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ABSTRACT 

PART I of this thesis is concerned with the characterization 

of RNA components from the mitochondrial fraction of HeLa cells. 

Mitochondria prepared by differential centrifugation followed by 

buoyant density fractionation in sucrose gradient are contaminated 

by elements of the rough endoplasmic reticulum. In order to iden-

' tify RNA components of mitochondrial origin in this fraction the 

following criteria were used: association of newly synthesized RNA 

with mitochondria (recognized by cytochrome oxidase assay), in-
" ·· 

sensitivity in s i tu to ribonuclease digestion, linear kinetics of 

labeling after [
3

H ]-uridine pulses, s ensitivity of their synthesis to 

ethidium bromide, and, especially, capacity to hybridize with puri-

fied closed- circular mitochondrial DNA. 

It has been found .that the RNA synthesized on a mit-DNA tem-

plate consists of both rapidly labeled heterogeneous RNA components, 

varying in sedimentation constant from 4 to 50 S or more, and discrete 

RNA species, migratingatl6 S, 12 S, and 4 Sin sucrose gradient. Analy-

sis of the sedimentation behavior of the 16 Sand 12 S species under dena-

turing conditions has indicated that they are represented by continuous 

polynucleotide chains . From their migration in polyacrylamide gels 

relative to ribosomal RNA markers , the respective molecular weights 

of 16 S and 12 S have been estimated to be O. 7 x 10
6 

and O. 4 x 106 

daltons . The 16 S, 12 S, and 4 S RNA 1s appear to be methylated. Both 

the discrete and heterogeneous mit - DNA coded RNA component s have 
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a base composition clearly different from that of ribosomal RNA and 

cytoplasmic messenger RNA and complementary, as concerns the 

A and U content, to that of the heavy strand of mit-DNA. 

The results of an investigation concerning the pro-

perties of the ribosomes associated with the endoplasmic reticulum 

in HeLa cells are reported in PART II. From the distribution of 

ribosomal RNA among the subcellular fractions, it has been estimated 

that 10-15% of the total ribosomes in HeLa cells are membrane-bound; 

65-70% of these can be recovered in the form of polysomes after · 
··\ ..... 

membrane lysis with sodium deoxycholate. The 18 S and 28 S RNA 

components of the membrane-bound ribosomes have similar kinetics 

of labeling and identical sedimentation properties and nucleotide 

composition to the homologous components of free ribosomes, these 

results pointing to a common nuclear origin. The ribosomal RNA 

of membrane-bound ribosomes is made acid-soluble to about the 

same extent as the ribosomal RNA of free polysomes under the con-

ditions of ribonuclease digestion in situ enployed here. Treatment 

with EDTA releases about 85-90% of the small ribosomal subunits 

and 70% of the large ribosomal subunits, a situation which is simi-

lar to that which has been observed for rat liver microsomes. 

These results suggest that the great majority of the ribosomes in 

the mitochondrial fraction of HeLa cells are extramitochondrial, i. e. 

bound to the endoplasmic reticulum, but the existence of a small 

number of intramitochondrial ribosomes is not excluded. 
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GENERAL INTRODUCTION 



2. 

· The discovery of DNA in cytoplasmic organelles (mitochondria, 

chloroplasts, and centrioles (see for review l, 2.)) of eukaryotic cells 

has provided the physical evidence for the existence of cytoplasmic 

genetic systems already recognized circumstantially through examples 

of cytoplasmic inheritance . It is now well-established that mitochon-

dria from all organsims contain DNA. Mitochondrial DNA from plants 

and lower eukaryotic organisms has been isolated in general in the form 

of linear molecules of various sizes . For example, the mitochondrial 

DNA from Tetrahymena appears to consist of a population of linear 

molecules of about 17µ (3), while heterogeneous molecules of linear 

DNA up to 25-26µ have been obtained from Neurospora (4) and up to 

60µ, from the red bean, Phaseolus vulgaris (5). The size and structure 

of yeast DNA have been open to question due to conflicting reports from 

various laboratories (6, 7, 8, 9, 10, ll) although the most recent report 

suggests that mitochondrial DNA of yeast consists of 25µ circles which · 

are easily degraded during isolation (12). In contrast to the situation 

obtaining for the mitochondrial DNA from lower eukaryotic and plant 

cells, a striking observation has been that the DNA from animal cells 

over a broad evolutionary range, from sea urchin (13) to man (14), con-

sists of closed circular duplex molecules with a contour length of about 

5µ and a molecular weight of about 10 
7 

daltons (see for review 2. ); in 

addition, two complex forms of mitochondrial DNA, catenated oligomers 

and circular oligomers (which appear to be multimers of the basic 5µ 

unit (15}}, have been demonstrated (16, 17, 18, 19)• From experiments 

measuring the renaturation kinetics of mitochondrial DNA from chick 

liver (20}, it appears that the sequence length (that is, that amount 
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of mitochondrial DNA in which every sequence is represented 

once ) of mitochondrial DNA is very close to the physical length. 

Furthermore, the complete reannealing of a mixture of denatured mito

chondrial DNA monomers and dimers from human leukemic leukocytes 

and the absence of heterologous regions in the renatured monomers or 

dimers provide additional evidence that the mitochondrial DNA popula

tion is essentially homogeneous (15) . The homogeneity in size and 

base sequence of mitochondrial DNA from animal cells suggests that . 

the informational content of this DNA has reached an evolutionary 

minimum. 

As concerns the informational role of mitochondrial DNA, the 

idea was suggested at the end of the last century that mitochondria are 

capable of semi-autonomous growth and division (21, 22) . This idea 

has received impetus from the demonstrations of the existence in mito

chondria of DNA and active enzyme systems for DNA replication (23, 

24, 25, 26, 27, 28, 29) and transcription (30, 31, 32, 33, 34) and of an intrin

sic protein synthesizing system (35, 36, 37, 38, 39, 40). The mitochon 

drial protein synthesizing system in yeast exhibits both in vivo and in 

vitro a pattern of sensitivity towards various inhibitors which is differ

ent from that of the cytoplasmic system and which resembles rather 

that of bacterial systems (40, 41, 42, 43). This pattern of sensitivity 

towards inhibitors of bacterial protein synthesis is suggestive of the 

presence of bacterial-type ribosomes in mitochondria. Indeed ribosomes 

with distinctive ribosomal RNA components having sedimentation coef

ficients similar to bacterial ribosomal RNA species have been shown 

to occur in mitochondria from Neurospora and yeast (44, 45, 46, 4 7, 48, 
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49, 50); the spectrum of the proteins from mitochondrial ribosomes 

of Neurospora crassa, fractionated on carboxymethyl cellulose columns, 

appears to be quite different from that of the cytoplasmic ribosomes 

of this organism (51). Mitochondria from various organisms have 

specific transfer RNA species (52, 53, 54) including N-formyl-methio

nyl tRNA (55, 56), the initiator of protein synthesis in bacteria, and 

the existence of a full complement of tRNA's as well as tRNA synthe

tases in the mitochondria of Neurospora crassa has been reported 

(52, 57). As concerns the origin of the information for the synthesis 

of the components of the mitochondrial protein synthesizing system 

and the constituents of the mitochondrial membranes, several types 

of observations have pointed to a dual control, nuclear and mitochon

drial. This evidence is summarized below: 

{a} Mitochondrial - In yeast and Neurospora there is evidence 

from RNA-DNA hybridization experiments that the specific mitochon

drial ribosomal RNA species are coded by mitochondrial DNA (4, 58). 

Preliminary evidence for a cytoplasmic genetic involvement in the 

determination of resistance to the antibiotics erythromycin and linco

mycin (40, 59) , mutations which presumably reflect changes in ribo

somal proteins as in E. coli (60), is suggestive of at least a partial 

control by mitochondrial DNA of the synthesis of mitochondrial ribo

somal proteins; however, evide.nce has also been presented that most, 

if not all, of the ribosomal p;i:-oteins fran the mitochondrial ribosomes 

of Neurospora crassa and yeast are synthesized by cytoplasmic ribo

somes (51, 61). Mitochondrial leucyl-tRNA of rat liver has .been shown 

to anneal with mitochondrial DNA implying that this DNA may be the 
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template from which mitochondrial tRNA is transcribed (62). The 

classic non-chromosomal respiratory deficient mutants of Neurospora 

("poky") and yeast (cytoplasmic "petites 11
) have provided various types 

of evidence for the role of mitochondrial DNA in controlling mitochon

drial structure and function. It has been shown that cytoplasmic 

petites (rho cells) contain mitochondrial DNA with a greatly altered 

base composition resulting in changes in buoyant density (63). · Cyto

chromes aa
3

, b, and c
1 

are absent from rho cells (64), and their 

synthesis in wild-type yeast . is · inhibited by various antibiotics which 

affect specifically mitochondrial protein synthesizing systems (40); 

however, it is possible that these results reflect the control, by a 

protein coded by mitochondrial DNA, of the synthesis of these cyto

chromes or on their incorporation into the mitochondrial membranes. 

As a matter of fact, one of the several components of wild-type struc

tural protein in yeast mitochondria has been reported to be missing 

in preparations from a cytoplasmic petite mutant (65, 66, 67). Further 

support for the hypothesis of the involvement of mitochondrial DNA 

in mitochondrial assembly comes from the observation of a preferen

tial transcription of mitochondrial DNA during adaptation to oxygen 

in yeast, in concomitance with mitochondrial development (68), In 

Neurospora two presumably mitochondrial DNA mutations resulting 

in the 11 poky 11 phenotype have been reported to lead to alterations in 

the primary structure of the r;n.itochondrial structural protein (69); 

however, this observation needs to be confirmed. 

(b) Nuclear - That the nucleus must provide the major part of 

the information required for the synthesis of mitochondrial constituents 
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can be concluded from the small size of the mitochondrial DNA genome. 

This is particularly true in the case of animal cell mitochondrial DNA 

whose 15, 000-16, 000 base pairs are grossly inadequate to code for 

all the components of a protein synthesizing system (including 3 

species of ribosomal RNA, 50-60 species of ribosomal proteins as 

in bacteria (70), at least 20 tRNA species and amino acyl tRNA syn-

thetas es, and several protein factors) and/ or for all or most of the 

components of the t.nitochondrial membranes. Furthermore, defini-

tive evidence has been presented for the nuclear control of the struc-

tural gene for cytochrome C in yeast (71), and there is genetic evi-

dence for the nuclear control of the structural genes for several 

other mitochondrial enzymes in yeast (see 2), for ·mitochondrial malic 

dehydrogenase in Neurospora (72), maize (73), and man (74), for 

13-hydroxybutyric dehydrogenase in Paramecium (75), and for one 

mitochondrial specific tRNA synthetase in Neurospora (76). Biochemi-

cal evidence has indicated that all or the major part of the mitochon-

drial soluble enzymes and possibly also of the structurally-bound 

enzymes and of the structural protein are synthesized by the cytoplas -

mic protein synthesizing system and then transported to the mitochon-

dria (77, 78, 79, 80, 81, 82). In, in vitro protein synthesizing systems ---
involving mitochondria, after pulse labeling with radioactive amino 

acids, radioactivity is found to be assoeiated only with less soluble 

· protein (39, 83, 84, 85, 86), in particular, with the structural protein 

of the inner mitochondrial membrane (85, 86). As concerns mitochon

drial phospholipids, there is evidence that fundamental steps in their 

bios ynthesis occur in the endoplasmic reticulum and that they then 
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must be transported to the mitochondria {87). 

The mitochondrial system has the potential to serve as a rela

tively simple model for the study of replication, transcription, and 

translation processes occurring in eukaryotic cells and for regula

tion of these phenomena. One obvious way of approaching the prob -

lem of the informational role of mitochondrial DNA is to analyze 

the primary gene products of mitochondrial DNA. Accordingly', my 

advisor, Dr. Giuse'ppe Attardi, suggested to me in 1966 that I begin 

a study of cytoplasmic DNA-directed RNA synthesis in HeLa cells. 

The lack of available methods for purification of mitochondria from 

elements of rough endoplasmic reticulum has rieces sitated various 

approaches to determine the characteristics and origin of the RNA 

from the mitochondrial fraction of HeLa cells, . as will be discussed 

in Part I of this thesis • . The properties of the ribosomes contained 

in the mitochondrial fraction will be described in Part II. 
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PART I 

CHARACTERIZATION OF THE RNA FROM THE 

MITOCHONDRIAL FRACTION OF HELA CELLS 
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CHAPTER 1 

A Membrane-Associated RNA of Cytoplasmic Origin in HeLa Cells 

The publication contained in this chapter is from the Proceedings 

of the National Academy of Sciences and is reproduced here with the 

permission of the Academy. 
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INTRODUCTION 

The investigations described in Chapter 1 represent the early 

experiments that were designed to answer the .question of whether 

there exists a fraction of RNA in HeLa cells which is of cytoplas -

mic origin. In these investigations advantage was taken of the fact 

that the RNA species synthesized in the HeLa cell nucleus arrive in 

the cytoplasm with a delay of 20 to 30 minutes (1 ), so that labeled 

RNA appearing in the cytoplasm at earlier times should represent 

species. synthesized in situ~ For this reason most of the analysis 

was carried out on cells exposed to short pulses with a radioactive 

RNA precursor. Furthermore, since a minor contamination of the 

cytoplasm by lab;ded nuclear material would have easily mimicked 

an in situ synthesis, it was considered necessary, first of all, to 

modify the cell fractionation procedure so as to reduce to the mini

mum the chance of contamination of the cytoplasmic fraction by 

nuclear fragments or material leaked from the nucleus and, second, 

to separate the membranous structures of the cytoplasm from the 

bulk of cytoplasmic RNA of nuclear origin associated with free mono

mers and polysomes. To avoid rupture of nuclei and subsequent re

lease of nuclear RNA components, conditions of cell breakage, involving 

swelling of the cells for a short time in hypotonic medium followed 

by mild homogenization, were adopted. · As concerns fractionation of 

the cytoplasmic structures themselves, since the great majority (85-90%) 

of the ribosomes and polysomes in HeLa cells are non-membrane-bound (2), 

by differential centrifugation, the membrane fraction (which contains, in addi-
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tion to mitochondria, elements of rough and smooth endoplasmic 

reticulum ) can be separated from the bulk of the free polysomes 

and monomers containing RNA components of nuclear origin. The · 

main result of this section is that there is indeed an RNA fraction 

associated with membranous structures which, for its sedimenta

tion properties, nucleotide composition, and metabolic behavior, 

is clearly distinct from the messenger RNA of free polysomes. On 

the basis of its linear kinetics of appearance in the cytoplasm and 

its homology to cytoplasmic DNA, this RNA appeared to be of cyto

plasmic origin. 
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A MEMBRANE.:..ASSOCIATED RNA OF CYTOPLASMIC ORIGIN 
IN HELA CELLS 

BY BARBARA ATTARDI AND GIUSEPPE ATTARD! 

lHVISION OF. BIOLOGY, CALIFORNIA INSTITUTE Ol<' TECHNOLOGY, PASADENA 

Communicated by Renato Dulbecco, June 23, 1987 

The genetic evidence of the existence in yeast1 and molds2 of cytoplasmic deter
minants controlling the structure and function of mitochondria and the demonstra
tion that mitochondria froi:n all organisms contain DNA3 - 7 have indicated that 
transcription and translation processes dependent on cytoplasmic genes occur in 
eukaryotic cells. More recent observations in N eurospora have suggested that a 
cytoplasmic, presumably mitochondrial, {!enetic determinant controls the structural 
proteins of different membrane systems (mitochondria, microsomes, nuclear mem
brane)8· 9 ; these structural proteins, from their amino acid composition, fingerprinting 
pattern, and immunological behavior, appear to be identical or to have a common 
compo~ent.8 · 9 These findings suggest that cytoplasmic genes may have a wider 
role in the cell than hitherto suspected and may direct a considerable fraction 
of mRNA and protein synthesis. 

These considerations prompted an investigation of cytoplasmic DNA-directed 
RNA synthesis in HeLa cells~ The evidence obtained indicates that, in these cells, 
polysomes associated with cytoplasmic membranes contain an mRNA fraction 
which is distinct from mRNA of free polysomes, and appears to be of cytoplasmic 
origin. 

Materia/,s and Metlwds.-(a) Cel/,s: Conditions of growth of HeLa cells in suspension have been 
described previously. 10 These cultures were free of any detectable PPLO contamination. 

(b) Buffers: The buffers used are: (1) T: O.Dl M tris buffer (pH 7.1); (2) TM: 0.01 M 
tris buffer (pH 7.1), 0.00015 M MgCl2; (3) TKM: 0.01 M tris buffer (pH 7.1), 0.01 M KC!, 
0.00015 M MgCl2; (4) SMET:11 0.07 M sucrose, 0.21 M d-mannitol, 0.0001 M EDTA, 0.001 M 
tris buffer (pH 7,2). 

