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For some years it was widely believed that all ribosomes were

either of the 70S type found in bacteria or of the 80S type occurring

in the cytoplasm of eukaryotic cells. With the discovery and subsequent

characterization of ribosomes in the mitochondria of eukaryotes, this

simple generalization had to be rejected. The mitochondrial ribosomes

of various organisms display a great diversity of structural properties,

even though they all show considerable functional homology with the 70S

prokaryotic ribosome. Animal species possess mitochondrial ribosomes

with particularly interesting physical-chemical properties, by virtue

of their high protein content relative to the quantity of RNA they

contain.

The present research is an investigation into the nature of the

individual proteins which make up the large complement of total protein

ix



found in mammalian mitochondrial ribosomes. Two-dimensional electro¬

phoresis in polyacrylamide gels was used to separate, identify, and

characterize the proteins of mitochondrial ribosomes from bovine liver.

It was found that these ribosomes contain a relatively large number of

proteins: 52 are present in the large subunit and 41 in the small sub¬

unit. Several kinds of criteria and experimental evidence argue that

these proteins are true ribosomal components rather than contaminants

in the ribosome preparations. However, only 81 electrophoretically

distinguishable proteins are present in a mixture of large and small

subunits; the possibility that some of the large-subunit proteins are

identical to proteins found in the small subunit is discussed.

The molecular weights of these proteins are similar to those of

bovine cytoplasmic ribosomal proteins, and considerably larger than

those of Escherichia coli ribosomal proteins. Comparisons of electro¬

phoretic properties show that the mitochondrial proteins are more acidic

than those of mammalian cytoplasmic or most bacterial ribosomes. The

sum of the molecular weights of the 93 mitochondrial ribosomal proteins

is somewhat greater than predicted by physical-chemical measurements of

the total mass of protein in this ribosome; to account for this differ¬

ence it is suggested that a proportion of the ribosomes as they are iso¬

lated may be lacking some of the ribosomal proteins.

Other experiments demonstrated that exposure of the ribosomes to

certain ionic conditions could remove a small number of the proteins,

with a corresponding loss of the peptidyl transferase activity of the

x



ribosomes. One or more of the proteins removed may therefore be

involved in this particular ribosomal function. Finally, comparisons

between the proteins of bovine and rat mitochondrial ribosomes revealed

a large number of differences in their electrophoretic properties. The

level of divergence in these properties is greater than that reported

in similar comparisons of cytoplasmic ribosomal proteins. This obser¬

vation parallels the great phylogenetic diversity observed in the over¬

all structural properties of mitochondrial ribosomes from more distantly

related organisms, and leads to the conclusion that these ribosomes have

diverged more widely during evolutionary history than have their extra-

o

mitochondrial counterparts located only a few Angstroms away.

The large number and low isoelectric points of the proteins of

mammalian mitochondrial ribosomes are discussed with reference to their

implications for the structural organization of these particles. Some

mechanisms which may account for the rapid evolutionary divergence of

mitochondrial ribosomes are proposed.
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INTRODUCTION

Mitochondria are multifunctional organelles found in all eukary¬

otic cells, their primary function being the aerobic production of ATP.

In addition to their important role in cellular energy metabolism,

mitochondria make an essential contribution to their own biogenesis.

Several of the multi-subunit enzymes of oxidative phosphorylation con¬

tain one or more subunits synthesized within the mitochondrion (Schatz

and Mason, 1974). For this purpose mitochondria possess a large com¬

plement of biosynthetic enzymes and other macromolecules, distinct from

their analogs in the nucleus and extramitochondrial cytoplasm. These

components of the mitochondrial biogenetic system include DMA, DNA and

RNA polymerases, messenger RNA, ribosomes, translation factors, transfer

RNA species and aminoacyl-tRNA synthetases. Mitochondrial DNA codes

for the ribosomal RNA and at least some of the tRNA and mRNA species

found in mitochondria, and these macromolecules are indispensable in the

biogenesis of functionally active mitochondria. On the other hand most

of the (equally essential) protein components of the mitochondrial bio¬

genetic system ribosomal proteins, factors, and enzymes appear

to be coded by nuclear DNA and synthesized on cytoplasmic ribosomes.

Thus the mitochondrial and nuclear-cytoplasmic macromolecule-synthesizing

systems must cooperate as intimately in the production of the mitochon-

1
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drial biogenetic system itself as they do in the synthesis of the

enzymes of oxidative phosphorylation.

The ribosomes in a given organism’s mitochondria are generally

distinguishable from its cytoplasmic ribosomes on the basis of sev¬

eral functional or physical-chemical criteria. Indeed, especially in

their functional properties, mitochondrial ribosomes have been found

to be more like bacterial ribosomes than cytoplasmic ones. Some

structural similarities between mitochondrial and Moneran ribosomes

were noted early (Kiintzel and Noll, 1967), and complemented reports

of other biochemical homologies between organelles and prokaryotes

that had already aroused considerable interest in the question of the

evolutionary origin of mitochondria and chloroplasts. More recent

comparisons of the structural parameters of bacterial and mitochondrial

ribosomes have shown some similarities hut also a surprising number of

differences, both between the two groups and among mitochondrial ribo¬

somes from different species. Tims, it is true that the mitochondrial

ribosomes of most organisms studied to date sediment more slowly than

the corresponding cytoplasmic ribosomes, and that some of them have

sedimentation coefficients close to that of prokaryotic ribosomes (70S).

However, mitoribosomes from various species range in sedimentation

rates from 55S to 80S, a much wider variation than is found among

bacterial, eukaryotic-cytoplasmic, or chloroplast ribosomes obtained

from different organisms. Indeed, when all ribosomal attributes are

considered, it seems that only in mitochondria do so many different

kinds of ribosomes occur.
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I. STRUCTURAL PROPERTIES OF NON-MITOCHONDRIAL RIBOSOMES

Before proceeding to the description of the physical and chemical

characteristics of mitochondrial ribosomes, it will be useful to sum¬

marize the characteristics of the other kinds of ribosomes that exist.

This task is simplified by the fact that the characteristics of non-

mitochondrial ribosomes are not as divergent as might be thought. They

all fit reasonably well into two large categories within which the mem¬

bers seem to share more similarities than differences. Table 1 shows

the relative homogeneity of the properties of cytoplasmic ribosomes,

whatever eukaryotic organism they are obtained from protists, fungi,

plants or animals. Despite small differences among the cytoplasmic

ribosomes from these four taxonomic kingdoms, all of them appear to be

members of a single structural class typified by a sedimentation co¬

efficient of 80S, a buoyant density of 1.57 g/cc, and rRNA molecules

of 0.7 and 1.3 million daltons containing 50 percent G + C,

The second category of non-mitochondrial ribosomes is also rela¬

tively uniform in physical and chemical properties. Described in

Table II are several prokaryotic ribosomes from E. coli, a mycoplasm,

and a blue-green alga and those of various chloroplasts. The pro¬

karyotic particles can all be adequately described by the values 70S,

1.64 g/cc, (0.56 + 1.10) x 10^ daltons, and 50% for the structural

parameters tabulated. Chloroplast ribosomes are similar in all respects

except that some of them appear to be significantly lower in buoyant

density. Perhaps it should be mentioned that this homogeneity of



Table1.Propertiesofcytoplasmicribosomesofeukaryotes.
Organism

Sedimentation Coefficient

BuoyantDensity inCsCl,g/cc

MolecularWeight ofrRNA(x106)
BaseCompos: ofrRNA,%<

PROTISTS
Euglena

87S1

L1.53]2

(0.85+1.20)1

54%3

Tetrahymena

80S4

1.564

0.52+1.185

47%4

Chlamydomonas

83S6

[1.52]7

(0.70+1.28)6

FUNGI
Neurospora

77S8

1.589

0.67+1.2810

51%8

Saccharomyces

80S11

1.5512

0.72+1.215

53%'3

PLANTS
Pea

80S14

1.589

0.7+1.315

52%16

ANIMALS
Toad

87S17

1.5918

0.7+1.519

59%19

Rat

83S20

1.5521

0.66+1.485

64%22

[]Calculatedfromthedatapublishedinthecitedreference,bythe 189formulaBuoyantDensity= 0Tó¿40(%Protein')(Hamilton>1971)'
()ThedatawerepublishedasultracentrifugalorelectrophoreticS valuesrelativetoEscherichiacolirRNAstandardstakenas16Sand 23S.Tosimplifythetabulation,theseSvalueshavebeenconverted tomolecularweightsaccordingtotheformulaM=KSa;theconstantsK andawereevaluatedfromthevalues0.56x10sand1.10x10(’for Lhemolecularweightsof16Sand23SRNA. 'AvadhaniandBuetow,1972.12Grivelletal.,1971. 2AvadhaniandBuetow,1974.13MorimotoandHalvorson,1971.



3KrawiecandEisenstadt,1970. **ChiandSuyama,1970. 5Reijnderse_tjal.,1973. 6Bourqueetal.,1971. 7SagerandHamilton,1967. ®KiintzelandNoll,1967. 9CammaranoetaJL.,1973. 10Neuperte£al..,1969. 13CooperandAvers,1974.
14Ts'oetal.,1958. 15Loeningatal_.,1969. 16BonnerandVarner,

1965.

17Swansonand
Dawid,
1970.

18leisterand
Dawid,
1974.

19Dawidetal.
,1970.

20Hamiltonand
Peterraatm,

21deVriesand
Kroon,

,1974

22Kirby,1965.

-n



TableII.PropertiesofMoneranandchloroplastribosomes. SedimentationBuoyantDensityMolecularWeightBaseComposition
SourceCoefficientinCsCl,g/ccofrRNA(x108)ofrRNA,ZG+C

BACTERIA Escherichiacoli

69S1

1.642

0.56

+

1.103

52%m

Mycoplasmahominis
71S5

[1.63]5

(0.56

+

1.01)5

46%5

BLUE-GREENALGAE Anabaena

72S6

1.637

0.55

+

1.07®

CHLOROPLASTS Euglena

69S9

[1.67]10

(0.63

+

1.01)9

52%10

Chlorella

67S7

1.577

0.56

+

1.108

Pea

70S7

1.587

0.56

+

1.108

Spinach

66S*1

0.56

+

1.0512

54%u

ParenthesizedandbracketedentriesasinTablei. ^issiéresetal.,1959. 2Sacchi£tal.,1973. 3Kurland,1960. ^Horimotoandllalvorson,1971. ^JohnsonandHorowitz,1971. ^TaylorandStorck,1964.
'YurinaandOdintsova,1974. ®Loening,1968. 9AvadhaniandBuetow,1972. 10RawsonandStutz,1969. 1:LLyttleton,1962. l2HartleyandEllis,1973.
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gross structural properties almost certainly conceals a great deal of

diversity in fine structure* Differences in such properties as ribo-

somal protein electrophoretic mobilities and immunologic identities are

the rule even for prokaryotic ribosomes related to each other more

closely than are the entries of Table II (Geisser et_ aj_., 1973;

Wittmann ^t al_., 1970).

II. STRUCTURAL PROPERTIES OF MITOCHONDRIAL RIBOSONES

In contrast to the rather simple classification scheme possible for

ribosomes from all other sources, mitochondrial ribosomes do not seem to

fall into one or even a few structural categories. Reference to Ta¬

ble III shows the degree of diversity found in mitochondrial ribosomes

from different species. Many of the individual ribosome species in this

table are as distinct in physical and chemical properties from each

other as the 80S (Table I) and 70S (Table II) classes are. Furthermore,

among the protists and fungi no two genera have yet been shown to con¬

tain similar mitoribosomes, so it seems likely that many more structur¬

ally different ribosomes will be found as other species are investi¬

gated. On the other hand, considerable homology is seen among the

mitoribosomes of several species of higher animals, from locust to man.

A. Mitochondrial Ribosomes of Protists, Fungi, and Plants

The best-characterized protist mitochondrial ribosomes are those

of Euglena gracilis and Tetrahymena pyriformis. The Euglena mitoribo-

some is unusual in that it is the only mitochondrial ribosome yet

described that shows a large degree of structural homology with the



TableIII.Propertiesofmitochondrialribosomes.
Source

Sedimentation Coefficient

BuoyantDensity inCsC.1,g/cc

MolecularWeight of:TíA(x106)
BaiseComposition ofrRNA,%G+C

PROTISTS
Euglena

71S1

ri.6i]2

(0.56+0.93)'

27%3

Tetrahymena

80S14

1.464

0.47+0.905

29%l'

fungi
Neurospora

73S6,80S7

1.52s

0.72+1.289

38

Saccharoravces
72S10,75S11,80S12
1.641^

0.70+1.305

30113

Candidautilis

72S15

1.4815

0.71+1.2115

34115

Aspergillus

0.66+1.2716

32%-7

PLANTS
Maize

77S18

1.5619

0.76+1.2520

Eean

78S21

0.78+1.1521

ANIMALS
Locust

60S22

0.28+0.5273

Slirimp

0.35+0.5024

43%24

Toad

60S25

1.4526

0.32+0.5823

417;27

Rat

55S28

1.4329

0.30+0.5030

47%31

HeLaCelLs

55S32

1.4032

0.35+0.5433

43%3L

ParenthesizedandbracketedentriesasinTable1. 1AvadhaniandBuetow,1972.18Pring,1974. 2AvadhaniandBuetow,1974.19PringandO'Brien,1974, 3KrawiecandEisenstcidt,1970.privatecommunication.



14ChiandSuyama,1970. 5Reijndersetal.,1973. 6KuntzelandNoll,1967. 7Agsteribbee_t^aK,1974. 8AgsteribbeandKroon,1974, privatecommunication ^Kc'upertet^al.,1969. Schmitt,1970. ^CooperandAvers,1974, 12Morimotoet__al_.,1971. 13Grivelle_t_al_.,1971. *l,MorimotoandHalvorson,1971. 15Vignaise_t_ctL.,1972. 16Verma£t__al.,1970. 17Edelmanetal.»1970.
20PringandThornbury,1975. 21LeaverandHarmey,1973. 22Kleinowet_al.,1971. 23Kleinow,1974. 211Schmittet_al_.,1974. 25SwansonandDavid,1970. 28LeisterandDawid,1974. 27DawidandChase,1972. 280’BrienandKalf,1967. 23deVriesandKroon,1974. 38Sacchie_t^al_.,1973. 31Bartoovet_al.,1970. 32PerlmanandPenman,1970. 33Robbersonet_al,,1971. 314VescoandPenman,1969.
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ribosomes of prokaryotes. The fact that only one of the many mitori-

bosomes shown in Table III is similar to bacterial ribosomes in its

physical-chemical properties is quite remarkable, in view of the

extensive functional homologies between mitochondrial and bacterial

ribosomes that have been found in every case tested. And even in this

instance the structural similarity is by no means complete. Although

the mitori hnsome of Euglena is similar to the E). coli ribosome in its

sedimentation coefficient, the molecular weights of its rRNA, and its

high buoyant density, the base composition of its rRNA (27% C, + C) is

very different.

Tetrahymena mitoribosomes are quite dissimilar from those of

Euglena, and indeed from any other ribosome yet studied. Although the

Tetrahymena mitoribosome shares with that of Euglena an exceptionally

low rRNA GC content, it more nearly resembles cytoplasmic ribosomes

with respect to its sedimentation coefficient. And its buoyant density

and rRNA molecular weight values are smaller than those of any other

ribosome except the mitoribosomes of animals.

The mitochondrial ribosomes of various fungi also show a rather

large diversity in sedimentation coefficients and buoyant densities.

Unfortunately, a nearly equal diversity in these parameters has been

reported by different research groups studying the same fungal species.

Thus the reported sedimentation coefficients range from 72S to 80S for

Saccharomyces mitoribosomes, and from 73S to 80S for those of Neuro-

spora. Although the buoyant density of a 74S form of the Saccharomyces
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mitoriboscme was found to be 1.64 g/cc (Grivell > 1971), the

composition of the 80S version (Morimoto and Halvorson, 1971) corre¬

sponds to a buoyant density of 1.56 g/cc. There is reasonably good

evidence that the 80S ribosomes described in these species really are

mitochondrial ribosomes rather than cytoplasmic contaminants (O’brien

and Matthews, 1976). It therefore seems most likely that the contra¬

dictory reports are due to artifactual alterations of the structure

of these ribosomes by son. of the preparative procedures used. How¬

ever it is not yet clear which of the results are artifactual, so it

is difficult to compare the sedimentation coefficients and buoyant

densities of fungal mitoribosomes with those of other kinds of ribo¬

somes at present.

There is much less controversy about the properties of the rRNA

of fungal mitoribosomes. Indeed, the molecular weights and GC contents

of these molecules are quite similar in all the fungal species tested.

The CC contents are rather low, nearly as low as those found in pro-

tist mitoribosomal RNA. The molecular weights, on the other hand, are

quite high: these molecules are of about the same size as the rRNAs

found in cytoplasmic ribosomes.

The properties of mitochondrial ribosomes from higher plants are

not firmly established. The best-documented results are those shown

in Table III. It may be seen that the physical-chemical character¬

istics of these ribosomes are quite similar to those of cytoplasmic

ribosomes in general. In fact, they differ only slightly or not at
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all from those of the cytoplasmic ribosomes found in these same

organisms (Leaver and Harmey, 1973; Pring and Thornbury, 1975; Pring

and O’Brien, 19/-*» private communication). Such results raise the

possibility that these ribosomes are actually of cytoplasmic rather

than mitochondrial origin. This interpretation is supported by the

observation that these ribosomes are inhibited by anisomycin and not

by chloramphenicol, like cytoplasmic ribosomes and unlike any other

known mitochondrial ribosomes (Pring, Denslow, and O’Brien, 1975,

private communication).

There have been isolated reports of plant mitoribosomes with

properties different from those described above. A 70S particle was

obtained from mung bean mitochondria (Vasconcelos and Bogorad, 1971),

and a 66S mitoribosome from maize (Wilson et_ al., 1968). Mitochondrial

RNA from Virginia creeper was found to be relatively small, 0.42 x 10^
and 0.84 x 10^ in molecular weight. However, the functional properties

of these ribosomes have not been described, and the uncertainty about

the nature of mitochondrial ribosomes in higher plants remains unresolved.

B. Mitochondrial Ribosomes of Animals

In contrast to the fascinating and perplexing diversity of mito¬

chondrial ribosomes from protist, fungal and plant species, Metazoan

mitoribosomes appear strikingly uniform in structure. Although most

of the animal species investigated have been mammalian, the mitoribo¬

somes of the toad Xenopus have also been thoroughly characterized, and

enough data have been presented for several invertebrates to justify
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a tentative conclusion that the mitoribosomes of all multi-cellular

animals may be quite similar. Furthermore, this relatively liomo-

gSBeous group of ribosomes is distinctly different in structural

properties from any other ribosomes yet described.

