date that at least some
determinants of chloroplast ribosomal proteins are actually nuclear

structural genes. Amino acid sequence analysis of these altered

chloroplast ribosamal proteins is roquircd.uﬁnicqtiivocul proof. The

-
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» | .



69

(9

L]

results of studies ofgmany uniparental mutants for antibiotic

reaigtance, alth?ugh suééestive, are less rigorous in the

characterizatian of the altered chloroplast ribosomal proteins, as well
. a8 in the identification of the subcellular site of the extra-nuclear

genes, Two proteins of the small ribosomal s*bunit conferring

streptomycin~resistance and spectinomycin-sensitivity on chloroplast
ribosomes in gm2-r (Ohta et al., 1975) and gRE:iﬁgZ cells (Boynton et
s i

al., 1973), respectively, however, represent prbmiaing candidates for

chloroplast gene products. A problem inherent in all these studies of

i

{

{

-Chlamydomonas mutants is whether the uniparentally-inherited genes are
!

located in chloroplast or mitochondrial DNA. i

H
i

As in-Chlamydomonas, cﬁloroplast ribosomal proteing in Nicotiana
may also be coded by genes frOm-éwo eép;rate genomes (Bourque and Wildman,
1973; Maliga et al., 1975), but the data .is only suggestive. The .
oﬁiy other organism in which the problem of tHe location of genes coding
for chloroplast ribosomal proteins has been explored is Acetabularia, in
 { ’ _vhich the involvement of nuclear ge?es is implicated by one report
(Kloppstech and Schweiger, 1973b).
i1, . 8ite of synthesis of chlordplasé ribosomal proteins
Near1§ all theé eéudies of the site of synthesid of chloroplast .
.ribOlomal proteins involve the use of ;ntibiotics. such as éhlorampheqicol,

?f@{ which npecifically inhibit the synthesis of proteins on chloroplast

- (Ellds, 1970) and mitochondrial (Clark«Walker and Linnane, 1967) ribosomes

- -~ SN
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The results of inhibitor studies must be interpreted with caution for

several reasons. Depending upon its concentration, an inhibitor may
have q?n—specific effects or may be toxic to cells. Also, inhibition
may be incomplete, or may fail to prevent the accumulation éf'a
particular class of proéeins. Despite these difficulties; however, a
number of inhibitor studies have yielded meaningful information

regarding the site of synthesis of chloroplast ribosomal proteins.

Evidencg for synthesis of chloroplast ribosomal proteins in the

cytoplasm

“ In’ Chlamydomonas, most chloroplast ribosomal proteins appear to

be synthesized in the cytoplasm.- Ultrastructural séudies ‘show that

the ability of wild-type cells to form chloroplast ribosomes is not
affected by growth'%n 100 pg/ml chloramphenicol for three generations,
uhereas:?oth photosynthesis and the organization of chloroplast membranes
18 disrgfted in the presence of the inhibitor (Goodenough, 1971). A
similar lack of effect of chloramphenicol on chloroplast ribosome ,
synthesis is ob?erved in the recovery ;; gg;gg célla follqw%ng trans£:;
to minimal medium (Goodenough and Leviné, 13»1). These cells apparently
suffer from a lesion in chloroplaat'rRNA synthésia vhen grown in light and’
1nl6edium containing acetate, but begin to accumulate a 4-fold increase
in th; nuimber of chloroplast ribosomes when cultured in 1light and medium
léckinﬁ acetate. Chloramphenicol at 100 jig/ml did not significantly
lover ghe number of chloboﬁlaut ribosomes synthesized by the recovering

gg:zg cells. Also, the concentration of ribosomes in the chloroplast of

o
’



cells haryested after approximately ten generations of growth in
medium c;;taining 25 pg/ml spectinomycin is similar to that in
control cells (Goodenough, 1971).
Honeycutt and Margulies (1973) tested the effect of 100 pg/ml
chloramphenicol on the in vivo incorporation of (sﬂ)arginine into the

structural proteins of cytoplasmic and chloroplast ribosomes of an f

arginine-requiring strain of Chlamydomonas. After a 1 hr labelling

pexriod, the cells were harvesbed ;nd the distfibution of radioactivity
‘asaociated with chloroplast and cytoplasmic ribosomes was examined on
aucrose gradients. Although the amount o% 67S ribosomes was reduced

in the chloramphenicol-treated cells, the level of radioActivity was

also decreased, so that the specific radiocactivity of chloroplast

ribosomes from treated and control cells wds the same. The 'loas' of

675 ribosbmé; in the‘chlorampheﬁicol-treated cellsvwas‘not due to
inhibitign og the synthesis of chloroplgst ribosopal protein, but to a
tendency for the 675 ribosomes to sediment with the membramne fraction
during isolation. ‘ In pulse—éhase experiments, cells were first treated
with chloramphenicol for 1 hr and then al%gyed to incorporate (3H)arginine
for 2 min., Unlabelled arginine was immediately added and the cells were
incubated for another 18 m;n. .- Sucrose gradient ;nalysié of crude
ribosomes prepared from cells at the end of the 2 min pulsé-showed that .
the radiocactivity sedimented exclusively with the 83S ribosomes; at the J
end of the chase perlod, the radjoactivity associated with the 878 ribosomes

_ was reduced by an amount comparable to that associated with the 678

1
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riboasomes. This 'flow' of label was not prevented by a concentration

of chloramphenicol eufficient to inhibit chloroplast protein synthesis
_as indicated by the lack of increase in radioactivity of RuDP
carboxylase. These results suggest that the structural proteins of .
"chloroplast ribosomes are synthesized on cytoplasmic ribosomes and that
inhibition of chloroplast protein synthesls does not prevent the rapid

. transpo;t of chloroplast ribosogal proteins to their eeatination. \

Additional evidence concerning the site of synthesis of

& ¢
chldroplast ribosomal proteins in Chlamydomonas is based on the

(ntreptomycin—reaistant nutent’ sr, described by Boschetti et al. (1974).
*

When grown heterotrophically in the presence of streptomycin,: strain
8X, forms only yellow colonies, and chloroplast pgptein synthesis is

drasgtically reduced as indicated by an assay for RuDP carboxylase

activity. The relative amounts of chloroplaet’and-cytoplasmic
ribosomes contained in the mutant Eells._however, as shown by‘
electrophoresis of total RNA, is similar to that in wild-type cells

y grown in the absence of streptomycin, Therefore, since the'chloroplast

ribosomes of the mutant do not synthesize proteins under heterotrophic
conditions, the proteins comprising the chloroplast ribosomes are most
likely»syntheeized in tﬁe c}toplaam. . | ,

' Collectively,'these deta do not excluée the possibility that some

proteins of chloroplast ribosomes in Chlamydomonas are synthesized within~ R

the chloroplast. Reconstitution expeflmenta“habe shown that some

structural proteins are not requtred'!or the agsenbly of bacterial riboqomes

t .
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(Nomura et al., 1969). Thus, if the synthes;ls of chloropiaat : .
ribosomes can proceed in the absence of the chloroplast riboéomal | |
protei;ns vwhich are apparently coded by chloroplast DNA (e.g. Ohta™

et al., 1975), the observed lack of effect of chloramphenicol and ..
spectinomycin on the synthesis of chloroplast xibosomes is explained.

On the other hand, mRNAs transcribed from chloroplaét genes specifying
chloroplast ribosomal proteins nlmly diffuse out of the organelles to be
translated on cytoplasmic ribosomes. This poésibility, however, seems
unlikely. Another interpretation of the results of these inhibitor

studies suggests that synthesis of chloroplast ribosomal *proteins does

kS

occur in the chloroplast of Chlamyc}omonas, but is'not detected in the

experiments of Goodenough (1971) due to the ﬁresgnce‘of a large pool of

these proteins in this organi,sm. This argument is weakened by the lack
of any dilution effect in the presence of spectinomycin even after ten

generations of exposure of the cells to the drug.  Furthermore, the

labelling experiments of Honeycutt and Margulies (1973) clearly ciemonst:rate
. : e 't
the incorporation of radioactivity into the structural protein of

o
chloroplaat. riboaomes after only 6 min.

Evidence based on an inhibitor atudy of another alga, Acet:abularia,l
3 )
also aupports the conclusion that chloroplast ribusomal protéins are

synthesued in the ¢ytoplasm. The’ incorporation ‘of both ( H)uridine

14

and ~ C-labelled amino acids into the large 448 subunit of chloroplast

: rtboadma from Acetabularia is increased by about 50% in the presence of

' #10 ug/ml chloramphen:lcol (Kloppstech and Schweiger, 1974)‘ In contrast,
RS . 7
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0.5 pg/ml cycloheximide reduces the incorporation of (3H)uridine and

MC--labelled amino acids into the 44S particles by almost 80%.

) Kloppstech and Schweiger explain the stimulatory effect of chloramphenicol

on amino acid incorporation into the large ribosomal subunit by a general

increage in protéin synthesizing activity in the cytoplasm ds a consequence
of the inhibition of chloroplast protein SYnthesvis. ‘They alsp‘ hypothesize
that the stimulation of uridine incorpératio? in turn results from the.‘
1ncre§sed availability of comgleted/ ribosomal proteins synthesized on
cytoplasmic ‘ ribosomes, l

Using isolated épinach chloroplasts, Sfaencer et al. (1971) also
obtajnetl evidence for the syntheais of chloroplast ribosomall proteins in

the cytoplasm. Preparations of chloroplasts from very young leaves were -

‘ labelled for 30 min with gadioactive amino acids and then treated with

puromycixi to release nascent prot,eins. " Although 22% of the total

o

radioactivity 1ncorporated was found to be associated with the ribosomal .
fraction, no label was detected in any of the ribqsomal proteins analyzed.

in urea—polyacrylamide gels. These results suggest that apinach

chloroplasts do not synthesize chloroplast ribosomal proteins, but could

also be explained by fajlure to detect low amounts of label incorporated

'1ntp the structural proteins of the 'chloruplast ribosgomes.

[N

[y

Evidence for synthesis of chloroplast ribosomal proteins in the

cizloroglas S ' ‘ Y o . %
%’f . .Evidence based on mhibitor studiea w:lth six organisms, three _

1

algae ‘and thtee higher plants, suggests that c¢hloroplaat ribosomal

I-’ )
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proteins are synthesized on chloroplast ribosomes. In vadish seedlings

(Raphanus sativus), the accumulation of chloroplast rRNA ia.alyost

" completely blocked during 7 hr exposure tto, 100 ug/ml chloramphentcol

(Ingle,r1968). S:Lmil‘arfly, éucrosefﬁ'radiex}‘t eentrifugation gnd
polyacrylamide gel exlxectrophoresis show that the amounts ;)f both
chloroplast ribosomes and chloroplast rRNA are reduced by 2 ug/ml .
lincomycin in pea épice'a (ﬁllis and Hartley, 1971), by both 25ug/ml
lincomycin and‘ 25 ug/ml spectinomycin in Chlorella (Galling et al.,
1973) and by virginiamycin (50 ug/ml virginiamycin M and 50 ug/ml
virginiamycin $) in Euglena (Van Pel and Cocito, 1973). Ih.contrast,
the amount of cytoplasmic ribosomes ;!.n these organisma.is not af‘fe‘cte’d
by these iphibitors. |
The data of Detchon and Poséingham (1975) swggest that ¢
cl;loropla'st ribosomal proteins in spinach are synthesized in.the

chloroplast. These investigators used a dual-labelling method to study

the effect of ‘chloramphenicol and iincomyc:ln on light-stimulated

'wchlor'oplast rf(NA synthesis in spinach leaf discg. Nucleic acids were

extracted from a mixture of (MC)uracil'labelled leaf diécs cultured in

continuous darkness and (3H)uracil-labelled leaf discs incuba'ted first

in darkness, and then transferred to a light regime. In this way, the
-

RNA synthesized after illumination of the leaf discs is detectéd on

golyacrylamide gels by an increase in the 3H/'“C ratio in the région of .

th/e hiéh molecular weight chloroplast rRNA species. .’!I'he‘l 3l-l/ll‘c ratio & .

distribution profile of-nucleic acids extracted from legf discs exposed

T
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' lncomycin for 2 days and from Euglena exposed to 750 ug/ml

(IAC)lLucine into ptotein in vigro. The rate of protein synthesie in

least some chloroplast ribosomal proteins, 1s dependent on chloroplast

- ' v ':«'. “~
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to either 100 pg/ml lincomycin or 10 ug/ml chloramphenicol during ’

" rRNA. Since these "experiments involved long-term (7 days) exposure
: :

illumination did not contain eny peaks in ‘the region. of chloroplast i
of the leaf discs to the antibiotics and non-specific effects of’' é

inhibition might have,oecutred,‘these results must be interpreted with
camtion. An observation which f;uours the validity of the date, ‘*
however, 1s,that‘chloroplast rRNA seems to be the only speeies vhose !
synthesis is affected by either chlorauphenlcol ot lincomycin. |

The light-induced development of amino ecid—lncorporating

activity of chloroplasts in pea (Ellis’ and Hartley, 1971) and Euglena

(Reger et al., 1972) is reduced. hy inhibitors of chlbroplast protein C o i

synthesis. Chloroplasts isolated from pea apices treated with 2 ug/ml ‘ -

By % e T

chloramphenicol for 2 days were aasayed for their capacity to incorporate .“ N
. the chloroplasts 1solated from the drug—treated materisl was ofily 5—25%
that of chloroplasts from the controls, suggesting that, protefns

comprising fhe protein synthetic machinery of the chloroplast are
synthesized within the organelle. . ) . e ' co o,

Finally, the results of an ultraatructural .study of the effects

of 300 'ug/ml chloramphenicol on Ochromonas indicate that the light-

-
. .
M .~ » -
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induced increasé of chloroplast ribosomes, and thus the synthesis of at '

o

1}

irosomes in’ this organism as well (Smith-Johannpen and Gibbs. 1972)

Wt




o, Y

3
{
§
.
}
k
5

prow

77

&

Summary of evidence regarding the site of synthesis of chloroplast

ribosomal proteins

The literature pertaining to the synthesis of chloroplast
ribosomal proteins can be summarized as follows. There 1s evidence for
the synthesis of chloroplast ribosomal proteins in the chloroplast of

some specles, but in the cytoplasm of others. In Chlamydomonas,

gseveral lines of evidence show that most chloroplast ribosomal proteins
are probably synthesized in the cytoplasm. This conclusion is
consistent with the results of others (Davidson et al., 1974), which
indicate the existence of structural genes for some chloroplast ribosomal

proteins in the nucleus of Chlamvdomonas. These studies of Chlamydomonas

— e T

do not exclude the possibility, however, that a few chloroplast ribosomal
proteins are synthecsized in the chloroplast. If some chloroplast
ribosomal proteins are coded by chloroplast DNA (Bovnton et al., 1973;
Ohta et al., 1975) as recent evidence suggests, it 1s more likely that
these proteins would be svnthesized in situ than on cytoplasmic ribosomes.
In Acetabularia, as in Chlamydomonas, most chloroplast ribosomal proteins
are probably synthesized in the cytoplasm.

In all other ovrganisms so far studied, evidence suggests that
at least some chloroplast ribosomal proteins are probably synthesized in
the chloroplast. In the case of spinach, the data are conflicting.
Since the results of Spencer et al. (1971) are negative and thus

inconclusive, the remairing evidence favours the conclusion that spinach

chloroplast ribosomal proteins are synthesized in the chloroplast. The
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experiments which support this conclusion for spinach as well as other

organisms, demonstrate that low concentrations of chloramphenicol,

o

lincomycin, spectinémycin or virginiamycin inhibit the synthesis of
chloroplast ribosomes as measured by sucrose gradient centrifugation,
gel electrophoresis of rRNA or electron microscopy. The data from
such studies permit more than one interpretation, however. The
possible existence of large pools of ribosomal proteins, for example,

has been discussed above with reference to Chlamydomonas.

Altermatively, these antibiotics may inhibit oply the synthesis of
chloroplast RNA polymerase. This possibility has been eliminated in
the case of the effect of lincomycin on pea apices (Ellis and Hartley,
1971). On the other hand, the synthesis of chloroplast ribosomal
proteins on cytoplasmic ribosomes may be simply regulated by a factor
dependent on chloroplast ribosomes, as suggested by Galling et al.
(1973). For example, if a small nuwmber of chloroplast ribosomal
proteins or regulatory proteins which are synthesized in the chloroplast
are required for the continued synthesis of chloroplast ribosomal
proteins in the cytoplasm, then curtailment of protein synthesis on
chloroplast ribosomes might result in a secondary inhibition of the
cytoplasmic synthesis of chloroplast ribosomal proteins. If this
interpretation is accepted, however, then one must assume that in

Chlamydomonas and Acetabularia the synthesis of chloroplast ribosomal

proteins on cytoplasmic ribosomes is not subject to a similar control

mechanism. The most tenable hypothesis which explains the effect of
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various antiblotics on radish seedlings (Ingle, 1968), pea apices

(E11is and Hartley, 1971), spinach leaf discs (Detchon and Possingham,

1975), Ochromonas (Smith-Johannsen and Gibbs, 1972), Euglena (Reger et

al., 1972; Van Pel and Cociko, 1973) and Chlorella (Galling et al., 1973) is

that chloroplast ribosomal proteins are synthesized on the antibiotic-
3

sensitive chloroplast ribosomes in these organisms.

Conclusions regarding the biogenesis of chloroplast ribosomal proteins

In evaluating the ev}dence summarized in Table I éoncerning the
sites of coding and synthesis of chloroplast ribasomal proteins, it is
clear that apparent Biscrepancies exist between the results of studies
based on the same organism, as well as between those based on different
organisms. Some of this disparity may arise from different experimental
approaches, as 1n the case of the studies on spinach. Conflicting
conclusians regarding the site of coding or synthesis of chloroplast
ribosomal proteins in different organisms, however, may reflect genuine
species differences. Since organelle evolution proceeds independently
within any one species, the location of genes coding for organelle
proteins need not be identical in all organisms. Perhaps one of the
most significant implications of this research is that, like the
polypeptide subunits of RuDP carboxylase, the proteins of chloroplast
ribosomes are probably products of at least two distinct transcription

(and also translation) systems. The genetic analysis of antibiotic-

resistant mutants of Chlamydomonas indicates that some chloroplast

ribosomal proteins are coded by nuclear genes and others by chloroplast

genes. It remains to be determined whether the distribution of genes
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Table I. Evidence for the Sites of Coding and Synthesis
Chloroplaat Ribosomal Proteins

Organism Coding SiteSyn thesis - Experimental Approach
Acetabularia N Nuclear transplantation/density gradients/PAGE
R In vivo labelling/chloramphenicol, cycloheximide
L\\. Chlamydomonas N Mutants/density gradients/PAGE/EM/genetic analysis
Mutants/density gradients/PAGE/EM/genetic analysis
N, ¢ Antibiotic-resistant mutants/growth conditions/rifampicin
R Wild-type and spa-2 cells /chloramphenicol, spectinomycin/EM
ac-20 mutant/ chloramphenicol/EM
c Mutants/neamine/genettc analysis .
c (3H) dihydrospectinomycin/in vitro binding assay/density gradients
N, ¢ Erythromycin-resistant mutants/density gradients/1-D and 2~D PAGE
c Carbomycin-resistant mutants/in vitro protein synthesis
Spectinomycin-resistant mutant/growth conditions/EM/PAGE
N, ¢ Streptomycin-resistant mutants/antibiotic-binding assay/density gr.
R In vivo labelling/density gradients
N, ¢ Synchronized cultures/mutagenesis/streptomycin-resistance/genetic .
N, ¢ R Streptomycin-resistant mutants/growth conditions/PAGE/in vivo prot
N Erythromycin-resistant mutants/genetic analysis/1-D and 2-D PAGE
N Ribosome-deficient mutants/genetic analysis/density gradients/EM
" e Antibiotic-resistant mutants/in vitro protein syntheéis/subunit ex
¢ Streptomycin-resistant mutant/double label/CM-cellulose column chr
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ble I. Evidence for the Sites of Coding and Synthesis of

Chloroplast Ribosomal Proteins

Experimental Approach

Authors

1

ransplantation/density gradients/PAGE
abelling/chloramphenicol, cycloheximide

angity gradients/PAGE/EM/genetic analysis
snsity gradients/PAGE/EM/genetic analysis
c-resistant mutants/growth conditions/rifampicin

and spa-2 cells/chloramphenicol, spectinomycin/EM
ant/chloramphenicol/EM
eamine/genetic analysis
rospectinomycin/in vitro binding assay/density gradients
cin-resistant mutants/density gradients/1-D and 2-D PAGE
n-resistant mutants/in vitro protein synthesis
ycin-resistant mutant/growth conditions/EM/PAGE

cin-resistant mutants/antibiotic~binding assay/density gradients

abelling/density gradients

zed cultures/mutagenesis/streptomycin-resistance/genetic analysis
cin-resistant mutants/growth conditions/PAGE/in vivo protein synthesis

cin-resistant mutants/genetic analysis/1-D and 2-D PAGE
deficient mutants/genetic analysis/density gradients/EM

c-resistant mutants/in vitro protein synthedis/subunit exchange
'cin-resistant putant/double label/CM-cellulose column chromatography

Kloppstech and Schweiger, 1973b
Kloppstech and Schweiger, 1974

Boynton et al., 1970
Gillham et al., 1970

Surzycki and Giliham, 1970

Goodenough, 1971 ;

Goodenough and Levine, 1971

Behn and Arnold, 1972
Burton, 1972

Mets and Bogorad, 1972
Schlanger et al., 1972
Boynton et al., 1973

Boschetti and Bogdanov, 1973a, b

Honeycutt and Margulies, 1973

Lee 'and Jones, 1973
Boschetti et al., 1974
Davidson et al., 1974
Harris et al., 1974
Schlanger and'Sager, 1974
Ghta et al., 1975
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Table I - continued ’
Site N
Organism Coding Synthesis Experimental Approach
Chlorella r RNA PAGE/chloramphenicol, spectinomycin
Euglena r Isolated plastids/in vitro protein synt,heais/chloramﬁhenicol pre
r Density gradients/viriniamycin
Ochromonas r EM/ch loramphenicol
Nicotiana N Interspecific hybrids/density gradients/PAGE
¢ Streptomycin-resistant mutant/tissue culture/genetic analysis/up
Pisum r Lincomycin/isolated plastids/amino acid, uridine incorporation/d
gradients/PAGE
Raphanus r Chloramphenicol/in vivo uridine incorporation/RNA PAGE
Spinachia R Isolated plastids/amino acid incorporation/density gradients/PAG
r Chloramphenicol, lincomycin/leaf discs/RNA. PAGE '
Symbols used: N = nuclear DNA
¢ = chloroplast DNA »
R = cytoplasmic ribosomes Yoo

chloroplast ribosomes
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Experimental Approach’,’ . Authors ;
hloramphenicol, spectinomycin { Galling et al., 1973 :
lastids/in vitro protein syntheais/chﬁoramphenicol pre~treatment- Reger et al., 1972 X
radients /viriniamycin ' Van Pel and Cocita, 1973 .
sphenicol Smith-Johannsen and Gibbs, 1972 :
fic hybrids/density gradients/PAGE Bourque and Wildman, 1973 :
in-resigtant mutant/tissue culture/genetic¢ analysis/uptake Maliga et al., 1975
1/isolated plastidg/amino acid; uridine Mcorporatimfdetisity .
/PAGE T ‘ Ellis and Hartley, 1971 .
nicol/in vivo uridine incorporation/RNA PAGE Ingle, 1968 :
rlastids/amino acid incorporation/density gradients/PAGE Spencer et al., 19751 '
enicol, lincomycin/leaf discs/RNA PAGE Detchon and Possingham, 1975 .
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determining ribosomal proteins and other organelle components in other

organisms is similar to that in Chlamydomonas. The results of

investigations of the sites of synthesis of chloroplast ribosomal
proteins suggest that the location of genes controlling the expression

of these proteins may vary among different species.