(c) Labeling conditions: Exponentially growing HeLa cells (1-3 X 1()11 cells/ml) were exposed 
for various times to H 3-5-uridine (17.3-30.0 c/mM, 1.25-6.25 µc/ml). Long-term labeling of 
phosphatidyl choline was carried out by growing cells for 48 hr in the presence of C14-choline 
chloride (25 µc/ml). For incorporation of P 32-orthophosphate, the cells were washed twice and 
resuspended in phosphate-free Eagle's medium (with dialyzed serum); carrier-free-orthophosphate 
was utilized at 50 µC /ml. 

(d) Preparation of subcellular fractwns : In order to minimize the possibility of aggregation of 
free polysomes with membranes, the Mg++ concentrn.tion in the homogenization medium was re
duced to the minimum compatible with stability of polysomes, 1.5 X 10-•M.12 The labeled cells 
were washed thre.e times with NKM (0.13 M NaCl, 0.005 M KCI, 0.001 M MgCl2) and then 
res11spcndcd in 6 vol TKM. After 3 min the suspension was homogenir.ed with an A. H. Thomas 
homogenizer (10-l!i 1:1trokes), sucrose was added to 0.25 M, and the homogenate centrifuged at 
1160 X g for 3 min to sediment nuclei, unbroken cells, and big cytoplasmic debris. The super
natant (total cytoplasmicfractwn) was spun at 8100 X (}for 10 min; the pellet was resuspended in 
0.25 M sucrose in T buffer and, after a spin at 1000 X (J for 2 min to sediment any possible residual 
nuclei and a small amount of aggregated debris, was recentrifuged at 8100 X (J for 10 min to yield 
the first membrane fractwn. The first 8100 X (}supernatant was centrifuged at 15,800 X (J for 20 
min to separate the second membrane fraction (pellet) from the free polysome fraction. Any devia
tions from this procedure are specified in the legends of the figures. 

For sedimentation analysis, subcellular fractions were centrifuged for 70-80 min at 24 krpm 
at 3 °C .in the SW 25 rotor of the Spin co L ultrac.lntrifuge through a i5..:.303 (w /w) sucrose 
gradient in TKM prepared above 3 ml of 643 (w /w) sucrose. 

1051 
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f;ep11ration of cytopl11smic fractions on the basis of density was carried ont by centrifuging 
t.hem for 16 hr at 24 krpm at 3 °C in the SW 25 rotor through a 1.0 t.o 2.0 M HncroHe gradien·t in T 
buffer. 

(e) Extraction and analysis of RN A: Conditions for RN A extraction and sedimentation analysis, 
i~ntope determinations, and base composition analysis have been described in detail elsewherc. 13 

(f) Detcrminat-ion of the labeling of the pools of ur-idine nucleotides: A cell suspension waa exposed 
t.o ll'-5-uridinc (2!i.4 c/mM, 3.3 µc/ml) . At various intervals, aliquots were removed and 
quickly cooled; the cells were washed three times with NKM, then precipitated with 0.5 N 
J!ClO,. The O.D.200 and the H• cpm of the acid-soluble fraction were measured. The samplet1 
were then neut.ralizcd with KOH, the insoluble KClO. was separated by centrifugation, and the 
labeled components of the acid-soluble pool fractionated by Dowex 1-X8 (formate form) chro
mat.ography.14 For all times of labeling analyzed (4, 7, 10, 17 min), more than 90% of the cpm 
were found to be associated with UMP, UDP and UDP derivatives, and UTP. 

(g) Extraciwn of total and cytoplasmic DNA: Total HeLa and E.coli DNA were extracted by 
the Marmur procedure.16 For the isolation of cytoplasmic DNA, 20 ml packed HeLa cells were 
gently homogenized in SMET buffer; the nuclei were separated, and the total cytoplasmic frac
tion was treated according to the Marmur procedure, followed by CsCl density gradient cen
trifugation. About 1 % of total cell DNA was recovered. As this figure is higher than that re
ported for the proportion of mitochondrial DNA in cultured mammalian cells (0.2%).6 it is likely 
that this "cytoplasmic" DNA preparation is contaminated by nuclear DNA. 

(h) RNA-DNA hybridization experiments were performed as described previously. 16 

Results.-(a) Distribution of rapidly labeled RNA among cytoplasmic fractions: 
Figure lA shows the sedimentation pattern of the total cytoplasmic fraction from 
HeLa cells. A considerable amount of fast-sedimenting material has been pre
vented from pelleting by the dense sucrose layer at the bottom of the tube. These 
fast-sedimenting components contain the bulk of cytoplasmic phospholipids (about 
85% of phosphatidyl choline) (Fig. 2), and 10-15% of total cell rRNA; they are 
known to include mitochondria, vesicles and tubules of the smooth and rough E.R., 
and other membranaceous structures that electron-microscopic examination has 
revealed in HeLa cells. 17 • 18 One recognizes in the middle portion of the gradient, 
in Figures IA and 2, a band of polysomes, which presumably correspond to the free 
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polysomcs which arc seen in the cytoplasmic 
mat.rix in electron-microscopic pictures. Cen
trifugation for 5 hr in a 0.75 M-2.0 M sucrose 
gradient of this polysoine fraction prepared (as 
described in Materials and Methods) from C 14-

choline labeled cells reveals essentially no lipo
protein material in correspondence with the 
polysome peak. 

After a 30-min pulse with H 3-uridine, about 
twice as much of the newly synthesized RNA 
appears in the region of the fast-sedimenting 
material as is associated with free polysomes 
(Fig. lA). 

Differential centrifugation of the total cyto
plasmic extract separates the membrane frac
tion, ''contaminated by a small amount of free 
polysomes (Fig. lB), from the bulk of these 
(Fig. lC). Treatment of the membrane frac
tion with 13 NaDOC releases almost all H 3, 
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FIG. 2.-Sedimentation pattern of 
total cytoplasmic fraction from HeLa 
cells uniformly labeled with C"-choline. 
Same gradient as in Fig. I, 70 min, 24 
krpm. 

which now sediments in the upper two thirds of the gradient in the region correspond
ing to polysomes, monomers, and lighter components (Fig. lB). The H 3 sediment
ing in the polysome region shows the sensitivity to RNase characteristic for free 
polysomes, 19 suggesting that it is associated with polysomal structures. 

In the experiments described below, the cytoplasmic membranaceous material 
was separated into two subfractions, as explained in Materials and Methods. The 
first membrane fraction contains the bulk of mitochondria, 11 contaminated by other 
membranaceous structures, some of which are rich in RN A. The second membrane 
fraction consists of slower-sedimenting mitochondria and other membrane elements, 
and a relatively small amount of free polysomes. 

As the bulk of membrane-associated RNA was found to be in the first membrane 
fraction, all the investigations described below were carried out with this fraction. 

(b) Buoyant density distribution in sucrose gradient of the membrane components: 
As shown in Figure 3, these components band in a region of the sucrose gradient 
corresponding to p = 1.17-1.195. Mitochondria, as revealed by the OD415 

due to cytochrome c, band at p""' 1.19, in agreement with the known density of 
these structures in sucrose gradient. 11 The buoyant density of the structures 
carrying the pulse-labeled RNA depends on the medium utilized for homogenization 
and sucrose gradient, in particular, on the Mg++ concentration. After complete re
moval of Mg++ by EDTA in the homogenization medium, the structures containing 
newly synthesized RNA band at p ""' 1.18 and are fairly well separated from the 
mitochondrial band (Fig. 3A). If the homogenization medium and sucrose gradient 
contain neither EDTA nor Mg++, the material carrying labeled RNA is displaced 
towards higher densities (Fig~ 3B); if Mg++ (1.5 X 10-4 M) is added to the ho
mogenization medium, this material almost completely overlaps the mitochondrial 
band (Fig. 3C). It is known that divalent cations cause shrinkage (with resulting 
increased density) and aggregation of vesicles deriving from E. R., presumably as 
a result of the reduction of the surface potential of these structures. 2° From their 
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Nuclei obtained from t.he same cell suspension were extensively broken by homogenizatio~ 
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(Right) Fro.· 5.-Effect ofactinomycin Don the labeling of membrane-associated RNA. HeLa 
cells were exposed to H 3-5-uridine, and samples removed at different times; to one aliquot of 
the suspension actinomycin D (7.5 µg/ml) was added at 20 min, and samples removed from it 
at 104 and 230 min. From each sample the first membrane fraction was isolated as in Fig. 3C 
and the Ha associated with it measured. From the membrane fractions isolated at 20, 104, and 
230 min, the RNA was extracted, and the proportion of mRNA (>68) and rRNA estimated a.s 
described previously. 11 
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density in sucrose gradients and their sensitivity to divalent cations, it seems likely 
that the structures containing newly synthesized RNA are vesicles of the rough 
E. R . As shown in Figure 3D, the material released from HeLa cell nuclei by 
extensive breakage bands at a higher density than the. membrane components 
derived from the total cytoplasmic fraction; this observation confirms the cyto
plasmic derivation of these components. 

(c) Sedimentation pattern of membrane-associated RNA: Figure 4 shows the 
sedimentation profile of m()mbrane-associated RNA extracted from cells exposed 
to H 3-uridine for 7 min. The OD26o reveals the two rRNA components in the 
ratio expected for ribosomes ("-'2.5). 21 Appropriate experiments have failed to 
show any difference in sedimentation properties between rRNA species from the 
membrane fraction and from free polysomes. For their sedimentation behavior 
the labeled RNA components are presumably of the messenger type; they are 
distributed over the whole gradient from the 6S to the 50S region, with a broad 
peak centered around 18S. The proportion of components sedimenting faster than 
28S ~ppears to be appreciably greater than in the mRNA extracted from free 
polysomes. After about 25 min labeling, radioactivity starts appearing in the 
l8S rRNA, and approximately 30 min later in the 28S rRNA; at the same time 
labeled rRNA components appear also in the free polysomes. 

(d) Base composition of cytoplasmic mRN A fractions: Table 1 shows the 

TABLE 1 
NUCLEOTIDE C OMPOSITION OF FRACTIONS OF HELA CYTOPLASMIC MESSENGER RNA* 

F raction A 
Membrane-associated mRN A: t 

9-25S 33.9 
26-488 31.4 

Free polysome mRN A : 
10-388 24.8 

"Toal" cywplasmic mRNA:10 
9-40.S 25 .7 

Total HeLa DNA10 29.8 
Human mitochondrial DNA+ 

• Isolated from 30 min pu pu lse-labeled cells. 
t The data represent averages of two analyses. 

Moles(%} 
c U(T) . G GC% A/U 

24 .5 22 .6 18.9 43.4 1.50 
23 .9 25.3 19.4 43 .3 1.24 

21.4 27.9 25.8 47.2 0.89 

25.4 27.6 21.1 46.5 0.93 
20 .0 30.1 20 .1 40.1 0.99 

45 

A/G 

1. 79 
1.62 

0.96 

1.22 
1.48 

t From leucocytcs of leukemic donor; GC content estimated from buoyant density in CsCl (J. Vinograd, 
personal oa:mm unioatio:n). · 

"apparent" base composition of the mRNA extracted from the membrane fraction 
and from free polysomes after a 30-min P 32 pulse. One can see that both the 
heavier (>25S) and lighter (9S-25S) components of the membrane-associated 
mRNA have a base composition strikingly different (especially for the high A con
tent) from that of free polysomal mRNA. The base composition previously found 10 

for "total" cytoplasmic mRNA (that is, the RNA extracted, after a 30-min pulse, 
from free polysomes and that portion of the membrane-associated polysomes which 

·is released by 0.53 N aDOC) is also shown: the pattern of base ratios appears to 
be roughly that of a mixture of the two classes of mRNA. 

(e) Metabolic behavior of cytopl,asmic mRNA fractions: As sho'wn in Figure 5, 
addition of actinomycin D (7 .5 µg/ ml) immediately stops the labeling of membrane
. associated RNA; in contrast, the flow of radioactivity into free polysomal RNA 
(in particular, into rRNA) continues for several hours,·, although at a decreasing 
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rnte, up to a final fourfold increase (not shown in figure). Sedimcntatiou analysis 
of the RNA extracted from the membrane fraction after different times of exposure 
to the drug reveals a fairly rapid decline (estimated half-life less than 1 hr) of 
the mRNA fraction, which is compensated for by the appearance of labeled rRNA; 
this becomes the predominant labeled component (more than 653) after about 
1-1/ 2 hr actinomycin action. In contrast, the free polysome-associated mRNA is 
relatively stable: in fact, only about 203 of free polysomes break down during the 
4-hr exposure to actinomycin D, and it is uncertain whether this is due to dissocia
tion of polysomes or destruction of mRN A 22 

• 
23

; furthermore, the absolute amount of 
labeled mRNA in the intact polysomes does not decrease appreciably during this 
time. These results suggest that membrane-associated mRNA has a considerably 
faster turnover than the free polysome-associated mRNA. 

(f) Kinetics of labeling of cytoplasmic mRN A fractions: The observed differences 
in base composition, sedimentii,tion properties, and metabolic behavior indicated 
that the membrane-associated mRNA and the free polysome mRNA represent two 
distiQct mRNA populations. In order to obtain some information concerning the 
site of synthesis of these two mRN A classes, an analysis of the kinetics of appearance 
oflabel in the two fractions was carried out. Figure 6 shows that the membrane-

FIG. 6.-Flow of radioactivity into the membrane-associated 
RNA and free polysome RNA. HeLa cells were exposed to H 3-

5-uridine, and samples removed at different times; from each 
sample the first membrane fraction and the free polysomes were 
separated as in Figs. 1 and 3, and the total H 3 associated with 
them measured and corrected for small variations in the yield of 
total OD260· Correction for differences in UTP pool equilibration 
with external H 3-uridine was made by assuming that the amount 
of label in the RNA synthesized after a given incubation time is 
proportional to the integral of the curve of the UTP pool labeling. 
©, Membrane-associated RN A. O, Free polysome-associated 
RN A. Dashed lines are used for the corrected kinetics curves. 

associated mRN A becomes labeled much faster than the free polysome-associated 
mRNA. In order to correct these kinetics for incomplete equilibration of the UTP 
pool with H 8-uridine, the labeling of this pool after different times of exposure of the 
cells to the H 3 precursor was analyzed. After correction for differences in pool 
equilibration, it appears that the increase of label in the membrane-associated 
messenger is linear from zero time, whereas the appearance of label in the free poly
some mRNA still shows an appreciable delay (Fig. 6). A reasonable interpretation 
of these results is that the membrane-associated mRN A is cytoplasmic in origin 
(in particular, synthesized in the membranaceous structures themselves); on the 
other hand, the slower appearance of labeled mRN A in free polysomes could reflect 
the time required for the equilibration of the pool of precursor mRN A molecules 
and/ or for the processing of these mRN A molecules in the nucleus and their trans-
port into the cytoplasm. " 

(g) RN A "'DNA hybridization experiments: As a more direct approach to the 
problem of the site of synthesis of the membrane-associated mRN A, hybridization 
experiments were carried out between this mRNA and the free polysome mRNA, 
on the one hand, and total HeLa DNA and "cytoplasmic" DNA, on the other. It 
appears in Table 2 that the membrane-associated mRNA has a markedly greater 
sequence homology with "cytoplasmic" DNA than with total DNA. The amount 
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TABLE 2 
COMPARATIVE HOMOLOGY OF MESSENGER RNA FnACTIONS WITH "CYTOPLASMIC" 

AND TOTAL HELA DNA 
Membrc.ne-Associc.ted mRNA Free Polysomo mRNA 

1057 

Cpm in hybrid Input opm in Cpm in hybrid Input opm in 
per ,,g DNA* hybrid(%) per µg DNA• hybrid (%) 

Experiment 1: 
"Cytollasmic" DNA 206 32.4 0.7 0.8 

Tota DNA 21 5.7 0.4 0.8 
Experiment 2: 
"Cytollasmic" DNA 97 26.0 0.8 1.3 

Tota DNA · 15 5.2 0.4 0.8 
Ee.ch annealing mixture contained 10 µg/ml DNA and 10 µg/ml total RN A, except in ex pt. 2 whore 

20 µg/ml DNA c.nd 20 µg/ml free polysomo RNA were used. Incubation at 70°C for 4 hr; RNase di ges
tion with 10 fg/ml, 60 min c.t 22°C; washing of hybrid on S&S membranes at 55°C." Expts. 1 and 2 
utilized two different samples of membrane-c.ssocic.ted mRNA (30 min and 20 min H• pulse, respectively). 