The first difference to be noticed was the low sedientation

coefficient of animal mitoribosomes. Values within the range 54S to

61S have been obtained for these particles from rat (O'Brien and Kalf,

1967), IleLa cells (Perlman and Penman, 1970), rabbit, pig, cow (O'Brien,

1971), hamster (Coote at al_., 1971), chicken (Rabbitts and Work, 1971),

toad (Swanson and Dawid, 1970), shark (O'Brien, 1972), and locust

(Kleinow e_t al^. , 1971). The early inference drawn from these low

sedimentation coefficients was that animal mitoribosomes were smaller

(lower in molecular weight) than other ribosomes (Borst and Crivell,

1971), and this inference was reinforced by the later observations of

unusually small rRNA in these particles. An alternate possibility,

that the 55S particle is actually a subunit of the functional mono¬

ribosome, has been excluded by the dissociation of the 55S structure

into two subunits and the demonstration that either the 55S particle

or a mixture of both subunits is competent for poly U-dependent

phenylalanine incorporation (Leister and Dawid, 1974; O'Brien et al.,

1974).

But there is a third interpretation of the low sedimentation

coefficient of animal mitoribosomes, because in point of fact these

55S particles are not exceptionally small, either in molecular weight
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or in physical dimensions. The particle weight of the bovine mito-

ribosome as determined by high-speed equilibrium centrifugation is

2.8 million daltons (Hamilton and O'Brien, 1974), slightly greater

than the value reported for the ribosome of E. coll (Hill et al.,

1969). De Vries and Kroon (1974) have presented evidence that rat

mitoribosomes are even larger in volume than the E. coli particles,

though smaller than rat cytoribosomes. These investigators electro-

phoresed ribosomes into gels composed of a gradient of polyacrylamide

concentration until the particles could make no further progress

through the decreasing pore size of the gel matrix. The mitoribo¬

somes penetrated farther into the gels than cytoribosomes but not as

far as bacterial ribosomes. The physical dimensions of ribosomes can

also be determined by electron-microscopic measurements. The results

confirm the conclusion that mitoribosomes are smaller than cytoribo¬

somes in rat (O'Brien and Kaif, 1967; Aaij et al., 1972) and locust

(Klelnow et al., 1974), but d irect comparisons of mitochondrial and

bacterial ribosomes (under the same conditions of fixation and stain¬

ing) have not been performed.

How can two particles of the same molecular weight sediment

respectively at 55S and 70S? The significant difference appears to be

the much lower buoyant density of the animal mitochondrial ribosome.

Buoyant density values from 1.40 to 1.46 g/cc have been found for

mitoribosomes of IleLa cells (Perlman and Penman, 1970; Wengler et al.,

1972), rat (Sacchi et al., 1973; de Vries and Kroon, 1974), cow



(Hamilton and O’Brien, 1974), and toad (Leister and Dawid, 1974), The

buoyant density of a ribosome can be used to calculate the relative

proportions of RNA and protein in the particle (Hamilton, 1971); from

the relationship given in the notes to Table I an RNA content of about

30 percent can be calculated for animal mitoribosomes, as contrasted

with 63 percent for bacterial ribosomes (Tissiéres et_ nj_. , 1959). From

the RNA content and the sum of the molecular weights of the rRNA mole¬

cules, the particle weight of the ribosome may be calculated. By this

means molecular weight estimates equal to or greater than those for

bacterial ribosomes were obtained for mitoribosomes from rat (Sacchi

et. _al., 1973; de Vries and Kroon, 1974), cow (O’Brien e^t a^L., 1974), and

toad (Leister and Dawid, 1974) even before the molecular weight was

determined directly by sedimentation equilibrium (Hamilton and O'Brien,

1974).

Doubts have been raised about the validity of buoyant density

values as measures of the protein content of ribosomes (McConkey, 1974).

Others have suggested that the low buoyant densities of animal and

Tetrahymena mitoribosomes might be due to membrane fragments adhering

to these particles (specifically, due to membrane lipids, which are

assumed to be absent in the calculation of protein content from buoyant

density) (Borst and Grivell, 1971). Several lines of evidence indicate

that these factors do not represent significant objections to the

description of animal mitoribosomes presented above. Determinations

of the protein content by either chemical analysis or ultra-violet
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absorption spectra of the ribosomes are in agreement with estimates

from buoyant density, yielding values of 70-80 percent protein in rat

(O'Brien and Kalf, 1967) and toad (Leister and Dawid, 1974). No phos¬

pholipids were detectable in rat mitoribosomes (de Vries and Kroon,

1974). The molecular weight estimate for bovine mitoribosomes based

on their buoyant density and the size of their rRNA agrees quite closely

with the molecular weight determined by sedimentation equilibrium

(Hamilton and O'Brien, 1974). Finally, similar values for the total pro¬

tein content of Xenopus mitoribosomes have been obtained directly by

summing the molecular weights of the individual ribosomal proteins

(Leister and Dawid, 1974).

Besides their unusual sedimentation behavior and high protein

content, another unusual characteristic of animal mitoribosomes is the

small size of their rRNA molecules. Values of 0.35 and 0.54 million

daltons have been obtained for Hel.a mitoribosomal RNA by electronmicro-

scoplc length measurements (Robberson et al., 1971), and these numbers

are in good agreement with those found by other methods for rat (Sacchi

et ai^., 1973), toad (Dawid and Chase, 1972; Leister and Dawid, 1974),

shrimp (Schmitt et al., 1974), and locust (Kleinow, 1974). Thus animal

mitoribosomes contain scarcely more than half as much RNA as any non-

mltochondrial ribosome known. To a first approximation, these particles

may be pictured as 1£. coli ribosomes modified by converting half of the

RNA into an equal mass of protein.
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The base composition of the rRNA of animal mitoribosomes is

distinctly higher in guanine and cytosine than that of protist or fungal

mitoribosomes, though still lower than that of animal cytoplasmic ribo¬

somes. G + C contents of 40-47 percent have been found for mitochon¬

drial rRNA of HeLa (Vesco and Penman, 1969), rat (Bartoov et cLL., 1970),

toad (Dawid and Chase, 1972), and shrimp (Schmitt et al., 1974). The

degree of methylation is also lower for animal mitoribosomal RNAs than

for either cytoplasmic or prokaryotic rRNAs (Dubin, 1974).

Although mitochondrial ribosomes from all animal species examined

thus far appear quite similar in their physical and chemical properties,

it may be anticipated that they will differ in their detailed structure.

In fact, detectable non-homology has already been found between the base

sequences of mitoribosomal RNA from two species of toad, Xenopus laevis

and X_. mulleri (Dawid, 1972). Electrophoretic differences have also been

demonstrated in several of the mitoribosomal proteins of these two spe¬

cies (Leister and Dawid, 1975).

111. PHYLOGENETIC RELATIONSHIPS IN RIBOSOME STRUCTURE

The comparisons presented above permit some conclusions about the

variation in structural properties among mitochondrial ribosomes of

different organisms, and the differences between the ribosomes of mito¬

chondria and those of prokaryotes, eukaryotic cytoplasm, and chloroplasts.

The most obvious generalization is that mitochondrial ribosomes show

more diversity in all of their structural properties than do any other

kinds of ribosomes. Cytoplasmic ribosomes of all four eukaryotic kingdoms
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are relatively similar with respect to sedimentation coefficient,

buoyant density, rRNA si lie, and guanine plus cytosine content. Pro¬

karyotic ribosomes display even more uniformity in these characteris¬

tics, while chloroplast ribosomes, whether obtained from protists or

from higher plants, show remarkable homologies not only among them¬

selves but to a large extent between themselves and prokaryotic ribo¬

somes. Mitochondrial ribosomes, on the other hand, can vary in sedi¬

mentation coefficient even within a kingdom: such differences do exist

between the protists Euglena and Tetrahvmena, and almost certainly

exist among the fungi. Similarly, differences in the buoyant densi¬

ties of mitoribosomes are found within both the protist and the fungal

groups. Mitoribosomal RNA molecular weights and G + C contents, in con¬

trast, appear to vary significantly between kingdoms but not within them.

The correlation between these last two structural properties of

mitochondrial ribosomes and the taxonomic kingdoms in which they are

found is illustrated in Figure 1. Also plotted in Figure 1 are the data

for chloroplast and prokaryotic ribosomes, which cluster together as

expected, and for four kingdoms of cytoplasmic ribosomes. The latter

group also forms a cluster, with the exception of the cytoribosome from

Tetrahymena. Both of these groups are dissimilar from any of the three

mitoribosome kingdoms plotted, and these are in turn distinct from each

other. Thus the two parameters, rRNA size and G + C content, discrim¬

inate ribosomes along the lines of their phylogeny and intracellular

location.
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Sedimentation coefficients and buoyant densities, on the other

hand, do not group mitoribosomes from the same kingdom together; nor

do they differentiate them from the various non-mitochondrial ribo¬

somes. This observation suggests that these two structural proper¬

ties have been less conserved than rRNA size and G + C content in the

course of ribosome evolution. It is noteworthy that buoyant density

is the only one of these four structural characteristics which

discriminates chloroplast from prokaryotic ribosomes (Stutz and

Boschetti, 1976). However, some of the intrakingdom variability

reported for sedimentation coefficients and buoyant densities may be

due to the possibly greater sensitivity of these parameters to differ¬

ing conditions used in the preparation of the mitoribosomes.

IV. SUMMARY

Perhaps the most remarkable structural property of mammalian

mitochondrial ribosomes is the very high ratio of protein to RNA found

in these particles. On the basis of various kinds of physical-chemical

measurements it appears that this ratio is approximately 2:1, or 1.8

x 10^ dal tons of protein to 0.9 >: 10^ dal tons of RNA. These ribosomes

thus contain about twice as much protein as E. coli ribosomes, and

about half as much RNA.

Such an unusual composition poses questions about the molecular

architecture of these particles, and about the functional roles played

by this large quantity of protein in the process of protein synthesis.

Is the difference in protein content between the ribosomes of E. coli
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and those of mammalian mitochondria due to a difference in the number

of the ribosomal proteins or to a difference in their size? Do the

different kinds of molecular interactions which must be involved in

maintaining the structural integrity of such a protein-rich ribosome

correlate with any identifiable differences in the properties of the

proteins? On the other hand, might the high protein content found in

this ribosome represent nothing more significant than the presence of

large quantities of contaminating non-ribosomal proteins? A portion

of the present research is directed toward these questions.

Also of interest is the phylogenetic diversity in structural

properties which is found in comparisons of mitochondrial ribosomes

from distantly related organisms. Only small differences in the over¬

all physical and chemical properties of mitoribosomes are seen when

species within the animal kingdom are compared. But if a high degree

of evolutionary divergence is indeed the rule for mitochondrial ribo¬

somes in general, it should be possible to detect significant differ¬

ences between the mitoribosomes of more closely related species at a

sufficiently detailed level of analysis. The rule further predicts

that such differences will be greater between mitochondrial ribosomes

than between the cytopLasmic ribosomes of the same species. The

experiments presented below include a test of these predictions.



MATERIALS AND METHODS

I. MATERIALS

Sucrose (density gradient grade, ribonucLease free) was obtained

from Schwarz/Mann. Urea (reagent-grade) was purchased from J. T. Baker

or frcm Mallinckrodt. Stock solutions of 10 M urea were prepared,

filtered, and stored at room temperature for no more than 24 hr before

use; if the conductivity of the stock solution was greater than 50 prnho,

it was deionized by stirring witli AC501-X8 resin (Bio-Rad). Acrylamide

and N, N'-methylene-bisacrylamide (Eastman) were recrystallized from

chloroform and acetone, respectively; stock solutions were deionized

with Rexyn-300 (Fisher) and stored at room temperature in the dark.

Ampholine was obtained from LKB. Bovine serum albumin and human

y-globulin were obtained from Nutritional Biochemicals Corporation, and

egg albumin, equine myoglobin and egg-white lysozyme were from Sigma

Chemical Company. Purumycin dihydrochloride was from Nutritional Bio-

chemlcals Corporation. Na^^T (carrier-free, in 0.1 N NaOH) and [^C]

formaldehyde (44 mCi/mmol) were purchased from New England Nuclear;

and [4,5-^H] L-leucine (55 Ci/mniol) , [8-^H] (¡TP (12 Ci/mmol, tetrasodium

salt), and [JH] I.-phenylalanine (7 Ci/mmol) from Schwarz/Mann.
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TableIV.Compositionsofbuffersusedinthepreparationofribosomes. BufferComposition A

0.1

M

KC1,

20mMMgCl2
,5mMg-ME,20mMTEA,p:

7.5

B

0.5

M

KC1,

A0mMMgCl2
,5mMg-ME,10mMTris,pH7.5

C

0.5

M

KC1,

10mMMgCl2
,5mMp-ME,10mMTris,pH7.5

D

0.3

M

KCl,

5mMMgCl2,
5mMg-ME,20mMTEA,pH
7.5

E

0.5

M

KC1,

5mMMgCl2>
5mMg-ME,20mMTEA,pH
7.5

F

1.0

M

KCl,

5mMMgCl?,
5mMg-ME,20mMTEA,pH
7.5

G

1.0

M

KCl,

1raMMgCl2,
5m>lg-ME,20mMTEA,pH
7.5

II

0.1

M

KCl,

10mMMgCl2
,0.1mMEDTA,5mMg-ME,

10mM

Tris,
Pn7.5

I

0.2

M

KCl,

40mMMgCl2
,1.6%TritonX-100,5mM

g-ME,
10mM

Iris,pH7.5

J

0.5

M

KCl,

40mMMgCl9
,1.6%TritonX-100,5mM

S-ME,
10mM

Tris,pH7.5

K

0.34Msucrose,5raMTris,pH7.4
L

O,25Msucrose,1mMEDTA,5mMTris,pH7.5
M

0.1

M

KCl,

5mMMgCl2>
5mMg-ME,20mMTEA,pH
7.5

N

60mM

KCl,

14mMKgAc2
,6mMg-ME,10mMTris,pH7.8

1.0MNH^Cl,10mMHgCl2>5milS-ME,10milTris,pH7.
0

5

Js
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II. PREPARATION OF RIBOSOMES

A. Bovine Mitochondrial Ribosomes

In the course of this research the procedure for the preparation

of mitochondrial ribosomes from bovine liver was modified in several

ways to improve the yield and purity of the ribosomes obtained. The

major changes are discussed under Methods A, B, and C below. All of

the preparative methods shared the following common features. Livers

of freshLy killed animals were obtained from a slaughterhouse and

transported to the laboratory on ice. All subsequent procedures were

performed in the cold unless otherwise noted. Four to 8 kg (fresh

weight) of liver were passed through a meat grinder, diluted with 4

volumes of Buffer K or Buffer L, strained through a coarse-mesh cloth

screen, and homogenized. In the earlier preparations homogenization was

performed with a Pottet-Elvehjem homogenizer modified so that the ground

tissue could be pumped through it continuously. Increased cell breakage

and increased final yields of mitochondria were obtained with the use of

a high-frequency dispersion device (a Tekmar Company Super Dispax,

Model SD-45K).

Unbroken cells and nuclei were removed by pumping the homogenate

at 880 ml/min through a Vernitron CFR-2 continuous-flow rotor rotating

at 11,000 rp:;i in a Vernitron l.CA-2 centrifuge. Mitochondria were

harvested from the supernatant by continuous-flow centrifugation in a

Beckman JCF-Z rotor at 18,000 rpin and a flow rate of 440 ml/min. Alter

the mitochondria had been washed as described below, they were
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resuspended to a concentration of 20 mg protein/ml in buffer and lysed

by the addition of non-ionic detergent. The lysate was clarified by

centrifugation in a Beckman Type 35 rotor at 28,000 rpm for 10 rain.

The supernatant (after treatment with DEAE-cellulose, in the case of

Method C below) was centrifuged in a Beckman Type 35 rotor at 35,000 rptn

for 12 hr. The ribosome pellets obtained at this step are referred to

as "crude ribosomes" below.

1. Method A

The buffer used for the homogenization of the liver and the prepa¬

ration of mitochondria was Buffer K. The mitochondria were washed three

times by resuspending in Buffer K and centrifuging in a Beckman JA-10

or Sorvall GS-3 rotor at 8,000 rpm for 10 min. Washed mitochondria

were suspended in Buffer A containing 34% sucrose (ribonuclease-free),

50 pg/ml heparin and 200 pg/ml oligonucleotides (prepared by partial

base hydrolysis of yeast tRNA according to Spencer and Poole (1965)).

Triton X-100 and sodium deoxycholate were added to final concentrations

of 2% and 0.5% respectively, and crude ribosomes were prepared iron the

mitochondrial lysate as described above.

The ribosome pellets were resuspended in Buffer A containing

50 pg/ml heparin and 550 pg/ml puromycin, and incubated at 37°C for

5 min. The ribosomes were then purified by sedimentation into a linear

10-30% sucrose density gradient made up in Buffer A, in a Beckman SW27

rotor. After centrifugation the gradient was pumped through the flow

cell of a Gilford Model 2400 spectrophotometer, and its absorbance at

260 nm was recorded. One-ml fractions were collected.



27

2. Method B

Buffer L was used for the preparation and washing of the mito¬

chondria, After two washes the mitochondria were resuspended to a

concentration of 10 mg protein/ml in Buffer L containing 50 pg/ml

digitonin. The suspension was stirred for 15 min, and the mitochondria

pelleted at 8,000 rpm for 10 min. The mitochondria were washed once

more with Buffer L, resuspended to 20 mg protein/ml in Buffer H, and

lysed by the addition of Triton X-100 to a concentration of 1.6%. After

clarification as described above, the lysate was layered onto 20 ml of

Buffer H containing 34% sucrose and 1,6% Triton X-100, and centrifuged

to prepare crude ribosomes. Purification of the ribosomes by sucrose-

density-gradient centrifugation was as described above, except that

Buffer H was used instead of Buffer A.

3. Method C

To the clarified mitochondrial lysate prepared by Method B was

added a moist cake of DEAE-cellulose equilibrated in Buffer H containing

1.6% Triton X-100. The quantity of DEAE-cellulose used was about 1 g

(dry weight) per 50 ml of lysate. The slurry was stirred for 30 min,

placed in a large Buchner funnel, and filtered just until all excess

liquid was removed. Ten ml of Buffer H/Triton per gram DEAE-cellulose

was added and filtered off as before. The filtrates were discarded

and the cake of DEAE-cellulose was stirred for 30 min in Buffer I

(10 mi/g) to elute the ribosomes. The slurry was filtered and rinsed

with 2.5 ml/g of Buffer I. The ribosomes in the filtrate were then
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centrifuged through a layer of Buffer H/l.6% Triton/34% sucrose and

purified as in Method B. By this procedure about 10 mg of ribosomes

could be obtained from 6 kg of liver.

B. Rat Mitochondrial Ribosomes

The livers of 20 to 50 young (80-100 g) female Sprague-Dawley

rats were homogenized in 4 volumes of Buffer L with a Potter-Elvehjem

homogenizer. Rapidly sedimenting material was removed by centrifuga¬

tion at 3,000 rpm for 10 min in a Beckman JA-10 rotor, and mitochon¬

dria were obtained from the supernatant by centrifugation at 8,000 rpm

for 10 min in the same rotor. The mitochondria were washed as de¬

scribed for bovine mitochondria above (Method B) except that the

concentration of digitonin used was 17 pg/ml. The washed mitochondria

were resuspended to a concentration of 5 mg protein/ml in Buffer H

and lysed by the addition of Triton X-100 to 1%. Ribosomes were then

prepared and purified as in Method B above. The yield was about 50 pg

of ribosomes per tat liver.

