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ABSTRACT 

The effect of 100 ~g/ml spectinomyein, a specifie inhibitor of 

translation on organelle ribosomes, on the accumulation of chloropla~t 

rRNA was studied in the Chrysophyte Oehromonas danica • • 
Intact algal-

rRNAs were isolated and characterized. The mo1ecular weights of the 

6 6 heavy and 11gh t cytoplasnrl~ rRNAs ar~ 1.18 X 10 and 0.66 x 10 dal tons 

respectively. The molecular weights of the heavy chlorop1ast and 

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

chloroplast and nrltochondrial rRNAs have values of 0.50 X 106 and 
11 

0.55 X 106 daltons respectively. The thermolabile heavy ch16roplast 

rRHA i8 probably nicked in three places. Cells exposed to 24 hr light 

and spectinomycin grow at nearly normal rates, but contain 30 - 40% less 

chloroplast rRNA than do controls. Electron microscopy showed that 

spectinomycin disrupts the organization of chloroplast membranes and 

inhibits the light-induced synthesis of chloroplast ribosomes by 50%. 
1 

These results strongly suggest that at least seme chloroplast ribosomal 

proteins are synthesized in the chloroplast of Ochromonas. 
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RESUME DE THE8E 

• L'effet de ~a spectinomycin (100 ~g/ml), un inhibiteur ~p~ciTique 

de la synthèse prot~ique p8r les ribosomes dforganelles, sur l'accumulation 
, ' 

de l'ARN c~oroplastique fUrent étudi~s chez le Chrysophyte,. Ochromonas 

danica. Les ARN ribosomiques intacts de l'~gue turent 'isolés et caracteris~s. 

Les poids moleculaires des MN ribpsomiques lourds et l~gers du cytoplasme sont 

de 1.18 X 106 et 0.66 x 106 respectivement. Les poids moleculaires des AR~ 
ribosomiques lourds du chloro~las~e et des mitochondries sont tous les deux de 

0.94 X 106 , tandis que les ARN ribosomiques légers du chloroplaste et des 

mitochondries oht des valeurs de 0.50. X 106 et 0.55 X 106 daltons 

respecti!fement . L'ARN ribosomique lourd du chloroplaste est thermosensible 

et probablement entaille a trois sites. 
.;} 

Les cellules qui sont expos~es à 

la lumière et à la spectinomycin pendant 24 br, croissent ~ des taux presque 

t 
1 
! 

1 

j 
" 

normaux, main contiennent de 30 - 40% moins d' ARN ribosomique du chloroplaste { 

que les témoins., La microscopie électronique a 4emontree que la j 
spectinomycin d~range l'organisation des membranes cbloroplastiques et inhibe ~ 

de 50% la synth~se stimulee par la lumière des ribosomes chloroplastique. 
, 

Ces ~sultats sugg~rent fortement qu'au moins certaines proteines ribosomiques 

du chloroplaste sont formées au Chloroplaste même • 
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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, 1 have listed the 

antibiotics according to their mode of action. 

a. Inhibitors of protein synthesis on bacterial-type ribosomes: 

carbomycin ~ 

chloramphenicol 

cleocin 

erythromycin 

lincomycin 

neamine 

spectinomycin 

streptomycin 

virginiamycin 

b. Inhibitot' of protein synthesis on eukaryotic ribosomes: 

cycloheximide 

c. Analogue of aminoacyl-tRNA causing premature release of peptides 

from bàcteris1-type and eûkaryotic ribosomes: 

puromycin 

d. lnhibitor of th~ replication and transcription of circular DNA 

molecules: 

ethidium bromide 

-,. 
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xii 

e. Inh:tbitors of bacterial DNA-dependent RNA polymerase: 

rifampicin 

rif amp in 

f. IDhibitor of nucleoplasmic DNA-dependent RNA polymerase in 

eukaryotic cells: 

a-amani tin 

8. Inhibitor of oxidat1ve phosphorylation: 

oligomycin 

In cases where individual ribosomal proteins are identified, the 

nomenclature used 1s that of Wittmann et al. (1971). 
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l' 

i angàtrom 

ATP adenosine triphosphate 

ATPase adenosine triphospha tase 

Ci curie 

CM carboxymethyl , 
cpm counts per minute } 
DEAE d1ethylaminoethyl 

DNA deoxyribonucleic acid 

DNase deoxyribonuclease 

!OTA ethylenediaminetetraacetate 

EH electron microscopy 

F sex factor 

ft-c foot-candle 
1 

GTP g,uanosine triphosphate 
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Km Michaelis constant j 
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lac lactose 1 • l 
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, 
, 

mA m1lliampere 1 
1 
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(~) 
mRNA .- messenger ribonucleic acid 
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INTRODUCTJ ON 

1. Litprature Revicw 

A. Organelle Biogenesis 

1. Organelle autonomy 

8. Biochemical studies 

i. Organelles conta1n DNA and other componen~ required 

for autonorny. 

Studies conducted during the 1960's estab1ished that 

chloroplasts and mitochondria contain DNA and a1so the components required 

fot' the t'eplication and expression of their genomes. These organelles are, 

tberefore, potentially autonomous with respect to the hast cel1 (Gibor and 

Granick, 1964; Kirk and TUney-Bassett. 1967; Whitfie1d and Spencer. 1968; 

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

1970; Tewat'i, 1971; Sager, 1972). The evidence supporting this 

conclusion is based on a variety of studies invo1ving cyto1ogies1 and 

biochemica1 techniques. 

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

cb1ot'oplast of Ch1amydomonas moewusii cella, fixed by a procedure 

original1y developed for the preservation of baeteria1 nuc1eoplasm (Ryter 

.!:! al.. 1958). Other investigators (!.,i. Chiba. 1951) had previously 

shawn the presence- of DNA in chlorop1asts. but their resu! ts were 

inconc1usive sinee appropria te controls, such as DNase digestion, were not 

C8nied out. Ris and P1aut used light and eleetron microscopy combined 

vith cytochemistry to demonstrate that the fine fibrlls appt'oximately 25 ~ 

, '- < 
" ' 
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in diameter which oecupied areas in the chlorop1ast stainable with 

acridine orange and the Feulgen reaetion were remo~able by DNase, but not 

RNa se , treatment • The authors therefore eonc1uded that the fine fibrils . 
observed in the chloroplast were DNA molecules. Ris and Plaut also 

specu1ated on the possible genetie function of ch10rop1ast DNA and the 

evolutionary relationship between chloroplasts and blue-green algae. 

,The presence of DNA fibri1s was subsequently reported in 

chloroplasts of several other algal species. For example, Puiseux-Dao 

et al. (1967) demonstra ted DNase-sensi tive fibrils in the chloroplasts of 

Acetabularia mediterranea. In an ultrastructural study of the brown 

alga, Egregia menzeisii, Bisalputra and Bisalputra (1967) identified an 

eleetron-translueent area at each tip of longitudinally-seetioned 

chloroplasts. Each area contained fibrils approximately 25 R thick which 
, 
i were absent follo~g DNase treatment. A similar organization of eleetron-

translucent regions containing fine fibrils was described in the chloroplast 

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

In higher plants, DNA-containing areas often appear scattered 

throughout the ehloroplast matrix. 
~ 

Gunning (1965) studied the ultrastrueture 

of the chloroplast in oat seedlings (Aven a sativa). He observed 

several areas in each chloroplast section whieh contained fibrils 25-30 i 

thick. Although sections were not ineuhated with DNase in this study, it 

is most likely that the fibrillar networks described by Gunning are composed 

of DNA sinee they resemble the fi1amentous nucleaids of hacteria. Kislev 

~ al. (1965) conducted a comprehensive investigation of chloroplast nucleic 
( , 
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acids in Swiss chard (Beta vulgaris). Using light microscope 

cytochemistry and autoradiography, the se authors showed that the 

chlor~plast component which was Feulgen-positive and which incorporated 

3 ( H)thymidine was a1so removable by DNase treatment. By electron 

microscopy, they also identified fibrils of ch10rop1ast DNA by their 

morpho10gyand sensitivity to DNase. This method was a1so used ta 

demonstrate DNA fibrils in the chloroplasts of Tradescantia albiflora 

(Sprey, 1966) and spinach (Spinacia Q1eracea) (Yokomura, 1967a). 

Odintsova et al. (1970) described three to seven random1y distributed 

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

The fibrils were also extracted from isolated chloroplasts lysed by 

osmotic shock and spread on grids by the Kleinschmidt (1968) technique. 

When the preparation was exposed to DNase, the fibrils were reduced to 

a few fragmen ts • 

Plastids, other than chloroplasts, also possess DNA. Electron-

translucent areas containing filamentous structures have been observed 

in the chloroamyloplasts from Pelionia daveauana, proteinoplasts from 

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

(Salema and Badenhuizen, 1969). Tbe filaments probab1y represent DNA 

molecu1es. sinee EM autoradiography showed that eaeh of the three types 

3 
of pIast id ineorporated (H)thymidine. Chromop1asts from Nareissua 

pseudonareissus also eontain eleetron-translucent regions oceupied by 

25-30 R thiek filame~ts (Kowallik and Herrmann, 1972). In this study, 

enzyme digestion failed to remove the filaments from fixed material 

f;'-, 
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perhaps for technlca1 reasons, but the identification of these 

structures as DNA ls most 1ikely correct since strands of DNA from 
..,,~ 

chromop1asts were also is01ated biochemically (Herrmann,' 1972) • In an 
• 

ultrastructural study of Chilomonas paramecium, a colourless cryptomona~ 

flagellate, Sepsenwol (1973) dembnstrated that the leucoplast of this 

organism also contains DNA-like fibrils. The similarity between these 

fibrils 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 indicate that 

chlorop1ast DNA serves a genetic function. In an experiment similar to 

one designed by Meselson and Stahl (1958), Chiang and Sueoka (1961) 
q 

d~onstrated that in Chlamydomonas reinhardi ch1oroplast DNA is replicated 

semiconservative1y and at a different time than nuc1ear DNA. Synchronous 

15 cella were 1abelled d~ring one division cycle with N and then transferred 

. 14 to medium containing N. Ana1ysis of the buoyant density pattern of DNA 

extracted from samples 

division cycle showed 

DNA was replaced by a 

taken at different times during the subsequent 

15 that the ~labe11ed band containing ch1oroplast 

15 14 hybrid N- N component early in the light period. 

A shift in the buoyant àensity of the nuclear DNA b~d, however, did not 

occur until near the end of the dark period. These observa tions are 

consistent with the results of the direct assay of total cell DNA, which . 
showed a biphasic increase during the cell cycle of Chlamydomonas. 

Synthes1s of DNA has also been shown in chloroplasts isolated from 

1 
1 
î , 
~ 
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Euglsna gracUis (Scott.!! al., 1968) t spinach (Spence.r and Wh1tfield, 

1967), and tobacco (Tewari and Wlldman, 1967). In each case t 

(3H)thymidine or (3H)adentne was incorporated into an acid-tnsolubLe 
p' 

product lilich coincided in CsCi gradiént8 with chloroplast DNA 8ynthesized 

Incorporation of the radioactive precursor by the isolated 

chloroplasts required the presence of the other three nueleotides as well, 

and 10188 inhibited by DNase and moderate concentrations of actinoU1.ycin D. 

'1ofhe prOduct of DNA synthesis by isolated tobacèo cl1loroplasts was further 

characterized by analysis of radioactive hydrolysa tes and molecular 

hybridization etudies. The results showed that the composi~lon and base 

sequence of the in vitro product are similar to that of chlorop1ast DNA, 

but not nuc.lear DNA. In summary, these studies suggest that ch1oroplast 

DNA is replicated semiconservatively within the organelle to ensure the 

transmission of genes required for the biogenes::t.s of the daughter 

ehloro pla s ts • 

The existence of ribosomes in chloroplaste was first demonstrated 

in spinach by Lyttleton in 1962. Chloroplast preparations shown to be 
'> 

free from contaminants by phase microscopy were osmotical1y shocked to 

release particles, ~ich, by their spectra1.propertie.9, aéns~tiv1ty to 10n 

concentration, and sediJnen tation behaviour in the analytical 

ultracentrifuge resembled ribosomes. By comparing the sedimentation 

praflles of chloFoplast and whole cell preparations, Lyttleton was able 

to 1dent1fy the ehloroplast ribosomes, which sed:lmented more slowly than 

thè cytoplasmlc ribosomes. ln a s:ûDi1ar study, Brawerman (1963) showed 
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that: ribosome-like partic.1es are aISE> presen,t in "alga1 chloroplasts. 
, . 

When analyzed by ultracentrifugation. ·the particles from crud~ Euglena 

chloroplasts exhibited a sedimentation constant of 435. Which waa ' . . 

lo~r than that of the micro$01IIal part:l,cles, and d;1ssoc1ated mto two 

" 
amaller structures when the coricentration of rnagnesium was reduced. 

"The nucleot1de composition of RNA extracted from the ch10rqplast 'particles 

d·iffered ftom that of the microsbmal, fraction, but was similar ,to that 
, , 

of RNA extracted from whole chloroplast~ puriffed by flotation. Thus, 

Bra'Werman concluded that the pardeles isolated from Euglena chloroplasts 

are ribsomes. The low value for the sedimentation coefficient obta!ned 
, 

by Brawél'1ll8n, however, suggests thât the 43S component was the large 

ribosoma1 subunit. rather than the monomeric chloroplast ribosome. 
, . 

The sedimentation chatacteristics of,êhloroplast ribosomes were 
/ 

subsequently described in several other speciel:!. of higher plants and 

algae. Clark et al. (1964) e]{amin'ed ribosomes extracte.d from Chinese 
} 1 

cabbage (Brassica pekinensis) by·analytica1 and sucrase gradient 

ultracentrifugation. These authors demons tr~ed the presence of two 

classes of particles in leaf extracts, with values of 68S and 83S. By 

appropriate controls, they a1so verifi~d that the 68S and 835 species 
, 

" were localized in the chloroplut ~d cytoplasm, respectively, and that 

the sma1ler particles werè not artifacts resul~ing from deg't'adation of f 

the 83S component. " Two c~asses of ribosomes, with sedimentation 
, 

coefficients of approximate1y 705 and 8OS~ ~re also reported in 

exttacts of bean haves (Phaseolus .vu1garis) (Boardman, "1966) and pea 
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seedlings (Svetailo ~ al., 1967). Partic1es were extracted from 
; 

purif1ed chloroplast fractions disrupted/hy OBmotic shock and 

analyzed by ultracentrifugation. In agreement with previous 

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

two smal1er units and wcre exc1usively located in the chleroplast and 

cytoplasm, "'respec tively. First attempts to study the chloroplast and 

cytoplasmLc ribosomes of Chlamydomonas indicated the presence of 70S 

and BOS ribosomcil species, but fur ther anal ys ls of the particles was 

hampered by their instabl1ity in the extracting medium (Sager and 

Bamil ton, 1967). Later, Hoober and Blobe! (1969) showed that 

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

magneslum 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 18 

alse based on light and electron microscopy. Particles resembling 

ribosomes were detected in proplastids and chlorop1asts of maize (Zea 

mays) by Jacobson et!!. (1963). Using 1ight microscope and 

autoradiography, they showed that mater1al which stained with bas9phi~ic 

3 dye and contained ( H)~ytidine was removable with RNaae. By electron 

microscopy, they found ~hat most, if not aIl, of the RNase-sensitive 

material in plastids was in the fonu of 170 ~ partic1es. By their size 

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

the technique oi negatlve staining, Brnakovand Odtntsova (1968) studied' 
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ribosomes fram pea seedlings and bean leaves. The authors found a 

significant difference 1n the size of the purificd cytoplasmic and 

chlorop!ast ribosomes, which measured approximately 260 ~ and 200 R 
respectively. The results 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. 

Bath indirect and direct evidence shows that chloroplasts 

contain rRNA, tRNA and mRNA. The studies described above, which 

demonstrate the existence of chlaroplast ribosomes, also imply the 

existence of chloraplast rRNA. Furthermore, Brawerman.and Eisenstadt 

U964a)analyzed high malecular weight rRNA phenol-extracted from either 

disrupted cells or chloroplast fractions of Euglena. When examined in 

sucrose density gradients, the chloroplast rRNA separate~ into two 

components (s1ightly degraded) with sedimentation coefficients of 19S 

and 148. Oshio and Hase (1968) characterized chloroplast RNA isolated 

from non-aqueous ex tracts of lyophyllized cells of Chlorella protothecoides. 

They found that the chloroplast rRNA was composed of two components which 

behaved similarly to !. coli rRNA on MAl{ columns and sucrase 

gradients. Chloroplast rRNA from Ch1amydomonas was 1ikewise resolved 

into two camponents which exhibited 8 similar sedimentation pattern ta 

!. coli rRNA on sucrose gradients (Hoober and Blobel, 1969). Chioroplast 

rRNA from higher plants has also been 

Hadziyev ~t al. (1968) compared Wheat 

characterized. For examp1e, 

(Triticum vulgare) leaf and 
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chloroplast RNA with respect to base composition and elution from MAR 

columns. Intact west chloroplasts, which were isolated in Bonda 

medium (and thus probabl~ free from bacteria) and purified in a 

discontinuous sucrase gradient, contained an RNA which differed from 

the corresponding leaf RNA with respect to both e1ution properties and 

. ' 
i 

base compas it 10n • The bulk of the RNA in these preparations, by its 

behaviour on MAK columns, was ribosoma1 in nature. 

Evidence for the existence of mRNA in ch1oroplasts is based 

part1y on observations of chloroplast polyaomes. For example, Gunning 

(1965) described polysome-1ike structures in thin sections of oat 

plastids. Polysomes were also obtained from Chineae cabbage (Clark et 

al •• 1964). Whether or not some of the polysomes were derived from the 

chloroplast, however, was not determined in this a tudy, s'ince on1y whole 

leaf extracts were analyzed. Brawerman and Eisenstadt (1964a) provided 

sore direct evidence for the existence of mRNA in chloroplasts by 

showing that RNA extracted from isolated Euglena chloroplasts stfmulates 

the audno acid incorporating activity of !. coli ribosomes in vitro. 

Chloroplasts obtained by differential centrifugation were lysed to yield 

particulate and soluble RNA fractions. Bath fractions exhibited 

significant messenger activity, which was 8ssociated predominantly with a 

125 and. ta a lesser extent, with a 225 RNA. In contrast ta that of 

cbloroplast preparations, Most of the putative cytoplasmic mRNA consisted 

of the 225 component. These results clearly indicate t~e presence of 

" ( ) 
a chlorop1ast RNA with messenger-like properties. Chen and Wildman (1967) 
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Iater showed that polysomes from isolated washed tobacco chloroplasts 

incorporate amino acids both before and after liberation fro~ the 

chloroplasts, and with higher specific activity than monosomes. 

Furthermore, either increasing the time of incubation or exposure to 

INaee reeulted in conversion of the polysomes to monosomes, indicating 

that the aggregates were not formed by the non-specifie association of 

ribosOllles. 

the presence of tRNA in chloroplaste has been demonstrated 

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

properties of tRNA from pea by extracting osmotically~shocked 

chloroplasts with phenol and dissolving the etbanol-precipitated RNA 

in water containing 10% NaCl to precipitate rRNA. The remaining 

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

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

results indicated that radioactive amine acids were transferred to the 

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

acide in Chlorella t detected a slowly sedimenting component by sucrose 

gradient centrifugation of chloroplast RNA preparations. The 

sedimentation characteristics'of this fraction suggested lts identity 

rith 4S tRNA. 

Evidence auggests that some, if not aIl, of the RNA present in 

chloroplasts 1s synthesized in the organelle. The abiUty of 

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

~ enucleated cells of Acetabu1arià. These investigators used cultltt"es 
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monitored for sterility by microscopy, so that the incorporation of 

radioactive precursors lnto RNA by the enucleated plants wae probably 

not due to contaminating microorganisme. The producte labelled in 

~ were analyzed by sucrase gradient centrifugation, which indicated 

tbat the anucleate fragments synthesized rRNA and tRNA. Theee reeults 

were also confirmed by simllar expertments with chloroplaste isolated 

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

were used and the products synthesized by the iso1ated chloroplasts 

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 microscopy 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 

sedimen~tion, but incorporation of radioactive RNA precursore iDto acid-

insoluble material was sensitive to actinomycin Dt DNase and RNaee. This 

suggeets that the slgal chloroplasts were carrying out DNA-dependent RNA 

synthesis. Kirk (1964) obtained similar results with chloroplaste 

isolat~d from b:t:oad bean (Vicia~). 

Other methods used to demonstrate the ability of chloroplasts 

to synthesize RNA include EH autoradiography. Gibbs (1968) studied the 

distribution of RNase-removable grains over vsrious subcellular 

compartments of Ochromonas after cells were ~llowed to incorporate 

After a 30 m~ labelling period, approximately 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 associated with non-organellar regions increased 

to one~half of the total grain count. This suggested that there is 

a lag 1n the appearance,."RNA in the cytoplasm, but that in chloroplasts, 

as weU a9 in mitochondr,. RNA is synthesized in situ. Sinc~ the 

c~loroplast nucleoid in Ochromonas ia ~ll-defined in appearance and 

location. Gibbs (1967) was also able to show ~hat chloroplast RNA is 

synthesized at the site of chloroplast DNA; after short-term label1ing, 
• 

the grains were clustered over the chJoroplast nucleoid, whereas, after 

a longer period of incorporation, grains were more random!y distributed 
41~ • 

over the chloroplast. Molecular hyb~dization studies provide more 

evidence for transcriptioa ~f chloroplast RNA from chloroplast DNA. 

Scott and Smi1lie (1967), for examp1e, showed that 32P_labelled RN~ 

isolated from Euglena Chloroplasts hybridized to approximately 1% of the 

total chloDOplast DNA sequences. 
\ 

More recently Stutz and Vaudrey (1971) 

found that the amount of Eug1ena chloroplast DNA containing rRNA cistrons 

1s closer to~%, when nucleic acids are extracted by a modified procedure 

, Which preserves a heavy chloroplast DNA c~ponent. In a study of 
" 

tobacco, Tewari ~nd Wi1ùman (1968) showed that RNA extracted from 70S 
~ 

ribosomes hybridi.ed with 0.45-0.65% of the chloroplast DNA. 
\ 

They aleo 

found tbat, although no significant binding occurred between chloroplast 

DNA and RNA extracted from 80S ribosomes, ch10rQplast rRNA hybridized to 

about 0.1% of the nuclear DNA. 'Tewari and Wildman interpreted this 

finding 8S evidence for the existence of th1oroplast rRNA cistrons in 
<: .. . 
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1~ 
! ~ 
! "-'\ the nucleus. However, the cross-hybridization between chloroplas t 

, 1 \rRNA and nuclear DNA m~st l1ke1y reflects the conservation of similar, 
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but non-identica1, sequences in ch1orop1ast and cytop1asmic rRNAs 

(Matsuda and Siegel, 1967; Whitfleld, 1973). 

The ability of ch1orop1asts to synthesize proteine ie 

indicated by the incorporation of amina acids into protein by isolated 

chlorop1asts. In the ioi tial experiments, however, mos t of the amino 

acid incorporàting activity attributed to ch10rop1asts was probably d~ 
\ 

to contaminating bacteria. This is indicated, for examp1e, in a 

report by App and Jagendorf (1963), which showed that amino acid 

incorporation by iso1ated spinach chloroplasts was insensitive to RNase 

and the addition of co-factors such as ATP. Presumably these mole cules 

do not penetrate bacteria1 cells. Gnanam et al. (1969) showed that 

the use of 'Bonda' 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 

apinach (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 systems 

coofirmed the conclusion that chloroplasts are capable of synthesizing 

proteina • Fùrthermore, ribosomes extracted from lsolated tobacco 

ch1o~op1asta were also shown to be active in incorporating amine acids 

into protein (Boardman ~ al., 1966; Chen and Wlldman, 1967) • 
• , o. • ,-

The independence of chloroplasts would be aeverely restrlcted 
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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 chlorop1asts to 

synthesize amino acids in situ, however, has been demonstrated in . 
Acetabu1aria (Shephard and Levin, 1972). Chloroplasts were isolated in 

a medium containing Ficoll and purified by passage through a membrane 

14 filter. The ch10roplast suspension was exposed to C-labelled 

bicarbonate for 6-8 hr, and then the acid-insoluble material was hydrolyzed 

and finally 

that l4C02 

analyzed by thin-layer chromatography. The results indicated 

was incorporated into most, if not aIl, the amine acids 
. - 1 

} 
comprising the chloroplast protein. Bacterial conta~in~ion could not 

account for this observation ainee plate counts indicated the presence of 

very few microôrganisms. Furthermare, the relative amounts of different 

amina acids incorporated in vitro resembled the pattern of in vivo 

incorporation, and the amount of radioactivity recovered in protein was 

200-fold greater whap chloroplasts were illuminated. The possibility 

that the 14 incorporation of CO2 into amino acids might result from the 

addition of carboxyl groups ta partially completed carbon ske1etons was 

also ruled out by demonstrating that the amount of label removed by 

a-decarboxylation was not signifiêantly different from the predicted value 

for uniformly labelled amino acids. Thus, Acetabularia chloroplasts 

apparently possess the more than fifty enzymes involved in amino acid 

biosyn thesis. 

Chloroplasts therefore display considerable autonomy and 

several attempts have been made to culture these organelles ~utside the 

celle Ridley and Leech (1970), for example, maintained chloroplaste 

-- -l--...;..· ________ .... _., .... ' ~--------
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isolated from immature 1eaves of Vicia faba for up to 6 days ln an 

artificiaI medium eontaining Fieoll ànd bovine serum albumine 

Chlorop1ast division was monitored by phase microscopy and 'dumb-be11' 

chlorop1asts were observed by e1eetron microscopy. A similar medium 

containing Fico1l and Dextran was used by Kameya and Takahashi (1971) 

to culture chloroplasts is01ated from young leaves of Nicotiana tabacUID. 

Phase and fluorescence microscopy indicated that the number of tobacco 

Chlorop1asts increased over a period of 3 days, although the average 

size of the organelles decreased. Giles and Sarafis (1971)/~ained 
chlorop1asts prepared from the marine alga Caulerpa se~s and the 

-" 

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

vith kinetin. The structural integrity of the ch10roplasts after 15 days 

vas confirmed by various light microscope methods, as weIl as electron 

microscopy. The presence of butterf1y-shaped chloroplasts and the 

correlation between the changes in the proportion of 'butterflies' and 

increase in size of the p1astid population with time was interpreted as 

evidence for chloroplast division. Although none of these etudies 

demonstrated an increase in the mass of individual chloroplasts, they do 

!Ddicate that, given a favourab1e environment, chloroplast8 cao survive 

and divide in vitro. 

Like chloroplasts, mitochondria also contain DNA, RNA and 

ribosomes, and thus are at 1east semi-autonomous organelles (Ashwell 

and Work, 1970; Rabinowitz and Swift, 1970; Sager, 1972). The 

evidence estalÜishing the independent nature of mitochonclria is s'imilar 

_" ____ '_0._0 ----, -',,-,"7-:- ~-;: - \ ' 
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ta that discussed above concerning the biochemical autonomy of 

chloroplasts. 

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

fibrils 15-30 ~ thick in e1ectron-trans1ucent areas of chick embryo 

mi tochondria. The fibrils responded to different fixation and staining 

procedures in a fashion similar to that of the fine fibers in the 

nucleoplasm of ~. 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 fibri1s 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 a1so shown to contain DNA-like fibrils 

occupying electron-translucent regions. When the fibrils were extracted 

fram isolated pea mitochondria and exposed ta DNase, they were digested 

into smal1 fragments CMikulska et al., 1970). Evidence from studies by 

Reich and Luck (1966) with Neurospora indicate that mitochondrial DNA 

serves a genetic function. The resu1ts of their density-1abelling 

experiments suggested that mitochondrial DNA is replicated by a semi-

c9nservative mechanism. In another set of experiments, involving crosses 

between selected strains of Neurospora, these investigatars showed that 

the mitochondrial cytochrome pattern was inherited together with 

mitochondrial DNA (Reich and Luck, 1966). These results therefore 

indicated that mitochondrial DNA i8 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 (Andr~ 

and Marinozzi, 1965). Lead-stained partic1es 120-150 ~ in diameter 

were distinguished from larger 'dense granules' and identified as 

ribosomes by their sensitivity to RNase. Simi1arly, ribosome-1ike 

particles, 150 R in diameter, were a1so observed in mitochondria of 

Swiss chard, and were shown to con ta in RNase-sensitive material (Kis1ev 

et al.. 1965). Vignais ~ 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 R in diameter were observed, often in c1usters, attached 

to the iooer mitochondrial membrane. The sedimentation profile of 

ribosomes extracted from the iso1ated mitochondria showed two main peaks 

at 52-548 and 77-805. The larger partic1es were identified as the 

mitochondria1 monosome on the basis of an experiment in which iso1ated 
14 ~ 

mitochondria were incubated in the presence of ( C)leucine and hacterial 

contamination was minimized. Most of the incorporated radioactivity was 

associated 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 mitofhondria most like1y represent polysomes. 

The data of Vignais et al. therefore a1so provide evidence for the existence 

of mitochondria1 mRNA. 

" 1 
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The presence of a complete complement of tRNAs in mitochondria 

W8S demonstrated in Neurospora crassa by Barnett and Brown (1967). 

Trans fer RNA was phenol-extracted from cytop1asmic and mitochondrial 

fractions prepared from disrupted hYphae and eluted from DEAE-ce11ulose 

columns. Mitochondria1 tRNA exhibited acceptor activity for aIl eighteen 

amino acids assayed. Bactèrial or cytoplasmic contamination could not 

account for the observed activity, since only sterile solutions were 

emp10yed for cell fractionation and no significant amount of cytoplasmic 

material was detected in thin sections of the mitochondrial pel1e~ 

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 separa te set of tRNA Molecules. 

As discussed above in the case of chloroplasts, attempts to 

demonstrate that mitochondria synthesize proteins were also hampered by 

difficulties in preventing bacterial contamination. 
r 

Kroon et al. 

(1967), however, succeeded in 0PfBining preparations of mitochondria from 

rat liver which were devoid of microorganisms as tested by surface viable 

eounts • This method :lnvolved 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 !ncorporated radioactive . 
leucine and aIso radioactive ATP !nto acid-insoluble material, thus 

-' 'de1ÙOnèt~ating that' m1t:ochondria pos'sess a11 the factors requ'ired 'for' 

the synthesis of RNA and protein. lCroon !!.!!. a1so reported that both 
., 
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, 
ATP and leucine incorporation by the sterile mitochondria were resistant ,/ 

to RNase. This finding Séems to be inconsistent with the fact that no 

bacte~ia were detected in the mitochondrial preparations, since 

insensitivity to RNase 1s often interpreted as an ~ndicati6n of bacterial 

contamination. Perhaps the coniitions employed were not optimal for 

RNase activity or the enzyme did not penetrate the isolated organelles. 

The notion that mitochondria do carry out RNA and protein synthesis was 

subsequently confirmed by other investigators, including Vignais ~~. 

(1969), whose experiments a,re described above. 

ii. Some organelle components are distinct from 

cytoplasmic counterparts 

Many components of bath chloroplast~ and mitochond~ia are 

distinct from tneir counterparts in the ~urrounding bost cell. For 

example, nuclear and organelle DNAs can he di$t;l.nguished by whether or 
c 

not 5-methylcytosine is present. Nuclear DNA from, Euglenaêcontains 

about 2.3 mole % 5-methylcytosine (Brawerman and Eisenstadt, 1964b; Ray 

" and Hanawalt, f~64), while nuc1ear DNA from HeLa cell$ and Xenopus laevis 

i 
consists of 0.7-1.7 mole % of the modified nucleoside (Dawid, 1974). 

Ch10roplast DNA from Euglena, ~d tnitochondrial DNA from the ani1l1B.l ce,lls, 

however, do not contain detectable amounts of 5-methylcytosine. In these 

etudies, the base composition'of each,nocleic aci~ preparation was 

determined direct1y by,paper'or thin~layei chr~matography of the énzyme­

d1gested DNA. ,The.e.ee compos1t'1.on of org.tnelle DNA has also been 

ana1yzed by buoyant density centrif~gation. The buoyant deneity of 
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ch1oroplast DNA wa~ a controversial,issue during the latter 1960's, 

but DOWappears to be general1y resolved (Kirk, 1971). Although only 

a limi~ed number of higher plants and algae have been analyzed, the 

evidence indicates that chloroplast DNA has an average buoyant density 
-'-- 3 

in CsCl of about 1.697 g/c~, , and, relative to nuclear DNA, is more 

'constant in base compositio~ in different species. The buoyant 
~ \ 

density of mitochondrial DNA ls distinct from that of both chloroplast 

3 and nuc~ear DNA, with a value of approximately 1.706 g/cm in higher 

3 plants and 1.713 g/cm in green a1gae (in gager, 1972). Another" 

1\ 
èriterionbywhich nuc1ear and organelle, DNAs can be distinguished is 

renaturation behaviour. Tewari and Wi1dman (1966) showed that, whereas 

chloroplast DNA fl{Om tobacco renatures rapidly during slow coo11ng, 

nuclear DNA fails to renature comp1ete1y. This indicates ,the presence 

of a higher number of reiterated sequences in chloroplast DNA compared 

to that in nuc1ear DNA. 

Several enzymes a$sociated with chloroplasts and fuitochondria 

are different from their abalogs 10cated in the nucleus or cytoplasm. 

Polya and Jagendorf (197l) found that chlorop1ast RNA polymerase from 
\) 

wheat, although simi~ar to nuclear RNA polymerase vith respect to 

cation dependence, thermal and pH optima, differs from'the nuclear enzyme . 
in its template specifie~ty. These investigators suggested that the 

catalytic cores ,of'both)enzymes may Qé iden~ic~l, but dissimi1ar subunits 

môd1fy théir rèspective actlvities.' S~th and Bogorad (19?4) 

characte'rized RNA polymerases from !!!. mays by gel electrophoresis and 

, 
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found that one of the ~o polypeptide subunits of the chloroplast 

enzyme could be resolved from the corresponding subunit of the nuclear 

enzyme. Knntzel and Sch§fer (1971) isolated mitochondriel RNA 
, 

polymerase from Neurospora and showed it consists of only one polypeptide 

chain with a molecular weight of 64,000 daltons. They further 

demonstrated that the mitochondrial enzyme ia sensitive to rifa~~icin, 

resistant to a-amanitin and discriminàtes between native and dènatured 

mi to chondr fal DNA. Mitochondrial RNA polymeràse from Neurospora thus 

differs from nuclear RNA polymerases in its size, monomeric construction 

and seusitivity to certain antibiotics, as weIl as ita specificity for a 

mitochondrial DNA template. 