2. Mitochondria

As for chloroplast DNA the amount of information contained in
the mitqthondrial Eenome can be calculated from 1ts physical dimensions
(see Appendix). Whereas mitochondrial DNA molecules from animal
species average'S pym in contour length (in Borst, 1970), mitochondrial
DNAs from both algae and higher plants are 4 to 6 times larger. For
example, Kolodner and Tewarl (1972b) found 30 um circular DNA molecules
in mitochondria from pea leaves and Védel and Quétier (1974) obtained
linear molecules up to 28 um in length from potato tuber mitochondria.
The size of mitochondrial DNA from Euglena has recently been the subject
of controversy; some investigators obtained heterogeneous linear
molecules up to 19 pym in length (Mamning et al., 1971), but others
reported that this mitochondrial DNA occurs in the form of 1 ym circles
(Nass et al., 1974). A study of the kinetic complexity of the
mitochondrial DNA from this alga, however, indicates a value of 40 X 106
daltons (Talen et al., 1974), which is consistent with a contour length

of about 20 um. Thus, the molecular size of mitochondrial DNA from

Euglena is probably in the same range as that of mitochondrial DNAs from
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other eukaryotic microdrganisms. Mitoc’tndrial DNAs from Neurospora

(Clayton and Brambl, 1972) and yeast (Saccharomyces cérevisiae)
(Borst, 1970), for example, have been isolated as circular molecules
measuring 20 and 25 um, respectively. Thus, if each circular molecule
represents a complete copy of the mitochondrial genome, then the
mitochondrial DNA from lower and higher plants 1is sufficient to code
for 40 different proteins having molecular weights of about 40,000
daltons.

a. Sites of coding and synthesis of mitochondrial membrane

and soluble proteins '

The earliest studies concerning the coding site of mitochondrial
proteins were conducted by Ephrussi and his\collaborators on petite yeast
mutants, in which mitochondrial DNA 1is grossly altered (in\SﬁFer, 1972).

These respiratory-deficient mutants lack cytochromes ata., and b which

3
suggests that the genes for these compodents igside in mitochondrial DNA.
On the other hand, cytochrome c and most soluble proteins, including the
Krebs cycle enzymes, are probably coded by nuclear DNA, since thesge
components persist in petite yeast mutants (in Sager, 1972). Using
genetic methods, Sherman et al. (1966) demonstrated that the structural

gene for yeast cytochrome c is located in the nucleus.

In accordance with the low coding potential of mitochondrial

DNA, the proportion of mitochondrial proteins synthesized in the organelle

is also small. Experinents involving specific inhibitors of tramslation

show that the contribution of the yeast mitochondrial translation system
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to total organelle protein is only 4-~13%, depena&ng on the physiological
conditions (Kellerman et al., 1971). A comparison of in vivo and in
vitro labelling patterns indicates that about 90%Z of the proteins
synthesized within mammalian mitochondria are associated with membranes
(Coote and Work, 1971), and that, in Neurospora, the products of protein
synthesis on mitochondrial ribosomes are incorporated almost exclusively
into the inner mitochondrial membrane (Neuper; and Ludwig, 1971).
Evidence summarized by Sager (1972) shows that mitochondrial proteins
synthesized on cytoplasmic ribosomes include cytochrome c, the Krebs
cycle enzymes, membrane polypeptides, and mitochondrial DNA polymerase
and RNA polymerase.

Recent evidence indicates that the blogenesis of some
mitochondrial proteins is more complicated than suggested by earlier
studies with, for example, petite yeast mutants. This 1s illustrated
sy cytochrome oxidase which is identical with cytochrome 3&23 and has
been studied in detail. Cytochrome oxidase can be specifically
isolated from crude yeast mitochondrial extract by immunoprecipitation
(Rubin and Tzagoloff, 1973), and, when analyzed by SDS-gel electrophoresis,
the eazyme is resolved into 7 subunits (Sebald et al., 1933). The sites
of synthesis of these polypeptides has been investigateJ in yeast by
using specific inhibitors of translation. Synthesis of the three largest
components of cytochrome oxidase is sensitive to chloramphenicol, but
insensitive to cycloheximide, and thus occurs on mitochondrial ribosomes

(Rubin and Tzagoloff, 1973). In contrast, synthesis of the four smqkﬁer
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polypeptides is sensitive to cycléheximide, but insensitiwve to
erythromycin, and therefore proceeds on cytoplasmic ribosomes (Mason
and Schatz, 1973).' The three large polypeptides synthesized on
mitochondrial ribosomes are characterized by a relatively high content

of nonpolar amino acids (Sebald et al., 1973) and account for up to 257

of the total protein synthesized in the organelle (Ebner et al., .

3

Although the results of analyses of nuclear cytoplasmic yeast'mutants

lacking eytochrome oxidase activity (Ebner et al., 1973) dé not permit

APty

i’vr‘
a firm conclusion regarding the sites of structural geéﬁs for subunits

of cytochrome oxidase, they do indicate the interaction of both organelle

and nuclear genomes in the assembly of this mitochondrial enzyme complex.

The biogenesis of ATPase, another membrane-bound enzyme, also

requires the dual participation of two distinct transcription/tramslation

systems. When analyzed by gel electrophoresis, the purified ATPage
complex from yeast is composed of nine subunit polypeptides, five

associated with the catalytic function of the enzyme and four with a

& o
¥

membrane-binding factor. To determine whether some ofﬁ;hese poi&peptides

are synthesized in the mitochondrion, Tzagoloff and Meagher (1972)

conducted reconstitution experiments with radioactive and non-radioactive

fractions of the ATPase complex from yeast. The regsults indicated that
gt least some of the polypeptides which are involved in thé binding of
ATPase to membrane are intrinsic subunits of the enzyme complex and are
synthesized on mitochondrial ribosomes. Earlier studies (Tzagoloff,

1969) had shown, since ATPase activity accumulates in the soluble phase
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of mitochondria of yeast treated with chloramphenicol and this
accumulation is prevenfed in the presence of cycloheximide, thdt the
fraction of the ATPase complex involved in enzyme funétion is
synthesized on cytoplasmic ribosomes. .The location of genes
controlling the expression of ATPase activity has been studied in

oligomycin-sensitive mutants of Saccharomyces cerevisiae (Shannon et al.,

1973). The ATPase complex was isolated from a non-Mendelian and

several Mendelian mutants and separated into soluble and membrane
1
¥

pfotein components. Recoristruction of hybrid enzyme complexes from
components purified from mutant and wild—tygeiﬁg;ls indiégted that
oligomycin-resistance in both types of mutants is a property of the
membrane fraction of the ATPase complex. These results suggest that

mitochondrial DNA, as well as nuclear DNA, is a netic determinant

of ATPase.

b. Sites of coding and s sis of mitochondrial
tibosomal proteins
i. Site of coding of mitochondrial ribosomal proteins
The.evidence regarding the location of the genes coding for
mitochondrial ribosomal proteins is limited and controversial. The
presence of nuclear genes containing information for at least two
mitochondrial ribosomal proteins has been demonstrated by aﬁalysis of

interspecific hybrids of Xenopus (Leister and Dawid, 1975). However,

out of a total of seven species-specific mitochondrialsxribosomal proteins
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identified in this study, four exhibited a non-Mendelian pattern of
inheritance. Althougﬁ the data can be integpreted to indicate that
the genes for these four proteins are #ssociated with mitochondrial
DNA,Athe authors favour thé conclusion that nuclear paternal genes
for these components are transcribed in the hybrid, but that only the
maternally-determined proteins are bound b& the’dbrresponding
maternally~inherited mitochondrial rRNA. This is a cogent argument

since the transcription of 3;tochondrial RNA from mitochondrial DNA is
well documented (Whitfield, 1973). ) Futrthermore, the specificity of

rRNA-protein interaqgibns has also been established by reconstitution
experiments, in which ligixt cytoplasmic rRNA f’romﬂ yeast ‘and rat liver

failed to substitute for 16S rRNA from E. coli in the assembly of

E. coli ribosomal proteins into the bacterial 305 ribosdmal subunit

(Traub and Nomg¥a, 1968). . ’

Theré are also se;eral reports of non-Mende%ian mutatidns which
affect mitochondrial ribosomes, Altered ribosomes, for example, have .
been detected in mitochondria of erythromycin;résiﬁtant mutan;s of yeast
(Grivell et al., 1971) ard Paramecium (Tait, 1972). In\BQEX &eurosgora
mutants, the amount of the small mitochondrial ribosomal subunit is
abnormallf low, suggesting an instability exists in a ribosomal protein
(Neupert et al., 1971; Rifkin and Luck, 1971). However, in a study
where mitochondrial ribosomes from several different antibiotic-resistant

'

yeast mutants were analyzed, no differences between the mi tochondrial

¢

ribosomal proteins from resistant and sensitive strains were detected
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(Grivell et al., 1973). Therefore, this observation suggests that
the site affected by these non-Mendelian mutations 1s mitochondrial
T RNA. In some strains of bacteria, induced resistance to
erythromycin has been correlated with an altered methylation pattern

of 23S rRNA (lai and Weisblum, 1971).

i1. Site of synthesis of mitochondrial ribosomal
proteins

The results of inhibitor studies suggest that mitochondrial
ribosomal proteins are synthesized outside mitochondria. Using
CM-cel lulose columm chromatographv, Kintzel (1969b) showed that, in
Neurospora, the synthesis of proteins from both cytoplasmic and
mitochondrial ribosomes is sensitive to cycloheximide, whereas
chloramphenicol does not inhibit the synthesis of either class of
proteins. Davey et al. (1969) found that mitochondria, isolated from
yeast whilch had been grown for five generations in chloramphenicol or
lincomycin to dilute out all proteins synthesized on mitochondrial
ribosomes, are still active in amino aclid incorporation. In Ochromonas,
the number of mitochondrial ribosomes is not reduced in the presence of
chlorampbenicol (Smith-Johannsen and CGibbs, 1972). The results of these
studies therefore indicate that most of the proteins of mitochondrial
ribosomes are probably synthesized on cytoplasmic ribosomes. Later,
Borath and Kiintzel (1972) reported that chloramphenicol stimulates the

synthesis of mitochondrial ribosomes, and thus ribosomal proteins, in

N i g T s s

e A R L ]

il

PR



e o S

R R e Y

5
i
b

e

PR ik o L R

89

Neurospora, suggesting that the cytoplasmic synthesis of mitochondrial
ribosomal proteins may be regulated by a repressor synthesized in the
organelle.

None of these investigations rule out the possibility that a
few proteins of mitochondrial ribosomes are synthesized within the
organelle. Inhibitor studies on yeast (Schmitt, 1972) and Tetrahymena
(Mi11lis and Suyama, 1972) have shown a partial sensitivity of the
synthesis of mitochondrial ribosomes to chloramphenicol. This
antibiotic is known to affect respiration non-specifically (Freeman
and Haldar, 1968), however, and the L-threo isomer of chloramphenicol
was not employed in either study as a control (Ireland and Bradbeer,
1971). Therefore, the inhibition of synthesis of mitochondrial
ribosomal profeins by chloramphenicol reported in yeast and Tetrahymena
may reflect a general depression of energy-dependent protein synthesis
on cytoplasmic ribosomes.

The conclusion most compatible with the genetic and biochemical
evidence discussed above is that the synthesis of most mitochondrial
ribosomal proteins is directed by nuclear genes on cytoplasmic ribosomes.
Michel and Neupert (1973) point out that as many as one hundred proteins
may be formed by the nuclear-cytoplasmic system for the mitochondrial
transcriptional and translational machinery. This machinery, however,
generates only a few polypeptides assoclated with the mitochondrial

inner membrane. _Apparently, the extreme hydrophobic nature of these
<

components necessitates their synthesis at the site of their incorporation

into the membrane.
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II. Purpose of the investigation
This investigation was undertaken to answer the question --

are chloroplast ribosomal proteins synthesized 1in the chloroplast of

Ochromonas”? This problem is interesting from the point of view of

regulation -~ how do the host cell and organelle genetic systems interact
to control the synthesis of organelle components, and is also important
from an evolutionary standpoint -- how did organelles evolve?

Evidence from our previous ultrastructural study, in which
chloramphenicol was used to inhibit protein synthesis on chloroplast
ribosomes, suggested that chloroplast ribosomal proteins are synthesized
in the chloroplast of QOchromonas (Smith-Johannsen and Gibbs, 1972). The
results of biochemical studies with some other algae (e.g. Kloppstech and
Schweigecr, 1974) are conflicting. To resolve the question of whether
these discrepancies arise from genuine differences between species or from
differences in experimental approaches, the Ochromonas system was studied
using biochemical methods.

A procedure was developed for the isolation of intact rRNA from

Ochromonas. The electrophoretic profile of the RNA from this organism is

unique and contains five peaks of high molecular weight rRNA. A major
portion of this study was devoted to identifying and characterizing these
rRNA species.

Spectinomycin, a specific inhibitor of translation on 70S ribosomes
(Pestka, 1971), was used to block protein synthesis on chloroplast ribosomes

in Ochromonas. This antibiotic probably inhibits the functioning of
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mitochondrial ribosomes as well, but unlike chloramphenicol, spectinomycin
does not have non-specific effects on mitochondrial respiration. Since
newly-transcribed rRNA is complexed with proteins (Hamkalo and Miller,

1973) and is probably unstable if not incorporated into ribonucleoprotein
particles, the accumulation of chloroplast rRNA ;an be assumed to reflect

the availability of chloroplast ribosomal proteins. The effect of
spectinomycin on the synthesis of chloroplast ribosomal proteins was
therefore examined by measuring the amount of chloroplast rRNA in control

and drug-treated cells. 1f the amount of chloroplast rRNA in spectinomycin-
treated cells 1s reduced, then one can conclude that the antibiotic probably
inhibits the synthesis of chloroplast ribosomal proteins. Ethidium bromide
was employed in some experiments to distinguish chloroplast and mitochondrial
TRNAs. The effects of spectinomycin and ethidium bromide on the

ultrastructure of Ochromonas were also studied.
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MATERIALS AND METHODS

A. Biological Material and Growth Conditions

Stocks of Ochromonas danica Pringsheim were obtained from the

Culture Collection of Algae at Indiana University (Culture No. 1298).

Cells were grown at 29° C in 250 ml Erlenmeyer flasks containing 150 ml

of complete Ochromonas medium (Aaronson and Baker, 1959). Dark-grown
cultures were maintained in a light-tight incubator; 1light-grown and
greening cultures were maintained on a low speed rotary shaker in a ;
growth chamber equipped with a bank of fluorescent and incandescent lamps
adjusted to give a light intensity of 600 ft-c at the culture surface.
Inoculations of dark-grown cultures and other dark operations were
carried out using safelights covered with both a blue (Rohm and Haas

No. 2424) and a green (Rohm and Haas No, 2092) sheet of plexiglass.

The density of cultures at the beginning of experiments where
antibjotics were used was 0.2 - 1.5 X 106 cells/ml. At this
concentration both light and dark-grown cells divide at an exponential
rate. In the case of greening experiments, the inhibitors were added
to dark-grown cells just prior to illumination. D-threo and L-threo
chloramphenicol and ;%ectinomycin were added to cultures in powder form;
ethidium bromide was added from freshly prepared stock solutions (0.15
mg/ml in distilled water). -Cell counts were made with a Model ZB1l
Coulter Counter using a 100 ym aperture.

Escherichia coli strain CR34 F , thy , threo , leu , lac was

kindly supplied by Dr. D. Lane, Biochemistry Department, McGill University.
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(3H)Uridine labelled RNA from sea urchin embryos (Lytichinus pictus)

was kindly provided by Dr. D. Fromson, Biology Department, McGill

University.

B. Biochemical Studies

1. Labelling of Ochromonas danica RNA

To label the RNA, 50 ml of a dark or light-grown culture
containing approximately 1 X 106 cells/ml was incubated in the presence
of 20 uCi/ml (H)S-uridine (27 Ci/mM). After a labelling period of 6
hours in the light the cells were harvested, washed once in distilled
water, and RNA extracted as described below. Cultures used for
labelling studies were routinely tested for bacterial contamination.

2. Extraction of total RNA from Ochromonas danica

«

A total of 50 - 200 x 106 cells which were in the exponential
phase of growth were apllected in 40 ml plastic tubes by centrifugation
at 9000 rpm for 8 min at 4° C using a Beckman J-21 centrifuge and JA-14
rotor. All subsequent operations were carried out at 4° C. The phenol
used for isolation of'RNA was redistilled and neutralized by three
changes of the extraction buffer (0.05 M Tris-acetate, pH 7.6, 0.1 M NaCl,
0.01 M disodium EDTA)Yin a separatory fumnel. An equal volume of
chloroform was added to the buffer-saturated phenol and the resulting
solution made 1% isoamylalcohol and 0.1% 8-hydroxyquinoline. Equal
volumes of extraction buffer, containing 0.3% Sarkosyl NL 97, and
phenol-chloroform (1:1) were thorouéhly mixed and Immediately added to

the pelleted cells. the cells were dispersed in 4 ml of the extraction
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buf fer-phenol-chloroform mixture by vortexing and the slurry was
transferred to a 15 ml screw-topped glass tube. Samples were shaken
for 15 min at medium speed on a W-8 Twist Action shaker (New Brunswick
Scientific, New Brumswick, N.J.) and centrifuged for 15 min at 4500
rpm in an International Model HN centrifuge. The aqueous phase was
re-extracted three or four more times with phenol-chloreform, w@th
shaking and centrifugation periods reduced to 10 min each. The RNA
was precipitated by adding 0.1 volume 20% potassium acetate, pH 5.5,
and 2.5 volumes absolute ethanol to the final supernatant and allowing
the solution, to stand for a minimum of 18 hr at -20° C.

Precautions were taken to avoid ribonuclease contamination
of RNA preparations. Therefore glassware was acid-cleaned and
autoclaved; sterilization of buffers and pipets was not, however,
found to be neces;;ary.

3. Extraction of labelled RNA from Escherichia coli

To ensure continuous incoéporation of radioactive precursor
into RNA, 0.1 ml 160 uCi/ml (1ac)uracil (0.55 uCi/uM) was added to a '
200 ml culture of E. coli at 10 min intervals during a period of 1.5 hr.
The culture (3 X 108 cells/ml) was centrifuged and washed with an equal
volume of Tris-acetate buffer (0.05 M Tris-acetate, pH 7.6, 0.1 M NaCl,
0.01 M MgClz). The cells were resuspended in Tris-acetate buffer and
lysed by adding 1.4 mg/ml lysozyme and incubating at 37° C for 5 min.