C. Bovine Cytoplasmic Ribosomes

Cytoplasmic ribosomes were prepared from a microsomal fraction of

bovine liver. The liver was homogenized in 4 volumes of 25 mM KC1,

5 mM MgCl,, 0.34 M sucrose, 5 mM B-mercnptoethanol, 10 mM Tris, pH 7.5.

Mitochondria and larger particles were removed at 8,000 rpm for 10 min

in a Beckman JA-10 rotor, and microsomes were pelleted from the super¬

natant at 9,000 rpm for 45 min in the same rotor. The pellet was

suspended in luffer M and Triton X-100 was added to 2%. Ribosomes
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were then prepared as described above except that Buffer M was used

instead of Buffer A or H.

D. E. coli Ribosomes

Escherichia coli K-12, strain 1200F~ end A 1100 rns A Su~ or

strain Hfr DIO RNase-, were grown in nutrient broth at 37°C. The

cells were harvested by centrifugaLion at 6,000 rpm for 10 min in a

Beckman .TA-10 rotor, suspended in a small volume of cold Buffer N, and

ruptured by sonication. After centrifugation in a Beckman Type 65

rotor at 15,000 rpm for 10 min, the supernatant was centrifuged again

at 60,000 rpm for 2 hr in the same rotor to pellet the ribosomes.

These weiu- then washed once by resuspending and recentrifuging in

either Buffer N (low-salt ribosomes) or Buffer 0 (salt-washed ribo¬

somes) .

III. EXTRACTION OE RIBOSOMAL PROTEIKS

Proteins were prepared for electrophoresis by a modification of

the method described by Leister and Dawid (1974). For each gel sample,

a pellet of ribosomes containing 200-300 pg of protein was suspended

in 40 pi of 0.1 M KCl, 10 mM MgClj. 40 pi of 10 M. urea, 4 M LiCl,

HC1, pH 3.5 was added and the mixture was stirred at 5°C for 12 hr.

The RNA-containing precipitate was removed by centrifugal ion in a

Beckman Type 65 rotor at 50,000 rpm for 1 hr, and re-extracted by stir¬

ring with 80 pi of 6 M urea, 3 M LiCl, HC1, pH 3.5 for 2 hr. The

supernatants from the two extractions were combined, and disulfide

bonds were reduced by the addition of 40 pi of 7.5 M urea, 0.25 M
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dithiothreitol, 0.5 M F.DTA, 1 M Tris, pH 8.8 and incuhation aC 37°C

for 1 hr. The proteins were then dialyzed against Sample Buffer

(8 M urea, 60 nil potassium acetate, 0.01% aminoethanethiol, pH 6.7).

IV. RADIOACTIVE LABELLING OF RIB0S0MAL PROTEINS

A. Radioiodinatlon

125Chemical labelling of ribosomal proteins with Na —I and Chlor¬

amine T was performed according to Leister and Dawid (1974). A 15 pi

aliquot (20 to 30 pg protein) of the ribosomal protein extract described

above was set aside before the disulfide reduction step. The pH was

adjusted with an equal volume of 6 M urea, 3 M Li.Cl, 100 mil Tris,

125
pH 7.5. 100 pCi of Na I (100 Ci/mmol) was added, followed immediately

by 30 pg of Chloramine T. The reaction (total volume = 55 pi) proceeded

at room temperature for 10 minutes, and was stopped with 1 pi of 1 M

0-mercaptoethanol. Disulfide bonds were then reduced as described above,

and the radioactive protein was separated from unreacted I by chroma¬

tography on Sephadex G-25 equilibrated in Sample Buffer.

Control experiments were performed to determine whether the label¬

ling reaction affected the electrophoretic properties of the proteins.

Radioiodinated ribosomal proteins were added back, to a large non-radio-

active sample of the same proteins, and the mixture was subjected to

electrophoresis, staining and autoradiography as described below. No

alteration in the electrophoretic mobilities of the proteins could be

detected. However some of the stained proteins were not detectably

labelled, and vice versa. Radioactive spots which did not correspond
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to proteins regularly seen by staining were ignored. The electro¬

phoretic positions of the proteins that could not be radiolabelled

were determined by interpolation between the nearest spots that were

labelled.

B. Reductive Methylation

A pellet of ribosomes containing 5-10 pg of protein was suspended

in 2 pi of 4 M guanidine hydrochloride, 100 mM sodium borate, 10 mil

MgCl^, 20 mM KC1, 6 mM (3-ME, pH 8.5. Thirty nmol of [^Cj formalde¬

hyde (44 Ci/mol) in 1 pi of water were added, and the mixture was

incubated on ice for 30 sec. One pi of 30 nmol/pl sodium borohydride

was added, and this addition was repeated after one minute. The

reaction mixture was left standing in the cold for 5 hr. A resuspended

pellet of ribosomes containing 200-300 pg of protein in 40 pi of 0.1 M

KC1, 10 mM MgCl2 was then added, and the proteins were extracted for

electrophoresis as described above.

V. TWO-DIMENSIONAL ELECTROPHORESIS

The procedure was modified from that of Leister and Dawid (1974).

The first dimension was essentially the discontinuous-buffer electro¬

phoretic system of Reisfeld et al. (1962), providing electrophoretic

stacking of the protein sample. The composition of the first-dimension

separation gel (1.5 mm in diameter, 11 cm long) was 7.5% acrylamide,

0.023% bisacrylamide, 0.063% TEMED, 8 M urea, 60 mM potassium acetate,

pH 4.3. It was polymerized by adding ammonium persulfate to a concen¬

tration of 0.1%, and pre-electrophoresed before use for 12 hr at 0.2 ma



per gel, in a tank buffer of 0.01% aminoethanethiol, 8 M urea, 60 mM

potassium acetate, pH 4.3. The stacking gel (2 cm long) was 3.86%

acrylamide, 0.14% bisacrylamide, 0.05% TEMED, 8 M urea, 60 mM

potassium acetate, pH 6.7, polymerized by the addition of ammonium

persulfate to 0.02% and riboflavin to 0.001%. The tank buffer was

0.01% aminoethanethiol, 35 mil 3-alanine acetate, pH 5.0.

The dialyzed protein samples (about 200 pi) were loaded onto the

gels and lectrophoresed at 0.1 ma per gel. When the tracking dye

(0.001% Pyronin Y in 200 pi of Sample Buffer) in a parallel gel tube

had reached the top of the separation gel, the current was increased

to 0.2 ma per gel. Electrophoresis was continued until the tracking

dye reached the bottom of the gel. The gels were extruded from the

glass tubes with a 6-inch, 22 gauge needle through which water was

flowing under pressure.

The second-dimension gel slabs were 13 cm high, 20 cm wide, and

1.5 mm thick. Each gel was poured between a pair of glass plates

separated by two 1.5 nan-thick plexiglass strips, sealed at the bottom

and sides with a piece of silicone-rubber tubing, and held together

with spring clamps. After the gel was polymerized> the silicone tubing

was removed. The gel composition was 9.65% acrylamide, 0.35% bisacryl¬

amide, 0.1% TEMED, 5 M urea, 0.5% SDS, 0.1 M sodium phosphate, pH 7.2,

polymerized with ammonium persulfate (0.025%).

The extruded first-dimension gels were laid on top of the second-

dimension gel slabs and overlaid with 0.05% mercaptoacetic acid, 5 M
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urea, 1% SDS. At each end of the first-dimension gel was placed a

small piece of agarose (1,5 mm in diameter, 5 mm long) containing

several marker proteins. The composition of the marker mixture was

0.5 mg/ml bovine serum albumin, 1 mg/ml human ^-globulin, 0.4 mg/ml

ovalbumin, 0.33 mg/ml equine myoglobin, 0.4 mg/ml egg-white lyso¬

zyme, 0.33% SDS, 0.33% B-ME, 0.016% mercaptoacetic acid, 2% agarose.

Electrophoresis was at 30 ma/gel with a tank buffer of 0.024% mer¬

captoacetic acid, 0.5% SDS, 0.1 M sodium phosphate, pH 7.2, until

the dye marker (Bromophenol Blue) reached the bottom of the gel. The

total time for electrophoresis in both dimensions was about 24 hr.

After electrophoresis the gels were soaked in the following

solutions with continuous agitation: 25% isopropanol, 10% acetic

acid (18 hr); 0.25% Coomassie Brilliant Blue R, 50% ethanol, 7.5%

acetic acid (6 hr); and 5% ethanol, 10% acetic acid (several changes,

until the gels were adequately destained). For convenient storage

and for autoradiography, the gels were soaked in 3% glycerol for 30

min and then dried onto Whatman ir3MM filter under vacuum on a steam

bath, by the method of Maizel (1971).

For autoradiography the dri d gel was placed in contact with

Kodak RP14 medical X-ray film in an X-ray film cassette. Two small

holes had previously been drilled through the cassette. After the gel

and film were loaded and the cassette was closed, a needle was inserted

through these holes to mark the alignment of the gel with the film.
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Gels containing reductively methylated proteins were prepared for

autoradiography as described by Bonner and Laskey (1974). They were

shaken in two changes of dimethyl sulfoxide, for 30 min each time,

then in 4 volumes of a 20% solution of 2,5-diphenyloxazole in dimethyl-

sulfoxide for 3 hr, and m water for 1 hr. The gels were then dried

onto filter paper as described above. The film used for autoradio¬

graphy was Kodak RP/R-54 medical X-ray film, pre-exposed with a flash

from a photographic strobe light according to Laskey and Mills (1975).

Exposure at -70°C for 5 weeks was sufficient for gels containing 10,000

cpm of reductively methylated protein.

VI. ISOELECTRIC FOCUSING

A previously published procedure (Czempiel et^ aT., 1976; Klose,

1975) was followed closely. The gel composition was 4.8% acrylamide,

0.2% bisacrylamide, 0.065% TEMED, 1.0% Ampholine (pH 3.5 - 10), 5%

sucrose, 8 M urea, polymerized by the addition of ammonium persulfate

to 0.019%. The gels were 0.4 cm in diameter and 7 cm long. The upper

tank buffer was 5% phosphoric acid and the lower tank buffer was 5%

ethylenediamine, with the anode in the upper tank. The protein sample

for each gel was dissolved in 20X of 8 M urea and then mixed with 30X

of Sephadex G-200 (superfine) swollen in 20% sucrose, 8 M urea, 10%

B-ME, 1% Ampholine (pH 3.5 - 10).

The details of the procedure listed above differed from those of

the published procedure only in three minor respects. In the latter

procedure the ammonium persulfate concentration was slightly greater
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(0*023%), the gel was longer (8 cm), and the upper tank buffer contained

urea at a concentration of 3 M. Besides these insignificant differences,

there was one further modification which was significant. Czempiel

al. (1976) used an Ortec 4100 Pulsed Constant Power Supply, which has

power output characteristics different from those of the constant-voltage

power supply used in the present experiments. The published procedure

involved a program of increasing voltage (50V for 1 hr, 100V for 1 hr,

150V for 1 hr, 200V for 2 hr, 300V for 2 min, and 400V for 2 min). In

the present experiments several parallel samples were electrofocused

according to this schedule but for different lengths of time. The first

sample was run for a total of 3 hr (the first 3 hr of the schedule),

the second sample for the whole 5 hr of the schedule, and the third

sample for the whole 5 hr plus an additional 2 hr at 200V.

After electrofocusing, the gels were extruded and subjected to a

second dimension of electrophoresis in SDS as described in Section V.

VII. ASSAYS OF RIBOSOME FUNCTIONS

Peptidyl transferase activity was assayed by the modified fragment

reaction (Denslow and O'Brien, 1974; de Vries ert al_. , 1971). The

reaction mixture contained 0.1 mg ribosomes, 83 nM (10,000 cpm) N-acetyl-

[^H] leucyl-tRNA, 0.66 mM puromycin, 267 mM KOI, 13.3 mM MgAc^, 33%
ethanol, 33 mM Tris-HCl, pH 7.5 in a total volume of 0.15 ml. After

incubation at 25°C for 10 min, KOI! was added to 0.6 M and the mixture

3
warmed to 40°C for 3 min. The N-acetyl-[ H]leucyl-puromycin synthesized

in the reaction was extracted into 1.5 ml of ethyl acetate, and
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radioactivity was determined by liquid scintillation counting in Triton

X-100/toluene (1:1) containing 0.5% PPO and 0.05% POPOP.

3
[ H] GTP binding was measured by the Millipore filter assay of

Bodley al. (1970). Fifty )il of reaction mixture containing 15 pg of

ribosomes, 42 pmol (0.5 pCi) of [8-^H] GTP, 10 mM NH^Cl, 20 mM MgAc?,
5 mM 3-ME, 10 mM Tris-HCl, pH 7.4 was incubated at 0°C for 5 min and

then filtered thru a Millipore filter. The filter was washed with 10 mM

NH^Cl, 10 m.T MgAc2, 10 mM Tris-HCl, pH 7.4, and the ribosome-bound

radioactff*y determined by liquid scintillation counting.

Poly L-dependent polyphenylalan ine synthesis was assayed according

to Hosokawa et al, (1966). The composition of the 0.25 ml reaction

mixture was 0.64 mg/ml poly U, 5.4 pM [ H]phenylalanine (1.82 Ci/mmol),

25 mM tyrosine, 50 mM of each of the other 18 amino acids, 0.5 mg/ml

tRNA, 32 pM GTP, 1 mM ATP, 5 mM phosphoenolpyruvate, 0.1 mg/ml pyruvate

kinase, 1 mg/ml ji. coli factors, 0.4 mg/ml ribosomes, 50 mM KC1, 20 mM

MgAc , 6 mM g-ME, 1 mM dithiothreitol, 10 mM Tris-HCl, pH 7.8. Aliquots

of 50 pi were withdrawn at 5 min intervals, and radioactivity insoluble

in hot trichloroacetic acid was determined by the method of Mans and

Novelli (1960).

VIII. BUOYANT DENSITY DETERMINATIONS

Ribosomes were dialyzed in 50 mM KC1, 5 mM MgC^, 20 mM TEA,

pH 7.5, and then fixed by the addition of formaldehyde to a concentra¬

tion of 5%. They were analyzed by equilibrium centrifugation in gradients

of CsCl containing 50 mil KC1, 5 mM MgCl, 20 mM TEA, pH 7.5, 0.3%
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formaldehyde in a Beckman SW39 rotor, as described by Brunk and Leick

(1969). The gradients were pumped through the flow cell of an Isco

UA-2 absorbance monitor, and 0.25 ml fractions were collected. The

refractive index of each fraction was measured with a Bausch and Lomb

refractometer, and used to calculate the concentration of CsCl and the

buoyant density in the fractions.

IX. QUANTITATIVE MEASUREMENTS

Quantities of mitochondria were estimated by absorbance at 550 nm.

Samples of mitochondria of known 550 nm absorbance were analyzed by

the method of Lowry e_t al. (1951), to establish a calibration curve

relating the absorbance at this wavelengch to the concentration of

mitochondrial protein in mg/ml.

Ribosome quantities were determined by absorbance at 260 nm, using

extinction coefficients (;a' ) of 110 for mitochondrial ribosomes,
1 cm

135 for cytoplasmic ribosomes, and 160 for !!. coli ribosomes.



RESULTS

The purpose of this research was to characterize the proteins of

mammalian mitochondrial ribosomes, especially in comparison with the

proteins of other kinds of ribosomes. The major characteristics to be

investigated were the number of ribosomal proteins, their molecular

weights and their electrophoretic properties. For this purpose It was

necessary to establish and apply a number of criteria to distinguish

the ribosomal proteins from the contaminating non-ribosomal proteins

which might be present in the mitochondrial ribosome preparation.

The results will be presented in five sections. First, the means

of preparing mitochondrial ribosomes in adequate quantity and purity

for these experiments will be described. The two-dimensional electro¬

phoretic patterns of bovine mitochondrial ribosomal proteins will be

presented and analyzed in terms of criteria for the identification of

the proteins which are most likely to be true components of the ribo¬

some in vivo; the effect of the ribosome preparation procedure (partic¬

ularly the effect of high salt treatment) on the electrophoretic pattern

of ribosomal proteins will be evaluated, with a view to the possibility

of various kinds of artifacts. The electrophoretic properties of the

proteins will be compared with those of mammalian cytoplasmic and

bacterial ribosomal proteins. The number and sizes of the mitochondrial

38
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ribosomal proteins will be used to estimate the total mass of protein

in the ribosome. Finally, the proteins of bovine mitochondrial ribo¬

somes will be compared with those of other mammalian species to assess

the level of evolutionary divergence in these proteins.

I. PREPARATION AND CHARACTERIZATION OF MITOCHONDRIAL RIBOSOMES

At the time this research was begun, the method used for the prep¬

aration of mitochondrial ribosomes (Method A in MATERIALS AND METHODS)

was not cambie of producing adequate quantities of material for the

electrophoretic studies to be described below. Three separate prepa¬

rations were required to produce enough ribosomes for a single electro¬

phoretic analysis, each preparation being a week-long procedure.

Moreover, the crude mitochondrial ribosome preparation was heavily

contaminated with cytoplasmic ribosomes, as evidenced by the large

amount of material sedimenting at 80S when the ribosomes were subjected

to sucrose density gradient centrifugation (Figure 2A). The presence

of such quantities of 80S ribosomes suggested that even the 55S mito¬

chondrial ribosome region of the gradient contained significant amounts

of cytoplasmic ribosomal subunits, as well as possibly other unknown

structures with similar sedimentation coefficients. For this reason

the intact 55S ribosomes were not suitable as samples for electro¬

phoretic analysis.

Rather, a further purification step was performed by pooling the

material in the 55S peak, treating it with a higher concentration of

KC1 and a lower concentration of MgCl^ to dissociate the mitochondrial



Figure 2. Preparación of mitochondrial ribosomes by Method A.
(A) Crude mitochondrial ribosomes were prepared from bovine

liver according to Method A in MATERIALS AND METHODS. The ribosomes
were suspended in 2 ml. of Buffer A and layered onto a linear 10-30%
sucrose density gradient made up in Buffer A. After centrlfugatIon
in a Beckman SW27 rotor at 27,000 rpm for 5 hours, the gradient was
pumped through the flow cell of a spectrophotometer and its absor¬
bance at 260 nm was recorded. Gne-ml fractions were collected. The
direction of sedimentation is from left to right.