•Recovered after Sephadex chromatography; the data c.re corrected for nonspecific background esti
mated with E.coli DNA (a.mounting to 10-15% of the highest hybrid value in ea.ch experiment). 

of specific mRNA present in the hybridization mixture (estimated to be 2-5% of 
total RN A 24) is presumably nonsaturating for the quantity of "cytoplasmic" 
DNA utilized, but closer to saturating levels for the relatively small fraction of 
cytoplasmic DNA present in the total DNA preparation. Therefore, the genuine 
cytoplasmic DNA present in total DNA may give per µg DNA a higher level of 
hybrid than that contained in the "cytoplasmic" DNA preparation. The ob
served difference in degree of homology of membrane-associated mRNA with 
"cytoplasmic" and total DNA is thus a minimum value. The free polysome
associated mRNA appears to hybridize with the two DNA preparations to a much 
closer extent than the membrane-associated mRNA. This hybridization with 
"cytoplasmic" DNA presumably occurs with contaminating nuclear DNA. The 
difference in hybridization of free polysome mRNA with "cytoplasmic" and total 
DNA is probably insignificant: it may derive from a small contamination of free 
polysomes by membrane-associated polysomes which would have a large effect 
on the hybridizing capacity of free polysomal mRNA, since the membrane
associated mRN A has tenfold specific activity and .much greater hybridization effi
ciency. The high proportion of membrane-associated mRNA that hybridizes with 
"cytoplasmic" DNA (25-30% under the conditions utilized here), as compared to 
that observed for free polysome mRNA, shows that the cytoplasmic DNA contains 
a high concentration of genes homologous to the membrane-associated mRNA. 
This result strongly suggests that the membrane-associated mRNA is, in part 
at least, the product of cytoplasmic (presumably mitochondrial) genes. 

Discussion.- The results presented in this paper have indicated that in HeLa 
cells a fraction of polysomes (amounting to about 10-15% of the total) are associated 
with membranes and contain a messenger fraction which, for sedimentation prop
erties, base composition, and metabolic behavior, is distinct from mRNA of free 
polysomes; on the basis of the kinetics of its appearance in the cytoplasm, and 
especially of its sequence homology with cytoplasmic DNA, this mRNA appears to 
be of cytoplasmic origin, presumably synthesized on· a mitochondrial DNA tem
plate. As to the membrane structures with which this RNA is associated, several 
lines of evidence suggest that they are distinct from mitochondria. In the absence 
of divalent cations, these structures band in sucrose density gradients at a lower 
density than the bulk of mitochondria; furthermore, they show the sensitivity to 
divalent cations described for elements of E. R.20 Their relatively high content in 
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RNA (present in structures with the properties of typical polysomes) also speaks 
against their mitochondrial nature, in view of the low RNA content reported for 
mammalian mitochondria. 26 • 26 The probable nuclear origin of the ribosomes serv
ing the membrane-bound mRNA, which is suggested by the similar kinetics of 
appearance of labeled rRNA in bound and free polysomes, further supports the 
idea that the membrane-bound polysomes arc extramitochondrial. On the basis 
of the present evidence it is thus tentatively concluded that the polysome-carrying 
membrane structures observed here correspond to the tubules and vesicles of the 
rough E. R. that electron microscopy has revealed in HeLa cells. 17 • 18 The membrane
associated mRNA studied here would thus represent mitochondrial mRNA which 
is exported to the rough E. R. A fraction of this RNA, however, presumably re
mains inside the mitochondria since these organelles are able to support protein 
synthesis. 27 • 28 Work is in progress to establish conclusively the nature of the cyto
plasmic DNA template of the membrane-bound mRNA and to test the hypothesis 
of the possible involvement of this RN A in directing the synthesis of structural com
ponents of mitochondria and other cytoplasmic membrane\s . 
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CHAPTER 2 

Mitochondrial Origin of Membrane-Associated Heterogeneous RNA 

in HeLa Cells 

The publication contained in this chapter is from the Proceedings 

of the National Academy of Sciences and is reproduced here with the 

permission of the Academy. 
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ll"\JTRODUCTION 

The previous chapter described the existence of a membrane -

associated RNA in HeLa cells having properties clearly distinct from 

those of the messenger RNA of free polysomes. The linear kinetics 

of labeling of this RNA and its sequence homology to cytoplasmic 

(presumably mitochondrial) DNA pointed to a cytoplasmic site of 

synthesis. In order to obtain direct evidence as to the template in

volved, it was necessary to perform hybridization experiments with 

this RNA .and purified mitochondrial DNA. About this time Radloff, 

Bauer, and Vinograd (1) described the occurrence in the mitochondria 

of HeLa cells of closed circular DNA molecules which could be well

separated from linear or open circular DNA in cesium chloride

ethidium bromide density gradients . This procedure was utilized 

for the isolation of mit-DNA for hybridization experiments, and it 

was found that the RNA from the mitochondrial fraction synthesized 

during a short pulse with a radioactive. RNA precursor has a high 

efficiency of hybridization with purified mit-DNA. 

Further experiments also described in this chapter were aimed 

at determining the nature of the membranous structures with which 

this RNA is associated. This problem was complicated by the fact 

that the conventional preparation of mitochondria by differential 

centrifugation results in a mitochondrial pellet contaminated by 

other cytoplasmic organelles . In particular, although mitochondria 

could be separated from smooth. membrane structures by the addi 

tional step of buoyant density centrifugation in sucrose gradient of 
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the crude mitochondrial pellet, it was found that at best a partial 

separation of mitochondria and elements of rough endoplasmic 

reticulum could be achieved due to their extensive overlapping in 

sedimentation properties or buoyant density 'in sucrose gradients. 

It was therefore necessary to find other means for distinguishing 

intramitochondrial from extramitochondrial RNA, and this chapter 

describes the use of ribonuclease digestion :in situ for this purpose. 

In fact, intramitochondrial RNA should be protected from the action 

of nuclease if the mitochondrial membranes remain intact (2, 3). 

The results of this type of analysis have indicated that with increasing 

pulse length an increasing proportion of labeled heterogeneous RNA 

is associated with extramitochondrial structures. Several types of 

evidence suggest that a portion of the RNA synthesized on a mitochon

drial DNA template may be exported to the rough endoplasmic reticu

lum where it becomes associated with ribosomes. 
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MITOCHONDRIAL ORIGIN OF MEMBRANE-ASSOCIA'l'liJD 
HR'l'EROGENEOUS RNA IN HELA CELLS* 

BY GIUSEPPE ATTARDI AND BARBARA ATTARDI 

Ill VISION .OF JllOLOGY1 CALlFOJtNIA INSTITUTE OF TECHNOLOGY 

Com111un-icate<l by Jerome Vinograd, May 27, 1988 

The occurrence in the cytoplasm of HeLa cells of a membrane-associated 
hdcrngeneous RNA distinct in sedimentation properties, base com.position, and 
metabolic behavior from mH.N A of free polysomes has been previously reported. 1 

The kinetics of appearance of thi:; RNA fraction and its sequence homology with 
cytopla:,;mic DNA clearly pointed to a cytoplasmic site of synthesis. 

This paper reports the results of experiments aimed at identifying the DNA 
1Pmplate involved and the nature of the membrane structures with which this 
ltNA is associated. It was found that the membrane-associated heterogeneous 
HNA is synthesized at a high rate on mit-DNA; furthermore, the evidence ob
tained strongly suggests that this R~A is exported in part to the rough ER. · 

.1/ atcrials and A1 etlwds.-~(a) Cells: HeLa cells growing in suspension2 were used. 
(b) Buffers: The buffer designations are: T: 0.01 M tris buffer (pH 7.1); TKM: 

O.Dl M tris buffer (pH 7.1), 0.01 M KC!, 0.00015 M MgClz. 
(c) Labeling conditions: Pulse labeling of RNA was carried out, as detailed below, 

with H 3-5-uridine (17.3-28.8 mc/µM) or C 1•-2-uridine (30-50 µc/µM) in modified Eagle's 
medium (with 5% dialyzed calf serum) or with carrier-free P32-orthophosphate (37 
µt: / ml) in medium containing 2 X 10-1 M phosphate. DNA was labeled by growing 
cells for 48 hr in the presence of H 3-thymidine (1.25 µc/ml; 17.7 mc/µM). 

(d) Preparation of subreltular fractions: The outline of the procedure utilized has been 
dPsrribed previously ;1 TKM was the homogenization medium. Buoyant density frac
t ionnl ion of the 8100 X g membrane components in 1.0--1.7 l¥f :mcrose gradient in T 
liulfrr (~pinl'o SW 25. l rotor, 25 krpm, 18-:-20 hr) separated a main band containing mito
l'liondri1i and rough ER from a lighter band of smooth membrane structures. 3 

(<') Ri·traction and analysis of RN A were carried out as described elsewhere. 4 

(f) Isolation of closed circular mit-DN A was carried out by centrifuging the SDS lysatc 
of the 8100 X g membrane fraction in a CsCl-ethidium bromide density gradient.6 In 
some experiments, the band of closed circular mit-DNA was rebanded. 

(g) RNA-DNA hybridizatwn experiments were performed as described previously.6 

(h) Cytochrome oxidase assay was carried out by a modification of the procedure of 
Smith:7 0.1-ml aliquots of the sucrose gradient fractions were mixed in a cuvette with 
2.9 ml 18 µM solution of reduced cytochrome C in 0.04 M PO. buffer, pH 6.2. The de
crcm;e of OD at 550 mµ at 25°C was measured at 10-sec intervals for 4-6 min. 

Results.-(a) Base sequence homology of membrane-associated RN A with mit
DN A: Figure 1 shows the buoyant density profile in a CsCl-ethidium bromide . 

Fm. !.-Comparative homology with membrane
associated heterogeneous RN A of different HeLa DNA 
components. The DNA from the 8100 X g membrane 
fraction of cells labeled with H 3-thymidine was analyzed 
in a CsCl-ethidium bromide density gradient.6 Aliquots 
of pooled fractio!ls were tested for hybridization capa
"ity with membrane-associated RNA from 90-min P 32-

1111;,.Jed ('(•lls (1 µg DNA, 5 µg RNA). The reimlts aro 
l'~prnsocd 11.H p;i2/H 8 in . th!:l hybrids. The du.t.a arct,cor
rei:t.ed for 11011tipccitic background ei>timatecl with E. c0li 
DNA. 
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grndiPnt. of DNA from the 8100 X g membrane fraction from HeLa'cells labeled 
wit.h H 3-t.hymidine. The heavy band (fractions 19-28) contains closed circular 
1i1it-DNA.0 • s. 9 The larger light band (fractions 36-60) consists of linear DNA 
molecules from nuclear contamination, but it would also contain any nicked or 
line:ir mit-DNA. The region between the light and dense bands corresponds to 
the position of the recently described middle band8 • 9 (not resolved here): this 
contains catenat.ed dimers and higher oligomers of mit-DNA. The capacity of 
fractions from different regions of the gradient to hybridize with P 32-labcled 
membrane-associated RNA is also shown in Figure 1. It is apparent that the 
DNA from both the heavy band and the intermediate region has a three to four 
time:-; higher specific hybridizability with this RNA than the DNA from the light 
band. This result indicates that rnit-DNA is involved in hybridization with 
1hi:; RNA fraction. The fractions on the light side of the main band have a 
somewhat higher hybridization capacity than the fractions of the center of the 
bn,pd, presumably due to the trapping of mit-DNA which occurs when the 
gnidient is heavily loaded with DNA (here 60 µg). 

(b) Rate of synthesis of mit-RN A: Figure 2 shows the kinetics of labeling 
of the membrane-as::;ociated heterogeneous RNA and of the free polysome mRNA 
during prolonged exposure of HeLa cells to H 3-uridine; correction was made for 
incomplete equilibration of the whole cell UTP pool with the exogenous H 3-

uridine at early times (up to 40 min) .1
• 

10 The labeling of the RNA of the mem
brane fraction proceeds linearly from zero time, in agreement with an in situ 
synthesis of this RNA. The slight increase in slope at about 30 minutes, if sig
nificant, may indicate the arrival at the membrane fraction of an mRN A com
ponent. of nuclear origin starting at that time. The decrease in the rate of labeling 
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FIG. 2.-Flow of radioact.ivity into 
membrane - as8ociated heterogeneou8 
RN A and free poly1;ome mRN A. He La 
cells (3 X 10'/ml) were exposed to H3-

5-uridine (3.3 µc/ml) and 300-ml 
samples removed ut <liffere11t timc8; 
from each sample t.he 8100 X g mem
brane fraction was isolal e<l and banded 
in sucro8e gradient.; free polysomes 
were isolated by centrifogation of the 
15,800 X (J supernatant of the cyto
plasmic fraction iu a 0.7.5 M-2.0 M 
1;11crose gradient. i11 TKM for 5 hr:'· a 
the tot.al l-13 cpm associated with these 
frnctio11s was determined and corrected 
for small variations in the yield of tot.al 
OD,GO. RNA was released by 8DS and 
analyzed in sucrose gradie11t in 8DS 
buffer. 1• The proportion of ribu:;omal 
and nonribosumal components was est i
mated al:! in ref. l.'i. Determination of 
the labeli11g of the total cell uridine 
nucleotide pools (insert) a nd correC"tion 
of the H.NA labeli11g data for irwom
plete UTP pool equilibration wit.h ex
ternal Ifa-uridi'ne were performed UH 

described previously.' 
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;dter about 100 minutes (see also Fig. 6) sugge:ots a saturation of radioactivity 
of some components of this RNA fraction. The labeling of the free polysome 
mRNA, after a 20-30-minute acceleration period, increases at a constant rate, 
which presumably represents the rate of its arrival from the nucleus. It appears 
from Figure 2 that the initial rate of labeling of the membrane-associated RNA 
is eql)ivalent to about two thirds of the rate of arrival at the cytoplasm of free 
polysome mRNA (see Discussion). 

(c) Export of mit-RNA: (I) Kinetics of appearance of labelerl RNA in milo
rho11<lria and extramitochondrial membrane structures: An appreciable fraction (10-
l f>%) of poly1>0mes in HeLa cells are associated with tubuleH and vesicle:-; of 
rough ER:3• u. 12 the major part of these polysomes is recovered in the 8100 X 
(I membrane fraction and can be released from the membrane components by 
NaDOC treatment.1• 3 In both buoyant density fractionation and sedimenta
tion velocity runs (Fig. 3), the distribution of membrane structures containing 
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Fm. 3.-Sedimentation pattern of components of the 8100 X (J 

membrane fraction isolated from a mixture of HeLa cells labeled for 3 
min with :H3-uridine and for 120 min with C14-uridiue. 15- 30% su
cro:;e gradient in T buffer, SW 25.3 rotor, 7 krpm, 35 min. 

RNA labeled during one hour or longer exposure to C 14-uridine was found to be 
significantly different from that of the cytochrome oxidase activity; on the 
contrary, the latter distribution coincided reasonably well with that of the struc-

.. tures containing RNA labeled for 3 minutes with H 3-uridine. These results sug
gested that with increasing pulse length labeled RNA accumulates in extramito
chondrial structures, presumably elements of rough ER. In order to obtain fur
ther evidence on this point, the sensitivity to pancreatic RNase of the RNA in 
the isolated membrane components was investigated: intramitochondrial RNA 
in situ is protected from the action of nucleases. 13• 14 As an internal standard to 
monitor the extent of any possible mitochondrial damage, cells labeled for 3 
minutes with H 3-uridine (and mixed after harvesting with cells labeled for var
ious times with C 14-uridine) were used: in the membrane fraction from 3-
minute labeled cells, the majority of the RNA synthesized on mit-DNA, if not 
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Fm. 4.-Ki11etics of RNase diges
t.ion in .'litu of membrane-associated 
heterogeneous RNA. A portion of 
the 8100 X (J membrane fraction 
utilized in the experiment of Fig. 3 
was banded ·in a sucrose gradient: 
aliquots from the peak fraction of 
t.he main band were treated with 50 
µg/ml pancreatic RNase at 2°0 in 
0.1 M NaCl, 0.01 M Na citrate. 

all, would presumably be intra.mitochondrial 
Conditions of RNase digestion were found 
which clearly distinguished in the membrane
associated RNA a fraction which was quickly 
digested, from the remainder which was inac
cessible to the enzyme or only slowly attacked 
by it (Fig. 4). 