An equal volume of Tris—acetate buffer-saturated phehol containing

0.1% 8-hydroxyquinoline was added and the suspension agitated for 10 min
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by gentle shaking by hand. The aqueous phase was re-extracted with
an equal volume of phenol followed by an equal volume of ether. The
RNA was precipitated adding 0.1 volume 20% potassium acetate, pH
5.5, and 2.5 volumes olute ,ethanol to the preparation, and stored
at -20° C. The specific activity of this RNA was approximately 7500

cpm/ug, assuming 1.0.D.,, = 40 ug RNA (Avadhani and Buetow, 1972).

4, Electrophoresis of RNA

a. Preparatioﬁ of gels and RNA samples

'The method used to prepare agarose-acrylamide gels is based
on procedures developed by Loening (1969) and Peacock and Dingman (1968).
The composition of the gels used in this study was as follows: 2.4%
acrylamide, 0.12% bisacrylamide, 0.5% agarose, 1% NNN'N'tetramethyl-
ethylenediamine (TEMED) and 1% ammonium persulfate in electrophoresis
buffet'}0.036 M Tris, pH 7.8, 0.03 M NaZHZPOA’ 0.001 M disodium EDTA).
Stock solutions of electrophoresis buffer and of 15% acrylamide plus
0.75% bisacrylamide were prepared in advance and maintained for no

longer than two weeks. Agarose was refluxed as a 1% solution in

distilled water immediately before using. Ten percent solutions of

ammonium persulfate and TEMED were also freshly prepared. The gel

tubes (10 cm long with an inner diameter of 8 mm) were treated with
Siliclad and placed vertically in the casting rack, their‘lower ends
sealed with a sheet of parafilm. To prepare gels, appropriate amounts
of stock buffer, acrylamide, TEMED, and distilled water were combined

in the above order in a small Erlenmeyer flask. The flask was warmed
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in a 54° C water bath and ant equal volume of 1% agarose (54° C) was
added. Finally, 0.1 volume 10% ammonium persulfate was added to the
solution which was then gently swirled and rapidly dispensed into the
tubes using a Pasteur pipet to avoid introduction of air bubbles.

Gels were allowed to polymerize for 10 min at room temperature followed

by 10 min at 4° C. The gels were partially extruded from the tubes so

that the curved surface formed at the gel-air interface could be cut off;

i
H
i

the opposite end which had been in contact with the parafilm provided a
smooth, flat loading surface. A small square of cotton gauze was
applied to the bottom of each tube to prevent the gel from sglipping out.
Gels were pre-run for approximately 640 min at 4° C im electrophoresis

buffer at 5 mA/gel.

e Rt s et o e e

The RNA preparation was centrifuged 5 min at 4° C at 2900 rpm |
in an TEC Model CL centrifuge using a 221 rotor and washed once with
cold absclute ethanol. The pellet was allowed to dry and was resuspended
in 0.2 ml cold electrophoresis buffer containing 207 glycerol. Insoluble
polysaccharide (chrysolaminarin) was removed by centrifugation for 5 wmin
at 2900 rpm. An aliquot of the supernatant was analyzed in a Beckman

DB-GT spectrophotometer: O'D'ZGO/O'D ratios were routinely found to

280
be 2.00. Approximately 10 to 12 pg,RNA in 50 ul of buffer was loaded
on each gel.

b. Electrophoresis and analysis of gels

Ele;crophoresis was carried out for 3 hr at 4° C at 5 mA/gel.

Under these conditions bromophenol blue, the tracking dye, was located

5 to 10 mm from the anode end of the gel after 3 hr.

\\




After electrophoresis the gels were removed from the tubes
and soaked in distilled water for at least 30 min. They were then
scanned at 260 nm in a Gilford Model 240 spectrophotometer equipped

with a 2410-S linear transport attachment and 0.2Yymm X 2.36 mm

aperture plate using a chart speed of 1 in/min.

For determination of radiocactivity the gels were fractionated
into 1 mm sections using a Gilson gel fractionmator,. The minced gels

were collected in plastic vials and allowed to dry. Protosol (0.3 ml)

R

and 6 ml toluene containing 4 g/l Ommifluor were added to each
fraction, the vials were maintained at room temperature overnight, and
the radivactivity was measured in an Intertechnique ABAC SL40 liquid
scintillation counter.
c. Analysis of polyacrylamide gel electropherograms
Relative proportions of RNA species represented by Peaks in

§ the electrophoretic prafiles were determined by measuring the areas

bounded by the curves. Tracings of three to twelve replicate gels of

each sample from one or more separate RNA extractions were Xeroxed and

e 31 TR P

; the peaks extrapolated to the base line using a straight edge. Some
variability in the background absorbance of gels persisted within and
between experiments as shown in Figure 1. Therefore the base line was
usually determined by connecting the troughs between the major peaks in
o the tracing. Individual peaks were then cut out and weighed. Since

the heavy cytoplasmic RNA peak often ran off-scale, values for amounts

of RNA were normalized with respect to the light cytoplasmic rRNA species.
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Figure 1. Variability in background absorbance of agarose-
acrylamide gels. Sample buffer (50 pl) was applied to gels
and subjected to electrophoresis for 3 hr. A, B and C

represent three such gels,
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Thus, amounts -of organelle ;RNA wvere expressed as a ratio bf the
organelle RNA peak to the amount qf light cytoplasmic rRNA.

d. Statistical analysis

The ratiog/obtained by analysis of the electrophoretic
profiles of RNA gamples from control and treated cells were transformed
to arcsin values (Sokal and Rohlf, 1969) and the data subjected‘to
statistical analysis, The results from the experiment invoiving
D-threo and L-threo c“loramphenicol were subjected to-a Student's
t-test. The results from the experiment involving ethidium bromide
and spectinghycin were subjected to single classification analysis of
variance after confirming homogeneity of variance by Bartlett's test
(Snedecor, 1956). Dunnett's procedure (Steel and Torr;e, 1960) was

employed to determine levels of confidence between controls and

experimentals.

C. Ultrastructural Studies
1. Electron microscopy

Light-grown and greening ceils were treated with 100 ug/ml
spectinomycin and/or 1 ug/ml ethidium bromide for 24 hr. Cells were
then collected in an IEC clinical centrifuge at 2900 rpm for 3 min and
each sample was processed far electron microscopy at room temperature
by two different methods. The first method was a standard fixation of
30 min in 2.5% glutaraldehyde in phosphage buffer (0.1 M sodium
phosphate, pH 7.2) followed by a rinse in phosphate buffer and 60 min

post~fixation in 12 osmium tetroxide in phosphate buffer. The second
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'method Ingolved suspending cells in a solution containing both

glutaraldehyde and osmium tetroxide, a technique Falk (1969) employed

to demgnstrate 'rough’ thylakoids in chloroplasts of Phaseolus vulgaris.
Cells were 'co—fixed' for 30 min in freshly mixed 2% glutaraldehyde and

2% osmium tetroxide in 0.05 M phosphate buffer, pH 7.2. After washing

oty

in phosphate buffer the cells were post-fixed in 1% osmium tetroxide
in phosphate buffer for 60 min. ’
Samples prepared by both fixations were dehydrated through an

ethanol series and embedded in low-viscosity epoxy resin (Spurr, 1969).

Sections were cut on a Porter—Blum Mt~2 ultramicrotome, stained for 10
min with lead c:l:;:rate (Reynolds, 1963), and examined in a Philips EM
200 electron microscope.

(;hlorophyll a was extracted in 807 acetone, measured at 663 mm
with a Beckman DB-G spectrophotometer and the amount per cell calculated
according to the method described by Gibbs (1962).

2, Quantitative amalysés ’
(r) a. Ribosome counts
\ Chloroplast and mitochondrial ribosomes were counted on
electron micrographs of co-fixed cells printed at a total magnification

of 73,000 X. A square window representing 1/16 um2 in area was placed at

random over the organelle and the number of electron dense particles of’

»*
- ribosome size counted. Since membraries usually occupied some fraction
of the counting field, the values obtained by this method represent
N N ribosomes/total chloroplast area rather than ribosomes/area chloroplast ’

~
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matrix. Each value for ribosomes/unit organelle area given in Tables

VII and IX is an average of approximately 130 counts from a minimum of

25 chloroplasts or approximately 100 counts from at least 75 mitochondria.

The data was subjected to a statistical analysis and levels of confidence
were determined by a Student's t-test.

b. Chloroplast volume

Tﬁ; percent volume of the cell occupied by the chloroplast
under control and experimental conditions was determined from the
fractional area occupied by the chloroplast in approximately 100
sections through as many cells selected at random from each sample.
Chloroplast and cell areas were measured with a compensating polar
planimeter (Geotec 349-1838) on micrographs printed at a final

magnification of 25,900 Xx.

The percent chloroplast volume was then converted to absolute

chloroplast volume by multiplying by the mean cell volume of the 4
population. Cell volumes were measured with a Model ZBl Coulter
Counter, calibrated with paper mulberry pollen. The absolute chloroplast

volumes thus obtained were used to compute total ribosomes per chloroplast.

D. Chemicals and Equipment

D-threo chloramphenicol and ethidium bromide were obtained
from Sigma Chemical Co., $t. Louis, Mo.; L-threo chloramphenicol was
purchased from Park, Davis and Co., Detroit, Mich. and spectinomycin from

The Upjohn Co., Kalamazoo, Mich..
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Radioactive isotopes, Protosol and Ommifluor were secured

from New England Nuclear, Boston, Mass.. Sarkosyl NL 97 was a gift

X o (4 g o

from Geigy Limited, Toronto, Ontario. Agarose was obtained from
Seakem, Rockland, Maine! agarose obtailned from Sigma Chemical Co.,
St. Louis, Mo. was unsuitable for electrophoresis. Siliclad was

bought from Clay Adams, Parsippany, N.J.. Acrylamide, bisacrylamide,

ammonium persulfate and TEMED were supplied by Biorad Laboratories,

S s R T

Richmond, Calif ., The electrophoresis apparatus including the vertical

Pt

F

i

;

1 H
)

column, casting rack, and constant-voltage power—-pak were provided by .

the E-C Apparatus Corporation, St. Petersburg, Florida. é
Bentonite was obtained from Fisher Scientific Co., Fair Lawn, é
R.J.. Diethylpyrocarbonate was purchased from Aldrich Chemical Co., E
Milwaukee, Wis., and sodium thioglycolate from Sigma Chemical Co., ;
St. Louis, Mo..
Glutaraldehyde was obtained from Ladd Research Industries, .
Burlington, Vermont, and osmium tetroxide was purchased from BDH Chemicals, ;

Toronto, Ontario.
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RESULTS

A. Ribosomal RNA in Ochromonas danica

1. Isolation of intact RNA

Cells of Ochromonas were harvested by centrifugation and

extracted with an emulsion of Tris-acetate buffer and phenol-chloroform

containing 0.5% Sarkosyl. The aqueous phase was re-extracted three

times with phenol-chloroform and the RNA precipitated in ethanol

overnight. The entire extraction procedure was performed in the cold

S e e R TR AT R NLRE

(0-4° C). The RNA was redissolved in electrophoresis buffer and ;
separated on agarose—acrylamide gels. A representative electrophoretic g
profile of RNA from light-grown cells appears in Figure 2. Five peaks %
of rRNA (designated a, b, ¢, d and e) as well as another peak containing ]
4S transfer RNA and 55 RNA are resolved. A major portion of this study
was devoted to demonstrating the Integrity of the high molecular weight

rRNA species and their subcellular origin,

/

N

The isolation of intact plant rRNAs, particularly the heavy é
chloroplast rRNA species, is difficult due to their extreme susceptibility H
to nucleases. The extent of RNA degradation was so great in earlier
studies that the absence of heavy chloroplast rRNA was reported in several :

plant tissues (Spencer and Whitfield, 1966; Woodcock and Bogorad, 1970).

More recently the use of inhibitors of ribonuclease activity has allowed

the improvement of plant RNA preparations. Results of our initial

-

attempts to 1solate rRNA from Ochromgonas indicated the potential existence
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Figure 2. Representative electrophoretic profile of nucleic

acids extraeted from light-grown cells of Ochromonas danica

at 0-4° C. Samples containing 10-12 pg RNA were applied to
0.5% agarose - 2.4% acrylamide gels and electrophoresis was
for 3 hr at 0-4° C. Five peaks of high molecular weight
rRNA (designated a, b, ¢, d, and e) are resolved. The

rapidly-migrating 4S and 5S RNAs appear as a single peak on

the far right of the electropherogram.
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of RNA degrading enzymes in this organism. The extraction method
eventually develgped, however, does not require the inclusion of
inhibitors of ribonuclease activity. This was demonstrated by
testing the effects of several ribonuclease inhibitors on Ochromonas
rR§A. The inhibitors each prevent ribonuclease activity by a
different mechanism. Bentonite is a montmorillite clay,
A1203.45102.H20, which adsorbs metal ions and basic proteins such as
ribonuclease (Singer and Fraenkel-Conrat, 1961). Figure 3A shows
that the presence of 50 ug/ml bentonite during extraction does not
alter the electrophoretic profile of Ochromonas rRNA.
Diethylpyrocarbonate (DEP) inactivstes nucleases by #ew ability to
irreversibly denature proteiny (Rosén andg%ecorcsék, 1966; Solymosy
et al., 1968). Since it decomposes rapidly in aqueous solution to
ethanol and carbon dioxide, a few drops of DEP were added to saturate
the buffer just prior to extraction of RNA. As shown 1in Figure 3B,
however, the electrophoretic pattern of rRNA isolated in the presence
of DEP 1s the same as in Figure 2. Sodium thioglycolate, a reducing
agent, inactivate; ribonuclease by disrupting disulfide bridges in the
native enzyme. figure 3C.shows that, even at 30 mg/ml, sodium
thioglycolate does n;$ alter the electrophoretic pattern of Ochromonas
rRNA. '

The possibility of endogendus ribonuclease activity during the
initial stages of extraction was al;o examined by another method. Cells

were first lyophyllized antdgRNA was isolated from the dry residue. This

precaution reduces the susceptibilﬁty of RNA to enzymatic attack since
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Figure 3. Effects of several RNase inhibitors on Ochromonas
; TRNA. Isolation of nucleic acids was carried out as described
in Materials and Methods %fcept that the inhibitor of RNase
activity was included in the extraction buffer: A, 50 pg/ml
. bentonite; B, DEP; C, 30 mg/ml sodium thioglycolate.
5

Background absorbance in these gels has not been completely

removed.
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the aqueous environment of ribonuclease 1s rapidly removed. No

difference in the electrophoretic profile of Ochromonas RNA extracted
from lyophyllized and intact cells 1is observed (data not shown).
Thus variations in the extraction Erocedure such as addition of
ribonuclease inhibitors to the isolation medium and lyophyllization of

the cells failed to reduce the number of high molecular weight RNA

species in the resulting extract when characterized on gels. These
obgervations suggest that such efforts are not required to obtain
undegraded rRNA from Ochromonas under the stated conditions.

Some experiments were therefore conducted to determine which
parameters of the extraction method are critical to the isolation of

intact rRNA. The maintenance of low temperature (0-4° C) is essential.

¥
i
;
§‘
%
%

When RNA is extracted at room temperature (20-22° C) and electrophoresed
in the cold, the resulting profile indicates the presence of degraded
rRNA: peak b is reduced with the concomitant appearance of a new
component migrating between peaks b and c, as well as swaller fragments
migrating slightly faster than the RNA species associated with peak e

(Figure 4A). A similar pattern results when RNA 1is extracted at room

It AT PR S R

temperature in the presence of 25 mM magnesium chloride, except that the
smaller fragments are not observed (Figure 4B). When RNA extracted in 3
the cold is electrophoresed at room temperature, a characgeristically

different pattern is observed. Figure 5 shows that no discrete

components are present in the region of peak b, while breakdown products

heterogeneous in size are indicated by the appearance of broad shoulders




Figure 4. 1Isolation of Ochromonas rRNA at room temperature

in A, extraction buffer containing no magnesium; and B,

extraction buffer containing 25 mM magnesium chloride.
Arrows indicate components which are not observed in samples

extracted in the cold.
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temperature.

0-4° C.

Electrophoresis of Ochromonas TYRNA at room

Extraction of the RNA was cafried out at

. )

. v 3k

T



109

%

d A Sie e R R D AN o e e e

fur

<
I

1.0

1
0
o

wu Q9g 1B eoueqiosqy

4

-,

ye

11

E
.
&
©
2
(o)
L
2
&
o
Q
c
«
E 4
R4
o

\

N

o




110

associated with peaks a and e. The rRNA species represented by peak b
18 thus less stable than the remaining specles since the relative amounts
of peaks a, ¢, e, and probably also d appear unaltered when the rRNA is
extracted or electrophoresed at réo& temperature.

Efficiency of extraction was tested by two methods. (3H)—

Uridine labelled RNA from sea urchin embryos (Lytichinus pictus) was

added to liEhi and dark-grown cells of Ochromonas and the amount of
radioactivity in each sample comggred before and after extraction of
RNA. The data presented in Table II shows that over 75% of the counts
are recovered. That significant amounts of RNA are not lost during the
isolation procedure by entrapment in the thick interface usually formed
in the first phenol extraction was demonstrated by re-extracting the
initial phenol phase and interface with detergent-buffer. When this
material was analyzed on gels, very little absorbance was detected in
the region of high molecular weight rR%A. Considering that 100%
recovery of RNA can never be achieved“%y sequential phenol extraction
(a fraction of the aqueous phase is inevitably lost at each successive
extraction), these observations indicate an efficient extraction
procedure was used to isolate Ochromonas RNA.

A factor which influences the efficiency of extraction 1is the
order in which the detergené-buffer and phenol-chloroform aée added to
the cells. 1In preliminary experiments cells were suspended first in
detergent-buffer and then phenol-chioroform was added to the lysate.
When the aqueous and organic éolutions are added simultaneously, however,
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Table II. Efficiency of Extraction of Ochromonas RNA
(BH)Uridine labelled RNA from sea urchin embryos was added to light-

and dark-grown cells of Ochromonas and the amount of radioactivity

in egch sample compared before and after extraction of RNA.

Source of RNA (3H) cpm in 100X

Cell lysate Final aqueous phase

Light-grown cells 691 533

Dark-grown cells - 799 803
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as in all studies reported here, the yield of nucleic acid from comparable

numbers of cells is approximately 50% greater. The electrophoretic

. aelt i e

profile of nucleic acid isolated by the former method is seen in Figure 6.
A reproducible peak containing a high molecular weight fraction assumed k
to be DNA was observed in these preparations; in contrast, this peak is i
absent from samples extracted by the method chosen for this study (cf.
Figure 2).

Results of alkaline hydrolysis of the extracted nucleic acids
showed that RNA was preferentially extracted by th}s procedure. A
preparation of nucleic acids from Ochromonas was incubated in 0.3 NaOH
at %7° € for 21 hr. As can be seen in Figure 7, no high molecular
weight material is present in the sample after this treatment. Since
DNA, but not RNA, is alkali-resistant, thils observation indicates that
the nucleic acid extracted from Ochromonas by this method is almost
exclusively RNA.