(B) Fractions corresponding to the 55S absorbance peak of the
sucrose density gradient shown in Figure 2A were pooled and centri¬
fuged in a Beckman Type 65 rotor at 65,000 rpm for 3 hours. The
pellet of mitochondrial ribosomes was suspended in 2 ml of Buffer E
and layered onto a sucrose density gradient made up in the same buf¬
fer. Centrifugation was at 20,000 rpm for 13.5 hours.
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ribosomes to their subunits, and re-ciatrifuging on a second sucrose

density gradient. The only contaminants in the preparation of subunits

obtained in this manner, besides those that might be bound directly

to the subunits, would be those which sedimented near 55S under the

ionic conditions of the first centrifugation and in the 25S to 45S

region under the second conditions. The kinds of possible contaminants

which might behave in this manner seem intuitively to be few, and in

particular do not include cytoplasmic ribosomal subunits. In fact,

the discrete peaks of mitochondrial small and large rllosomal subunits

were found to be by far the major species visible on the absorbance

profile of the second centrifugation (Figure 2B) , suggesting that the

preparation was indeed reasonably free of co-sedimenting material.

Later improvements in the procedure increased both the yield and

the purity of the mitochondrial ribosomes. The yield was approximately

tripled by the use of a more efficient homogenizer for the disruption

of the cells. Treatment of Lhe mitochondrial preparation with digitonin

(Method B) dramatically reduced the quantity of cytoplasmic ribosomes

in the crude mitochondrial ribosome preparation (Figure 3). This

detergent has been used previously to remove cytoplasmic ribosomal RNA

(Malkin, 1971) and cytoplasmic ribosomes (de Vries and van der Koogh-

Schuuring, 1973) from rat liver mitochondrial preparations. In addi¬

tion, treatment under these conditions has been reported to solubilize

latent lysosomal enzymes (Schnaitman and Greenawalt, 1968; Lowenstein

£t a_l., 1970), thereby diminishing the possibility of degradation of

the mitochondrial ribosomes during the preparation.
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Figure 3. Preparation of mitochondrial ribosomes by Method B.
Crude bovine mitochondrial ribosomes obtained by Method B

(MATERIALS AND METHODS) were suspended in Buffer H and analyzed
by sucrose density gradient centrifugation in this buffer as des¬
cribed in Figure 2A, except that centrifugation was for 4 hours
at 27,000 rpm. (No differences have been observed between Buffer H
and Buffer A with respect to their effects on the mitochondrial
ribosomes.)
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At this point the maximum yield of mitochondrial ribosomes from

a single preparation was limited by the volume of the largest prepar¬

ative ultracentrifuge rotors available. After preparation and lysis

of the mitochondria, the best means available for concentrating the

ribosomes for purification on sucrose density gradients was to

centrifuge them to a pellet at about 100,000xg. The volume of an

average yield of mitochondria (about 35g protein), suspended in buffer

to a concentration low enough for efficient detergent lysis, is far

greater than the capacity of three Beckman Type 35 rotors. Therefore,

a method was developed to preconcentrate the ribosomes before harvest¬

ing them by centrifugation (Method C).

The mitochondrial lysate was stirred with DEAE-cellulose as de¬

scribed in MATERIALS AND METHODS to adsorb out the mitochondrial ribo¬

somes, and then the ribosomes were eluted by stirring with a smaller

volume of buffer at a higher ionic strength. This procedure is very

rapid and effects a fourfold concentration of the ribosomes, thereby

quadrupling the yield of each preparation. Furthermore, any remaining

traces of cytoplasmic ribosomes, as well as a considerable proportion

of the other contamimmts of the mitochondrial ribosome preparation,

are removed by this means.

An assessment of the degree of purification achieved by this method

is shown in Figure 4. A sample of purified, digitonin-treated mito¬

chondria was split into two equal aliquots. Ribosomes were prepared

from the first aliquot without DEAE-cellulose treatment and analyzed by



45

Figure 4. Preparation of mitochondrial ribosomes by Method C.
All samples were analyzed by sucrose density gradient centrifu¬

gation in Buffer H.
(A) Ribosomes from 1.4 g (protein) of bovine liver mitochondria

prepared by Method B, The 55S absorbance peak contains 5,7 A0/.a units
c 'u 4oUor ribosomes.

(B) Cytoplasmic ribosomes from 5 ml of a preparation of bovine
liver microsomes. The 80S peak contains 5.6 A2^q units of ribosomes.

(C) 1.4 g of mitochondria and 5 ml of microsomes in Buffer H
were mixed together, lysed with Triton X-100, and stirred with 2 g
(dry weight) of DEAE-cellulose equilibrated in Buffer H. The slurry
was filtered and the filtrate discarded. Mitochondrial ribosomes
were then eluted by stirring the DEAE-cellulose with Buffer I, and
were prepared for sucrose density gradient analysis according to
Method B. The 55S peak contains 6.1 A^q units of ribosomes.

(D) The once-eluted DEAE-cellulose from (C) was stirred with
Buffer J to elute the cytoplasmic ribosomes. The 80S peak contains
4.6 A26q units, or 82% of the input cytoplasmic ribosomes.
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sucrose density gradient centrifugation, giving the absorbance profile

shown in Figure 4A. A preparation of bovine cytoplasmic ribosomes

(having the sucrose density gradient profile shown in Figure 4B) was

added to the second aliquot of mitochondria, to provide a more strin¬

gent test of the method. The mitochondria were then lysed and the

ribosomes prepared by the DEAE-cellulose procedure described above. As

seen in Figure 4C, the product consists primarily of mitochondrial

ribosomes and subunits, much of the slowly-sedimenting material and all

detectable 80S cytoplasmic ribosomes having been removed. Probably

because of the larger proportion of rRNA in cytoplasmic ribosomes and

their consequent higher density of negative charges, these particles

remain bound to the DEAE-cellulose under the conditions used for elution

of the mitochondrial ribosomes, as shown by re-elution of the DEAE-

cellulose with a buffer of higher ionic strength (Figure 4D).

As may be seen in Figure 4, the yield of mitochondrial ribosomes

per gram of mitochondria obtained with the DEAE-cellulose procedure is

as great as or slightly greater than that obtained without this step.

Since this method permits the processing of a four-fold greater quantity

of mitochondria, and gives a cleaner preparation of ribosomes as well,

it is clearly the method of choice unless it adversely affects the

structural or functional integrity of the ribosomes. Of particular con¬

cern is the possibility that some of the more acidic ribosomal proteins

might bind more strongly to the DEAE-cellulose than to the ribosome

itself and thus might be stripped off when the ribosomes are eluted.
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The most acidic proteins of E). col 1 ribosomes, L7 and L12, have been

found to be relatively loosely bound to the ribosomes (Hamel et al.,

1972).

To answer this question, the ribosomes were characterized by a

number of functional and physical tests. The peptidyl transferase and

GTP-binding activities of the ribosome were essentially unaltered by

treatment with DEAE-cellulose (Table V). DEAE-cellulose-prepared ribo¬

somes were also found to be active in the translation of poly U (400

pinoles phe incorpornted/mg rRNA/15 min). The sediment ition coefficients

and buoyant densities of mitochondrial ribosomes and the subunits de¬

rived from them were essentially the same as those obtained from previous

preparations. The effect of this procedure on the two-dimensional

electrophoretic pattern of the ribosomal proteins will be evaluated in

Section IIC below.

11. ELI-CTROPHORETIC ANALYSIS OF MITOCHONDRIAL RIBOSOMAL PROTEINS

The very high proportion of protein which physical-chemical measure¬

ments have shown to be present in bovine mitochondrial ribosomes (see

INTRODUCTION) predicts that a rather large number of individual proteins

are to be found in these ribosomes. If the 1.8 x 10^ d. of total protein

per particle were made up of proteins similar in size to E. coli ribo¬

somal proteins (average molecular weight about 17,000), for example,

each ribosome would contain more than a hundred protein molecules.

For this reason it seemed unlikely that electrophoresis in one

dimension would separate all the proteins sufficiently for the purposes
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Tab1 V. Functional activity of mitochondrial ribosomes
prepared with or without DEAE-cellulose.

Preparation

^H-Leu-Puromycin
Synthesis %-GTP Binding

(cpm/nmolu ribs/10') (moles CTP/mole ribs)

No DEAE

DEAE
31,600 1.12
36,200 1.09
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of this study. Several two-dimensional electrophoretic systems have

been devised to provide adequate resolution for the analysis of ribo-

somal proteins. The system used for most of the experiments to be

described below was that of Leister and Dawid (1974), employing a

separation partially on the basis of charge at pH 4.3 in the first

dimension and on the basis of size in the second (SDS) dimension. For

the purposes of this research, this electrophoretic system has several

advantages over the one that if. most widely used for ribosomal protein

studies at present (Kaltschmidt and Wittmann, 1970). It permits a

direct determination of the molecular weights of the proteins. It is

more sensitive, requiring only about 5 pg of each protein. And it has

been used for the analysis of Xenopus mitochondrial ribosomal proteins

(Leister and Dawid, 1974), making it possible to compare these published

results with those obtained in the present experiments on mammalian

mitochondrial ribosomes.

The results of one of the early electrophoretic analyses (shown

in Figures 5 and 6) amply confirmed the expectation that a large number

of proteins would be found in mitochondrial ribosomes. 40 to 50 reason¬

ably intense and distinct spots may be discerned in the photograph of

the electrophoretic pattern of proteins from each subunit. Somewhat

larger numbers could be seen on the original gels, since some of the

resolution of closely adjoining spots has been lost in the photographs.

It is evident in these figures that the description "reasonably

intense" involves a rather arbitrary judgment. In fact, particularly



Figure 5. Electrophoretic pattern of large-subunit proteins from bovine
mitochondrial ribosomes.

Mitochondrial ribosomes were dissociated to subunits by sucrose
density gradient centrifugation in Buffer E. Gradient fractions corre¬

sponding to the large (39S) subunits were pooled and centrifuged in a
Beckman Type 65 rotor at 65,000 rpm for 5.5 hours. The proteins were
extracted from the ribosome pellet and analyzed by two-dimensional
polyacrylamide gel electrophoresis. The first dimension (left to right)
was run in urea at pH 4.3, and the second dimension (top to bottom) in
SDS.

Just before the second dimension was begun, pieces of agarose gel
containing a mixture of several proteins (bovine serum albumin, human
y-globulin heavy and light chains, ovalbumin, myoglobin, and lysozyme)
were placed on top of the gel slab, immediately adjacent to each end
of the first-dimension gel. These proteins may be seen at the left side
of the photograph.
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Figure 6. Electrophoretic pattern of small-subunit proteins from bovine
mitochondrial ribosomes.

Small (28S) subunits were prepared by sucrose density gradient
centrifugation in Buffer E, and their proteins were subjected to two-
dimensional electrophoresis as described in Figure 5.
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in the small-subunit pattern, there is a large range of spot inten¬

sities with a more or less continuous variation from the most intense

tc the very faintest. This result was not what had been anticipated.

Since nearly all ribosomal proteins probably are present in one copy

per ribosome, at least in vivo (Hardy, 1975), it had been expected

that the gels would show a discrete group of ribosomal protein spots

of roughly similar staining intensities. In addition there might be

some other spots of varying intensity, corresponding to contaminating

proteins. The results obtained indicated that there were considerable

differences in the relative quantities of the ribosomal proteins pres¬

ent in the sample, making it impossible to distinguish them from con¬

taminating proteins on the basis of their staining intensity. Some

possible explanations for this phenomenon will be considered below

(Section IV).

A. Criteria for the Identification of Ribosomal Proteins

For this reason it seemed necessary to seek, other criteria for the

purpose of identifying which of the spots appearing on the gels actually

represented ribosomal proteins. Several possible criteria were con¬

sidered, including reproducibility of occurrence, subunit-specific local¬

ization, and resistance to removal from the ribosomes by high salt

treatment. It seemed reasonable to expect that the ribosomal proteins

would be fcund reproducibly in separate preparations of the ribosomes,

whereas the non-ribosomal contaminants might be more variable in occur¬

rence . In fact, it was found that many of the proteins s**en in individual
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gels such as those of Figures 5 and 6, particularly some of the

fainter ones, could be disregarded on the basis that they were not

seen in the majority of the electrophoretic analyses. This rule was

thus found to be a useful one, and the application of it will be

described below.

The idea that some contamination might arise from the non-specific

binding of some proteins to the ribosomes suggested that contaminants

of this type might be found nearly equally in both ribosomal subunits.

However, the existence of some plausible mechanisms by which ribosomal

proteins might also show an apparent lack of subunit-specific local¬

ization (Section IIB3) made the application of this criterion difficult,

and it was used only in conjunction with other kinds of evidence.

Yet another way to discriminate the ribosomal and non-ribosomal

proteins, and the most unambiguous way, would be to purify all the pro¬

teins and then reconstitute the ribosome, withholding each protein in

turn, to establish which proteins were essential for the generation of

a structurally and functionally normal ribosome. Unfortunately, this

approach is not practical in the case of ribosomes such as those of

mammalian mitochondria, which can be obtained only in relatively small

quantities. However the observations (Olsnes, 1971; Kurland, 1966;

Hardy and Kurland, 1966) that contaminating proteins are in general

more loosely bound to ribosomes than are the ribosomal proteins them¬

selves, suggested that an analogous approach might be feasible.

Specifically, it has been found that treatment of ribosomes with
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moderately high concentrations (about 0.5 >0 of monovalent salts dis¬

lodges adventitiously bound proteins from the particles, while affecting

the binding of the ribosomal proteins to a lesser extent. Of course,

higher salt concentrations do remove ribosomal proteins (Delaunay et al.,

1974; Gesteland and Staehelin, 1967) and the optimum concentration range,

that which removes the largest quantity of contaminants and the smallest

amount of ribosomal protein, may differ from one type of ribosome to

another.

The effect of increasing salt concentration on the content of

individual proteins in the bovine mitochondrial ribosome was assessed by

centrifuging the ribosomes through various high-salt buffers and then

analyzing the proteins remaining in the treated particles by two-dimen¬

sional electrophoresis. To establish the point at which these treatments

began to remove ribosomal proteins, the peptidyl transferase activity of

the ribosomes prepared under each condition was assayed. The electro¬

phoretic protein patterns and specific activities obtained v;ere then

correlated, and any proteins which were found to be removed from the

ribosome by a given treatment, without diminishing its functional integ¬

rity, were tentatively regarded as non-ribosomal contaminants. Since

the peptidyl transferase activity is a property of the large subunit

and is not dependent on the presence of the small subunit, this criter¬

ion was directly applicable only to the large-subunit proteins.

Figure 7 shows the effect of treatment with buffers containing

increasing ratios of KCi concentration to MgC^ concentration on the
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Figure 7. Effects of treatment with buffers of various ionic compo¬sitions on the peptidyl transferase activity and buoyant density ofbovine mitochondrial large subunits.
Large subunits were prepared by sucrose density gradient centri¬

fugation in various buffers. Peptidyl transferase activity was
assayed as described in Materials and Methods, and expressed as a
percentage of the activity found in Buffer A treated subunits. The
buoyant densities of the formaldehyde-fixed subunits in CsCl were
determined by isopycnic centrifugation.

The buffer conditions used are plotted along the horizontal axis
according to their ratio of KC1 to MgCl? concentrations. The actual
concentrations of these two salts were:

Buffer KC1(M) MgCl„(mM)
A 0.1 20
C 0.5 10
D 0.3 5
E 0.5 5
F 1 5
G 1 1

complete compositions of these buffers are given in Table
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activity and buoyant density of the large subunit. In this series,

buffeis containing increasing concentrations of KC1 and decreasing

concentrations of MgCl^ were used to wash the ribosomes with increas¬

ing stringency. For other ribosomes monovalent and divalent cations

have been found to produce opposing and competitive effects on the

structure of the particle, with respect to the association of the two

subunits with each other (Hamilton and Petermann, 1959; Zitomer and

Flaks, 1L< ‘J.) and the binding of proteins to the ribosome (Spitnik-

Elson and Atsmon, 1969; Staehelin e_t aJ., 1969). Such effects on

subunit association have also been found in mammalian mitochondrial

ribosomes (O’Brien, 1971), and Figure 7 indicates that either increasing

KC1 or decreasing MgClr, can diminish both the functional activity and

the protein content (as measured by the increase in buoyant density)

of these ribosomes.

The upper curve of Figure 7 shows that the large subunit retained

most of its peptidyl transferase activity after treatment with either

Buffer C or Buffer D. The activity was significantly reduced by treat¬

ment with Buffer F, and higher KCl/MgC^ ratios yielded particles with

negligible activity. Therefore in the analysis of the electrophoretic

results presented below, proteins which were found to be absent from

large subunits treated with either Buffer C or Buffer D are considered

to be dispensable for this particular large-subunit function. These

proteins are regarded as possible non-ribosomal contaminants, and are

discussed separately.
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B. Identification of the Ribosomal Proteins

1. Large Subunit

In order to apply the criteria of reproducibility and resistance to

high-salt treatment, several electrophoretic analyses were performed on

large-subunit proteins taken from separate preparations of ribosomes,

after treatment with various high-sa]t buffers. The gels were scored for

the presence or absence of individual proteins, and the results are given

in Table VI. The electrophoretic positions of the proteins designated

in the table are shown in Figure 8. The 52 proteins which were seen

reproducibly and which were present both in large subunits treated with

Buffer C and in those treated with Buffer D are shown as numbered spots.

Lettered spots represent some of the proteins which did not satisfy

these criteria.

For the purposes of Table VI tiie relatively subjective question of

the intensities of the protein spots was not considered, and a

indicates only that the protein was clearly visible in the gel, whether

it was very intense or quite faint. Proteins which were near the limit

of visible detection, however, are marked with a n-n; some of these are

not visible in the photographs of the gels. In a few cases ("nr") the

electrophoretic resolution in a given experiment was inadequate to

determine whether a protein was present or not. The three proteins

which move fastest in the first dimension of electrophoresis (ML45,

ML51, and ML52) could have been run off the end of the first-dimension

gel in some experiments, and these cases are marked nro".



TableVI.Appearanceoflarge-subunitproteinsinseparateexperiments.
Largesubunitswerepreparedbysucrosedensitygradientcentrifugationinthebuffers specified.Theproteinswerethenanalyzedby2-dimensionalelectrophoresisandthegelswere scoredforthepresenceoftheproteinsshowninFigure8.+,present;trace;0,absent; nr,notresolved;ro,runoffthefirstdimensiongel. Buffer
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Figure 8. Schematic diagram of bovine mitochondrial large-subunitproteins.
The origin of electrophoresis is at the upper left corner of thefigure. The second-dimension electrophoretic positions of bovine serumalbumin (molecular weight 68,000), ovalbumin (44,000), human y-globulinlight chain (23,500), horse myoglobin (17,200), and egg-white lysozyme(14,400) are indicated at the left of the figure.
Proteins which were reproducibly present in functionally activelarge subunits are shown as numbered spots. Lettered spots designatesome of the other proteins which were seen in some of the electrophoreticanalyses.
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a. Reproducibility

In order to discriminate ribosomal proteins from contaminants, an

arbitrary level of reproducibility of 50% was taken as the cut-off.