Specifie tRNAs and acylating ~nzymes are associated with both 

chloroplasts and mitochondria. Barnett and Brown (1967) demonstrated 

that, in Neurospora, one species of aspartic acid tRNA is 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 Eug1ena 

provides direct evidence for the presence of specific tRNAs and synthetases 

in chloroplas ts . Reger et al. (1970) separated constitut~ye and light-

inducible isoleucyl-tRNA synthetases from whole green cells by reversed-

phase chromatography. Ooly one peak of synthetase activity, ident1cal 

with tbe constitutive component, was obtained from dark-grown cella and 

( ) 
frQm W

3
BUL, an ultraviolet-bleached mutant lacking chloroplast DNA. 

,)- -~~_ .... -~.~ ..... ,. , " 
~ i, 'r .. ~ 



) 

.. 1 
1 

'1 
1 

v 

(J 

-", 

22 

the second component. on the other hand. was present in isolated 

chloroplaa ts . Likewise, ~o different isoleucyl-tRNAs were a1so found 

in green cella. only one of which was present in isolated chloroplasts. 

The isoleucyl-tRNA associated with chloroplaste was acylated only by the 

chloroplast enzyme, which was identical to the inducible component present 

in the -whole green cella. Multiple phenylalanyl-tRNAs and their 

synthetases were also found in Euglena with a specifie phenylanyl-tRNA 

acylating enzyme located exclusively in the chloroplasts. In a study 

compartng light-grown wild-type and streptomyc~~bleached cells of 

~uglena, Kislev et al. (1972) sho~d that mitochondria alao contain a 

specifie isoleucyl-tRNA distinguishable from ch1orop1ast and cytoplasmic 

species by benzoylated DEAE-cellulose chromatography. Their reaul ts 

fai!ed to demonstrate the presence of a mitochondrial-specific 

isoleucyl-tRNA synthe tase , but do not exclude the possibility that 

specifie mitochondrial aminoacy1-tRNA synthetases do exist in t~i8 alga. 
l 

Specific tRNAs and synt~tases have also been demonstrated in 

cbloroplasts of higher plants. In a s'tudy where bacterial and cytoplasmic 

contamination of preparations wes carefully controlled, Burkard et al. 

(1970) showed that the valyl-tRNA synthetases from chloroplasts and cytoplasm 

of bean (Phaseolus vulgaris) exhibit different propertiés 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. Specifie leucyl-tRNAs and 

phenylalanyl-tRNAs have also been demonstrated in chloroplast~of tobaèco 
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(Nicotiana tabacum) (Guderian et al., 1972) and barley (Hor~um vulgaref 

(Riatt and Snyder, 1973), respectively, which are acylated exclueive1y 

by ch!oroplast-specific synthetases. Distinct species of leucyl-tRNA 

were also found in mitoahondria pUrified fram tobacco extracts, but 

mitochondrial synthetases did not appear to be specifie, sinee they 

acylated both mitochondrial aod cytoplasmic leucyl-tRNAs. Th::l.s resul t, 

however, does not rule out the po~sibility of unique mitochondrial 

syn theta se s . 

The presence of a specifie methylating activity associated 

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 Bubstrate for in vitro methylation by enzyme preparations 

from the isolated organelles and cytoplasm. Thé regions of the molecule ,. 

methylated by the three different fractions were determined by nuc1eotide 

sequence analysis invoiving enzymatic digestion followed by electrophoresis 

or DEAE-cellulose chromatography. The results ind·icated that one 
'.\ 

adenylic residue was methylated by enzymes fram aIl three subcellular 

compartments, but that another adenylic residue was methylated ooly by 

the cb19rnplas t and mi tochondrial enzymes. These Qrgan~ll~s, therefore. 

contain a methylase which ia absent from bean cytoplasm. 

Different forms of triose phosphatè isomerase have been 

described in chloroplasts and cytoplasm,from peà. Anders~ (1971) 

resolved two isomerases from pea chloroplast and cytoplasmic extracts 

by iBtlelectt'ic focussfug, an'd showed that the- isoénzymes diffè'r ' 
• 
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( ) 

significantly in their pH optima, Michaelis and inhibitor constants-

The existence of such differenees between organelle and eytoplasmic 

components and also those discussed above reflects the independent 

nature of chloroplasts and mitochondria. 

b. Genetie studies 

1. Variegated plants 

One line of evidence for the genetie autonomy of plastids i8 

der1ved from studies carried out in the early 1900's on the phenomenon 

of variegation in higher pl~ts. The major resu1ts of investigations, 

such as those of Rhoades with ~ ~brn and ,Renner with Oenothera are 

reviewed by Sager (1972) 10 the context of current knowledge regarding 

the role of plastid DNA 10 plant geneties. For exemple, Renner 

analyzed the results of reeiprocal crosses between O. hookeri and 

o. 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 genetie 

determinant as being in the chloroplasts, themselves. Nonetheless, 

~e extensive body of literature SfDerated by these early studies provides 
, 

a wealth of descriptive data implicating discrete cytoplasmic genes 
1 

involved in chloroplast biogenesis. • 

1i. Division of chloroplaste 
. , 

AUother line of evidènee establishlng' the genetic 'cO~tin'~ity' 
() 
'. 

of organelles ia based on the obeer,vation of chloroplasts dividing ~ 

" 
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• 
vivo. In the Iate l800'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 general1y accepted 

that aIl 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 memb~ane-

bound organelles, such s.s chloroplasts and mitochondria. The 

acqùisition of organelles by eukaryote ancestors during the latter 

Proterozoic era probably contributed to their rapid development Which 

~1I1lQ;ln8ted in the last 600 million years of metazoan evo1ution (Siever, 

1975). One explanation of the evolutionary origin of these organelles 

18 provided by the endosymbiont hypothesis. First formu1ated by 

Altmann in 1890 fdr ''mitochondria and Mereschkowsky :pt 1905 for 

chloroplaste (in Uzze1 and Spo1sky, 1974), this hypothesis proposes 

tbat organelles are modern descendants of prokaryotic cells which were 

incorporated a~d maintained by a protoeukaryotic organisme The manner 

.iD which the endosymbiotic event might have occurred can be reconstructed 

fram data concerning the earth' s history. After condensing from the 

primitive solar neb~la, the earth had a reducing atomosphere and 
1 

therefore the firsë f~~s Qf ~ife ~re probably anaerobic hete~Qtroph8 

--------------~,-
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" 

(Siever, 1975). Stroma tolite foasil formations indicate that 

oxygen-producing blue-green algae ~re present 2.5 bUlto~ yeats ago 

(in Baven, 19 70 ) • The subsequent accumulation of atmospheric oxygen 

during the Proterozoic era would have allowed the appearance of 

primitive aerobes. It is possible that an anaerobic protoeukaryotic 

ce Il eventually evolved which lacked ~ rigid cell wall and was able 

to phagocytize. The eukaryotic ance1for ingested bacteria-like 

organisms but, perhaps in some cases, re proksryote was not digested 
~ 

and survivp.d in the host cytoplasm. A symbiotic association could 

have deve!oped whereby the respiring or: photosynthesizing prokaryote 

provided 1ts anaerobic host wi th an effi\lien t energy source in exchange 

for a constant food supply. Of little benefit in an intracellular 

envil'onment, the symbiont cell wall could Jtave been lost. Since it 

would ensure the coordination of endosymbiont and host cell functions, 

control of the prokaryote's development and replication by nuclear 

genes may have been advantageous. Translocation of the symbiont's 

genes may bave been facilitated by an episome~,'11ke mechanism and would 

reault in a reduction in the size of the prokaryote genome. Thus, the 

endosymbiont could have become so integrated :111to the host cell 

biochemistry that it finally assumed the status of an organelle~ This 

sequence of events tDay have occurred, not just once, but on several 

separate occasions, as proposed by Raven (1970) regarding the evolution 
l' , 

of chloroplasts and mitochondria. 
. .. " 

The major weaknesses of the endosymbiont hypothesis are that it 
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fails to explain the evolution of the nucleus Itself, and does not 

account for the inefficient energy metabolism of the p~tative 

protoeukaryote. An alternative exp1anation for the origin of 

organelles i8 that they arose by the elaboration of the plasma membrane 

vith which DNA became associated. The most salient teature of this 

hypothesis le that eukaryotic cells evolved directly from prokaryotes. 

Several versions of this 'partition' hypothesis have recently appeared 

in the literature (Raff and Mahler, 1972; 

Bogorad, 1975; Cavelier-§mith, 1975). 
. ~ 

serious inadequacYi namely} the fai1ure 
\\ ., 

" 

Uzzel and Spo1sky, 1974; 

AlI suffer, however, fram a 

" to expIa in the exis tence of 

at least two distinct transcription and translation systems in the 

aukaryotic cel!. 
,-

The evidence concerning the hypothétical endosymbiotic orlgin 

of organelles has been reviewed by Sagan (1967), Goodeno~ and~Levine 

l 
n970a),Taylor (1970), Margulis (1971), Flavell (1972), Lee (1972), and 

others. Evidence consistent with this hypothesis includes that 

discussed above indicating the biochemical and genettc autonomy of 

--,-

chloroplaste and mitochondria. Evidence which favours the endosymblont 

hypothes.is includee examples of modern endosymbiosis and the biochemical 

homology between contemporary prokaryotes and organelles. 

1. Con temporary endosymbiot lc rela tionships 

The number and diversity of contemporary endosymbiotic 

associations 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 and fifty genera of invertebrates, representing 

eight phyla (in Raven, 1970). Prokaryotic blue-green alKae, too, 

bave entered symbiotic relationships with diverse organ1sms, such as 

amoebae, flagellated protozoa, green algae, diatoms and fungi (in 

Haven, 19 70 ) • The blue-green algal en~osymbio,t, or cyanelle, of the 

cryptomonad Cyanophora paradoxa. has apparently undergone some 

modification. Electron microscopy shows that the cell wall of the 

cyanelle i9 entirely absent and the organism is limited by a single 

membrane only (Hall and Claus, 1963). Thus, 1n the context of the 

endosymbiont nypothesis, the cyane11es of C. paradoxa may represent an 

intermediate stage in chlorop1ast eva1ution. 

Endosymbiosis also occurs between nitrogen-fixing bacteria and 

leguminous plan ts . This association 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 (Dave y and Cocking, 
.. 

1972) • \ 

The in~orporation of organelles into alien host cells has been 

report~4 in ~ and also in nature. FOT example, chloroplasts from 
/ 

the alga Codium fragile are sequestered intracellularly in the 

bepatopancreas of the marine sacoglossan opisthobranch Elysia viridis 

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

chloroplasts enter the animal cells 1s unknown, but neither the 
• ." .f • 

ultrastructure nor thé photosynthet1c capacity of the organelles is 

" -
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significant1y damaged. In the laboratory, bath the 1ntraspecific 

(Potrykus, 1973) and interspecific (Bonnett and Eriksson, 1974) 

transplantation of chlorop1asts into higher plant protoplasts was . 
recently achieved. Alao Nasa (1969) showed that ch1oroplasts 

isolated from spinach and African violets (Saintpaulias) and mitochondria 

from chicken liver were rapidly taken up by cultured L cells. Although 

these organelles did not divide. their in tegrity was maintained even 

after 5 days residence in L cel! cytoplasm. 

These examples of natural or artificiel endosymbiosis 

involving contemporary bacter1a, blue-green algae, chloroplasts and 

mitochondria illustrate the flexibility of this biologica1 arrangement. 

With respect to the endosymbiont hypothesis, these examples of modern 

endosymbiosis also indicate that such phenomena could alao account for 

the evolution of organelles. 

ii. Similarities between prokaryotes and organelles 

Current evidence indicates that the biochemistry of organelles 

ls similar to that of free-living prokaryotes. For example, organelle 

DNA, ltke bacterial DNA, ia not associated with histones, and closely 

resembles the bacterial nucleoid when viewed in thin section by e1ectron 

" microscopy • In their ultrastructural study of Cl! +àmydomonas , 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 organel~e DNA 18 circularity. 

)() Covalently-closed circular DNA molecules have been isolated fro~ both 
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mitochondria (Borst, 1970) and plastids (~.&. Manning et al., 1971, 

1972) • 

Organelle and bacterial ribosomes are similar in many 

respects, including their biophysica1 properties. Ana1ytical 

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 collabora tors showed, by 

velocity sedimentation in sucrose gradients using ~. 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, alao shows that organelle ribosomes are 

smaller than their cytoplasmic counterparts (Gibbs, 1968). Although 

chlorop1ast ribosomes from aIl species of algae and higher plants 

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 microorganisms (Stewart, 1973) 

and'higher plants (~aver and Harmey, 1973) are l~rger than those from 

~. ~, whereas animal mitochondrial ribosomes are relatively small, 

55-60S~ and thus are often called 'minir~bosomes' (Borst and Grive11, 

1971) • Despi te the variations in size, mitochondrial ribosomes resemb'le 

those from chloroplasts and bacteria in their requirement for relatively 

high concentrations of magnesium to remain intact. Like E. coli 70S 

--
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ribosomes (Spirin and Gavri1ova, 1969), organelle ribosomes dissociate 

into their subunits at higher magnesium concentrations than do most 

eukaryotic 80S ribosomes (Boardman et al., 19&6; KUntzel, 1969a). 

The RNA components from both organelle and bacteria1 

ribosomes have been studied extensive1y and possess many common features. 

The two high mo1ecular weight RNAs from chloroplast ribosomes are similar 

in size to 235 and 165 bacteria1 rRNAs, and are therefore sma11er than 

the corresponding RNAs of eukaryotic ribosomes, which are 25-28S and l8S 

(Whitfie1d, 1973). Mitochondria1 ribosomes from yeast also conta'in 23S 

and 16S type high mo1ecu1ar weight RNAs; the rRNAs of animal 

miniribosomes, however, are somewhat smaller, 16-198 and 12-138 (Stewart, 

1973). Like bacteria1 ribosomes, chloroplast (Payne and Dyer, 1971) 

and mitochondria1 ribosomes (Leaver and Harmey, 1973) also contaln 55 

rRNA. The absence of another 10w molecular weight ribosomal component, 

5.85 rRNA, which i6 found in 80S ribosomes, further distinguishes 

bacteria1 and organelle ribosomes from the eukaryotic type (Payne and 

Dyer, 1972; Leaver and Harmey, 1973). 

Rijven and Zwar (1973) compared the methylation patterns of 

3 ch1oroplast and cytoplasmic high molecular weight rRNAs from ( H)methy1-

methionine-label1ed fenugreek (Trigonel1a 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 ta base methylation 

\ 
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by measuring the relative amounts of mono- and dinucleotides recovered 

after àlka1ine hydrolysis of the RNA preparations. The results 

indicated that 70% of the methy1 label in rRNA from cytoplasmic 

ribosomes was in ribose, Whereas the value for rRNA from isolated 

chloroplasts was only 23%. Citing the data of Fel1ner (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 

contamination of the isolated chloroplasts with bacteria could account 

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

grown and handled under sterile conditions. 

Several studies indicate a close re1ationship between the base 

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

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

of blue-green algae, as weIl as seven speeies of bacteria, to hybridize 
( 

with ehloroplast DNA from Euglena. In eontrast to eytoplasmic rRNA 

from Euglena, nearly aIl the prokaryotie rRNAs bound signifieant amounts 

of chloroplast DNA, and rRNA from one speeies of blue-green algae 

exhibited 47% sequence homology with Eug1ena chloroplast rRNA. The 
• 

binding of hetero1ogous rRNAs to Euglena ehloroplast DNA was specifie 

sinee chlorQplast rRNA b10cked the binding sites of the other rRNAs in 

competitive hybridization experiments. Thus, considerable genuine 
... 

sequence homology appears to exist between the rRNAs from ch1oroplasts 

and blue-green aigae. This conclusion received further support 

recently in two papers describing the reeults Qf 'fingerprinting' rRNAs 
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from chloroplasts and prokaryotes. The technique of fingerprint 

analysie involves digesiion of rRNA mole cules into oligomers b~ Tl 

ribonuclease followed by two-dimensional electrophoresis. Zablen 

et al. (1975) examined the 'fingerprint' of l6S rRNA from Euglena 

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

from Anacysti~ nidulans, a blue-green alga. Furthe~ore, from a 

sequence conservation map of !. coli l6S rRNA showing the frequency of 

!. coli rRNA oligomers present; in the l6S rRNAs from twenty-six other 

organisms, 1t can be seèn that Inost of the seqQences conunon to both 

chloroplast and!. coli rRNAs are conserved in the other prokaryotic 

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

.. 

chloroplasts rRNA are a1so pre sen t in chloro.plast rRNA from l'orphyridium, 

a red 81ga, suggesting that the chloroplasts of the two species are 

closely rela ted. The 'fingerprint' of chloroplast l6S rRNA from 

Porphyridium was provided by Bonen and Doo1;lttle (1975) who further 

compared it with the oligomer catalogs known for 165 rRNAs from 

!. ~, !. subtil1s, and !. nidulans. Statistical analysis showed 

that the number of sequences cammon to each pairing of chlorop1ast and 

prokaryotiç rRNAs was significantly greater than ,tha~ expe~~ed.for 
. , 

unrelated molecUles. On the other band, relatively few oligomers fr~ 

either Euglena or Porphyridium chloroplast 16S r~As coinc1ded with 

those from l8S rRNAs of severa! eukaryotic organisme. 

The synthesis, of cbloroplast rRNA in Chlamydom,Onas has been , 

shotm ,·ta be regulated' by à mec:hanism similàr' ta -that in b'aëtérta. . 
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Synthes1s of RNA 1n bacteria 18 normally stringentt since it requires 

the ava11ahility of aIl amino acida; removal of any one amine acfd 

precip1tates an trnmediate dec1~~ ~ the accumulation of RNA (Edltn and 
--" --~--

Brod~, 1968). Surzyclti and Hasti'tlgs (1968) iden t1f ied the chloroplaQt , 

RNA component in profiles of ChlamYdomonas RNA fracti~ated on MAR 

,columns by comparing RNA from wild-type cells wit~ that from isolated 

chloroplasta and mutant cells lackidg normal amounts of chloroplasts 
1 

ribosomes. By labelling synchronlus cultures at. var;i.ous times during 

the cell cycle, these investigatorr found that chloroplast,RNA 1s 

synthesized,only during the Phototnthetic phase. Since the amino acid 

pool might be expected ta increas under conditions of active 

photosynthesis, this finding SUg~sts chloroplast RNA synthesis is 

subject ta stringent control. 4s furthet evidence for this conclusion, 

Surzycki and Hastings a1so pointiout that the data of Jones et al. (1968) 
, --
1 

show that chloroplast RNA, is no~ synthesized in arginine-requiring cells 
1 

of Chlamydompnas during argin~4 starvation, nor in wfld-type cells 

during gametogenesis, which ia ~riggered by nitrogen starvation. ~ese 
i 
1 

studies constitute the only intrmBtion to date concerning the mode of 

regulat:lon of organelle ~.s thesis. More defin1tive evidence co\l1d 

he obtained with improved RN4 xtraction procedures and gel 

,electrophores1s • 1 
... 

the protein organelle, tibo$omes also rèsembles 

tban that of eukaryotic ribosomes. 

lls~g ,two-dimensional gel 'elè trophores18, B:8nfilou .!.f. al., (1974) analyzed 
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the ribosomal proteins from both the cytoplasmic and chloroplast ribQsomes 

of Chlamydomonas . They fdund that the total number of different 

chloroplast ribosoma! proteins ia considerably less than that eomprising 

eukaryotic ribosomes, and comparable to that present in ribosomes from 

Neurospora mitochondria and ~. coli. Furthermore, the large subunit of 

Chlamydomonas chlorop!ast ribosomes con tains tw~ acidic proteins which 

cannot be disfinguished electrophoretically from two proteins from the 

large subunit of ~. coli ribosomes. The similar1ty 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 

pacteria, and that probably aIl the ribosomal proteins frqm the two 

sources are dissimilar (Oparin et al., 1975). 
-\--

lt 1s likely that.the structural homologies between organelle 

and bacterial ribosomes underlie funetional similarities as weIl. A 

number of antibioties, sueh as chloramphenieol, which inhibit protein 

synthesis in bacteria, also 1nhibit protein synthesis in chloroplaste 

and mit~ehondria (Eisenstadt and Brawerman, 1964; Lamb et al., 1968). 

Th~ee same antibioties do not, however, interfere with the synthesis of 

proteins on eukaryotic 80S ribosomes. The mechanism by which many 

antibiotics effect their primary action involvea their bindtng ta a 

specifie ribosomal protein and subsequent blocking of one of the steps 

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

by reconstitution experiments to bind to prote in 85 in the smal1 subunit 
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of the ~. coli ribosome (Bollen et al., 1969), and to interfere with 

translocation (Pe3tka, 1971). Radioactive dihydrospectinomycin has 

also been shown to bind the small aubunit of chloroplast ribosomes from . 
Chlpmydomonaa (Burton, 1972), a1though the pro te in responsib1e has not 

been directly identified. Thfs indicates the presence'of eimilar sites 

in bacterial and chlorop.{.ast ribosomes which bind spectinomycin. Thua, 

the similar response of bacterial and organelle ribosomes ta certain 

antibiotics 18 probably not merely fortuitous, but reflects furidamental 

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 

sys tems, is a1so present in mi ta chondria isola ted frollb yeast and ra t 

liver. Burkard et al. (1969) showêd that fMet-tRNA ie also found in 

chlorop1asts from French bean (Phaêeo1us vulgaris). In nei ther case 

were significa~t amounts of fMet-tRNA detected in the cytop1asm. 
j 

Sinee 

contaminatin~ bacteria could influence the results of these studies, the 

sterility of the organelle preparations was monitored by plate counts or 
( 

e1ectron mlcroscopy. \Ising an in vitro aasay for the synthesis of 

fMe t-puromyc in , Sala !1 al. (1970) showed that ribosomes extracted from 

Euglena chloroplasts and stripped of initiation factors by high salt 

treatment, a1so utilize!. coli initiation factors. With respect to 

several criteria" auch as GTP dependence, the reaction catalyzed by the 

heterologous system containing Chloroplast ribosomes resembled Chat 

,\ 
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catalyzed by the h~010gou8 system using!. coli ~osomes. This 

confirmed that thû bacterial initiation factors co8)erated with 

chloroplast ribosomes in genuine peptide bond formation • . 
Hybrid ribosomes, active in protein synthesls, have been 

. 
constructed from subunits prepared from organelle and bacterial 

ribosomes. Lee and Evans (1971) found that when crude ch1orop!a~t 

14 ribosomes from Eug1ena were incubated with C-Iabel!ed!. coli 50S 

subunits, the radioactivity appearing on sucrase gradi~t8 was associated 

with 70S particles, indicating that !, coli 50S subunits and ch!oroplBst 

30S subunits had formed hybrid ribosomes. Under the conditions used 

in this study, the phenylalanine Incorporating activity of the combined 
J 

Eug1ena chloroplast JOS and !. coli 50S pBrticles in an in vitro system 

containing polyuridy1ic acid exceeded that of intact chloroplast 

ribosomes. Similar results were obtained 10 other experiments when 

the source of chloroplast riboBomal subynits was spinach (Grive11 and 

Walg, 1972). In this case, active hybrid ribosomes were formed from 

the chloroplaat 50S subunit and !. ~ 30S subunit. Subilnits derived 

from yeast mitochondrial ribosomes, however, failed te associate with 

either !. ~ or chloroplast ribosomal subunits. These negative 

results indièate differences exist between mitochondrial and bacteria! 

ribosomes or that technical problems Interfere with their hybridization. 

On the other hand, the observation that chloroplast r1bosomal subunits 
.f 

from two different specles are interchangeable with thOS8 from !. ~oli 

iDdicates homology between at least sOme of the sites 1nvolved in the 
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associatiOn of the large and sma11 subunité and 10 po1yPeptidé formation. 

As discussed' above, chloroplasts and mitochondria contain 

epecies of tRN. which can be separated fram their cytop1asmic counterparts 

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

Reger et .!!., 1970). Another pro pert y which distingu1shes organelle 

from cytoplasmic tRNAs is the absence of fluorescent bases. Fairfield 

and Barnett (1971) analyzed the fluorescence emiss10n spectre of 

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

showed that, in contrast to the cytoplasmic tRNA species, neither 

chloroplast nor mitochondrial phenyla1anyl-tRNA containe fluorescent 

bases. The fluorescence emission spectra of the organelle tRNAs does, 

however, match that of tRNA from!. cpl:L Thue, the structure of 

organelle tRNA provides another example of parallele between tbe 

biochem1stry of organelles and prokaryotes. 

a. Sites of Coding and Synthesie of Organelle Proteine 

1. Chloroplast 

Chloroplast protein 1s d1str1buted about equslly between a 

water~in8oluble phase, which includes membrane polypèpt1des, and a soluble 

phase, which con tains most chloroplast enzymes. Although, the comPle~ 
b1Dchem1eal composition of the chloropl8st 1a not known, the number ~f 

/ 
d1fferent proteine compos1ng the organ~le can be esttmated from a,ailable 

• information • Membrane polypeptides from the chloroplaat envelopé (Joy 

and Elli.; 1975) and thylako1ds (Chus and Bennoun, 1975) haVé been 
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characterized by gel electrophoresis and probably total more than _ 

fifty. A partial list'of enzymes such as those of the Calvin cycle 

~d the photosynthetic electron transfer system indicates these number 

at least fifty (Smillie and Scott, 1969). An additionsl fifty 

enzymes are required for the synthe sis of amino acids (Shephard and 

-- , 

Lev:ln, 1972). Final1y, the prote in synthe tic machinery of the ch1oroplast 

probably contains close to one hundred proteins itse1f, inc1uding at lesst 

twenty amino acyl-tRNA synthetases (Reger et al., 1970) and about fifty 

ribosoma1 proteins (Hanson ~ al., 1974). Thus, the ch1oroplast probably 

contains a minimum of two hundred to three hundred different proteins. 

Tbe number of proteine for which chloroplast DNA can potential1y 

code can be estfmated from measurements of its length. Circular 

cbloroplast DNA molecu1es, 40-45 ~m in circumference, have been isolated 

fram bath a1gae (Manning et al., 1971; Manning and Richards, 1972) and 

higher plants (Manning.!! al., 1972; Kolodner and Tewari, 1972a; 

Berrmann !! al., 1975). . Molecules of this size could code for 

approximately one hundred different proteine w1th an average molecular 

weight of 40,000 daltons (see Appendix). As diecussed be1ow, however, 

very few chloroplast genes have been identif,1.ed. 

a. Sites of synthesis and coding of chloroplast membrane 

and soluble, pro teins 

Evidence from etudies of a variety of aigal and higher plant 

spede,. ind:l.cates that genes coding for certa:1n, chloroplast membrane 

componentl are lo~ted in nuclear DNA, whereas others reside :ln 

... 
, .. 

/ 



- -
(, \

J 

40 

ch1orop1ast DNA. Nuclear transplantation experiments with two species 

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

eleetrophoretic pattern of a ch10rop1ast membrane fraction from the host 

apecies are determined by the donor nucleus (Ape1 and Schwe1ger, 1972). 

The photosystem II ch10rophy11-protein comp1ex a1so appears to be 

dependent on nuclear genes. Kung ~ al. (1972) determined the mode of 

inheritance of this companent by analyzing tryptic digests of the prote in 

from hybrids produced by reciprocal crosses between different species of 

Nicotiana. A Mendelian mode of inheritance general1y indicates that,the 

sene cading for a certain protein 1s transm!tted to p~ogeny by both the 

maternaI and paterna1 parents equa11y. In non-Mende1ian inher1tance, 

a particular gene ls transmltted by the maternaI parent only. 

Non-Mendelian inheritance suggests that the gene may reside in chloroplast 

DNA, aince presumably this component is donated excluslvely by the ègg 

cell or its equivalent in plant species wh1ch reproduce sexua11y. The 

mode of inheritance disp1ayed by the photosystem II prote1n in N1cotiana' 

1a Mende1ian, however, indicattng the participation of nuclear genes. In 

Chlamydomonas, Chua and Bennoun (1975) demonstrate~ that a thylakoid 

polypeptide resolved by SDS-gel e1ectrophoresls ls correlated with 

photoaystem II activity. Mutants of Chlamydomonas, Whlch are def1c!ent 

in thia enzyme act~vity, also lack or contain reduced amounts of th!s 
.t 

polypeptide. Sinee dle mutants exhibit Men de li an inher 1 tan ce , the gene 

coding for the photosystem II polypeptide probably resides in the nucleus. 

Evidence suggests that components of the photosystem l comp~ 
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are coded by ch1orop1ast DNA. Herrmann and Bauer-StBb (1969) studied 

a non-Mende1ian mutant of Antirrhin!um majus deficient in photosystem , 
1 activity. Comparing membrane preparations of ch10rop1asts ls01ated 

... 
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 variegated 
) 

non-Mendelian mutant of'Nicotiana tabacum, Wong-Staa1 and Wildman (1973) 

demonstrated that the DNAs purified from chlorop1asts isola~ed:from green 

and white tissue differ slightly in their guanosine-cytosine content. 

MOreover, e1ectron microscopy of hybride of DNA from normal and defectlve 

chloroplaste revealed the presence of a non-complementary reglon about 

0.15 ~m long in some of the beteroduplexes. Thus, the defective condition 

of the mutant chloroplasts cou1d be due to a deletion of 500-1000 base 

pairs from chlorop1ast DNA. The authors suggest that the prote in affected ' 

by the mutation is associated with photosystem I. Sfmilarly, photosystèm 

1 proteins are absent in the electrophoretic profiles of lamellar proteine 

from two non-Mendelian mutants of Hordeum (Barner et al., 1975). Not all 

polypeptides comprising the pigment-protein complex may be coded by 

chloroplast DNA, however, since photosystem l activity is a1so absent in 

two nuclear gene mutants of tomato (Bamer é~ al., 1975). 

The synthes!s of some major membrane polypeptides apparently 

occurs on cytoplasmic riboaomes. Hoobe~ (1970) studied the effecta of 
, ~ 

chloramphenicol and cycloheximide on the synthesis of Ch1oroplast 

th,,1akoid proteins prepared fr~ Chlamydomonas and separated by gel 
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electrophoresis. The data indicated that over half of the proteine 

comprieing the algal chloroplast membranes are synthesized on the 

cycloheximide-sensitive ribosomes in the cytoplasm. Two componen te 

aynthesized in the cytoplasm togetber represent about 36% of the total 

protein mass of the chloroplast membranes. Hoober (1972) also found 

that one of these major membrane components. polypeptide ~. is 

aynthesized as a soluble product. since it accumulates in the soluble 

phase of celIs 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 labe11ed methionine incorporated into membrane protein by iso1ated 

• 
chlorop1asts was analyzed, they found that only five out of twenty-one 

polypeptides are apparently synthesized within the organelle. ln a 

more recent study, the synthesis of only two out of twenty-five envelope 

polypeptides was detected 10 isolated pea chlorop1asts (Joy and Ellis, 

1975) • Therefore, most thylakoid membrane proteins are probab1y 

aynthesized 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 abnorma1ities in Chiamydomonas 
i 

(Goodenough, 1971), Ochromonas (Smith-Johannsen and Gibbs, 1972), Eug1ena 

(Bishop et al., 1973), Phaseo1us (Margulies, 1966), and Plsum -- ---
-

(Srivastava II al., 1971); characteriatlc membrane organizatlon la 
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disrupted and thylakoids are often arrartged in abnorma11y large stacks. 

Thus, one or more proteina invo1ved in the control of thy1akoid fusion 

i8 probab1y synthesized by ch1oroplast ribosomes in these organisms. 

Analysis of the cytochromes present in chloroplast 

ribosome-deficient mutants indicates that the synthesis of these membrane-

'" bound proteins occurs in the chloroplast (Levine and Armstrong, 1972). 

When cultured under mixotrophic conditions, the Chlamydomonas mutant, 

ac-20, contains few chlorop1ast ribosomes and is deficient in 

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

of ch1oroplast ribosomes fo11owing transfer of the mutant ce11s to 

phototrophic conditions is accompanied by a 20-30% increase in cytochrome 

content. The resu1ts of severa1 studies using ch10ramphenico1 to 

disrupt protein synthesis on 70S ribosomes suggest that cytochromes a~ 

also synthesized in the ch10rop1ast of Eug1ena (Smi11ie et al., 1967), 

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

1973) • Furthermore, these proteins may b~ coded by ch1oroplast DNA, 

since rifampicin, a specifie inhibitor of ch1orop1ast DNA-dependent RNA 

po1ymerase (Surzycki, 1969), blocks normal increases of cytochromes 553 

and 563 in synchronous cultures of Cblamydomonas (Armstrong ~ al., 1971). 

Ferredoxin, another membrane-bound protein, ls apparently 

synthesized on cytoplasm1c ribosomes and eoded by a nuclear gene. The 

amount of this 1ron-sulfur prote1n 1s not reduced in Chlamydomonas 

(Armstrong!! .!! .• 1971) or 1n bean (Haslett !E. .!!. .• 1973) treated with 

ch loramphen1co1. Synthesis of ferredoxin in Chlamydomonas 1s, however, 

.1",.!t.l1".", 

, 

1 



1 
1 

1 
1 

1 

\. 

1 
1 

1 

( 

() 

-- --....-- -- -- - ~-----"..- ~ ---- -, 
.. 

•• ;!S 

44 

sensitive to cycloheximide (~mstrong et al., 1971). Interspecific 

crosses of Nicotiana were used to demonstrate that the structural 

gene for ferredoxin is located in nuclear DNA (Kwanyuen and Wildman, 

1975) • 'The hybrid produced by crosaing !!. glutinosa » and!!. glauclil 

~contained two isozymes of ferredoxin which were reso1ved by 

electrofocussing. Amino aeid analysis indieated that, whereas 

ferredoxin from !!. glauca contains methionine, ferredoxin from 

!!. glutinosa does not. Since the methionine ~tent of ferredoxin 

from the hybrid was half that of the~. glauca protein, information for 

one of the two forms of ferredox1n in the hybrid was transmitted via 

nuc1ear genes in the pollen from N. glauca. 

One of the Calvin cycle 'enzymes, ribulosediphosphate (RuDP) 

carboxylase, alone eonstitutes 25-50% of the soluble phase of the 

chloroplas t. The enzyme 1a composed of two types of subuniœ, one 

considerably larger than the other (in 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; 

~urzycki et al., 1970; lreland and Bradbeer, 1971), but other etudies 
• 

showed that cytoplasmic ribosomes are also involved (Armstrong et al., 

1971) • Subsequent investigations have resolved these apparently 

conflicting resul ts and allow several conclusions regarding the 

biogenesis of this abundant chloroplast proteine 

In vitro amine acid incorporation studies indicate that the 

large subun1t of RuDP carboxylase is synthesiz.ed within the chloroplast, 

-------.--.,.-------------__ ... "' ........ "_..,.,,... '7,'"",, & •• w: i ~ ;. .1 .. , 
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whereas the small s~bunit Is synthesized on cytoplasmic ribosomes. 

Ellis and his associates (Blair and Ellis. 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 RüOP carboxylase. Other experiments conducted 

in Ellis' laboratory showed that the large enzyme subunit Is also 

synthesized by~. coli ribosomes programmed with RNA from spinach 

chlorop1asts (HartIey et al.. 1975). The large subunit of RuDP 

carboxylase was 'identified as a product of the heterologouB translation 

system by comparing the chymotryptic digests of polypeptides labelled 

in isolated chloroplasts with th~ large enzyme subunit l~belled in vivo. 