Figure 5 shows the buoyant density distri
bution in sucrose gradient of the structures 
containing RNase-sensitive or RNase-re8istnnt 
3-minute H 3-labeled RNA and 30- or 120-min
ute C14-labeled RNA. While the proportion of 
H 3 label sensitive to RNase is very similar in 
the two experiments, the proportion of C 14 sen
sitive to RNase increases with pulse length. 
The significance of the 3-minute H 3-RNA frac
tion sensitive to RNase is not clear: it may re
sult from the damage of a portion of the mito
chondria, or it may reflect the rapidity with 
which one fraction of mit-RNA is exported 
(see below), or both. The distribution of 

TI.Nase-sensitive C14-c011taining structures is significantly displaced toward 
. higher densities with respect to that of the RNase-resistant C14-labeled struc
ture~ (Fig. 5). An increase in RNase sensitivity of the C14-labeled membrane
asmciated RNA was also observed. after a cold chase or actinomycin treatment. 
It should be pointed out that for C 14-uridine pulses longer than 30 minutes, au 
increasing fraction of label is in rRNA. As described elsewhere, 3 the great 
majority (>97%) of the ribosomes of the 8100 X g membrane fraction are associ
ated with the rough ER and ........,60 per cent of the rRNA they contain is made 
acid-soluble under the conditions of RNase treatment used here. In the present 
experiments, the radioactivity associated with RNase-sensitive or RNase
resistant rRNA (estimated by assuming 603 sensitivity of the fraction of label 
in rRNA10) was subtracted from the total RNase-sensitive or RNase-reHiHtaut 
radioactivity: the difference would represent mainly label in heterogeneouH 
RNA. The data thus obtained in different experiments (Fig. 6) indicate that 
with increasing pulse length or after a pulse chase an increa...,ing proportion of 
labeled heterogeneous RNA is associated with extramitochondrial structures. 
The interpretation that the RNase-resistant fraction of the membrane-associated 
heterogeneous RNA corresponds to intramitochondrial RNA, and the RNase
sensitive fraction to mRNA of polysomes of the rough ER, is supported by a 
different type of observation. After labeling times longer than half an hour, a 
considerably greater proportion of label is found in heterogeneous RNA compo
nents in the membrane fraction than in free polysomes (Table 1): this "excess," 
estimated under the assumption that the polysomes of the rough ER receive 
newly synthesized rRNA and mRNA in the same relative proportion as free 
polysomes, i& very close to the RNase-resistant fraction found in the experiments 
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Fw. 5.-Buoyant. density distribution in sucrose gradient of membrane struc
tures containing RNase-sensit.ive or RNase-resistant R.NA from a mixture of 
cells labeled for 3 min with.IP-uridine and for 30 or 120 min with CH-uridine. The 
8100 X g membrane fraction was banded in sucrose gradient: an aliquot of each 
gmdient fraction was treated with 50 µg/ml pancreatic RNase for 10 min at 2°C 
as in Fig. 4. Correction for a low level of DNA labeling by C 14-uridine was made 
hy subt.rn.c:ting the TCA-precipitable radioactivity resistant to hydrolysis hy 
ll.r> M NaOH for 20 hr at 30°C. 

21\!i 

of Figure G, and very likely corre8ponds to the intramitochon<lrial RNA (Table 
1). It appears from Figure G that tl:ie radioactivity of the intrnmitochondrial 
RNA becomes saturated after about 75 minutes: if this saturation reflects the 
turnover of a labile fraction (see Discussion), it may account for the decrease in 
the over-all rate of labeling of the membrane-associated heterogeneous RNA 
(Fig. 2). 

(II) Comparative · homology with mit-DN A of membrane-associated RN A 
labeled during short and long pulses: In order to test whether the.accumulation 
of newly synthesized RNA in extramitochondrial structures results from export 
of mit-RNA or from arrival of RNA of nuclear origin, the capacity of membrane
:18sociated RNA labeled during a very short fI3-uridine pulse to hybridize with 
mit-DNA was compared with that of membrane-associated RNA labeled during a 
two-hour C14-uridinc pulse (when a considerable fraction ofit is extramitochon
drial (Fig. 6)). In these experiments, because of the nuclear origin of the rRNA 
in the membrane-bound ribosomes,1· 3

• 
16 labeled rRNA would not contribute to 

hybrid formation. If all the extramitochondrial nonribosomal RNA labeled in a 
long pulse were of nuclear origin, on the basis of the data of Figure G and Table 1 
one would expect the ratio of H 3 to C14 in the hybrid to be about twice that in the 
input heterogeneous RNA. On the contrary, as is shown in Table 2, the hetero
geneous membrane-associated RNA labeled in a long pulse has a degree of 
homology with mit-:-DNA which is similar to that of the RNA labeled in a short 
pulse. The slightly higher (from 0 to 253 in different experiments) hybridiza-



:.lflG 

4000 

c 
E 3000 
-:;, 
u 
~ 2000 

1000 

0 30 

36 

BIOCHEMISTRY: ATTARD! AND ATTARD! Pnoc. N. A. 8. 

60 90 
TIME lminulesl 

120 

Fw. 6.-Distribution of membrane-associated 
heterogeneous H.NA between RNase-eensitive 
and -resistant structures in continuou:; incorpora
tion and pulse-chase experiments. The 8100 X 
g membrane fraction was isolated from mixtures 
of 1.2 X 108 cells labeled for 3 min with H3-uri
dine (10 µc/ml) and 1.2 X 108 cells labeled for 
different times with C14-uridine (0.06 µc/ml); 
the total RNase-sensitive and RNase-resista11t 
fractions of membrane-associated RNA were de
termined as in Fig. 5, and corrected for the co11-
tribution of rRNA ai; indicated in the text. The 
CH data are normalized for small variations i11 
the yield of membrane components on the baslli 

of tot al 113-uridine incorporu.t.ion ( = C 1' cpm per 1000 H 3 cpm), and for possible contribution 
1.0 HN ase sensitivity by mitochondrial damage on the basis of a constant 253 RN ase sensi
t ivit.y . of }i3-HNA (Hee text), 

o-a H.Natie-rcsistant, 0-0 RNase-sensitive fraction, after labeling with C 1' -uridine for 
different times; A-A RNase-resistant, D.-D. RNase-sensitive fraction, after 30 min Ci<-uri
<line pulse, then 0.01 lvl cold uridine chase; m- o RNase-resistant, 0-0 RNase-sensitive frac
t io1i, after 30 min C"-uridine pulse, then actinomycin (10 µg/ml) treatment; 0 polysome asso
ciated, and Cl noupolysome-associated heterogeneous RNA of the 8100 X g membrane fraction, 
after <liffereut exposure times to C 14-uridine, was estimated as explained in the legend of Table l. 

tion capacity of the seven-minute H 3-RNA compared to the two-hour C 14-RNA 
may be due to the fact that the sequences of mit-RNA are not represented in the 
sl.1me proportion in preparations labeled during a short and a long pulse, or to the 
late arrival at the membrane fraction of an mRNA component of nuclear origin: 
the latter possibility is suggested by the hybridization results obtained with total 
HeLn, cell DNA (Table 2), and possibly by the changein slope at about 30 min
utes in the labeling of the membrane-associated RNA (Fig. 2). 

TABLI' 1. Polysome-associated and nonpolysome-associated heterogeneous RN A of the mem-
brane fraction. 

Non-
Polysome- polysome- RNase-

Ribo- Hetero- associated associated resistant 
Incu- soma! geneous fraction of fraction of fract ion of 
hntion RNA RNA* hetero- hetero- hetero-
t.ime (%of (%of geneous geneous geneous 
(min) Fraction total) total) RNAt (%) RNA(%) RNAt (%) 

Free polysome RN A 42 58 
7fi 

M em l>rane-associa ted 
H.NA 21 79 36 64 6:1 

Free polysome RN A . 51 49 
90 

Membrane-associated 
RNA 28 72 38 62 58 

Free polysome RN A 62 38 
120 

l\1 em brane-associated 
RNA 44 56 48 52 49 

*Includes small amount of tRNA and 5S RNA (5--10% of heterogeneous RNA). 
t Calculated according to the formula [(hRNAF/rRNAF) X rRNAM]/hRNAM, where hRNA 

a'nd rRNA indicate heterogeneous and ribosomal 'RNA, respectively, and subscripts F and M refer 
to free polysomes and membrane fraction, respectively. 

t Data derived from Fig. 6. 
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T.\ uu: :2 . Cmnµa.rativc hmiwlogy wit.Ji init-DN A of membrane-associated lwtaroyencowi RN. I 
labdr<l during .short and long pulses. 

;\fe111hm11!'- Cpm in Hyhritl Per Cent Input 
:\:-i~CH'i1tt.ed per µg DNA Cpm iu H.vhri<l lP/C" in H.N A 

H.N A fmction DNA H• C" H• cu Input Hybrid 

Exp!. 1: 
(7 min lP-ltNA + 

120 min Qt•-
HNA) 
8- 35S Mi t.ochondrial 8.3 9 .5 ] 1.4 !l.l 0.72 0.8il 

35-50S Mitochondrial 14 .2 G.7 14.1 Ja.5 2.0 2.12 
R.rpl. 2: 

(15 min IP-RNA+ 
J :W n\in CH-
HNA) 

{Tot.al 7.5 5.2 8.G U.li 1.6 1 . 4:~ 

8-50S "cytoplasmic" . (1.57*) 
Total cell 0.6 0 . 8 1.2 2 .8 1.6 0.73 

Expt,, 3: 
(7 min H3-RNA + 

120 min 0 14-

HNA) 
{\1itochondrial 1 77 55 10.4 8.1 1.1 1.39 

10--268 Mitochondrial 2 97 69 13.3 10.3 1.1 1. 40 
Total cell 2.5 4 0.3 0.6 1.1 0.62 

Expt. 1: 3.6 µg HeLa mit-DNA and 10 µg RNA (8-35S} or 15 µg RNA (35-50S); expt. 2: 22 
µg "cytoplasmic DNA" 1 or total HeLa DNA and 20 µg RNA; expt. 8: 2 µg mit-DNA (two prepara
tions) or total HeLa DNA and 22 µg RNA (all in 2 ml). The data are corrected for nonspecific back
~roun<l estimnted with E.coli DNA. The total cpm and the li'/C" in input RNA refer to heteroge-
11eous HNA only, estimnted ns in ref. 15. 

* <.~orrected for contribution of hybridization with contaminating nuclear DNA, 1 as estimated 
from the diit•i obtnined with totul cell DNA. 

Discussion.-The main conclusion of this paper is that mit-DNA is the tem
plate of the membrane-associated heterogeneous RNA of cytoplasmic origin 
previously described in HeLa cells. 1 Base sequence homology of this RNA with 
mit-DNA and association of the newly synthesized RNA with mitochondria 
(recognized by buoyant density properties and cytochrome oxidase activity) have 
led to this conclusion. Mit-RNA is synthesized at a high rate: if the intra
mitochondrial UTP pool equilibrates with exogenous H 3-uridi.ne in parallel with 
the total cell UTP pool, this rate can be estimated to correspond to two thirds of 
tha rate of entry into the cytoplasm of the free polysome mRNA. In Neurospora 
the pool of precursors for mit-DNA synthesis has been shown to tum over more 
slowly than the pool utilized for nuclear DNA synthesis, possibly because it is 
fed by an effectively large ribonucleotide pool deriving from turnover of RNA. 17 

A similar situation in HeLa cells might lead to an underestimate of the relative 
rate of mit-RNA synthesis. Assuming mit-DNA to be of the order of 0.1 per cent 
of total HeLa cell DNA,8 the rate of mit-RNA synthesis per unit DNA mass 
appears to be very high indeed. This RNA, however, does not accumulate 
in the cytoplasm in proportion to its synthesis, clue to its metabolic 
instability.1 It is possible that the saturation of radioactivity of intramito
chondrial RNA after about 75 minutes of labeling reflects the turnover kinetics 
of u. bbilc fru.ction. To what extent the high rate of trarn;criptiou of mit-DNA 
is related to its informational role for protein synthesis is not known. Biochem-
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ical ai1J grnwtic evidence in Neurospora 11 • 18 and yeast. 16 • 19 support::; the idea that 
mit-DNA i:-; µ;enetically active. Several type:; of observations strongly :-;ugg<':-;t, 
t.lwt rnit.-H.i'\A doe:; not remain confined inside mitochondria, but is tn1.miported 
in part to cxtrnmitochondrial structures. Biochemical and El\I evidence haH 
in<licat.ed that the great majority (>973) of the ribosomes of the 8100 X r; 
rnembralle fraction are associated with ER elements:3 this would put an upper 
limit. of 0.3-0.4 per cent of the total cell ribosomal content for the amount of 
int.rnmitochondrial ribosomes. If a substantial part of mit-RNA functions ai; 
nw:-;::;enger for protein synthesis, as is suggested by its association with polysomid 
:<t.rnctures, 1• 3 it seems unlikely that it could be served by very few intramito
dwndrial ribosomes. Furthermore, RNA-DNA hybridization experiments have 
shown that the labeled heterogeneous RNA which accumulates in extramito
chondrial membrane structures in a two-hour pulse has a degree of homology 
with purified mit-DNA which is similar to that of the intramitochondrial RNA. 
On the basis of the available evidence, it seems thus justifiable to conclude that 
m.it-RNA in HeLa cells itl exported in part for its utilization to elements of the 
rough ER, where it becomes associated with ribosomes of nuclear origin. 1• 3 The 
possibility that a fraction of this RNA functions inside the mitochondria is sug
gested by the published reports concerning mitochondrial protein synthesis. 20 

Abbreviations used: mRNA, messenger RNA; rRNA, ribosomal RNA; tRNA, transfer 
RNA; mit-DNA, mitochondrial DNA; mit-RNA, mitochondrial RNA; ER, endopla.~mic 
reti c11lum; EM, electron-microscopic; NaDOC, ~odi11m deoxycholate; SDS, sodium dodecyl
s11lfate; TCA, trichloroacetic acid; RN ase, ribonucle8";e; Tris, tris(hydroxymethyl)amino
met.haue; UTP, uridine triphosphate. 
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ADDITIONAL RESULTS 

Export of mitochondrial RNA - About 10-15% of the ribosomes 

and polysomes of HeLa cells are bound to endoplasmic reticulum and 

appear in the mitochondria~ fraction. In order to obtain further 

information . concerning the possibility that a portion of the RNA syn

thesized on a mit- DNA template is exported to the rough E. R. where 

it becomes associated with these ribosomes to form polysomes, two 

types of experiments were done: 

{a} Hybridization of messenger RNA from membrane-bound 

polysomes with mit-DNA - Membrane-associated polysomes from 

cells labeled for 30 min with [3H]-uridine were released by NaDOC 

from the mitochondrial fraction and purified by two cycles of sucrose 

gradient centrifugation {Figure 1 ). The broad 0. D. 260 band which 

was observed in the region of the gradient corresponding to polysomes 

{120 to 350 S) after the first run {Figure la) has been shown to have 

the sensitivity to ribonuclease and EDTA expected for polysomal 

structures (4). The fractions corresponding to the polysomal band 

were pooled and rerun through a 23 to 55% sucrose gradient (Figure 

1 b), yielding a well-defined peak of polysomes separated from a 

small amount of faster and slower sedimenting material. RNA was 

extracted from the polysome peak with SDS and run through a sucrose 

gradient. The labeled messenger RNA components sedimenting 

between 5 and 33 S were pooled and tested for their capacity to hybri

dize with increasing amounts of mitochondrial and nuclear DNA. 

Figure 2 shows that the mRNA of bound polysomes hybridizes with 



40 

high efficiency with mit- DNA and, on the contrary, only to a very 

small extent with nuclear DNA. 

(b) Effect of ethidium bromide on the labeling of the RNA of 

the membrane-associated polysomes - Membrane-associated poly

. somes were prepared from HeLa cells labeled for 60 min with [
3
HJ

uridine, in the presence or absence of 1 µg/ml ethidium bromide, 

by lysis of the . mitochondrial fraction with NaDOC and centrifugation 

on a 15 to 30% sucrose gradient. As shown in Figure 3, ethidium 

bromide treatment results in a significant decrease in the labeling 

of the RNA of the membrane-bound polysomes (about 43% decrease 

in the polysomal region of the gradient from fractions 8-36). · (In 

another experiment done under the same conditions a similar effect 

(28% decrease) was observed ). The labeled material near the top 

of the gradient which shows a striking sensitivity to ethidium bromide 

presumably represents RNA components derived from lysis of mito- · 

chondria. 
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FIGURE 1. Isolation of polysomes from the rough E. R. of 

HeLa cells. The mitochondrial fraction (containing the bulk of the 

elements of rough E. R. ) was isolated by differential centrifugation 

from HeLa cells labeled for 30 min with [5-
3
H]-uridine, treated 

with l % Na DOC, and ru,n on a 15 to 30% sucrose gradient in TKM 

(0. 01 tris buffer, . pH 7. 1, O. 01 M KCl, O. 00015 M MgC1
2
) for 120 

min. at 24,000 rev. /min. in the Spinco SW 25.1 rotor (Figure la). 

The fractions corresponding to the portion of the gradient indicated 

by arrows were pooled, dialyzed for 30 min. against 200 volumes 

of TKM, then centrifuged through a sucrose gradient consisting of 

. 5 ml. 23 % (w /w) sucrose, 24 ml. 23 to 55% sucrose gradient, and 

10 ml. 55% sucrose, all in TKM. in the Spinco SW 25. 2 rotor at 

20, 000 rev. /min. for 11. 5 hr. (Figure 1 b). 
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3
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FIGURE 2. Hybridization of mRNA from E. R. -bound poly-

somes with increas_ing amounts of mitochondrial or nuclear DNA. 

RNA was extracted by SDS from the polysomal band shown in Figure 

1 band run in sucrose gradient in SDS buffer (0. 01 M tris buffer, pH 

7. 0, O. 1 M NaCl, O. 001 M EDTA, 0, 5% SDS). The RNA components 

sedimenting between 5 and 33 S were pooled, precipitated with 

ethanol, and dis solved in SSC /10 (SSC = O. 15 M NaCl, 0. 015 M Na 

citrate). For hybridization experiments, nitrocellulose membrane 

filters charged with increasing amounts of heat denatured 
14c-

labeled mit-DNA or nuclear DNA,were incubated in scintillation vials 

with 3 µg RNA in 2 ml. of 2 x SSC for 22 hr. at 66 °c. After incuba-

tion, the membranes were extensively washed on both sides with 

2 x SSC at room.temperature, treated with pancreatic RNase (10 µg/ 

ml., 60 min.), and again washed on both sides with 2 x SSC . 