That is, a protein was considered to be non-ribosomaL unless it was

present in over half of the ribosome preparations analyzed. In fact,

however, very few of the proteins in large-suhunit preparations were

near this borderline. Most of the proteins which were found in reason¬

able quantity, and many of the faint ones, in any one gel proved to be

quite reproducible. A small number of proteins in the unreproducible

group were seen so rarely that it appears most unlikely that they

represent ribosomal proteins: the spot seen between ML16 and ML17 in

Figure 5, for example, was not found in any other experiment. Such

proteins are not listed in Table VI. The proteins designated by letters

in the table were seen more frequently, especially in ribosomes pre¬

pared in certain buffers. Because the presence or absence of these

proteins was correlated with the ionic conditions with which the ribo¬

somes bad been treated, they are considered below under "Resistance to

salt-washing".

Among the numbered proteins in Table VI, many appeared in every

ribosome preparation, and with reasonable staining intensity. Some

faint spots, like ML29 and ML41, were likewise very regular in occur¬

rence although sometimes present only in trace quantities. Occasion¬

ally a protein which was usually present in moderate quantity would be

unaccountably lacking in a particular experiment: ML-47, for example,
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can be clearly seen in experiments 2 (Figure 9), 4 (Figure 10), and

6 (Figure 11) and is clearly absent from experiment 8 (Figure 5).

Similarly, ML1 and ML2 are always found to have about the same stain¬

ing intensity seen in Figures 5, 9, and 10, except that in experiment

6 (Figure 11) they were both reduced to barely detectable traces.

Although such results are quite surprising, the overall reproducibil¬

ity of those proteins was considered adequate to satisfy the criterion.

Predictably, the greatest variability was found among the faintest

spots, including the only two real borderline cases. ML48 was seen

with low but clearly visible intensity in three experiments (as in

Figure 9), as only a trace on three other occasions, and three times

not at all. ML45 was found even Jess often, again was sometimes only a

trace when it was present, but was sometimes quite intense (Figure 9).

Overall, relatively little variability was observed in the

pattern of large-subunit proteins from one experiment to another. Most

of the proteins seen on any one gel (including the faintly-staining

ones) were regularly found in separate preparations of ribosomes, and

thus probably represent ribosc-mal proteins, according to this criter¬

ion. Some possible explanations for those variations that were obtained

in these experiments will be discussed below In the analysis of the

small-subunit proteins, for which variability is a more serious prob-

1 em.
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Figure 9. Electrophoretic pattern of proteins from large subunits
prepared in Buffer C (Experiment 2).



Figure 10. electrophoretic pattern of proteins from large subunits
prepared in Buffer C (Experiment 4).



Figure 11. Electrophoretic pattern of proteins from large subunits
prepared in Buffer D (Experiment 6).
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b. Resistance to salt-washing

The salt-washing procedure used in the preparation of mitochondrial

ribosomes was designed to remove two types of contaminants, those which

were bound directly to the ribosomes and those which were not bound,

but nonetheless accompanied the ribosomes through the early stages of

the preparation. As mentioned in Section IIA, treatment of ribosomes

with high concentrations of monovalent salts should preferentially

release non-ribosomal material bound to them. Figure 12 shows the

effect of washing E. coli ribosomes with 1 M NH^Cl. It is evident that
the major difference between (he two protein patterns is the presence

of many high-molecular-weight proteins in the unwashed ribosomes. This

phenomenon is well-documented in the literature (Subramanian, 1974;

Hardy, 1975; Brouwer and Planta, 1975), and the proteins removed by

salt-washing are universally regarded as non-ribosomal for a number of

reasons, including the essentially undiminished functional activity of

the salt-washed ribosomes.

The fact that most high-salt buffers also dissociate mitochondrial

ribosomes to their subunits permits the removal of non-ribosome-bound,

co-sedimenting contaminants by the use of two cycles of sucrose-density-

gradient centrifugation under different ionic conditions. As discussed

above (Section I) the isolation of the ribosomes first at low ionic

strength (0.1 M KC1) as intact 55S particles, and then a higher salt

concentrations as subunits should separate them from most non-ribosome-

bound contaminants.



Figure12.Effectofhigh-salttreatmentontheproteincontentofE.coliribosomes. E.coliribosomeswerewashedwithBufferN(60mMKC1)orBuffer0(1MNH^Cl)asdescribed
inMATERIALSANDMETHODS.TheelectrophoreticpatternoftheproteinsofBufferNribosomesis showninthephotographontheleft,andofBuffer0ribosomesontheright.(Thecomplete compositionsofthesebuffersaregiveninTableIV.)
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Low-salt treatment. The affectiveness of this procedure can be

evaluated by comparing subunits prepared in this way ("derived subunits")

with the subunits which are present in small amounts in the first, low-

salt sucrose density gradient ("native subunits”; see Figure 3).

Figure 13 shows the electrophoretic patterns obtained from native large

and small subunits, and Figure 14 shows the pattern of the derived large

subunit from the same preparation of ribosomes. The most obvious

difference is the presence of two high-molecular-weight proteins in

large quantity in the native subunits. Several other proteins of sim¬

ilar and higher molecular weights are also present in native but not in

derived subunits; many of these, like the two major proteins, are found

equally in both the large and small subunits. Another native-subunit-

specific protein, seen to the left of ML30, is also feund in somewhat

smaller quantity in the small subunit. Additionally, numerous proteins

of various molecular weights and staining intensities appear in the

native large subunit but not in either of the other two patterns.

It seems reasonable to conclude that most if not all of the proteins

found in native but not derived subunits represent non-ribosomal contam¬

inants. The similarity of these results to those obtained with F,. coli

ribosomes (Figure 12) is clear, particularly with respect to the high-

molecular-weight proteins. The lack of subunit-specificity of many of

these proteins is also incriminating. Most importantly, they are

essentially absent from large subunits derived in Buffer C or Buffer D,

and such subunits are functionally active. By visual comparison of the
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figure13.Electrophoreticpatternsofproteinsfromlow-salttreatedlargeandsmallsubunits. Theproteinsofmitochondriallarge(left-handphotograph)andsmall(right-handphotograph) subunits,preparedbysucrosedensitygradientcentrifugationinBufferH,wereanalyzedbytwo- dimensionalelectrophoresis.
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Figure 14. Electrophoretic pattern of proteins from large subunits
prepared in Buffer C (Experiment 3).

The irregular white line in the upper left is a crack in the gel.
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relative staining intensities of tliese proteins in native and derived

subunits most of them appear to be reduced in quantity by 90% or more

in derived subunits. Yet the activity of Buffer C derived subunits

is 75% of that found in native subunits (shown as Buffer A subunits

in Figure 7). Thus none of tliese proteins can be essential for the

peptidyl transferase activity of the ribosome.

The kinds of contaminants which have thus been identified are

various, although some loose generalizations can be made about them.

The contaminants may be present in a very wide range of staining in¬

tensities, have molecular weights ranging from values similar to those

of the ribosomal proteins to considerably larger values, and may be

present subunit-specifically or not. However, a major part of the

contamination seems to be represented by a group of relatively intense,

high-molecular-weight, non-subunit-specific proteins. It is of some

interest to ask whether this contamination is due primarily to adherent

proteins or to protein-containing structures that are not bound to the

ribosomes but are large enough to sediment in ttie same region of the

sucrose density gradient. The buoyant density of the native subunit

is significantly lower than that of the Buffer C or Buffer D derived

subunits (Figure 7), suggesting that at least some of the native-

subunit-specific protein must be bound directly to the particle under

these low-salt conditions. Further, in two experiments the subunits

were derived directly from the crude ribosome pellet, rather than from

the 55S fractions of a sucrose density gradient. Such subunits showed
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only small quantities of these contaminants (Figure 10). Most of

these proteins thus seem to he bound directly to the ribosomes under

low-salt but not high-salt conditions, rather than components of

separate structures which also sediment in the 25S to 45S region of

the gradient.

High-salt treatment. In addition to these proteins which were

absent from all derived large subunit preparations, several proteins

were found to be removed when the ribosomes were dissociated under

some ionic conditions but not others. These proteins are the ones

designated by letters in Table VI. The buffer conditions of interest

are Buffer C and Buffer D: since large subunits prepared in either

of these conditions are functionally active (Figure 7), the absence

of a protein from either kind of preparation indicates that that pro¬

tein is not required for the function. Thus MLc and MLg are not

essential for peptidyl transferase activity because Buffer D subunits

lack them but possess the activity. MLb, d, e, f, and h are specif¬

ically absent from Buffer C subunits. MLa is found in Buffer C

preparations, but only in much smaller quantity than in Buffer D sub¬

units; since this large quantitative difference does not correlate with

the similarity between the two kinds of subunits in functional activity,

this protein too may be regarded as nonessential.

The fact that these proteins are dispensable for the peptidyl

transferase activity of the ribosome does not necessarily imply that

they are contaminating non-ribosomal proteins. It only indicates that
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they are not components oí the active site for this function, and are

not structurally required to maintain the proper conformation of the

active site. Peptidyl transferase is only one of many reactions and

interactions involved in protein synthesis, including translocation,

initiation, termination, and binding to factors and mRNA. And not all

of the ribosomal proteins are required for each function. For example,

the El. coll ribosomal protein L7/12, which is needed for the inter¬

action of the elongation factors EF-T and EF-G with the ribosome, can

be removed without significantly affecting the peptidyl transferase

activity (Hamel et al., 1972). Therefore, in the absence of data

demonstrating that both Buffer C and Buffer D ribosomes are active in

a more demanding assay (such as the translation of poly U or a natural

mRNA), it remains quite possible that all of the lettered spots in

Figure 8 do represent ribosomal proteins.

Extreme-salt treatment. As an attempt to identify some proteins

which were required for peptidyl transferase activity (and which there¬

fore must clearly be ribosomal proteins), the electrophoretic patterns

of large subunits prepared with Buffers E, F, and G were evaluated.

Since Buffer F and Buffer G subunits are essentially inactive, it seemed

likely that they would be missing one or more proteins, and that among

these proteins at least one was required for the activity. One or sev¬

eral of these proteins might also be found in diminished quantities in

Buffer E subunits, which have diminished activity.
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For Chis purpose, two preparations of Buffer F subunits and two

of Buffer G subunits were subjected to two-dimensional electropho¬

resis. One of the Buffer F analyses is shown in Figure 15,and one of

the Buffer G gels in Figure 16. Some differences were observed be¬

tween the Buffer F preparations and between the Buffer G preparations,

but there were several proteins which were absent or significantly

diminished in staining intensity in both of the analyses in each pair.

Buffer F did not completely remove any of the numbered large-subunit

proteins, but it did reduce five of them to trace-level staining inten¬

sity. ML1, 15, 16, and 18 were diminished to a tenth or less, and ML2

to less than half, of the quantity normally present in Buffer C or

Buffer D subunits. In subunits treated with Buffer G, small quantities

of ML16 and ML18 were still present, but ML1 and ML15 were not detectable.

In ¿iddicion ML23, 29, 30, 33, 43, and 48 were absent and the quantity

of ML47 was considerably reduced.

Interestingly, the amount of ML2 found in Buffer G subunits did not

appear to be significantly less than that in subunits treated with

Buffer C or Buffer D, even though the less stringent treatment with

1 M KC1 at 5 mH MgClj (Buffer F) did remove some of this protein. A

similar phenomenon was observed among the large-subunit proteins which

are designated by letters. >ILg, which is absent from sub . , its treated

with the moderate-salt Buffer D and is present only in trace quantities

after treatment with Buffer F, is not removed by Buffer G. Such results

are at odds witli the expectation that the set of proteins removed by a



Figure 15. Electrophoretic pattern of proteins from large subunits
prepared in Buffer F.
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Figure 16. Electrophoretic pattern of proteins from large subunits
prepared in Buffer G.
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given ionic medium should be a subset of the proteins removed by more

stringent conditions. This expectation derives from the continuous

decrease in the total protein content of the subunit which is ob¬

served as the KCl/MgCl^ ratio in the medium is increased (Figure 7).

Apparently the generalization that increasing KCl/MgCl^ ratios remove

increasing amounts of protein applies to the total protein content (as

measured by the buoyant density) and to some of the individual pro¬

teins, but ML2 and MLg are exceptions. That a few such exceptions to

this rule might exist, due to specific effects of particular buffer

compositions on the binding of some of the proteins to the ribosome,

is not too surprising.

The protein complement found in Buffer E treated large subunits,

however, represents a more serious anomaly. None of the numbered pro¬

teins were found to be removed or significantly diminished in quantity

by washing with this buffer, offering no explanation for the reduction

in functional activity produced by this treatment. Furthermore, even

the lettered proteins (which are all removed by either Buffer C or

Buffer D) were each found at least once in preparations of Buffer E

subunits (Table VI). Thus the buoyant density data (Figure 7) indicate

that these particles must be lacking some proteins present in Buffer C

or Buffer D subunits, but no missing proteins can be identified by

electrophoretic analysis. The reasons for this discrepancy are not

clear, although some considerations described below (Section IV) may be

relevant to this question.
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As mentioned above, several proteins are specifically missing or

reduced in quantity in large subunits that have been treated with ionic

conditions sufficiently stringent to inactivate them* In particular,

the loss of ML1, 15, 16 and 18 correlates with the loss of functional

activity. In order to prove that the inactivity of the stripped sub¬

unit is dm- to the loss of these proteins (and not, for example, due

to a conformational alteration of the subunit induced by these salt

conditions) it is necessary to demonstrate that the activity can be

reconstituted by adding the proteins back. Such a partial reconstitu¬

tion would also be useful as an assay to determine which of the missing

proteins is (are) required for the activity. However, attempts to

reconstitute the subunit were unsuccessful,

c. Summary of the large-subunit proteins

Electrophoretic analysis of the large subunit of the bovine mito¬

chondrial ribosome revealed 52 protein components which were repro-

ducibly present in functionally active large subunits and which there¬

fore probably represent ribosomal proteins. Eight additional proteins

were present in large subunits prepared only under certain ionic

conditions; these may also be ribosomal proteins, but they are not

required for the peptidyl transferase activity of the large subunit.

Treatment with very-high-salt buffers removes a small number of the 52

proteins and destroys the peptidyl transferase activity, suggesting

that one or more of the missing proteins is required for this function.
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2. Small Subunit

As shown In Figure 13 above, native small subunits prepared in low-

salt buffers contain a set of mainly high-molecular-weight proteins

which are also found in the native large subunit. Although lesser

quantities of these proteins are sometimes found in derived small sub¬

units treated with moderate salt concentrations (Figures 6 and 17),

they are usually much diminished relative to the quantities present In

the native subunit. Figure IS, obtained from the derived small subunit

from the same ribosome preparation whose native subunits are shown in

Figure 13, is completely lacking in these proteins. For some of the

same reasons given in the discussion of the large subunit, it seems

unlikely that these proteins represent functional components of the

small subunit either.

Table VII shows the results of several electrophoretic analyses of

high-salt-washed small subunits. The proteins which were found regu¬

larly in separate ribosome preparations and thus satisfy the criterion

of reproducibility are designated by numbers. Some of the proteins

which were seen less frequently are also tabulated and are designated

by letters. (To avoid confusion with the numerals 1 and 0, the letters

1 and o have been skipped.) The electrophoretic positions of these pro¬

teins are given in Figure 19.

The overall level of reproducibility of the small-subunit proteins

was less than that of the large-subunit proteins. To some extent this

variability is due to the absence of many of the proteins from a partic-



Figure 17. Electrophoretic pattern of proteins from small subunits
prepared in Buffer C (Experiment 2).
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Figure 18. Electrophoretic pattern of proteins from small subunits
prepared in Buffer C (Experiment 3).



TableVII.Appearanceofsmall-subunitproteinsinseparateexperiments.
Smallsubunitswerepreparedbysucrosedensitygradientcentrifugationinthebuffers specified,andtheproteinswereanalyzedby2-dimensionalelectrophoresis.Theelectro¬ phoreticpositionsoftheproteinslistedareshowninFigure19.+,present;-,trace; nr,notresolved. BufferB
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Figure 19. Schematic diagram of bovine mitochondrial small-subunit
proteins.

Proteins which were reproducibly observed in preparations of small
subunits are designated by numbers, and proteins seen less frequently
are marked with letters.
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ular experiment. In Experiment 6 for example, the quantity of protein

in the sample was inadequate; as a result all of the spots obtained

were faint, so the absence of many of the spots which are normally

faint in adequately loaded gels is understandable. The absence of

6 of the numbered proteins from Experiment 3 (Figure 18), however, is

not so simply explained. On the other hand, there was a subset of the

experiments in which variability was not a problem at all: none of

the numbered proteins were lacking in Experiments 2, 8, or 9, and only

two were missing in Experiment 4.

The variability which was observed in the other experiments seemed

to be random with respect to which proteins were found to be missing.

That is, it was not due to a high level of variability in a few specific

proteins. Only two of the numbered proteins, MS13 and MS21, were absent

from as many as three of the nine experiments. In the case of these

two proteins (as well as MSI), much of the lack of reproducibility was

due to their absence from suhunits prepared in buffer D; thus there may

be a specific ionic effect on the binding of these proteins to the ribo¬

some, as was seen for MLc and MLg above. A complementary effect was

found for MSa and MSb. These two proteins were always present in sub¬

units prepared in Buffer C, but only once in any other preparation.

The general impression of unreproducibility in the small subunit

pattern derives partly from the relatively large number of spots which

appear in fewer than half of the analyses and thus are designated by

letters in Table VII. Some of these, like. MSc and MSn (Figure 6),
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appeared in only one experiment and can be easily disregarded. Others

(MSa, b, f, k, and p) were present in four of the nine experiments and

thus represent borderline cases which are not clearly excluded from the

ribosomal protein category.

Another factor which contributes to this impression of unrepro-

ducihility is the variation in staining intensity among the different

spots on a given gel. In most experiments (Figure 17 is a conspicuous

except ion) the electrophoretic pattern was found to consist of a minor¬

ity of heavily-stained spots, usually including MS4, 5, 6, 10, 17, 19,

24, 28, 31, 37, and 38, and a majority of fainter spots. Furthermore

the relative intensity of a given spot, particularly among the fainter

group, varied considerably among different gels. (Compare MS13, 15,

and 16 in Figures 6 and 20, for example,) Some differences in the

stain-binding abilities of different proteins have been reported

(Fazekas de St. Groth e_t al. , 1963; Bickle and Traut, 1971), but the

different os are not of the magnitude required to explain the present

results if all of the sma11-subunit proteins were present in equimolar

quantities in these gels. And in any case this phenomenon could not

account for the variations observed for a particular protein in

separate experiments. It is therefore necessary to conclude that the

small-subunit proteins are present in differing molar quantities in

these preparations. It follows that the individual subunits in each

preparation are heterogeneous with respect to the set of proteins they

contain.
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Figure 20. Electrophoretic pattern of proteins from small subunits
prepared in Buffer E (Experiment 9).
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This heterogeneity could be due to the non-specific binding of con¬

taminating proteins to some of the subunits. However, in view of the

small number of heavily-staining proteins found in these particles, it

seems unlikely that all of the fainter spots represent contaminants. A

more plausible hypothesis is that a proportion of the subunits are

lacking some of the ribosomal proteins, as a result of an i_n vitro

artifact. This hypothesis is supported by the similar results which

have been oh ained (Kaltschmidt and Wittmann, 1970) and explained

(Hardy, 1975) for El. coli ribosomal proteins. Some possible causes of

such an artifact will be considered below (Section IV); but whatever

the cause, it is probably responsible for the variability between

ribosome preparations as well as the heterogeneity within each prepa¬

ration. Similar considerations also apply (to a lesser extent) to the

proteins of the large subunit, which show a lower level of variability

and non-uniformity of staining intensities.