The fidelity of translation by the ~. coli ribosomes was confirmed in 

two ways. Flrst, in the presence of MS2 viral RNA. the bacterial 

ribosomes synthesized a polypeptide with the same è1ectrophoretic , 

behaviour as MS2 coa t pro te in. Also. the electrophoretic patterns of 

1 discrete products translated from spinach chloroplast mRNA in the 

!. coli extra ct and in isolated spinach chlorop1asts 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 was checked by 

ultracentrifugation with marker ribosomes from rat liver and !. coli, 

and by electrophoresis of extracted RNAs. No sl8J:lificant contamination 

by chloroplast ribosomes was detected. Thirty percent of the protein 
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synthesized in vitro was the small RuDP carboxylase subunit as 

identified by tmmunoprecipitation. The antibody reaction ws "probably 

specifie since, in control experiments, anti-y-globulin antibody 

precipitated on1y 1% of the products o~ in vitro protein synthesis. The 
- i 

investigators did not test the products of their in vitro system with 

antisera to RuDP carboxylase large subunit. The resul ts 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 bath chloroplast and nuclear genes code for RuDP carboxylase. 

Analysis ol'pePtides 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 subunlt is transmitted 

én;rly by the maternaI parent (Chan and Wildman, 1972; Sak~o. ~ aL, 

1974). The ~~ values of RuDP carboxylase activity also exhib~t maternftl 

inheritance (~ngh and Wildman, 1973). This mode of inher1tance 

indieates that the gene governing the expression of the large subunit of 
;~. 

RuDP carboxylase i8 located in the ch1orop1ast. The gene codi1Îg~~or the 
\ 

sma!1 enzyme subunit, on the other hand, is trans~tted by bath parents 
, . 

:Ln Nieotianaô Kawash1ma and Wildman (1972) analyzed the tryptic peptides 

of the smal1er component of RuDP carboxylase from hybrids produeed by 

reciprocal crosses of Nicotiana and con~luded that this enzyme subunit 1a 

inherited in a Mendelian manner and thu~. _eoded b~. a nuclear gene. These 
---é ----
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studies therefore indicate that in higher plants the biogenesis of 

RuDP carboxylase requires ~e cooperation of two spatially separated 

transcription/translation systems. A comparable analysis of the 

sites of coding and synthesis of this enzyme in algae 1s not yet 

avaUable. 
~ 

Like the small subtmit of RuDP car~xylase, a number of 

chlorop1ast enzymes appear te be coded by nuclear DNA and synthesited 

iD the cytop1asm. Except for RuDP carboxylase, the synthesis of 

Calvin cycle enzymes 18 not inhibited by lincomycin in pea (Ellis and 

Rartley, 1971) or by chloramphenicol in bean (lre1and and Bradbeer, 
\ 

1971). Surzycki (1969) concluded that DNA po1ymerase is coded by nuclear 

D~ Binee rifampicin, which cau~ 10ss of ch10roplast ribosOmes in 

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

polymerase a1so appears to be synthesizéd on cytoplasmic ribosomes in 

tobacco, ainee cycloheximide, but not chloramphenicol, inhibits 

chloroplast DNA synthesis (Driliea and Knight, 1971). Elli~ and Hartley 

(l971) fotmd that 1incomycin does not prevent ~e development of RNA 

polymerase aetivity in pea ind1eating that this enzyme 8lso ls synthesiz~d 
" 

on eytoplasmie ribosomes. The results of etudies using chloramphenicol 

or atreptomycin and cycloheximide to distinguish between protein~ 
, .-

origmating :In the chloroplast and èytoplasm, respectively, showed that 

iu Euglena chloroplast amino açyl-tRNA synthetases are synthesized on 

cytoplasmic ribosODIes (Parthier, 1973; Hecker '.!! al .. , 1~74). Furthermore, 

10W' levels of phenylalanyl- and valyl-tRNA synthetases were detected in 

• ,1 
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\. 

the u1trâvi01et-bleached Buglena mutant, W3BUL, which lacks 

ehlofop1ast DNA, indicating that the genes for the se enzymes are most 
, 

l:lkely located in nu'c1ear DNA (Hecker et al., 1974). 
~ -- At 1east some 

of the ~es involved in pigment synthesis are al80 products of 

extra-chlo~op1ast transcr,iption, and translation. Rifampicin does not 

prevent the accumul:ation of ch1orophyl1 (Armstrong ~ al., 1971) or 

carotenoids (Sirev!g and Levine, 1973) during synchronous growth of 

Qilamydomonas sugg,esting that their synthes-is does not require enzymes 

coded by. ch1oroplast DNA. That nuclear genes do code fo~ enzymes in 

the chlorophyll biosynthetic pathway was indicated in a study of two 

, ._--...-,--

, " 

C9l~mydomonas mutants, éach exhibiting Mende1ian inheritance of a different 

defect in chlorophyll synthesis' (Wang!! al., 1974). Finally, evidence 

that at least some of the enzymes required for pigment synthesis are not , 

only coded by nuclear genes, but al80 are alao synthesized ~n. cytoplasDlic 

" ribosomes, ls provlde'd by the obs,ervation that cycloheximide blocks the 

synthesis of chlorophy,li and cal;'otenoids in synchronized cel1s of ., 
, 

Chlamydomonss (Armstrdng et al., 1971; Sirevlg f1d Levine, 1973). 

ln summary, althoùgh à few chloroplast components, such as 

membrane polypeptides, cytochrom~s 553 and 563~ and the large 8ubunit o~ 
• 

ltuDP carboxylase. are coded and syn thes ized in '.the chlorop1a~, many 

other pro teins composing the organelle are products of nuclear genes 

and cytoplasmic protein synth~sis. These pro teins , including membrane 

• polypeptides, ferredoxin, Calvin ~ycle enzymes, DNA and 'RNA p01ymerases, 
.' 

1 

8!Ilino acyl-tRNA synthetases and en~ymes involved iri pigment synthesls" 

J 
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must therefore be eomehow imported into the chloroplast. 

b. Sites of cod1.ng" and synth'esis of chloroplaet 

ribosomal prote:fne. 

i. Site of coding of chloroplast riboeomal pro teins 

Most of the evidence regarding Whether chloroplast ribosomal 

genes are coded by plastid or nuclear DNA is based on etudies of mutants 

of the green a1ga, chlamydomonas reinhardi, which are resistant to or 

dependent on varioue antibiotics. In bacteria, resistance to certain 

antibiotics has been shown to be due to a change 10 the amino acid 

aequenqe of a ribosomal protein such that it no longer binds the drug 

in question. For example, in !. coli, resistance to spectinomycin ia 
• 

conferred on the ribosomecby single amine acid replacements in 55, a 

. protein in the small ribosomal unit (Funatsu ~ !.!., 1971). Sinee 

wibosomes from the organelles of eukaryotic organisms resemble 

bacterial ribosomes in many respects ineludtng their sensitivity to 

inhibitors, such as spectinomyein (as discuesed above), it ls likely 

that antibiotic-reeistance or -dependence in Chlamydomonas may be 

caUB~d by alterations in the ribosomal proteine of the chloroplast. 

The ,pattern of inheritance in these Chlamydomonas mutants allows one to 

determlne the location of genee affecting their eensitivity to 
~' 

antibiotics; Mendelian inheritance indlcates that nuclear senes are 
, 

involved, and non-Mendelian (a1t~tnate tenna are tyt~flasmic, matelJlal. 

and uniparental) lnheritanee i~plicates tne participation of chloroplast 

genea (Sager and Ramani8, 1971)~ 'Dhus. mutants whlch are rea1.stant Co 
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inhibitors of bacterial protein synthesis and which exhib1t 

non-Mendelian inheritance provide evidence for the coding of 

chloroplast ribosomal proteine by chloroplaet DNA. Since 

Chlamydomonas contains mitochondria, as well as a chloroplast, the 

resistance to or dependence on ant1biotics by non-Mendelian mutants 

may also be related to mitochondrial ribosomel proteins and/or 

mitochondrial DNA. Furthermore, not aIl antibiotic-resistant or 

-dependent mu_tants can be assumed to contain altered ribosomes. For 

e~ple, some mutants may be capable of de-toxifylng the drug as in 

some strains of bacteria (Beneviste and Davies, Î973). Also, the ' 

cell or chloroplast (mitochondrial) membrane may be altered so that it 

1s less permeable to the antibiotic, or accessory factors required for 

organelle protein synthesis may be 'missing or non-functional. Even in 

cases Where antibiotic-res1stance or' -dependence 1s traced to a ribosomal 

prote in , the mutant gene product may actually be an enzyme which modifies 

the structural prote~· Bearing these various possible levels of 

antibiotic-resistance and -dependence in mind, l ~ll diseus8 the 

evidenee regarding the location of genes eod1ng for chloroplast ribosomal 

proteins • 

Evidence for coding of chloroplast r1bosomal proteins hl chloroplast pH! 
J 

iD Chlamydomonas 
f\ 

As di.cus.ed above, ,the existence of a ClaIS of Ilon-Mende!ian 

mutants of Chlamydomona~ Whlch disp!ay resistanee ta or depe~dence~ 

UI~lbiot1c8 Buggel.ts that chloropla.t DNA _y eoda for ehloropl •• t 
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riboàomal proteins. According to the classification system proposed 

by Surzycld artd Glllham (1971), Chlamydotl\Onss mutants exh1bitin8 

alte$ed sensitivity to an'tibiotics fall into three distinct classes, 

depending on whether the èhloroplast,.mitochondria, ot both organelles 

are involved in phenotype expression. Eleven of the thirteen 

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

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

theae eleven mutants eXhibited non-Mendelian inheritsnce, indicsting 

that organelle DNA W3S reeponsible for the phenotype. To determine 

~ether chloroplsst or mitochondriel DNA contained the mutation, 
.. 

Surzycki and G1l1ham treated the antibiotic-resistant or -dependent 

.train of cella with rifampicin in the presence of the appropr1ate 

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

doe. not altèr mitochondrial ultrastructure, in Chlamydomonas 

(Goodenou.h. 1911)~ Rifsmpin, a relate4 substance, inh1bits the 

eynthesis of RNA in chloroplasts 'lso1ated from Chlam1domonas, but does 

uot prevent the heterotrophic growth of celis (Surzycki; 1969). ThU8, 
" ' 

rifampicin appears to selectively inhibit chloroplast DNA-depende~t RNA 
. 

polymèrase, but not the mitochondrial enzyme. Surzycki and Glllham 

r ... oned that if antibiotic-resistance or -dependence in a non-Mendelian 
( , 

-"tant wa. determ1i1ed by a chloroplast gene; then th. mutànt celle 

.bould 108~ their resi8ta~ce or ~ependence afterexposure to tifampicin. 
~ ,-

~1 founcl four' mùtants (!!-2-60 t ery-,gz, kan-l, ~-1-i8) ~ich becarJle 

,.~n8itive to antibiotic in the presence of r1fampicin, indicatins the 

, . 
, . Ti 
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the location of the gene conferring antibiotic~res1stance and -dependence 

on the cells in chloroplast DNA. Although this evidence does establish 

the ax!stence of chloroplsst genes involved in resistance to and 

dependence on antib~oticSt it doea not indicate Whether or not the 

product of the mutant chloroplast gene i9 a chloroplast ribosomei protein 

(a que st ion which was no t eonsidered by the authors). If the struc turai 

gene for a ribosomal protein ia mutated such that the gene p~oduct no 

longer btnds a particular antib~otic, then blocking the transcription of 

this gene would not ~eRder the ribosome sensitive to the seme antibiotic. 

Two otber non-Mendelian mutants studied by Surzycki and Gillham, 

spr-l-27 (+) and spr-!-27 (-), did not become sensitive in the presence of 

rifampicin, suggest1ng that antibiotic-resistance 10 these strains might 

be effected at the ribosome level. Although this obsel"Vation still does 

not àllow a conclusion regard1ng which organelle DNA i8 invo Ived , a 

subsequent atudy of spr-.!.-27 cells (Boynton!!. al., 1973) sbowed that the 

mutation affeeted the chloropla,at onl)". Thua, the be~avi~r of the .. 

apr-!-!l phlamYdomonaa mutant suggests that chloroplast DNA codes for a 

chtoropl,at tiboso~l prote in. The use.of rifampicin (Surzyck1 and 

Gi11ham, 1971) a8 a means of di8t1ngui8hin~ between mito~ondr1al an4 
, f ' 

chloroplaat 8en~at hQwever, e~n be crit1c~zed ainee the effects of th! • 
• f 

~1bitor may be related to dilution of chloropl •• t ribosome ••. 

Jurthermore. the light,-•• nsitivi ty of r1fBDIpicin necesd tates. the use 01 . 

heterotrophic groWtb conditions ~1ch probably influence tbe expresa10n of 

muta ~ phano t.Yp •• 

", 
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Examples of ~on-Mendelian mutants of Chlamydomonas w1th 

altered sensitivity to antibiotics have been descrlbed by other 

inves tigato.rs. Behn and Arnold (1912) èoncluded from the genetic 

behav10ur of neam1ne-sensit1ve revertants that the non-Mendelian 

mutat10n to neamine-dependence (nd) is 10calized in the chloroplast. 

Using a different approach, Lee and Jones (1973) exposed synchronlzed ... 
cultures of Chlamydomonas to N-methyl-N'-nitro-N-nitrosoguanldine 

(MNNG), at var10us times during the cell cycle. A potent mutagen, 

MNNG acts by induc1ng b;1se changes in replicating DNA (GUerola !!!!., 

1971). When mutagenesis coincided with the time of nuclear DNA 

rep1ication, a 15-30-fold incrèase in the number of Mendelian 

etreptomycin-resistant mutants (!!-.!), but no 1ncrease in the number of 

non-Mendel1an streptomycin-resistant mutants (!!-1> was obsérved. 

When mutasenesis oécurred at the time of chloroplast DNA replication, , 

a 1.S-1.6-fold increase in the number of the non-Mendelian !!,-2 mutants 
~ ! 

vae obta1ned; a l.S ... 1.6-fold increase in the number of Meadelian
t 

et-l mutants was a1so'observed, but was as~ribed te a small degree of -- . , 

1 asynchrony :in nuclear DNA synthes1s. Thus, the data of tee and Jones 

(1933) e~tàbl1sb a correlation between a mutation in chloroplaat DNA 
, , 

and reaiatance to" streptomycin, and provide-- suggestive evldence that a 

• 
Chlorop14st gene codes for a chlorop1ast ribosomel prote1n (wh1ch 

cODfete .en81t1v~ty to strèptomycin on w11d-type cells). 

~e Ilon-Mendelian tIlutan ta of <ll1a!xdomonas ha,,_ been daacribed 

iD Wh1ch allt1biotlc-re.1atance 18 a •• oc1ated with alt_rad chloropl.at 

~( .' " 
l 
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ribosomes. ,Gillham ~ al. (1970) ana1yzed ribosomes from severai 

uniparental mutants by sedimentation velocity in Querose gtadients and 

found that the 70S ribosomes are replaced by 66S partieles :ln two 

atreptomyc1n-resistant strains Cm-~-60, sr-!-281) and in two strains 

" resutant to speetinomycin '(spr-.!-27, ~-!-.!. .!P!.-.!-.!). Furthermore. 

both 8treptomyc1n~res1stance and altered ribosomal phenotype sesresated 

together in reciprocal crosses of mutant and wild-type cells. The 

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

extractins both 235 and 165 rRNAs from the former (electrophoretie 

profiles of the RNA were not presented in the paper, however). They 

a1so showed that the 665 partic1es originate from the chloroplast by 

~- , 

CODstructing the double mutant ac-20 sr-6-60, whicllsrows in the presence -.-..---- . 
of streptomycin and contain'S a greatly reduced amount of altered 

ribosomes. A uniparental mutant dependent on streptomycin (~-1-l8) was 

al80 ineluded in this study. Although the sedim~ntation behaviour of 

~-3-l8 70S ribosomes is sim11ar to the ~ld-tYPé, antibiotic-dependence 

W4S found to be associated with a reduction in the number of monos01Des • 
and accumulation of 545 ribo.somal subunit.s. The 70S ribosomes described ) ~ 

m th1i study can ,be assumed' to be der1ved lrom the chloroplast, althdugh , ~ . . .. 
mfb?chondria aleo contain ribosomes of ~imilar size. \ Mitochondr1al , 

• • .. \' ... t 1 

d.boa01l1es çompr1se only a amall fraction of the iota1 ribosome population 

ta Chlamydomon&s (Goodenough and Levine, 1970b). 
, . 

ln .ome non-Mendelian mutants, investigatorl have demonetrated 
, l , 

that antibiotic-reeistance is cau.,d by the fa:f.lure ,of cbloropblt ., 

-; 
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ribosomes to bind the ant1b1otic. Button (1972) assayed the capa city 

of cytoplasmic and chl~roplast ribosomes from wild-type cells to bind 

(3B)dihydrospectinomycin Bl vitro, and found the antibiotic to interact 

8pecifically with the small subunit of chloroplast ribosomes. 

Chloroplast ribosomes isolated from the uniparental spectfnomycin-

res1atant mutant, sp2-73, however, fal1ed to bind the radioactive 

antibiotic. Therefore, by analogy with !. coli in which resistance 

to apectinomycin 1s determined by a single prote in in the small 

ribosomal 8ubunit (Funatsu!,.Ç al., 1971), ~-73 may contain a mutation 

<1 • in the dhlorop1ast DNA coding for a p~otein in the small subunit of 

l chloroplast r1bosomes.. 
lit 

B~rton aIso 8ssayed the aff101ty for 

apectinomyc1n of chloroplast r1bos~s frem a Mendelien mutant (spa-!) 

re.istant to spectinomycin and found a binding activity equlvalent to 

that of chloroplast ribosomes from the wild-type sensitive strain. 
t! 

Thus. antib1otic-resistance in the Mendelian mutant spa-I does not 

oc4ur at the ribosome level and m~st be attributed to an alteration ~ 

... bTane permeability or some other cellular function. 

An!a~ assay for ant1biot1c-binding actlv1ty was alao 

emplo~d by Boschetti and nogdanov (1973a) to 'determine the site of 

streptômyclo-resistance in non-MendeÜan <!!3S) and Mendelian (!!.3) 

autant etrams of Chlamyc!omonas. In this study, the 30S 8ubun1ts of , 

l.rb •• tr~n, 822. ... 73 1. '~ons1dered 1.dent:Lc;:al to the spr-.!-!Z. mutant 
clelcr1.bed ab ove' in the s~udy of Surzycki and GUlh~m (1971) t and both 
.Btrame Tepl-esent 8ubclones of spr-.!-27 original1y der1ved fram 
wUd-type celle 'by exposure to MNNG (ioynton !i.!l., 1973). r. 
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chloroplast ribosomes from both mutant stocks failed to bind 

(3H)dihydrospectlllomycin, although the small subunits of ribosomes 

from a sensitive strain (ss) exhibited considerable binding activity • 
• 

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

the Mendelian mutant !E.3 ~ound haH as much antibiotic as did' ribosomes 

from the control, whereas those from the non-Mendelian mutant ~35 did 

not bind a significant amount of antibiotic. This finding may help to 

explain the partial sens1tivity of sr) cells to streptomycin in vivo 

repor~ed by Boschetti and Bogdanov (1973b). When intact cells were 
~ 

exposed to ètreptomycin, the protein synthetic activity of chloroplast 

ribosomes in the Mendelian mutant sr) was 40-fold less than that 

observed in the non-Mendelian mutant E35 as de termined by measuring 

RuDP carboxylase activity. The investigators alao found diffarences -i 
in some b10physical properties of the 70S ribosomes from the two 

mutante. Ultracentrifugation analysis indicated that the tendency of 

ribosomal subunits to form 70S monosomes and the monosomes to form. 

100s dimers was greater in the non-Mendelian mutant srlS than in the 

Mendelian mutant sr3, and greatèr in both mutants than the sensitive 

strain .!!.. In both res-istant and sensitive cells grown in the 

presence of streptomycin, the proportions of monosomes and dimers in 

the ribosome po pu la tian wss higher. The magnitude of the relative 

increase in the incidence of particle a~sociation varied, however, 

8uch that th1a 'sticking effect' was minimal in the non-Mendelian 

.train ar35 , moderate in the Mendel1an mutant sr3 and 1D8x~l in the 
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sensitive strain no A siroilar biophysica1 behaviour has been 

desciibed for the response of sensitive ~o coli ribosomes to 

streptomycin, as well as a 10ss of the a ticking effec t accompanying 

resistance of ribosomes to the antibiotic (Herzog, 1964) 0 Since 

streptomycin-resis tance in!o coli is determined by a dns1e am:lno 

acid suba titution in the ribosoma1 protein S12 of~the 30S aubunit 

(Funatsu and Wittlllann, 1972), a protein in the ama11 ribosomal subtmit 

of ch10rop1ast ribosomes from each of the two streptomycin-resistant 

strains may a1so be the locus responsib1e for both antibiotic resistance 

and the 's tickiness 1 of the 70 S ribosomes. Thus, in the case of the 

unipa.renta1 mu tan t sr 35' the mutant ribosoma1 protein may be coded by 

ch10roplast DNA, whereas in the Men~e1ian mutant !!!.3' a nuc1ear gene 

may code for another ch10rop.tà,t ribosoma1 protein affecting the 
• 

binding of streptomycin 0 Although a particular antibiotic probab1y 

binds to on1y one ribosomal protein, other proteins in the ribosome 

structure may influence the affin:ity of the binding site (C~nnon and 

Cuudliffe, 1973). 

The characteristics of the streptomycin-resistant and senEJitive 
-

etrains were further examined by Boschetti ~ al. (1974) who tested the 

effects of streptomycin on srowth of the mutants under hetej-, mixo-, 

and phototrophie conditions. Under heterotrophie conditions and on 
. ~ 

801id media, strain sr35 disp1ays a resistant phenotype (sreen), but 

Btrain sr3 forma only yellow colonies as do sensitive cel1s. In- the 

U.ght .!!.3 celle are capable of green1ng. Measuremen t of RuDP carboxylase -
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act1Vi-tY':1n light-grown sr 3 and sr 35 c~lls cultured in the presence 

and abdence of streptomycin indicated that protein synthesis in the 

Mendelian mutant, but not in the uniparental mutant, 1s inhibited 

at lesst 50%. Since the sr 3 cells appear green, however, they are 

apparently able to synthesize enough enzymes for chlorophyll 

formation. Boschetti and Walz (1973) postulated that the differential 

response of ~3 cells to dark and light growth conditions might be 

caused by a mutation affecting mitocbondrial ribosomes. This is an 

unlikely possibility be~use the antibiotic-resistance of the sr 3 

mutant has been shown to he 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, bowe~r, that, although the 30S 
-""-

ribosomal subunit from sr3 cells doea not b:1nd streptomycin (Boschetti 

and Bogdanov, 1973a), association of the 30S with the 50S ribosomal 

subunit alters the conformation of a postulated streptomyc:1n-protein 

BUch that in tact 70S monosomes do ,b:1nd sufficien t amounts of streptomycin 

to inhibit chloroplast protein synthesis in dark-grown cells. MOreover, 

the apparent rèduction in the sensitiv1ty of chloroplast ribosomes to 

Btreptomycin in sr 3 cells exposed to 11gb t. may be explained if the 
. . 

iDtra-organellar concentration of the streptomycin 18 reduced by , 

corre.pouding change in membrane permeabil1ty. Such a change could 
~ ~ 

occur in the plàsma membrané or in the èhloroplast envelope, which is 
(. 

known to alter in composition in response to illumination (Cobb'"and 
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Wellburn, 1974). S1nce the complete genotype of !I~ 18 not 

known, the poss1bi11ty that th1s strain also carries another Mendelian 

mutation closely linked to sr3 coding for a prote in involved in 

membnne permeabil1ty cannot be excluded. 
, 

Sager a~er colleagues have demonstrated that resistance 1n 

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

a1so in four other unlparental antibiotic-resistant strains (Schlanger ., 
and Sager, 1974) of Chlamydomonas occurs at the ribosome level. Dy 

means of a poly(U)-directed amine ac1d incorporating assay system in 

which the activity of the chloroplast ribosomes ls favoured by the 

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

assessed the protein synthesizing capacity of chloroplast ribosomes 

from streptomyc:ln-, neamine-, spectinomycin-, cleocin- and carbomycin-

resistant strains. In aIl cases, the ribosomes from the antibiotic-

resistant muquits incorporate an equivalent àmount of phenfLalanine in 

the presence and absence of the corresponding antibiotic, whereas th~ 

actlvlty of the ribosomes from wild-type cells Is considerably diminished 

by the antibiotic. Dy testing the sensitivity of various combinat ions 

of subunits from sensitive and resistant ,ribosomes, Schlanger and Sa'ger 

'(1974) were able to assign the site of resistance to streptomycin, neamine 

.and apect1nomycin to the 30S riboso~l subunit, and the site of_ cleocin-

and carbomycin-resist8Oce to the 50S ribosoma! subunit. These results 

"fmp1tcat~ the involvement of' altered chloroplast ribosomal proteins in, 

tbe antibio~ic-resistance of-these strains by 8Oa108Y w1th some 
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'resistant forms of bacteri.;t (Otaka ~ al., 1970). Since each of the 

mutants exhibits non-Mendelian inheritance, th~ data also provide 

indirect evidence for the coding of some ch10roplast tibosomal proteins 

by çhloroplast genes. On the other hand, the pOBsibil1ty that an 

alterat10n in chloroplast rRNA ,is responsib1e for the drug-resistance 

in one or more of these mutants is not excluded :ln this study. In a 

subsequent paper (Oh~a ~ al., 1975), however, Sagerts group reports 

that, in at least the streptomycin-resistant strain, the altered 

component of the 30S ribosomal subunit is a proteine 

an abnormal ribosomal protein waB tndicated in a double label 

experiment in which the 305 ribosomal proteins from the wild-type and 

a streptomycin-resistant strafn were co-chromatographed in 6M urea on 

a CM-cellulose co1Ull1l1. The ~ chroma tographi.c behaviour of the 

protein' could be caused by an amino acid substitution, but the data does 

not ruIe out the possibi1ity of post-trans1ational modification such as 

methylàtion. 

Likewise, secondary modif:l,cation may be invo1ved in the 

alter81ion of a proté:ln of the large subunit of chiorop1a~t ribosomes 

fram a non-MendeliB;n. ~ry~romycin-resistant mutant ~-Ula) (Mets ànd 

Bogorad, 19 72) • ne tecte'd by two-d:1menÈlional gel electrophoresis, the 
\ ' 

.utan~protein appears to form anomoiou8 ag3regates, the precise nature of 

Which 1a unclear. this.was the first report of 'an altered chloroplast 

ribosomal protein contro11ed by a uniparenta11y-iriher1tea g~ne. 

The possibility that at least oIte p'totein 1a common ta both 

. , .' , . 
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chlorop1ast and mitochondrial r1bosomes and 1s coded by an e~tra-nuclear 

gene in" Ch1amydomortas 1s supported by the results· of Boynton !.l al. 

(1973). These investigators found that, althougli the uniparental 

spectinomyc1n-resistant mutant spr-1-27 displays a resistant phenotype 

when grown. heterotrophically in the presence of 90 lIg/ml spectinomycin, 
. 

its growth 1e completely inhibited by 60 lIg/ml spectindmycin under 

phototrophic conditions. Thus" on1y when the medium i8 8upplemented with 

acetate are the mutant cells able to escape spectidOmycin inh1biti~. 

Even When cultured mixotrophic~lly in the presence'of spectinomycin, the 

spr-I-27 mutant grows oo1y to heterotrophic ce11 densities. 'Electron 

microscopy of IltUtant cells grown mi:x()trophicallYr for five genera-tions in 

90 ~g/m1' spectinomycin showed that Chloroplast membrane organization 1s 

disrupted, but that mitochondrial ~trastructure i8 normal. This 

observation suggests th~t 1n spr-1...:11 cella, chloroplast ribosomes, but 

not mitochondrial ribOsomes, are sensitive to spectinomycin. Burton 

(1972) has shown •. however, that 'chloroplast dbosolDes isolated from 

sp2-11 (another subclone of the same spr-1."ll-l mutant from which , . 
, 3 

spt-l-ll was derived) .do not bind as mueh ( H)d1hydroêpectinomycin as do 

ch1oroplast xibosomes from wild~type cella. . This. observation was a1so 

c:oo.firmed by Boynton et al. (1973), who demonstrated that the radioactive 
-- r 

, . 
ant1biot1c 1s bound 'by chlQroplast 1;'ibosomes f,~om wUd-type cells, but not 

at aIl by cbloroplàst riboè~mes fro~ e~ther sp2-.ll or spr-!-27 cè1le. 

FurtherJDbre, when the r1~osomai· pro~e1n~ fr~ the small subun1t of the 

ehlo~oplà8t r1boso~es from-!Et-l-!I and wild-type eel~ are compared by 

, : 
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one-dimensiona1 gel e1ectrophoresis, one band present in the profile of 

wild-type pro teins is mis'sing in 'the pr-oflle or .!E.-..!-ll prot~irl.s. Boynton, 

, ~ al. account for the paradox between the in ~ and .!!!:. vitto· rasults by 

postulating tha~1~e product of the spr-..!-27 gert~ is a ~rotein common to 

both ch1orop1ast and mitochondria1 ribosomes, but which faUs to bind 

spectinomycin on1y when incorporated into mitochondrlal ribosomes. 

They suggest that the spr-1-!r protein Is on1y 100se1y bounq to the 

cblorop1ast ribosomes and i8 the;refore lost during isolation ?f 70S 

ribosomes. An alt'ernative interpretation of the data of Boynton et al. 

1s that the spr-..!-27 gene product retains lts spectinomycin-binding 

property, but its conformation Is a1tered such that tt ca~ot be 

accommodated in the mitochondria1 ribosomes, but it i8 still 100se1y 

bound by ch10roplast ribosomes, rendering them sensitive to ant1bioti~ 

in vivo. Fi0811y, sinee th1s mutation is uniP~t:ental1y-inherited and 

sim1lar mutations to antibiotic-res1stance are believe,d to be loca1ized 

, in the chloroplast, Boynton et al. aIso hypothesized that èpr~1-27 cells 

c9ntain a mutation in a chloropl,st gene specifying a ribosomal,protein 

in chloroplast ribosomes. The _ da ta also sugges t that s ince the same 

, mutation may a~fect mltoehondr;la, the ribosomal pro te in coded by 

chloroplast DNA is also a componen t of mitochondr1a1 ribôsomes. The 
, . . 

poes1bUity tbat chloroplast "and mitochondrial ribosomès have ~e or 

-
more proteins in common seems remote', however; the putative polypeptide 

or maNA would have to d~e acr~ss at ,leas~ 'four membranè~ s~paratin8 
, • ~ lo • 
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th~ l'e~pect~e do~ihee of chloroplast and mitochondrial ribosomes. 

B10chemical analysie of l'~bosomes from purified ~hloroplasts and 

mitoehondtia i~ requir~d to prpve whether the two organelles share . " 

ribosomal protein~, but evidence indicates that all proteinè from ... 
chlorop1ast r1bosom~s are d1&tinct from thgse of cytoplasmic 

ribosdme$ (Hanson !!!l., 1974). Perhapé the ~-1-27 stra~n 

descl'1bed" by Boyilton et al. i8 actually a d~uble mutant in which a 
Il''' \. • 

mutation in mitochondria! ONA leads to spectinomycin-resistance of , -

"ütttochàndria.1 ribosomes 'tnde~ildently 'of the ;,mutatio~ in chlol'op1ast 
, ' 

D~. Such' a mutation ~u1d a1so exhibit a non~Mende1ian pattern of 

inhet'i tance • 

. 
lyidencé fpr ~od1n&lof ch1dl'oplast ribosomel Rroteins br nuc1ear 

\ 
.. , 

" , ~ 

DNA in Ch1amydbmonas 
4 

• • 
AlJ;bough the l'ssulte of stt,ld1ee by bo~h Boynton I,S and Bager' .. 

Iroups on muta~bt of Cl'l am domonas suggest that chlotopla8t gane'. code 

.. ~, t'or a nudlet: of dHferen 'l'ibosomal prontein. in' the orsanelle, the , . - • 
cerning the codini aite of a chlorop1aat molt conclusive' evidenee c 

t l~4st,on~ nuclear gene i~linvolved •. 
• r' ( • 

ribo8omal prot~in indicate8 , , 
> , 

, ~Iorad and hie; colleasues ve d\aract,riZed aeveral Mendelian .(ery-!p 

. 

. 
and ~on-ifendel~n (ery-y) e ·th~omYcin-re.~.tant' Mutanta in ChlAizdâon ••• 

.. ~ 1 1 • 

ln -19'71, "';te and 1010ra(l ,ah wed t~~t" (~4t)'.ry~romYcin' bilid, IP.c1~icall; 
~ \ , .. ' -'""'It 

.. l ,~ ~ 

, to' the lar . aubunit of chlor 'plalt r.1bOlolDé. irem trild.-tYpe celle, -but 
, .; ~ 1 J • .' • 

, . 
faila to bin ta cbloropi.tt r bo.~.\from mutant ctl1e. ' When the 

~: .. • 'r ~ • " # .. • - 1 '. .• ~ 

l'iboeoul protei rom dle pu f'!ad-1.r.~· .ubu~it. of chloropl •• t; 
,1\ III -,' 
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ribo&omes isolated from wild-type and erI-~ cel!. were ana1yzed by 
, r ... \ 

one-dime~sional urea-gel eledtrophores!a, one protein' present in the 

large ribosoma1 subunit trorn the erI-M2d ,train migrated more slowly 

than the cQrresponding ribosome1 protein fram wfld-type cella (Mets 
1 

and Bogorad. 1972). Thé authors acknow1edge the pose1b111ty that 

the 8ubstandal change in elactrophoretic mobil1ty of th1s protein 
\ 

cou1d arise hom a pO$t-tran8~at1onal event auch a$ me,thylation, but 
1 

favour the alternative 1dea ~at ery-M2D 1s a structural gene in which 
i 

mutation has altered the rel~t1ve proportions of acidic and basic 
f. 

amino acide in the polypeptide product. Bvidence Which further 
" 

supports the notion chat the nucleus centaine at lesst one structural 

gene for a chloropla8t riboeomal protein was recently reported 
~ . , , 

tDavi4son !!!l., 1914). A comp~ehenBive aenetie'and biocbemica1 
, , 

ana1Y81e of fo~ Mendelian mutante reat.tant to erythromyein ~erI-M1a, 

~ ~~; ~-Mlc, erI~Mld) indicates th~ exiet.ncé of altere4 forme of 

chloroplaat ribosomal prot.in LC6. The fact'that recombina~t8 are not 

recovërlld, from crosses between mutant. arsue. tbàt the four erI-.!! . ' 

mutants are aUelic, and thus tha,t the diffèrent forme of LÇ6' ra.ult 
, ' 

tram correapondins mutat1~a in a,.iaSle Duelear 8ene. It la ~d.e~ 

-41ffictût ta envisage four mutation. alteriha • modlfy1ns ,enzyme loch 
" ~ .. , ,. 

that ~t p-rodu.c8e d:l.~fer.nt chanse. in the ••• r:lbo,oDl81 prot,ain. 

aCher evidenee indicatins, ~~.t .am. ebloroplà.t rlbo.omal 
è- " .. - • 

- • ,\! , 

protei~ mey be codad by'nu~l.ar ,ene. ba. b.an mentioned' abova. for 

example, th. data' of Lee and Jone. (1973). Th ••• iava.tia.tor. 