. e @ 
3
H-cts. /min. hybridized with mit-DNA 

0-"'.'-----0 
3
H-cts. /min. hybridized with nuclear DNA 
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FIGURE 3. Effect of ethidium bromide on the labeling of the 

RNA of the E. R. -bound polys<;>mes . Mitochondrial fractions were 

prepared from HeLa cells ~abeled with [5-
3
H]-uridine for 60 min. 

in the absence or presente of ethidium bromide (1 µg /ml. added 15 

min. prior to the addition of the isotope) by differential centrifugation, 

lysed with 1% NaDOC, and run on 15 to 30 % sucrose gradients in 

TKM for 95 min. at 24, 000 rev. /min. in the Spinco SW 2 7 rotor . 

Only th,.e 0 . D. 260 pertaining to the ethidium .bromide sample is 

shown. The 
3
H-cts . /min. of the control were plot ted aft er normali-

zation for the recovery of 0. D. 
260 

in the polysome region. 

0- - ----0 O. D. 260 
3

H cts . /min. Ethidium bromide treated 

A---A 
3

H cts. I min. Control 
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ADDITIONAL DISCUSSION 

Export of mitochondrial RNA - The results, presented in 

Chapter 2, showing the similarity in hybridization efficiency with 

mit-DNA of the RNA extracted from the mitochondrial fraction of 

cells labeled for 2 hr. with [
14

c]-uridine (that is, at a time when 

about 50% of the heterogeneous RNA of the mitochondrial fraction is 

extramitochondrial, presumably associated with polysomes of the 

rough E. R . ) as compared to the RNA labeled during very short pulses 

with [
3
p:]-uridine (when the great majority of the RNA of the mitochon-

drial fraction is intramitochondrial) suggested that mRNA of membrane -

bound polysomes may have base sequence homology to mit- DNA. 

Further information concerning this hypothesis was obtained by 

carrying out hybridization experiments between mRNA isolated from 

membrane-bound polysomes and mit-DNA and by examining the sensi-

tivity of the labeling of the RNA of the membrane-associated polysomes 

to ethidium bromide, an intercalating dye which extensively alters the 

tertiary structure of closed circular DNA and which has recently been 

shown in short term experiments to selectively inhibit the synthesis 

of both heterogeneous RNA components (see Chapter 4 of this thesis) 

and discrete RNA species (Chapter 4 of this thesis and (5)) synthesized 

on a . mit-DNA template. Both types of experiments suggest that a 

portion of the RNA synthesized on mit-DNA is associated with poly-

somes, possibly those of the rough E. R.. It should be mentioned 

that Zylber, Vesco, and Penman have recently reported that ethidium 

bromide treatment has no effect on the labeling of RNA associated 
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with polysomes released by NaDOC from the crude mitochondrial 

pellet from HeLa cells (5). The discrepancy between the results of 

these authors and those described here (Additional results (b)) may 

be due to the use of a low dose of actinomycin D which selectively 

inhibits the synthesis of ribosomal RNA and may, therefore, inter

fere with polysome metabolism and also of a high concentration of 

cells by the cited authors. 

There are two types of problems existing at present which com

plicate an analysis of the mRNA of E. R. -bound polysomes. First, 

although the great majority of the polysomes of the mitochondrial 

fraction are extramitochondrial (4), the existence of a small amount 

of intramitochondrial ribosomes capable of serving mitochondrial 

mRNA is suggested by the analogy with lower eukaryotic cells (6, 7, 8, 

9, 10, 11, 12), by the protein synthetic capacity of animal cell mito

chondria in vitro (13, 14, 15, 16), and by the reported presence in 

rat liver and HeLa cell mitochondria of specific tRNA species (1 7, 18, 

19). In the present experiments any intramitochondrial polysomes 

would cosediment with the polysomes of the rough E. R. and could 

account for the hybridization capacity and sensitivity to ethidium 

bromide of the mRNA of the polysomes of the mitochondrial fraction. 

On the other hand, although the material labeled during a short pulse 

with an RNA precursor sedimenting in the polysomal region of a 15 to 

30% sucrose gradient (see, for example, Figure la, Additional results) 

shows the complete sensitivity to low concentrations of ribonuclease 

expected for polysomal structures, it is not completely sensitive to 

EDTA treatment (4), which has been shown to distinguish polysomes 
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from cosedimenting non-polysomal str.uctures (20) . The possibility, 

therefore, exists that after NaDOC treatment, in addition to poly-

somes, other structures derived from membrane lysis sediment in 

the polysomal region of the gradient. Since these structures are 

labeled during a very short [
3
HJ-uridine pulse (4), it is likely that 

they derive from lysis of mitochondria. In view of these two prob

lems, definitive evidence for the preseD:ce in the polysomes of the 

rough E. R. of mRNA of mitochondrial origin will have to wait for 

the development of a procedure to fractionate mitochondria and ele

ments of the rough E. R.. Experiments of this type are in progress 

in Dr. Attardi 1 s laboratory. 

One might ask, in this connection, why the RNA synthesized on 

a mit - DNA template should be exported and translated by extramito

chondrial protein synthesizing systems. Two main interpretations 

could be given for such an export. Thus, the exported RNA could 

represent mRNA for some mitochondrial protein which would have to 

be translated on cytoplasmic ribosomes either because of the incom

petence of the intramitochondrial protein synthesizing machinery or 

because the newly synthesized protein has to perform some transport or 

regulatory role in connection with the synthesis on the cytoplasmic 

.ribosomes of mitochondrial proteins specified by nuclear genes. Evi

dence has recently been presented for the synthesis of the mitochon

drial ribosomal proteins by the cytoplasmic protein synthesizing 

machinery in Neurospora (21) and yeast (22); .on the other hand, the 

existence of antibiotic resistance mutants manifesting cytoplasmic 
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inheritance in yeast has suggested that mit-DNA may contain the 

information for some ribosomal proteins (23). These observations, 

taken.together, imply that some mRNA of mitochondrial origin for 

ribosomal proteins may be exported. 

The second possibility is that the mit-RNA exported to the rough 

E . R. could function as a messenger for the synthesis of proteins 

destined for extramitochondrial structures such as membrane 

structural proteins. Support for this possibility comes from the work 

of Woodward and Munkres (24. 25) who prepared structurai proteins 

with similar physical and immunological properties, amino acid 

composition, and peptide maps from the mitochondria, nuclei, E . R. , 

and plasma membrane of Neurospora; furthermore, these authors 

isolated structural protein with an altered primary structure from 

all these sources in Neurospora strains carrying a mutation of a 

cytoplasmic, presumably mitochondrial, gene (25). Although evi

dence substantiating the similarity in physical properties, amino acid 

composition, and peptide maps among structural proteins of different 

cell membrane systems has been presented (26, 27), confirmation of 

the results of Woodward and Munkres concerning the possibility that 

a single cytoplasmic mutation leads to alterations in the primary 

structure of the structural proteins of these various membrane sys

tems will be necessary before the idea that exported mit-RNA could 

serve as a messenger for all these structural proteins can be 

seriously considered. 
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CHAPTER 3 

Sedimentation Properties of the Majority RNA Species Homologous 

to Mitochondrial DNA in HeLa Cells 

The publication contained in this chapter appeared in Nature 

and is reproduced here with the permission of Macmillan (Journals) 

Li.J:nited. 
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· INTRODUCTION 

In Chapters 1 and 2 the properties of the newly synthesized mit

RNA were considered. In order to obtain some information concerning 

the characteristics of the bulk species of mit-RNA, HeLa cells were 

labeled for 48 hr. with [
3
H]-uridine. After such a . long labeling time 

with an RNA precursor, the rRNA of the contaminating rough E, R. 

contains the majority of the label in the mitochondrial fraction, For

tunately, as previously shown for rat liver microsomes (1 ), the bulk 

of the E, R. -bound ribosomes can be removed from this fraction by 

EDTA treatment. 

In order to determine the distribution of the mit-RNA components 

in the sedimentation pattern of the long-term labeled RNA from the 

EDTA-treated mitochondrial fraction, hybridization with purified 

mit-DNA was used as an analytical tool. So that peaks of RNA hybri

dizable with mit-DNA in specific regions of the RNA sedimentation 

pattern could be distinguished over the background of hybridization 

of heterogeneous RNA components, it was necessary to scan the 

sediID;entation pattern by annealing individual fractions with mit- DNA. 

Furthermore, in order to be able to measure the concentration of the 

various RNA species homologous to mit-DNA, a low RNA to DNA 

ratio (well below that required to reach DNA saturation with total 

mit-RNA) was used in the incubation mixtures. This analysis was 

made more meaningful by the high degree of resolution of RNA com

ponents obtainable by sucrose gradient centrifugation in the Spinco 

SW 25. 3 rotor. 
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As described in the accompanying publication, the sedimentation 

profile of the RNA homologous to mit-DNA shows a broad band between 

9 and 15-16 S with a peak at 12 S, a prominent 4 Speak, and a small 

amount of faster sedimenting components hybridizable with mit-DNA 

in the 16 to 28 S region of the gradient. 
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(Reprin!cd from Na:ure, Vol. 224, No. 5224, pp. 1079-1'083, December 13, 1969) 

Sedimentation Properties of RNA Species homologous to 
Mitochondrial DNA in Hela Cells 

by 

BARBARA A TT ARDI 
GIUSEPPE ATTARD! 
Division of Biology, 
California Institute of Technology, 
Pasadena, California 

Most of the RNA homologous to mitochondrial DNA in Hela cells 
is represented by species with sedimentation coeffkents between 
95 and 155-with ·a prominent 125 component-and by 45 RNA. 
No ribosomal RNA species hybridizable with mitochondrial DNA 
were detected: similarly, the 215 RNA present in crude mitochon
drial preparations had no appreciable sequence homology to mito
chondrial DNA. 

WHEN exponentially growing HeLa. cells a.re exposed to 
a. la.belled RNA precursor, radioactivity is very rapidly 
incorporated into RNA associated with a crude mito
chondrial fraction'·'. After a. short pulse of 3H-uridine 
(up to 20-30 min), the la.bolled RNA is found in structures 
of the same size a.nd buoyant density distribution as 
mitochondria. (recognized from the cytochromo oxida.se 
activity), a.nd is inaccessible in situ to ribonucleo.se sug
gesting an intramitochondrial location; this RNA hybrid
izes with high efficiency with mitochondrial DNA (mit
DNA)'"• which is therefore presumably its template. 
After longer pulses, la.belled RNA accumulates in increas
ing a.mounts in elements of the rough endoplasmic 
reticulum contaminating the mitochondria.; RNA-DNA 
hybridization studies indicate that at least a part of the 
messenger RNA (mRNA) of the polysomes bound to the 
endoplasmic reticulum ha..q sequence homology with mit
DNA and very likely has been exported to the rough 
endoplasmic reticulum from mitochondria'"· The la.belled 
RNA extracted from a. crude mi.tochondria.1 fraction after 

a. short 'H-uridine pulso is represented by components 
sedimenting between 4S a.nd a.bout 50S (refs. 1 and 3). 
The kinetics of la.belling of the various molecules suggests 
that this RNA is synthesized in the form of very large 
molecules and then conver~ed to smaller ones, which 
accumulo.to particulo.rly in tho 30S to 33S region of the 
gradient, between 12S and 22S, and in the 4S region. No 
evidence wo.s obta.ine<i for tho synthesis in mitochondria 
of ribosomal RNA (rRNA) components'. In our study, 
the sedimentation properties of the mo.jority species of mito
chondrio.l RNA (mit-RNA) havo been investigated after 
prolonged la.belling with 3H-uridine; hybridization with 
purified mit-DNA was used to determine the sediments.-

.. tion profile of the RNA species homologous to mit-DNA. 

RNA Species 
After long exposure of HeLo. cells too. radioactive RN.\ 

precursor, most of the la.be! in the crude mitochondrial 
fraction is in the rRNA of the contaminating rough 
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acetate butl'er (pH 5·0)-0·1 Jl Sa Cl in the Sriuco S H' ~5 · l ro tor at :2:!,000 r.p.m. for 15·5 h J.t 3° C. 
b, The componcuts corr~spomli ng to 4S to~;:;.)' in the pat tern of a (indin\lcd by arrows) were pooled. , 
precipitated with ethanol, centrifuged, rc<l.issoh·cU in SOS buffer: O·Ol :01 Tris (pH 7·0)-0·1 :-01 
XaCl-0·001 :-0[ EDT..\.-0·5 per cent SDS, and. after addition of:J. small amount of 11C-labcllcd 18S 
R:\ A from free polysomes ( ... ), pa~sctl thro ugh a 15 to 30 per cent sucrose graJicnt in SDS buffer 
in the Spinco S Ir 25·3 rotor at 25,000 r.p.m. for 25 h at 2W C. Components in intl iv idual or pooled 
fractions were y.rL•tipi tatc1l with ethanol, ccntrirm::cd, dissoh·ed in 0·05 )[ Tris Unff\'r (pH 'i·l)-
0·025 )[ .KCI- 0·00:.:!5 )[ )1gCl 2 (TK :'ll) , treated with 25 pg/ml. ribonuc!ca.Se·frce pancreatic dcoxy
ribonuclcasc fo r 60 min at room temperature, extrnctcd with Sl>:S·phc nol, :m<l p:ts::>cd throul!h 
·sepkadex G-1 00' columl1.i cc1 11 ilibrntctl with 0 ·15 :01 XaCl-0·0 15 :01 sodium citr•ltc (SSC). The 
fractions of the eluate cont:ti ning the. peak of radioactivity from each col11m n were pooled and used 
for hybr idization cxpcrimcnt8. ~itroce!lulosc membrane filters chargL'<l with 3M~ u c -thy mid ine 
labdle<l mit·DXA' (purified as described in Fig. 2 and deun.turcd at 2 µg/ml. inO· l x SSC by heating 
at 100, C for 20 min) , .. ·e re incul.Mtcd in scint ilbt ion via ls with 0·5 11g ltXA from each frnction 
(specific acti\·itr= 7,620 c.p.m./11g) in 2 ml. 2 x SSC at 67° C for 2:! h, then washeU with 2 x SSC 
at room temperature, treated with pancreatic ribonuckasc (5 µg / rnl., GO min), and a!Zain washed 
with 2 x SSC. As a. control for non-specific backg:round, 0·5 11~ RXA from. ei\ch fraction was · 
incubated with membrane tllters loaded with 3 µg hcat·dcnatured .E.coli n:-;A, and the mcmlJranes 
were washed and treatc<l with ribonuclcase in the same conditions. The hybridi zation vn.l ues 
obtained with mit·DSA were corrected for this non-specific back'!rouml. (amo1mtin~ to l to 10 
per cent depending on the portion of the gradic nt) .a.nd for reco,·e6· of DX.\ (:l.hout 90 per cent), 
and norm~lized for the Uifferenees in amount of R);" A in Y:uious fraction!'; of the ~radient ( 0-0). 
One set of hybridization experiments(()-{)) was performed with 0·25 µg RNA and 5 µg mite·· 

chondrlal or E.coli DXA. 
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endoplo.smic reticulum. As previously demonstrated for 
ro.t liver microsomes', however, one co.n remove from the 
rough endoplo.smic ret iculum clements almost all the small 
ribosomal subunits and o.bout 70 per cent of the large 
subunits by EDTA treatment'. Fig. Ia shows the A,. 0nm 
o.nd ro.dioactivity scdimento.tion profiles of the RXA 
extracted from the EDTA-treuted crude mitochondrial 
fraction of HeLa cells lo.belled for 48 h with 3H-uridine. 
One recognizes the peo.k of 2SS RXA pertain.;_ng to the 
membrane-:; tuck GOS subunits of conto.mir. ,ting endo 
plasmic reticulum bound ribo:;omcs', a broo.d bo.nd in the 
·region 14S to 24S and slower sedimenting components in 
the region 4S to 13S. After re-sccLmcnting the 4S to 2SS 
components for longer times, o. pca.k sedimenting at about 
21S o.nd another at about lSS appco.red to be po.rtially 
resolved o,·er a background of heterogeneous RXA (Fig. 

lb); furthermore, o. shou ld0r at about 24S, o. fairly 
pronounced pco.k at 12S, a.ncl u prominent pco.k a.t 4S 
could reproducibly be obscn·ed. The lSS peo.k presum
ably r eflects tho presence of a smo.ll o.mount of 30S sub
units not removed by tho EDTA, possibly pertaining to 
intra.mitochondrial ribosomes. Tho 21S and 12S com
ponents ha\'e been pre,·iously r ecognized in the A:eonm 

or long-term labelling profiles of RXA extracted from a 
. crude mit)chondriul fractio r, of HeLo. cells"'-