The effect of extreme-salt treatment (Buffer G) on the protein

content of the small subunit was also investigated. One of the gels

obtained is shown in Figure 21. The most notict.ible result was a

general reduction in the quantity of the low-molecular-weight proteins,

those below MS31. Several proteins (MS13, 16, and 35) were completely

absent from all three preparations of Buffer G subunits, and MS27, 28,

33, 36, 37, and 41 were diminished to negligible levels. Some proteins,

on the other hand, were increased relative to the quantities present

in high-salt-treated (Buffers C and D) subunits: this was particularly
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Figure 21. Electrophoretic pattern of proteins from small subunits
prepared in Buffer G.

The irregular spots seen above and to the right of MS4 are
artifacts due to precipitation of the stain on the surface of the gel.



true of MS8, 12, and 14. In addition, some of the lettered, unreprodu-

eible proteins were found reproducibly in Buffer G subunits. MSd, e, f,

and m were each found in all three preparations. It was also observed

that several of the high-molecular-weight proteins present in low-salt

but not high-salt subunits are present in considerable quantity in these

extreme-salt subunits. This rather confusing set of observations is fur

ther evidence for a conclusion reached earlier in the discussion of the

large subunit. The general effect of treating these ribosomes with

buffers of increasing KCl/MgC^ composition is to reduce both the total

amount of protein as measured by the buoyant density of the particles

and the number of proteins as detected by gel electrophoresis. But some

of the individual proteins may show the opposite response- to such treat¬

ments, being preferentially removed by buffers of lower KCl/MgCI^ ratios
As was the case with the large subunit, no proteins were found to

be removed or significantly diminished by treatment with Buffer E

(Table VII), even though the buoyant density of the Buffer E subunit

is somewhat higher than that of Buffer C or Buffer D subunits. Thus

buoyant density measurements appear to be a more sensitive means of

detecting the loss of protein as a function of KCl/MgClo than the

electrophoretic anal,ses are. This lack of sensitivity may be due Lo

the high background level of variability between electrophoretic

experiments, especially in the case of the small subunit. However,

it also seems likely that these treatments are acting non-selectively

to some extent, removing small quantities of many of the proteins
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(and thus increasing the heterogeneity of the subunits with respect

to their protein content) rather than larger quantities of only a

few proteins. Any such non-seLective effects would not be detected

by comparing the relative staining intensities of the proteins Jn the

gel.

3. Comparison of Large and Small Subunits

In order to determine whether the proteins of the large subunit

were all distinct from those of the small subunit, Che two electro¬

phoretic patterns were compared with each other. To obtain a suffi¬

ciently accurate relative positioning of the patterni, samples of

large- and small-subunit protein» were mixed together and electro-

phoresed on the same gel: one sample was a trace quantity ol protein

which had been radfoiodinated as described in MATERIALS AND METHODS,

and the other sample was a larger (stainable) quantity of protein.

After electrophoresis, staining, and autoradiography, the patterns

of stained and radioactive proteins were compared. Control experi¬

ments in which a small aliquot of a protein sample was radioiodinated

and then mixed with a large aliquot of the same sample before electro¬

phoresis showed that the labelling reaction had no detectable effect

on the electrophoretic mobilities of the proteins.

As shown in Figure 22, it was found that many of the small-subunit

proteins overlapped at least partially with proteins of the large

subunit, and there were twelve pairs of proteins which were electru-

phoretically indistinguishable. These were MSI and ML2, MS4 and ML3
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Figure 22. Relative electrophoretic positions oi bovine mitochondrial
large-subunit and small-subunit proteins.

Filled spots, large-subunit proteins; open spots, small-subunit
proteins; hatched spots, overlapping large-subunit and small-subunit
proteins.



MS7 and ML5, MS11 and ML12, MS15 and Mi l 7, MS23 and ML20, MS25 and

ML25, MS26 and ML27, MS30 and ML32, MS31 and ML31, MS32 and ML35, and

MS40 and ML46. Only the pro Leins which have been designated by numbers

in the discussion above are shown in Figure 22. In addition the

electrophoretic positions of MSk and ML38 overlap, as do those of

MS37 and MLh.

There are several possible explanations for the relatively large

number of olectrophoretically identical proteins in the two subunits.

First, it might be that two copies of some proteins are present in the

ribosome, one in each subunit, even though such a double role for a

single protein has not been demonstrated in any other ribosome to date.

Alternatively it may be that the two proteins in each pair are non¬

identical but are not resolved by the electrophoretic system; in view

of the generally crowded appearance of Figure 22 it would not be

surprising if some proteins occupied the same electrophoretic position

by coincidence. A third possibility is that some of these proteins

are contaminants similar to the non-subunit-specific proteins found

in native subunits (Figure 13), except that they have molecular weights

similar to those of the ribosomal proteins and remain bound to the

ribosomes even after washing with high-salt buffers.

Finally, it is possible that each of the protein pairs represents

a single ribosomal protein which is present at the level of one copy

per intact ribosome, but fails to bind exclusively to one subunit or

the other when the ribosome is dissociated. Such a partitioning of
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individual proteins between the dissociated subunits has been observed

in other ribosomes. The E,. coli small-subunit protein S20, which co¬

electrophoreses with the large-subunit protein L26, has been shown

to be identical to it by immunochemical and genetic studies

(Tischendorf et al_. , 1974; Wittmann et_ al., 1974). Significant quan¬

tities of S5 have been found in the large subunit as well (Tischendorf

et a] ., 1974). Likewise, three proteins of rat cytoplasmic ribosomes

appear to be shared between the two subunits upon dissociation

(Sherton and Wool, 1974).

If this phenomenon is responsible for some of the overlapping

protein spots observed, several related effects might also be seen.

First, this hypothesis requires that the total quantity of protein

present in each pair represent no more than one copy per ribosome.

This requirement could be satisfied by almost all of the protein pairs

(MS31/ML31 is the exception), since in each case one or both members

of the pair are seen in quantities significantly smaller than the

average of the proteins present on the gel. It might also be expected

that even though these proteins do not bind exclusively to either of

the subunits, they do bind somewhat more strongly to the subunit with

which they are associated in the intact ribosome and thus are found

preferentially in this subunit upon electrophoretic analysis. In

fact, in six of the protein pairs, one protein of each pair does appear

in much greater quantity than the corresponding protein in the other

subunit. The overlapping proteins which are present in relatively
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larger quantity on one subunit are ML2, 5, 17, 25, and 27, which are

found in greater amounts than the corresponding small-subunit proteins,

and MS4, which occurs in greater amounts than ML3.

Since the failure of such proteins to segregate exclusively to

one subunit or the other upon dissociation probably represents an

artifact of the method used to effect the dissociation, it seems likely

that differences in the ionic composition of the buffer used for this

purpose could alter the extent of the protein partitioning. In fact

it was reported (Sherton and Wool, 1974) that the suhunit localization

of one of the three partitioning proteins in rat cytoplasmic ribosomes

was determined by the ratio of potassium to magnesium ions in the

dissociating buffer. In the present results such a quantitative shift

of a protein from presence only In one subunit to presence only in the

other, due to differences in the ionic medium, was not observed. How¬

ever MSI was found to bo specifically absent from small subunits

prepared in Buffer D, and MS23 and 25 were significantly reduced in

quantity in this ionic condition as well.

Clearly, this phenomenon could contribute to the heterogeneity in

protein content observed in these subunits, although it could not

completely account for it. In any case more direct evidence to test

this hypothesis will not be easy to obtain. Whether the proteins in

each pair are in fact identical can perhaps be determined by chemical

or immunochemical analysis of the isolated proteins. If they are

identical, however, the question whether they are ribosomal proteins
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or non-ribosoraal contaminants still rests primarily on the criteria

discussed above. Some additional evidence that they are rihosomal

proteins would be obtained if they could he shown to be located at

the interface between the two subunits in the intact ribosome; if

these proteins are responsible for the binding of the subunits to

each otli.-r, their partitioning behavior is more easily understood.

The _E. coi i S20/L26 pair has been found to be a subunit-interface pro¬

tein (Morrison et_ al_., 1973).

u. Experimental Evaluation of Possible Artifacts

A total of 93 proteins (the numbered spots in Figures 8 and 19)

were found reproducibly in high-salt-treated mitochondria! ribosome

subunits. Eighty-one of these proteins were distinguishable from each

other on the basis of their electrophoretic mobilities. Although

neither of these numbers is greater than had been expected on the basis

of measurements of tile total protein content of this ribosome, they

are considerably in excess of the numbers of proteins which have been

reported for any other kind of ribosome. For this reason it was neces¬

sary to consider the possibility of various artifacts which might

generate an unrealistically ! ;¡ge number of apparent ribosomal proteins.

One such possibility, the presence of adventitiously bound contaminants

in the ribosome preparation, has been discussed above.

Another possibility is that some single proteins may be represented

by more than one spot on a gel. This could occur if a protein had been

partially modified as the result of either a normal in vivo process or
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an artifact of the isolation or electrophoretic procedure. Thus E. coli

L7 is actually identical to L12, except that it has been acetylated at

the N-terminus in vivo (Terhorst et_ chL. , 3 972); similarly, the rat liver

cytoplasmic ribosomal protein S6 sometimes appears as multiple electro¬

phoretic species due to in vivo phosphorylation (Cressner and Wool,

1974). Two electrophoretieally distinct forms, thought to represent

different states of oxidation, have been observed for each of the

coli proteins Sil, S12, and S17 (Wittmann, 1974). Carbamylation by

cyanate ions formed spontaneously in urea solutions can alter the

electrophoretic mobility of proteins (Gerding et al., 1971). In the

electrophoretic system used in the present experiments, these kinds of

chemical modifications could result in a small alteration of a pro¬

tein's mobility in the first electrophoretic dimension (in urea at

pH 4.5), but would not affect the migration in the second dimension

(in SDS). Some groups of spots which do show this electrophoretic

pattern include ML42, 43, and 44; MS30 and 31; and MS37 and 38.

Extra spots might also be produced by proteolytic degradation of

some of the proteins to discrete polypeptide products. Alternatively,

some of the proteins may be covalently crosslinked to give specific

aggregates. Disulfide crosslinks have been reported to form during

two-dimensional electrophoresis (Kaltschmidt and Wittmann, 1970).

Peroxidation of lipids in the crude ribosome preparation could also

lead to protein crosslinking (Tappel, 1973).
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Some precautions against these possihle artifacts were taken in

the experiments presented above. BHT was added to all solutions used

in the ribosome preparation to prevent peroxidation-induced crosslinks.

Disulfide bonds x^ere reduced with dithiothreitol, and the proteins were

maintained in the reduced state by the inclusion of reducing agents

throughout the electrophoretic procedure. In addition, the electro¬

phoretic results themselves argue against the likelihood of some of

these artifacts. Carbamylation, for example, would be expected to

affect most or all of the proteins to a similar extent; thus the pres¬

ence of many proteins which do not show the peculiar electrophoretic

pattern represented by ML42, 43, and 44 argues that such patterns are

not produced by a non-specific chemical modification.

To obtain more evidence about the possibilities of proteolytic,

crosslinking, or other chemical alterations, as well as the non¬

specific binding of contaminants to the ribosomes, the effect of the

ribosome isolation procedure on the proteins of purified E. coli

ribosomes was assessed. To a preparation of bovine liver mitochon¬

dria was added a small quantity of salt-washed E. coll ribosomes,

equal to the quantity of mitochondrial ribosomes the mitochondria

were estimated to contain. The mitochondria were then lysed with

Triton X-100 and ribosomes pelleted at 100,000 x g as usual. After

sucrose density gradient centrifugation in Buffer H, the ribosomes in

the 70S (E!. coli ribosome) peak were dissociated to subunits by a

second centrifugation in a sucrose density gradient in Buffer E. The
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proteins extracted from these subunits were then analyzed by two-

dimensional electrophoresis.

The results suggested that the types of artifacts mentioned above

are not a problem in these experiments. The electrophoretic pattern

of the proteins of the _E„ coli 50S subunit showed no significant

difference from that obtained from ribosomes subjected to the same re¬

isolation ,-rocedure in the absence of mitochondria, or from freshly

prepared ribosomes. The 30S subunits were apparently slightly con¬

taminated with mitochondrial large (39S) subunits, since traces of all

of the most intensely staining 39S proteins were found on the gel of

30S proteins; with this exception, the 30S subunit protein pattern was

likewise unaltered in the number and electrophoretic mobilities of the

proteins. Thus incubation with components of the mitochondrial lysate

under the conditions of our normal preparation procedure does not

cause any increase in the apparent number of ribosomal proteins of

exogenously added ribosomes. This result argues especially against

the possibilities that the number of proteins found in mitochondrial

ribosomes is overestimated due to proteolysis, cross!inking, or the

adsorption of non-ribosomal proteins.

Another possible artifact of the ribosome isolation procedure was

mentioned in Section I above: tlie binding of the ribosomes to DEAE-

cellulose, or the subsequent elution, during the preparation of ribo¬

somes by Method C might dislodge some of the ribosomal proteins. This

possibility seems unlikely in view of the undiminished functional
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activity of ribosomes prepared in this way. However, the electro¬

phoretic results presented above include analyses of subunits prepared

both with and without the use of DEAE-cellulose„ so a comparison of

the protein patterns produced by these two methods is easily made. Tn

Tables VT and VII the samples for Experiments 2, 3, and 4 were DEAE-

cellulose prepared ribosomes. Comparing these three experiments with

tie other experiments tabulated shows no proteins which are clearly

removed by treatment with DEAE-cellulose, although some possibly sig¬

nificant effects can be seen. They most likely involve proteins MS9

and MS14, which are both absent from two of the DEAE-cellulose prepara¬

tions whereas they are otherwise quite reproducible. Somewhat weaker

correlations are observed for MS30, MS33, and ML21. Thus it remains

possible that a few proteins, particularly in the small subunit, are

specifically removed by treatment with DEAE-cellulose. It may also be

that MS9 and MS14 are unnecessary for the translation of poly U; however,

a more direct comparison between the activities of ribosome preparations

known to contain and to lack these proteins will be necessary to estab¬

lish this point.

IT!. COMPARISON WITH PROTEINS OF NON-MITOCHONDRIAI, RIBOSOMES

Yet another way in which the number of proteins in mitochondrial

ribosomes could be over-estimated by the results of these experiments

would be the possible contamination of the preparations by significant

quantities of cytoplasmic ribosomes. Although the more purified prep¬

arations described in Section T contain no detectable cytoplasmic
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ribosomes, it seemed worthwhile Lo demonstrate directly the absence of

cytoplasmic ribosomal proteins from the electrophoretic patterns of

mitochondrial ribosomes. It was expected that the results would also

provide a comparative basis for the description of the properties of

mitochondrial ribosomal proteins.

The relative electrophoretic positions of the two sets of ribosomal

proteins were determined by co-electrophoresing radioiodinated and

stainable protein samples as described in Section IIB3. The results

for the large subunits of Lhe two ribosomes are shown in Figure 23, and

for the small subunits in Figure 24. With the exception of one protein

which comigrates with MS25, all of the mitoribosomal proteins are

electrophoretically distinct from those of the corresponding subunit of

the cytoplasmic ribosome. Indeed most of the cytoribosomal proteins are

found in a different region of the gel from that which contains most of

the mitoribosomal proteins. Comparing proteins of similar molecular

weights (similar positions in the second electrophoretic dimension),

it is evident that most of the cytoribosomal proteins migrate more

rapidly in the first dimension than do the mitoribosomal proteins. This

tendency, which is most evident in the comparison of the large subunits,

implies that the cytoplasmic ribosomal proteins bear a greater positive

charge at pH 4.3 than the mitoribosomal proteins. It also suggests that

the isoelectric points of many of the cytoribosomal proteins may be

higher than those of the mitoribosomal proteins.
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Figure 23. Relative electrophoretic positions of bovine mitoribosomal
and cytoribosomal large-subunit proteins.

Filled spots, mitoribosomal proteins; open spots, cytoribosomal
proteins.
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Figure 24. Relative electrophoretic positions of mitoribosomal and
cytoribosomal small-subunit proteins.

Filled spots, mitoribosomal proteins; open spots, cytoribosomal
proteins; hatched spot, overlapping mitoribosomal and cytoribosomal
proteins.
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Comparing the mobilities of the two sets of proteins in the second

electrophoretic dimension shows that the distributions of molecular

weights of the mltoribosomal and cytoribosomal proteins are similar.

The large-subunit proteins of the mitochondrial ribosome are slightly

smaller on the average than those of the cytoplasmic ribosome, and the

reverse is true for the small-subunit prcteins.

The major difference in electrophoretic characteristics between

mitochondrial and bacterial ribosomal proteins lies in the much greater

second-dimension mobility of the latter. As seen in Figure 12, over

half of the ribosomal proteins of Eh coli have molecular weights less

than tbit of myoglobin (17,200), whereas relatively few mitoribosomal

proteins are this small. A more detailed description of the molecular

weight properties of the mitoribosomal proteins is given in Section IV.

The suggestion above that mitoribosomal proteins may have iso¬

electric points significantly lower than those of other kinds of ribo¬

somal proteins has some support in the literature. The relatively slow

first-dimension migration of mitoribosomal proteins can be seen in the

comparison of the large subunits of Xenopus laevis ribosomes (Leister

and Dawid, 1974, Figure 7). About half of the proteins of rat mito¬

chondrial ribosomes are anionic at pll 8.6 (van den Rogert and de Vries,

1976), whereas nearly all eukaryotic cytoplasmic and bacterial ribosomal

proteins are cations at this pH. Indeed, while most ribosomal proteins

have isoelectric points that are too high to permit analysis by iso¬

electric focusing, it has been reported that rat mitoribosomal proteins
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can be analyzed by this technique (Czempiel et_ aJL. , 1976). The iso¬

electric points of most of the proteins were reported to lie below

a pi of 8.5, with none above a pi of 10.

Since the two-dimensional electrofocusing/electrophoresis system

described in the latter report should be capable of much greater

resolution than the system used in the experiments described above,

an attempt was made to reproduce these results. The methods given for

the electrofocusing procedure (Czempiel et^ al^., 1976; KLose, 1975)

were followed as closely as possible; the only significant exception

was the use of a constant-voltage power source instead of a pulsed-

power source. The electrofocusing was performed on parallel samples

for various periods of time in order to determine the length of time

required to focus the proteins. This question is of considerable

importance in isoelectric focusing experiments. Short periods of time

may be adequate for the carrier ampholytes to reach their equilibrium

positions and establish the pH gradient, but not for the proteins,

which are retarded by the gel due to their higher molecular weights, to

reach their equilibrium positions. Thus false estimates of the iso¬

electric points of the proteins would be obtained. On the other hand

after long times the pH gradient begins to break down, probably due to

the migration of the carrier ampholytes out of the gel (Chrambach et al.,

1973).