'-
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obtained many MendeHan streptomyc1o-ree1atant mutants (!r-l.) by 

expostng ce11s to MNNG: Whether reaistance was due to a change in 

the primary<\ struc türe of a" chloroplast ribo801114l prote:ln. however, was 

not determined in this study. Boschett! and Bogdanov ~973a) showed 

that re8is~ee of the ST3 mutant to streptomyein doea oecur at the 

ribosome le~l, ainee the isolated eh1orop1ast ribo'Qme8 exh1bited 

altered b1ophysiea1 propert!es, includ1ng redueed bind:lng of st~eptomycin • . 
This does not necessarily prove, ho~ver, that the nuelear determinant of 

tbe chloroplaat ribosome 1s a structural gene for a ribo8omal proteine ... 
Studies of Chlamydomonas mutanta, other than antibiotic-• 

résistant strains, also sugges~ that nuelear genea are involved in the 

8YJ1thea18 of chloroplast ribosomes. For example, Goodanough ~d Levina 

o.970b) described the Mendelian .!!:.-1Q. m.utant which con tains only 5 ... 10% 

~e normal amount of chloroplast ribosome. when grown mixotrophically. 

Theae ~uthor8 later showed, however, that in ~-.lQ., the block in 
~ "... f 

ehloroplast !ibo.ome formation involvsa impairment of chloro,p1ast rUA 
'\. 

.yntbesis (Goodenough and Lev~, 1971). on the other hand. four other. 
, 

Mlnde1ian mutants have been charac~r1zed in which tbe .yd.tbeais of on1y' 

~. amaU subunit 18 affected (BoY,nton !! .!l., 19701 Barrie!S.!l., '1974) • 
. , 

,~e mutant cells .cc,umulate 54S partic1e. wbich con~a:f.n 23S- RNA and · .. ~e 
t 

, tharefore 1dertif1ed a. lerse r.ibo.omal aubun:l.t.. III the c •• e of the' 
" , 

!!-! mutant, :l.t t. po •• ible that a nucl.ar-coded prot.:l.n r.qu:l.r~d for 

preJpar .... mb1y of the ... U r:1bo.oul .ub~it :S.a altéra •• althoulh the 

'ata do ~ot exclude other :l.nterpraCatioaa. 
1 • . ' 

. \ 

; 

. " . 
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Evidence regard1ng the location of senes codins.for chleroplast 
" . 

ribo.omal proteine in organisme other than Chlamydomonas 

Aaide from studies of Chlamydomonas, the evidenee concerning 

the location of genes cading for chloroplast ribos~l proteine 1e based 

on ~n1y two other organisms, a green alg4,-Aceta~uJlaEia, and a.h1gher 

plant, Nicotiana. 
\ 

ln both casee, spec1es~specific aifferences in 

ch10roplast ,r~bosomal proteias aT~ detectable by one-d1mensional gel 

electrophores1s. Although ind1~idual proteins from ~ur1fied large 

aubunits of ribosomes prepared from isolated chloroplaste (Kloppstech" 

and Sehweiger,' 1973a) are not coarple,tely resolved" the protsin patterns 
~ ~ , 1 • 

diaplayedl by each of three specie~-of Acetabularia can be dieltngu1ahed 

by the pre.ence or absence of cha't'acteriatic peaks (lUoppste'ch and 

Schweiger, 1973b). The reau1ts of nueleAr tran.plantation experiments 

:tD.dieate that, ainee the speeies-apecific pattern of chloroplaat 

, . 

r~boaome1 proteina 1s determined ~y the .donor 'nuc~u. ratber than the 

re&;ip1ent cytoplaem, at least tho .. proteine .'18ociated w1th the 

lPecièl-Ipec1fic peaka a8en in'the eleetrophoret~ç profilea, are probably . 

~oded by the uuelear genome. 

ID Nicpti!ea, two apec1e'-8pec1f1~ peaka in ~he eleetrophoretie 

profile. of proteina trom the lar,e lubunit. of ehloropla.t rlbol~' 

"fl.'011 iaO,lat.-4 c~OI'oph.t. éan be di.tÛlau1.hed. on. (a) e~aoctated wtth 

,reperatiana from'!. a1au28 ~d the othlr (b),W1th!~ tabac~' (Bourque 
, . 

..,' ! 5 ;.' W:Udman. 1913). ÀIla~yal'. of th~ chloroplut r:1boaoqael proteina . -
t~OII tM '1 iuter,apectUc hybrida r •• ult:lnafrom ,,,ec:l.procal cro •••• of 

- • t' , ( : 

• 
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thé two spec: ies shows that b,oth hybrids conta:lned both pro'tefn (s) 

(a) and protein(s) (b). Because of the tigorous standards of purity 

of the ribosoma'l subun1ts estabHshed ;in this study, the poss:f.bi1ity 
• 

that pro~eins (a) and (b) represent contamination by cytoplasmic 

ribosomes 1s remote. Therefore, in N1cot1ana, some proteine of the 

chloroplast ribosomes are apparently coded by nuclear genes. 

Evidence 18 'presented in a recent paper, Wh1ch suggests that 

not all genes cod1ng for the chloroplast ribosomal prote1na are located 

111 the nucleus of N1cot:lana cella.' Maliga et al. (1975) describe -- . 
experiments with Il mutant ce1l line SlU of N. tabaeum disp1aying 

...,- --.. 
non-Mendelian inheritance of stteptomycin-res1étance. Electron 

microscopy showed th_t, :ln sensltive streins exposed to streptomyc1n, 

few ~hlorop1aet Ù1eJqbren's are ~rese.t end th.ra 1s an :lncrease in the"", 

elettron opac1ty of m1tochondr:f.a. In r~s18tant cells, however t 
, , 

etreptomyc:1n neither pravents the, : formation of ch1oroJllast thylakoids 

and grana, nor alters mitochondrial ultr,8structure., To study t~ leV~1 
, . 

'of rsai.tance to ant1bio!ic, the authora ~àsured thé uptake of 

streptomycin from the culture ~ed1um by sensitive and resiatant cella. , . 

-- , 

ihe re,ul~. of bot~he chem1cal dete~ination a~d bioas.ay of streptomyc1n 

indicate that th. concentration of the antibi~t1c 18 the seme in bath 

re,latant and .. naitive material. These data therefore rule out the 

·po •• 1bil1tie. that r •• i.tanee of the mutant cells i. due to a reduction 

iD membrane perlllHbUit)' ta .treptomydA or ~o 1",activation of the drus. 

an~ 'Uallt, , by an.loa1~ vith .a. .trept~yc~-:-r •• 1.tàl\~ .tra~. of 

• ~t ' .. 

l, ' ,--
. ,. ( ~l , 
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bacter1a (Ozaki et al., 1969), that resi$tance in N. tabacUDI SRl may 
'--:- ......,. . 

be caused by a protein' in the large r:lbosomal Bubunit. Since t' 

ultrastructure of .both chloroplasts and mitochondria :l& apparent 

normal in the presence of streptomycin, ribosomes from both orga 

may contain the same alt;ered protein. Also, w~r the non 
"j(. , 

mutation affectfn8 the protein 18 located in chloropla t or 
" mitochondrial DNA :ls uncertain. On the other band, e electron 

mierolraphs Which provide the evidence that mito>ch~ 1a are affected 
. ~ 

by the mutation are not presented by Maliga et al., and their experiments -- . 
cio n~ule oue) the possibility that the SRl mutant cells do conta:ln -­""IIIf' ........ ~ , 

streptomyein-sensitive mitochondr1a but s~rvive because chlorop1ast 

ribosomes are resiatant to the drug. If tbia were the case, the ~ 
1 A 

~lla would result from a mutation in chloroplast DN~ çoding for a 

chloroplast ribosomal protein. 

. . 
Summary of evidence regardina the site of cod:lna of chlorqplast 

ribsomal pro teins 

In aummary, the evidence ind1èates that, in Chlamydomonae,' thé , 
l 

~ . 
,enu' foding, for chloropl~st ribQsomal proteins are localized :ln at 1east 

j , : 

tWo d~t:lnct senomes. The Mendelian mutants ery-Hl!.. ery.J.Ml.b, ery-,ms., 

!!I.-Mlc;J (Davidson !S al .. , 1974), and. erY-M2d (Met,. and Bogorad', 19.1~) 

P'Dv1de the 1IlO8t defin1~ive evidence to date that at lea~t èome 

detel'lll:1nanta of chlo:roplà!lt r:Lbolomal protein. are actually nuclear 

.tructural gene.. Amino acid sequence analysts of the •• alt.red 

chloropl •• t ribo.amal prot.in. il required •• ~.quivoc.l pro~f. The 

, 1 

, 

. " 
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results of etudies of Many uniRarental mutsnts for antibiotic 
~ 

reeistance, although suggestive, are less rigorous in the 

characterization of the alteied chloroplast r1bosomal protein6, as weIl 

as tri the identification of the subcellular site of the extra-nuclear , 
1 c-

genes. Two pro teins of the small ribosomal S~bunit conferring 

stt'eptomycin-resistance and spectinomycin-sensi,tivity on chloroplast 

ribosomes in sm2-!. (Ohta !! !!., 1975) and spr-1-27 cells (Boynton et 
1 

al., 1973), respectively, however, represent prbmising candidates for 
- " i 

, 1 

ch1oroplast 8e~e products. A'problem inhet'enti in aIl these etudies of 
\ 

·Chlamydomonas mutants 1e whether the uniparentally-inherited genes are 
! 

located in chloroplaet or mito'chondrial DNA. 1 

As in-Chlamydomonas. chloroplast riboso~al proteine in N1cotiana 
" 

may also be coded by genes fram· two aéparate ganoMes (Bourque and W1ldman, .. . 
1973i MaUga.!!.!l.,' 1975), but the data.is only suggestive.. the 

oa1.i 'other orgiinism in -which the pr~'biem of t~e! ~ocation of genes coding 

for chloroplast t1bosomal proteins h,s been explored 1s Acetabularia, in 

. vblah the 1nvolvement of nuclear geqea 1s implicated by one report 
f 

(Eloppstech and SchweiSer, 1913b). 

11. "Site of synthesla of chloroplast riboeomal proteine. 

Nearly aIl the etudies of the site of aynthes1d of chloropla8t 

.ribolomal p~ot.1n. tnvolve the use of ant1b10t1c8. auch a8 chloramph~1col, 

""lch apec1fically inh1blt the aynth,.ais of prote'ina on chloroplaet 

(Bilia, 1970) and mitochondrial (ClarktWalker and Linnane, 1967) ribosomes" 
1 

, 
"..1 

1 
v ' l ' 
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The results of inhibitor studies must be interpreted with caution for 

several reasons. Depend1ng upon its concentration, an inhibitor may 

have non-specifie effects or may, be toxic to cells. Also, inhibition 

may be incomplete, o~ may fail to prevent the accumulation ii a 

particular class of proteine. Despite these difficulties, however. a 

number of inhibitor studies have yielded meaningf~l informatio~ 

regarding the site of synthesis of chloroplast ribosomal proteins. 
" 

Eviden~ for synthesis of chloroplast ribosomal proteins in the 

cxtoplasm 

(- In' Chlamydomonas, most chloroplast ribosomal pro teins appear to 

be synthesized in the cytoplasm. v 

, ; 
Ultrastructural studies show that 

the abi1ity of wild-type cella to forro ch1oroplast ribosomes is not 

j- affec~ed by growth1n 100 pg/ml ch10ramp~enicol for three generati~ns, 
1 

< 

whereas ',both photosynthesis and the organization of' ch10roplast memJ)ranes 
l' 

~, 

i8 disrupted in the presence of the inhib1tor (Goodenough, 1971). A 

atmi1ar lack of effett of chloramphenicol on chloroplast ribosome . ~ 

a~thesié- ia obaerved in the recovery of ~-~ cella follq~ng transfer 
~ . \ 

to minimal medium (Goodenough ànd Levine, 19'11). l'heae cells apparently 

suffer fr0ll' a lesion in ch1oropla.t rRNA synthesi. wen gro~ in light and' 

in medium containing acetate~ but begin to accumulate a 4-fold inc~ea8e 
~ . ~ ~ , 

in the nufuber of chloroplaat ribosomes" wheh culturad in light and medium 

1acking aceta~e. Chloramphenicol at 100 ~I/ml did not significantly 
, 1. 

lower the number of chlotopla8t ribo.ome •• ynthesized by the reGovering 
J ' 

.!!:.-:-10 cells, Abo, th. concentration of ribo.ome. in tbe chloropla.t of 

.. 
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cells harvested after approximately ten gene~ations of growth in 

" medium containing 25 ~g/ml spectinomycin le similar to that in 

control cells (Goodenough, 1971). 

Honeycutt and Margulies (1~73) tested the effect of 100 pg/ml 
,3 

chloramphenicol on the 1!!. !!Y2. incorporation, of ( H)arginine into the 
,) 

structural proteins of cytoplasmic and chloroplast ribosomes of an !' 

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

period, the cells were harves\ed and the distribution of radioactivity 

associated with cbloroplast and cytoplasmic ribosomes was examined on 

sucrose gradients. Although the smotmt o~ 67S ribosomes was reduced 

in the Chloramphenicol-treated ce~s, the level of radioéctivity was 

aleo decreased, so thst the specifie radloactlvity of chloroplast 

ribosomes from treated and control eells w;s the same. 'The '109s' of . 
;1 . 

675 ribos6mes in the chloramphenicol-treated cells was not due to 

inhibition of the synthesis of chloroplast ribosomal protein, but to a 
\ '. 1 

tendency for the 675 ribosomes to sediment with the membrane fraction 

during isolation. In pulse-chase experiments, cells were firet treated 

.with chloramphenicol for t hr and then allowed to incorpora te (3H)arainine 
'"~ 

for 2 min. Unlabelled arginine was immediately added and the cells were 
, ~ . 

tncubatèd for another 18 min •. " Sucrose gradient analysie of crude 

ribosomes prepared ftem ce lis at the end of the 2 min pulse. ehowed Îhat • 

the radioactivity sedimented axclusiyely vith the 83S ribosomes; at the 

end of the chase petiod~ the radroacti~ity 8saociated with the 87S ribosomes 

WBS reduced by an amount oomparable to that a8aociated with the 678 

l' .1 
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r ibosom8 s. This 'flow' of label waB not,prevented,by a concentration 

of chloramphenicol sufficient to inhibit chloroplast protein sydthesis 

as indieated by the lack of increase in radioectivity of RuDP 
• 

carboxylase. Theae result~ sugsest that the structural proteins of 

chloroplast ribosomes are sYnthesized on cytoplasmic ribosomes and that 

inhibition of chloroplast protein synthesis does not prevent the rapid 

transport of chlo~oplast ribos~al pr~teins to their destination. 

Additions! evidence concerning the site of synthesis of 
, " 

,~ 

chl~oplast ribosoma! proteine in Chlamydomonas 1a base~ on the 

ratreptom.ycin-resistant mutant' Sl'3 described by BOBchetti !!., al. (1974). 
1 
When grown heterotrophically in the presence of streptomycin"strain 

!I3 forms on~y yellow colonies, and chloroplast p~~tein synthesis is 

drastically reduced as indicated by an 8SS8Y for RuDP êarboxylase . , . 
activity. The relative amounts of chloroplast -a~~ cytoplasmfc 

. 
ribosomes co~tained ,~n the mutant celli,.however, 8S' shown by 

elect'rophores1s of tota~ 'RNA, is a1milar 'ta that in w:f.ld-type 'cells 

1 grown in the absence of streptomycin,' Therefore, siDee the' chloroplast 

ribosomes of, the mutant do ~ot eynthes:l.ze proteine under hetero,troph:l,c , , 

conditions, the proteine compr1sing the,chloroplast ribosomes are most 
J 

likely synthesize! in the eytoplasm. 

Collectively, 'these data do not exclude the p08sibility that éome 
1 

proteine of chJ.orop188t ribosomes :ln Ch1amtdomona,8 are syntheeized within: 

the chloroplaat. Reçonatitution experîment.lulvè .hown that soma 

atructural proteine are not requtre~ for the ••• embly of bact~r~~ r~bo~om.8 

, '. 
1 

/ 
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(Nomura !! al., 1969). Thus. if the synthesis of ch1oroplast 

ribosomes can proceed in the absenèe of the chloroplast ribosoma1 

proteins Which are apparently coded by chloroplast D~A (~.&. Ohta~ 
• 

~ !l., 1975), the observed lack of effect of chloramphenic~l and 

spectinomycin on the synthes~s of chloroplast ribosomes is explained. 

On the other hand, mRNAs transcribed from chioroplast genes, spec'Uying 

chloroplast ribosomal proteine may diffùse out of the organelles to be 

trans1ated on cytoplasmic ribosomes. This possibility. however, eeema 

unlikely. Another interpretation of the results of these inhibitor 

studies suggests that synthesis of ~ioroplast ribosomal proteine does 

occu~ tP the ch1oroplast of Chlamy~omonas. bu~ is'not qetected in thè 

experiments of Goodenough (1971) due tQ the presence 'of a large, pool of 
) , '. 

these proteins id this organisme This argument i~ weakened by the Isck 
~ , . . 

of any dilution effect in the preseuce of spe~t1nomyc1n even sfter ten 

generat1.on's of expos,ure of the ~elis to the ~rug. Furthermor.e,t ~e 

1abelling'expertments of Honeycutt and Margulies (1973) clèarly demonstrate 

the incorporation of radioactivity into thé structural protein,of 
, ,/' 

chloroplast ribosomes after only 6 min • 
. - , 

Evidence based on an irthibitor stuay af another alga, A;\cet;abularta, 
, " , \ 

alao supports l the conclusion that' chloroplast ribos~al prQtéitt8 are 

synthes1"ed in the cytoplasm. The' incorpor~tion 'of' both (3H)uridine 
\ 

and 14'C-J.abelled aÎl1ino acids into the large 448 subunit of chloroplast 
, , 

" rtbolomel from Acetabular!a 1a increased by about 50% in the presence of 
J ;, \ 

: . .-,ry 

'"*10 \Ja/ml chlox:amphenicol (IUoppatach ,and Schweiger, 1974). In contraIt, 
, 1 - '\.-' • 

) l 

" ' 
'1 

, " 

. , 
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3 0.5 ~g/~l cyclohe~imide reducea the incorporation Qf ( H)uridine and 

14C~labelled amino acids into the 44S particleo by almost 80%. 

Kloppstech a~d Schweiger explain the stimulatory effect of chloramphenicol 

on amino acid tncorporation 'into the large ribosomal subunit by a general 

increaae in protein synthedzing activity in the 'cytoplasm as a consequence 

of the inhibition of chloro.plast protein synthes,1s. 'They als,o' hypotbesize 

that the stimulation of url~tne incorporatiov in tum results from the 

increased availability of completed ribosomel ~roteins synthesi~ed on 

cytoplasmic ribosomes. 

US,ing iaolàted spinach chloroplasts, Spencer ~ al. (1971) also 

obta~ed evidence for the synthesis of chloroplast r1bosomal proteine in 

the cytop~asm. Preparations of 'chloroplasts from very young leaves were 

label1~d for 30 min with 1;adioactive amino acide and then treated w.l.th 

puromycin to releâ~e nascent prot~ins. 'Al.tbough 22% of the total 

radioactivity incorporated was found to be associated with the ribosomal 

fraction, no label wes detected in any of the ribosomal proteins analyzed. 
, , , 

in urea-polyacrylam1de gels. These zesults suggest that spinach 

chloroplasts do not synthesize chloroplast riboso~al proteins, 'but could ' 

a1so be exp1ained by fatlure to detect low amounts of label incorporated 

'~nt.o t.he structural protelns.of the chloroplast ribosomes. 

~v1dence for,synthesis ot chloroplast ribosomel proteins in the 

c:hloroela~~ 

" 

,Evidence baséd on inhibttor studies vith .~x or8a~isms, thtee 
" 

81aae and three higher plants, .8u8g~Bt8 th~t Chloroplast ribosomal 
, 

\ , 

, ""' 
,1· '-,-

, . 
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In radish seedlings 

(Rapbanus sativus), the accumulation of chloroplast ~RNA is ,almost 

completely bloc~ed during 7 hr exposure :to, 100 ).li/ml chloràmphenicol 
• 

< 

(Ingle t 1968). S.itni1'a~ly, suc rose : ~radic~ t ~n tt'ifuga tion and 

polyacrylamide gel electrophoresis show that the amounts of bath - , 

chloroplast ribosomes and ch1oroplast rRNA are reduced by 2 ~g/ml' 

lincomycin in Pea apice's (Ellis and Hartley, 1971) , by both 25~g/m1 

lincomycin and 25 ).lg/ml spectinomycin in Chlorella (Galling et al., , --
\ 1973) and by virginiamycin (50 ).ls/ml virg:iniamycin M ~d 50 llg/ml 

, 
virginiamyc:in $) in ~usl~na (Van Pel and Cocito, 1973). In contrast, 

the amount of çytoplasmic ribosomes in these organisms le not affeéte'd 

by these inhibitors. 

The data of Detchon and Possingham (1975) B6lggest that 

chloropla~t ribosOma1'proteins in, spinach a~ synthesized in, the 

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

the,effect of'chloramphenicol and lincomycin on ligbt-stimulàted 
~ , 

, chloroplas t l'R~ syn th~sis in spinach leaf dis cs. Nucleie acids were 

"extrac'ted from a ~i)(ture of (14C)uracil-labe11ed 1eaf dises cultured in . 
, 3 - ~ 

continuous darkness and ( H)uracil-labelled leaf dises incubated firét 
1 

in darkness.and then transferred to a light re8fm~. In th is way, the 
\ 

RNA synthesized after illumination of the leaf dises is detectèd on 
3 14' , , 

"olyacrylami~e gels by an increase in the H/' C ratio in the region of ' - , , 
the high molecular weight chlo~oplast 

! 

. 3 14 
rRNA species. .The HI C ra tio ~ 

l .. 

• • d:latfi'ti"ution profile of-nuc:le:l.c acide extracted from le.f d1sc's expoae4 

. , 
" 

J 
{ 
! 

! 
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to either 100 ~g/ml lineomyein or 10 ~g/ml chloramphenieol during 

illumination did not contain ~ny peaks in I~e region, of ehlorolliast 

rRNA. Sinee these'experiments involved long-term (7 daye) exposure 
,.. l , 

of the leaf dises to the antibiotics and non-specifie effeets of 
, 

inhibition might have ,o~eurred, these results must bè !nterpreted with 

C8'8tion. An observation whieh fav'o~rs the va1id:Lty of the dat~, 

hOWever, 1s that' ehlorop1ast rRNA seems to ,be the on1y species vhose 
, ' 

synthesis is affeeted by either ehlorampheni~ol or lincom~ein. 

The 1ight-indueed development of amino ~cid-~eorporatihg 

activity o~ chlorOplasts 1n pea (E1l1,s' an~ Hattley, 1971) and Euglena 
, '. (J /1 

(Reger !! al., 1972) 1s teduced ,boY inhibftors o'f ch1orOl?~aét proteln 

'syn thesis. Chloroplasts 1s01ated from pea ap1ces treated v1th 2 ~g/ml 
~ , ~ .) 

o 

llieomycin for 2 days and from Euglena exposed ta 750 pg/ml 
, ' • j 

'f \ ... 

" , j' 

, C {I(..... ~ <, 

Chlora~henicol for 2 daye wereJassayed for their capacity to incorpora te , 
1 ~,., , 

14 \ ' , ~, 
( C)Uucine iuto protein in vitro; The rate of prQtein synthes'16 1,n 

.th~ chl~roplasts ~solated from the drug-treated materialvas only 5-25% 
~ 

, ' , - l' ' , 

that of chloroplasts from the eo~trols, suggesting that, pr~tei~s 

comprisi~g the protein synthetie machinery of the chloroplast are 
l ' • 

syntheSized within the !Jrsanelle. ot. 

~ 

Finally, the results of an\ultrastructur~l.st~y of the effeets 
1 

of 300 'PS/nü chloramphenicol Qon OchrOmonas indieate tllat the light-. ' . , ... 

iùd~ced inerease of chlorop~st ribosome~, and thus the synthesis of' at 
, 0 " 

least some chloroplast ribosomal proceins, ia dependent on eh1orop1ast 
, , , 01 

ribosomes in'this org~niBm as we1~ (Smith-J~hann~en and G~bb8, 1972).' 
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ribosomal pro teins 

The literature pertaining to the synthesis of ch1oroplast 

ribosomal proteins can be surnrnarized as follows. The re is evidence for 

the synthesis of chloroplast ribosomal proteins in the ch1oroplast of 

sorne species. but in the cytoplasrn of others. In Chlarnydornonas, 

several lines of evidence show that most chloroplast ribosomal proteins 

are probably synthesized in the cytoplasm. This conclusion is 

consistent with the resul ts of others (Davidson ~ al., 1974), which 

indicate the existence of structural genes for sorne chloroplast ribosomal 

These studies of Chlamydomonas 

do not exclude the possibility, however, that a few chloroplast ribosomal 

proteins are synthpsized in the ch loroplast. If sorne chloroplast 

ribosomal proteins are coded by chloroplast DNA (Boynton ~~ al., 1973; 

Ohta ~ '!l., 1(75) as recent Evidence suggests, it i9 more likely that 

these proteins would be c;vnthec;ized in situ than on cytoplasrnic ribosomes. 

In Ace~é!Q~l<lria. as in ClllalTlydomon~~, most chloroplast ribosamal proteins 

are probabl y syn thes izeù in the cy torlasm. 

In aIl other organisms sa far studied, Evidence suggests that 

at least sorne chloroplast ribosomal proteins are probably synthesized in 

the chloroplast. In the case of spinach, the data are conflicting. 

Since the resul ts of Spencer ~ ?Jc. (1971) are negative and thus 

inconclusive, the remairing evidence favours the conclusion that spinach 

chloroplast ribosomal proteins are synthesized in the ch1oroplast. The 

( 

_~ ____ 1".~ ... ~")I>'''''' .,* of, 
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expèriments which support this conclusion for spinach as weIl as other 

organisms, demonstrate chat low concentrations of chloramphenicol, 

lincomycin, spectinomycin or virginiamycin inhibit the synthesis of 

chloroplast ribosomes as measured by sucrose gradient centrifugation, 

gel electrophoresis of rRNA or electron microscopy. The data from 

8uch studies permit more than one interpretation, however. The 

possible existence of large pools of ribosomal proteins, for example, 

has been discussed above with reference ta .fhlamydomonas. 

Altematively, these antibiotics mày inhibit o~ly 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 eytoplasmic ribosomes may be simply regu1ated by a factor 

dependent on chloroplast ribosomes, as suggested by Galling et al. 

(1973) . For exampIe, if a smaii number of chloroplast ribosomal 

proteins or regulatory proteins which are synthesized 10 the chloroplast 

are required for the continued synthesis of chloroplast ribosomal 

proteins in the cytoplasm, then eur tailmen t of protein syn thes i5 on 

chloroplast ribosomes might result in a secondary inhibition of the 

cytoplasmic synthesis of chloroplast ribosomal proteins. If this 

lnterpretation i8 accepted, however. then one must aS$ume that in 

Chlamydomonas and Ace tabularia the synthesis of chloroplast ribosomal 

proteins on cytoplasmic ribosomes 18 not subject to a similar control 

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

(Ellis and Rartley, 1971), spinach leaf dises (Detchon and Possingham, 

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

al., 1972; Van Pel and Cocilo, 1973) and Chlorella (Calling et~ .• 1973)_is 

that chloroplast ribosomal proteins are synthesized on the antibiotic-

sensitive chloroplast ribosomes in th~se organisms. 

Conclusions regarding the biogenesis of chloroplast ribosomal proteins 

In evaluating the evidence summarized in Table l concerning the 

sites of coding and synthesis of chloroplast ribosomal proteins, it is 

clear that apparent discrepancies exist between the results of studies 

based on the same organisrn, as weIl as between those based on different 

organisms. Sorne of this disparity may arise from different experimental 

approaches. as in the case of the studies on spinach. Conflicting 

conclusions regarding the site of coding or synthesis of chloroplast 

, 
1, 

ribosoma] proteins in different organisms, however, may reflect genuine 

species differences. Sinee organelle evolu tion proeeeds independen tly 

mthin any one species, the location of genes coding for organelle 

pro teins need not be identical in aIl organisms. Perhaps one of the 

mos t signif iean t impliea tions of this research is tha t, 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 sorne 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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Tab le 1. Evidence for the Sites of Co ding and Synthes!s 1 

Chloroplast Ribosomal Pro teins 

Experimental Approach 

Nuclear transplantation/density gradients/PAGE 

.!!!. vivo labelling/ chloramphenicol, cycloheximide 

Mutants/density gradients/PAGE/E~/genetic analys1s 

Mutants/density gradients/PAGE/EM/genetic analys1s 

Antib1otic-res1stant mutants/growth conditions/rifampicin 

Wild-type and spa-~ cell~/chloramphenicol, spectinomycin/EM 

~-20 mutant/chloramphenicol/EM 

Mutants/neamine/genet~c analysis 

(3H)dihydrospectinomycin/in vitro binding 88say/density gradients 

Erythromycin-resistant mutants/density gradients/l-D and 2-D PAGE 

Carbomycin-resistant mutants/in vitro protein syntbesis 

Spectinomycin-resistant mutant/growth conditions/EM!PAGE 

Streptomycin-res1s tan t mutants/an tibiotic-binding assay/ density gr, 

In ~ labell1ng/density gradients 

Synchronized cultures/mutagenesis/streptomycin-resiatance/genetic 

Str~ptomycin-resistant mutants/gr-owth conditions/PAGE/in vivo prot, 

Erythromycin-resistant mutants/genetie analysiS/l-D and 2-D PAGE 

Ribosome-deficient mutants/genetie analysis/density gradients/EH 

Antlbiotic:-res1stant mutants/in vitro protein synthe8is/subunlt ex 

Streptomycin-resist'ant 1jIltant/double label/CM-cellulose colUDll chr 
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Chloraplast Ribosomal Pro teins 

Experimental Approach 

ransplan ta tion/ dens:l. ty gradien ts /FAGE 

ibelling/ch1oramphenicol, cycloheximide 

~nsity gradients/PAGE/EM/genetic analysis 

~nsity gradients/PAGE/EM/genetic analysis 

c-resistant mutants/growth eonditions/r1fampiein 

and spa-~ cells/chloramphenicol, speetinomycin/EM 

ant/chloramphenicol/EM 

eamine/genetic analysis 
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Kloppstech and Schweiger, 1973b 

Kloppst~ and Schweiger, 1974 

Baynton II &., 1910 
, 

Glllham etaI., 19 70 

Surzycki and Gillham, 1970 

Goadenough, 1971 

Goodenough and Levine, 1971 

Behn and Arnold, 1972 

rospectinomycin/1n vitro binding assay/density gradients 

cin-resistant mutants/density gradients/l-D and 2-D PAGE 

~ Bu,r t-on • 19 72 

n-res:l.stan t mutants/in vitro prote1n synthes1s 

yein-resistant mutant/growth conditions/EM/PAGE 

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

abel1ing/density gradients 

zed eultures/mutagenesis/streptomyein-resistanee/genetie ana1ysie 

cin-resistant mutants/growth eondit1ons/PAGE/~.!!!.2. protein synthes1s 

cin-resist:ant mutants/genetie analysis/1 .. D and 2-D PAGE 

'deficient mutants/genetie analysis/dens1ty gradients/EM 

,c-resistant mutants/in vitro protein syntheiis/subunit eXchange --
'c:ln-resistant JII.ltant/double label/CH-cellulose colum chromatography 

Mets and Bogorad, 1972 

Sch1anger !! al. , 1972 

Boynton II &. , 1973 

Boschetti and Bogdanov, 1973a, b 

Honeyc~tt and Margulies, 1973 

Lee 'and Jones, 1973 

Bosehetti ~ al., 1974 

Davidson .!! al., 1974 

Harris et.!!., 19 74 

Sch1anger and'Sager, 1974 

Ohta .!!!! .• 1~75 
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RNA PAGE/chloramphenicol, spectinomycin 
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Isolated plastids/in vitro protein Byntbe~iB/chloramPhenicol pre -- , 

Denaity gradients/virtniamyèin 

EM/Chloramphenicol 

Interspecific hybrids/density gradients/PAGE 

Streptomycin-resistant mutant/tissue c~ltuïe/genetic analysis/up 

Pisum Lincomycin/isolated plastids/amino acid, uridine incorporation/cl r 
gradients/PAGE 

r 

R 

r 

Symbols used: N· nuclear DNA 
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c • chloroplast DNA 

R • cytoplasmic ribosomes 

t • chloroplast ribosomes 
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determining ribosoma1 proteins and other organelle components in other 

organisms i5 similar to that in Chlamydomonas. The results of 

investigations of the sites of synthesis of chloroplast ribosoma1 

1 
i. 

pro teins 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 mitdèhondrial genome can be calculated from its physical dimensions 
1 t 

(see AppendixJ. Whereas mitochondrial DNA mole cules from animal 

species average" 5 ~m in contour length (in Borst, 1970), mitochondrial 

DNAs from both algae and higher plants are 4 ta 6 times larger. For 

example, Kolodner and Tewari (1972b) found 30 ~m circular DNA molecules 

in mitochondria from pea leaves and Véde1 and Quêtier (1974) obtained 

linear mo1ecules up to 28 ~m in length fram potato tuber mitochondria. 

The size of mitochondrial DNA from Eug1ena has recent1y been the subject 

of controversy; sorne investigators obtained heterogeneous linear 

mo1ecu1es up to 19 ~m in 1ength (Manning et al., 1971), but others 

reported that this mitochondrial DNA occurs in the forro of 1 ~m circ les 

. \. 
(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 1ength 

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

Eug1ena ls probably in the same range as that of mitochondria! DNAs from 
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other eukaryotic microorganisms. MitocMlndr1al DNAs fr~ Neurospora 

(C1ayton and Bramb1, 1972) and yeast (Saccharomyces cérevisiae) 

(aorst, 1970), for examp1e, have been isolated as circular molecules 

measuring 20 and 25 um, respectively. Thus, if each circuler molecule 

represents a complete copy of the mitochondria1 genome, then the 

mitochondrial DNA from lower and higher plants ia 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 prote1ns 

The earl1est stud1es concerning the coding site of mitochondrial 

proteins were conducted by Ephrussi and h1s\collaborators on petite yeast 

mutants, in ...-hich mitochondria! DNA 1s grossly altered (in~er, 1972). 