2. Characterization of Ochromonas rRNA

a. Cellular origin of rRNA species

The relative abundance of ribosomes in the chloroplast,
mitochondria and cytoplasmic compartments of Ochromonas has been
observed by electron microscopy (Smith-Johannsen and Gibbs, 1972).
These studies show that cytoplasmic ribosomes predominate in the cell.
Therefore peaks a and ¢ were assumed to contain the heavy and light

cytoplasmic rRNA respectively, since they comprise the bulk of total

Ochromonas RNA. A comparison of RNA from dark and light-grown cells

shows clearly that peaks b and e are reduced in the RNA sample from

B e T S
. &ﬁ



Figure 6. Effect of the sequential, rather than simultaneous,
addition of extractants on the electrophoretic profile of the
resulting nucleilc acid preparation. Cells were first

suspended in detergent-buffer and then phenol-chloroform was

added to the lysate.
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Figure 7. Alkaline hydrolysis o nuc%gic aclds extracted
from light-grown cells of Ochromonas. ( A, control, kept on

ice; B, incubated in 0.3 N NaOH at 37° € for 21 hr.
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g
dark-grown cells (cf. Figure 8A with Figure 2). Cells grown in the
dark are characterized by a small proplastid which contains re}latively
few plagtid ribosomes. During greening the number of chloroplast
ribosomes per cell increases more than five fold, a much greater change
than that occurring in the ribosome number in either mitoghondria or
the cytoplasm (Smith-Johannsen and Gibbs, 1972). This suggests that
peaks b and e represent heavy and light chloroplast rRNA respectively.
Mitochondrial rRNA probablyi accounts for the remaining absorbance peaks
occurring in the high molecular weight regior; ‘qf the electrophoretic
profi\le of Ochromonas RNA. Tt;%*:d\emonstrate the presence of mitochondrial
* !
rRNA directly, however, cells weré{’ treated with ethidium bromide which
is known to interfere with mitochondrial rRNA synthesis (Zylber et al.,
1969). RNA extracted fr;t;l dark and light;“grbwn «cells exposed to 1 ug/ml
ethidium bromide for 20 hr and 24 hr respectively is analyzed ,vin Figures
8B and 9B. Peaks b and d are markedly reduced in samples from drug- i\
treated cells compared to controls (Figures 8A and 9A). Also, a high
proportion of organelle rRNA is ethidium bromide-sensitive in dark-grown

cells, which contain almost twice as many mitochondrial as plastid

r:l.bc:somes.l These two lines of evidence strongly suggest that when

Ochromonas RNA is subjected to electrophoresis, the heavy and light

chloroplast rRNAs migrate as peaks b and & respectively, and the heavy

and light mitochondrial rRNAs as peaks b and d respectively. Thus peak

1  Calculated from data in Gibbs, 1968; and Smith-Johannsen and Gibbs,
1972. o ~
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Figure 8. Effect of ethidium bromide on rRNA 1n dark-grown

d cells of Ochromonas. A, control; B, RNA extracted from

cells grown in the presence of 1 ug/ml ethidium bromide for

X 20 hr.
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Figure 9. Effect of ethidium bromide on rRNA in light-grown
cells of Ochromonas. A, control; B, RNA extracted from

cells exposed to 1 ug/ml ethidium bromide for 24 hr.
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b 1s a composite of heavy rRNA from both organelles.

b. Sizes of TRNA speciles

In order to establish the sizes of Ochromonas rRNA species,
(3H)uridine labelled RNA from light-grown cells was co-electrophoresed
with (IAC)uracil labelled RNA from E. coli. The resulting absorbance
and radioactivity distribution profiles are presented in Figure 10.
E. coli 235 rRNA migrates faster than the algal heavy cytoplasmic rRNA
component and more slowly than the organelle heavy rRNA species. E. coli
16S rRNA appears to be coincident with Ochromonas light mitochondrial
rRNA while the light chloroplast rRNA speices migrates slightly faster.
For this range of molecular size and the concentration of gel used, the
sedimentation constants of RNA components exhibit an inverse linear
relationship to their mobilities in gels (Loening and Ingle, 1967).
Loening (1968) has also shown empirically that the relationship between ®
the logarithm of molecular weight and electrophoretic mobility is

linear. The sizes of Ochromonas rRNA species were therefore determined

by plotting either sedimentation constants or logarithms of molecular

.welght against the didtance migrated in the gel by the E. coli rRNA

markers. The values for the absolute molecular weights of E. géll 238

and 16S rRNA arg 1.07 X 106 and 0.55 x 106 daltons respectively

(Rodgers, 1974). The results presented in Table III are similar to‘

other values for plant rRNA components reported in the literature. .
3. Lability of heavy chloroplast rRNA

Ochromonas high molecular weight rRNA is resolved into five
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Table III.

(3B)Uridine labelled RNA from light-grown cells was co~electrophoresed
» \

Sizes of Ochromonas rRNAs
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with (ll’c)urac:[l labelled RNA from E. coli. The sizes of Ochromonas
rRNA were determined by plotting either sedimentation constants or
logarithms of molecular weight against the distance migrated in the

gel by the E. coli rRNA markers.. The values for the absolute molecular
weights of heavy"and light E. coli rRNAs are 1.07 X 106 and 0.55 X 106

daltons, respectively (Rodgers, 1974).

Sedimentation Molecuylar weight
Species of rRNA coefficient (daltons)
Cytoplasmic heavy 248 1.18 x 106
Cytoplasmic light 188 0,66 x 106
Chloroplast heavy 228 0.94 x 10°
Chloroplast light 15§ - 0.50 x 10°
Mitochondrial heavy 228 0.94 x 106
Mitochondrial  light 168 0.55 x 10°




Figure 10. Co-electrophoresis of (3H)uridine labe:lled RNA
from light-grown cells of Ochromonas and (lac)uracil
labelled RNA from E. coli. A, the ultraviolet absorbance
and B, radioa(ctivity distribution profiles of one of two
replicate gels are shown. Arrows indicate the absorbance

peaks of heavy and light E. coli rRNAs.
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distinct peaks when it is subjected to gel electrophoresis, whereas

only four rRNA species have been found in total RNA extracts of other green
plant tissues. Since the lability of the heavy chloroplast rRNA species
is well documented (Whitfield, 1973), the possibility that the unigque
electrophoretic profile of Ochromonas RNA may be due to degradation had
to be investigated. If one or more of the five rRNA species were the
product of incipient breakdown, then subjecting the RNA to stress might
augment peak(s) containing the degraded fragment(s). Experiments were
conducted to determine the pattern of RNA breakdown inducdd by heat.

The electrophoretic profile of RNA from light-grown cells incubated at

37° C for 10 wmin and rapidly cooled is shown in Figure 11B. Peak b is
reduced compared to the control kept on ice (Figure 1]A) and two new

peaks representing RNA smaller than 158 are observed. A slight increase
in absorbance in the region of mftochondrial 16S rRNA is also detected,
whereas no change 1s apparent in the amount of light chloroplast rRNA
species. The magnitude of the decrease in the size of peak b was
measured and 1is comparable to the amount of ultraviolet-absorbing
material represented by the two new peaks, suggesting that the latter may
be fragments derived from the larger heat-labile RNA species associated
with peak b. Incubation of Ochromonas RNA at 54° C (Figure 12A), however,
does not result in a further decrease in peak b indicating the presence

of a heat-stable 22S component. RNA from dark-grown cel;s which contain
relatively little chloroplast rRNA was also exposed to 37° C for 10 min.

In the electrophoretic profile shown in Figure 13B, there is only a slight
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loss of absorbance in peak b, compared to the control in Figure 13A.
These observations suggest that the heat-labile component in peak b 1is
the heavy chloroplast rRNA molecule and that the heat-resistant rRNA is
mitochondrial . Furthermore, the mode of induced breakdown of the
chloroplast rRNA argues against the likelihood that one or more of the
five species characteristic of Ochromonas rRNA arise by degradatiom.
Leaver (1973) has shown that the integrity of the heavy
chloroplast rRNA molecule in Vicia faba (broad bean) is maintained at
elevated temperatures in the presence of adequate concentrations of
magnesium. The integrity of Ochromonas rRNA is also preserved by
magnesium. Little or no breakdown occurs at 37° C when 10 mM
magnesium i; added to the RNA sample (Figu;e 11C). At 54° C, however,
10 nM magnesium is only partially effective (Figure 12B). The RNA
molecules migrating slightly ahead of the 22S species probably represent
an Intermediate stage in the conversion of the heavy chloroplast rRNA
into the characteristic low molecular weight products. When the
concentration of magnesium is increased to 20 mM, protection of the RNA
even at 54° C appears to be restored (Figure 12C). Unfortunately the
presence of high levels of magnesium also results in poorer resolution
during electrophoresis. The question arose whether the protective
effect displayed by magnesium is due to stabilization of RNA during heat
stress or to reassociation of the broken molecules when cooled, Similar
amounts of Ochromonas RNA were incubated at 37° C for 5 min in the

absence of magnesium, and then magnesium was added to 10 or 20 mM. The
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Figure 11. Effect of magnesium on the stability of rRNAs.

Total RNA was extracted from light-grown cells of Ochromonas
and replicate samples were A, kept on ice; B, incubated at

37° C for 10 min; or C, incubated at 37° C for 10 min in

the presence of 10 mM magnesium chloride.
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Figure 12. Effect of magnesium on the stability of rRNAs, ’ K
Equal amounts of RNA from light-grown cells were heated at

54° C for 10 min A, in the absence of magnesium and B, in

the presence of 10 mM magnesium chloride or C, 20 mM

magnesium chloride, The absorbance peaks’'indicated by the

arrow in A probably represents an aggregate of rRNA.
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Figure 13. Thermolability of rRNA from dark-grown cells.
A, control, kept on ice; B, incubated at 37° C for 10 min.

Arrows indicate positions of breakdown products.
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samples were allowed to stand at either room temperature or on ice for
10 min prior to electrophoresis. No protective effect was observed
and all samples were equally degraded (data not shown).

The breakdown of the heavy chloroplast rRNA caused by heating
may be explained by the presence of one or more non-covalent asso;:iations
between ribonucleotide chains which are then liberated under conditions
interfering with hydrogen bonding. Alternatively,’a heat-activated,
magnegsium—-inhibited ribonuclease may persist in these preparations of
Ochromonas RNA, To test the possibility of residual ribonuclease
activity, (14C)urac;il—labelled RNA from E. coli was mixed with unlabelled
Ochromonas RNA from light-grown cells at ratios of 1:1, 1:2, and 1:3 and
incubated at 37° C for 5 min. The control shown in Figure 14A illustrates
the stability of E. coli RNA at 37° C. Addition of an equal amount of
Ochromonas RNA t,&) the incubation mixture does not alter the eldctrophoretic
profile of the E. coli RNA (Figure 14B). The samples containing larger
amounts of Ochromonas RNA also revealed no evidence of degradation of
E. coli RNA. These results suggest that the algal RNA prepyarations are
ribonuclease-free. However, it should be added that RNase may be present,
but not active on RNA from E. coli.

4., Incorporation of isotopes

Previous studies on Ochrodmonas (Gibbs, 1968) ‘and higher plants
(Ingle et al., 1970) have demonstrated that light stimulates the synthesis
of chloroplast rRNA in greening tissues. The use of radioisotopes
provides a sensitive technique for measuring the rates of synthesis of

macromolecular components such as nucleic acid. Therefore, preliminary
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Figure 14,  Stability of E. coli RNA in the presence of RNA
from Ochromonas. (IAC)Uracil labelled RNA from E. coll was
incubated at A7° C for 5 min. A, alone and B, with an equal

amount of unlabelled Ochromonas RNA.
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experiments were performed to determine the appropriate labelling
conditions for Ochromonas. It was found thét cells incubated in the
pregsence of 20 uCi/ml (3H)ur1d1ne incorporate radioactivity at a
linear rate for at least 6 hours in the light. The RNA extracted from
dark-grown and greening cells labelled for 6 hours with 20 uCi/ml

(3H)uridine was analyzed on two separate gels, each of which was also

fractionated to permit determination of the distribution of radioactivity.

The light chloropiast and mitochondrial rRNAs were not resolved in the
radioactivity profiles (data not shown). Furthermore, hecause of the
relatively small amounts of the light chloroplast and mitochondrial
rRNAs, these species were not included in specific activity calculations.
Therefore, peak b alone was used as a measure of organelle rRNAs. The
specific actiyities of the cytoplasmic and organelle rRNAs from the
dark-grown cells were approximately 1250 cpm/ug rRNA and 330 cpm/pg rRNA
respectively. In contrast, the specific activity of the organelle
rRNAs from the illuminated cells was more than 40-fold higher, while
that of the cytoplasmic rRNA species was about 30-fold higher. fhe '
amounts of radiocactivity associated with the cytoplasmic and organelle

rRNAs was roughly proportional to the relative amounts of these rRNA

species in both dark-grown and greening cells.
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1. Chloramphenicol

130

In a previous ultrastructural study, I showed that the

antibiotic D-threo chloramphenicol inhibits the light-induced synthesis

of chloroplast ribosomes in Ochromonas (Smith-Johannsen and Gibbs, 1972).

Results based on electron microscopy of fixed specimens may be influenced

by artifacts such as thé loss of certain cellular components. Therefore,

a biochemical analysis of the effects of chloramphenicol on chloroplast

rRNA synthesis was made to confirm the ultrastructural observationms.

The effect of D-threo chloramphenicol and its isomer, L-threo

chloramphenicol, on the growth rate of greening cells is seen in Figure

15.

In the presence of 300 ug/ml of either chloramphenicol isomer,

cells grow at normal rates during the first 9-12 hr in the light. After

]
~

"a 12 hr exposure to L-threo chloramphenicol, there 1is a gradual decline

in the growth rate until 24 hr when little further cell division takes

place.

cessation of growth of greening cells after 12 hr.

On the other hand, D-threo chloramphenicol causes an abrupt

Since inhibition of

cell division may in turn affect RNA metabolism, the control and

chloramphenicol-treated cells were harvested for RNA extraction after

only

12 hr light. Electrophoretic profiles of the RNA from control cells

showed that the amount of the light chloroplast rRNA species (peak e)

with respect to the light cytoplasmic rRNA species (peak c) is not e

e
significantly greater in the 12 hr greening cells than in dark-grown cells.

Thus, at this early stage in greening, so little chloroplast rRNA has

%

e

|
E)

v T ase




P el S bl Sty

»

Figure 15. Effect of D-threo and of L-threo chloramphenicol

on the division rate of greening cells of Qchromonas. Each
inhibitor was added at a concentration of 300 pg/ml to dark-
grown cells just prior to illumination. Each point is an
average of duplicate counts from an individual culture.

Control cells, O - O; cells treated with D-threo chloramphenicol,

B -M; cells treated wbth L-threo chloramphenicol, @ - @.
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-
accumulated that the quantitation of the increase in the amount of these
YRNA species in 12 hr greening cells lies within experimental error of
measurement.

I4

/ It was decided to extend the peried of illumination and
inhibitor treatment, déspite the retardation of growth of cells exposed
to either chloramphenicol iscmer after 12 hr, By 24 hr greening, the
ratio of chloroplast rRNA to cytoplasmic rRNA in eontrol cells approaches
a maximum. The electrophoretic profiles of RNA extracted from cells
exposed to 24 hr light alone, to L-threo chloramphenicol and to D-threo
chloramphenicol are shown in Figure 16. Peaks b and e, containing the
heavy and light chloroplast rRNA ;pecies respectively, are considerably
reduced in the electrophoretic profile of RNA from cells treated with
D-threo chloramphenicol. TIn contrast, the relative amounts of the
different rRNA species in the extract from L-threo chloramphenicol-treated

L

cells are similar to those in the contrpl, These results are presented

quantitatively in Table IV which shows that, in the presence of S

D-ghggg:chloramphenicpl‘ the decrease in the amount of rRNA in peak e
which is comprised exclusively of the light cﬁldroplast rRNA sbecies is
about 70%., A reduction in the amount ;f.the light mitochondrigl TRNA
species (peak d) in the presence of the D-threo 1somer was also measured,
but this is not statistically significant. Statistical aﬂalysis of the
amounts of éhe variaug TRNA species in the L-threo chloramphenicol-treated
cellg confirmed the observation that,—despite the inhibitory effect of

this isomer on cell.division after 24 hr, L-threo chloramphenicol does not
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. ’ Figure 16. Effect of D-threo and of L-threo chloramphenicol

-, on the accumulation of rRNAs during 24 hr greening in

et e St A s s Sokil b3 s

) Ochromonas. Total RNA was extracted from A, control cells;
B, cells exposed to 300 ug/ml L-threo chloramphenicol; and

c, cells exposed to 300 ug/ml D-threo chloramphenicol.
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Table IV. Effect of L-threo and D-threo Chloramphenicol (CAP) on the
Accumulation of Organelle rRNAs During Greening.

Ratiqs of peaks b, d and\g_ respectively to peak c were calculated from the

. values for the area under each peak. These values were determined gravimetrically.

» Treatment - —Number of Number of Average ratio to peak ¢ + s.e.m. Difference from Control (%)
’ RNA electro- R b d e b d e
extracts pherograms = = - 2 . e ]
24 hr control 4 12 .283£.0001 .048+.0001 .105%.0001 - - -

300 :‘pg/ml L-threo CAP

4 ~ .277£.0001 .051+.0002 .101.0001 -2.1 +6.2  -3.8
300 yg/ml D-threo CAP 4 - .162+.0008 .029+.0001 .030+.0001 ~42.8%% =306  —T71.4%%kx
N ¥
k& P> .01
k% p’s 001
’_l
w
P~

ARl P N PP [ .
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prevent the light-induced increase in the amount of chloroplast rRNA.

ISince the cells treated with D-threo chloramphenicol have
ceased to divide before 24 hr,l I cannot be certain that the observed
reduction in the amount of chloroplast rRNA is due to the direct action
of the antibiotic on proteinxsynthesis on chloroplast ribosomes.
Therefore, another specific inhibikor of protein synthesis on 708
ribosomes, spectinomycin, which at 100 ug/ml allows continued growth of
Ochromonas during atﬁleast 24 hr, was used to obtain more conclusive
results.

2. Spectinomycin and ethidium bromide

The effects of spectinomycin (100 ug/ml) on greening and light-
grown cells of Ochromonas was investigated. In these experiments,
ethidium bromide (1 ug/ml) was used in conjwnction with spectinomyain in
order to distinguish between mitochondrial anggﬁﬁloroplast rRNAs., The
;ffects of gthidium bromide on oréanelle ultrastructure and chlorophyli

synthesis were also examined. Chloroplasts from several species of

algae and higher plants contain highly twisted circular DNA (Manning et al.,

3

1Other observations indicate that although it inhibits growth, D«threo -
chloramphenicol does not kill the cells. Ochromonas is a flagellated
organism, and cells grown in the presence of D-threo chloramphenicol
are still motile at 24 hr and even after 7 days when examined by light
microscopy. Also, when greening cells, which have been exposed to
D-threo chloramphenicol for 24 hr are subcultured in medium which does
not contain the drug, the cells resume growth after a lag period.
Whether all or only a fraction of the cells regain the capacity to
divide 1is not known, but since cells remaining for the same period of
time 1n the original culture containing chloramphenicol are still
motile, it is likely that most of the subcul;ured cells eventually
divide again, N '
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1971; Kolodner and Tewari, 1972a), and ethidium bromide binds -

preferentially to supercoiled circular DNA (Radloff et al., 1967). 1In

o e TV e

Chlamydomonas, the dye induces the loss of most, but not all, of the

&

chloroplast DNA (Flechtner and Sager, 1973). Therefore, although the

results of other experiments included in the present study (see Results

Part A) show that in Ochromonas chloroplast rRNA is not affected by

AT 2y

ethidium bromide, it was anticipated that ethidium bromide might have

PPN

other effects on the chloroplast.

a. Cell division

The effects of spectinomycin, ethidium bromide, and
spectinomycin plus ethidium bromide on cell division of Ochromonas

during greening are shown in Figure 17. The growth rate of cells

exposed to spectinomycin is slightly less than the control rate and

»

»
usually remains constant for 48 hr; however, in some experiments the

rate of division of spectinomycin-treated cells declined after 24 hr in
the 1light. Cells treated with ethidium bromide grow normally for almost

24 'hr, after which time the rate of cell division decreases. When

spectinomycin and ethidium bromide are present in the culture medium ) i
t. . - simultaneously, cells divide at a rate similar to that of cells treat‘ed
with spectinomycin alone during the first 24 hr, but then cell cﬂvision
slows down to a rate equivalent to that of the culture cont:.;ix;ing only

. ethidium bromide. ‘ & ;

* The growth curves of light-grown cells exposed to spectinomycin,:

ethidium bromide and spectinomycin plus ethidium bromide are seen in

-

a1
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Figure 17. Effect of spectinomycin and/or ethidixx;n bremide on

the increase in cell number in cultures of greening Ochr’o,monas.
Spectinomycin (100 pg/ml) and/or ethidium bromide (1 ug/ml)

were added just prior to illumination. 'Eaclt point is an ,'

average of duplicate counts from an individual culture. Control ’
cells, O -0; cells treéted with spectinomycin,ll- B ; cells
treated with ethidium bromide, @ ~ @; cells treated with both

inhibitors simultaneously, A - A .-
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Figure 18. Effect of spectinomycin (100 ug/ml) and/or

ethidium bromide (1 ug/m}) on division rate of light-grown

cells of Ochromonas. Each point is an average of duplicate

counts from a single culture. Control cells, Q -Q3;
spectinomycin-treated cells, Ml - W; ethidium bromide-
treated cells, ® - @; cells exposed to both inhibitors

-

simultaneously, A - A,
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- Figure 18. In contrast with the siightly depressed rate of growth of
ce}ls treated with spect'inomydn during greening, ,:he rate of cell
division in light-grown cultures containing this inhibitor is the
same as that of the control culture during the first 24 hr of treatment.
After this time, the rate of cell division in light-grown cultures

] exposed to spectinomycin decreases. In the presence of ethidium

bromide, light-grown cells grow at normal rates until 24 hr when the

rate of increase in population density begins to decline. Thus, the -

effect of ethidium bromide on the growth of light-grown cells is
gimilar to that on greening cells. Light-grown cells treated with
spectinomycin and ethidium bromide simultaneously grow at rates
comparable to that of cells eiposed to either inhibitor separately;
growth is normal duri;lg the firsgt 24 hr and then the rate of cell
division declines. ’

b. Chlorophyll

. The effects of spectinomycin and ethidium bromide on the
amoun.t of cl'llorophyll per cell are p;.-esented in Table V In the ‘ j
greégmg system, cells treated with spectinomycin contain approximately :

"’ . 40% less chlorophyll than controls or cellai treated with ethidium
bromide. For cells grown in coxhlht'inuous light, the results are quite
different. Spectinomycin does not'afcht}_thé amount of chiorophyll pex:
cell, but there is 20% les chlorophyll in ceils grown in the presence

( of ethidium bromide alone.\, The chloropt;yll content c'>f cultures
“ containing both spectinomycin and ethidium bromide, ixowever, ig- the game
as that of.the control, . , ‘ ' . . ;