Homology with Mitochondrial DNA 
In order to determine the d istribution of components 

homologous to mit-DNA, hybridirntion experiments were 
curried out between individual fro.ctions of the R:N"A 
sedimentation pattern in Fig. lb a.nd purified closed 
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circulo.r mit-DXA. Tho ln.ttt'r was isolated by two cycles 
of cticsium chloridc-cthidium bromide dcn;;ity grndi,'nt 
centrifugation' fro111 tlw sodium dodccyl sulphate lys•itc 
of a crudo mitochondrial frnction frn111 cells ln.hclkd with 
"C-thyrnidino (Fig. 2). Frnctions of t,hc sucros<.> grndi0nt 
pattern shown in Fig. lb, after deoxyribonuclcasc diges
tion and 'S<:>phn.dcx' chromatogrnphy, were ann<:nkd with 
mit-DKA, using na input ratio of RXA to DX.-\ of 1 to 6. 
This rntio is much lower than th:it required to n•ach DXA 
saturntion with tho wholo mit-RXA (seo Fig. 4); thcrc 
foro .. tho hybrid levels obtained, after normn.lizat.ion for 
tho diffcrcncrs in n.mount of HKA in vn.rious frn.ctions of 
tho gm.client, should reflect roughly tho distribution of 
RKA homologous to mit-DXA. the sedimentation prolilo 
of tho components homologous to mit-DXA has a bron.d 
band between 9S and 15S, with n peak nt 12.5', nncl a 
pronounced 4S peak (Fig. l b); a small amount of faster 
sedimenting components hybridizn.blo " ·ith mit-DXA can 
also bo seen in the region 16.5' to 30.5'. Ko clear pen.ks of 
R:N'A hybridizn.blo with mit-DXA .n.re present in the 
regions where rR:::-TA components arc expected. Similarly , 
thero is no peak of hybridizablo RXA n.t 2lS emerging 
over tho low background of hybrids in the region lSS to 
30S. The levC! of hybrid formed in the 218 region of tho 
gm.client corresponded to about 0·0035-0·0°'15 µg RNA 
bound per 3 µg mit-DNA. Tho amount of DNA pertn.ining 
to prcsumpti,·c 21S sites in each hybridization assn.y, 
estimated uhder tho n.ssumption that each mit-DN A 
molecule (mol. wt. 107 daltons) contains one site for 21S 
RNA (mol. wt. approx. 9 x 105 cln.ltons 10 ), wa~ equ ivalent 
to about 0·27 µg. Becauso at least 20 per cent of tho 
rnit-Dl:\A mol<'cules in theso experiments wero available 
for hybrid formation with RNA, ono would hn.ve expected 
at !en.st 0·05 µg RNA to bo bound per 3 µg DNA at 
saturation. Tho abscnco of dotcct(l,blo hybridization of 
21S RNA with mit-DNA was therefore not duo to lack of 
avail(l,ble DNA sites. In fact, RNA-DNA hvbridization 
experiment.s C[l,rricd out at a still lowor RNA to DNA 
ratio ( 1 to 20) gave similar results (Fig. lb; seo also insert 
in Fig. 3). 

The possibility that tho 21S RNA did not hybridize 
with mit-DNA been.use of a double stranded structure 
seemed also to be excluded. It wn.s found thn.t in mild 
conditions of ribonuclcase digestion (0· 15 :\I NaCl-0·015 
sodium citrnto, 0·3 µg/ml. R:::-TA, 0·03 µg/ml. pancren.tic 
ribonucleasc, 30 min at 37° 0)-which leave the double 
stranded reovirus RNA completely intact11-the RNA 
from the 2JS region was made 48 per cent acid-soluble, 
that is, to the same extent as tho RNA from the other 
portions of the gradient. Furthmmorc, heating at 100° C 
for 10 min nnd rapid cooling did not increase the ribo
nucleaso sensitivity of the coa1ponents sedimenting at 
21S, nor did this treatment enhance their capacity to 
hybridize with mit-DNA. · 

At the low ratio of input RNA to DNA used in tho 
hybridization experiments described so far, an RNA 
species present in relatively low concentration might have 
been difficult to detect. It was reasoned that working at 
RNA to DNA rn.tios nt or near sn.turn.tion of the D:N'A 
sites could represent a more favourabl e situation for tho 
detection of RNA species, which, although present in 
relatively low amounts, were. complementary to a fairly 
largo portion of the rnit-DNA-n.s conceivably could bo 
the case for the large rRNA components. As shown in 
Fig. 3, however, even at a. relatively high RNA to D:N'A 
input ratio (5: l).there is no evidence of p ea.ks of RN'A 
homologous to mit-DXA in the regions where rR:L\A 
components are expected; agn.in in this experiment the 
21S RN'A does not have any apprcciablo sequence homo
logy with mit-DXA. The distribution in the gradient of 
the RXA hybridized with mit-DXA at high RX..\ to 
D:N'A input ratio differs from the sedimentation profile 
of the RNA hybridizr1ble at low R:::-TA to DNA ratio 
(Fig. lb) for the higher amounts of hybrids formed by 
components heavier than 15S and for the uniformly high 
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}"ig. :! . Purincation of Hd.<1. closc<l circular mit·DXA ii~· cac:)i11rn 
chloridc-cthidium bromide dcn::i it~· gradient ccntrifu...:ation. flei.a c1·ll::1 
Jn.belled for :!d h with uc-1hy1nidi11c were h<111 1o~c n iil.1 !d in 0·01 )I Tris 
burrer (pH i ·l)-0·01 M KCl-0·0001 )l EDT.A, :11ul the cnalc mito· 
chonrlrial fraction wa!I separated by diffcrl!ntial centrifugation, rcs11s
pcndcd in 0·01 )[ Tris([lll 7·•)-0·01 )! EDTA-1·~ per ccnL SDS, and 
left at room temperature for 45 min. Caesium cltloride was added to givo 
a final concentration of l )[; the Jysate was left in the colU for 30 min 
and then centrifuged nt 15,800(1 for 15 min. E 1hidium bromide \'r·as 
nddc<l to the supcrnat:rnt to 200 /lg/ml., and the solution was a<lju,gtct..l 
to 1·55 g/ml. with caesiu m chloride crnd centrifugt:d in the Spinco S W .U 
rotor at 35,000 r.p.m. for 48 hat ~O'' C. Fraction::1 were collected drop
wisc from the bottom of the tube. After ns:rn.y of rn<lioacti\'ity, the 
fractions corresponding to the smnller hca\'y band (drsicnated by 
arrows in a) were poole1l an<l re-centrifuged in the same co nJition:\ in a. 
c:ic.sium chloride-cth idium bromide density gradient. Two almost 

·equal bands were obtained. The fr;.lCtions conta inin s:? tile hca.vicr b.tn<l 
(dcsicria.ted by a.crows in b), which consisted exclusively of clo!lcd circub.r 
mit·DXA'·', \\·e re pooled and, after passage throu~h a Dowcx 50 1V-X8 
colutnf\ to remove tho dye• , dialysed extensively against O· l x SSC. 

level of hybridization between 4S and 15S. In these 
conditions, one "·ould expect that the contribution of 
various RNA species to the hybrids would tend to reflect 
more the fraction of DNA complemenrary to each species 
than the concentration of the latter. The relatively high 
level of hybridization occurring with l GS to 28S com
ponents is therefore presumn.bly to bo attributed to the 
small amounts of heterogenC'ous R~A sedimenting in this 
region, detected also in the hybridization n.t a low R:N'A 
to D:N'A ratio (see Fig. lb and insc-rt in Fig. :J). Hybridiw
tion with heterogeneous c0mponcnts is probably a lso 
predominant in tho region of 4S to 15S at high RNA to 
D~A ratio, and tends to cover here the contribution to 
tho hybrids by 12S and 4S RNA. 

Sites Available for Hybridization 
In order to estimate the proportion of mit-DNA mole

cules a\·ailablo for hybridization in t hese experiments, 
mit-DNA was n.nncn.lcd with incrc&sing amounts of RXA 
from the EDTA-trcn.ted crudo mitochondrin.l frn.ctic:>n of 
cells labellccl wi th 3H-uridine: at the ·highest input ratio 
of RN'A to DNA used (15: 1), n.bout 10 per cef.lt of the 
DN'A was hybridized, this being still below the sn.turation 
level (Fig. 4). Because mit-DNA is transcribed from the 
heavy strand""• a.bout 20 per cent of tho in 11i·vo transcrib· 
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Fig. 3. llybridizr\tion at a high HX.A to DXA input rntio between mit-DX . .\ and difforcnt 
com poncnta of the Si.?U imentat ion pa ttern of lC\' A from the El>TA-trcntcd crni.lc rnitu
chond rial fraction of He La c~lls. The ltXA from the EDTA-trcatcd mitochondrial fraction 
of HcLt,i. cells labelled for 24 h with 5-3 H-uri<linc W.1R run on a 5 to 20 per cent sucrose 
gradient in acctatc-XaCJ buffer as in Fii;!'. la; the -tS to 28S compo nent.a colicctcd by 

.ethanol precipitation aa<l centri fugation. were rc·ccntrifoi;l·d throu'.;h a l:i to :.rn per crnt 
sucrose .i;?:radicnt in a.cctatc-:\aC:i buffi'r in the Spinro STr 2:1<l rotor at ~5.000 r.p.m . for 
38 hat 3° C. Comroncnts in various fractions of the gradient (pooled in groups of 2 to G, 
as shown) were suUjcctctl to dcoxyribonuclcase di i:,:t~~ tion in 0·05 )(Tri~ (pll 7· l) --0·0::'.5 .\1 
KCl-0·0025 .\l )lgCI: :rnd 'Scphadcx ' chrom;ito;::raphy as ind ic:1.t.c<l in)Fig. lb. 1i:-l.A from 
each sample (~·5 µg; specific activity= 4,$aO c.11.111./11g) was inculJnted with 0·50 11g heat 
denatured 11C·thymidinc labelled nli t-DX.A boirnrl to n n i troccllulo~c membrane; con 
ditions of incubation and treatment of the hyl>rid :J arc dcsrribed in .F ig- . 1b (ribon ucleaso 
digestion wns at 10 µg/ml.). The hybridirntion values obta ined with mit·D:-;-A have been 
corrected for non·spcdfic bJ.ckground ( < 5 per cent) determined in separate experimen ts 
utili zing E.coli n:-;-A, and for recovery of DXA . In set: Results of hyl>ridization a.Mays c;.u· 
ricrl out with the 188 to 2GS RNA components at a low RXA to DNA input ratio (0·3 1<g 
RNA, 5 µg mit-DNA per incubati on mixture). corr('ctcd and normalized a.sin Fig. lb. 

are plotted. 
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able DNA formed hybrids with RN.-\ in this experiment. 
This is an undcrestimrite of the proportion of mi t -DNA 
molecules accessible for hybridization, for saturation of 
DNA was not reached. On tho basis of a minimum pro
portion of 20 per cont of mit-DNA molecules being 
available for hybridization, and assuming one 21S site 
per mit-DNA molecule (from the sedimentation profile in 
Fig. 3, it appears tha t tho 21S RNA was present in at 
least 50 times excess over the presumptive available 2 IS 
sites; this excess, by analogy with the Escherichia coli 
rRNA system, should be saturating') , saturation of 21S 
sites would involve binding of about 0·009 µg RNA per , 
0·5 µg DNA (about 45 c.p.m. in the experiment of Fig. 3). 
No evidence of such a level of hybridization in the form 
of a. peak or shoulder can be seen in the 21S region. 
Because t he available information indicates a. consider
able homogeneity of mit-DNA molecules in an animal cell 
popula tion 13, thcso results are in agreement with those of 
the hybridization experiments carried out at low RNA to 
DNA ratio in suggl'sting that · tho 21S RNA is not syn
thesized on a mit-DXA template. 

Our work suggests .that the 12S component is homo-· 
logous to mit-DNA and that it is therefore presumably 
synthesized on a mit-DNA template. In yeast mit-RNA 
the occurrence of a 12·7S component ho.s been previously 
described", and maximum hybridization with mit-DNA 
has been found to occur with 12-13S components1'. The 
apparent lack of homology between the 21S RNA and 
mit-DNA suggests a non-mitochondrial site of synthesis 

Non-mitochondrial Site for rRNA Synthesis 
The results indicate that the bulk of tho RNA homo

logous to mit-DNA in HeLa cells is represented by species 
sedimenting between 9S and 15S (with a. prominent 12S 
component), and by 4S R~A. It is not k nown whether 
the 9S to 15S components are all intramitochondrial, or 
whether, on the contrary, they include a fraction of mit- · 
RNA " exported" to the rough endoplasmic reticulum (i t 
is likely, in fact, that tho mRNA of polysomes bound to 
the endoplasmic reticulum would not be . completely 
removed by the EDTA treatment'). 

2 3 5 
. µg RNA 

Fis::. 4. Hybri<li1.ation of HeLa mit-DXA with increa.siog arnoun\.s of 
RK A (4S to 30S componenta wi th the e:tccption of those in the 23-S 
re~ion) from the F.DTAArcJ.ted crude rnitochondri:Ll fr•ctlon o( Her.a. 
cells labelled for 4:3 h with 5-•H-uridi nc. Increa.sini:: amou.nta of R.); A. 
isolated and subjected to doo:xyribonucleasc digestion aoci 'Seph.&dex' 
chromatography"" described lo Fl~. lb (specific activity~ 6,SlO c.p.m./ 
µg), were incubated in scint illation \' ials with 0·28 µg "C-l:a.belled h.eal
dea.atured mit-D~A bound to nitrocellulose membra.nf:'a. The hybridiza.· 
tion values n.ro corrected for non-specific ba.cl:ground det.ermlno<i with 

E.coli DNA , as explained In Fig. lb. aod for recovery of D)(A. 



60 

for this RNA species, bnt its origin and nn.turo still h(wo 
to bo dot.Nmincd. T he 4S RXA homologous to mit-DXA 
presumably contn.i ns nt knst some of tho mitochondrial 
specific tH NA species which ha,·o been described in animal 
cC'lb, includ ing HcLn. cells"-"· Sequence homology 
bctwO<'n mitochondrial lcucyl-tllXA from rat liver n.nc! 
mit-DXA hM been recently reported". 

Tho lnck , in t his work, of nny indici:>tion of rRNA 
components homologous to rnit-D)[ A is in full agreement 
with previously reported obsorvntions concerning tho 
o.bsenco in mit-RXA prepnmtions (from ce lls pulse 
li>bollcd with 'lI-uridinc for 3 to ~O min) of homogeneous 
ro.dioi>et ivo components identifiab lo o.s possiblo rRNA 
species or precursors'"· The lack of mitochondria l-specific 
rRNA componcllts coded by mit-DXA in H eLo. cells, and 
presumably in other aninrnl cells, which is strongly sug
gested by the experiments reported here, contrasts with 
tho well documented occurrence in Neurospora 21-" and 
yeast.""' of distinctive, bacterial-type rRNA species, 
which o.ro capable of hybridizing with mit -DXA"·". These 
observa tions suggest that in the evolution of eukaryotic 
cells thc;-ro has been a reduction in the informational 
content of mit-DNA. In agreement with this idea o.ro the 
numerous observations which indicate tho.t, whereas 
mit-DNA from animal cells consists of basic units in the 
form of circu lo.r molecules o.bout 5 µm in length o.nd 107 

daltons in molecular weight'', mit-DNA from plant cells, 
protozoa, Nwrospora and {in part) also yen.st, is in tho 
form of s~ructures longer than 5 µm (refs. 24 o.nd 26-29). 
The loss of information for tho synthesis of rRNA in 
mit-DNA from animo.l cells would imply that in t hese 
cells ribosomes under nuclear control are utilizpd for tho 
tro.nsln.tion of mitochondrial messages. This could .be 
o.ccomplished by tho import into the mitochondria of 
nuclear r ibosomes, o.s suggested by tho protein synthesiz
ing capacity of isolated animal cell mitochondria", and/or 
by tho export of mitochondrial mRN A to the cytoplasmic 
tro.nslcting machinery, as implied by the observations 
mad e in H eLa cells '"· 
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CHAPTER 4 

Rapidly Labeled Heterogeneous RNA and Discrete RNA Components 

Identified by Sedimentation and Electrophoretic Analysis of RNA 

from the Mitochondrial Fraction of HeLa Cells 

The first part of this chapter has been submitted for publication 

in the Journal of Molecular. Biology. It is included here in the form 

in which it was submitted. 
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ABSTRACT 

Both heterogeneous RNA components, varying in sedimentation 

constant from 4 S to more than 50 S, and discrete RNA components have 

been identified in the sedimentation pattern of RNA from the mito

chondrial fraction of HeLa cells. 

The labeling of heterogeneous RNA, in short-term experiments, has 

been shown to be almost completely sensi t.i ve to a concentration of 

ethidium bromide (1 µg/ml.) which does not appreciably affect nuclear 

RNA synthesis. This observation has provided additional support for 

the previously reac:b..ed conclusion that mit-DHA is the template of this 

RNA fraction. 