These respiratory-deficient mutànts 1ack cytochromes ~~3 and ~ which 

suggests that ~e genes for these comporients reside in mitochondrial DNA. 
( 

On the other hand, cytochrome ~ and most soluble proteins, including the 

Krebs cycle enzymes, are probably coded by nuclear DNA, since these 

components persist in petite yeast mutants (in Sager, 1972). Using 

genetic methods, Sherman et al. (1966) demonstrated that the structural 

gene for yeast cytochrome ~ is located in the nucleus. 

ln accordance with the low coding potential of mitochondrial 

- , 

DNA, the proportion of mitochondrial pro teins synthesized in the organelle 

1s also smalI. Experiffients involving specifie inhibitors of translation 

show that the contribution of the yeast mitochondrial translation system 

r 
1 
J 
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to total organelle protein is on1y 4-13%, dependlng on the physio10gica! 

conditions (Ke11erman et al., 1971) . A comparison of in vivo and in 

.Y.!!!2. labe1~ing patterns indicates that about 90% of the proteins 

synthesized within mamma1ian mitochondria are associated with -membranes 

(Coote and Work, 1971), and that, in Neurospora, the products of protein 

synthesis on mitochondria1 ribosomes are incorporated almost exc1usive1y 

into the inner mitochondrial membrane (Neupert and Ludwig, 1971). 

Evidence summarized by Sager (1972) shows that mitochondrial prot~ins 

synthesized on cytoplasmic ribosomes inc1ude cytochrome ~, the Krebs 

cycle enzymes, membrane polypeptides, and mitochondria1 DNA polymerase 

and RNA po1ymerase. 

Recent evidence indicates that the biogenesis of sorne 

mitochondriel protefns is more complicated than suggested by earlier 

studies with, for example, Eetite yeast mutants. This is i1lustrated 

by cytochrome oxidase which is identica1 with cytochrome ~+~3 and has 

been studied in detai1. Cytochrome oxidase can be specifica11y 

isolated from crude yeast mitochondria! extract by immunoprecipitation 

(Rubin and Tzagoloff, 1973), and, when analyzed by SDS~gel ~1ectrophoresis, 
4 \ 

the eazyme is reso1ved into 7 subunits ~(Seba1d et aL, 1973). The sites 

« 
of synthesis of these polypeptides has been investigated in yeast by 

using specifie inhibitors of translation. Synthesis of the three 1argest 

components of cytochrome oxidase i5 sensitive to ch1oramphenicol, but 

insensitive to cyc10heximide, and thus occurs on mitochondria1 ribosomes 

(Rubin and Tzago1off, 1973). In contrast, synthesis of the four S1ll.i:\JUer 
1 

'-- _._-~ -- --_.~-_. ---~"-rt<:~-----'------

1: 
1 
i 



1 
.l 

( ) 

85 

.. 

polypeptides is sensitive to cycloheximide, but insensitive to 

erythromycin, and therefore proceeds on cytoplasmic ribosomes (Mason 

and Schatz, 1973). The three large polypeptides synthesized on ~ 

mitochondrial ribos,ornes are character1Zed by a relatively high content ( 

of nonpolar amino acids (Sebald et al., 1973) and aCCQunt for up to 25% ) 

of the total protein synthesized in the organelle (Ebner ~ aL., ~ 
Although the results of analyses of nuclear cy.toplasmic yeast\mutants 

lacking cytochrome oxidase activity (Ebnef et al., 1973) do not permit 
f*"'~! 

a firm conclusion regarding the sites of structural ge~'~ for subunits 
< 

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

and nuclear genomes in the assembly of thismitochondrial enzyme complexe 

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

requires the dual participation of two distinct transcription/translation 

systems. When analyzed by gel electrophoresis, the purified ATPa~e 

complex from yeast is composed of nine subunit polypeptides, five 

associated with the ~atalytic function of the enzyme and four w.ith a 

membrane-binding factor. Ta determine whether Some of lhese polypeptides 

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

conducted reconstitution experiments with radioactive and no~~radioactive 

fractions of the ATPase complex from yeast. The results indicated that 

at least some of the polypeptides which are involved in the binding of 

ATPase to membrane are intrinsic subunits of the enzyme complex a~d are 

synthesized on mitochondrial ribosomes. Earlier etudies (Tzagoloff, 

1969) had 
\ 

show, since ATPase activity accumuIates in the soluble p~ase 
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of mitochondria of yeast treated with chloramphenicol and ehis 

accumulation ia prevented in the presence of cycloheximide, thât the 

fraction of the ATPase complex involved in enzyme function is 

synthesized on cytoplasmic rtboaomea. ,The location of genes 

contro11ing the expression of ATPase ~ctivity has been studied in 

oligomydn-sensitive mutants of Saccharomyces cerev1siae (Shannon II al., 

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

sever~l Mendelian mutants and separated into soluble ~nd membrane 
\ 

p~tein components. Recortstruction of hybrid enzyme complexes from 

components purified fram mutant and wild-tyP,e c~lls indiGfted that 
~1" ~~ 

oligomycin-resistance in bath types of mutants is a property of the 

membrane fraction of the ATPase complexe These resu1ts suggest that 

mitochondrial DNA, as weIl as nuclear DNA, netic de terminant 

of ATPase. 

b. Sites of coding and s of mitochondrial 

tibosomal pro teins 

1. Site of coding of mitochondrial ribosoma1 proteins 

The evidence regarding the location of the genes coding for 

mitochondrial ribosomal proteins is limited and controversial. The 

presence of nuc1ear genes containing information for at least two 
, 

mitochondrial ribosomal proteine has been demonstrated by analysis of 

interspedfic hybrids of Xenopus (Leister and pawid, 1975). However, 

out of a total of seven species-specific mitochondrialJribosomal proteins 

~. 0 
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identified in this study, four eXhibited a non-Mendelian pattern of 

inheri tan ce. Although the data can be interpreted to indicate that 

the genes for these four proteins are issociated with mitochondrial 

DNA, the authors favour the conclusion that nuclear paterna1 genes 

for these components are transcribed in the hYbrid,. 'but that ooly the 
~ . 

mate~ally~determined pro teins are bound by the corresponding 

maternally-inherited mitodQondrial rRNA. This is a éogent arg\Dllent 

aince the transcription of mitochondrial RNA from mitochondrial DNA is .. \ 

weIl documented (Whitfield, 1973). Furthermore, the specificity of , 

rRNA-protein intera~i6ns has also been estab1ished by reconstitution 

experiments, in whiç~ light cytop1asmic l'RNA (rom yeast and rat liver 

failed tb substitute for l6S rRNA from!. coli in tqe asse~ly of 

E. coli ribosomal pro teins into the bacterial 30S ribos6mal subunit 

(Traub and Nomura, 1968). 

There are a1so severa1 reports of non-Mendelian mutatidns which 

affect mitochondria1 ribosomes. Altered ribosomes, for example, have 
, 

been detected in m~tochondria of erythromycin-rësi~tant mutants of yeast 
" , 

(Grivel1 et al., 1971) and Paramecium (Tait, 1972h In ~ Neurospora 

mutants, the amount of the small mitochondria1 ribosomal .subunit is 

abnormally 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 severai different antibiolt!c-resistant 
l 

yeast mutants were analyzéd, no differences between the mitodhondria! 

ribosoma! proteins from resistant and sensitive strains were detected 
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(Gr ive 11 e t a}., 197'3). The n'fore , thic; observation suggests that III 

the site affccted lty tl]{'e;I' nnn-Menoellim mutdtions is mitochondri.al 

rRNA. ln sorne str;J!llS of hacteri3, !nduced resistance to 

erythromycin hae; bpen correlated wit11 an altered methylatlon pattern 

of 235 .RNA ([~1i and Weishl\Jm, 1971). 

if. Site of synthesie; of mituchondrial ribosomal 

proteins 

The results of inhibitor studies suggest that mitochondrial 

ribosomal proteIne; clrp syntheSl?pd outside mitochondria. Ue;ing 

CM-cellulose colunm chr0méltogr3phv, Küntzel (1969b) showed that, in 

Neu.!~'>Jl0r~. the e;ynthe'ils of protelne; from bOÙl cytop1asmic and 

mitochondria1 rihnsc,n~('s ls s('nsitive to cycloheximide. whereas 

chloramphenicol does not inhihlt the synthesis of either class of 

proteins. Davey ~t dl. (19/19) found that mitochondria, iso1ated from 

yeast whlch !lad been grown for five generations in chloramphenicol or 

lincomycin ta dilute out aIl proteine; synthesized on rnitochondrial 

ribosomes, are still active in élrnlno acid incorporation. In Qchromonas, 

the number of mitochondrléll ribosomes i8 not reduced in the presence of 

chlorampl'f'nlcol (5mlth-Joh.lnnsen and Cibbs, 1972). The resul ts of these 

studies therefore Indlc3te that most of the proteins of mitochondrial 

ribosomes are prohably syntheslzed on cytoplasrnic ribosomes. La ter, 

Borath and Küntzel (1972) reported that chlorarnphenicol stimulates the 

synthesis of mitochondrial ribosomes, and thus ribosomal proteins, in 

( 
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Neu!~ora, suggesting that the cytoplasmic synthesis of rnitochondrial 

, . ribosomal proteins may be regulated by a repressor synthesized in the 
i 
~ organelle. 
l' .. 
; 
t:' 

None of these investigations rule out the possibility that a 

~ 
1 

few protei ns of mi toc-hondr ia 1 ribosomes are syn thesized wi thin the 

~ 
organelle. lnhibitor studies on yeast (Schmitt, 1972) and TetrahY!!lena 

(Mi11is and Suyama, 1972) have shown a partial sensitivity of the 

synthesis of mitochondrial ribosomes to chloramphenicol. This 

antibiotic is known to affect respiration non-specifica11y (Freeman 

and Haldar. 1968), however, and the L-threo isomer of chloramphenico1 

was not employed in ei ther study as a control (Ireland and Bradbeer, 

1971) . Therefore, the inhibition of synthesis of mitochondrial 

ribosomal proteins by chioramplll'nicoi reported in yeast and Tetrahymena 

may ref1ect a general depre~sion of energy-dependent protein synthesis 

on cytop1asmic ribosomes. 

The conclusion most compatible with the genetic and biochemica1 

evidence discussed above i5 that the synthesis of most mitochondria1 

ribosoma1 proteins is directed by nuclear genes on cytoplasmic ribosomes. 

Michel and Neupert (1973) point out that as many as one hundred proteins 

may he formed by the nuclear-cytoplasmic system for the mitochondria1 

transcriptional and translationa1 machinery. This machinery. however, 

t 
generates only a [ew po1ypeptldes associated with the mitochondria1 

1 

inner membrane. , 
components necessitates their synthesis at the site of their incorporation 

Appatently, the extreme hydrophobie nature of these 

( 
ioto the membrane. 
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This investigation was undertaken to answer the question -- \ II. Purpose of the investigation 

are chloroplast ribosomal proteins synthesized in the chloroplast of 

Ochromonas? This problern i8 interesting from the point of view of 

regulation how do the host cell and organelle genetic systems interact 

ta control the synthesis of organelle cornponents, and is also important 

from an evolutionary st3ndpoint -- how did organelles evolve? 

Evidence from our previous ultrastructural study, in which 

chloramphenicol was used ta inhibit protein synthesis on ehloroplast 

ribosomes, suggested that chloroplast ribosomal proteins are synthesized 

in the chloroplast of Ochromonas (Smith-Johannsen and Gibbs, 1972). The 

results of biochemical studies with sorne other algae (~.g. Kloppstech and 

Schweigcr, 1974) are conflicting. Ta 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 con tains five peaks of high molecular weight rRNA. A major 

portion of this study was devoted to identifying and eharacterizing these 

rRNA apecies. 

Spectinomycin, a specifie inhibitor of translation on 70S ribosomes 

(Pestka, 1971), was llsed to black protein synthesis on ch1orop1ast ribosomes 

'. 

() 
in Ochrornonas. This antibiotic probably inhibits the functioning of 

-( 
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mitochondrial ribosomes as weIl, but unlike chloramphenicol, spectinomycin 

do€s oot have non-spécific effects on mitochondrial respiration. Since 

newly-transcribed rRNA is complexed with proteins (Hamkalo and Miller, 

1973) and i8 probably unstable if not incorporated into ribonucleoprotein 

particles, the accumulation of chloroplast.rRNA can be assumed ta 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. If the amount of chloroplast rRNA in spectioomycin-

treated cells is reduced, then one can conclude that the antibiotic probably 

inhibits the synthesls of chloroplast ribosomal proteins. Ethidium bromide 

was employed in sorne experiments to distinguish chloroplast and mitochondrial 

rRNAs. 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 obtaioed 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 Ochromanas medium (Aaranson and Baker, 1959). Dark-grown 

cultures were maintained in a light-tight incubator; light-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 ta 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 

6 
antibiotics were used was 0.2 - 1.5 X 10 cella/ml. At this 

concentration bath light and dark-grown cella 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 spectinomycin were added te cultures in powder form; 

ethidium bromide was added from freshly prepared stock solutions (0.15 

mg/ml in distiiied water). ·Cell counts were made with a Model ZBI 

Coulter Counter using a 100 ~m aperture. 

lscherichia coli strain CR34 F-, thy-, threo-, 1eu-, lac- was 

kindIy supplied by Dr. D. Lane, Biochemistry Department, McGi11 University. 

-- -----_._-----~~-- .----------- --~----
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3 ( H)Uridine labelled RNA from sea ur chin embryos (Lytichinus pictus) 

was kindly provided by Dr. D. Fromson, Bio10gy 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 

6 containing approximately 1 X 10 cells/ml was incubated in the presence 

3 
of 20 ~Ci/m] (H)S-uridine (27 Ci/mM). After a labelling period of 6 

hours in the light the cells were harvested, washed once in distilled 

wateT, and RNA extracted as described below. Cultures used for 

labelling studies were routinely tested for bacterial contamination. 

2. Extraction I\)f total RNA from Ochromonas danica 

A total of 50 - 200 x 10
6 cells which vere in the exponential 

phase of gTowth were cl'llected in 40 ml plastic tubes by centrifugation 

at 9000 rpm for 8 min ,at 4° C using a Beckman J-2l centrifuge and JA-14 

rotoT. AlI 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 NaCI, 

0.01 M disodium EDTA) (lin a separatory ftmnel. An equal volume of 

chloroform was added to the buffer-saturated phenol and the resulting 

solution made 1% isoa~ylalcohol and 0.1% 8-hydroxyquinoline. Equal 

volumes of extraction buffer, containing O.~% Sarkosyl NL 97, and 

phenol-chloToform (1:1) were thoTough1y mixed and immediately added to 

the pel1eted cella. the cells were dispersed in 4 ml of the extraction 
\ 
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buffer-phenol-chlor~form 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 Brunswick, 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-chloroform, with 

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 0 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 ta be necessary. 

3. Extraction of labelled RNA from Escherichia coli 

To ensure continuous incorporation of radioactive precursor 

into RNA, 0.1 ml 100 pCi/ml (14C)uracil (0.55 uCi/pM) was added to a 

200 ml culture of !. coli at 10 min intervals during a period of 1.5 hr. 

8 The culture (3 x 10 cells/ml) was centrifuged and washed with an equal 

volume~f Tris-acetate buffer (0.05 M Tris-acetate, pH 7.6, 0.1 M NaCl, 
" 

0.01 M MgC12) . The cells were resuspended in Tris-acetate buffer and 

lysed by adding 1.4 mg/ml lysozyme and incubating at 370 C for 5 min. 

An equal volume of Tris-acetate buffer-saturated phabol containing 

0.1% 8-hydroxyquinoline was added and the suspension agitated for 10 min 

--,-
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by gentie shaking by hand. The aqueous phase was re-extracted with 

an equai volume of phenol followed by an equal volume of ether. The 

RNA was precipitated ~ adding 0.1 volume 20% potassium acetate, pH 

S.5, and 2.5 vOlumes~olutelethanol to the preparation, and stored 

at -20 0 C. The specifie activity of this RNA was approximately 7500 

cpm/~g, assuming 1.0.D'260 ~ 40 ~g RNA (Avadhani and Buetow, 1972). 

4. Electrophoresis of RNA 

a. Preparation of gels and RNA samples 

The me thod used to prepare agarose-acrylamide gels ls based 

on procedures developed by Loening (1969) and Peacoc.k and Din~n (19'68). 

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 

'" buffer (0.036 M Tris, pH 7.8, 0.03 M Na2H2P04, 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 a:-lso 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 th~ above order in a smal! Erlenmeyer flask. The flask was warmed 

-, ----_.-.-~ -.--
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in a 54° C water bath and an equal volume df 1% agarose (54° C) was 

added. Finally, 0.1 volume 10% ammonium persulfate was added to the 

solution which was then gentl~ swirled and rapidly dispensed into t.he 

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 cUl'Ved surface formed at the gel-air interface could be cut off. 

the opposite enn which had been in contact with the parafilm provided a 

smooth, fIat loading surface. A small square of cotton gauze was 

appl'ied to the bot tom of each tube to preven t the gel from s lipping out. 

Gels were pre-run for approxtmately 40 min at 4° C ia electrophores1s 
.01 

buffer at 5 mA/gel. 

The RNA preparation was centrifuged 5 min at 4° C at 2900 rpm 

in an IEC Model CL centrifuge using a 221 rotor and washed once with 

cold absolute ethanol. The pellet was allowed to dry and was resuspended 

in 0.2 ml cold electrophoresis buffer containing 20% glycerol. Insoluble 

polysaccharide (chrysolaminarin) was removed by centrifugation for 5 min 

at 2900 rpm. An aliquot of the supernatant was analyzed in a Beckman 

DB-GT spectrophotometer: O.D'Z60/o.noZ80 ratios were routinely found to 

be 2.00. Approximately 10 to 12 ~g,RNA in 50 vI of buffer was loaded 

on each gel. 

b. Electrophoresis and analysis of gels 

Electrophoresis was carried out for 3 hr at 4° C at 5 mA/gel. 

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

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

----
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After electrophoresis the gels \Vere removed from the tubes 

and soaked in distilled \Vater for at least 30 min. They \Vere ~l:llen 

scanned at 260 nm in a Gilford Model 240 spectrophotometer equipped 

with a 2410-5 Itnear transport attachment and 0.2\mm X 2.36 mm 

aperture plate using a chart speed of lin/min. 

For determination of radioactivity the gels \Vere fractlonated 

into 1 mm sections using a Gilson gel fractionator. The minced gels 

were collected in plastic vials and a110wed ta dry. Protosol (0.3 ml) 

and 6 ml toluene containing 4 g/l Omnifluor were added ta each 

fraction, the vials were maintained at room temperature overnight, and 

the radioactivity was measured in an Intertechnique ABAC 5L40 liquid 

scintillation counter. 

c. Analys is of polyacrylamide gel electropherograms 

Relative proportions of RNA species represented by ~aks in 

the electrophoretic profiles \Vere 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 

the peaks extrapolated to the base line using a straight edge. Sorne 

variability in the background absorbance of sels persisted within and 

between experiments as shown in Figure 1. Therefore the base line was 

usually determined by connecting the troughs bet\Veen the major peaks in 

the tracing. Individual peaks were then eut out and weighed. Since 

the heavy cytoplasmie RNA peak often ran off-seale, values for amounts 

of RNA were normalized with respect to the light cytoplasmie rRNA species. 
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Figure 1. Variability in background absorbance of agarose-

acrylautide gel;. Sample buffer (50 ~l) was applied to gels 

and subjected ta electropharesis for 3 hr. A, Band C 

represent three such gels. 

() 

f" 

--'-------.. -----~ .. - *'" - .- .......-.-, ............. - ___ .... _____ ...... ,_.~_.,..-_II-____ """'..., ..... ----~ .. -.-. ::".,.:-. ,:,,", .-:~'~ .. , .. 

f 

1 
1 
, 
Î 
1 

j 

1 
l , 

î 
t· 



( 

10 

• 

~ 
E co 
0 ., 
N OS 

• 
3 c: • e 
0 • 

1 
.0 • 

! 

1 

! 

1 

\ 
1 
1 

1 
1 

0 

,1 
",' .. 
1 () , r 

" , 
r~' ~ 

" .. 
, , 

;. 

,-~--- ,- -"-

A 

, 

. 
-

~-
2 

/\ 
8 

-

B 

-1'-

2 

D.stanc. 

--,--

"~--.-----.------~-------~---------------------

98 

C 

A....J ~A -
5 8 2 8 

mlgraled ln cm 

! 
1 
1 

J 

! 
l 
j 

l 
1 

'. 



'1'1 

: . 
() 

, "._~~,._~--, 

-- ---~. - -- ~ -~--,-""- ~.......--..-

,-----_ .. _---------" .. ~ 

r , 

... 
Thus, amounts -of organelle rRNA were expressed as a ratio of the 

organelle RNA peak to the amount Qf light cytoplasmic rRNA. 

d. Statistical analysis 
• 

The ratioyobtained by analysis of the electrophoretic 

\ 
profiles of RNA aamples from control and treated cella werè transformed 

to arcs in values (Sokal and RohIf, 1969) and the data subjected to 

statistical analysis. The results from the experiment involving 

D-threo and L-threo c?,loramphenicol were subjected to·a Student's 
1 

t-test. The results from the experiment !n'Volving ethidium bromide 

.".. 
and spectino~ycin were subjected to single classification ana1ysis df 

variance after confirming homogeneity of variance by Bartlett'g t~st 

(Snedecor, 1956). Dunnett's procedure (Steel and Torrie, 1960) W8S 

employed . to determine levels of confidence between controls 'and 

experimentals. 

C. Ultrastructural Studies 

1. Electron microscopy 

Light-grown and greening cella were treated with 100 ~g/ml 

spectinomycin and/or 1 ~g/m1 ethidium bromide for 24 hr. Cells were 

then' collected in an IEC clinica1 centrifuge st 2900 rpm for 3 min and 

each sample wes processed for electron microscopy at room tempera~re 

by two different methods. The. first method was a standard fixation of 

30 min in 2.5% glutara1dehyde in phosphate buffer (0.1 M sodium 

phosphate, pH 7.2) followed by a rinse :ln phosphate buffer and 60 min 

post-fixation in 1% osmium. tetroxide in phosphate buffer. The second 

,. 

......... , 

1 

1 
~ 
t 

... , 



, 
1 

.' -1 
f 

1 

, - ,~ 

• l,.t'. () 

'1: 

~ .,! " 

·, .,. _ ~.~r;' ,.I:."_~_"'I'II\l:jj""';'_'_"')"""_'''''_'''''''''i''''''JI"",,,gftJI_ ... /o ... u._.ft; .... ____ .~_ ,~_ . 

100 

'method ln~olved suspending cella in a solution containing both 

gl~taraldehyde and osmium tetroxide, a technique Falk (1969) employed 

to denJ<lnstrate 'rough' thylakoids in chloroplasts of Phaseolus vulgaris. 

Cells were 'co ... fixed' for 30 min in freshly mixed 2% glutaraldehyde and 

2% osmium' tetrox:l.de in 0.05 M phosphate ~uffeT, pH 7.2. After washing 

in phosphate buffer the cells were post ... fix'ed in 1% osmium tetroxide 

in phosphate buffer for 60 min. 

Samples prepared by both fixations were dehydrated through an 

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

Sectipns were cut on a Porter-Blum Mt-2 ultramdcrotome, stained for 10 

min with lead citrate (Re~olds, 1963), and examined in,a Philips EM 

200 electron microscope. 

Ch10rophyl! ~ was extracted in SO~ acetone, measured at 663 mu 

with a Beckman DB-G spectrophotometer and the amount per cel! caloulated 

aeeording to the method described by Gibbs (1962). 

2. Quantitative ana11sés 

a. Ribosome counts 

Chloroplast and udtochondria1 ribosomes weré cotmted on 

electron micrographs of co-fixed cells printed at a tntal magnification 

of 73,000 X. 2 
A square window representing 1/16 lJm in area was placed at 

random.over the u organel1e and the number of electron dense particles of' 

ribosome size counted. Sinee membranes usually occup~ed some fraction 

of the eounting field, the values obtained by this method Tepresent 

ribosomes/total chloroplast area rather than ribosomes/area chloroplast 

~ .. ~_~_~, __ .~ __ .~_11~~ .... ,:--._. -";-~ > .,.. ... ,.,.-, ___ ..... - ____ .~-:-;';"r"~--r.p'_II'\". _, ... >~.~ , • ___ ......... _. ____ ~. ____ ~,. ___ ___....._. ____ , ____ _ 
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matrix-. Each value for ribosom~s/unit organelle area given in Tables 

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

25 chloroplasts or approxi~tely 100 counts from at least 75 mitochondria. 

The data was subjected ta a statistical analysis and levels of confidence 

were determined by a Student's t-test. 

b. ChloToplast volume 

The percent volume of the cell occupied by the chloToplast 

under control and experirnental conditions was determined from the 

fractional area occupied by the chloroplast in approximately 100 

sections through as rnany cells selected at random from each sample. 

Chloroplast and ce Il areas were rneasured with a compensating polar 

planimeter (Geotec 349-1838) on micrographs prinled at a final 

magnificat10n of 25,900 x. 

The percent chloroplast volume was then converted ta absolute 

) 
chloroplast volume by multiplying by the mean celi volume of the 

\ population . Cell volumes were measured with a Madel ZB! 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 Omnifluor were secured 
~ 

f 
( 

~ from New Eng1and,Nuclear, Boston, Mass.. Sarkosyl NL 91 was a g1ft 
~ 

1 
from Geigy Limited, Toronto, Ontario. Agarose was obtained frorn 

f 
1: . ~ 

Seakem, Rock1and, Maine: agarose obtained from Sigma Chemica! Co., 

St. Louis, Mo. was unsuitable for electrophoresis. Sil ic1ad was 

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

~ , ammonium persulfate and TEMED were supplied by Biora~ Laboratories, 
t • a Richmond, Calff., The electrophoresis apparatus includ1ng the vertical 

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

the E-C Apparatus Corporation, St. Petersburg, Florida. ;, 
',' 

Bentonite was obtained frorn Fisher Scientific Co., Fair Lawn, 

N.J .. Diethylpyrocarbonate was purchased from Aldrich Chemical Co., 

Milwaukee, Wis., and sodium thioglyco1ate from Sigma Chemical Co., 
, 
t 
'r 

r. 
St. Louis, Mo •• 

Glutaraldehyde was obtained from Ladd Research Industries, 

Burlington, Vermont, and osmium tetroxide was purchased from BDH Chemicals, 

Toronto, Ontario. 

• !a 
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RESULTS 
K 

A. Ribosomal RNA in Ochromonas danica 

1. Isolation of intact RNA 

Cells of Ochromonas were harvested by centrifugation and 

extracted with an emu1sion 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 

(0-4 0 C). The RNA was redissolved in electrophoresis buffer and 

separated on agarose-acrylamide gels. A representative electrophoretic 

profile of RNA from light-grown cells appears in Figure 2. Five peaks 

of rRNA (designated~, ~, s., È. and ~) as well as another peak con taining 

4S transfer RNA and 5S 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. 

The isolation of intact plant rRNAs, particularly the heavy 

chloroplast rRNA species,' is dHficult due to their extreme susceptibility 

to nucleases. The extent of RNA degradation was so great in earlier 

etudies that the absence of heavy chloroplast rRNA was report~d in severa! 

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 isolate rRNA from Ochrompnas indicated the potential existence 
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Figure 2. Representative electrophoretic profile of nucleic 

acids extracted from light-grown cells of Ochromonas daniea 

at 0-4 0 c. Samples containing 10-12 ~g RNA were app1ied to 

O. S% agarose - 2.4% aerylamide gels and electrophoresis was 

for 3 br at 0-4 0 c . Five peaks of higb mo1ecular weight . , 
rRNA (designated ~. ~. ~ • ..!!. and ~ are resolved. The 

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

the far right of the electropherogram. 
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of RNA degrading enzymes in this organisme The extraction method 

eventually developed, however, does not require the inclusion of 

inhibitors of ribonuclease activity. This was demonstrated by 

testing the effects of several ribonuclease inhibitors on Ochromonas 

rRNA. The inhibitors each prevent ribonuclease activity by a 

different mechanism. Bentonite is a montmorillite clay, 

Al203 .4Si02.H20, which adsorbs metal ions and basic proteins such as 

ribonuclease (Singer and Fraenkel-Conrat, 1961). Figure 3A shows 

that the presence of 50 ~g/ml bentonite during extraction does not 

alter the electrophoretic profile of Ochromonas rRNA. 

Diethylpyrocarbonate (DEP) inactiv~tes nucleases by ~ ability to 
, .. 

irreversibly denature protei~ (Rosen and Fecorcsâk, 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 in Figure 3B, 

however, the electrophoretic pattern of rRNA isolated in the presence 

of DEP is the sa~ as in Figure 2. Sodium thioglycolate, a reducing 

agent, inactiva tes ribonuclease by disrupting disulfide bridges in the 

native enzyme. Figure 3C-shows that, even at 30 mg/ml, sodiQm 

thioglycolate does n~ alter the electrophoretic pattern of Ochromonas 
\ 

rRNA. 

the possibility of endogenQus ribonuclease act"ivity during the 

initial stages of extraction was also examdned by another method. Cells 

were first lyophyllized ~~RNA was isolated from the dry residue. This 

precaution reduces the susceptibll~ty of RNA te enzymatic attack sinee 
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Figure 3. Effects of several RNase fnhibitors on Ochromonas 

rRNA. Isolation of nucleic acids was carried out as described 

in Materials and Methods except that the inhibitor of RNase .,. 
activity was ::Included in the extraction buffer: A~ 50 lIg/ml 

,bentonite; B, DEP; Ct 30 mg/ml sodium thioglycolate. 
~ 

Background absorbance in these gels has not been completely 

removed. 
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'1 

the aqueous environment of rlbonuclease 18 rapidly removed. No 
" 

difference in the electrophoretic profile of Ochromonas RNA extracted 

from lyophyllized and intact cells is observed (data not shown) • 
., 

Thus variations in the extraction procedure such as addition of 

ribonuclease inhibitors ta the isolation medium and lyophyllization of 

the cells faHed to reduce the ntmlber of high molecular t.'eight RNA 

species in the resulting extra ct when characterized on gels. These 

observations suggest that such efforts are not required to obtain 

undegraded rRNA from Ochromonas under the stated conditions. 

Some experiments were therefore conducted ta determine which 

parameters of the extraction method are critical to the isolation of 

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

When RNA iB extracted at room temperature (20-22 0 C) and electrophoresed 

in the cold. the resulting profile indicates the presence of deg~aded 

rRNA: peak ~ ia reduced with the concomitant appearance of a new 

component migrating between peaks ~ and E., as well as smaller fragmenta 

migratlng slightly faster than the RNA species associated wi,th peak !. 

(Figure 4A). A stmi!ar pattern results when RNA is e~tracted at room 

temperature in the presence of 25 mM magnesium chloride, except that the 

smaller fragments are not observed (Figure 4B). When RNA extracted in 

the cold ia electrophoresed at room temperature, a characterlstically 
• 

different pattern ia observed. Figure 5 shows that no discrete 

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

heterogeneous in size are indicated by the appearan~e of broad shoulders 
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Figure 4. Isolation of Ochromonas rRNA at room temperature 

in A, extraction buffer çontaining 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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assoc1ated with peaks ~ and ~. Tb~ ~kNA species represented by peak ~ 

is thus 1e88 stable than the remaining spécies sinee the relative amounts 

of peaks ,!., s., ~, and probably also ~ appear unaltered when the rRNA 1s 

~xtracted or electrophoresed at room temperature. 

Efficiency of extraction wes tested by two methods. 

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

added to light and dark-grown cells of Ochromonas and the amount of 

radioactivity in each sample com~ared before and after extraction of 

RNA. The data presented in Table H shows that over 75% of the counts 

are recovered. That significant ilmounts of RNA are not 10st during the 

isolation procedure by entrapment in the th1ck interface usually formed 

in the first phenol extraction ws 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 rRNÂ. Considering that 100% 

" 
recovery of RNA cao never be achieved~by sequential phenol extraction 

(a fraction of the aqueous phase 1e inevitably lost at each successive 

extraction), these observationa indicate an efficient extraction 

procedure we8 used to isolate Ochromonas RNA. 

Â factor which influences the efficiency of extraction i8 the 

order in which the detergent-buffer and phenol-chloroform are added to 

the cells. In preliminary exper1ments cells were euepended firet in 

detergent-buffer and then phenol-chloroform was added to the lysate. 
, 

When the aqueous and organic solutions are added simultaneously, however, 

." 

1 

1. 
\ 
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Table II. EfficiEncy of Extraction of Ochrornonas RNA 

(3H)Uridine labelled RNA from sea urchin embryos was added ta light-

and dark-grown cells of Ochromona~ and the amount of radioactivity 

in eqch sample compared before and after extraction of RNA. 

Source of RNA 

Cel1 lysa te Final aqueous phase 

Light-grown cells 691 533 

Dark-grown ce Ils - 799 803 
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as in aIl studies reported here, the yield of nucleic acid from comparable 

numbers of cells is approximately 50% gr~ater. The electrophoretic 

profile of nucleic acid isolated by the former method is seen in Figure 6. 

A reproducible peak containing a high molecular weight fraction assumed 

to be DNA was observed in these preparations; in contrast, this peak is 

absent from sa~ples 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 this procedure. A 
/ 

preparation of nucleic acids from Ochromonas was incubated in 0.3 NaOH 

àt {Jo € for 21 hr. As can he seen in Figure 7, no high molecular 

weight material i5 present in the sample after this treatment. Since 

DNA, but not RNA, is alkal i-resistant, this observation indicates that 

the nucleic acid extracted from Ochromonas by this method is almost 

exclusivel y 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 thàt cytoplasmic ribosomes predomina te in the celle 

Therefore peaks ~ and ~ were assumed to contain the heavy and light 

cytoplasmic rRNA respectively, sinee 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 semple from 

\' 
1 

1 
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Figure 6. Effect of the sequential, rather than simultaneous, 

addition of extractants on the electrophoretic profile of the 

resulting nucleic acid preparation. Cells were first 

suspended in detergent-buffer and then phenol-chloroform was 

added to the lysate. 
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dark-grown cells (cf. Figure SA with Figure 2). Cells grown in the 

dark are characterized by a small proplastid which contains relatively 

few pla~tid ribosomes. During greening the number of chloroplast 

ribosomes pel" cell increases more than five fold, a much greater change 

than that occurring in the ribosome number in either mitochondria or 

the cytoplasm (Smith-Johannsen and Gibbs, 1972). This suggests that 

peaks ~ and ~ represent hèavy and 1ight chloroplast rRNA respectively. 
i 

Mitochondrial rRNA probably accounts for the remaining absorbance peaks 
-'J 

occurring in the high molecular weight reglon Qf the electrophoretic 
\ ~~-' 

profile of Ochromonas RNA. To~emonstrate the presence of mitochondria! 
;.~ 

,\ 

rRNA directly, however, cells wer~'treated with ethidium bromide whlch 

is known to interfere with mitochondrial ,l"RNA synthesis (Zylber et al., 
«< 

1969). RNA extracted from dark and light-grbwn ~ells exposed to l l1&/ml 

ethidium bromide for 20 hr and 24 hr respectively Is analyzed __ ,in Fi~ures 

8B and 9B. Peaks b and d are markedly reduced in samples from drug-

treated cells compared to contraIs (Figures BA and 9A). Also, a high 

proportion of organelle rRNA ls ethldium bromide-sensitlve in dark-grown 

cells, which contain almost twice as many mitochondrlal as plastid 

l ribosomes. These two lines of evldenée strongly suggest that wen 

Ochromonas RNA ls subjected to electrophoresls, the heavy and light 

chl:oroplast rRNAs migrate as peaks È. and ~ respectively, and the heavy 

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

1 Calcu1ated from data in Gibbs, 1968; and Smith-Johannsen and Gibbs, 
1972. 0 
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Figure 8. Effe'ct of ethidiuJIl bromide on rRNA in dark-g'rown 

cel1s of Ochromonas. A, control; B, RNA extracted from 

cella grOWl\ in the presence of 1 pg/ml ethid1um b'rom1de for 

20 hr. 
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bisa composite of heavy rRNA from both ,organelles. 

b. Sizes of 'rRNA species 

In order to establish the sizes of Ochromonas rRNA speeies, 

3 . 
( H)uridine labelled RNA from light-grown cells was co-electrophoresed 

14 with ( C)uracil labelled RNA from !. coli. The resulting absorbance 

and radioactivity distribution profiles are presented in Figure 10. 