-
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Table V. Effeet of Spectinomycin (Spec) and Ethidium Bromide (EB)
on the Amount of Chlorophyll per Ce}l.
Chlorophyll a‘was extracted in 80% acetone and measured at 663 nm.
The amount of chlorophyll per cell was calculated according to the
method described by Gibbs (1962). -
) -10
thsigi:fiﬁal Treatment Chlorophyll per cell (mg x 10 %) Difference
e Experiment Average from
N control
! o w ! £3
MQ‘V:; >
Greening 24 hr control 4,40 4.5 5.33 4.74 -
100 ug/ml spec 2.60 -2.3 3.04 2.65 =44 .1
. 1 pg/ml EB 4,61 3.7 - 5.33  4.55 ~4.0
- EB + spec 3,10 2.9 3.08 3.02 -36.3
4 ) ’
Continuous : . ’
ontinuou . - _ } ,
1ight 24rhr control 9.57 9.91 9.74
100 ug/ml spec: . 8.42 9.66 9.04 -7.2
1 pg/ml BB . 7.35 . 7:18 7.56 -22.4
. EB + spec 9.57 - 10,13 9.85 - #.1
. * Ayerage of dupligate samples ’
** Average of triplicate samples o
. - £ .
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c. Organelle rRNAs

The electrophéretic profiles of RNA extracted from greening
cells treated with spectinomycin for the first 24 hr of light and
from control greening cel}s are presented in Figure 19. The amounts
of rRNA in peaks b and e are selectively reduced with respect to peaks
a and ¢ in the extract from the spectinomycin-tréated cells, whereas
the amount of rRNA in peak d reipains approximately the same. Since
peaks b and e contain the heavy?and light chloroplast rRNA species
regpectively, these results inqicate that spectinomycin impedes the
normal light -induced increase*éf chloroplast rRNA during greening.
Since pe;k d corresponds to the light mitochqndrial rRNA species,
these observations also suggest that spectinomycin does not affect the

4 ,
amqunt 8f mitochondrial rRNA and that the effect of this inhibitor om-

the accumulation of the chloroplast rRNA species is specific. " In

Figure 20 the electrophoret;c gfofiles of RNA from cells treate? Qith
ethidium bromide alone and with both ethidium bromide‘ank spectinomycin
are compaged. : Siﬁce ethiidium bromi&e treatment el}minates essentially
all thegmiﬁochondriai TRNA, thé effect of spectinomycin onhthe‘ahbunt of
chlorop}ast rRNA_can’?e more readily assessed. To quagtiéy the effe;t
of qﬁéctiﬁomycin.;n‘the éccumulﬁtion of chloroplast ¥RNA in greening
cells, approximately tenqelectropherograﬂg of RNA from contr;ls and from
cells,tre;ted witﬁ spectingmycin, ethidium bromide and ethidium bromide |
T : :

plus spectinomycin were quantitatively &nalyzed:. - The results are
e Y

preégnted in Table VI which shows thaf in the presence of spectinomycin,
’ L
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chloroplast rRNA under conditions which reduce the dmomt of -
mitochondrial rRNA.’ Tot}l RNA was extracted from A, 24 hr ‘
. LAY ' . . -
* , greening cells exposed to 1 ug/ml ethidium bromide for 24 hr;
and from B; greening cells treated with both ethidium bromide.
(1 ;;g/ml),and spectinomycin (100 uslﬁi) for 24 hr.
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' " ' Table VI. Effect of Sﬁectﬁomycin (spec) and Ethidium Bromide (EB) on the
3 ’ ) 2 Accmulatiolpof Organelle rRNAs during Greening.
Ratios ‘of peaks b d and e respectively to peak ¢ were calculat:ed from values
—fg_r the area under each peak. -These values were. detemined gravimetrically.
’ ,Treatﬁen{ e Number 6f Number of Average ratio to peak ¢ t+ s.e.m. Difference fromcontrol (%)-
. .” BNA' ~ electro~- b d e d e -
extracts ' ' pherograms = = - b = T
24 hr.control & 12 .283+.0001 .048+.0001 .105+.0001 - - - -
-» - . - *. - - i ) . » N e
100 pg/nlfspeg: 3 10 .2274.0001 .0521.0001 .070+.0001 -19,.8%%% 8.3 -33, J*k%
1 ug/ml EB’ -3 10 ) . 218tf0001 .016+.0001 ,105+.0001 - -23.0%%% 66, 7%%* +0.0
EB ¥ spec 3 9 .1724.0001 ,.018+.0001 .078+.0001 -59.2*** =62, 5%%% .25, Tkk
** p> .05 -

1
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the amount of chloroplrast rRNA 18 reduced by 30-40%. Statistical
analysis of the data indicates that the spectinomycin-induced difference
in the amount of chloroplast rRNA in 24 hr greening cells is highly
significant. i

The electrophoretic profiles of RNA extracted from light-grown
cells after 24 h‘r treatment with spectinomycin, ethiéium bromide, an;i“ -
both inhibitors ;imultmeOUsly are not\prea'aented here, put sfmw that the
amount of the chlt;roplast rRNA species 18 also selectively reduced by
spectinomycin in the continuops light system. The magnitude of the
redugtion in the amount of chloropiast rRNA, however, is les‘s than in
the greening system. . This is expected since at the beginning of
spectinomycin treatment, light-grown cells already poésess a full

.

complement of chloroplast rRNA which is reduced only by dilution due to

cell divis :lon .

’i'hue, dn light-grown cella exposed to spectinoni’ycin,‘ the amownt

¢;£ thoroplast. TRNA 1? slightly feduced, ﬁxile the rate of cell division
and amount of chloro;hyll per cell is com;a'rable to that of c:mtrols. *
The effects of spectinomycin on greening celiq are more viaibie: the
grovth rate of treated cells is slightly reduced, the amount of B

_chlorophyll per cell is decreased by 'approximately 40% and the accumulation

of chloroplast rRNA 18 selectively reduced by 30-40%.
d. Ultrastructuxe
The effeets of spectinomycin and ethidium bromide on the

horphology of both greening and 1ight-3rown cells .were determined by

L3
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electron mictogcopf. With few exceptions, the ultrastructgral T
alterations 1ndgced by tﬁese inhibitors in greening cells are also
observed in the light-grown célls. Most of the illustrations of these
effects are, however, selected frop the greening system.

1. Effects ;f sp;ctinomycin on the chloroplast

Membranes and DNA: Normal chleoroplast development has

been described in detail previously (Gibbs, 1962; Smith~-Johannsen and
Gibdbg, 1972). During the first ™ hr of greening, three processes occur
simultaneously: single thylakoids develop into bands of two and t@en

three appressed tﬂylgkoids, the number ofgthree—thyiakoid bands per
chloroplast inc?eases, anq the mepbra surf;ce area'increaseb as';hé.
entire structure grows in size. After 24 hr illumination, transformation
of the amall éréplastid into a mature‘chioropl;st is nearly compleée,
although the size of the plastid continues to increase during the
subsequent 72 hr. Figure 21 -is. a longitudinal section of.a 24 hr greening
cell transecting two lobes of the cell's 'single chloroplast. A more

biéhly magnified view of one chloroplast lobe in a cell fixed by the

_ standard method is seen in Figure 22. The chlorpplast is limited by a

double membrane,‘the chloroplast énvelope, and, In addition, ié enclo;ed
'by a cisternum of the endoplasmic-reticulum,which is continuous with the -
’nuclear envelope. At this stage most bands consist of thrée appressed -
_thylakoids.  Characteristically, a number of bands form'éon;entqic 7

sheets arou&d'the periphery of the chlor;plast and are designated girdle\

ban§§ where they loop around the rim of the plate-like chleroplast. The

e v e Fa



fy

.
PO S

\

Figure, 21. ‘ngitudinal' section of a 24 'hf.greening cell of

\

Ochromonas danica from an exponentially-growing culture. The

cell's single chloroplast 1is transecﬁed through it's two
lateral lobes tCL), and at this stage of development is
characterized by bands (B) conéistfng o{.’ three appregsed
thylakoids. This micrograpi\ also 111ust;:ates the orienta'ticm
of the chloroi:ltast with respect .to‘ the nucleus (Ni, ds well as
ég_veral other f,eétufes- typical of ’deromun;as', including the
pfomine:xt nucleolus ‘(Nu), chlqi-oplast ER (CER) .”chloroplaét
&ucleoid (cﬁ), perinuclear reticulum (?gi')‘,l_(:olgi body (G),
nitochondria. (b_i)".' and leucosin vacuole (LV). Standard

fixation, 29,600 x\ - (Neg, 1252-1).

-




2 e AR RN I s st st e s ure vt RIS L o < WP - P rm . Lt L
T - _ v - T % it
. - hat "~ -
- * . r ’
.
-
e
,
T~
=t
, ™~ . >
, .
. B
, . .
‘ .
L .
| . .
l) =
- Pl
2 (m.A
N -
= ¥
s
- I
- ‘ -~ . I
ﬁ : . .
Lot
J . -
r - 4
i - N
.
i
T
P -
W .
. yM . L
i .
' i . .
. H
- ; ..
§ .
H
i
[ . -
. ’ - he
v
, : . ,
, . .
N ) . v - - - B ° -
~ B - i . N . ) ~ i -
. . » - . - - . . .
- . M - \ ~ N T el
- i~ . .




e

: PR i NS S -~
\ . | ~
- - '
. "K‘
1 * :'& ; )
‘ Figure 22. Longitudinal section through a 24 ht greening cell
: ' demonstrating the characteristic organization of chloroplast
S ' | . - . N ;

) membraes. * Some of the bands of thylakoids which traverse the
chloroplast loop around the rim of the plate~like lobe to form
girdle bends (6B). The chloroplast is enclosed by both a

1 P oLt ‘doub;e-membtha'ned envelope (CE)'\ and the chloroplast ER (CER).

R ' Nucleus (N), mitochondria‘ (M), osmiophilic granule (0)..
B = stfatfdard ‘f‘i"‘atim, 73’.010 “.o (Neg »¢ 1224"7‘)1 ., /r]
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. thylakoids rather than by asaocintian of preformed bands. Compared to
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“

electron-translucent areas lying within the girdle bands at each side of ~
the chloroplast labe Qré crosé—sections~throuéh the ;ing-shaped nucleoid
vhere the plastid DNA is localized (Gibbs et al., 1974). "

An analysis of the aﬁount of thylakoid membrane in random
sections of spectinomycl:in—treate;i Aand control greening ce;lls showed that
spectdnomycin considerably reduces the amount of thylakoiq membrane
synthesized during thébfir;t 24 hr iu‘fhe light. 1In conﬁrast;ylittle or
no reduction inJchloroplast membréhe oceurs in ligﬁt—grOWn cells treated
with’the antibiotic.

The arrangement of thylakoidg in’chléroplasts of both greening
and light-grown céils treated ﬁithysgéctinqmycin is seVerely perturbed. .
Whereas bands composed of more'thgn tﬁree thylakdids are seldom observed
iﬂythe chloroplﬁsts of eontrél éells, st;cks containing abnormally high.
numbers ofnthy}aﬁoiAs are‘foﬁ;d in the éhléroplaaqa of spectinomycin-
}réated cells. Most ofﬁen the ébnorm;l bands contain four.to seven

thylakoids (Figure 23), but larger aggregations of up to elévenﬂthylakoids

[} , o o
-are also seen (Figure 24). A survey of gree;ing and light-grown cells

14

treated w&th\Sbeétinomybin shbwed that only 10% of the abnormally large
stacks are compoaed of multiples of three thylakuids’ Thi;'suggesta

that the abuormal bands arise.by sequeq;ial accumulatign cf individual

the control there ia also a higher frequency,of single; unfused thylakoids;‘

'in apectinomycin—treated cells, particularly in the greening syétem. 'In

'sectioWs containing single thylako}ds, however, 1arge s;acks of nwmbranes .

1
.

%
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Figure 23. Chloroplast in cell illuminated for 24 hr in the
presence of 100 ug/ml spectinomycin showing disruption of

chloroplast membrane organization. Girdle bands are absent

P S

and abnormal bands composed of five to seven tnylakolds are
prevalent. Nucleus (N), perinuclear reticulum (PR).

Standard fixation, 73,010 X. (Neg. 1227-4).

Figure 24. High magnification of several abnormally large

stacks of thylakolds in the chloroplast of a cell exposed to

100 ug/ml spectinomycin during 24 hr greening. Although the

number of thylakoids per band 1is abnormal in spectinomycin-

treated cells, both intra- and inter-thylakoid spaces are

similar to those in control cells. Perinuclear reticulum N
(PR), osmiophilic granule (0). Standard fixation, 126,560 x.

(Neg. 1230-14).
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are usually included also (Figure 25). In chloroplasts of light-grown
cellq exposed to the antibiotic a greater number of three-thylakoid
bands persist compared to greening cells, but nearly all gections reveal
abnormal stacking as well. )

Another dislocation in chloroplast membrane organizatien

:

induced by spectinomycin 1s that the‘bqnds of thylakoids often terminate
abruptly at the rim of the chloroplast instead of looping around the rim
to form girdle bands (Figure 23). Consequently, the chloroplast DNA,
which normally lies inside the gi}dle bands, i1s no longer confined to its
characteristic peripheral location and appears dispersed between the
truncated thylakoids (Figure 25). In a few sections the electron- .
translucent chloroplast DNA regions appear scattered throughout the
chloroplast of spectinomycin-treated cells even when a girdle band is
sti11]l present (Figure 28). However, this chloroplast DNA may originate
from another region not in the plane of sectison where the girdle bands
are disrupted.

In Ochromonas there is a membrane system closely associated
with the Chloroplast“called the perinuclear reticulum (Smith-Johannsen
and Gibbs, 1972). Consisting of one layer of branching tubules
interspersed with vesicles, it occuples the narrow space between the
nuclear envelope and the chloroplast envelope. In greening cells exposed
to spectinomycin for 24 hr the perinuclear reticulum becomes hypertrophied
(Figures 25 and 26). In places the perinuclear space is swollen with

several layers of the tubules, and occasionally the reticulum is observed
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Figure 25. Transverse section of 24 hr greening cell
demonstrating other effects of spectinomycin on chloroplast
memb ranes . Although abnormally large stacks of thylakoids
are present, many single, unfused thylakoidémremain in other
regions of the same chloroplast. The absencé of girdle bands
regults in the dispersal of chloroplast DNA, which appears as
scattered electron-translucent patches in the chloroplast
matrix (black arrows). The perinuclear reticulum normally
occupying the channel between the nuclear and chloroplast
envelopes, has greatly proliferated, swelling the perinuclear
space and, in some places, extending into the space between
the chloroplast emvelope and the chloroplast ER (white arrow).

Standard fixatiom, 25,900 x. (Neg. 1245-15).

Figure 26. Section through a region of a 24 hr greening cell
treated with spectinomycin showing hypertrophy of the
perinuclear reticulum in the space between the chloroplast (C)

and the nucleus (N). Co-fixation, 43,120 Xx. (Neg. 1219-3),

A A o
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to have proliferated beyond the perlnuclear region into the space between
the chloroplast envelope and the chloroplast ER. Although it is a

common feature of greening cells treated with spectinomycin, hypertrophy
of the perinuclear reticulum is only rarely observed in light-growd cells

exposed to the antibilotic.

Chloroplast ribosomes: After 24 hr greening, the

concentration of ribosomes in control chloroplasts approaches its maximum,
although the total number of ribosomes continues to increase as’the‘organelle
expands in volumé. Figure 27 illustrates a section of a chloroplast of a 24
hr greening cell fixed by the simultaneous glutaraldehyde-osmium tetroxide
procedure which allows the visualization of chloroplast ribosomes. The
standard fixation probably also preserves chloroplast ribosomes but they

are obscured by the densely staining matrix. Some matrix material may

leach out during co-fixation and increase the contrast of the ribosomes.
Figure 28 shows that although ribosomes are present in the chloroplast of

a cell exposed to spectinomycin for 24 hr, there are fewer than in the
chlo:;plasts of coutrols. The total number of chloroplast ribosomes in

both greening and light-grown cells'treated with spectinomycin for 24 hr

was calculated. The results presented in Table VII show that in the
presence of the antibiotic the number of chloroplast ribosomes is reduced

by approximately 30%. The volume of the chloroplast in cells exposed to
spectinomycin is slightly less than in controls but is probably within
experimental error. Therefore, assuming chloroplast volume is constant

in both experimental and control cells, the reduction in chloroplast

e

[RPERNBEET Y



Figure 27. Chloroplast in afiontrol cell illuminated for

24 hr and fixed by a method éhich renders chloroplast ribosomes
visible. The concentration of chloroplast ribosomes reaches

a plateau by 24 hr greqniﬁg, but the absolute number of

ribosomes increases as the chloroéiast expands in size.

Co-fixation, 73,010 x. (Neg. 1241-9).

Figure 28. Chloroplast in a 24 hr greenlng cell exposed to
spectinomycin. Although chloroplast ribosomes are present,
they are’less concentrated than in control cells (Fig. 27).

Co-fixation, 73,010 Xx. (Neg. 1219-1).
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ribosome number observed in the spectinomy'ﬁn—treated cultures is due
exclusively to the lower concentration of ribosomes in the chloroplasts
of these cells.

The numbeér of chloroplast ribosomes actually syntheéiied,
however, is determined not only from the number of ribosomes counted in
each chloroplast, but also from the rate of dilution of ribosomes by

cell division. Since
ribosomes per chloroplast = synthesis / dilutionm,
and dilution = number of generations X 2,

then chloroplast ribosomes synthesized = (total ribosomes X 2 X generations)

- original ribosomes.

\

In the case of greening cells, the original number of ribosomes is equal
to the number of proplastid ribosomes. This was calculated from other
data (Smith-Johannsen and Gibbs, 1972) to be 1.62 x 105 ribosomes. The
results presented in Table VIII show that, in thé presence of spectinomycin,
the synthesis of chloroplast ribosomes is inhibited by more than 50% in
greening cells and approximately 40% in light-grown cells.

Chloroplast ultrastructure in ethidium bromide-treated cells
from both greening and continuous light systems is indistinguishable from
that in controls. Neither membrane organization (Figure 29) nor the
synthesis of chloroplast ribosomes (Table VIII) is affected by the drug.

i1. Effects of ethidium bromide on mitochondria

Cristae: 1In Ochromonas mitochondria are abundant

and are characterized by numerous tubular cristae. In cells exposed to
I
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Table VII., Effect of Sp:actinomycin {Spec) and Ethidium
(EB) on the Number of Chloroplast Ribosomes

Chloroplast ribosomes were counted on electron micrographs of co-fixed cells P!
73,000 Xx. A square window 1/16 um2 in area was placed at random over the chlo;
dense particles of ribosome size counted. Chloroplast volume was calculated |
volume by the mean cell volume. The percent of the c¢ell occupied by the chlo:
fractional area occupied by this organelle in approximgtely 100 sections throu
from each sample.

Cell volume Average Chloroplast Average Ave

akHPH IR, ¢ el oyt TR SR

Physiological Treatment
condition atmen ( m3) cell volume volume chloroplast chlor
u (um3) (X of cell) volume voli
(% of cell) (um
24 hr Control 343.4 8.2
greening
100 ug/ml spec 368.9 7.2
1 ug/ml EB 347.0 358.1 8.4 7.88 28
EB + spec 373.2 7.7
24 hr Control 319.4 11.5
light .
100 ug/ml spec 335.8 . 9.8
1 yg/ml EB 302.0 330.0 10.4 10.58 35
EB + spec 362.6 ~10.6

*%% o > 001
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fle VII. Effect of Spectinomycin (Spec) ‘and Ethidium Bromide
(EB) on the Number of Chloroplast Ribogomes per Cell
E“counted on electron micrographs of co-fixed cells printed at a total magnification of
1/16 ym? in area was placed at random over the chloroplast and the number of electron- .
me size counted. Chloroplast volume was calculated by multiplying the percent chloroplast
olume. The percent of the cell occupied by the chloroplast was determined from the
by this organelle in approximately 100 sections through as many cells selected at random
1
\ 7
Average Chloroplast Average Average Tot)l
cell volume volume chloroplast chloroplast Ribogomes ribosomes bifference
3 volume volume (um</16) per from
(uo”) (2 of cell) (% of cell) (um3) average + s.e.n. chloroplast control %
L 8.2 .64 1,76 x 10° -
| 7.2 59 1.24 x 10° -9, 5hh
| 3581 8.4 7.88 28 64 1.77 x 16° +0.5
rt 7.7 .81 1.04 x 10° —40 9k
| 5
! 11.5 .57 2,25 x 10 -
f 9.8 59 1.60 x 10° ~28. ghxh
|
33d.0 10.4 10.58 35 .51 2.24 X 105 - 0.4
| 10,6 .60  1.53x 10° ~32,0%k%
. . &
. (<]
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Table VIII, Effect of Spectinomycin (Spec) and Ethidium Bromide (EB) on !
the Synthesis of Chloroplast Ribosomes.
2 . Calculations of the ?umber of chloropla;\, ribosomes synthesized in control
and antiblotic~treated cells are based on values in Table VII and are
]
described in the text.
: Physiological Treatment Total Ribosomes Difference
condition #~ rea ribosomes Generations* gynthesized** from
" —_— -5 contral (%)
Per chloroplast (x 10-7)
(x 107°)
B
| 24 hr Control 1.76 1.96 6.74 -
F . greening .
100 yg/ml spec 1.24 1.35 3.19 -52.7
i 1 ug/ml EB 1.77 2.08 . 7.20 +6.8
| EB + spec 1.04 1.19 2.31 -65.7
24 hr -
light Control 2.25 2.68 9.81 -
100 pg/ml spec 1.60 2.52 5.81 -40.8
1 ug/ml EB 2.24 2.47 8.82 -10.1
$
EB + spec . 1.53 2.50 5.40 -45.0
¥
* Average from 3 experiments a
() ** Number of ribosomes in proplastid assumed to be 0.162 x 105,
' calculated from data in Smith-Johannsen and Gibbs (1972).
L3
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ethidium bromide for 24 hr, the fumber of mitochondrial cristae is
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markedly reduced (Figure 29). In some aec%lons the reéglxing bodies contain
only the densely stéining‘innei mitochonﬁrial qgmbrhne. nitochondfia'
from control, ethidjium bromide and spectinoﬁycin4tredfed cells are compared
in Figurgs 30-32, Although,ehloramphenicol has beeh sﬁowp.to cause a
'gnadual loss of cristae in Ochromonas, 24 hr-exﬁosure to spectinomycin

causes no reduction in the number of mitochondriai cristae (Figure 32).