The discrete RIJA components associated with the mitochondrial 

fraction have been shown to include: (a) 16 S, 12 S, and 4 S compo

nents 5 which for their kinetics of labeling, sensitivity of their 

synthesis to l µg/ml. ethidium bromide and lack of sensitivity to 

0.04 µg/ml. actinornycin D, their nucleotide composition, and base 

sequence homology to mit-DNA appear to be synthesized on a mit-DNA 

template; (b) 28 S, 18 S, and 5 S components of nuclear origin, 

pertaining to ribosomes which are exclusively or in their great 

majority attached to contaminating rough endoplasmic reticulum; 

(c) 23 S and 21 S components, which appear to be of extra.mitochondrial 

origin. The base conposition and methylation level of these compo

nents suggest that they may be degradation products of 28 S RNA. 

Analysis of the sedimentation behavior of the 16 S and 12 S 

species under denaturing conditions has indicated that they are 
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represented by continuous polynucleotide chains. The 16 S and 12 S 

species move in polyacrylamide gel electrophoresis, relative to the 

28 S and 18 S RNA markers, as expected, respectively, for a species 

slightly larger than 18 S RNA (i.e. with a molecular weight about 

0. 7 x 106) and for a species with a molecular weight of about 

o. 4 x 106• The l6 S and 12 S RNA appear to corre.spond to the 11 21 S" 

and 11 12 S" electrophoretic components previ6u,sly described in HeLa 

cells. However, in contrast to what has been reported for the latter 

components, the l6 S and 12 S RNA have been found to be methylated; 

furthermore, these species appear to have a considerably longer 

half-life than previously surmised on the basis of their behavior 

in the presence or ethidium bromide. 

The possible relationship . between rapidly labeled heterogeneous 

RNA and mit-DNA coded discre;te RNA species is discussed. 
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1. Introduction 

Previous work from this laboratory has shown the occurrence in the 

mitochondrial fraction from HeLa cells of rapidly labeled heterogeneous 

RNA sedimenting between 4 S and more than 50 S. The linear kinetics of 

labeling of this RNA, its association with structures having the same 

sedimentation velocity and density distribution in sucrose gradients as 

mitochondria, its insensitivity in situ to RHase, and, most important, 

its sequence homology to closed circular mit-DNAt have clearly pointed 

to this mJA as its template (Attardi & Attardi, 1967, 1968, 1969~,b; 

Attardi, Aloni, Attardi, Lederman, Ojala, Pica-Mattoccia & Storrie, 

1910). 

Recently, several discrete RNA components have also been identified 

by polyacrylamide gel electrophoresis and sedimentation analysis of 

bulk RNA extracted from the mitochondrial fraction of human (HeLa), 

hamster and Xenouus cells (Dubin, 1967; Vesco & Penman, 1969;;:_,~; 

Attardi & Attardi, 1969~,b; Dawid, 1969). In HeLa cells, in addition 

to 28 S and 18 S RNA, pertaining in their great majority if not 

exclusively to ribosomes of contaminating rough endoplasmic reticulum 

(Attardi, Cravioto & Attardi, 1969), and to 41 S RNA, two minor com

ponents with sedimentation coefficients of about 21S _and12 Shave 

been recognized by sedimentation analysis in sucrose gradient of the 

RNA from the mitochondrial fraction (Attardi & Attardi, 1969b) • . On the 

other hand, two main distinctive high molecular weight RHA components 

tentatively designated as 11 21 s" and "12 8 11 from their electrophoretic 

mobilities have been described in the electrophoretic pattern of RNA 
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from the mitochondrial fraction of He La cells (Vesco & Penman~ 1969 .. ~). 

Previously, a 1117 S" RNA had been found in the sedi:r.ientation pattern 

of RNA from the mitochondrial fraction of cultured hamster cells 

treated for a long tine with actinorny"cin D (Dubin, 1967), and more 

recently this RNA has been shown to consist of two components (Dubin & 

Montenecourt, 1970). 

The intercalating dye ethidium bromide has been recently reported 

to inhibit selectively the labeling, during a 2 hr exposure of the 

cells to [ 3H]-uridine, of the 11 21 S11 and 1112 S" electrophoretic RNA 

species (Zylber, Vesco & Penman, 1969) and to a great extent also that 

of 4 S RNA from the mitochondrial fraction of HeLa cells. This effect 

has been interpreted to indicate an inhibition of the synthesis of 

these components on a closed circular mit-DNA template~ On the other 

hand, a scanning of the sedimentation distribution of long-term labeled 

RNA from the mitochondrial fraction of He La cells for capacity to 

hybridize with purified closed circular mit-DNA at widely different 

RNA to DNA ratios has shown that, whereas the 4 S and 12 S components 

of the sedimentation analysis exhibit sequence homology to mit-DNA, 

the 21 S component .does not hybridize with this DNA to any appreciable 

extent (Attardi & Attardi, 1969b). This result points to a .non

mitochondrial site of synthesis for this RNA component. 

In order to obtain further information concerning the origin of 

the heterogeneous and. discrete RITA conponents present in the mitochon

drial fraction f".com F.eLa cells and to try to clarify the question of 

the relationship between the sedirr,entation an~ electrophoretic discrete 
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RNA species, we have investigated the kinetics of labeling of these 

components, their nucleotide composition and methylation level, the 

early effects of preferential inhibitors of mitochondrial RNA synthesis 

(ethidium bromide) and nuclear RHA synthesis (actinomycin D), and the 

electrophoretic behavior of individual components isolated by high 

resolution sucrose gradient centrifugation. 

2. Materials and Methods 

(a) Method of growth of cells and labeline; conditions 

The method of growth of HeLa cells in suspension has been previously 

described (Amaldi & Attardi, 1968). Labeling of RNA was carried out by 

exposing exponentially growing cells (2 to 3 x 105 cells/ml.) for 

various times to [5-3H]-uridine (22.7 to 31.0 mC/µmole, 1.4 µC/ml.) in 

modified Eagle's medium with 5% dialyzed calf serum. To determine 

the degree of methylation of RITA, exponentially growing He La cells 

were collected by centrifugation, resuspended at a concentration of 

2 x 105 cells/ml. in modified medium containing 10-3 .M cold phosphate 

and 3 µg/ml. methionine, plus 5% dialyzed serum, and grown for 22 hr 

in the presence of· 32P-orthophosphate (1.75 µC/ml.) and L-[ 3H-methyl] 

methionine (5.4 mC/µM, 2.5 µC/ml. ). The concentration of methionine 

in the medium was sufficient to allow more than one generation of 

growth. To reduce to a. minimum the labeling of the purine rings, 

lo-4 M adenosine and io-4 M guanosine were added to the growth medium 

for 24 hr prior to the exposure of the cells to L-[ 3H-methyl] methionine 

and during the 22 hr labeling period (Knight, \1969). In the experiments 
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in which the effects of cthidium bromide or actinornycin D were to be 

tested, the drug was added, at the concentration specified below , 15 min 

or 30 min, respectively, prior to addition of the radioactive RNA 

precursor. 

(b) Subcellular fractionation 

The cells, washed with 0.13 M NaCl, 0.005 M KCl, 0.001 M MgC12 , 

were homogenized in 6 vol. 0.01 M Tris buffer (pH 6.7 (25°C)), 0. 001 M 

KCl, 0.00015 M MgCL
2 

with a Potter-Elvehjem homogenizer. After addition 

of sucrose to 0.25 M and a low speed spin (1160 g for 3 min) to sediav 

ment nuclei and unbroken cells, the cytoplasTiic extract was centrifuged 

at 8100 g for 10 min to pell et the crude mitochondrial fraction. The av 

latter was resuspended in 0.25 M sucrose in 0.01 M Tris buffer (pH 6.7), 

0.00015 M MgC12 (one-half of. the vol. of the homogenate) and, after 

another low speed spin, sedimented at 8100 g for 10 min. The final 
av 

pellet was resuspended in 0. 25 M sucrose ( 2 to 4 ml. per ml. of packed 

cells) , treated with 0.03 M EDTA for 10 min (to remove the bulk of 

ribosomes of contaminating rough E.R. (Attardi et al., 1969)), and 

centrifused at 11,000 g for 10 min; the pellet was washed by centriav 

fugation with 0 . 25 M sucrose in 0.01 M Tris buf~er (pH 6.7), 0.015 M EDTA , 

and then fractionated on the basis of buoyant density by centrifugation 

through a 30 to 48% sucrose gradient in 0.01 H Tris buffer (pH 6.7) in 

the Spinco SW25.l rotor at 25,000 rev./min for 17 to 19 hr at 3°C. The 

mitochondria, revealed by the profile of cytochrome oxidase activity, banded 

in a region of the gradient centered aroung p ~1.17 g/ml.; however, the mito-

chondria.l band was conta.::i.inated with rough E.R. ele~ents (Attardi et al., 
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1969). The material of this band will be called mi tochonclrial fraction 

throughout this paper. Deviations from the procedure outlined above 

for the preparation and isopycnic separation of the mitochondrial frac-

tion will be specified in the text and legends of figures. 

The free monomer-polysome fraction was isolated by centrifuging 

the 15,800 g supernatant of the cytoplasmic extract at 105,000 g for av 

2 hr (Attardi et al. , 1969). 

(c) Extraction and analysis of RIJA 

The .. fractions corresponding to the mitochondrial barid in the 

sucrose gradient verc pooled, brought to 1% dodecyl so4, 0.1 M NaCl 

and mixed with 2 vol. ethl:l.nol. After standing at -20°C for 2 hr or 

longer, the mixture was centrifuged at 23,500 x g for 15 min; the 

resulting pellet was then dissolved in 5 ml. (per 1 to 2 gram cell 

equivalent of crude mitochondrial fraction) of dodecyl so4 buffer 

(o.5~s dodecyl so4, 0.1 M NaCl, 0.01 M Tris buffer, pH 7.0, 0.001 M 

EDTA), mixed with an equal vol. of a mixture containing 2% dodecyl so4, 

1% Ua deoxycholate, 1% Na chelate, 2.6 mg/ml. bentonite, and extracted 

3 times with watei;--saturated redistilled phenol containing 0.1% 

8-hydroxy-quinoline, as previously described (Attardi, Parnas, Huang & 

Attardi, 1966). The RHA was precipitated 3 times with ethanol, finally 

dissolved in dodecyl so4 buffer, and run in a 15 to 30~~ (w/w) sucrose 

gradient in the same mediUL'l as specified below. 

For RNA extraction from the free monomer-polysome fraction, the 

105,000 g pellet was resuspended in 2 ml. 0.05 M Tris buffer, pH 6.7, av 

0.025 M KCl, 0.0025 N MgC12 , with the aid of a glass homogenizer; 
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dodecyl so4 was then added to 1%, and the RNA precipitated with 2 vol. 

ethanol in the presence of 0.1 M .NaCl. After qentrifugation, the pellet 

was resuspended in dodecyl so4 buffer, and RrIA was extracted and 

analyzed under the sar.ie conditions described above for RNA from the 

crude mitochondrial fraction. 

For the analysis of the sedimentation properties of the 16 S and 

12 S RNA under denaturing conditions, sa:.a.ples. of these components, mixed 

with 14C-labeled 18 S RNA marker (prepared from small subunits of free 

polysomes (Attardi et al., 1969)), were heated in 0. 2 ml. of 18% 

neutralized formaldehyde, 0.001 M EDTA at 70°C for 5 min and q_uickly 

cooled to 0°C; for sedimentation analysis, the samples were diluted 

2.5 times with 0.001 M EDTA a.nd run through a 5 to 20% (w/w) sucrose 

gradient in 0.02 M phosphate buffer (pH 7.4), 0.1 M NaCl, 1% formalde

hyde in the SW41 rotor at 111, 000 rev. /min for 22 hr at 4 °c. 

For electrophoretic analysis, polyacrylamide gels were polymerized 

(Loening, 1967) in plexiglas tubes of o.6 cm internal diameter from a 

mixture of 2.7% (for analysis of high molecular weight RNA) or 10% (for 

low molecular weight RNA) (w/v) acrylamide (Eastman Chemical Co., 

recrystallized from chloroform) and 0.25% (v/v) ethylene diacrylate 

(K & K Laboratories) in polymerization buffer (0.04 M T:cis, 0.02 M Na 

acetate, 0.002 M EDTA, adjusted to pH 7.4 with acetic acid). 8 cm long 

gels were prepared. RNA samples in 100 µ1. 5% sucrose in electrophore

sis buffer (i.e. polymerization buffer with 0.5% dodecyl so4), were 

layered onto the polyacrylamide gels. Electrophoresis was carried out 

at room temperature at 5 rnA/gel for the time specified below. The gels 
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were fractionated with a gel smasher specially built according to the 

principles of the technique of Maizel (1966), by using 0.1~~ dodecyl so4 

as eluant. The fractions, of about 1.8 ml., were shaken overnight at 

room temperature, then each fraction or a sample of it was mixed with 

15 ml. Bray's (1960) scintillation fluid and counted in a Packard 

scintillation counter. 

Analysis of nucleotide composition after alkaline hydrolysis of 

32 . 3 
P- or H-labeled RNA components was carried out as previously des-

cribed (Attardi et al. , 1966). 

3. Results 

(a) Rapidly labeled mitochondria-associated* heterogeneous RTiA 

Figure 1 illustrates the effect of ethidium bromide on the 

labeling, during a 15 min [5-3H]-uridine pulse, of the heterogeneous 

mitochondria-associated RNA. The o.n. 260 profile shows a prominent 

28 S RNA peak pertaining in its great najority, if not exclusively, 

to membrane-stuck 50 S subunits of contaminating rough E.R. elenents 

(Attardi et al., 1969), a broad band centered around 18 S (consisting 

of components which are resolved in long sedimentation runs (see 

below)) and slower sedimenting material. The heterogeneous pulse-

labeled RNA consists, as was mentioned earlier, of components sedi-

menting between 4 S and more than 50 S. After a 15 min pulse most of 

the labeled components sediment slower than 35 s. A broad peak at 

about 33 S is reproducibly recognizable after this labeling time 

(Attardi et al., 1970); furthermore, as will be seen below (Fig. 2), 
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Fig. 1. Effect or ethidiuo bronide on the labeling of heterogeneous 

mitochondria-associated RHA. 

·2 x 108 HeLa cells were exposed to [5-3H]-uridine (22.7 C/dA, 

1.4 µc/ml.) for 15 nin in the absence (0----:-0) or in the uresence of 

1 µg/ru. (A-A),. or 2 µg/rtl. (A---A) ethidium .broni.de. The RNA was 

extracted fron the nitochondrial fraction, which had been treated with 

EDTA and isopycnically separated in sucrose gradient (as detailed in 

Materials and Methods ("o)) , ancl run thrcugn a 5 to 20% ( w /w) sucrose 

gradie:-it in 0. 01 Z·l acetate buffer, pH 5. 0, 0 .1 H HaCl, above a 4 ml. 

cushion of 64% sucrose, in the SW27 Spinco rotor (2.54 x 8.83 cm 

buckets) at 20,000 rev./min for 10 hr at 3°C. 
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discrete components start er::erging also in the ree;ion between 11 S and 

25 S. A concentration of ethidium bromide of 1 µg/ml. inhibits uni

formly by about 85% the labeling of different size components of the 

heterogeneous mitochondria-associated RNA; the inhibition is of about 

90% at a concentration of the drug of 2 µg/ml. On the other hand, a_t 

1 µg/ml. ethiditL~ bromide has no appreciable effects for at ·least 4 hr 

on the labeling of total cell RNA (to which nuclear RNA synthesis 

contributes more than 95%), in agreement with data reported by others 

(Zylber et al., 1969) (Table 1). Other experiments utilizing 

actinomycin D have shovm that concentrations of this drug that inhibit 

completely the synthesis of rRNA and to a great extent the arrival in 

the cytoplasm of free polysome mRNA do not affect appreciably the pulse 

labeling of the heterogeneous mitochondria-associated Rl~A (Attardi & 

Ojala, in preparation). 

The nature of the rapidly labeled RNA components heavier than 28 S 

which are complementBrlJ to mi t-DNA (Attardi & Attardi, 1968; Attardi 

~al., 1970) and ethidium-bromide sensitive (this work) is at present 

being investigated. The evidence obtained so far indicates that the 

sedimentation properties of these heavy components are not affected by 

recentrifugation in a sucrose gradient, by two additional extractions 

with hot phenol-dodecyl so4, or by DNase treatment. 

(b) Discrete components recognized by sedimentation 

analysis of RNA fron the mitochondrial fraction 

Figures 2, 3, and 4 show the labeling of RNA components sedi

menting slower than 28 S from the mitochondrial fraction of cells 
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Table 1 

Effect of ethidimn bromide on total [5-3tt]-uridine 

incorporation into HeLa cells 

Labeling time 3H cts/min incorporated per io
8 

cells x 10-6 

* (min) Control Ethidium Bromide 

30 7.15 8.29 (116) 

90 24.1 22.4 ( 93) 

240 31.9 37.4 (117) 

HeLa cells, labeled at a concentration of 1.7 x 105 cells/ml. for 

different times with [5-3tt)-uridine (22.8 mC/µ>!; 1.4 µC/ml.) in the 

absence or in the presence of 1 µg/ml. ethidium bromide, were washed 

three times with 0.13 M NaCl, 0~005 M KCl, 0.001 M MgC12 , and resus

pended in 20 ml. of the same salt solution. Duplicate 50 µl. samples 

of each cell suspension were precipitated with 5% trichloroacetic acid, 

and the insoluble residues collected by filtration through Millipore 

membranes, dried and counted in the scintillation counter. 