!. coli 235 rRNA migrates faster than the algal heavy cytoplasme rRNA 

component and more slowly than the organelle heavy rRNA species. E. coli 

165 rRNA appears to he eoincident with Oehromonas light mitochondrial 

rRNA while the light chloroplast rRNA speices migra tes 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 mo1ecular weight and electrophoretic mobillty is 

1inear. The sizes of Oehromonas rRNA species were therefore ~etermined 

by p10tting either sedimentation constants or logarithms of moleeular 

~ welght agalnst the diS'tance migrated in t,he gel by the !. coli rRNA 

markers. The values for the absolute • mo1ecular weights of!. coli 238 

and 165 rRNA are 1.07 X 106 and 0.55 X 6 10 daltons respectively 

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

other values for plant rRNA components reported in the literature. 

3. Labllity of heavy chloroplast rRNA 

Ochromonas .h1gh molecular weight rRNA le resolved lnto five 
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Table III. Sizes of Ochromonas rRNAs 

(lu)Uridine labelled RNA' from light-grown ce1ls was co-electrophoresed 

14 • with ( C)uraci1 labelled RNA from E. coli. The sizes of Ochrotnonas 

rRNA were determ1ned by plotting either sedimentation constants or 

logarithms of molecular weight against the distanoe migrated in the 

gel by the!. coli rRNA markers., The values for the absolute mo1ecular 

weights of heavy and light E. coli rRNAS are 1.07 X 106 and 0.55 X 106 

daltons, respectively (Rodgers, 1974). 

Spec1es of rRNA Sedimenta tion Mo1ecular weight 
coefficient (daltons) 

Cytoplasmie heavy 245 1.1.8 X 106 

Cytoplasmie light 18S 0~66 X 106 

Chlorop1ast heavy 225 0.94 X 106 

Chlorop1ast light l5S . 0.50 X 106 

Hi toehondrial heavy 22S 0.94 X 106 

Mitochondrial light l6S 0..55 X 106 

' ..... 
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3 Figure 10. Co-electrophoresis of ( H)uridine label1ed RNA 

14 from light-grown cells of Ochromonas and ( C)uracil 

labelled RNA from!. coli. A, the ultraviolet absorbance 

and Bt radioactivity distribution profiles of one of two .. 
replicate gels are shown. Arrow8 indicate the absorbance 

peaks of heavy and light !. -S2.!:! rRNAs. 
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distinct peaks when it is subjected to gel electrophoresis, whereas 

ooly four rRNA species have been found in total RNA extraets of other green 

plant tissues. Sinee the 1ability of the heavy ehloroplast rRNA species 

is well documented (Whitfie1d, 1973), the possibility that the unique 

eleetrophoretic profile of Ochromonas RNA may be due to degradation had 

to be invest1gated. If one or more of the f ive rRNA speeies were the 

~roduet of incipient breakdown, then Bubjeeting the RNA to stress might 

augment peak(s) containing the degraded fragment(s). Experimenta were 

conducted to determine the pattern of RNA breakdown indU~d by heat. 

The electrophoretic profile of RNA from 1ight-grown cella iocubated at 

37 0 C for 10 min and rapidly coo1ed is shawn in Figure lIB. Peak b is 

reduced eompared to the control kept on iee (Figure 1lA) and two new 

peaka representing RNA smaller than l5S are .observed. A slight increase 

io absorbanee in the region of mftoehondrial l6S rRNA is also detected, 

whereas no change is apparent in the amount of light chloroplast rRNA 

species. The magnitude of the deerease in the size of peak ~ was 

measured and is 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 speeies assaciated 

with peak ~. Incubation of Ochromonas RNA at 54 0 C (Figure l2A) , however, 

does not result in a further decrease in peak~ indicating the presence 

of a heat-stable 22$ component. RNA from dark-grown cells which con ta in 

relatively little chloroplast rRNA was also exposed to 37° C for la min. 

10 the electrophoretic profile shown in Figure l3B. there is 001y a slight 
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10ss of absorbance in peak ~, compared to the control in Figure 13A. 

These observations suggest that the heat-labile component in peak ~ i8 

the heavy chlorop1ast rRNA mo1ecule and that the heat-resistant rRNA i8 

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 degradation. 

Leaver (1973) hRs 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 

magnesiurn. Little or no breakdown occurs at 37° C when 10 mM 

magnesiurn i8 added ta the RNA sample (Figure IlC). At 54° C, however, 

10 mM magnesium is only partially effective (Figure 12B). The RNA 

mole cules migrating slight1y ahead of the 22S species probab1y represent 

an intermediate stage in the conversion of the heavy chloroplast rRNA 

into the characteristic low molecuJ aI' weight products. When the 

concentration of magnesium is increased to 20 mM, protection of the RNA 

even at 54 0 C appears to be restared (Figure IlC). Unfortunately the 

presence of bigh levels of magnesium also results in poorer resolution 

during electrophoresis. The question arose whether the protective 

effect displayed by magn~sium i9 due to stabilization of RNA during heat 

stress or to reassociation of the broken molecules When coo1ed. S:f.milar 

amounts of Ochromona9 RNA were incubated ~t 37° C for 5 min in the 
.' , 

absence of magnesium, and then magnesium WaS added to 10 or 20 mM. The 

~~.,- .::::::;.,~---~'~.-r- -- -~._-, -,-'-~-
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Figure Il. Effect of magnesium on the stability of rRNAs. 

Total RNA was extracted from light-grown cells of Ochromonss 

and replicate samples were A. kept on tce; B, incubsted st 

37 0 C for 10 min; or C, incubated st 37 0 C for 10 min in 

the presence of 10 mM magnesium chloride. 
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Figure 12. Effect of magnesium on the stab ility of rRNAs"i' 

Equal amounts of RNA from light-grown cells were heated at 

54° C for 10 min A, in the absence of magne sium and B, in 

the presence of 10 mM magnestum 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. Thermolabi1ity of rRNA from dark-grown cells. 

A, control, kept on iee; B, ineubated at 37 0 C for 10 min. 

Arrows indics te posi tions of breakdown produets. 
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samples were al10wed to stand at either room temperature or on tce for 

10 min prior to elcctrophoresis. No protective effect was observed 

and aIl samples were equally degraded (data not shawn). 

The breakdown of the heavy chloroplast rRNA caused by heating 

may be explained by the presence of one or more non-covalent associations 

between ribonucleotide chains which are then liberated under conditions 
, 

interfering with hydrogen bonding. Alternatively, a heat-activated, 

magnesium-ilÙlibited ribonuclease may persist in these preparations of 

Ofhromonas RNA. To test the possibility of residual ribonuclease 

14 activity, ( C}urac;i.l-labelled RNA from!. coli was mixed with un1abelled 

Ochromonas RNA from light-grown cells at ratios of 1:1, 1:2, and 1:3 and 

incubated at 37° C fot 5 min. The control shown in Figure 14A illustrates 

the stabi1ity of~. coli RNA at 37° C. Addition of an equal amount of 

Ochromonas RNA t;, the incubation mixture ooes not alter the el€ctrophoret;l.c 

profile of the!. coli RNA (Figure 14B). The samp1es containing 1arger 

amounts of Ochromonas RNA also revealed no evidence of degradation of 

!. coli RNA. These results suggest that the 81gal RNA preparations 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 Ochrdmonas (Gibbs, 196B) 'and higher plants 

(lngle et al., 1970) have demonstrated that l1ght stimulates the synthesis 

of chloroplast rRNA ln greening tissues. The use of radioisotopes 

provides a sensitive technique for measuring the rates of synthesis of 

macromolecular components such as nuc1eic acid. Therefore; preliminary 
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Figure 14. Stability of E. coli RNA in the presence of lWA 

14 
from Ochromonas. (C)Uracil labelled RNA from !. ~ was 

incubated at tHo C for 5 min. A, a10ne and B, with an equal 

amount of unlabelled Ochromonas RNA. 
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experimentB were performed to determine the appropriate labe11ing 

conditions for Ocnromonas. It was found that cells Incubated in the • 
presence of 20 ~Ci/m1 (3H)uridine incorpora te radioactivity at a 

linear rate for at least 6 hours in the light. The RNA extracted from 

dark-grown and greening cel1s 1abell'ed for 6 hours with 20 \.ICi/ml 

3 
( R)uridine was analyzed on two separate gels, each of which was a1so 

,fractionated to permit determination of the distribution of radioactivity. 

The light ch1oroplast and mitochondrial rRNAs were not resolved in the 

radioactivity profiles (data not shown). Furthermore, because of the 

relatively small amounts of the l1ght chloroplast and mitochondrial 

rRNAs, these spe~ies were not included in specifie activity caléulations. 

Therefore, peak ~ alone was used as à measure of organelle rRNAs. The 

specifie actiyities of the cytoplasmic and organelle rRNAs from the 

dark-grown cells were approximately 1250 cpm/\Jg rRNA and 330 cpm/\Jg rRNA 

respecttvely. In contrast, the specifie activity of the organelle 

rRNAs from the illuminated cells was more than 40-fold higher, ~ile 

that of the cytop1asmic rRNA species wes about JO-fold higher. The 
\ 

amounts of radioactivity associated with the cytop1asmic and organelle 

rRNAs was rovg~ly proportional to the relative amounts of these raNA 

species in bath dark-grown and greening cells. 
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B. Antibiotic Studies 

1. Chloramphenicol 

In a previous ultrastructural study, 1 showed that the 

1 
antibiotic D-threo chloramph~nicol 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 the 10ss of certain cellular components. Therefore, 

a biochemical analysis of the effects of chloramphenicol on chloroplast 
" 

rRNA synthesis was made to confirm the ultrastructural observations. 

The effect of D-threo chloramphenicol and its isomer. L-threo 

chloramphenicol, on the growth rate of greening cells is seen in Figure 

lS. In the presence of 300 ~g/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 is a graduaI decline 

in the growth rate until 24 hr When little further cell division takes 

place. On the other hand, D-threo chloramphenicol causes an abrupt 

cessation of growth of greening cells after 12 hr. Since inhibition of 

cell division may in turn affect ~A metabolism, the control and 

chloramphenicol-treated cells were harvested for RNA extraction after 

ooly 12 hr light. Electrophoretic profiles of the RNA from control cells 

showed that the amount of the light chlo~oplast rRNA 8pecies (peak ~) 

with respect to the light cytoplasmic rRNA species (peak~) 18 not 
,# 

significantly greater 10 the 12 hr greening cells than in dark-grown cells. 

Thus, at this early stage ln greening, 80 little dhloroplast rRNA has { 

1 

1 
! 
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Figure 15. Effect of D-threo and of L-threo chloramphenicol 

on the division rate of greening'cells of Ochromonas. Each 

inhibitor was added at a concentration of 300 ~g/ml to dark-

grown cells just prior to illtlmination. Each point 18 an 

avera~e of duplicate counts from an individual culture. 

Control cells, 0 - 0; cells treated with D-threo chloramphenicol, 

• -.; cells treated"~ L-thre~ chloramphenicol, • - •• 
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r 

accumulated that the quantitation of the increase in the amount of these 

rRNA species in 12 hr greening cells lies within experimental error of 
1 

1 

me8sutemen t • 

lt was decided to extend the period of illumination and 

inhibitor treatment, déspite the retardation of growth of cells exposed 

to either chloramphenicol 1somer after 12 hr. By 24 hr greening, the 

ratio of chloroplast rRNA to cytoplasmic rRNA in control 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 ~ and~, containing the 

heavy and light chloroplast rRNA spec1es respectively, are considerably 

reduced in the electrophoretic profile of RNA from cells treated with 

D-threo chloramphenicol. In contrast, the relative amounts of the 

different rRNA species in the extract from L-threo chloramphenicol-treated 

cel1s are similar to thos~ in th~ control, These results are presented 

quantitatively in Table IV whiCh shows that, in the presence of 

D-th~eo chloramphenic91~ the decrease in the amount of rRNA in peak ~ 

which is comprised eXclusively of the light chloroplnst rRNA spec1es i8 

about 70%. A reduction in th~ amount of. the light mitochondrial rRNA 
; . 

apecies (peak~) in the presence of the D-~ isomer wes a1so measured, 

but this 1a not.statistically significant. Statistical analysis of the 

amounta of the varidu~ rRNA species in the L-threo chlorampheniéol-treated 

cells confirmed the observation that, despite the inhibitory effect of 

this isomer on cell·division aft~r 24 hr, L-~ chloram~henicol doee 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 

Och ramonas. Total RNA was extracted from A, control cells; 

B, cells exposed to 300 ~g/m1 L-threo chloramphenicol; and 

C, cella exposed to 300 ~g/ml D-threo chlor~pbenicol • . 
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Table IV. 

.... 

Effect of L-threo and D-threo Chloramphenico1 (CAP) on the 

Accumulation of Organelle rRNAs Durfng Greening • 
... 

Ratiqt of peaks b, d and e respectively to peak c were calculated frOID the - - - -
values for the atea under each peak. These values were determined gravimetrically. 

o 

~eatment ' Humber of Number of Average ratio ta peak ~ ± s.e.m. ~fference from Control (%) 
aNA 

extracts 

24 hr: cont1:o1 

300 :P8/ml L-threo CAP 

, 300 'P8/ml D-threo .CAP 

,** p > .01 

.*~ P. '",- .001 

-i' 

4 

l 

1 

~..,ààadp..Ii::JIi'I:.t:'ê.;-n1f«i1ilSiirlli.rcl~"?· sr ... ).'t~*u .. _.~~~"A_!~# fI 

electro- b d pherograms 
-- ---- ------~- -- --------

12 .283t.OOOl .04i±.OOOl 

4 .277±.OOOl .OSlt.0002 
A 

4 .162*.0008 .019±.0001 

.-.---~ 

e b -

.10st.OOOl 

.101*.0001 -2.1 

.030+.0001 -42.8** 

d 

+6.2 

-39.6 

e 

-3.8 

-71.4*** 
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prevent the light-induced increase 1n th~ amaunt of chloroplast rRNA. 

Since the cell's treated with D-~ chloramphen1col have 

1 ceased to divide before 24 hr, l cannot be certain that the observed 

reduction in the amount of chloroplast rRNA is due to the direct action 

of the antibiotic on protein synthes1s on chloroplast' ribosomes. 
~ , 

Therefore, another specifie inhibitor of protein synthe sis on 70S 

ribosomes, spectinomyc1n, which at 100 pg/ml allows continued growth of 

Ochromonas during at least 24 hr, was used to obtaio more conclusive 

reaults. 

2. Spectinomycin and ethidium bromide 

The effects of spectinomycin (100 pg/ml) on greening and light-

grown cells of Ochromonas was investigated. In these experiments, 

ethidium bromide (1 pg/ml) was used in conjunction with spectinomyain in 

-" order to distinguish between mitochondrial and chlaroplast rRNAs. The 
\ 

effects of ethidium bromide on organelle ultrastructure and chlorophyll 

synthesis were al§o examined. Chloroplasts from several species of 

algae and highèr plants contain highly twisted circular DNA CManning et al. , 

lOthet' pbservationa indicate th~t although it inhibits growth, D ... threo ~ 
chloramphenicol does not kill the cells. Ochromonas ia a flagellated 
organism, and cells grown in the presence of D-threo chloramphenicol 
are still motlle at 24 hr and even after 7 days when examined by light 
microscopy. AlBO, 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 1ag periode 
Whether aIl or only a fraction'of the cells ~egain'the capa city to 
divide 1a not kno~, but since cells remaining for the same period of 
time in the original culture containing ch10ramphenicol are still 
mot11~, it is likely that most of the subcul~ured ~~lls eventually 
divide agsine ~ 
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1971; Kolodner and Tewari, 1972a), and ethidium bromide binds 

preferentially to supercoiled circular DNA (Rad1off ~ al., 1967). In 

Chlamydomonas, the dye induces the loss of most, but not a11, of the 

ch10roplast DNA (Flechtner and Sager, 1973). Therefore, a1though the 

resu1ta of ôther experiments included in the present study (see Results 

Part A) show that in Ochromonas chloToplast rRNA i8 not affected by 

ethidium bromide, it was anticipated that ethidium bromide might have 

other effects on the chloroplast. 

a. Ce Il division 

The effects of spectinomycin, ethidium bromide, and 

spectinomycin plus ethidium bromide on celI division of Ochromonas 

dur:l.ng greening are shown in Figure 17. The growth rate of cel1s 

exposed to spectinomycin is slightly less than the control rate and 

" ~ 
usually remains constant for 48 hr; however, in sorne experiments the 

rate of division of spectinomycin-treated,ce1ls declined after 24 hr in 

the light. Cells treated with ethidium bromide grow normally for a1most 

24 'hr, after which time the rate of cell division decreases. Wh en 

spectinomycin and ethidium bromide are pres~nt in the culture medium 

simultaneously, ce1ls divide at a rate similar to that of ce1ls treated 

with spectinoinycin alone during the tirst 24 hr, but then cell division 

slows down to a rate equivâlent to that of the culture containing on1y 

ethidium bromide. 

• The growth curves of light-grown cella e;xposed to spe-ctinomycin,' 

ethidium bromide and spectinomycin plus ethidium bromide are seen in 
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Figure 17. Effect of sp'ectinomycin and/or ethidium bromide on 

the increase in cel1 number in cultures of greening Ochro~onas. 

Spectinomycin (100 pg/m1) and/or ethidium bromide (1 ~g/m1) 

were added just prior to illumination. 'Eac:R point is an. 

average of dup1icate counts from an indirldual culture. Control 

cells. 0 -0; ce11s treated with spectinomycin~.- .; cella 

treated with ethidium bromide, • - e; cel1s treated with both 

lnhibitors simu'ltaneous1y, ~ - Â • ' 
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Figure 18. Effect ~f spectinomyc1n (100 ~g/ml) and/or 

ethidium bromide (1 pg/ml) an division rate of light-grown 
," 

cells of Ochromonas. Each point i8 an average of ~uplicate 

counts fram a single culture. Control cells, 0 - or 
apectinomyc1n-treated cells, • - .; ethidium bl'omide-

treated cella, • -.; cells exposed ta bath inhibitars 

simultaneously, ... - .... 
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Figure 18. In conirast vith ~he siightly depressed rate of growth of 
, ..... 

cells treated vith spectinomycin during greening, the rate of cell 

division in light-grown cultures conta1n:lng this 1nhibitor fa the 

aame as that of the control culture during the first 24 hr of treatment. 

After this Ume, the rate of cell division in Iight-grown cultures 

exposed to spectinomycin decreases. In the presenc.e of e thid1um 

bromide, light-grown c.ells grow at normal rates until 24 hr when the 

rate of 1ncrease in population density begins to decline. Thus, the 

effect of eth1dium bromide on the growth of light-grown cells 1s 

similar to that on greening cells. Light-grown cells treated with 

spect~omycin and ethidium bro~ide simultaneously grow at rates 

comparable to that of cells exposed to e1ther inhib1tor separately; 

growth is norma1 dudng the first 24 hr and then the rate of cell 

division de cline s. 

b. Chlorophyll 

The effects of spectinomycin and ethidium bromide on tHe 

amount of chlorophyll per cell are presented in Table V. In the 

greening system, cells treated with spectinomycin contain approximately 

, f .40% less chlorophyli thaD' controls or cells' treated.with ~thidi~ 

bromide. For cells grown iIl continuous light, the results àre quite 

d1fferent. Spectinomycin does not' affect the amount of chiorophyll per 
, " 

cell. but there 18 20% 'les,. chlorophyll ~ cellS, grà~ in the presence 

of ethidlum ~romide alone.~the chlorophyll content of cultures 

cODtaining both spect1nomycin and ethidium bromide. however, is· the same 

&s that of tbe controL 
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'~ , 
Effe~t of Sp~ctinomycin (Spec) and Ethidium Bromide (ER) Table V. 

" 

• 'ri 

, . 

on the Amount of Chlorophyll per Cell. 
o. ' 

Chlorophyll ~'was ~xtracted in 80% acetone and measured at 663 Dm. 
, 

The amount of chloro~byll per cell was calculated àccording to the 

method described by Gibbs (1962). 

Physiologieal 
cpndit;l.on Treatme'nt Chlorophyll per cel1 (mg x 10-1°) 

Expe ri1!len t 

1 2* 3** 
) ) ....... ., c 

Greeii"ng 24 hr control 4.40 

100 loIg/ml spec 2.60 

1 pg/ml En 4.61 

'" ~B +,.spee 3 .. 1~ 

"1 
Continuous 24 ,hr control' 9.57' 

.Ught , 

100 us/ml spec' . à.42 

1 l'g/~ EB 7.35 

n. , ,EB .+ sOpec ~.57 

• 'le 'Alfe,ras,:!, of dup1i,çate samples', 
- ~ • ~. t • ** Average p~ triplicate samples 
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4.5 

-) .3 

3.7' 

~.9 

" . 

~ 

5.33 

3.04 

5.33 
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'9.91 

9.66 

. ?~ 78 

10.13 

Average 

~ 
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1 

c. Organelle rRNAs 

The electrophoretic profiles of RNA extracted from greening 

cells treated vith spectinomycl~ for the first 24 hr of 11ght and 

fram control greening cel~8 are presente~ in Figu~e 19. The amounts 

of rRNA in peaks ~ and ~,are selectively reduced with respect to peaks 

~ and ~ in the extract from the spectinomycin-treated cells, whereas 

the amount of rRNA in peak d re~ins approximât~ly tbe same. Since 
, 

peaks ~ and ~ contain the heavy'and 1ight ch1oroplast rRNA species 

respectively, these results in~cate that spectinomycin impedes the 

normal 1 igh t ~nduce d increase' of chloroplas t rRNA during green ing. 

Since peak d corresponds to the light mitochondrial rRNA species, , 

these observations also suggest that spectinomycin does not affect the 
~ 

amQunt ~f mitochondri~l rRNA and that the effect of this inhibitor on> 

the accumulation of the ch1oroplast rRNA species 1s speqific. In 

Figure 20 ~he electrophoret1c profiles of RNA from cells treated with 

ethidium bromide alone apd with both ethidium bromide and sp~ctinomycin 

are compa~ed. ' Since etHid1um bromide treatment elim1nates essentia11y 
o 

a11 the': m1tochondrid rRNA, the effect of s'pectinotnycin on the amount of 
• c , 

chloropl~st rRNA c~n'~e more r~adlly ass~sàe~. To qua~tify the effect 

of 8pècti~omycin,on the àcçumulation of chloroplast rRNA i~ greening 

cella.' approkimately tenoelectropherograms of RNA from controls and from , .r , 

-, 

1 .. " • \ 

ce1la,treated with spectincimycin, ethidium bromide and ethidium bromide 
...,. 
plus spe~tinomycin were quant1~atively ànalyzed~ , The resu1te are' 

v ' 

pres~nted in Table VI wh1ch shows that in the presence Qf spèctinomycin, 
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Pigure 19. Effect of spectinomycin on the 8JIlount of ch1oroP1ast 

rRNA. 
,. 

Total BNA 1ms e'xtracted tram A, control greening ce1l:s 

f1lumitlated for 24 hr; and ~~om D, greening ,cella expoaéd to . , 
100 pg/m1- spect:Î.nomyc1n fot' '24 hr • 

'. 

, , 

r 

" 
'" 

" 

... -' 

" 

, ' 
>~ 

........ 

.. 

'" 

.­
• :" ~. ~1 '* 

. . ~ 

'I!/! 

.'. : , ,."J,I 

t ~\ ' ... ,~ ~ r· .. ~'I/' • , .J • 
.". ,, __ .:.' .l~, .~. '. ~; , , ••••••. 1 •• 

. ,/\.' 
,1. 
~ ~ " - ..... 

" ' 

, ' - .... ~~~-.-.--~ --~.-

,1 

'" r.t', 0 ,,> 
Il'' • 



" 

." 

et' .... ' etb 

(J 

\ 

" . 

, '-

, 

.,. 

, . 

" 

l '.' ~ I~ '. 

'1. 

• 

1.0 

• 

E 
c: 

0 
CO 

i 
(\1 

- 0.5 CIl 

G) 
C) . 
C .-
~ 
~ 

0' -, 
4» 
~ . '" 

.~ 

. , 

,J,. 

l' 
'. 

" , , 

" 

, . 
>. - 1 

A 

\ 

l' 

. , 

~ 

JI 

., 

, , 

, 'f mtgrat~d-

Co' . , 

,. , . 
, . , , 

- 1 L 

142 

.... 

ln om 

.,-

~. 

., 
' . 

'" r' 

.. 
., 

\ 

-, 
/, 

. , 

,. 
\ 



, 1 

1 

, , 
r 

, , 

1 . . .:. ~ s. '1, , • 
: " , ':,.' 

"-, ... \ - --.: .:- --
, , 

"" __ r-~""'':M __ ''_'':'' \~" ___ - __ ''''i''''' _______ ''-C''':'''''---=-

.., 
.' 

", 
, , 

" 

Pilure 20. 
~ , , 

:'Effect of spectin01llycin on "the accumulation of" 
'J' ., • .' • 

chloroplàst rRNA under conditions wb1ch redtlce the ~ount' of 

mitochondrial rRNA.' To~l RNA waa etract~d ~r~ A, 24 b~ 

• greening celle e,q,osed to 1 pg/ml ethidium bromide, for 24 hr; 
, , 

and from B; greening cella treated with both ethidium ,bromide, 

,(lPs/ml). and apectinomyd.n (1,00 lJ8/~1} fo~ 24 hr. 
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Table v.I. 
, . 

/ 

. . 

., 

""" 
Effeet of Spec~c1n (Spec) and Ethidilllll Bromide (0) en the 

Accumulati~o~ Organelle rRNAs during Greening . 

~ 

Ratios' of peaks .h. d. and e respectively to pea~ c -were calculated frOID yàlues - - - -
.fQr the area undèr each peak. . These values were. determined grav1metrically. 

H1IIDber of Humber of 
BNA " electro-

extracts . . p~ex.ograms 

AYerage ratio to peak ~ t B.e.m. 

k d e 

Difference frOID control (%). 

9.. "4 e 

4 12. • 283±.OOOl .04&,t.O.QOI .. 105t·OOOI 
. .... 

3 ". l 10 • 221t.OOOI .052±.0001 .07at.OOOl -19.8*** +8.3 -33.3*** 

3 ~ 10 ~218±!"OOOl .016+.0001 .tOSt.OOOl ' -23 .. 0*** -66.7*** , ±O.O 

3 9 • 172±.OOOl .01&.1:.0001 • 07at. 0001 -39.2*** -62.5*** -25.7** 
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analysie of the data indicates that the spectinomycin-induced difference 

in the amount of chloroplast rRNA in 24 hr greening cells is highly 

aignificant. 

The electrophoretic profiles of RNA extracted from light-grown 

cells after 24 hr treatment with spec~inomycin, ethidi~ bromide, and-

" , bath inhibitors simultaneously are not presented here, ~ut shaw that the 

amount of the chloroplest rRNA species 18 also selectively reduced by 

spectinomycin in the continuous light system~. The magnitude of the 

reduct:l.on in the amount of chloroplast rRNA, however, is lees than in 

the greening system. , This is expected sinee at the b'eg:bmitlg of 

spectinomycin treatment, light~grown cells already possess a full 

complement of chloroplast rRNA' which i8 reduced ooly by dilution due to 

ceU diviaioa. ' , 

thUG, 'in U,ght-grown cells exposed to spectinomycin;, the 83D0unt 
" , 

of chloroplast rRN! 18 alightly reduced, whi1e the rate of cell division 
, l ' 

~ . 
and amount of chlorophyll per cell 18 comparable to that of con troIs .... 

! 
The effects of ~ectinomycin oq gr~ening cel~ are mowe visible: the 

growth rate of trèated cells is slightly ,reduced; the amount of' 
, 1 

. 'chlorophyll pet. èell is decreased by 'approx1mately 40% and the accumulation' 

of chlGroplast rRNA '1s selectively reduced by 30-40%. 

d. Ultrastructure 

The effects of .pect1nomy~in and ethid1um bromide on the 

ilOrph~losy of both 8reen~8 and ligh,t-grCMl 'cells ·WBf.e determined by 
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With few ~xceptions, the ultrastructural 

alterations induced by these inhibitors in greening cells are a1so 

observed in the light-grow cella. Most of the illustrations of the~e 

effects are, however. selected from the greening system. 

i. E~fects of spectinomycin on the chloroplast 

Membranes and DNA: Normal chloroplast development bas 

been descrlbed in detai! previously (Gibbs, '1962; Smith-Johannsen and 

Gibbca w 1972). During the first ~ hr of greening; three proeesses occur 

aimu1taneou~ly-: single thylakoids develop in to bands of two and then 

three appressed thylakoids, the number of~three-thylakoid bands per 

chloroplast 1ncrease~, and th~ membra~ surf~ce are a 'increase's as' tlle , . ' ' 

entire structu~e grows in s~ze. After 2,4 hr illumination, transformation 
• t \ 

of the small proplastid into a mature'chloroplast is nearly complete, 

although the size of the plastid continues ·to increase during the 

subsequent 72 hr. Figure 2l·is, a longit~dlnal section of.a 24 nr greening 

cel1 transecting twa'lobes of the cell's'single chloroplast. A more 

highly magnified view of one chloroplast lobe in a cel! fixed by the 

standard metbod ia seen in Figure 22. The e~~orpplast i~ limited by a 

double membrane, ,the chloropla~t envelope, and, fa addition, is enclosed 
. , 

'bya cisternum of the endoplasmic reticulum,whieh le continuoue with the 

nuclear enve!ope. At this s~age most bands con.iet of thre~ appressèd ' 

thylakoids. ~~racteristically, a number of bands form'èoncent~ic ~ 

" 

sheets around" the periphery of the chloroplast and are designated girdle 

banda wb.el'e they loop' around the r1m of the plate-like chloroplast. The . \ 

Of 
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Figu~e\2l. ~Lbngitudinal.section of a 24 hr.greening cel1 of 

,. 9<=hromon!s danicà fram an exponentially-growing culture. The . , 

'1{ , 

. 
...... - ~ , 

cellt~ single Chloropiast,iS transecte4 through 1t's two 

lateral lobes (CL). an~ at th~_ stage ~f development ie 

cnaracterized by bands (B~ consisting of thre,e appre~ed 
• 

thylakÎ)~d8. This micrograph alao illustrat:es the orientation 

of 'the- ch1oroPl~~t With respeêt td the nucleus (N), S;s well' as 
, 

several other f~~tute8' typical of Oêhromonas, including the 
...) - . 

prominent nucleolus (Nu)~ chloroplast ER (CER);'chloropla~t 
) , ., ' 
nucleoid (CN), perinuc1ear reticulum (PR), Golgi body. (G), 

• ... t' J • ~ 

f. 
IIdtochondria. (!Q ~ and leuc~s1n 'Vacuole (L~). Standard 

UxatiOD ... 29.6Ilo x\ . ~8~ J2~2~1)~ 
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Pfbire 22. Longitud1nàl sect1qn through a 24 br green1ng cell' , 

" demonà~rat1ng the eharacter1st1c or&an1zat1on Qf ch1oropl~t 
'1 ' ,,' ,-' • 

mem~anes ~ " s~ of the bands of thylako1ds which traverse, ~e 
. , 

chloroplast loop ~~pund the r1m df the p1~te-liKe lobe to form 

g~rdle bands (GB). 'J:he chloroplast 1s enclosed by'both a 
cil'. ;. 

, double-œmbrGed envelope (CEi an,d ,the 'chloroplast ER (CER). 
~ t \ ~ , ~ , '... . u [ 

t " .. .... J • 

N\(cteus (N)', m;1tochondrta' (M~, osiniophlliç granule (0)., . ' 
~ 

Standard' fiXation, '73-,010 IX. 

,1 
1 • 

J ' , .... 
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1 

, " 

(Neg." 1224-7.). . , 

~ ';' '. 
\ .. ' . '" .. ' ... '''',', 

l' ~. : "'.' ,~' 1 • 

" , 
" , 

J 

.. 
", 

n • 
V 

, , . " , • .'" l' , 1 . , 

•• l, • 

, , . 

" 

, . " 

• , . ., 
.. ''',~' 

'. " 

1 , . 
l'!' 

", 

, . 

\.., 

.' \ 



• '0 

1-

1 
( .. 

:1 
'1 
,1 '. 

1 
- 1 

! 
10_ 

( 

- ' 

/ 

. '1 
J 

0, • 

" , r 

-OH 

u. 

148 

~ 
0' • 

-0 0 

. \ 

, 0 0 

ï 

1-- , 

• 

, 
.p. . " 

, 0 0 

) 1 

01 

1 

.; 



'. L 

1 

" 1 
1 

1 
l ' 

Î 

1 
1 
1 

, 
"li 

" . 
." 
': 

. ' 
, 1 

~.' ~ .' , 

( 

'. 

* 
''t , 

149 

e1ectron-trans1ucent areas 1ying within the gird1e bands at each side o.f 
J 

the chloroplâst lobe are cross-sections ·through the ring-shaped nucleoid 

where the plastid DNA 18 localized (Gibbs et al., 1974). 
, 

An analysis of the amount of thylakoidmembrane in ~andom 

sections of spectinomycfn-treated and control greenfng cells showed that 

spec~omycin considerab1y reduces the amount of thylakoi~ membrane 

~ynthesized during the~first 24 br in ,the light. In contrast, little or 
.1' ~'t 

no reduction in chloroplast membrane occurs in light-gro~ cells treated 

vith the antibio~ic. 