M;toehondriai ribosomes: Figﬁre 31 also illustratéé
the dramatic effect of ethidium bromide on the number of mitochondrial
ribosomes. As indicated in Table IX, the concentration of ribosomes in
mitochondria is reduced over 90% in the presence ofgeﬁhidium—bromide.
Mitochondrial volume was ﬁét measured in this study, but the avefage
length and diameter of the organelle in ethidium bromide-treated cells
is smaller than in controls. Therefore, if the mitochondrial volume is

reduced in the presence of ¢thidium bromide, then the actual degree of’

reduction in tle number of mitochondrial ribosomes by the drug is even

-greater thgfi shown in Table IX. Spectinomycin, on the other hand, has

lictle or no effect on the number of mitqchondrial ribosomes (Figure 32 7

and Table IX).
114, Effect of both spectinomycin and ethidium bromide

Egsure 33 depicts a cell exposed to spectinomfcin and

ethidium bromide simultaneously for 24 hr. The chloroplast exhibits all
\

the membrane aberrations characteristic of cells treated with spectinomycin

alone, including single, unfused thylakoids and abnormally large stacks of

;
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Figure 29. Longitudinal section through a cell 11lluminated
for 24 hr in the presence of 1 ug/ml ethidium bromide
demonstrating the effect of this drug on mitochondrial
“membranes. The cristae are markedly reduced in number and
some mitochondrial profiles (M) are devoid of internal
gtructure. In contrast, the ultrastructure of the

chloroplast {s unaffected by ethidium bromide. Standard

fixation, 56,350 X. (Neg. 1226-4).
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Figures 30-32. Representative mitochondria from control

(Fig. 30), ethidium bromide-treated (Fig. 31) and spectinomycin-
treated (Fig. 32) cells, 1lluminated for 24 hr. Mitochondria
from cells exposed to spectinomycln during greening (Fig. 32)
resemble the mitochondria of control cells (Fig. 30). Both
possess tubular cristae, scattered ribosomes and striated cores
(sC). Mitochondria from ethidium bromide-treated cells (Fig.
31), however, have very few cristae and almost no ribosomes,
although striated cores are observed. Co-fixation, 73,010 x.

(Negs. 1241-26, 1226-22, 1233-16).
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Fig. 33. Longitudinal section through a cell illuminated for

24 hr in the presence of both 100 pg/ml spectinomycin and 1 pg/ml
ethidium bromide. The chloroplast exhibits all the membrane
aberrations characteristic of cells exposed to spectinomycin
alone, including single, unfused thylakoids, abnormally large
stacks of thylakoids, absence of girdle bands, and hypertrophy

of the perinuclear reticulum. The mitochondria, like those in
cells treated with ethidium bromide alone, contain few cristae.

Standard fixation, 43,120 x. (Neg 1233-33).
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Table IX. Effect of Spetetinomycin (Spec) and Ethidium Bromide (EB)

on the Number of Mitochondrial Ribosomes

Mitochondrial ribosomes were counted on electron micrographs of co-fixed

e Tk e A

cells printed at a total magnification of 73,000 Xx. A square window
1/16 um2 in area was placed at random over a mitochondrion and the number
of electron-dense particles of ribosome size counted. Mitochondrial
volume was not determined, but the average length and width of
mitochondrial profiles in control and drug-treated cells was measured.
The results indicate that the volume occupied by mitochondria in control ™
and spectinomycin-treated cells is similar but that mitochondrial volume

may be reduced in cells exposed to ethidium bromidzi

Ribosomes
Physiological Treatment
condition (um2/16) Difference from
average t s.e.m. control (%)
24 hr Control 9.87 £ 0.46 -
greening
100 pg/ml spec 9.67 + 0.59 - 2.0
1 yg/ml EB 0.75 + 0.13 92 . 4kk%
A EB + spec 0.97 £ 0.14 ~90.0%4% ’
24 hr Control 7.84 + 0.40 -
light
100 pug/ml spec 7.60 + 0.36 - 3.0
1 ug/ml EB 0.60 + 0.09 =93.0%**
EB + spec 0.50 + 0.09 ~94 ,Okkx
#k% p > 001
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thylakoids, loss of girdle bands with concomitant displacement of
plastid DNA, and hypertrophy of the perinuclear reticulum. The
mitochondria, like those 1in cells treated with ethidium bromide alone,
are deficient in the number of cristae. The effect of each drug on the
number of chloroplast or mitochondrial ribosomes 1s also unchanged when
both drugs are agministered at the same time (Tables VII-IX). The
number of chloroplast ribosomes in greening cells treated with both
antibiotics 1s approximately 10% lower than in cells treated with
spectinomycin alone, but the significance of this difference is doubtful
since no additional reduction in chloroplast rRNA is observed under the
same conditions (Table VI). Thus, there 1s no evidence of a synergistic

effect when spectinomycin and ethidium bromide are present simultaneously.
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DISCUSSI

A. Extraction and Characterization chromonas rRNAs
1. Extraction procedure

A major problem encountered in this investigation was the
difficulty in obtaining undegraded chloroplast rRNA from Ochromonas.
The susceptibility of the heavy chloroplast rRNA component to
breakdown during extraction has also been noted in a variety of other
algae (Woodcock and Bogorad, 1970; Kochert and Sansing, 1971; Howland
and Ramus, 1971), a fern (Burns and Ingle,‘l970) and higher plants
(Spencer and Whitfield, 1966; Ingle et al., 1970; Dyer et al., 1971).
The inclusion of inhibitors of RNase in the extraction buffer has been
shown to increase the amount of intact chloroplast rRNA recovered from
green tissues. For example, sodium thidglycolate was used by Heizman

(1970) to isolate total rRNAs from Euglena and DEP was required by

Cattolico and Jones (1972) to obtain undegraded rRNAs from Chlamydomonas.

The method developed for the isolation of Ochromonas rRNAs does not,
however, involve the addition of such RNase inhibjitors to the detergent-
phenol extraction buffer. Neither sodium thioglycolate, DEP, nor
bentonite altered the electrophoretic profile of Ochromonas rRNAs. The
algal rRNAs were judged to be intact by electrophoresis in EDTA-containing
buffer. Structural instabilities in rRNA may not be apparent in
preparations analyzed by electrophoresis in the presence of magnesium

(Ingle et al., 1970), so that only electrophoresis in an EDTA-containing
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buffer can provide information concerning the integrity of rRNA
molecules.

The maintenance of cold temperatures (0-5° C) throughout
the extraction and fractionation procedures was found to be essential

to prevent the degradation of rRNA. The detergent SDS, commonly used

in phenol extractions, is insoluble in solutions kept at low temperatures.

This may partially explain the breakdown of the heavy chloroplast rRNA

extracted at 4° C from cucumber seedlings (Cucumis sativus) by an

SDS-phenol procedure (Védel and D'Aoust, 1970). Sarkosylb(sodium
dodecyl sarcosinate), which is soluble in aqueous solutions at low
temperaturesg, therefore replaced SDS in the extraction buffer. This
anionic detergent was also employed by Woodcock and Bogorad (1970) to
isolate rRNAs from Acetabularia, but the chloroplast rRNA in their
preparations was still degraded. The results of Woodcock and Bogorad
are probably explained by the low pH of their extraction buffer

(pH 5.6), which favours the activity of plant RNases (Jervis, 1974).
The pH of the Tris-acetate buffer used to extract Ochromonas RNA is.7.2,
which is well above the 5-6 pH optima characteristic of plant RNases
{Jervis, 1874).

Other properties of the extraction buffer which may influence
the structural stability of RNA include ionic strength. When dissolved
in buffer of low ionic strength, RNA tends to denature and is more
susceptible to nuclease attack (Poulson, 1973). The ionic strength

of the extraction buffer was increased by the addition of NaCl, which
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also decreases the solubility of phenol in the aqueous phase (Poulson,
1973). Addition of magnesium EQ the extraction buffer has been shown
to decrease the susceptibility of chloroplast rRNA to breakdown

(Ingle et al., 1970; Bourque et al., 1973). The use of Sarkosyl

in the present study, however, precludes the addition of magnesium to

the extraction buffer since the two substances react to form an insoluble

y
i

precipitate? Fortunately, magnesium is not required to obtain
undegraded RNA from Ochromonas. Another precaution taken to reduce

the possibility of RNA degradation was to redistill the phenol to remove
preservatives and oxidation products and to stabilize it with

8-hydroxyquinoline (Poulson, 1973).

PRSP W RN

Ve L

Thus, the combination of the extraction buffer and the cold

conditions used in the isolation of rRNA from Ochromonas is sufficient
to prevent rRNA breakdown in the absence of magnesium and other
inhibitors of RNase. This may be advantageous in view of evidence that

some RNase inhibitors interact with RNA itself. For example, bentonite

P

causeg the selective loss of chloroplast rRNA during isolation from
higher plants (Bourque et al., 1973), and DEP apparently alters the

properties of nucleic acid since it abolishes infectivity of TMV RNA

L QTS

(Gulyéas and Solymosy, 1970). The use of high concentrations of magnesium °
has the disadvantage that the resulting‘RNA preparations are often
contaminated with insoluble material (Ingle et al., 1970). Therefore,

the procedure developed for the isolation of Ochromonas rRNA may be

useful for other studies where a premium is placed on the yield and
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2. Characterization of Ochromonas rRNAs

a. Cytoplasmic rRNAs

The sedimentation coefficients of

the heavy and light

cytoplasmic rRNA molecules from Ochromonas are 24S and 18S respectively,

and are thus similar to those of cytoplasmic rRNAs from other algae and

higher plants. For example, the heavy and

light cytoplasmic rRNAs

from French bean 1eavgs and pea root tip have values of 255 and 18S, as-:

detérmined by comparison with rRNAs from E.

blue-green alga (Loening’and Ingle, 1967).

coli and Oscillatoria, a

The cytoplasmic rRNAs in

Chlamydomonas are also 255 and 185 (Cattolico and Jones, 1972). The

sizes of cytoplasmic rRNAs from Euglena are similar, but the precise

values vary: Heizmann (1970) obtained values of 25S and 21S, Rawson et

al., (1971) estimated values of 255 and 20S, and Avadhani and Buetow

(1972) found values of 245 and 20S. These variations probably result

from differences in experimental conditions.

Hence, the slightly

smaller size of the 24S cytoplasmic rRNA component from Qchromonas

compared to the size of most other heavy plant cytoplasmic rRNAs may not

be significant. On the other hand, the relatively small size of the heavy

cytoplasmic rRNA component in Ochromonas may be indicative of a primitive

N

evolutionary status of this organism, since the heavy rRNA mqlecule‘has

increased in size during the evolution of eukaryotes (Loening, 1968).

b. Chloroplast rRNAs

&

The relative amounts of two species of rRNA are greater in

light-grown cells than in dark-grown cells.

These specles were assumed
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! to be the heavy and light chloroplast rRNAs. Calculation of the

3

' proportion of light chleroplast rRNA in dark- and light-grown cells
3 indicates that there is approximately a 2.5-fold increase in the

amount of chloroplast rRNA during {llumination. Data from this
study and others (Gibbs, 1970; Smith-Johannsen, unpublished) suggests

that the amount of cytoplasmic rRNA, as well as chloroplast rRNA,

increases significantly in response to light. Therefore, the increase
of chloroplast rRNA i1s conslderably greater than that indicated by
comparing the ratios of chloroplast rRNA to cytoplasmic rRNA in dz;rk—
and light-grown cells. The absolute increase in the number of
chloroplast ribosomes during 96 hr greening has been calculated to be
27-fold (Smith-Johannsen and Gibbs, 1972). Unfortunately, in the
péisent study the amount of rRNA per cell, and thus the absolute
amounts of chloroplast rRNA in dark- and light-grown cells, could not

be determined since variable amounts of RNA are lost during the

[, 'Ww“mm‘”m““‘ oy <A

isolation procedure.

Isotope labelling of Qchromonas chloroplast rRNAs with
(3H)uridine would allow a more precise measurement of the synthesis
] of these species than that permitted by the determination of the
f optical denéity of - accumulated chloroplast rRNAs. Preliminary labelling
experiments suggested that the synthesis of organelle rRNA is

stimulated 40~fold during 6 hr ight. Most of this increase presumably

involves the chloroplast rRNA species. However, during the same period,

synthesis of cytoplasmic rRNA 1s stimulated 30-fold. The data agree in

3
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gen;ral with a previous autoradiographic study of Ochromonas, in which
the amount of (BH)orotic acid incorporated int,; chloroplast RNA during
the initial 30 min of greening was found teo.be 20 t:imt:_s greater than in
dark~grown cells; during the same interval the amount of (3H)orotic
acid incorporated into cytoplasmic RNA was about 6 times greater in the
greening cells than in the dark-grown cells (Gibbs, 1936).

Although Ochromonas cells readilay incorporate (3H)uridine
into both organelle and cytoplasmic rRNAg, the isotope labelling method
was not adopted for measuring chloroplast rRNA synthesis in the alga.
One reason 1s that a large difference was expected in the light-induced
incorporation of (SH)uridine into chloroplast and cytoplasmic rRNA
species. The preliminary experiments showed, however, that the proflles
of radiolabelled RNA from dark-grown and greening cells closely matched

the optical density profiles. Consequently, the proportion of

isotope incorporated into the chloroplast rRNA specles was relatively

small with respect to that incorporated into the cytoplasmic rRNA species.

Therefore, the radioisotope approach did not appear to be mote sensitive
than the optical density method for measuring chloroplast rRNA synthesis.
Another consideration, which applies to isotope labelling studies in
general, was the difficulty in determining whether an 1ncre'ase in
specific dctivity of rRNA reflects an increased rate of synthesis or an
increased permeability of cell membranes to the exogenous radioactive
precursor. The possibility that the permeability of the chloroplast in

dark-grown Ochromonas is altered during greening is considerable, since
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some evidence suggests that certailn chloroplast envelope-associated
polypeptides in higher plants are released in response to light

(Cobb and Wellburn, 1974). Answering the question of whether the
precursor pool for chloroplast rRNA changes in cells transferred from
dark to light would require determining the kinetics of isotope uptake
and incorporation into the chloroplast rRNA of dark-grown and greening
cells. Thi; was complicated by the fact that the radiolabelled light
chloroplast and light mitochondrial rRNA species were not clearly
resolved in the fractionated gels, Therefore, the synthesis of
chloroplast rRNA could not be distinguished from that of mitochondrial
rRNA (the heavy chloroplast and heavy mitochondrial rRNAs migrate as a
single peak). Perhaps, the treatment of cells with ethidium bromide

during the labelling period might have minimized this problem.

Nevertheless, 1t was decided to measure the variocus rRNA species in

Ochromonas by their ultraviolet absorbance rather than by radioisotope

incorporation.
Chloroplast rRNAs from a variety of algae and higher plants
are gimilar in size to the 23S and 16S rRNAs of bacteria and blue-green

algae (Whictfield, 1973), The heavy and light chloroplast rRNAs from

Ochromonas are 225 and 15S respectively, and are thus relatively small

in size. The validity of this conclusion lies in the fact that the

v

chloroplast rRNAs migrated separately and ahead of the E. colt rRNAs

which served as internal standards.

The heavy chloroplast rRNA molecule from Ochromonas is similar
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to the heavy rRNA cqmponent from chloroplasts of other species (e.g.
Ingle et al., 1970) in 1its extreme susceptibility to dissociate under
conditions which dlsrupt hydrogen-bonding. The pattern of breakdown
of Ochromonas heavy chloroplast rRNA was initially studied in an

effort to demonstrate that one or more of the lower monlecular weight
rRNA species observed on gels following electrophoresis of total RNA
extracts does not represent fragments of degraded chloroplast rRNA.

The results confirmed that none of the high molecular weight Ochromonas
YRNA species arose from degradation.

The manner in which the heavy chloroplast rRNA breaks down is
highly specific and suggests that it may reflect some fundamental
structural properties of the molecule. It was therefore of interest
to study the breakdown behaviour of Ochrowmonas chloroplast rRNA more
closely, and to compare it with the dissociation pattern of chloroplast
rRNA from other species. From an examination of the sizes and
stoichiometry of the breakdown products resolved on the gels shown in
Figures 11 and i2, it can be deduced that at least three nicks, at a,

B and vy, probably exist in Ochromonas heavy chloroplast rRNA, and that
cleavage may occur sequentially as illustrated on pagf 172. Leaver and
Ingle (1971) proposed that the heavy chloroplast rRNA components in
radish and pea are also nicked at three specific sites, whereas only
two nicks occur in the same chloroplast rRNA species in French bean.
Grierson (1974) studied the Pattern of breakdown of the heavy chloroplast

TRNA from mung bean (Phaseolus aureus) and concluded that the observed
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172
SCHEME FOR THE SEQUENTIAL CLEAVAGE OF HEAVY
CHLOROPLAST rRNA COMPONENT FROM OCHROMONAS

Lo
4 0.94% B
1. — 1
5]
0.84
2. } ? —|
. 0.78 |
T ? ]
r
, 0.38 W 0.41 y
3 r Rl H

1. First scission occurs near the end of the intact heavy chloroplast
rRNA molecule. The liberated piéce representing about 10%Z of the
total rRNA sequences migrates ahead of transfer RNA and is lost
from the gel.

2. The a and B loci may be sf{tuated at either the same or opposite
ends of the molecule. This stage of degradation is seen in Figure
12B,

3. Eventually, all of the chloroplast heavy rRNA component is converted

into two low molecular fragments which resist further degradation.

* Numbers denote molecular weight X 106 daltons.
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degradation products could be produced by dissociation at only two

B T Y

specific sites in the intact molecule.

A similar lability to that of chloroplast rRNA has been noted

A

in the heavy rRNA component from blue-green algae. For example,
magnesium is required during extraction to preserve the integrity of the ‘-

23S rRNA component from Anacystis nidulans; 1in the absence of magnesium,

a third component appears which migrates slightly ahead of the heavy rRNA
on polyacrylamide gels (Szalay et al., 1972; Doolittle, 1973). The
degree of instability of the heavy rRNA molecule varies with the species
of blue-green alga. For example, under conditions where more than half

of the 23S rRNA from Anabaena cylindrica is fragmented, only a small

percentage of the heavy rRNA from Tolypothrix distorta is cleaved and

the 23S rRNA from Nostoc muscorum is stable (Grierson and Smith, 1973).

The heavy rRNA component from another prokaryote, Agrobacterium

tumefaciens, provides an example of extreme instability (Grienenberger

and Simon, 1975; Schuch and Loening, 1975). Although pulse~-chase v
labelling experiments indicate that the 23S rRNA is transcribed as a

continuous chain in this organism, none of the heavy rRNA was present

in electrophoretic profiles of nucleic acids extracted at normal salt
concentrations and in the absence of magnegium. Evidence suggests

that two nicks are first introduced into the Argrobacterium'rRNAlig vivo

at either end of the molecule followed later by a third nick in the
middle. Thus, the pattern of nicking of the heavy rRNA component in

this prokaryote is very similar to that proposed for the heavy
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chloroplast rRNA in Ochromonas.
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Labile heavy rRNAs have also been reported in the 80S
ribosomes from eukaryotic microdrganisms and animals. The heavy

3 cytoplasmic rRNA from Acanthamoeba castellani (Stevens and Pachler,

1972), Euglena (Rawson et al., 1971), and Ilyanassa obsoleta (Koser

and Collier, 1971) each dissociates into at least two large fragments
under conditions which disrupt hydrogen bonding. The 26S rRNA from

insects displays a similar mode of breakdown and has been studied in

R )

some detail. Lava—-Sanchez and Puppo (1975) examined the sequential

breakdown of 265 rRNA from the dipteran Musca carnaria by briefly

heating the rRNA preparation at progressively higher temperatures.
The resulting series of degradation patterns is compatible with the
presence of three nicks in the 265 rRNA molecule.