The results of this experiment are shown in Figure 25. After 3

hours of electrofocusing the pattern of protein spots looked similar to



Figure 25. isoelectric focusing of mitoribosomal proteins.
Proteins from bovine mitochondrial ribosomes prepared in Buffer A

were electrofocused as described in MATERIALS AND METHODS for 3 hr
(upper photograph), 5 hr (middle photograph), or 7 hr (lower photo¬
graph) . The electrofocusing gels were then extruded and placed at the
top of SDS-gel slabs for electrophoresis in the second dimension. The
isoelectric focusing dimension is horizontal in the photographs, and
the SDS-electrophoresis dimension is from top to bottom. The point of
application of the protein sample is at the upper left-hand corner of
each photograph.
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that shown by Czempiel e_t al_. (1976). It may be seen that the spots

tend to be arranged diagonally, especially on the right-hand side of

the pattern, rather than randomly. This diagonal tendency, which is

seen to a greater extent in the standard two-dimensional system used

in Section II, is an indication that the proteins are being differen¬

tially retarded .1. cording to their molecular weights as they move

through th- first-dimension gel. Electrofocusing/SDS-electrophoresis

patterns obtained after the proteins have reached their equilibrium

positions in the first dimension show ¿in apparently random distribution

of the spots (O'Farrell, 1975).

The pattern observed after 5 hours of electrofocusing confirms

the conclusion that most of the proteins were not focused at the 3-hour

time point. Many of the proteins continued to move until they were

caught at the basic end of the gel. Furthermore several proteins of

relatively high molecular weight, seen in the upper right-hand corner

of this pattern, also moved to the basic end of the gel after 7 hours.

In the 7-hour pattern, those proteins which remained in the body of the

first-dimension gel showed the randomly-dispersed appearance expected

of focused proteins. It may be noted (Figure 26) that the pH gradient

was already formed at 3 hours and remained stable through the 7-hour

time point, although it had deteriorated by 10 hours.

The results thus seem to contradict those of Czempiel e_t al. (1976),

and to suggest that the very low isoelectric points reported by these

authors are in error due to the failure of the proteins to reach their



Figure26.ThepHgradientformedduringisoelectricfocusingofmitoribosomalproteins.MeasurementsofpHweremadeongelsruninparallelwiththefirst-dimensiongelsoftheexperimentshowninFigure25.Afterelectrofocusingfortheperiodsoftimeindicated,thegelswereslicedinto5mmsectionsandeachsectionplacedin1mlofwater.After12hoursofsoak¬ ingatroomtemperature,thepHofeachsolutionwasmeasuredwithaFisherpHmicroelectrode.
L09
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isoelectric positions in the gel. It also appears that considerably

fewer than half of the mitoribosomal proteins have isoelectric points

below 8.5, in contrast to the results of van den Bogert and de Vries

(1976). Although the latter results were obtained by electrophoresis

at pH 8.6 rather than by isoelectric focusing, it would be surprising

if these methodological differences were the source of the discrepancy.

Some preliminary electrophoretic experiments, however, appear to con¬

firm that about half of the large-subunit proteins are anions at

pH 8.6 (Robert Hessler, 1976, private communication). Thus the question

of the actual isoelectric points of the mitoribosomal proteins remains

somewhat uncertain. But even the electrofocusing experiments presented

above show that a relatively large proportion of these proteins are

isoelectric below pH 8.5. All of the evidence therefore jgrees that

these proteins are significantly more acidic than the proteins of E. coli

or mammalian cytoplasmic ribosomes, over half of which have isoelectric

points above 10 (Kaltschmidt, 1971; Huynh-van-Tan et aJL., 1974).

!V. MOLECULAR WEIGHTS OF MITOCHONDRIAL RIBOSOMAL PkuTEINS

The molecular weights of the mitoribosomal proteins were determined

from their mobilities in the second electrophoretic dimension and are

given in Table VIII (large-subunit proteins) and Table IX (small-subunit

proteins). The molecular weights of the large-subunit proteins range

from 11,100 to 45,500 (average: 21,200); the small subunit contains

proteins from 12,300 to 43,000, averaging 22,600. For comparison, the

average molecular weights of _E, coli large-subunit and small-subunit
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Table VIII. Molecular weights of mitochondrial large-subunit

Protein MW x 10~3 Protein

i 45.5 27
2 42.5 28
3 38.5 29
4 32 30
5 31.5 31
0 31.5 32
7 31 33
8 29.2 34
9 28.1 35

10 27.6 36
11 26.3 37
12 26.0 38
13 26.0 39
14 25.7 40
15 25.0 41
16 23.6 42
17 23.5 43
18 22.2 44
19 21.6 45
20 20.6 46
21 20.4 47
22 19.9 48
23 19.5 49
24 19.2 50
25 19.0 51
26 18.8 52

proteins.

Mil x 10~3

18.3
18.2
18.2
18.0
17.8
17.6
17.4
17.1

16.8
17.0
16.5
16.2
15.8
15.9
15.3
15.2
15.2

15.4
14.7
14.0
13.6
13.4
13.5
13.3
11.2
11.1
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2
3
4
5
6
7
8
9

10
11

12
13
14
15
16
17

18
19
20

112

Molecular weights

MW x 10~3

43
40
38
38
33.5
32
32
29
28.1
26.7
25.6

24.8
24.1
23.7
23.5
23.3
22.0
21.8
21.6

21.1

of mitochondrial small-subunit proteins.

Protein MW x 10

21 21.2
22 21.0
23 20.3
24 19.7
25 18.9
26 18.3
27 18.3
28 17.8
29 17.6
30 17.5
31 17.5
32 16.9
33 16.3
34 15.9
35 15.5
36 15.3
37 14.6
38 14.7
39 14.0
40 13.7
41 12.3
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proteins are 16,300 and 19,000 (Uzionara et al., 1970). This rather

large difference in the molecular weight distributions of mitochondrial

and bacterial ribosomal proteins can be easily observed by visual com¬

parison of their electrophoretic patterns (Figures 5 and 6 vs. Figure

12). Reported average molecular weights of mammalian cytoplasmic ribo-

somal proteins range from values similar to those of bovine mitoribo-

somal proteins (Martini ana Could, 1971; Creusot et_ c^l. , 1975) to

significantly larger values (Howard et al., 1975; Lin and Wool, 1974).

The data in Tables VIII and IX,with an assumption, permit a calcu¬

lation of the total content of protein in the mitochondrial ribosome.

If one copy of each of these proteins is present per ribosome, the sum

of their molecular weights should equal the total protein content in

c

daltons. This sum is 2.03 x 10°. The sum of the molecular weights of

the E. coli ribosomal proteins, for comparison, is only 0.94 x 10^

(Dzionara et_ ¿lL., 1970). This two-fold difference is due partially

to the larger size of the mitoribosomal proteins, but mainly to their

greater number. In fact, mitochondrial ribosomes appear to contain at

least as much protein as 80S mammalian cytoplasmic ribosomes. As

mentioned above, there is some uncertainty about the molecular weights

of the cytoribosomal proteins; but because of the smaller number of

proteins in these ribosomes, even the larger values reported for their

molecular weigbLS lead to estimates for the total protein content of

1.73 x 10^ to 2.05 x 10^ daltons (Howard £t^ , 1975; Lin and Wool,

1974), about the same as that of bovine mitoribosomes.
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This relatively large protein content had been expected on the

basis of physical-chemical measurements on the mitochondrial ribosomes.

Since these measurements provided quantitative predictions, it was of

interest to determine how closely the different kinds of estimates for

the total protein content agreed. The protein content can be calcu¬

lated from the buoyant density, p, of the ribosome in CsCl and the

molecular weight of the ribosomal RNA, by the equations

% RNA = 309,8 - 396. 6 (Hamilton and O’Brien, 1974)
P

M
and Protein content = x 100 - M.,.,,. The results of such i cal-

%RNA RNA

dilation, using a value of 1.43 g/ml for the buoyant density of either

subunit and 0.34 x 10^ and 0.35 x in6 for the molecular weights of the

large and small ribosomal RNA'k (Robberson et al., 1971), are given in

the first line of Table X.

A second, independent measurement of the protein content can be

obtained by determining the molecular weight of the ribosome by high¬

speed equilibrium centrifugation, and subtracting M . The second
RNA

line of Table X is based on the values 1.65 x 10^J and 1.10 x 10^ for

the molecular weights of the large and small subunits, respectively

(Hamilton and O’Brien, 1974).

The results obtained from the electrophoretic analysis artr given in

the last line of the table. The sum of the molecular weights of the 52

proteins in the large subunit is 1.10 x 10^, a value which agrees well

with the protein content as calculated from the buoyant density of this

subunit or from its particle weight. However, the total of the 41
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Table X. Calculation of the protein content of bovine
mitochondrial ribosomes.

Data used in calculation Protein content x 10 ^ (daltons)

Large subunit Small subunit Total

Buoyant density of subunit, 1.10 0.71 1.81

molecular weight of rRNA

Molecular weight of subunit, 1.11 0.75 1.86

molecular weight of rRNA

Molecular weights of 1.10 0.93 2.03

individual proteins
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small-subunit proteins, 0.93 x 10^ daltons, is somewhat greater than

the protein content determined by other methods.

One interpretation of this discrepancy is that it indicates an

overestimate of the number of proteins in the small subunit by about

20%. An argument in favor of this interpretation can he found in the

results presented in Section IIB3. Several of the proteins in the

large and small subunits were found to be electrophoretically indis¬

tinguishable from each other, possibly because each pair represents

a single protein which partitions between the two subunits when the

ribosome is dissociated. Five of these proteins are present in much

greater quantity in the large subunit than in the small, suggesting

that they are actually large-subunit proteins and thus should not be

included in the small-subunit list. If MSI, 7, 15, 25, and 26 were

disregarded for this reason, the total of the small-subunit protein

molecular weights would he 0.79 x 10^ daltons rather than 0.93 x 1011

daltons, agreeing more closely with the total protein content deter¬

mined by physical-chemical measurements (Table X).

A more convincing interpretation, however, is that the original

assumption (that each ribosome contains one copy of each of the pro¬

teins) is false. If, on the average, the proteins are present in less

than unit quantity in each ribosome, the total protein content would

be overestimated by simply adding up the proteins' molecular weights.

It is clear in the electrophoretic patterns shown above that the pro¬

teins are not all present In equal quantities, particularly in the
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small subunit, but there i: no direct evidence whether the average

spot intensity in these patterns represents one copy per ribosome or

less than one. However the results which have been obtained with

other ribosomes indicate that ribosomal proteins are more likely to

be deficient than to be found in greater than unit quantities when

ribosomes are prepared according to the methods used in the present

experiments.

Although _E. coli ribosomes prepared under very gentle mechanical

and ionic conditions appear to contain unit amounts of nearly all of

the ribosomal proteins, the more usual procedures (particularly the

salt-washing steps used to remove non-ribosomal proteins) remove varying

quantities of many of tin.* proteins (Hardy, 1975). As a result, several

ribosomal proteins appeared on two-dimensional gels as spots that

stained only faintly (Kaltschmidt and Wittmann, 1970), quantitative

analyses showed that many of the proteins were present in less than unit

stoichiometry (Voynow and Kurland, 1971; Weber, 1972), and the sum of

the molecular weights of the E. coli small-subunit proteins was found

to exceed the measured total protein content of the subunit by 25%

(Dzionara ejt al., 1970).

It seems likely that this partial removal of ribosomal proteins by

salt treatment is responsible for the finding that the mitochondrial

ribosomes in each preparation appear to be heterogeneous with respect

to their content of the individual ribosomal proteins, and for the

variations observed among separate ribosome preparations. Such effects
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may also explain Che observation that none of the proteins are found

to be removed by treatment with Buffer E, even though the buoyant

densities of the subunits are increased by this treatment (Section ITB).

The action of Buffer E may be relatively nonspecific, removing some

proteins from all of the ribosomes but not always the same set of pro¬

teins. In this case none of the proteins would be found to be absent

in the electrophoretic analyses, and even reductions in the relative

quantities of some of the proteins mighi be undetectable.

Unfortunately no method has yet been developed for preparing ribo¬

somes free of contaminating proteins but containing stoichiometric

quantities of all the ribosomal proteins. But if this were done, the

results presented above indicate that the measured protein content of

mitochondrial ribosomes would be as given in the bottom line of Table X.

Since functional ribosomes in vivo probably do contain unit copies of

nearly all the proteins (Hardy, 1975), the comparison shown in Table X

corresponds to some extent to the difference between the mitochondrial

ribosome jri vivo and jin vitro. Thus one useful result of the electro¬

phoretic experiments is that they provide information about the nature

and degree of the differences between the ribosomes as isolated and as

they probably exist in vivo. The table, and the electrophoretic

patterns Lhemselves, permit the conclusion that the isolated ribosomes

are lacking considerable quantities of many of the proteins; further, it

appears that most of the difference is localized in the small subunit,

whereas the large subunit is more nearly intact.



V. COMPARISON WITH PROTEINS OF RAT MITOCHONDRIAL RIBOSOMES

The proteins of eukaryotic cytoplasmic ribosomes show a relatively

loro degree of evolutionary divergence. No differences were found among

mammals, birds, or reptiles in the two-dimensionai electrophoretic

pattern of their cytoribosomal proteins hy Delaunay et al. (1973).

Other laboratories (Martini and Gould, 1975; Kuter and Rodgers, 1974)

have been ahie to detect some electrophoretic differences among these

species, but in all cases the number of such differences has been quite

small. Two proteins were found to differ in comparisons of rat, mouse,

and hamster cytoribosomal proteins, and one further protein was altered

in HeLa cell.1. (Kuter and Rodgers, 1 974). However, the mitochondrial

ribosomes of various distantly related organisms show greater differ¬

ences in their physical-chemical properties than do the cytoplasmic

ribosomes of the same organisms (Figure 1). This diversity at the

level of the overall structure of the ribosome suggested that differ¬

ences might be found between more closely related organisms at the

level of the electrophoretic properties of their ribosomal proteins.

To test this possibility the mitoribosomal proteins of another

mammal, the rat, were analysed and compared with the proteins found in

bovine mitoribosomes. The electrophoretic results from one of the two

preparations of rat mitoribosomes which were analyzed as described

above for bovine mitoribosomes are shown in Figures 27 (large subunit)

and 28 (small subunit). The large-subunit pattern was similar in over¬

all appearance to that obtained from bovine mitoribosomes. In
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Figure 27. Electrophoretic pattern of proteins from rat mitochondrial
large subunits.
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Figure 28. Electrophoretic pattern of proteins from rat mitochondrial
small subunits.
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comparisons of such complex patterns, it is easiest to recognize

correspondences between proteins that have unusual electrophoretic

properties. Thus a very acidic protein (that is, a protein which

migrates more slowly in the first dimension than other proteins of

the same molecular weight) is seen in the rat pattern at a position

near that of the bovine protein ML30, and a faintly-stained protein

corresponding to ML33 is present as well. Spots corresponding to the

very basi* rotein ML13 and the low-molecular-weight proteins ML49

and 50 can also be identified. Some obvious differences between the

two sets of proteins are also evident, such as the very basic rat

protein just to the right of the spot corresponding to ML20, which

was never found in bovine mitoribosomes. A detailed comparison shows

many other differences. The small-subunit pattern showed no obvious

similarity to that of bovine small-subunit proteins, and no individual

rat proteins clearly corresponded to any bovine proteins.

In order to compare the rat and bovine patterns more accurately,

samples of proteins from both sources were mixed together and co¬

elec trophoresed. The bovine sample was a large (stainable) quantity

of protein and the rat sample was a trace quantity (from a third prepa¬

ration of ribosomes) radioaclively labelled by reductive methylation

as described in MATERIALS AND METHODS. The results are shown in

Figures 29 and 30. In these figures only those proteins which were

found in at least two of the three rat mitoribosome preparations are

given; most ot these appeared in all three. Rat proteins which have
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electrophoretic mobilities identical to some of the bovine proteins

are marked with the number of the bovine protein, as given in Figure 8

and Figure 19* In addition some of the rat proteins were found in

positions very close to those of some bovine proteins and are desig¬

nated by parenthesized numbers* Some of these near-correspondences

occur among the proteins with unusual electrophoretic properties which

appeared to represent clear similarities between rat and bovine large-

subunit proteins. In these cases (ML13, 30, 33, 49, and 50) it seems

very likely that the rat protein is closely related to that of the cow

even though some difference is detectable.

Bovine mitoribosomal proteins are clearly more similar to the

mitoribosomal proteins of rat than they are to the proteins of bovine

cytoplasmic or bacterial ribosomes. Both kinds of mitoribosomal pro¬

teins have similar molecular weight and charge properties, which are

different from those of cytoplasmic or Eh coli ribosomal proteins

(Section III). It seems likely that the numbers of proteins in both

mitoribosornes are also about the same. Forty-eight proteins are seen

in the rat large subunit as compared with 51 for the bovine large sub¬

unit* The small number of proteins found in rat small subunits (24)

is rather puzzling. However, the quantity of protein used in these

experiments may have been too small to permit the detection of faintly

staining proteins. The similar physical-chemical properties of rat

and bovine mitoribosomal subunits (O’Brien, 1971; O’Brien et al*,

1974; de Vries and Kroon, 1974) indicate that the protein contents of

the two should be nearly the same.
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At a more detailed level of analysis, the electrophoretic posi¬

tions of the individual proteins show more differences than similar¬

ities between these two mammalian species. A convenient means of

quantitating the degree of similarity between the electrophoretic

patterns of two sets of riboscmal proteins has been suggested by

Delaunay and Schapira (1974), using the formula

degree of similarity, P = ,(a + b) ~ i?._
%(a + b)

where a is the number of proteins in one of the ribosomes, b is the

number in the other ribosome, and n is the total number of electro-

phoretically different proteins found in a mixture of the two samples.

If all of the proteins are electrophoretically distinct from each

other, P = 0. When no differences at all are found, as reported by

Delaunay et al. (1973) for mammals, birds, and reptiles, a value of

P = 1 is obtained. The three protein differences seen between rat and

HeLa cytoribosomal proteins (Kuter and Rodgers, 1974) correspond to

P = 0.95.

When this formula is applied to the proteins of mitochondrial

large subunits, in which only 13 of the 48 rat proteins are electro-

phoreticaliy identical to bovine proteins, it is found that P = 0.26.

A similar calculation for the small subunits, in which there are only

8 electrophoretic identities, gives a value of 0.25. The formula

slightly underestimates the actual degree of similarity between the

small subunits, since even if all 24 of the rat proteins detected were

identical to cow proteins, a value of P = 1 would not be obtained.
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However if a correction is made for the apparent failure of these

experiments to detect all of the rat small-subunit proteins, the value

of P is still only 0.33.

These results are consistent with the finding of at least seven

mitochondrial large-subunit proteins which differ even between two

species of the frog genus Xenopus (P = 0.83) (Leister and Dawid, 1975).