The arrangement of thy1akoids in chlo~oplasts of both 8reen~g 

and light-gtown cells trea1:ed ~th s~ectinomycin is seiTere1y'- pertu:rbed. 
, 

Whereas bands compoSed of more th~n threé ~hylakoids are seldom obsérved 
" . 

jn' the ch1orop1ast~ ~f control, cells, stacks containlng abnorma11y h~gh· 

numbers of'thy~akoi~s are' f,oùnd in the èbl~ropla~ts of spèctinàmycin~ 

treated ceHs. Most often the abnorma1 barias contain fouroto seven 

tbylakoids' (Figure 23) ~ b'u~ 1arger aggregations 9,f up, to eieven' thyla~oids 
4' , 

Q 1 0 ' - r ' e 
,are a1so seen, (Figure 24). A èurvey of greening an~ ligll't':'grown cells 

" 
treated with: spectino~icin sbbwed that on1y 10% of 'the aboormally large 

, 
stacks are composed of multiples of thrèe thyl~Qid~ . . 

"f. 

~î8 Buggests' 
1 

that ~he abnorul bands 'aris~ bY sèqueI\.tial ,accu~ulati9llof' :individ~l 
'j .... .. ,~' 0' 1 (1 _ 0,,' , 

thylakoids 'rather thsn b~ ~ssociatiQn of preformed" bands. Compared' to 

tbe control the~e 1a: also a. hig~rO frequency,of sin21.i, ~fused thy.lakoids': .. 
':lIt spectiÎlomycin:..treated· cel1a, psrt1culal'1y in the greening system.. In 

,,' '.ect! ·s. 'C01l:,~,ining siu,gle thy1a~~td9: ho~~r, large' :S't~~8 :of membr~~s' , 
',L 4'~ l , ~ ,... < ': ".. ~',: ~ 1 • :v.: .. ' . " ,- ... ' . ~ 
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Figure 2): Chloroplast in cell illuminated for 24 hr in the 

presence of 100 ~g/ml spectinomycin showing disruption of 

chloroplast membrane organization. Girdle bands are absent 

and abnormal bands composed of five to seven tnyla~oids are 

prevalent. Nucleus (N), perinuclear reticulum (PR). 

Standard fixation, 73,010 X. (Neg. 122 7-4) • 

Figure 24. High magnification of several abnormall~ large 

stacks of thy1akoids in the chloroplast of a cell exposed to 

100 ~g/ml spectinomycin during 24 hr greening. Al though the 

number of thylakoids per band is abnormal in spectinomycin-

treated cells, both intra- and inter-thylakoid spaces are 

similar to those in control cells. Perinuclear reticulum 

(PR), osmiophilic granule (0). Standard fixation, 126,560 X. 

(Neg. 1230-14). 
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are usually included also (Figuré 25). In chloroplasts of light-grown 

cells exposed to the an tibiotic a greater number af three-thylakoid 

bands persist compared to greening cells, but nearly aIl sections reveal 

abnonnal sts.cking as weIl. f 

Another dislocation ln chloroplast membrane organizat~on 

induced by spectinomycin 15 that the,bapds of thylakolds often terminate 

abruptly at the riro of the chlorop1ast instead of looping around the rim 

ta form girdle bands (Figure 23). Consequently, the chloroplaSt DNA, 

which norma1ly lies inside the girdle bands, is no longer confined to its 

characteristic peripheral location and appears dispersed betveen 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 i8 

still present (Figure 28). However, this chloroplast DNA may originate 

from another region not in the plane of sectiop 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). Conslsting of one layer of branchlng tubules 

interspersed with vesicles, it occupies the narrov space betveen the 

nuc1ear 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 i9 svollen with 

several layers of the tubules, and occasionally the reticulum le observed 
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Figure 25. 

-

. 
f' 

Transverse section bf 24 hr green1ng cell 

demonstrating other effects of spectinomycin on chloroplast 

membranes. Although abnormally large stacks of thylakoids 

are present 1 many single, unfused thylakoids"'" remain in other 

regions of the same chloroplast . The absenc~ of girdle bands 

results in the dispersal of chloroplast DNA, which appears as 

8cattered electron-translucent patches in the chloroplast 

matrix (black arraws). 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 betwe~n 

the chloroplast envelope and the chloroplast ER (whjte arrow). 

Standard fixation, 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 re ticulum in the space between the chloroplas t (C) 

and the nucleus (N). Co-fixation, 43,120 x. (Neg. 1219-3). 
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to have proliferated beyond the perinuclear region into the space between 

the chloroplast envelo~ and the chloroplast ER. Al though i t 18 a 

common teature of greening cells treated with spectinomycin, hypertrophy 

of the perinuclear reticulum is ooly rarely observed in light-grown cells 

exposed to the antibiotic. 
">' 

Chloroplast ribosomes: After 24 hr greening, the 

concentration of ribosomes in control ch1oroplasts approaches its maximum, 

although the total number of ribosomes continues ta increasé as the' organelle 

expands in volume. F~gure 27 illustrates a section of a chloroplast of a 24 

hr greening celi fixed by the simultaneous glutaraldehyde-osmium tetroxide 

procedure which allows the visualization of chloropla~t 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 céll exposed ta spectinomycin for 24 hr, there are fewer than in the 
t 

chloroplasts of controls. The total number of chloroplast ribosomes in 

both greening and light-grown cells treated with spectinomycin for 24 br 

was calculated. The results presented in Table VII show that in the 

presence of the antibiatic the number of chloraplast ribosomes is reduced 

by approximately 30%. The volume of the chloroplast in cells exposed ta 

spectinomycin 18 slightly less than 1n contraIs but 18 probably within 

experimental error. Therefore. assuming chloroplast volume is constant 

in bath experimental and control ~ells, the reduction in chloroplast 

• 
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Figure 27. Chloroplast in a.control cell illuminated for 

. , 
24 hr and fixed by a method which renders chloroplast ~ibosomes 

visible. The concentration of chlorop1ast riboso~es reaches 

a plateau by 24 hr greenipg., but the abso1ute number of 

ribosomes increases as 'the Chlorô~ast expands in size. 

Co-fixation, 73,010 X. (Neg. 1241-9). 

/ 
1. 

Figure 28. Chlorop1ast in a 24 hr greening ce11 exposed to 

spectinomycin. Although ch10.rop1ast ribosomes are present, 

they arerless concentrated than in control ce1ls (Fig. 27). 

Co-fixation, 73,010 X. (Neg. 1219-1). 
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ribosome number observed in the spectinom~n-treated cultures is due 

exclusively to the lower concentration of ribosomes in the chloroplasts 

of these cella. 

The numbèr of chloroplast ribosomes actually syntheâiz'ed. 

however, is determined not only from the number of ribosomes counted in 

each chloroplast, but a]so from the rate of dilution of ribosomes by 

cell division. Since 

ribosomes per chloroplast syn thes is / dilu tian, 

and dilution = number of generations X 2, 

thén chloroplast ribosomes synthesized ~ (total ribosomes X 2 X generations) 

- original ribosomes. 

\ 
In the case of greening cells, the 0r:iginal 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 the presence of spectinomycin, 

the synthesis of chloroplast ribosomes i8 inhibited by more than 50% in 

greening cells and approximately 40% in light-grown cells. 

Chloroplast u~trastructure in ethidium bromide-treated cells 

from botb .greening and continuOus ligh t systems i9 indistinguishable from 

that in controls. Neither membrane organization (Figure 29) nor the 

synthesis of chloroplast ribosomes (Table VIII) Is affected by the drug. 

ii. Effects of ethidium bromide on mitochondria 

Cristae: In Ochromonas mitochondria are abundant 

and are characterized by numerous tubular cristae. In cells exposed to 

't .... ....,. ~1"' __ ~~~~~_JOI_tflno;. ... __ ..r""""""'-",-,,,,~. ,....., T. 
~ ........ 
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Table VII. 
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/ . 
,,' 

... 
Effect of Spectinomycin (Spec) and Ethidium 
(EB) on the Numher of Ch1orop1ast Ribosomes 

< 

Chlorop1ast rtbosomes were counted on electron micrographs of co-fixed ée11s pl 
73,000 X. A square window 1/16 Ilm2 in area was p1aced Bt random over the ch10l 
dense par tic1es of ribosome size counted. Ch1oroplas t volUJlle was ca1cu1ated 1 
volume by the mean cel! vo1UJ1le. The percent of the èell occupied by the ch10l 
fractiona1 area occupied by this organelle ln approxim,tely 100 sections throul 
from each sample. . 
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Effect of Spectinomy~in (Spec) 'and Ethi~um BroQdde 
(EB) on the Number of Chloroplast Ribo omes per Cell 

counted on electron micrographs of co-fixed'cel s printed at a total magnification of 
1/16~m2 in area was placed at random aver the chlor~plast and the number of e1ectron­
size counted. Chlorop1ast vqlume was calculated by mult1p1ying the percent chloroplast 

The percent of tha cell'occupied by the chloroplast was d~termined iTom the 
organelle in approximately 100 sections through as many cells selected at random 

Average Chloroplast Average Average 

1 -

o 

celI volume volwne chloroplast ch1oroplast Ribosomes ,ribS)âomes Difference 
3 (% of cell) volume volume (IJm2/16) pèr from 

(~m ) (X of ceU) (J,lm3) average ± s.e.m. chloroplast .control % 

8.2 29.74 ± .64 1. 76 x 105 

7.2 20.96 ± .59 1.24 x 105 -29.5"'1II* 

358.1 8.4 7.88 28 29 .89, i: ~ 64 1.77 X 105 + 0.5 

7.7 17.58 ± .81 1.04 x 105 -40.9*1II* 

11.5 30 .45 ± .57 2.25 X 105 

9.8 21.10 ± .59 1.60 X 105 -28.8*ü 
!' 

33d.O 10.4 10.58 35 30.28 ± .51 2.24 X 1.05 - 0.4 

10~6 20.76 * .60 1.53 X 105 -32.0*** 
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r 

1 2eFZ 



( 

, 
! 
!' 

, i 
1 

· .. ·Ii ... ' 

Table VIII. 

'" 

157 

Effect of Spectinomycin (Spec) and Ethidium Bromide (E8) on 

the Syn the sis 'of Chloroplas t Rib os'ame s • 

Calculations of the number of chlorop1a~ribosomes synthesized in control 
j 

and antibiotic-treated cells are based on vaiues in Table VII and are 

described in the texte 

-- , 

Physiologiea1 Treatment Total Ribosomes Difference 
condition ~ ribosomes Generations* synthesized** 

Per ch16rop1ast 
(X 10:-,5) 

(X 10-5) 

"" 24 br Control 1. 76 1.96 6.74 greening 

100 lIg/ml spec 1.24 1.35 3.19 

l lJ.g/ml EB 1.77 2.0~ 7.20 

EB + spec 1.04 1.19 2.31 

24 br ~ 

ligbt Control 2.25 2.68 9.81 

100 lJg/ml spec 1.60 2.52 5.81 

1 IJg/ml EB 2.24 2.47 8.82 

EB + spee 1.53 2.50 5.40 

* Average from 3 experiments J 

** Number of ribosomes in prop1astid assumed to be 0.161 X 105, 
ca1culated from data in Smith-Jobannsen and Gibbs (1972). 
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from 
cOJltrol (%) 

-52.7 

+6.8 

-65.7 

-40.8 

-10.1 

-45.0 
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J' 

ethidium brom!de for'24 hr, the number'of mftocnondtjal cri~tae is 

. ' 
markedly reduced (Fig~re-29). 'ln some sections the res~ul.t:ing bodies contain 

- , 

C?nly the densely staining 'inner mitochondrial lIIembt'ane. 
• *1 

MiLtochondria 

fram côntrol~ ethid!um bromide and spectinomycin~treaied ce~ls a~e compared 

in Figures 30-32. A1though.chloramphenicol has been shown,to cause ~ 

g~adual 10ss o~ c~1stae in 9chromonas, 24 ~r-exposure t~ Bpeçtinomycin 

causes no reduction in the number of mitochondrial cristae (Figùre 32,).-

Mitochondrial ribosomes: Figure 31 a1~o illustratea 
t ; 

the dramatic effect of ethidium bromide on the number of mitochondrial 

ribosomes. As indicated in Table LX, the concerttration of"ribosomes in 

• ~itochondrfa is reduced over 90% in the presence of ethiqium bromide • 
• J 

Mitochondrial volUme was not measured in this st~dy, but the average 

length and diameter of the organelle in ethidium bramide~reated cells 

~s amaller than in cOntrols. Thérefore, if the mitochondrial volume is 

reduced in the pres~nce of tfthidium bromide, thèn the actllal degree of' 

reduction in~e number of mitochondrial ribosomes b~ the ârug ia even 

-greater t~ shown in Table IX. Spectinomycin, on the otper hand, has 

little or no effect on the number of mitQchondrial ribosomes (F~gure 32 

and Tab le IX). 

iit. Effact of both spectinomycin and ethidium ~omide 

~ure 33 dep1cts a celi expos~d to spect1nom~cin and 

ethidium bromide simultaneously for 24 hr. The chl,oroplast exhibits a11 
\ 

the membrane aberr~tions characteristic -of cells treated with spettinomycin' , 

alone, including single, unfused thylakoids and abnormally l~tge atâcks of 

'. " 
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Figure 29. Longitudinal section through a celi illuminated 

for 24 hr in the presence of I ~g/nù ethidium bromide 

demonstrating the effect of this drug on mitochondrial 

'membranes. The rristae are markedly reduced in number and 

SOlDe mi tochondria 1 profiles CM) are devoid of in ternal 

S truc ture. In contrast, the ultrastructure of the 

chioroplast i5 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), ethidiurn bromide-treated (Fig. 31) and spectinomycin-

treated (Fig. 32) cells, illuminated for 24 hr. Mitochondria 

from cells exposed to spectinomycln during greening (Fig. 32) 

resemble the mitochondria of control cells (Fig. 30). Bath 

possess tubular cristae, scattered rihosomes 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, U26-22, 1233-16). 
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Fig. 33. Longitudinal section through a celi illuminated for 

24 hr in the presence of both 100 llg/m1 spectin01llycin and I llg/ml 

ethidium br01llide. The chloroplast exhibits al1 the membrane 

aberrations characteristic of cells exposed to spectinomycin 

alone, including single, unfused thylakoids, abnormally large 

stacks of thylakoids, absence of gird1e bands, and hypertrophy 

of the perinuclear reticulum. The mitochondria, 1ike 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 Spe~~lnomycin (Spec) and Ethidium Bramide (EB) 

on the Number of Mitochondrial Ribosomes 

Mitochondria1 ribosomes were counted on electron micrographs of co-fixed 

ce1ls printed at a total magnlficatian of 73,000 x. A square window 
2 1/16 ~m in area was p1aced at random over a mitochondrion and the number 

of electron-dense particles of ribosome size counted. Mitochondrial 

volume vas not determined, but the average length and width of 

mitochondrial profiles in control and drug-treated cells was measured. 

The results i-ndicate 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 bromiCe'. 

Physiological 
condition 

24 hr 
greening 

24 hr 
1ight 

" \ 

*** p > .001 

",i 

Treatment 

Control 

100 llg/ml spec 

1 ~g/ml EB 

EB + spec 

Control 

100 llg/ml spec 

l ~g/ml EB 

EB + spec 

Ribosomes 

(llm
2
/16) 

average ± s.e.m. 

9.87 ± 0.46 

9.67 t 0.59 

0.7StO.13 

0.97±0.14 

7.84 ± 0.40 

7.60 t 0.36 

0.60 t 0.09 

0.50 ± 0.09 

Difference from 
control (%) 

- 2.0 

-92.4*** 

-90.0*** 

- 3.0 

-93.0*** 
. 

-94.0*** 

/ 
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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 in cella treated with ethidium bromide alone, 

are deficient in the number of crist~te. The effect of each drug on the 

number of chloroplast or mitochondria! ribosomes is a1so unchanged when 

both drugs are a~inistered at the same time (Tables VII-IX). The 

number of chloroplast ribosomes in greening cells treated with both 

antibiotic8 i8 approximately 10% lower than in cells treated with 

spectinomycin alone, but the significance of this difference ls doubtfu! 

sinee no additiona! reduction in chloroplast rRNA is observed under the 

same conditions (Table VI). Thus, there i8 no evidence of a synergistic 

effect when spectinomycin and ethidium bromide are present simultaneously. 
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A. Extraction and Characterization chromonas rRNAs 

1. Extraction procedure 

A major prob1em encolIDtered in this investigation was the 

difficu1ty in obtaining undegraded chlorop1ast rRNA from Ochromonas. 

The susceptibility of the heavy ch10rop1ast rRNA component to 

breakdown during extraction has a1so heen noted in a variety of other 

algae (Woodcock and Bogorad, 1970; Kochert and Sansing, 1971; Howland 

and Ramus, 1971), a fern (Burns and Ingle, 1970) and higher plants 

(Spencer and Whitfie1d, 1966; Ingle ~ al., 1970; Dyer ~ al., 1971). 

The inclusion of inhibitors of RNase in the extraction buffer has been 

shawn to increase the amount of intact chloroplast rRNA recovered from 

green tissues. For example, sodium thiôglycolate 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 inhibttors to the detergent-

phenol extraction buffer. Neither sodium thiog1ycolate, DEP, nor 

bentonite altered the e1ectrophoretic profile of Ochromonas rRNAs. The 

slga1 rRNAs were judged to be intact by e1ectrophoresis in EDTA-containing 

buffeT. Structural instabi1ities in rRNA may not he apparent in 

preparations analyzed by electrophoresis in the presence of magnesium 

o (Ingle et al., 1970), so that only electrophoresis in an EDTA-containing 

• . 
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buffer can provide information conceroing the integrity of rRNA l 
t 

t 

1 

mo1ecules. 

The maintenance of cold temperatures (0-5° C) throughout 

! to prevent the degradation of rRNA. The detergent SDS. commonly used 

the extraction and fractionation procedures was found to be essential 

in phenol extractions, is insoluble in solutions kept at low temperatures. 

This may partially explain the breakdown of the heavy chlorop1ast rRNA 

extracted at 4° C from cucumber seed1ings (Cucumls sativus) by an 

SDS-pheno1 procedure (Véde1 and D'Aoust, 1970). Sarkosy1 (sodium 
~ 

dodecyl sarcosinate), which is soluble in aqueous solutions àt low 

temperatures, therefore replaced SDS in the extraction buffer. This 

anionic detergent was also employed by Woadcock and Bogarad (1970) to 

isola te rRNAs from Acetabularia, but the chloroplast rRNA in their 

preparations was still degraded. The results of Woodcack and Bogorad 
1 , 

1 i are probably explained by the low pH of their extraction buffer 

(pH 5.6), which favours the activity of plant RNases (Jervis, 1974). , 
\ 
j. 

The pH of the Tris-acetate buffer used to extract Ochromonas RNA is .7.2, ~ 

which i8 weIl abave the 5-6 pH optima characteristic of plant RNases 

{Jervis, 1974). 

Other properties' of the extraction buffer which may influence 

the structural stability of RNA include ionic strength. When dissolved 

in buffer of low ionie strength, RNA tends to denature and is more 

susceptible ta nuclease attack (Pou1son, 1973). The ionie strength 

of the extrac tion 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 to the extraction buffer has been shown 

to decrease the susceptibility of chloroplast rRNA ta breakdown 

(Ingle ~ ~., 1970; Bourque et al., 1973). The use of Sarkosyl 

in the present study, hawever, precludes the addition of magnesium ta 

the extraction buffer since the two substances react to form an insoluble 

~ 
precipi tate. Fortunately, magnesium is not required to ob~ain 

undegraded RNA from Ochromonas. Another precaution taken ta reduce 

the possibility of RNA degradation was to redistill the phenol ta remove 

preservatives and oxidation products and to stabilize it with 

8-hydroxyquinoline (Poulson, 1973). 

Thus, the combination of the extraction buffer and the cold 

conditions used in the isolation of rRNA from Oehromonas i8 8ufficient 

to prevent rRNA breakdown in the absence of magne8ium and other 

inhibitors of RNase. This may be advantageous in view of evidence that 

some RNase inhibitors interact with RNA itself. For example, bentonite 

causes the selective loss of chloroplast rRNA during isolation from 

higher plants (Bourque ~ al., 1973), and DEP apparently alters the 

properties of nucleic acid sinee it abolishes infectivity of TMV RNA 

(Gulyas 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 

use fuI for other studies where a premium ls placed on the yield and 
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purity of the extracted nucleic acids. 

2. Charaeterlzati~n of Ochromonas rRNAa 

a. Cytoplasmie rRNAs 

The sedimentation coefficients of the heavy and light 

cytop1asmic rRNA molecules from Ochromonas are 24S and l8S respectlvely, 

and are thus similar to thos~ of cytoplasmic rRNAs from other algae and 

higher plants. For example, the heavy and light cytoplasmic rRNAs 

from French bean 1eaves and pea root tip have values of 255 and l8S, as' 
J 

detèrmined by comparison with rRNAs from E. coli and Oscil1atoria, a 

blue-green alga (Loenin!' and Ing1e. 1967). The cytoplasmic rRNAs in 

Chlamydomonas are also 255 and 185 (Cattolico and Jones, 1972). The 

aizes of cytoplasmic rRNAs from Euglena are similar, but the precise 

values vary: Heizmann (1970) obtalned values of 258 and 218, Rawson et 

al. (1971) estimated values of 255 and 20S, and Avadhani and Buetow 

(1972) ·found values of 248 and 20S. These variations probably result 

from differences ln experimental conditions. Hence. the slightly 

amaller size of the 248 cytoplasmic rRNA component from Qchromonas 

compared to the size of most other heavy plant cytop1asmic rRNAs may not 

be significant. On the other hand, the relatively small size of the heavy 

cytoplasmie rRNA component in Ochromonas may be indicative of a primitive 
\". 

evolutionary statua of this organism, sinee the heavy rRNA mqleculè 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 species were assumed 

" 
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to be the heavy and light ch1oroplast rRNAs. Calculation of the 

proportion of light chloroplast rRNA in dark- and light-grown cells 

indicates that there ia approximately a 2. 5-fold increase in the 

amount of chloroplast rRNA during illumination. Data from this 

study and others (Gibbs, 1970; Smith-Johannsen, unpublished) suggests 

that the amount of cytoplasmic r~A, as weIl as ch1oroplast rRNA, 

increases significantly in response ta light. Therefore, the increase 

of chloroplast rRNA is considerably greater than that indicated hy 

comparing the ratios of chloroplast rRNA to cytoplasmic rRNA in dark-

and light-grown ce1ls. The absolute increase in the number of 

chlorop1ast ribosomes during 96 hr greening has been calculated ta be 

27-fold (Smith-Johannsen and Gibbs, 1972). Unfortunately, in the 
~ 

present 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 ~ are lost during the 

isolation procedure. 

Isotope labelling of Oçhromonas chloroplast rRNAs with 

(1a)uridine would allow a more preçise measurement of the synthesis 

of these species than that permitted by the determin~tion of the 

optlcal density of-accumulated chlorop1ast rRNAs. Preliminary labelling 

experiments suggested that the synthesis of organelle rRNA ls 

stimulated 40-fold dur1ng 6 hr 11ght. Most of this 1ncrease presumably 

involves the chlorop1a~t rRNA species. However, during the same period, 

synthesls of cytop1asmic rRNA 1s stlmulated 30-fold. The data agree in 
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general with a previous autoradiographie study of Oehromonas, in whiCh 

3 ' 
the amount of ( H)orotic acid incorporated into chlotoplast RNA during . 
the initial 30 min of greening was found ta. be 20 times greater than in 

dark-grown cells; 
. 3 

during the same interval the amount of ( H)orotic 

aeid incorporated into cytoplasmie RNA was about 6 times greater in the 

greening cells than in the dark-grown cells (Gibbs, l~. 

3 Although Ochromonas cells readily incorporate ( H)uridine 

ioto both organelle and cytoplasmic rRNAs, the isotope labelling method 

was not adopted for measuring chloroplast rRNA synthesis in the a1ga. 

One reaSOD 1a that a large difference was expected in the light-induced 

3 incorporation of ( H)ur1dine iota chloroplast and cytoplasmic rRNA 

speeies. The prelimioary experiments showed, howev~r, that the profiles 

of radiolabelled RNA from dark-grown and greening cells closely matched 

the optical density profiles. Consequently, the proportion of 

isotope incorporàted ioto the chloraplast rRNA species was relatively 

small with respect to that incorporated inta the eytoplasmic rRNA species. 

1-
Therefore, the radio~sotope approaeh d1d not appear to be moré sensitive 

thatl the optical dens! ty me thod for UJE!Bsuring chloroplast rRNA synthesis. 

Another consideration. whieh applies to isotope labelling etudies in 

general, was the diff!culty in determining whether an increase in 

specifie actlvity of rRNA reflects an increased rate of synthesia or an 

increa'Sed permeabil,ity of cell membranes to the exogenous radioactive 

precursor. The possibility that the permeability of tbe chloroplast in 

dark-grown Ochromonas i5 altered during greening ia considerable, sinee 

1 
1· 
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sorne evidence suggests that certain chloroplast envelope-associated 

polypeptides in higher plants are released in response to 1ight 

(Cobb and Wellburn, 1974). Answering the question of whether the 

precursor pool for chloroplast rRNA changes in ce1ls 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. This 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, it was decided to measure the various rRNA species in 

Ochromonas by their ultraviolet absorbance rather than by radioisotope 

1 
incorporation. , 

Chloroplast rRNAs from a variety of algae and higher plants 

are similar in size to the 23S and 16S rRNAs of bacteria and blue-green 

algae (Whitfield, 1973). The heavy and light chloroplast rRNAs from 

Ochromonas are 22S and 15S respectively, and are thus relatively small 

in size. The validity of this conclusion lies in the fact that the 

chloroplast rRNAs migrated separately and ahead of the E. coli rRNAs 

which served as internaI standards. 

The heavy chioroplast rRNA molecule from Ochromonas ia similar 
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to the heavy rRNA eqmponent from chloroplasts of other species (~.~. 

Ingle et al., 1970) in !ta extreme SUBceptibi1!ty to dlssociate under 

conditions which disrupt hydrogen-bonding. The pattern of breakdown 

of Ochromonas heavy chloroplast rRNA was in1tial1y studied in an 

effort to demonstrate that one or more of the lower moiecular weight 

rRNA species observed on gels following e1ectrophoresis of total RNA 

extracts does not represent fragments of degraded chloroplast rRNA. 

The results conf1rmed that none of the h1gh molecular weight Ochromonas 

rRNA species arose from degradation. 

The manner in which the heavy chlorop1ast rRNA breaks down is 

highly specifie and suggests that it may refiect some fundamental 

structural properties of the molecule. It was therefore of interest 

to study the breakdoWll behaviour of Ochromonas chloroplast rRNA more 

cIose1y, and to compare it with the dissociation pattern of ch1orop1ast 

rRNA from other species. From an examination of the sizes and 

stoichiometry of the breakdown products resolved on the gels shown in 

Figures Il and 12, it can be deduced that at 1east three nicks, at a, 

B and y, probably exist in Ochromonas heavy chloroplast rRNA, and that 

cleavage may oecur sequentia11y as i11ustrated on page 172. Leaver and 
• 

Ingle (1971) proposed that the heavy ch10rop1ast rRNA components in 

radiah and pea are also nicked at three specifie sites, whereas only 

two nicks oecur in the same ch1oroplast rRNA species in French bean. 

Grierson (1974) studied the pattern of breakd?Wll of the heavy chlorop1ast 

rRNA from mung bcan (Phaseolus aureus) and conc1uded that the observed 
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SCHEME FOR THE SEQUENTIAL CLEAVAGE OF HEAVY 

CHLOROPLAST rRNA COMPONENT FROM OCHROMONAS 

ex 

1. i 0.94* 

ti 
(] 

, i l' 2. 
~I 

0.84 

i 
1 0.78 

t 
r-

0.38 
Il 

0.41 
3. 

1. First scission occurs near the end of the intact heavy ch1orop1ast 

rRNA molecu1e. The 1iberated piece representing about 10% of the 

total rRNA sequences migrates ahead of transfer RNA and is lost 

from the gel. 

2. The a and a loci may be situated at either the same or opposite 

ends of the molecule. This stage of degradation is seen in Figuré 

12B. 

3. Eventually, aIl of the ch1oroplast heavy rRNA component is converte~ 

into two law molccular 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 

specifie sites in the intact molecule. 

A eimilar lability to that of chloroplast rRNA has been noted 

in the heavy rRNA component from blue-green algae. For example, 

magnesium is required during extraction to preserve the integrity of the 

235 rRNA component from Anacystis nidulans; in 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 mole cule varies with the species 

of blue-green alga. For example, under conditions where more than half 

of the 23S rRN~ from Anabaena cylindrica is fragmented, only a small 

percentage of the heavy rRNA from Tolypothrix distorta is cleaved and 

the 238 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 

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 magnesium. Evidence suggests 

that two nicks are first introduced into the Argrobacterium rRNA in vivo 

at either end of the molecule followed later by a third nick in the 

middle. Th us , the pattern of nicking of the heavy rRNA component in 

this prokaryote i9 very similar ta that proposed for the heavy 
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ch1orop1ast rRNA in Ochromonas. 

Labile heavy rRNAs have also been reported in the 80S 

ribosomes from eukaryotic microorganisms and animaIs. The heavy 

cytop1asmic rRNA from Acanthamoeba castellani (Stevens and Pachler, 

1972), Euglena (Rawson ~ al., 1971), and Ilyanassa obsoleta (Koser 

and Collier, 1971) each dissociates into at least ONO large fragments 

under conditions which disrupt hydrogen bonding. The 26S rRNA from 

insects displays a similar mode of breakdown and has been studied in 

sorne detail. Lava-Sanchez and Puppo (1975) examined the sequential 

breakdown of 26S 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 26S rRNA molecule. 

The variation in breakdown patterns exhibited by heavy 

chloroplast rRNA from Ochromonas and by heavy'rRNAs from other species 

probably represents species-apecific 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!. coli ribosomes 

were treated with pancreatic RNase (Rodgers, 1974). Gel electrophoresis 

of the rRNAs from the bacterial ribosomes after mild enzyme treatment 

indicated that, a1though the sma11 ribosoma! subunit is quite resistant 

to RNa8e, endonucleolytic cleavage occurs at a 8ma!l number of discrete 
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sites in the rRNA from the large ribosomal subunit. Lava-Sanchez 

" 
and Puppo (1975) isolated cytoplasmic ribosomes from dipteran larvae 

pulee-~abelled with (3H)uridine. Some of these ribosomes were then 

incubated with pancreatic RNase. Whereas the (3H) uridine-Iabelled 

268 rRNA extracted from the control ribosomes was intact, the labelled 

268 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 ~nd their evolutio~ 

relationships. " The similari~ between the models proposed for the 

breakdown of Ochromonas heavy chloroplast rRNA and the heavy rRNA 

species from Agrobacterium suggests that the structure of ribosomes 

from the prokaryo,te resembles that of chloroplast ribosomes from 

Ochromonas. 

The dis~pciation of the heavy chloroplsst rRNA cao be 

prevented in the presence of appropriate amoUIlte of magnesium. This 

phenomenon was dis'covered by Ingle and his associa tes (Ingle et al., 
t~, 

1970; Leaver and IngIt, 1971) and was more recently described by , 
Leaver (1973) for ch1orop1ast rRNA from broad bean. Magnesium alao 

stabilizes the heavy ch1orop1ast rRNA iso1ated from Ochr~monas. 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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nuc1eotide residues in neighbouring regions of the rRNA heUx. This 

idea is supported Ly the observation that calcium, another divaient 

cation, alsQ stabilizas chloroplast rRNA (Leaver and IngIe, 1971). In . 
this way, 'hidden' breaks or nicks in the polynucleotide chain are 

tnasked in the presence of magnesitml. In the present study, magnesium 

was omitted from both the extraction and e1ectrophoresis buffers; 

presumably, sufficient amounts of intracel1ular divaient cations remain 
1/ 

d' 
bound to Ochromonas chlorap1ast rRNA to preserve its integrity. 

Atchison et al. (1973) have demonstrated that the thermolability of 

chloroplast rRNA. iso1ated from tobacco by a procedure involving the 

presence of magnesium, is not due to 'hidden' breaks, but rather ta 

'hidden' nuc1ease contamination of the RNA preparations. Therefore, 

it was necessary ta de termine whether magnesium was acting ta inhibit 

residua1 RNase present in the nuc1eic acid extracts of Ochromonas. 

Ochromonas and!. coli RNAs were mixed at ratios of 1:1, 2:1 and 3:1, 

incubated at 37° C and subjected to electrophoresis. In contrast to 

the results for the tobacco rRNA, the alga1 preparations do not induce 

breakdown of the !. coli rRNA. This observation suggests that 

Ochromonas rRNA is free of RNase. 

c. Mitochondrial rRNAs 

Ochromonas i8 apparent1y uniq~ aroong green plants analyzed to date 

in that it contains a re1atively large amount of mitochondrial rRNA which can 

be detected in electrophoretic profiles of extract8 of total cellular RNA. 

Identification of the peaks containing mitochondrial rRNA was achleved 
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by showing that two peaks contained rRNA whose synthesis is inhibited 

by ethidium bromide. More ove r, 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, aince none 

of the fragments generated by the induced breakdown of the heavy 

chloroplast rRNA are the same Bize as the mitochondrial rRNA species. 

The relative abundance of mitochondri~l rRNAs evident in electrophoretic 

profiles of total Ochromonas rRNA agrees with the relative number of 

mitochondrial ribosomes present in these cells as calculatjd from 

organelle volume measurements (Gibbs, 1968, 1970) and ribosome counts 

(Smith-Johannsen and Gibbs, 1972). In conttast, Chlamydomonas con tains 

relatively few mitochondrial ribosomes (Goodenough and Levine, 1970b), 

and thus mitochondrial rRNAs appear ta be absent ln analyses of total 

rRNAs from this alga (~.~. Cattolico and Jones, 1972). Loening and 
... 

lngie (1967) suggested that some of the minor peaks observed in 

electropherograms of total RNA from higher plants might represent 

mitochondrial rRNAs, but these investigators cou1d not exclude the 

possibility that the minor peaks contained dissociated fragments of 

chloroplast rRNA. 

Therefore, unlike mitochondria! rRNAs from other algae and 

higher plants, those from Ochromonas could be characterized without 

prior isolation of mitochondria or mitochondrial ribosomes. This 

reduces the possibility of rRNA degradation. The sizes of the heavy 

and light mitochondrial rRNAs from Ochromonas are 225 and 168, 

respectively. These values are si~1ar to the 218 and 168 ohtained 
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by Avadhani and Buetow (1972) for mitochondrial rRNAs from Eug1ena, 

the only other alga in which these rRNA species have been characterized. 

Other investigators have reported that Euglena mitochondrial rRNAs are 

14S and Ils (Krawiec and Eisenstadt,_ 1970; Crouse et al., 1974), but it 

is 1ike1y that these sma11er molecules are degraded rRNAs. The sizes 

of mitochondria1 rRNAs from Ochromonas and Euglena are therefore in the 

same range as those reported for these rRNA species in fungi and other 

eukaryotic microorganisms: 21 - 24S and 14 - 16S for the heavy and 

light rRNA components, respective1y (Stewart, 1973). In contrast, 

the mitochondrial rRNAs from higher plants have a considerably higher 

molecular weight and more c10sely 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 (23.5S)1 and 0.69 - 0.78 x 

6 
la daltons (18S), whereas the mo1ecu1ar weights of the cytop1asmic rRNAs 

from these dicots are 1.3 X 106 (25S) and 0.7 x 106 daltons (17.5S). 