The variation in breakdown patéerns exhibited by heavy

ey

chloroplast rRNA from Ochromonas and by heavy  tTRNAs from other species

probably represents species-specific differences in the topography of

the ribosomes such that different regions of the rRNA component are
susceptible to RNase attack. The notion that scission of the
polynucleotide chain occurs at sites which are exposed at the surface

of the ribosomes receives support from a study in which E. coli ribosomes

were treated with pancreatic RNase (Rodgers, 1974). Gel electrophoresis
of the rRNAs from the bacterial ribosomes after mild enzyme treatment
indicated that, although the small ribosomal subunit is quite resistant

(i} to RNase, endonucleolytic cleavage occurs at a small number of discrete
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gsites in the rRNA from the large ribosomal subunit, Lava-Sanchez
and Puppo (1975) is;iated cytoplasmic ribosomes from dipteran larvae
pulse-}labelled with (3H)uridine. Some of these ribosomes were then
incubated with pancreatic RNase, Whereas the (3H)uridine-labelled
26S rRNA extracted from the control ribosomes was intact, the labelled
26S rRNA from the incubated ribosomes contained nicks at the same
sites as those produced in vivo. This result also supports the idea
that the hidden breaks in heavy rRNA occur in regions of the molecule
which are exposed or accessible to RNase. Consequently, the breakdown
pattern displayed by the heavy rRNA species may provide information
concerning the structure of ribosomes spd their evolution#ény
relationships. The similaritty between t;: models proposed for the
breakdown of Ochromonas ﬁeavy chloroplast rRNA and the heavy rRNA

species from Agrobacterium suggests that the structure of ribosomes

from the prokaryqte resembles that of chloroplast ribosomes from
Ochromonas.

The disgpciation of the heavy chloroplast rRNA can be
prevented in the presence of appropriate amounts of magnesium. This
phenomenon was dis;overed by Ingle and his associates (Ingle et al.,
1970; Leaver and Ing&;, 1971) and was more recently described by
Leaver (1973) for chloroplast xRNA from broad bean. Magnesium also

stabilizes the heavy chloroplast rRNA isolated from Ochromonas . To

. explain the effect of magnesium, Leaver (1973) has proposed that the

divalent cation mediates the formation of cross-links between
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nucleotide residues in neighbouring regions of the rRNA helix. This

idea is supported by the observation that calcium, another divalent

-

cation, alsq stabilizas chloroplast rRNA (Leaver and Ingle, 1971). In

this way, 'hidden' breaks or nicks in the polynucleotide chain are
masked in the presence of magnesium. In the present study, magnesium

was omitted from both the extraction and electrophoresis buffers;

presumably, sufficlent amounts of intracellular divalent cations remain
v

bound to Ochromonas chloioplast TRNA to preserve its integrity.
Atchison et al. (1973) have demonstrated that the thermblé%ility of
chloroplast rRNA, isolated from tobacco by a procedure involving the
presence of magnesium, is not due to 'hidden' breaks, but rather to
‘hidden' nuclease contamination of the RNA preparations. Therefore,
it was necessary to determine whether magnesium was acting to inhibit

residual RNase present in the nucleic acid extracts of Ochromonas.

Ochromonas and E. coli RNAs were mixed at ratios of 1:1, 2:1 and 3:1,

incubated at 37° C and subjected to electrophoresis. 1In contrast to
the results for the tobacco rRNA, the algal preparations do not induce

breakdown of the E. coli rRNA. This observation suggests that

Ochromonas rRNA is free of RNase.

c. Mi tochondrial rRNAs
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Ochromonas is apparently unique among green plants analyzed to date

A e

in that it contains a relatively large amount of mitochondrial rRNA which can
be detected in electrophoretic profiles of extracts of total cellular RNA.

Identification of the peaks containing mitochondrial rRNA was achieved
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by showing that two peaks contained rRNA whose synthesis is inhibited
by ethidium bromide, Qoreover, the size of the putative light
mitochondrial rRNA argues against the possibility that it is merely

a degradation product of the labile heavy chloroplast rRNA, since none
of the fragments generated by the induced breakdown of the heavy
chloroplast rRNA are the same size as the mitochondrial rRNA species.
The relative abundance of mitochondrial rRNAs evident in electrophoretic
profiles of total Ochromonas rRNA agrees with the relative number of
mitochondrial ribosomes present in these cells as calculatid from
organelle volume measurements (Gibbs, 1968, 1970) and ribosome counts

(Smith-Johannsen and Gibbs, 1972). In contrast, Chlamydomonas contains

relatively few mitochondrial ribosomes (Goodenough and Levine, 1970b),
and thus mitochondrial rRNAs appear to be absent in analyses of total
rRNAs from this alga (e.g. Cattolico and Jones, 1972). Loening and
Ingle (1967) suggested that ;ome of the minor peaks observed in
electropherograms of total RNA from higher plants might represent
mitochondrial rRNAs, but these investigators could not exclude the
possibility that the minor peaks contained dissociated fragments of
chloroplast tRNA,.

Therefore, unlike mitochondrial rRNAs from other algae and
higher plants, those from Ochromonas could be characterized without
prior isolation of mitochondria or mitochondrial ribosomes. This
reduces the ﬁossibility of rRNA degradation. The sizes of the heavy
and light mdtochondrial rRNAs from Ochromonas are 225 and 16S,

respectively. These values are sfmilar to the 218 and 165 obtained

et
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by Avadhani and Buetow (1972) for mitochondrial rRNAs from Euglena,

the only other alga in thch these rRNA species have been characterized.
Other investigators have reported that Euglena mitochondrial rRNAs are
14S and 11S (Krawiec and Eisenstadt, 1970; Crouse et al., 1974), but it
is likely that these smaller molecules are degraded rRNAs. The sizes
of mitochondrial rRNAs from Ochromonas and Euglena are therefore in the
same range as those reported for these rRNA sgpecies in fungl and other
eukaryotic microdrganisms: 21 - 24S and 14 - 16S for the heavy and
light rRNA components, respectively (Stewart, 1973). In contrast,

the mitochondrial rRNAs from higher plants have a considerably higher
molecular weight and more closely resemble cytoplasmic rRNAs in size.
Leaver and Harmey (1973) found that the molecular weights of the rRNAs
extracted from purified mitochondria and mitochondrial ribosomes from

turnip (Brassica rapa), mung bean, potato, cauliflower (Brassica oleracea

var. botrytis) and pea are 1.12 - 1,18 x 106 (23.58)1 and 0.69 - 0.78 X
106 daltons (185), whereas the molecular weights of the cytoplasmic rRNAs
from these dicots are 1.3 X 106 (258) and 0.7 x 106 daltons (17.58).
Mitochondrial rRNAs extracted from the purified organelles from etiolated
maize shoots have molecular weights of 1.26 X 106 (24.58) and 0.74 X 106
daltons (18S), and are thus equal to and larger than the cytoplasmic rRNAs

which are 1.26 x 106 and 0.70 X 106 daltons in this monocotyledonous

]

species (Pring, 1974). The mitochondrial rRNA from Virginia creeper

lSedimentation coefficients in brackets were determined graphically
by the candidate.
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(Parthenocissus tricuspidata) are exceptionally small compared to those

from the other higher plants so far examined, having molecular weights
of 0.84 x 106 and 0.42 X 106 daltons, which correspond to sedimentation
coefficlents of 21S and 135S (Quétier and Védel, 1974).

Mitochondrial rRNAs have some unusual physical properties which

influence their electrophoretic mobilities in gels. For example, when
subjected to electrophoresis at room temperature (Yu et al., 1972) or in

buffer of low ionic strength (Edelman et al., 1971), mitochondrial rRNAs
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from a variety of fungl migrate more slowly than normally. Evidence
suggests that the sensitivity of mitochondrial rRNA to these conditions \
18 related to its conformation, which in turn is partly dependent on

its base composition. Base composition analyses indicate that fungal

mi tochondrial rRNAs contain 13 - 257 less guanosine-cytosine base pairs
than do the corresponding cytoplasmic rRNA species (Edelman et al., 1971).
Thus, the anomalous behaviour of mitéchondrial TRNAs in gels\may be
explained by their more extended configurations relative to their
cytoplasmic counterparts; under mild denaturing conditions, mitochondriay
rRNAs may even undergo extensive melting. This possibility is supported
by ‘evidence from a study of the circular dichroism of mitochondrial rRNA
from the fungus Trichoderma viride (Verma et al., 1971). According o

i

the investigators, the data indicate that at moderate ionic strength,

the mitochondrial rRNA has a less ordered strycture than the cytoplasmic
rRNA, and at low ionic strength, it consists of mostly single-stranded

regions.
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Thus, determination of the sizes of mitochondrial rRNAs
by gel electrophoresis (as well as E!ﬁ}mentation analysis) may be
misleading. One way of dealing with the problem posed by the unusual
structure of mitochondrial rRNAs is to eliminate the contribution of all

conformational effects on migration rate by conducting electrophoresis

of rRNAs under denaturing conditions, The molecular weights of maize

L mitochondrial rRNAs, when electrophoresed with E. colil rRNAs in 8 M

urea at 60° C are 1.19 Xx 106 and 0.67 X 106 daltons (Pring and Thormbury,

3
|
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3
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1 1975), which is considerably smaller than the values obtained under

non-denaturing conditions (Pring, 1974). The apparent size of

a variety of non-denaturing and denaturing conditions (Quétier and Védel, .

T U R B 1 SIS e e

I mi tochondrial rRNAs from Parthenocissus, however, remains constant under

1974). In the present study, Ochromonas rRNAs were not characterized

by electrophoresis in denaturants; however, since low temperatures and

moderate ionic strength were maintained during fractionation, the

mi tochondrial rRNAs would probably tend to assume a relatively compact Fl
conformation (Spirin and Gavrilova, 1969). Therefore, the values for ;
the sizes of Ochromonas mitochondrial rRNAs reported here, although

tentative, probably represent close approximations. .

T

4 B. Antibilotic Studies
1. Chloramphenicol F
At low concentrations, the D-threo isomer of chloramphenicol
inhibits protein synthesis on chloroplast (Eisenstadt and Brawerman,

O 1964) and mitochondrial ribosomes (Lamb et al., 1968), but not on the




cytoplasmic ribosomes of lower and higher plants. Presumably, the
antibiotic blocks translation on the 70S ribosomes of organelles by
inhibiting the functional attachment of the amincacyl-tRNA to the 508
subunit (Pestka, 1971). At higher concentrations, D-threo

chloramphenicol may also directly inhibit mitochondrial respiration

(Freeman and Haldar, 1968; Firkin and Linnane, 1968). Therefore,

L~threo chloramphenicol, which inhibits oxidative phosphorylation

(Hanson and Krueger, 1966) but not protein synthesis (Ellis, 1969;

Ireland and Bradbeer, 1971), was used in this study to distinguish ;

j between the non-gpecific and specific effects of D=threo chloramphenicol

R ]

on Ochromonas. The L-threo isomer at 300 ug/ml‘ketards cell division,

T

while the same concentration of D-threo chloramphenicol affects growth

of Ochromonas more severely. Since cells treated with D-threo
*

chloramphenicol also suffer a loss in the number of mitochondrial

cristae (Smith-Johannsen and Gibbs, 1972), the decline in growth rate

in the presence of this antibiotic is probably, at least im part, a o
secondary effect on mitochondria resulting from the inhibition of the

synthesis of cristae proteins. Despité their inability to divide,

cells grown in the presence of D-threo chloramphenicol for 24 hr contain
normal amounts of mitochondrial rRNAs. The amounts of the chloroplast
rRNA specles, however, are reduced by at least 70%, in accordance with
earlier ultrastructural observations on the effect of D-threo
chloramphenicol on the number of chloroplast ribosomes (Smith-Johannsen

and Gibbs, 1972). In contrast, cells cultured for 24 hr in med{ium .
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containing L-threo chloramphenicol, although also incapable of further,
division, still possess normal amounts of the chloroplast rRNA species.
Thus, the apparent inhibition of chloroplast rRNA synthesis in ;he
cells exposed to D-threo chloramphenicol is most likely a direct
consequence of the gelective blocking of chloroplast ribosome fumction.
Since D-threo chloramphenicol does cause a marked decrease in the rate
of cell division, the possibllity that the reduction in the amount of
chloroplast rRNAs results instead from the general repression of growth
cannot be ruled out.
2, Spectinomycin

a. Chl&roplast

Spectinomycin inhibits peptide chain elongation on bacterial
ribosomes by interfering with translocation (Pestka, 1971). This )
aminoglycoside antibiotic has also been shown to be a potent inhibitor
of protein synthesis on chl;roplast ribosomes from algae (Schlanger and
Sager, 1974) and high?r plants (Ellis, 1970), while not affecting

protein synthesis on cytsplasmic ribosomes.

1. Chloroplast membranes

When protéin synthesis on chloroplast ribosomes in Ochromonas

is inhibited'by spectinomycin, the normal arrangement of thylakoids is
altered in a manmmer similar to that in cells exp;sed to chléramphenicol
(Smith-Johannsen and Gibbs, 1972), Chloréplasts in both light-grown
and greening cells treated with spectinomycin contain unfused, single

thylakoids as well as sbnormally large stacks'of,thylakoids. Since it
o
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18 unlikely that spectinomycin directly interferes with membrane fusionm,

"

this suggests that one or more proteins involved in the regulation of
thylakoid fusion is synthesized on chloroplast ribosomes in Ochromonas.
Other ultrastructural studies show that chloramphenicol also disrupts

the organization of thylakoids in Chlamydomonas (Goodenough, 1971),

Euglena (Bishop et al., 1973), bean (Margulies, 1966) and pea’
(Srivastava.et al., 1971). Therefore, Ochromonas resembles other
algae and higher plants with respect to the site of synthesis of
protein(s) involved in the control of chloroplast thylakoid fusion.

The hypertrophy of the perinuclear reticulum in response to
spectinomycin was also observed in cells of Qchromonas treated with
chloramphenicol (Smith-Johannsen and Gibbs, 1972). The function of the
perinuclear reticulum is unknown, but it may play a role similar to that
of smooth endoplasmic reticulum which it resembles. In liver cells
the smooth endoplasmic reticulum proliferates in respomnse to alcohol and
other drugs which are metabolized by enzymes localized in the membrane
network (Lieber, 1976). By analogy, the hypertrophy of the perinuclear
reticulum in Ochromonas exposed to spectinomycin or chloramphenicol may
be related to the induced synthesis of detoxifying enzymes,

ii. Chloroplast ribosomes and rRNAs
Data obtained by both electron microscopy and biochemical
analysis indicate that spectinomycin, at a concentration which does not

inhibit growth substantially, inhibits the synthesis of chloroplast

ribosomes and rRNA in Qchromonas. Although both riboscme counts

[
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(Table VII) and analysis of rRNA electrophoretic profiles (Table VI)
show that the magnitude of the reduction of chloroplast ribosomes is
about 30% in greening cells, the inhibition of chloroplast ribosome
synthesis during greening is actually greater than 50% (Table VIII).
In contrast to a previous ultrastructural investigation on the effect
of chloramphenicol on Ochromonas in which the growth of the chloroplast
itself was markedly inhibited (Smith-Johanngsen and Gibbs, 1972), the
chloroplast volume was not significantly reduced in the spectinomycine -
treated cells described h;re. Thus, the effect of spectinomycin on
the synthesis of chloroplast rRNA and ribosomes cannot be attributed
to a feedback inhibition resulting from a more general block in
organelle expansion.

A possible explanation for the inhibitory effect of
spectinomycin on the accumulation of chloroplast rRNA in Ochromonas
could be that the antibiotic blocks the activity or synthesis of
chloroplast RNA polymerase. This seems unlikely, however, since
Ellis and Hartley (1971) have demonstrated that lincomycin, while
preventing an increase in RuDP carboxylase activity in pea, fails to
reduce either the amount of chloroplast RNA polymerase synthesized or
its activity. This finding suggests that chloroplast RNA polymerase
is8 synthesized on cytoplasmic ribosomes. Assuming the biogenesis of
this enzyme in Ochromonas is similar to that in pea, the effect of
spectinomycin in the alga cannot be acceunted for by a lack of

chloroplast RNA polymerase.
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The most likely explanation for the reduction of chloroplast
rRNA in the presence of spectinomycin is that the antibiotic inhibits
the synthesis of ribosomal proteins. Newly-transcribed rRNA is
associated with proteins (Hamkalo and Miller, 1973) and, presumably,
is rapidly degraded if not incorporated lnto a ribonucleoprotein
complex. Therefore, if chloroplast ribosomal proteins are not
available, chloroplast rRNA cannot accumulate. This was demonstrated
by Ellis and Hartley (1971) who observed that incorporation of
precursors into pea chloroplast rRNAs continued in the paesence of
lincomycin, while the accumulation of these species was inhibited.

The size of 'the pool of chloroplast ribosomal proteins in Ochromonas
is not known, but the data of Honeycutt and Margulies (1973) indicate

that in Chlamydomonas the pool is small, since labelled amino acids

are incorporated into chloroplast ribosomes after only 6 min.

Moreover, in chloroplasts of exponentially-growing algae, thée pool of
ribosomal proteins would be rapidly exhausted if not continually
replenished with newly-synthesized proteins. Therefore, since
gpectinomycin, which selectively inhibits the synthesis of proteins

on chloroplast ribosomes, prevents the light-induced increase of
chloroplast rRNA and ribosomes in Ochromonag, I conclude that at least
some chloroplast ribosomal proteins in this alga are synthesized in the
chloroplast. This supports previous findings based on a study of the

effects of chloramphenicol on the ultrastructure of the chloroplast in

Ochromonas (Smith-Johannsen and Gibbse 1972).
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Galling et al. (1973) have reported that spectinomycin also
causes a reduction of chloroplast ribosomes and rRNAs in Chlorella.
These ipvestigators suggest that spectinomycin may inhibit the synthesis
of one or a few key chloroplast proteins involved in the regulation of.
the synthesis of chloroplast ribosomal proteins in the cytoplasm.

However, in Chlamydomonas and Acetabularia where evidence indicates that

chloroplast ribosomal proteins are synthesized in the cytoplasm
(Goodenough, 1971; Kloppstech and Schweiger, 1974), spectinomycin
and/or chloramphenicol do not prevent the accumulation of chloroplast
ribosomes. Therefore, the data of Galling et al. (1973) could better
be interpreted to mean that in Chlorella some chloroplast ribosomal
proteins are synthesized in the chloroplast. Similar conclusions can
be drawn from studies on other organisms in which inhibitors of
translation on chloroplast ribosomes cause a decrease in the amount of
.
chloroplast ribosomes and/or rRNA. Thus, apparently some chloroplast
ribosomal proteins are synthesized on chloroplast ribosomes in Euglena
(Reger et al., 1972), radish (Ingle, 1968), pea (Ellis and Hartley,
1971) and spinach (Detchon and Possingham, 1975). As stated in the
Introduction, the lack of inhibitory effect of chloramphenicol on the

synthesis of chloroplast ribosomes and rRNA in Acetabularia (Kloppstech

and Schweiger, 1974) and Chlamydomonas (Goodenough, 1971) probably

reflects genuine species-specific differences in the biogenesis of this
class of proteins.

b. Mitochondria

The only evidence the candidate is aware, of that spectinomycin

-
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inhibits protein synthesis on mitochondrial ribosomes is the observation

that wild-type cells of Chlamydomonas are killed when cultured

heterotrophically in medium containing low concentrations of the
antibiotic (Boynton et al., 1973). Moreover, cyanide-sensitive

respiration in Chlamydomonas subjected to prolonged exposure to 90 pg/ml

spectinomycin is abolished, indicating the absence of mitochondrially-

synthesized components.

In contrast to Chlamydomonas, Ochromonas continues to grow

at nearly normal rates for up to 48 hr in the presence of 100 pg/ml .
spectinomycin. Electron microscopy shows that the ultrastructure

of the mitochondria in spectinomycin-treated cglls (24 hr treatment)

[N R e T ]

appears normal. This is at variance with previous observations of
cells treated for 24 hr with chloramphenicol in which the ratio of
inner to outer mitochondrial membranes was reduced by over 35%. The
concentration of spectinomycin used in the present study is relatively

low, however, and the inhibitory effects of the antibiotic may become

RT3

manifested at a correspondingly slow rate, Thus, it is likely that

if cells were examined by electron microscopy after further growth in
medium containing spectinomycin, a decrease in the pumber of
mitochondrial cristae would be evident. Th; difference in the
kinetics of the appearance of spectinomycin-induced membran; ;
abnormalities in the chloroplast and mitochondria céuld be explained .

by the existence of a relatively larger pool of mitochondrial cristae

proteins. This idea is substantiated by the observation that even in

’
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the chloramphenicol~treated cells, the loss of mitochondrial cristae

does not occur until after 12 hr of exposure to the antibiotic,

whereas chloroplast membranes are immediately affected. Therefore,

the absence of an effect of spectinomycin on mitochondrisl membrane

in Ochromonas does not rule out the likelihood that one or more cristae
components are synthesized in the mitochondria of this alga. In fungi,
almost all the proteins synthesized on mitochondrial ribosomes are
incorporated into the inner membrane of the organelle (Neupert and Ludwig,
1971; Turner, 1973).

In contrast to its inhibitory effect on the accumulation of
chloroplast ribosomes, spectinomycin has no apparent effect on the
synthesis of mitochondrial ribosomes in Ochromonas. Again, one might
argue that mitochondria contain substantial pools of ribosomal proteins.
Alternatively, mitochondrial ribosomal proteins in Ochromonas may be
synthesized on cytoplasmic ribosomes, as has been demonstrated in fungi
(Davey et al., 1969; Kiintzel, 1969b; Borath and Kintzel, 1972).