The evidence thus indicates that the degree of evolutionary divergence

among mitoribosomal proteins is much higher than among the cytoribosomal

proteins of the same organisms. This conclusion extends to more closely-

related species the generalization (see INTRODUCTION) that most of the

physical and chemical properties of ribosomes appear to diverge more

rapidly during evolution for the ribosomes of mitochondria than for

their extramitochondrial counterparts. Some speculations about the

molecular and genetic basis of this higher evolutionary rate will be

discussed below.



DISCUSSION

The results presented above are relevant to questions about the

structure and the evolution of mammalian mitochondrial ribosomes. It

is found that the large complement of protein observed in these ribo¬

somes by physical-chemical measurements can be accounted for by the

number and sizes of the individual ribosomal proteins. The molecular

weights of these proteins are not exceptionally high; rather, it is

the large number of proteins present in these ribosomes which is pri¬

marily responsible for their high protein content. The proteins are

found to be somewhat more acidic th¿in those of bacterial or eukaryotic

cytoplasmic ribosomes, a property which may be related to differences

in the kinds of intermolecular bonding interactions which prevail in

such a protein-rich structure. Finally, the electrophoretic properties

of mammalian mitoribosomal proteins, like many of the other structural

properties of mitochondrial ribosomes in general, show a greater degree

of phylogenetic variation than is found among cytoplasmic ribosomes.

Ninety-three proteins arc found in bovine mitochondrial ribosomes,

as compared with about 70 in mammalian cytoplasmic ribosomes (Wool and

Stoffler, 1974) and 53 in E. coli ribosomes (Wittmann, 1974; Pettersson

et al., 1976). Similar relatively large numbers of ribosomal proteins

have been reported for the mitochondrial ribosomes of other vertebrate

species. Leister and Dawid (1974) found 84 mitoribosomal proteins in

128



129

the frog Xenopus laevis. Recently the proteins of rat mitochondrial

ribosomes were analyzed, and numbers ranging from 70 (van den Bogert

and de Vries, 1976) to 107 (Czempiel et al., 1976) were reported.

The large number of proteins found in bovine mitochondrial ribo¬

somes does not seem to be attributable to contamination of the ribosomes

by non-ribosomal proteins, on the basis of a variety of evidence.

These proteins are reproduciblv found in separate preparations of ribo¬

somes, and they are not removed by treatments that have been found to

remove contaminating proteins from other kinds of ribosomes. Indeed,

only a few of them are removed by even more stringent treatments that

result in complete inactivation of the peptidyl transferase function of

this ribosome. Furthermore, when heterologous ribosomes are added to

the mitochondria and then re-purified by the same method used for the

preparation of mitochondrial ribosomes, they are not contaminated by

adsorbed proteins.

There is a possibility that the present results overestimate the

number of bovine mitoribosomal proteins to some extent, due to a par¬

titioning of some proteins between the two subunits. Although the

total number of proteins found in analyses of the large and small sub¬

units separately is 93, only 81 of these can be observed in mixtures

of the two sets of proteins. That is, 12 of the large-subunit proteins

are electrophoretically indistinguishable from proteins of the small

subunit. It is therefore possible that the two members of all or some

of these overlapping protein pairs are in fact identical , and that
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each p¿iir should be counted only once in the enumeration of the bovine

mitoribosomal proteins. The evidence in favor of this possibility is

only suggestive, and further characterization of the individual proteins

involved will be required to resolve this question.

The proteins of bovine mitoribosomes are found to have molecular

weights avi raging 21,200 in the large subunit and 22,600 in the small

subunit, values similar to those of mammalian cytoribosomal proteins.

Much higher molecular weights were reported for the mitoribosomal

proteins of Xenopus, with averages of 27,000 and 33,300 for the large

and small subunits respectively (Leister and Dawid, 1974). Molecular

weights were not determined in the published studies of rat mitoribo¬

somal proteins, but the present experiments indicate that these are

about the same size as bovine mitoribosomal proteins. The sum of the

molecular weights of the bovine mitoribosomal proteins is somewhat

greater than the total quantity of protein calculated to be present in

these ribosomes on the basis of their buoyant density, particularly in

the case of the small subunit. A similar result was obtained with

Xenopus mitoribosomes (Leister and Dawid, 1974). The simplest inter¬

pretation of this phenomenon is that a proportion of the ribosomes in

a given preparation are lacking some of the proteins, so that on the

average there is less than one copy of each of these proteins per

ribosome. This interpretation is consistent with results that have

been obtained for E. coli ribosomes.
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The finding that bovine mitoribosoiiuJ proteins are relatively

acidic, compared to bacterial or mammalian cytoplasmic ribosomal pro¬

teins, is in qualitative agreement with the reported results of van

den Bogert and de Vries (1976) and Czempiel e_t a^L. (1976) on rat mito-

ribosomal proteins. The proteins of Xenopus mitochondrial ribosomes

also appear to be more acidic than those of the cytoplasmic ribosomes,

at least in comparisons between the large subunits (Leister and Dawid,

1974). Quantitatively, there are some differences between the results

of the present experiments and those which have been published for rat

mitoribosomal proteins. The cause of these discrepancies is unclear.

It does not seem to be related to differences between the rat and

bovine proteins: the direct comparisons of these two sets of proteins

by electrophoresis show that they have similar charge properties at

pH 4.3.

A large number of electroph >retic differences are found between

bovine and rat mitoribosomal proteins. This observation is consistent

with comparisons which have been made between species related both more

closely and more distantly than rat and cow. Xenopus laevis and Xenopus

mulleri differed from each other in at least seven of the proteins of

the large subunit alone (Leister and Dawid, 1975). Rat mitoribosomal

proteins showed no similarity with those of the fungus Neurospora (van

den Bogert and de Vries, 1976). No obvious similarities can be seen

when the patterns of bovine or rat mitoribosomes are compared with those

published for Xenopus laevis (Leister and Dawid, 1974), obtained in an
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essentially identical electrophoretic system. Indeed even the molec¬

ular weights of the frog proteins are quite different from those of

the mammalian proteins.

The significance of these results lies in their contribution to

studies on the structure of ribosomes and on the evolution of mito¬

chondrial genes. First, it has been suggested that the low buoyant

density oí anima] mitochondrial ribosomes might be due to the presence

of adherent membrane fragments (Borst and Grivell, 1971). The present

results d>. iot support the hypothesis that a third component of lower

density than protein (i.e., lipid) makes any significant contribution

to the low buoyant density of these ribosomes: the quantity of protein

alone required to account for the observed density does not exceed the

quantity which actually appears to be present by electrophoretic anal¬

ysis .

The remarkably large number (and total quantity) of proteins in

these ribosomes raises some interesting questions about the similar¬

ities and differences that must exist between these particles and other

structural kinds of ribosomes with respect to their biosynthesis,

assembly, and detailed functional activities. For example, it seems

possible that these ribosomes, in which the ratio of RNA to protein is

only 1:2, are held together predominantly by ditferent kinds of inter-

molecular bonding interactions than are found in E. coli ribosomes,

which have an RNA:protein ratio of about 1:0.6. Clearly the structure

of the mitoribosome must involve more prot uin-protein interactions and
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fewer protein-RNA interactions than that of the _E. coli ribosome.

Proteins which bind directly to polynucleotides, such as histones and

many ribosomal proteins, frequently have exceedingly high isoelectric

points; presumably a large part of the energy of binding in these cases

is due to electrostatic attraction (and lack of electrostatic repulsion)

between charged residues of the proteins and the phosphate backbone

of the nucleic acid. Ionii bonding between two proteins, on the other

hand, requires the Intel iction of both acidic and basic amino acids in

the proteins. Thus the high protein content of animal mitochondrial

ribosomes may be related to the lower basicity which Is observed In

their proteins. It may be predicted that other very protein-rich

ribosomes, like the mitochondrial ribosomes of Tetrahymena (Chi and

Suyama, 1970) and Candida utilis (Vignais et_ a]L. , 1972), will likewise

contain relatively acidic ribosomal proteins.

Since hydrophobic interactions are probably more important in

stabilizing protein-protein associations than protein-RNA binding, it

seems reasonable that this kind of interaction plays a larger role in

the fundamental structural organization of very protein-rich ribosomes.

One characteristic of hydrophobic interactions is that they are resist¬

ant to disruption by high salt concentrations, whereas electrostatic

interactions are highly susceptible. Thus it Is of interest that most

of the proteins of bovine mitochondrial ribosomes are found to be much

more resistant to salt-stripping than those of the cytoplasmic ribosomes

(O'Brien et al., 1976). These mitoribosomes thus share some properties
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(though to a lesser extent) with the ribosomes of the extreme halophile

Halobacterium cutirubrum: the latter are structurally and functionally

stable at the normal intracellular salt concentration of 4 molar, and

their proteins have isoelectric points much lower than even those of

animal mitoribosomes (Bayley, 1966).

The large number of electrophoretic differences observed between

the mitoribosomal proteins of two mammalian species complements the

previous reports of even larger differences in the structural properties

of mitoribosomes from more distantly related organisms. Taken together,

these observations clearly indicate a relatively high rate of evolution¬

ary divergence among these ribosomes, and invite a consideration of the

possible cellular, genetic, or molecular bases of this high evolutionary

rate.

Perhaps the simplest explanation for this phenomenon is the possi¬

bility that mitochondrial ribosomes are not subject to very strong

selective pressures in nature. ¿Relative to the cytoplasmic ribosomes,

mitoribosomes make only a very few different proteins. Although these

proteins are major (and essential) components of the mitochondrion,

their total quantity is also much less than the total quantity of

cellular proteins synthesized on cytoplasmic ribosomes. Only a small

number of ribosomes in each mitochondrion are required to keep up with

the work load of protein synthesis for mitochondrial growth and turn¬

over. Thus ±l would seem that a diminished efficiency due to the

accumulation of slightly disadvantageous mutations might be more



135

tolerable in the mitochondrial ribosomes; the lower efficiency could

be compensated by increasing the number of ribosomes, at only a modest

expense in terms of the metabolic energy required to synthesize the

extra ribosomes.

In this regard it is necessary to consider also the ribosomes of

chloroplasts, since the role of these ribosomes in cellular protein

synthesis is similar to that of mitochondrial ribosomes. It is note¬

worthy that 'he structural properties of these ribosomes indicate

little evolutionary divergence among distantly related chloroplast-

containing protists and plants, or even between these organisms and

prokaryotes. This observation argues against the significance of a low

level of selective pressure as a contributing factor in the high evo¬

lutionary rate of mitochondrial ribosomes. However the argument is

weakened by the fact that chloroplast ribosomes are responsible for

a somewhat larger proportion of the total protein synthesis in the cell

than mitochondrial ribosomes are: one subunit of the very abundant pro¬

tein ribulose-diphosphate carboxylase is made on chloroplast ribosomes.

Moreover, the number of chloroplast ribosomes per cell is greater than

that of mitoribosomes.

It is also possible that genetic mechanisms exist to effect the

more rapid establishment of selerLively neutral or advantageous mutations

in mitochondrial ribosomes. No .! i Ferences can be visualized in the

genetic processes that operate directly on mitoribosomal versus cyto-

ribosomal proteins, since both groups of proteins appear to be coded in
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nuclear genes. But a rapid evolutionary rate in mitochondrial rRNA

might force or encourage a complementary high rate in the proteins

which must interact with this rRNA to form functional ribosomes. The

mitochondrial rRNA is copied from mitochondrial genes, and several

fundamental differences in the genetics of nuclear and mitochondrial

DNA are known. Furthermore there is considerable experimental evidence

demonstratin'1; rapid evolution;.1 - divergence not only of mitochondrial

rRNA genes, but of the rest of the mitochondrial DNA as well.

Most oi this evidence is based on DNA-DNA or DNA-RNA hybridization

studies, usually including thermal denaturatxon analyses to evaluate

the level of correspondence between the heterologous molecules hybrid¬

ized. Such experiments measure differences in the primary sequence of

the nucleic acids, and should be roughly comparable to electrophoretic

comparisons of proteins with respect to their sensitivity in detecting

interspecies variations. Unfortunately a direct comparison of the

degree of variation found in mitochondrial DNA with that of nuclear DNA

has only been reported in one instance. C.root et al. (1975) compared

the nuclear and mitochondrial DNAs of the yeasts Saccharomyces

carlsbergensis, Kluyveromyces lactis, and Candida utilis, finding that

both mitochondrial rRNA and total mitochondrial DNA showed greater

differences among these species than did the cytoplasmic rRNA and

nuclear DNA.

A number of indirect comparisons can also be made. Sinclair and

Brown (1971) found detectable homologies between the cytoplasmic rRNA
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of Xenopus laevis and that of many distantly related organisms, includ¬

ing yeast; but no correspondence in base sequence was detectable between

the mitochondrial DNAs of X. laevis and yeast (Dawid and Wolstenholme,

1968). In comparisons of rat, mouse, ¡minea pig, monkey and chicken,

Jakovcic et_ uK (1975a and b) found a lower degree of homology among

mitochondria] tRMA genes than had been reported for nuclear genes coding

for rRNA or proteins; most of the rest of the mitochondrial DNA showed

even less homology.

No significant differences were detected between the nuclear rRNA

genes of X. laevis and X. mulleri, although the spacer DMA interspersed

among these rRNA genes showed extensive non-homology' (Brown et al.,

1972). Mitochondrial rRN.'. genes, on the other hand, were distinguish¬

able in hybridization comparisons between these two species, and most

of the remaining mitochondrial DMA showed a significantly higher degree

of evolutionary divergence (Dawid, 1972). indeed, the high level of

non-homology found between these two closely-related species in the

bulk of the mitochondrial DMA sequences led Dawid (1972) to propose

that these sequences represent nothing but spacer DNA, analogous to the

spacer regions found in nuclear ribosomal DNA. But the weight of sev¬

eral other kinds of evidence contradicts this proposal, indicating that

most of this mitochondrial DNA represents the structural genes for

enzyme proteins (Schatz and Mason, 1974). Thus it must be concluded

that all kinds of mitochondrial genes can show considerable divergence

between closely related species. All these results are in contrast to
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those obtained in chloroplast studies, in which hybridization experi¬

ments revealed little difference in the base sequences of chloroplast

rRNA from various raonocotyledonous and dicotyledonous plants (Thomas

and Tewari, 1974).

What kinds of genetic mechanisms are known that might account for

the high evolutionary rate of mitochondrial DNA? Among the known

differences in the genetic processes acting on the mitochondria and

nuclei of eukaryotic cells is the phenomenon of vegetative segregation

of mitochondrial genes. Yeast zygotes "heteroplasmic" for a mitochon¬

drial gene (that is, containing both mutant and wild-type mitochondrial

DNA molecules) give rise to some homoplasmic progeny within one or two

mitotic cycles, and all descendants are homoplasmic within 10-20 cell-

divisions (Birky, 1976). Groot et al. (1975) have pointed out that

this process would lead to the rapid phenotypic expression of mitochon¬

drial mutations, thereby promoting the establishment of these mutations

if they were positively selective.

The latter authors have also postulated a mechanism for a relatively

rapid establishment of selectively neutral mutations in mitochondrial

genes. The presence of many copies of a gene per cell increases the

probability of mutation in the gene. Multiple copies of genes for both

mitochondrial and cytoplasmic rRNA are found in eukaryotic cells, but

a master-slave correction process acting on the cytoplasmic rRNA genes

has been proposed (Brown j2t al., 1972). If this process does act on

the nuclear but not on the mitochondrial genes, it is argued, the latter
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would be expected to show a higher mutation rate. Some objections may

be raised to this line of reasoning, however. First, the spacer regions

present in the nuclear rDNA are considered to be subject to the same

correction process as the rRNA genes, because both are part of the same

repeating DNA sequence and both are essentially identical in all of the

copies present in a given cell; but the spacer regions show very rapid

evolutionary divergence, as noted above (Brown et al., 1972). Second,

all of the mitochondrial DNA molecules in a given organism are found to

be identical to each other (DawiJ, 1972; Potter £t_ cfL., 1975), suggesting

that some kind of correction mechanism may operate on the mitochondrial

genes too (Birky, 1976).

Another unique feature of mitochondrial genetics is the high rate

of recombination observed between mitochondrial DNA molecules. In yeast

the rate is high enough that no linkage can be observed among four gene

loci, all of which are physically located on the same 5 x 10^ d circular

DNA molecule (Dujon e_t_ al^. , 1974). These results were interpreted to

mean that the mitochondrial genomes undergo many repeated rounds of

pairing and recombination. These events do not even appear to be

limited in time to a short interval in the life cycle of the organism,

such as meiosis. Such high rates of recombination should promote the

spread of mutations through the population, and permit the combination

of separate mutations into a single genome.

Mitochondrial recombination can also occur in mammalian cells:

Coon £t_ al. (1973) have presented biochemical evidence for the forma-
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tion of recombinant mitochondrial DNA molecules in somatic cell hybrids

of mouse and human origin. But the importance of this phenomenon in

the exchange of mitochondrial genetic information between individuals

in nature is questionable for mammals and most other organisms. In

most species (unlike the case in yeast), mitochondrial genes are inherited

uniparentally, affording little opportunity for recombination between

the BNAs of the two parents. However some recombination can be de¬

tected between the parental chloroplast genomes in Chlamydomonas crosses,

despite the facl: that chloroplast genes in this organism are also uni¬

parentally inherited (Sager, 1972).

The high recombination rate of mitochondrial DNA may be more sig¬

nificant as a possible inducer of mutations. The model of Dujon _et al.

(1974) includes a suggestion that mitochondrial recombination could

account for the properties of the petite mutants which arise spontane¬

ously at a rather high frequency in yeast. Faulty alignment of the DNA

molecules during recombination might also lead to less dramatic mutations

on occasion. In addition, mitochondrial DNA may be more mutable than

nuclear DNA because of differences in repair processes. Yeast mito¬

chondria are reported to lack an excision-repair system for thymidine

dimers induced by ultraviolet radiation (Prakash, 1975). Mammalian

mitochondria lack both this system and the photoreactivation system

(Clayton et^ al., 1974).

There is certainly no shortage of possible mechanisms to account

for the rapid evolutionary divergence of mitochondrial DNA and mito-
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chondrial ribosomes. The question is which of these possibilities

actually represent significant factors contributing to this divergence.

Answers to this question can only come from further studies on the

cellular and molecular processes acting on cytoplasmic genes. Par¬

ticularly instructive would be a comparison of such processes between

mitochondria and chloroplasts, since the latter show a much lower rate

of evolutionary divergence.

Whatever the causes, the phylogenetic diversity of mitochondrial

ribosomes should prove to be a useful tool for the detailed analysis

of the biosynthesis, assembly, and mechanism of action of ribosomes in

general. Important informal ion about the relationships between struc¬

ture and function in biological systems can frequently be derived from

comparisons between naturally occurring systems which have the same

function but differ structurally. Mitochondrial ribosomes offer a

great variety of structural differences with considerable similarity-

in the details of their functional activity, and thus should be most

valuable for such comparative studies.
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