Mitochondrial rRNAs extracted from the purified organelles from etiolated 

6 6 maize shoots have molecular weigh~s of 1.26 X la (24.5S) and 0.74 X la 

daltons (18S), and are thus equal to and 1arger than the cytop1asmic rRNAs 

6 - 6 . 
which are 1.26 X 10 and 0.70 X 10 daltons in this monocoty1edonous 

species (Pring, 1974). The mitochondria1 rRNA from Virginia creeper 

1 
Sedimentation coefficients in brackets were determined graphica11y 
by the candida te • 
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(Parthenocissus tricuspidata) are exceptiona11y small compared to those 

from the other higher plants so far examined, having mo1ecular weights 

6 6 of 0.84 X 10 and 0.42 X 10 daltons, which correspond to sedimentation 

coefficients of 21S and l3S (Quetier and Vedel, 1974). 

Mitochondria1 rRNAs have some unusual physical properties which 

influence their e1ectrophoretic mobi1ities in gels. For examp1e, when 

subjected to electrophoresis at room temperature (Yu ~ al., 1972) or in 

buffer of low ionic strength (Edelman et al., 1971), mitochondrial rRNAs 

from a variety of fungi migrate more slow1y than normal1y. Evidence 

suggests that the sensitivity of mitochondrial rRNA to these conditions 

ia related to its conformation, which in tum is partly dependent on 

its base composition. Base composition analyses indicate that fungal 

mitochondrial rRNAs contain 13 - 25% less guanosine-cytosine base pairs 

than do the corresponding cytoplasmic rRNA species (Edelman ~~., 1971). 

Thus, the anomalous behaviour of mitochondria1 rRNAs in gels may be 

exp1ained by their more extended configurations relative to their 

cytop1asmic counterparts; under mild denaturing conditions, mitochondria1 

rRNAs may even undergo extensive melting. This possibility ia supported 

by'evidence from a study of the circular dichroism of mitochondria1 rRNA 

from the fungus Trichoderma viride (Verma et al., 1971). According to 

the Investigators, the data indicate that at moderate ionic strength, 

the mitochondria1 rRNA has a less ordered str~cture than the cytop1asmic 

rRNA. and at low ionic strength, it consists of mostly single-stranded 

o regions. 
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Thus, determination of the sizes of mitochondrial rRNAs 

by gel electrophoresis (as well as ~imentation analyats) may be 

misleading. One way of dealing with the problem posed by the unusual 

structure of mitochondria1 rRNAs is to eliminate the contribution of aIl 

conformational effects on migration rate by conducting electrophoresis 

of rRNAs under denaturing conditions. The molecular weights of maize 

mitochondrial rRNAs, when electrophoresed with !. coli rRNAs in 8 M 

ure a at 60 0 C are 1.19 X 106 and 0.67 X 106 daltons (Pring and Thornbury, 

1975), which is considerably smaller than the values obtained under 

non-denaturing conditions (Pring, 1974). The apparent size of 

mitochondrial rRNAs from Parthenocissus, however, remains constant under 

a ~riety of non-denaturing and denaturing conditions (Quétier and V~del, 

1974). In the present study, Ochromonas rRNAs were not characterized 

by electrophoresis in denaturants; however, since low temperatures and 

moderate ionie strength were maintained during fraetionation, the 

mitochondrial rRNAs would probably tend to assume a relatively compact 

conf6rmation (Spirin and Gavrilova, 1969). Therefore, the values for 

the sizes of Ochromonas mitochondrial rRNAs reported here, although 

tentative, probably represent close approximations. 

B. Antibiotic Studies 

1. Chloramphenico1 

~t low concentrations, the D-threo lsomer of ch10ramphenicol 

inhibits protein synthesis on chloroplast (Eisenstadt and Brawerman, 

1964) and mitochondrial ribosomes (Lamb et al., 1968), but not on the 
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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 aminoacy1-tRNA to the 50S 

SubWlit (Pestka. 1971). At higher concentrations, D-threo 

ch10ramphenicol may also directly inhibit mitochondrial respiration 

(Freeman and Ha1dar, 1968; Firkin and Linnane, 1968). Therefore, 

L-threo chloramphenico1, which inhibits oxidative phosphory1ation 

(Hanson and Krueger, 1966) but not protein synthesis (Ellis, 1969; 

Ire1and and Bradbeer, 1971), was used in this study to distinguish 

between the non-specifie and specifie effects of D~threo chloramphenicol 

on Ochromonas. The L-threo tsomer at 300 vg/m1~etards cel1 division, 

while the same concentration of D-threo ch10ramphenicol affects growth 

of Ochromonas more severely. Since cells treated with D-threo , 
chloramphenicol a1so suffer a 10ss in the number of mitochondria1 

cristae (Smith-Johannsen a~d Gibbs, 1972), the decline in growth rate 

in the presence of this antibiotic is probably, at 1eas t in part, a 

secondary effect on mitochondria resulting from the inhibition of the 

synthesis of cristae proteins. Despfté their inability to divide, 

cells grown in the presence of D-threo ch1or~mphenicol for 24 hr contain 

normal amoWlts of mitochondrial rRNAs. The amounts of the chloroplast 

rRNA species, however, are reduced by at least 70%, in accordance with 

ear11er ultrastructura1 observations on the effect of D-threo 

chlo'ramphenico1 on the number of chloroplast ribosomes (Smith-Johannsen 

and Gibbs, 1972). In contrast, cella cultured for 24 hr in medium 
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containing L-threo chloramphenico1, although a1so incapable of further; 

division, still possess'normal amonnts of the chloroplast rRNA species. 

Thus, the apparent inhibition of chloroplast rRNA synthesis in the 

cells exposed to D-threo chloramphenicol is most Iikely a direct 

consequence of the selective blocktng of chloroplast ribosome function. 

Since D-threo chloramphenicol does cause a marked decrease ln the rate 

of cell division, the possibility that the reduction in the amount of 

chloroplast rRNAs results instead from the general repression of growth 

cannot be ruled out. 

2. Spectinomycin 

a. Chloroplast 

Spectinomycin inhibits peptide chain elongation on bacterial 

ribosomes by interfering with translocation (Pestka, 1971). This 

aminoglycoside antibiotic has also been sbawn to be a potent inhihitor 

of protein synthesis on chloroplast ribosomes from aigse (Schlanger and 

Sager, 1974) and higher plants (Ellis, 197b), while not affecting 

proteln synthesis on cyt.plasmic ribosomes . .. 
1. Chioroplast membranes 

When protéin synthesis Qn chloroplast ribosomes in Ochromonas 

18 1nhibited by spectinomycin, the normal arrangement of thylakoids la 
, 

altered in a manner similar to that ln cells exposed to chloramphenicol 

(Smlth-Johannsen and Gibbs, 1972). Chloroplasts in both light-grown 

and greenlng cells treated with spectlnomycin contain unfused, single 

thylakoids as weIl as abn~rmally large stacks of ,thylakoids. Since it 
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le unllkely that spectinomycln directly interferes with membrane fusion, 

thie suggests that one or more proteine inv01ved in the regulation of 

thylakoid fusion is syntheslzed on chloroplast ribosomes in Ochromonas. 

Other ultrastructural studies show that chloramphenicol also disrupts 

the organization of thylakoids in Chlamydomonas (Goodenough, 1971), 
, . 

Euglena (Bishop ~ al., 1973), bean (Margulies, 1966) and pea' 

(Srivastava.et al., 1971). Therefore, Ochromonas resemblee other 

algae and higher plants with respect to the site of synthesis of 

proteines) i~volved in the control of chloroplast thylakoid fusion. 

the hypertrophy of the perinuclear reticulum in response to 

spectinomycin was also observed in cells of Ochromonas treate~ vith 

chloramphenicol (Smith-Johannsen and Gibbs, 1972). The functlon of the 

perinuclear reticulum ls unknown, but It may play a role similar to that 

of smooth endoplasmic reticulum which it resembles. In liver cells 

the smooth endoplasmic reticulum prollferates in respon~e to aicohoi and 

other drugs which are metabolized by enzymes localized in the membrane 

network (lieber, 1976). By analogy, the hypertrophy of the perinuclear 

reticulum in Och,romonas exposed to spectinomycin or chloramphenicol may 

be related to the induced synthesis of detoxifying enzymes. 

il. Chloroplast ribosomes and rRNAs 

Data obbJlned' by both electron microscopy and biochemical 

analysie indicate that spectinomycin, at a concentration which does not 

inh1bit growth substantially, inhibits the synthesis of chloroplast 
,', 

o ribosomes and rRNA in ~chromonas. Although both ribosome couhts 
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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-Johannsen and Gibbs, 1972), the 

chloroplast volume was not signifieaotly reduced in the spectinomycin. 

treated cella described here. Th us , the effect of spectinomycin on 

the synthesis o.f 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 Oehromonas 

could be that the antibiotic blocks the activity or synthesis of 

chloroplast RNA polymerase. This seems unlikely, however, sinee 

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 ehloroplast RNA polymerase synthesized or 

i ts ae ti vi ty . This finding suggests that chloroplast RNA polymerase 

ia aynthesized on cytoplasmic ribosomes. Assuming the biogenesis of 

this pnzyme in Oehromonas is similar to that in pea, the effect of 

spectinomycin in the alga cannot be accQunted for by a lack of 

chloroplast RNA polymerase . 
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The rooat likely explanation for the reduction of chloroplast 

rRNA ln the presence of spectinomycin 19 that the antibiotic inhibits 

the synthesis of ribosomal proteins. Newly-transcribed rRNA is 

assoclated with proteins (Hamkalo and Miller, 1973) and, presumably, 

ls rapidly degraded if not incorporated in ta a ribonuc1eoprotein 

complex. T~erefore. if chloroplast ribosoma1 proteins are not 

availab1e, chloroplast rRNA cannat accumulate. This was demonstrated 

by Ellis and Hartley (1971) who observed that incorporation of 

precursors into pea chlorop1ast rRNAs contlnued ip the ~sence of 

lincomycin, whi1e the accumulation of these species was inhibited. 

The size of 'the pool of ch1orop1ast ribosoma1 proteins in Ochromonas 

18 not known, but the data of Honeycutt and Margulies (1973) indicate 

that in Ch1amydomonas the pool is small, since labelled amine acids 

are incorporated iuto ch1oroplast ribosomes after only 6 min. 

Moreover, in ch1oroplasts of exponential1y-growing a1gae, the pool of 

ribosoma1 proteins would be rapidly exhausted if not continually 

rep1enished with newly-synthesized proteins. Therefore, sinee 

apectinomycin, which se1ectively inhibits the synthesis of proteins 

on chlorop1ast ribosomes. prevents the 1ight-induced increase of 

ch10roplast rRNA and ribosomes in Ochromonas, 1 conclude that at least 

sorne chloroplast ribosomal proteins in this a1ga are synthesized in the 

chlorop1às t. This supports previous findings based on a study of the 

effects of chloramphenicol on the ultrastructure of the chloroplast in 

Ochromonas (Smith-Johannsen and Gibbs~ 1972). 
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Galling ~ al. (1973) have reported that spectinomycin a1so 
; 
: , 
1 causes a reduction of ch1oroplast ribosomes and rRNAs in Ch1or~lla. 
1 
1 
~ 
[ 

These ipvestigators suggest that spectinomycin may inhibit the synthesis 
~ 

Î' of one or a few key ch1orop1ast pro teins involved in the regulation of 

the synthesis of ch10rop1ast r~bosomal proteins in the cytoplasm. 

However, in Ch1amydomonas 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 Ch1or~lla sorne 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 sorne chloroplast 

ribosomal proteins are synthesized on chloroplast ribosomes in Euglena 

(Reger et al., 1972), radish (rng1e, 1968), pea (Ellis and Hartley, 

1971) and spinach (Detchon and Possingham, 1975). As s tated in the 

Introduction, the 1ack of inhibitory effect of ch1oramphenicol on the 

synthesis of chloroplast ribosomes and rRNA in Acetabularia (Kloppstech 

and Schweiger, 1974) and Ch1amydomonas (Goodenough, 1971) probab1y 

ref1ects genuine species-specific differences in the biogenesis of this 

class of proteins. 

() b. Mi tochondria 

The on1yevidence the candidate le aware.oJ that spectinomycin 
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inhibits protein synthesis on mitochondrial ribosomes is the observation 

that wild-type ce1ls of Chlamydomonas are killed when cu1tured 

heterotrophically in medium containing low concentrations of the 

sntibiotic (Boynton ~ al., 1973). Moreover, cyanide-sensitive 

respiration in Chlamydomonas subjected to prolonged exposure to 90 ~g/ml 

spectinomycin is abolished, indicating the absence of mitochondrially-

synthesized components. 

In contrast to Ch1amydomonas, Ochromonas continues to grow 

st nearly normal rates for up to 48 hr in the presence of 100 ~g/ml 

spectinomycin. Electron microscopy shows that the ultrastructure f 
l 
~ 

of the mitochondria in spectinomycin-treated ~lls (24 hr treatment) 

appears normal. This is at variance with previous observations of 

ce1ls treated for 24 hr with chloramphenicol in which the ratio of 

inner to outer mitochondrial membranes was reduced by over 35%. The 
1 

concentration of spectinomycin used in the present study is re1ative1y 

low, however, and the inhibitory effects of the antibiotic may become 

manifested at a correspondingly slow rate. Th us , it i8 likely that 

if cells were examined by electron microscopy after further growth in 

medium containing spectinomycin, a decrease in the number of 

mitochondria1 cristae wou1d be evident. The difference in the 
~ 

ki~etics of the appearance of spectinomycin-induced membrane 

sbnormalities in the chloroplast and mitochondrie could be explained 

by the existence of a relatively larger pool of mitochondria! crietae 

proteine. This idea i8 8ubstantiated by the observation that even in 
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the ch1oramphenicol-treated cells, the loss of mitochondrial cristae 

does not occur unti1 after 12 hr of exposure to the antibiotic, 

whereas chloroplast membranes are Immediately affected. Therefore, 

the absence of an effect of spectinomycin on mitochondrial membrane 

in Ochromonas does not rule out the l1kelihood that one or more cristae 

components are synthesized in the mitochondria of this alga. In fungi, 

a1most aIl 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; KÜDtzel,1969b; Borath and KÜDtzel, 1972). 

Since 24 hr treatment with spectinomycin fails to alter 

either mitochondrial ultrastructure or mitochondria1 rRNA synthesls in 

Ochromonas, there Is a possibillty 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 aminog1ycoside antibiotics 

varies in dlfferent species. Of seven aminoglycosides tested, four 
,. 

o failed to inhibit the amin4 acid incorporating activity of yeast 
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mitochondria1 ribosomes either in vivo or in vitro. --- ---- The remaining 

three antibiotics blocked protein synthes~s on both mitochondrial and 
ç') t\ 

cytoplasme ribosomes from yeast, but had no significant effecf on 

amino àcid incorporation by mitochondria i'solated from rat liver. 

Although spèctinomytin was not included in Lbis study, streptomyein, 

which is closely related in structure (Beneviste and Davies, 1973), 

was shown ta have little or no effect on protein synthesis on yeast 

mitochondrial ribosomes. Sinee Chlamydomo~s, which does contain 

~ 
spectinomyein-sensitive mitochondrial riboso~s, is more cloaely 

related to Ochromonas than ia yeast it i8 probable that protein synthesis 
" . 

on mitoehondrial ribosomes in Ochromonas is a1so inhibited by this , 
\1 

aminoglycoside. Conclusive proof for this assumption requires an in 

vitro assay o~ the protein synthesizing activity of isolated mitochondrial 

ribosomes in the présence of spectinomyein. 

3. Ethidium bromide 

The biologieal activity of the phenanthridine dye ethidium 

bromide ia correlated with its ability to intercalate between DNA base 

paira (Waring, 1968) and, in particular, ita selective affinity for 

cloaed circular DNA (Bauer and Vinograd, 1968). Ueing SV40, Bauer and 

Vinograd (1968) demonstrated that, at low concentrations (leas than 5.4 

~g/ml), ethidium bromide ia preferentially bound by closed, circular 

viral DNA molecules. 

" , 
a. Mi tochondria 

In eukaryotic cella, the target of ethidium bromide action i8 
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the mitochondrion. Mitochondria from nearly all the lower (Borst, 1970) 

and h1gher plants (Kolodner and Tewari, 1972b), as weIl as from an1mals 

(Barst, 1970) exam1ned so far, contain covalently-closed circular DNA 

molecu1es. Bath the repl1cation (Goldr1ng ~ al., 1970) and 

transcription (Zylber ~ al., 1969) of mi tochondrial DNA in yeast and 

mammalian cells respectively, has been shawn ta be selectively inhibited 

by the dye. Presumably, binding of ethidium bromide ta mitochondrial 

DNA in vivo blocks the func:tioning of this component by distorting the 

tertiary structure of the supercoi1ed DNA molecules (Smith et al., 1971; 

Nass, 1972). 

'" Although the growth of O'bhromonas cells cultured in medium , 
containing l ~g/ml ethid1um bramide 1s normal for approximately 24 hr, 

the morphology of the mito~ondria in cells expos~d ta the dye during 

this interval i8 dramatically altered; the number of mitochOQftrial ~ 

ribosomes i9 reduced by more than 90% and the number of cris tae is a1so 

markedly reduced compared ta control cells. The results of quantitative 

analysis of the electrophoretic profiles of rRNAs from control and 

ethidium bromide-treated ce Ils are in agreement with the ultrastructural 

observations and show that the transcription of the mitochondrial rRNA 

species is severely and exc1u9ively 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 18 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 
Q 
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cella la equal1y prevented by ethidium bromide. Also, Pik6 and Chase 

(1973), using electron microscopy and polyacrylamide gel e1ectrophoresis, 

have demonstrated that 0.1 ~g/ml ethidium bromide also induces the 

selective loaa of mitochondrial ribosomes and rRNAs in mammalian embryonic 

cells. 

The abrupt decl1ne in the rate of cell division of ethidium 

bromide-treated cells after 24 hr ia 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 is probably 

not direct but is secondary ta the decrease in the number of mitochondrial 

ribosomes on which some cristae proteins are synthesized (~.~. Rubin and 

Tzago10ff, 1973). A similar 10ss of mitochondrial cristae was 

observed when translation on mitochondria1 ribosomes was inhibited in 

Ochromonas by chloramphenicol (Smith-Johannsen and Gibbs, 1972). Law 

concentrations of ethidium bromide have been shawn to mimic the effects 

of ch1oramphenicol on mitochondrial membranes in mammalian cells also 

(King et aL, 1972; Pik6 and Chase, 1973). In these cells,however, 
\, 

exposure to either drug resu1ts in a disorganization of mitochondria! 

cristae, rather than a reduction in their number. Similarly, 25 llg/ml 

ethidium bromide induces the~di1ation of mitochondrial cristae in 

Acetabu1aria (Hei1porn and Limbosch, 1971), whi1e 1 - 5 llg!ml of the dye 

causes aberrations in the arrangement of the mitochondria1 cristae, as 

weIl as a reduction in their number in b1eached cells of Eug1ena (Nass 

and Ben-Shaul, 1973). The results of a study on Chla~domonas 
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indicate that 3 lJg/ml ethidium lYromide 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 mitochondria1 DNA in Ochromonaa was not examined in this study. In 

yeast cells 10 lJg/ml ethidium bromide, not only inhibi ts the replica tion 

of mitochondrial DNA, but also induces the degradation of the supercoiled 

molecu1es (Goldring et al., 1970). Evidence suggests that ethidlum 
... 

bromide alao impairs the syn~hesis of mitochondrial DNA in Euglena (Nass 

and Ben-Shaul, 1973), but the effects of the dye in this alga are at 

leas t partially reversible. Heilporn and Limbosch (1971) found that, 

a1though the amount 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, n~ diminution 

in the amount of mitochondria1 DNA was observed. These investigators 

therefore proposed that ethidium bromide does not degrade pre-existing 

mitochondrial DNA in Acetabu1aria, but probably alters the structure of 

this component such that it 15 more susceptible to nuclease during 

extraction. The reversibility of ethidilUll bromide-induced damage of 

mitochondrial DNA in Ochromonas cou1d be tested by inoculation of 

trea ted cells in media free of the dye. It is impor tan t to note tha t 

reversibility of the ethidium bromide-induced inhibition does not rule 

out the possibility that mitochondriel DNA is partially degraded, but 

that sufficient copies of mitochondrial DNA exist to permit continued 
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rep lica tian of tlte organelles. 

b. Ch1oroplast 

In contrast to its effect on mitochondria, ethidium bromide 

does not perceptibly alter the ultrastructure of the chloroplast in 

Och romonas . Likewise, treated cells contain normal amounts of the 

chloroplas t rRNA species. These observa tions 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 weIl as photosynthetic capacity, is otherwise normal (Heilporn and 

Limbos ch, 1971). 

The chlorophyll content of greening èells 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 con troIs • The differentiai 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 con tinuous light is a fune tion of cell 

density: 

1901) • 

chlorophyl1 per cell increases as cell number increases (Gibbs, ... 
At the time of extraction of chlorophyll, the cultures treated 

\ 

with ethidium bromide happened to contain a slightly 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 18 also unaffected b)' ethidium bromide {Hei1porn aod Limbosch, 
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1971) • Nass and Ben~Shaul (1973) reported that in greening cells of 

Euglena, ethidium bromide depresses ch10rophyll formation significantly. 

The inkibition of chlorophyl1 synthesis in Euglena occurred on1y after 

about 3 days exposure te the dye and can mest like1y be attributed, to a 

general reduction in cellular metabo1ism due to the secondary 

impairment of mitochondrial respiration. 

Chlorop1asts from Euglena (Manning et al., 1971) and higher 

plants (Manning et al., 1972) have been shown to ~ntain supercoi1ed 

DNA. If one asswnes that the closed, circular nature of chloroplast DNA i9 

universa1, the apparent insensitivity of the chloroplast in Ochromonas, 

Ace tabula ria and Euglena to e thidium bromide seems to be a t variance 

with the mode of action of this dye in eukaryotic celis. The 

discrepancy between the predicted and observed effects of ethidium bromide 

on ch1orop1asts might be explained if chloroplast DNA does not bind the 

dye. Chlorop1ast DNA isolated fro~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 ch1oroplast is that this organelle is impermeable to the dye. 

This is unlikely since ethidium bromide was shawn to inhibit al! 

syn~hesis of cytoplasmic DNA in Acetabularia under conditions where nuc1ear 

DNA synthesis was not affected (Heilporn and Limbosch. 1971). Moreover, 

Flechtner and Sager (1973) reported that 10 ~g/ml ethidium bromide 

induces the 10S8 of about 85% oJ the chloroplast DNA in Ch1amwdomonas. 

Although the a1gal cella did not divide during the 12 hr treatment. they 
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nevertheless were able to resume growth when washed free of the dye, 

and also regenerated Borne of their ch1oroplast DNA. Ta account for 

these results, Flechtner and Sager proposed that one or more 'master' 

copies of chloroplast DNA are sequestered ln a region inaccessible to 

the intercalating dye molecules. Since Acetabularia ch10roplasts , 
double in number before their division ls arrested directly or 

indirectly by ethidium bromide (Heilporn and Limbosch, 1971), the y may 

contain at least two 'mas ter' copies of chloroplast DNA. Both 

greenlng and light-grown ce Ils of Ochromonas, on the other hand, grow 

normal~y for at leaat two generations in the presence of ethidium bromide, 

suggesting that, not only the chloroplast, but a1so the proplastid, 

contain at least four sequestered copies of plastid DNA. Further s tudies 

are required ta prove the 'mas ter' copy hypothesis or to explain in sorne oth~r 

way the differential response of chloroplast and mitochondrial circular 

DNAs to ethldium bromide. 

C. Future Studies 

Perhaps the most important resu1t of this investigation is the 

evidence that at least some chloroplast ribosomal pro teins are 

synthesized on chloroplast ribosomes in Ochromonas. It would be 

interesting ta kn@w exact1y which and how many of the chloroplast 

ribosomal proteine are syntheslzed withln the organelle. Although 

initial attempts ta isolate ribosomes from Ochromonas were unsuccessful, 

it may yet be possible. Low temperatures may be as essential te the 

isolation of ribosomes as they are for the isolation of rRNA from this 
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alge. Chloroplast r1bosomal proteins from control and spectin~cin-

treated eells could then ~nalYzed on two-dimensional polyacrylemide 

gels. 

The effect of spectinomyc1n (and chloramphenicol) on the 

perinuclear reticulum of Ochromonas is difficult to interpret since 

the function of this membrane network 18 unknown. The hypothesis 

that the perinuclear reticulum 18 the site of detoxifying enzymes 

could be tested by treating cells with radioactive spectinomycin (or 

chloramphenicol) and analyzing the resu1ts by EM autoradiography. 

Another important result of the present study ia the 

development of the methodo1ogy for the extraction and characterizat~on 

of intact rRNAs from Ochromonas. The 'nicking' of the heavy 

chloroplast rRNA component 1s sim11ar ta 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 1>y experiments s1milar ta those of Lava~Sanchez and Puppo 

(1975) . 

There is sorne evidence which suggests that rRNA populations 

in both prokaryotes and eukaryotes are not homogeneous (in Cattolico, 

19?3). For example, Cattolico (lQ73) detected a smaU difference in 

the oligonucleotide patterns of the 25S rRNA species extracted from 

Chla~ydomonas at two separa te stages in the synchronous growth cycle. 
o 

Ochromonas provides an ideal organism in which to study the question of 
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rRNA heterogeneity sinee the alga undergoes a transition when switched 

from dark to light growth conditions. Moreover, the cytoplasmi~, 

ehloropla~t and mitochondrial rRNA species can be isolated w1thout 

agents whlch may affect their chemieal propetties, and analyzed 

independen tly • o 

ln su~ry_ the results of this investigation have helped 

ta elucidatè some aspects df the regulation of organelle biogynthesis. 
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CONTRIBUTION TO KNOWLEDGE 

The candidate considers the follawing 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 is unique sinee it contains, not four, but five pea~'o~ 

high molecular weight rRNA. 

2. Cytoplasmie, ehloroplast and mitochondrial rRNA species were 

identified on the basis of their relative amounts in cells grown in the 

dark and light, or exposed to ethidium bromide. 

3. The sizes of Ochromonas rRNAs were determined by polyacrylamide gel 

electrophoresis of (3ijÔRNA from Ochromonas using (l4C)rRNAs from!. coli 

as internaI markers. The mo1ecular weights of the heavy and light 

cytop1asmic rRNAs are 1.18 X 10
6 

and 0.66 X 10
6 

daltons respective1y. 

The molecular weights of the heavy ehloroplast and mitochondrial rRNAs are 

6 
both 0.94 X 10 daltons, while the light chloroplast and mitochondrial 

rRNAs have values of 0.50 X 106 and 0.55 X 106 aa1tons raspectively. 

4. The heavy ch1orop1ast rRNA component from Ochromonas is thermolabile 

and probab1y contains three nicks, one at éach end of the rRNA molecule 

and a third nick near the middle. 

5. The growth rate of greening cells exposed to either D-threo or L-threo 

chloramphenic<?l (300 ~g/ml) begins to decline markeclly .after 12 hl'. During 

24 hr exposur~ to 100 ~g/ml spectinomycin, greenirtg cells divide at a rate 



( " 
\ ' 

c 

o 

- • 

199 

slightly less than that of controls, whereas spectinomycin treated 

light-grown cella grow at normal rates. In the presence of l Ug/ml 

ethidium bromide, both greening and light-grown cells divide at rates 

similar ta controls for 24 hr. 

6. D-threo chloramphenicol (300 Ug/ ml), but not L-threo chloramphenicol 

(300 ug/ml), inhibits the 24 hr light-induced increase of chloroplast rRNA 

in Och~omonas by 70%. Neither chloramphenicol isomer alters the amount 

of mitochondrial rRNA significantly. 

7. 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 chl~roplast ribosomes by 50%. This antibiotic does Dot 

affect the amount of mitochondrial rRNA or the concentratiûn of 

mitochondrial ribosomes in 24 hr greening cells. The effect ob 24 hr 

exposure to 100 Ug/ml spectinomycin on the amounts of organelle rRNAs and 

'" ribosomes in light-grown ce1ls is similar to that in greening cells, but 

is less in magnitude. 

8. Treatment of greening and 1ight-grown cells with 1 ~g/ml ethidium 

bromide for 24 hr results in the selective 10ss of mitochondrial rRNA and 

ribosomes. 

9. Greening and light-grown ce±ls exposed ta 100 pg/ml spectinomycin 

for 24 hr contain chloroplasts with disorganizéd'thylakoids. Bath single 

thylakoids and bands consisting of five to eleven thylakoids (instead af 

--, 

the characteristic thrée thylakoids) are commonly abserved. Mitochondrial 

ultrastructure la normal in spectinamycin-treated cella. 

• 
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10. Ethidium bromide (1 Vg/ml) treatment of both greening and light-

grown cells for 24 hr causes a substantial reduction in the number of 

mito~hondrial cristae. The dye has no effect on chloroplast 

u1trastructure. 

Il. The effects of D-threo chloramphenicol and spectinomycin on 

Ochromonas strongly suggest that at least some chloroplast ribosomal 

proteins are synthesized in the chloroplast of this a1ga. A protein(s) 

invo1ved in thylakoid fusion is also probably synthesized on chloroplast 

ribosomes. 

12. The nature of the ethidium bromide in~uced a1terations \rdicates 

that Ochromonas mitochondrial rRNAs are transcribed from circular 

mitochondrial DNA molecules. A protein(s) required for cristae 

formation la synthesized on mitochondria! ribosomes. 

1 
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APPENDIX 

A. Chemical structure of an tibiot ies used in this s tudy 

1. Chloramphenico1 

c~ 

2. Spectinomycin 

3. Ethidium bromide 
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B. Estimation of the coding potentia1 of mitochondrial and 

chloroplsst DNA 

l' Assuming for a nucleotide an average molecular weight = 300 

daltons and 1ength slang the axis of the DNA helix = 3.4 R, and for an 

amino acid an average mo1ecular weight = 125 daltons, one can calculate 

the approxima te number of polypeptides for which organelle DNA can code. 

1. Mitochondrial DNA 

Animal mitochondria DNA, 5 ~m in contour 1ength (Borst, 1970), 

is the smalles t known organelle DNA. The number of nucleotides contained 

3 5 in a strand of DNA l \Jm in 1ength .. 2.95 X 10 , which :: 8.9 X 10 daltons. 

Although DNA is double-stranded, l assume on1y one strand is transcribed 

6 in vivo, so 5 ~m of single-stranded DNA :: 4.45 X 10 daltons. Mitochondrial 

DNA contains s cistron each for hesvy and ligh t mitochondria1 rRNAs and 

for perhaps t~ty tRNAs. Using the fol1owing values. 

hesvy rRNA 

light rRNA 

20 tRNAs 

.. 0.53 

• 0.30 

0.83 

.. 0.50 

X 106 

X 106 

X 106 

X 106 

1. 33 X 106 

5 \lm sing1e-stranded DNA • 4.45 X 106 

and subtracting RNA cistrons • 1.33 X 106 

3.12 X 106 

~Xenopus (Dawid and Chase, 1972) 

daltons* 3 
tRNA = 10 daltons 

daltons* 

daltons .. total rRNA cistrons 

daltons = total tRNA cistrons 

daltons = total RNA cistrons 

daltons 

daltons 

daltons .. remaining sequences. 

... 

1 
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643 
Therefore, 3.12 x 10 /300 = 1.04 X 10 nucleotides, which ... 3.5 X 10 

codon triplets - amino acids. Slnce one amine aeid = 125 daltons, 

3.5 X 103 amino acids = 436,000 daltons. This represents approximately 

Il polypeptides of 40,000 daltons or 22 polypeptides of 20,000 daltons. 

Mitochondrial DNA from plants is larger than that from animal 

ce Ils and can code for a correspondingly greater number of proteins. 

Euglena mitochondrial DNA is probably about 20 ~m in contour length 

(Talen ~ aL, 1974), which is equivalent ta 26 polypeptides of 40,000 

daltons, whereas mitochondrial DNA from higher plants is reported ta be 

JO ~m (Kolodner apd Tewari, 1972b), which i8 adequate ta code for 42 

polypeptides of 40,000 daltons. 

In thls computation, 1" have a~umed that only one strand of 

the double DNA helix 18 transcribed. There i8 sorne evidence, however, 

that at least three tRNA genes are located in the light strand (Aloni 

and Attardi, 1971). Also, 1 have used the mo1ecular weigh t values of 

the mature mitochondrial rRNA species, although the size of the initial 

transcription unites) is probably larger. With respect ta the 

calculation of the coding capacity of mitochondrial DNA, however, these 

factors tend to cancel out one another. 

2. Chloroplast DNA 

Chloroplast DN. from both algae and higher plants averages 

40 ~m - 44 lIm in contour leng th (Manning and Richards, 1972; Herrmann 

et al., 1975). In contrast ta mitochondrial rRNAs, chloroplast rRNAs 
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are usually sllghtly larger and at 1east 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 

accouftt in the following calculation of the coding potential of the 

dhloroplast genome: 

heavy rRNA 

l1ght rRNA 

2 rRNA cis trons 

20 tRNAs 

single-stranded DNA, 

total RNA cistrons 

... 1.10 x 

- 0.56 x 

1.66 x 
III 3.32 x 
.. 0.50 x 

3.82 X 

40 ~m ... 3.56 X 

'" 3.82 X 

31.78 X 

-10.60 X 

.. 3.55 X 

... 4.45 X 

106 

106 

10
6 

106 

10
6 

106 

10 7 

106 

10
6 

104 

10 4 

106 

which represent~ a capacity to code for 

daltons* 

daltons* 

daltons 

dal tons 

daltons 

daltons = total RNA cistrons 

daltons 

daltons 

dal tons ... remaining se.quences 

nucleotides 

codons ... amina acids 

daltons, 

110 polypeptides of 40,000 

......... , 

daltons. The molecular weight of the large subunit of ribulosediphosphate 

carboxylase, the most abundant chloroplast protein, ls 55.000 daltons 

(ln Givan and Criddle, 1972). 

The amount of DNA available for coding for proteins is reduced 

if one perforros this cal cula tian using a value for an early rRNA precursor 

*Bigher plants (Ingle ~ al., 1970) 
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rather than that for mature rRNA forms. Assuming, for example, that 

6 the rapidly labelled 2.9 X 10 dalton chloroplast RNA ~omponent observed 

in Phaseolus (Grierson and Loening, 1974) represents a primary 

-, 

polyclstronic transcript of rRNA, the coding potential of chloroplast DNA 

18 limited to 100 polypeptides of 40,000 daltons. 
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