Since 24 hr treatment with spectinomycin fails to alter
either mitochondrial ultrastructure or mitochondrial rRNA synthesis in
Qchromonas, there is a possib%lity that the antibiotic does not enter
this organelle or does not inhibit translation on mitochondrial
ribosomes. The results of a study by Davey et al. (1970) suggest that
the sensitivity of mitochondrial ribosomes to aminoglycoside antibiotics
varies in different species. Of seven aminoglycosides tested, four

failed to inhibit the amin{ acid incorporating activity of yeast

e ML el mhn e
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mi tochondrial ribosomes either in vivo or in vitro. The remaining

three antibiotics blocked protein synthesis on both mitochondrial and
» &
g &)
cytoplasmic ribosomes from yeast, but had no significant effect on

amino acid incorporation by mitochondria isolated from rat liver.
Although spéctinomycin was not included in this study, streptomycin,
which is closely related in structure (Beneviste and Davies, 1973),
was shown to have little or no effect on protein synthesis on yeast
mitochondrial ribosomes. Since Chlamydomosis, which does contain

Q
spectinomycin—-sensitive mitochondrial ribosomes, is more closely

related to Ochromonas than is yeast it is probable that protein synthesis
on mitochondrial ribosomes in Ochromonas is also inhibited by this
aminoglyéoside. Conclusive proof for this asshmption requires an in
vitro assay of the protein synthesizing activity of isolated mitochond;ial

/

ribosomes in the presence of spectinomycin.

3. Ethidium bromide

The biological activity of the phenanthridine dye ethidium
bromide 1s correlated with its ability to intercalate between DNA base
pairs (Waring, 1968) and, in particular, its selective affinity for
closed circular DNA (Bauer and Vinograd, 1968). Using SV40, Bauer and
Vinograd (1968) demonstrated that, at low concentrations (less than 5.4
ug/ml), ethidium bromide is preferentially bound by closed, circular o
viral DNA molecules.

a. Mitochondria

In eukaryotic cells, the target of ethidium bromide action is
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the mitochondrion. Mitochondria from nearly all the lower (Borst, 1970)
and higher plants (Koloﬁner and Tewari, 1972b), as well as from animals
(Borst, 1970) examined so far, contain covalently-closed circular DNA
molecules. Both the replication (Goldring et al., 1970) and
transcription (Zylber et al., 1969) of mitochondrial DNA in yeast and
mammalian cells respectively, has been shown to be selectively inhibited
by the dye. Presumably, binding of ethidium bromide to mitochondrial
DNA in vivo blocks the functioning of this component by distorting the
tertiary structure of the supercoiled DNA molecules (Smith et al., 1971;

\\&
Nass, 1972). iy

Although the growth of g%hromonas cells cultured:in medium
containing 1 pug/ml ethidium bromide is normal for approximately 24 hr,
the morphology of the mitoéhondria in cells expos%d to the dye during
this interval is dramatically altered; the number of mitochondrial e
ribosomes 18 reduced by more than 907 and the number of cristae is also 2
markedly reduced compared to control cells. The results of quantitative
analysis of the electrophoretic profiles of rRNAs from control and
ethidium bromide-treated cells are in agreement with the ultrastructural
observations and show that the transcription of the mitochondrial rRNA
species 1s severely and exclusively inhibited in the presence of the
dye. The possibility that the effect of ethidium bromide on rRNA and
ribosome metabolism in Ochromonas when cultured in the light is related

in some way to the fluorescence of the phenanthridine dye is ruled out

by the fact that the accumulation of mitochondrial rRNAs in dark-grown

o
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cells is equally prevented by ethidium bromide. Also, Pikd and Chase
(1973), using electron microscopy and polyacrylamide gel electrophoresis,
have demonstrated that 0.1 ug/ml ethidium bromide alsorinduces the
selective loss of mitochondrial ribosomes and rRNAs in mammalian embryonic
cells.

The abrupt decline in the rate of cell division of ethidium
bromide~treated cells after 24 hr is most likely a consequence of a
depressed respiration rate due to the loss of the mitochondrial cristae.
The effect of ethidium bromide on mitochondrial membrane 1s probably
not direct but is secondary to the decrease in the number of mitochondrial
ribosomes on which some cristae proteins are synthesized (e.g. Rubin and
Tzagoloff, 1973). A similar loss of mitochondrial cristae was

observed when translation on mitochondrial ribosomes was inhibited in

Ochromonas by chloramphenicol (Smith-Johannsen and Gibbs, 1972). Low

concentrations of ethidium bromide have been shown to mimic the effects
of chloramphenicol on mitochondrial membranes in mammalian cells also
(King et al., 1972; Pikd and Chase, 1973). In these cells,however,\
exposure to either drug results in a disorganization of mitochondrial
cristae, rather than a reduction in their number. Similarly, 25 ug/ml
ethidium bromide induces the~dilation of mitochondrial cristae in
Acetabularia (Heilporn and Limbosch, 1971), while 1 - 5 pg/ml of the dye
caﬁses aberrations in the arrangement of the mitochondrial cristae, as

well as a reduction in their number in bleached cells of Euglena (Nass

and Ben-Shaul, 1973). The results of a study on Chlamydomonas
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indicate that 3 pg/ml ethidium bromide secondarily inhibits mitochondrial
protein synthesis in this alga as well (Stegeman and Hoober, 1974).

The effect of ethidium bromide on the synthesis and maintenance
of mitochondrial DNA in Ochromonas was not examined in this gtudy. In
yeast cells 10 ug/ml ethidium bromide, not only inhibits the replication
of mitochondrfal DNA, but also induces the degradation of the supercoiled
molecules (Goldring et al., 1970). Evidence suggests that ethidium
bromide also impalrs the synthesis of mitochondrial DNA in Euglen; (Nass
and Ben-Shaul, 1973), but the effects of the dye in this alga are at
least partially reversible. Heilporn and Limbosch (1971) found that,
although the amownt of mitochondrial DNA is markedly reduced in extracts
from organelles isolated from ethidium bromide~treated Acetabularia, the
inhibitory effect of the dye is entirely reversible even after 1 month.
However, when DNA from total cell extracts was analyzed, no diminution
in the amount of mitochondrial DNA was observed. These investigators
therefore proposed that ethidium bromide does not degrade pre-existing
mitochondrial DNA in Acetabularia, but probably alters the structure of
this component such that it 1s more susceptible to nuclease during
extraction. The reversibility of ethidium bromide-induced damage of
mitochondrial DNA in Ochromonas could be tested by inoculatiom of
treated cells in media free of the dye. It is important to note that
rev.ersibility of the ethidium bromide-~induced inhibition does not rl'ule
out the possibility that mitochondrial DNA is partially degraded, but

that sufficient copies of mitochondrial DNA exist to permit continued
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replication of the organelles.
b. Chloroplast
In contrast to its effect on mitochondria, ethidium bromide

does not perceptibly alter the ultrastructure of the chloroplast in

Ochromonas . Likewise, treated cells contain normal amounts of the

chloroplast rRNA species. These observations are therefore in

accordance with the lack of effect of ethidium btomide on the
ultrastructure of chloroplasts in Euglena (Nass and Ben-Shaul, 1973).

Also, although the chloroplasts in Acetabularia become swollen with
storage products in the presence of ethidium bromide, their ultrastructure,
as well as photosynthetic capacity, is otherwise normal (Heilporn and
Limbosch, 1971).

The chlorophyll content of greening ¢ells of Ochromonas is not
reduced by ethidium bromide, but the amount of chlorophyll in light-grown
cells cultured in the presence of the dye was found to be 20% less than
in controls, The differential response of light-grown and greening cells
to ethidium bromide may be explained by the fact that the accumulation of
chlorophyll in cells grown in continuous light is a function of cell
density: chlorophyll pei.cell increases as cell number increases (Gibbs,
1961). At the time of extraction of chlorophyll, the cultures treated
with ethidium bromide happened to contain a sliéhtly lower‘concentration
of cells than the other cultures and thus may not have acquired as much

chlorophyll as the more dense cultures. The chlorophyll content of

Acetabularia is also wunaffected by ethidium bromide (Heilporn and Limbosch,
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1971). Nass and Ben-Shaul (1973) reported that in greening cells of
Euglena, ethidium bromide depresses chlorophyll formation significantly.
The inhibition of chlorophyll synthesis in Euglena occurred only afCer~
about 3 days exposure to the dye and can most likely be attributed to a -
general reduction in cellular metabolism due to the secondary
impairment of mitochondrial respiration.

Chloroplasts from Euglena (Manning et al., 1971) and higher
plants (Manning et al., 1972) have been shown to ntain supercoiled
DNA. If one assumes that the closed, circular nature of chloroplast DNA is
universal, the apparent insensitivity of the chloroplast in Qchromonas,

Acetabularia and Euglena to ethidium bromide seems to be at variance

with the mode of action of this dye in eukaryotic cells. The
discrepancy between the predicted and observed effects of ethidium bromide
on chloroplasts might be explained if chloroplast DNA does not bind the

dye. Chloroplast DNA isolated from Antirrhinum, Beta and Spinachia

however, has been shown to bind ethidium bromide (Herrmann et al., 1975).
Another possible explanation for the lack of effect of ethidium bromide

on the chloroplast i1s that this organelle is impermeable to the dye.

This is unlikely since ethidium bromide was shown to inhibit all

synthesis of cytoplasmic DNA in Acetabularia under conditions where nuclear
DNA synthesis was not affected (Heilporn and Limbosch, 1971). Moreover,
Flechtner and Sager (1973) reported that 10 ug/ml ethidium bromide

induces the losa of about 85% of the chloroplast DNA in Chlamydomonas.

Although the algal cells did not divide during the 12 hr treatment, they

e e el — o T
* . - \ , R G NSNS 5 v s

:
N
‘
¢
3
3

Rt 5 T



195

nevertheless were able to resume growth when washed free of the dye,
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and also regenerated some of their chloroplast DNA. To account for
?f these results, Flechtner and Sager proposed that one or more 'master'
?; coples of chloroplast DNA are sequestered in a region inaccessible to
the intercalating dye molecules. Since Acetabularia chloroplasts

$
! double in number before their division 1is arrested directly or

LA

"
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indirectly by ethidium bromide (Heilporn and Limbosch, 1971), they may

contain at least two 'master' coples of chloroplast DNA. Both

greening and light-grown cells of Ochromonas, on the other hand, grow

ey

normally for at least two generations in the presence of ethidium bromide,

suggesting that, not only the chloroplast, but also the proplastid,

contain at least four sequestered copies of plastid DNA. Further studies

are required to prove the 'master' copy hypothesils or to explain in some othsr
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way the differential response of chloroplast and mitochondrial circular

Er s

DNAs to ethidium bromide.

ey

C. Future Studies
Perhaps the most important result of this investigation ié the

¢ evidence that at least some chloroplast ribosomal proteins are

synthesized on chloroplast ribosomes in Ochromonas. It would be

interesting to know exactly which and how many of the chloroplast

*

ribosomal proteins are synthesized within the organelle. Although
initial attempts to isolate ribosomes from Ochromonas were unsuccessful, *

it may yet be possible. Low temperatures may be as essential to the

isolation of ribosomes as they are for the isolation of rRNA from this

e
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alga, Chloroplast ribosomal proteins from control and spectinomycin-
treated cells could theh t:;analyzed on two-dimensional polyacrylamide
gels.

The effect of spectinomycin (apd chloramphenicol) on the
perinuclear reticulum of Ochromonas is difficult to interpret since
the function of this membrane network is unknown. The hypothesis
that the perinuclear reticulum is the site of detoxifying enzymes
could be tested by treating cells with radiocactive spectinomycin (or
chloramphenicol) and amalyzing the results by EM autoradiography.

Another important result of the present study is the
development of the methodology for the extraction and characterizat}on
of intact rRNAs from Ochromonas. The 'nicking' of the heavy
chloroplast rRNA component is similar to that in heavy rRNAs from
other sources. The time course of this phenomenon in vivo could be
examined by isotope labelling studies. The relationship of 'nicking'
in vivo and in vitro tp chloroplast ribosome structure could be
determined by experiments similar to those of Lava-Sanchez and Puppo
(1975).

There is some evidence which suggests that rRNA populations
in both prokaryotes and eukaryotes are not homogeneous (in Cattolico,
19?3). For example, Cattolico (1973) detected a small difference in
the oligonucleotide patterns of the 255 rRNA species extracted from

Chlamydomonas at two separate stages in the synchronous growth cycle,.

0

Ochromonas provides an ideal organism in which to study the question of
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rRNA heterogeneity since the alga undergoes a transition when switched
from dark to 1ight growth conditions. Moreover, the cytoplasmic,
chloroplast and mitochondrial rRNA gpecies can be isolated without
agents which may affect their chemical properties, and analyzed
independently. °

In summary, the results of this investigation have helped

to elucidate some aspects of the regulation of organelle biodynthesis.
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CONTRIBUTION TO KNOWLEDGE

The candidate considers the following to be contributions to
original knowledge in the field of cell and molecular biology:
1. A procedure was developed for the isolation of intact rRNAs from

the Chrysophyte, Ochromonas danica. The electrophoretic profile of

Ochromonas RNA 1Is unique since it contains, not four, but five peakg ‘of

I

high molecular weight ;RNA.

2. Cytoplasmic, chloroplast and mitochondrial rRNA species were
identified on the basis of their relative amounts in cells grown in }he
dark and light, or exposed to ethidium bromide.

3. The sizes of Ochromonas rRNAs were determined by polyacrylamide gel
electrophoresis of (3§5RNA from‘Ochromonas using (lac)rRNAs from E. coli
as internal markers. The molecular w;ights of the heavy and light
cytoplasmic rRNAs are 1.18 X 106 and 0.66 X 106 daltons respectively.

The molecular weights of the heavy chloroplast and mjtochondrial rRNAs are
both 0.94 X lO6 daltons, while the light chloroplast and mitochondrial
rRNAs have values of 0.50 X 106 and 0.55 x 106 daltons respectively.

4. The ﬁeavy chloroplast rRNA component from Ochromonas is thermolabile
and probably contains three nicks, one at each end of the rRNA molecule
and a third nick near the middle. i

5. The growth rate of greening cells exposed to either D-threo or L-threo

chloramphenicol (300 ug/ml) begins to decline markedly after 12 hr. During

24 hr exposure to 100 pg/ml spectinomycin, greening cells divide at a rate
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slightly less than that of controls, whereas spectinomycin treated
light-grown cells grow at normal rates. In the presence of 1 ug/ml
ethidium bromide, both greening and light-grown cells divide at rates

similar to controls for 24 hr.

6. D-threo chloramphenicol (300 ug/ml), but not L-threo chloramphenicol

(300 pg/ml), 1inhibits the 24 hr }ight-induced increase of chloroplast rRNA

in Ochromonas by 707%. Neither chloramphenicol isomer alters the amount

of mitochondrial rRNA significantly.

BRI 5 i £ g T R AR AR 1

1. Spectinomycin (100 ug/ml) reduces the amount of chloroplast rRNA in
24 hr greening cells by approximately 30% and inhibits the light-induced

synthesis of chloroplast ribosomes by 50%. This antibiotic does not

affect the amount of mitochondrial rRNA or the concentration of
mitochondrial ribosomes in 24 hr greening cells. The effect of: 24 hr
exposure to 100 pg/ml spectinomycin on the amounts of organelle rRNAs and
ribosomé; in light-grown cells is similar to that in greening cells, but

is less in magnitude. ¥
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8. Treatment of greening and light-growm cells with 1 upg/ml ethidium
bromide for 24 hr results in the selective loss of mitochondrial rRNA and
ribosomes.,

9. Greening and light~grown cefls exposed to 100 ug/ml spectinomycin

for 24 hr contain chloroplasts with disorganized ‘thylakoids. ' Both single
thylakoids and bands consisting of five to eleven thylakoids (instead of
the characteristicbfhree thylakoids) are commonly observed. Mitochondrial

‘:} ultrastructure is normal in spectinomycin-treated cells.

. - e e e e e -
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10. Ethidium bromide (1 ug/ml) treatment of both greening and light-
grown cells for 24 hr causes a substantial reduction in the number of
mitochondrial cristae. The dye has no effect on chloroplast
ultrastructure,.

11. The effects of D-threo chloramphenicol and spectinomycin on
Ochromonas strongly suggest that at least some chloroplast riboso;al
proteins are synthesized in the chloroplast of this alga. A protein(s)
involved in thylakoid fusion is also probably synthesized on chloroplast
ribosomes.

12. The nature of the ethidium bromide induced alteratiomns deicates
that Ochromonas mitochondrial rRNAs are transcribed from circular
mitochondrial DNA molecules. A protein(s) required for cristae

formation 1is synthesized on mitochondrial ribosomes.
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A. Chemical structure of antibiotics used in this study
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1. Chloramphenicol
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k 2. Spectinomycin

3. Ethidium bromide
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B, Estimation of the coding potential of mitochondrial and
chloroplast DNA |
dr Assuming for a nucleotide an average molecular weight = 300
daltons and length along the axis of the ﬁNA helix = 3.4 R, and for an
amino acid an average molecular weight = 125 daltons, one can calculate

the approximate number of polypeptides for which organelle DNA can code.

1. Mitochondrial DNA

Animal mitochondria DNA, 5 ym in contour length (Borst, 1970),

is the smallest known organelle DNA. The number of nucleotides contained

in a strand of DNA 1 uym in length = 2.95 X 103, which = 8.9 x 105 daltons.

Although DNA 1s double-stranded, I assume only one strand is tramscribed

in vivo, so 5 um of single-gtranded DNA = 4.45 X lO6 daltons. Mitochondrial
DNA contains a cistron each for heavy and light mitochondrial rRNAs and

; for perhaps twenty tRNAs. Using the following values,

heavy rRNA = (.53 x 106 daltons* tRNA = lO3 daltons
light rRNA = 0.30 x 10° daltons*

0.83 x 106 daltons = total rRNA cistrons
20 tRNAs = 0.50 Xx 106 daltons = total tRNA cistrons

1.33 x lO6 daltons = total RNA cistrons

5 um single-stranded DNA = 4.45 106 daltons '

and subtracting RNA cistrons = 1.33 X 106 daltons

>

3.12 x 106 daltons

remaining sequences,

#Xeg92us (Dawid and Chase, 1972)
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Therefore, 3.12 X 106/300 =1.04 X 104 nucleotides, which = 3.5 X 103

codon triplets = amino acids. Since one amino acid = 125 daltons,
3.5 x 103 amino acids = 436,000 daltons. This represents approximately
11 polypeptides of 40,000 daltons or 22 polypeptides of 20,000 daltons.

Mitochondrial DNA from plants is larger than that from animal

cells and can code for a correspondingly greater number of proteins.

Euglena mitochondrial DNA is probably about 20 um 1in contour length

~

4
3
i
i
<
¥
:

(Talen et al., 1974), which 1s equivalent to 26 polypeptides of 40,000

daltons, whereas mitochondrial DNA from higher plants is reported to be
30 um (Kolodner apd Tewari, 1972b), which is adequate to code for 42
polypeptides of 40,000 daltons.

In this computation, I’ have agsumed that only one strand of

R R L Y T CURRR VP

the double DNA helix is transcribed. There 1s some evidence, however,

that at least three tRNA genes are located in the light strand (Aloni
and Attardi, 1971). Also, I have used the molecular weight values of

the mature mitochondrial rRNA species, although the size of the initial

G — ”

P

transcription unit(s) is probably larger. With respect to the

calculation of the coding capacity of mitochondrial DNA, however, these

et e e

factors tend to cancel out one another.

2. Chloroplast DNA

- BB i)

Chloroplast DNA from both algae and higher plants averages

40 ym - 44 ym in contour length (Manning and Richards, 1972; Herrmann

ey

et al., 1975). In contrast to mitochondrial rRNAs, chloroplast rRNAs
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are usually slightly larger and at least two cistrons for each of the
two high molecular weight rRNA species are present in chloroplast DNA
(Thomas and Tewari, 1974 a+b). These considerations are taken into
accountt in the following calculation of the coding potential of the

chloroplast genome:

1.10 X 106 daltons*

0.56 X 106 daltons*

heavy rRNA
light rRNA

b
é
:
:

1.66 x 10° daltoms ,
3.32 x 10% daltons ‘
0.50 X 106 daltons

2 rRNA cistrons
20 tRNAs -

3.82 X 106 daltons = total RNA cistromns

3.56 x 107 daltons

3.82 x 106 daltons

single-stranded DNA, 40 um

total RNA cistromns

e o A SR s, S o

31.78 X 106 daltons = remaining sequences

= 10.60 X 10 nucleotides

= 3,55 X 104 codons = amino acids

= 4,45 X 106 daltons,

SN

L mmerntat | wte,

wvhich represents a capacity to cdode for 110 polypeptides of 40,000

daltons. The molecular weight of the large subunit of ribulosediphosphate

i

et

carboxylase, the most abundant chloroplast protein, is 55,000 daltons

(in Givan and Criddle, 1972).

The amount of DNA available for coding for proteins is reduced

if one performs this calculation using a value for an early rRNA precursor

*Higher plants (Ingle et al., 1970)
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rather than that for mature rRNA forms. Agsuming, for example, that

the rapidly labelled 2.9 X 106 dalton chloroplast RNA component observed
in Phaseolus (Grierson and Loening, 1974) represents a primary
polycistronic transcript of rRNA, the coding potential of chloroplast DNA

is limited to 100 polypeptides of 40,000 daltons.
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