* The figures in parentheses indicate the per cent with respect to the 

control values. 
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expOsed to [5-3H]-uridine pulses of various duration. The mitochondrial 

fraction had been treated with EDTA, as detail~d in Materials and 

Methods (b), to remove the ·bulk of ribosomes of contaminating rough 

E.R . (Attardi et al . , 1969). It is evident that sucrose gradient 

centrifugation in the Spinco SW25.3 or SW27 rotor with long buckets 

provides a good resolution of RNA components sedimenting slower than 

28 S RNA. One can recognize in the o.n. 260 profile the prominent peak 

(partially pelleted) of 28 S RNA near the bottom of the tube; near the 

center of the gradient there is an 18 S peak (pertaining presumably 

to a small amount of 30 S subunits not removed by EDTA, estimated to 

represent between 10 and 15% of that originally present in the crude 

mitochondrial fraction) , with a shoulder at about 16 S. On the two 

sides of the 18 S peak there are two somewhat smaller peaks at about 

21 S and 12 S, and near the meniscus a pronounced peak at 4 S. A minor 

component not always well resolved and possibly present in variable 

amount can be seen at about 23 S, and it corresponds presumably to the 

shoulder previously observed on the heavy side of the 21 S component in 

the so~ewhat shorter sedimentation runs (Attardi & Attardi , 1969E)· 

After a 15 oin [5-3H]-uridine pulse (Fig. 2a), discrete peaks of 

radioactivity are already clearly recognizable over a high background 

of heterogeneous RNA. One can see a labeled peak at 17 S with . a 

shoulder at about 16 S in correspondence with the shoulder in the 

O.D. 260 profile. The 12 S and 4 S components appear also to be . 

labeled at this time; by contrast, no radioactivity appears to be 

associated with the 21 S component. After a 30 min pulse (Fig. 2b), 
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Fig. 2. Sedi!:1.::::::tC'.tion :patterns of RNA components sedi::::.enting slo•,,rer than 

28 S RNA fron the nitochondrial ·fraction of HeLa cells exposed to 

[5-3H]-uridine pulses of various duration in the absence or in the 

presence of ethidiUI:l bronide. 

2 x 108 F.eLa cells were labeled for 15 r.Un (a), 30 nin (b) , or 

45 ri.in (d) in the absence of ethidiun bro!:lide, or for 30 min in the 
·· -

presence of 1 µg/cl •. ethidium. bror:iici.e (c), with [5-3H)-urid.ine 

(22. 8 C/~·!, 1. 4 µc/rn.l.) . The NIA was extracted. fro;:;i the EDTA-treated 

and isopycnically separated mitochondrial fraction, a.~d run throueh a 

15 to 30% (w/w) s";J.crose gradient in dodecyl so4 buffer in the SW25.3 

Spinco rotor at 25,000 rev./nin for 28 hr at 20°C. 

·· · 0---0, O.D. 260 ; (>---{), cts/nin 
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the three peaks of radioactivity observea ear .ller have become more 

pronounced. The labeled peak sedimentine; behind 18 · s RNA has its 

center now at about 16 S, suge;esting a conversion of the early labeled 

17 S Rl'IA to somewhat slower sedimenting molecules; a shoulder at 18 S 

suggests the initial labeling of this component. If the 30 min [5-3H]

uridine pulse is carried out in the presence of l µg/ml. ethidium 

bromide, the labeling of the 16 S component is completely inhibited, 

unmasking the initial .labeling of 18 S RNA (Fig. 2c). (In a parallel 

analysis it was observed that the 18 S RNA of free ribosomes starts 

becoming labeled at about the same time.) Ethidium bromide also 

inhibits the labeling of the 12 S component and to a great extent 

(by about 81%) that of 4 S RNA; the labeling of the heterogeneous RNA 

is likewise strongly suppressed by the drug, as previously discussed. 

After a 45 min pulse (Fig. 2d), the 21 Sand 23 S components appear to 

be labeled. A~er a 90 min pulse (Fig. 3a), the considerable labeling 

of the 18 S RNA species masks in part the 16 S component, which is 

recognizable now only as a shoulder. A~er this time of exposure of 

the cells to the radioactive precursor, all the labeled components 

in the gradient appear to be alkali-sensitive, thus excluding any 

contribution to the radioactive profile of the incorporation of label 

into DITA. If the 90 min pulse is carried out in the presence of 

0. 04 µg/ml. actinomycin D to block selectively rmIA synthesis (Penman, 

Vesco & Penman, 1968), the 28 S and 18 S RNA labeling is abolished, and 

the 16 S labeled peak stands out clearly (Fig. 3b). Under the same 

conditions, the labeling of the 12 S and 4 S peaks is likewise not 
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affected to eny appreciable extent; by contrast, the labeling of the 

21 S component appears to be greatly reduced. .A different pattern is 

observed if the 90 min [5- 3H]-uridine pulse is carried out in the 

presence of 1 µg/ml. ethidium bromide. As shown in Figure 3c, this 

drug strongly inhibits the labeling of the heterogeneous RNA, and 

abolishes that of the 16 S, 12 S and of most of the 4 S ( l'\,76%) 

components. The label associated with the membrane-stuck 28 S RNA 

appears to be reduced by about 40% under the same conditions, without 

any appreciable decrease in the amount of this component, as judged 

by taking the o.n. 260 of 4 S RNA as a reference. 

Effects of actinomycin D and ethidium bromide similar to those 

described above are observed after a 2 hr and 4 hr pulse (Fig. 4). It 

is apparent from Figure 4c that after 255 min treatment with ethidium 

bromide no 12 S O.D. 260 peak is present in the sedimentation profile of 

mitochondria-associated mrA. ·The lack of a shoulder or a trailing edge 

in the 18 S O.D. 260 peak suggests that the 16 S component has also to 

a great e_xtent or completely disappeared. No obvious reduction in the 

O.D. 260 associated with the 16 Sand 12 S RNA component was, on the 

contrary, observed after 105 .min (Fig. 3) or 135 min treatment with 

ethidium bromide. After a 4 hr pulse the labeling of 28 S RNA was 

reduced by about 47%. 

In a:n experiment in which the effect of ethidium bromide (1 µg/ml.) 

on the labeling of the RNA of the mitochondrial fraction during a 2 hr 

exposure to [5-3H)-uridine in the presence of 0.04 µg/ml. actinomycin D 

was tested, almost 90% inhibition was observed. 
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Fig. 3. Sedinentation pattern of RlTA conponcnts sedi.r:ienting slower than 

28 S RNA from the mitochondrial fraction of HeLa cells exposed to 

(5-3H]-uridine for 90 nin in the absence or in the presence of actinonycin D 

or ethidiiio brortlde. 

2.4 x io
8 

HeLa cells were labeled for 90 min ~ith [5-3H]-uridine 

(22.8 C/rn.H, ·i.4 J.Jc/cl.) in the absence (a) or in the :presence of 0.04 µg/ml. 

· actinonycin D (b) or 1 µg/ml. ethidium bromide ( c). RNA was extracte.ci 

from the_ EDTA-treated and isopycnically separated mitochondrial fraction, 

and analyzed in sucrose gradient as in Figure 2. 

0---0, O.D. 260 ; 0---0, cts/nin; 
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Fie. l+. Scdinentation pattern of R1fA components sedit1enting slower than 

3 28 S RlIA fron the nitochondrial fraction of EeLa cells exposed to [5- H]-

uridine for 4 hr in the absence o~ in the presence o! actinoeycin D or 

ethidiu.~ bromide. 

8 8 5.9 x 10 (a) or 3.0 x 10 (b,c) HeLa cells were labeled for 4 hr 

vi.th [5-3n]-uridir,e (22.8 C/r:J.·~, 1.4 µc/cl.) in the absence (a) or in the 

presence of 0.04 µg/ml. actinonycin D (b) or 1 µg/nl . ethidiu..~ bromide (c). 

RHA was extracted fro::i t!:ie EDTA-treated and isopycnically separated 

~itochondrial fraction and analyzed in 15 to 30% sucrose gradients in 

dodecyl so4 buffe::- (SW27 $pinco rotor with l.59 x 10.16 en buckets, 

25,000 rev./min, 27 hr at 20°c). The cor:i.ponents corresponding to the 

portions of the sucrose gradient pattern (b) indicated by arrows were 

used for reruns (Fig. 5). 

0------0 ·O. D. 260 
3

H cts. /min. 
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The material sedimenting in the 12 S and in the 16 S regions of 

the pattern of RNA from cells labeled for 4 hr in the presence of 

actin~~ycin D (indicated by arrows in Fig. 4b) was separately rerun 

in sucrose gradient under the same conditioni. A~er the rerun, the 

12 S RNA appears as a sharp peak in the expected position relative to 
14~ 

the C-labeled 18 S RNA marker (Fig. 5a). The 16 S component appears 

in the o.n. 260 profile as a pronounced shoulder on the light side of a 

relatively small 18 Speak (Fig. 5b): the 3H-radioactivity profile 

follows fairly closely the o.n. 260 'profile of the 16 S cor:iponent as 

reconstructed by subtracting the contribution of the 18 S RNA, estimated 

fr th 14c d. t. . t tt Th t f 0 D . d om e -ra ioac ivi y pa ern. e amoun o •• 260 associate 

with the 16 S component, as judged from the .second sucrose gradient 

centrifugation pattern and taking into account.the fraction of labeled 

16 S utilized for rerun (about 75%), appears to be similar to that 

pertaining to the 12 S component. In various experiments, the amount · 

of O.D. 260 associated with the 4 S RNA peak was found to be on the 

average 10% higher than that associated with the 12 S component. 

Af'ter denaturation by heat-formaldehyde treatment, the 12 S and 

16 S RNA components sediment in sucrose gradient in the presence of 

formaldehyde as sharp peaks, with the 16 S moving about. 25% faster 

than the 12 S (Fig. 6). By applying the formula relating molecular 

weight of unreacted RNA to sedimentation constant after reaction with 

formaldehyde (Boedtker, 19G8), and neglecting the effects on the 

sedimentation rate of the radial increase in centrifugal force and 

in sucrose viscosity (which would in part compensate each other), it 
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Fig. 5 .. Rerun in sucrose gradient and electrophoretic analysis of 16 S 

and 12 S RNA. 

(a) and (b) The cociponents corresponding to the portions of the 

pattern in Figure 4b indicated by arrows were collected by ethanol 

precipitation and centrifugation, and rerun, in the presence of 14c-

labeled 18 S R!iA fror:i. isolated small subunits of free ribosomes (Attardi 

et al. , 1969) , through 15 to 30% sucrose gradients in dodecyl so4 buffer 

in the SW27 rotor (1.59 x 10.16 co buckets) at 25,000 rev./nin for 

26 hr at 20°C. 0---0, o.n. 260 ; 0----0, 3H cts/nin. 

(c) and (d) T'ne fractions indicated by a double circle in (a) and 

(b) were analyzed by polyacrylanide gel electrophoresis (2.7% acrylanide 

gel) at 5 I:lA per 8. cm gel for 6 hr (16 S Rl!A) or for 4-1/2 hr (12 S RJrA), 

14 . 
in the presence of C-labeled 28 S and 18 S RUA extracted from isolated 

subunits of free ribosomes. e---0, 3H cts/min; 0---0, 14c cts/min 
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Fie;. 6. Sedinentation analysis of J..6 S and 12 S P.1iA under denatUTing 

conditions. 

Purified R!iA components were denatured with fornaldehyde a.'1d ru.'1 

in a sucrose gradient in the presence of fo~aldehyde as specifi ed in 

14 1-!aterials and Methods ( c). C-labeled 18 S RlTA froo. small subu.'1i ts 

of free ribosomes was added 'as a :marker . 

0------0 

0----G 

14c I . cts . min. 

3 . I · H cts . min. · 
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can be estimated that the 16 S RNA would have a molecular weight about 

1.7 times higher than that of the 12 S. 

Rerun in separate sucrose gradients of the material sedimenting at 

23 S and at 21 S in the pattern of 4 hr-labeled RNA showed, respectively, 

a clear 23 S O.D. 260 peak with a small amount of non-resolved 21 S on the 

light side, and a fairly sharp 21 S O.D. 260 peak with a shoulder on the 

light · side corresponding to residual 18 S RNA" (not shown). The 

sensitivity to drugs of the labeling of these components, in the 

experiment shown in Figure 4, could be better evaluated after rerunning 

them in sucrose gradient. Ethidium bromide reduced the labeling of the 

23 S component by about 43% (as estimated in correspondence of the two 

peak fractions), whereas the labeling of the . 21 S component appeared 

to be somewhat less affected (about 28%). The labeling of the 28 SP.NA 

after a 4 hr pulse, as measured after a second sucrose gradient 

centrifugation, was inhibited by ethidium bromide by about 47%. In 

the presence of 0.04 µg/ml. actinomycin D, the labeling of the 23 S 

and 21 S RNA appeared to be incompletely suppressed (by about 70% in 

correspondence to the two peak fractions) as judged from the rerun 

patterns. 

Table 2 shows the speci'fic activities of various discrete RNA com-

ponents from the EDTA-treated mitochondrial fraction of HeLa cells after 

different ti.I!les of labeling with [ 5-3H ]-uridine or 32P-orthophosphate. I.t 

appears that the 12 S and 4 S RNA become labeled much faster than the 28 S 

and 18 S RNA, with the specific activity of the 4 S RNA being significantly 

lower than that of the 12 S component. An ana1ysis of the distribution 
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Table 2 

Specific activities of discrete RNA components from the 

mitochondrial fraction and the free nonomer-nolvso~e fraction of 

HeLa cells after different labeling times 

RNA com
ponent 

Hi tocho:icrial 
Fraction 

12 s 

4 s 

18 s 

28 s 

Free monor:ler
Polyso:::e . 
Fraction 

28 s 

3
45 min 

[5- H]..,.uridine 

0.73 

0.51 

0.12** 

0.013** 

Cts/min/O.D. 260 unit x 10 -5 

l 390 min 3
240 rnin . 

i [5- H]-uridine [5- H]-uridine 
I 
I 
i 
I 

I 
I 

I 2.52 3.90 
1.99"* · 4.54* 

1.68 3.12 
1.35* 3~25* 

0.97** 1.95** 

0.63 1.64 

* culture treated vith 0.04 µg/ml. actinomycin D 

** culture treated with 1 µg/ml. ethidium bromide 

I I i320 min 
j 32P-ortho-

phosphate 

2.36 

2.14 

2. 07 

2.09 

2.08 
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Legend for Table 2 

The data pertaining to discrete ill~A components of the mitochondrial 

fraction were derived from the experiments illustrated in Figures 2, 3, 

4 and 8 and from an experiment utilizing HeLa cells labeled for 45 min 

with (5-3H]-uridine (under the sa.r:ie conditions described in Fig. 2b) in 

the pre·sence of l µg/ml. ethidiun bromide. The 28 S RHA from the free 

monomer-polysone fraction was isolated as described in Fig. 9b . In the 

240 min and 1320 min labeling experiments , the specific activity was 

deterr.i.in'7ci on the discrete components purified by a second cycle of 

sucrose gradient centrifugation . 
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of radioactivity among the alkaline digestion· products of 4 S PJ!A 

labeled during 15 1:l.l1d 30 min [5-3H]-uridine pulses showed thut about 

91% and, respectively, 85% of the label was associated with uridylic 

acid and therefore did not result from turnover of the -CCA end of tRNA 

components: the situation is thus analogous to that described for 

cytoplasmic 4 S RHA in HeLa cells and other cell types (Bernhardt & 

Darnell, 1969). A~er 22 hr exposure to 32P-orthophosphate, in the 

presence of sufficient unlabeled phosphate to allow normal growth 

(Fig. 8), the specific activity of 4 S RNA has becoP'l.e substantially . 

equal to that of the 18 and 28 S Tu\fA of the mitochondrial fraction and 

of 28 S RNA of free polysomes, while the specific activity of 12 S RNA 

. is still slightly higher (10 to 15%). The specific activity of the 

16 S Tu\fA component behaved similarly to that of 12 S RNA, although it 

was not analyzed in detaiL 

Figure 7 shows the kinetics of labeling of the 16 S, 12 S a.'1d 

ethidium bromide-sensitive 4 S components during 4 hr exposure of HeLa 

cells to [5-3H]-uridine. The amount of radioactivity in the 16 S and 

12 S RNA species was .estimated from the _control sedimentation patterns 

for labeling times up to 45 min and from the patterns pertaining to 

a.ctinomycin D-treated cells for longer times. ~t appears that a~er a 

short initial lag the radioactivity incorporated into the three discrete 

components increases approximately linearly during the first 90 min, 

then at a slower rate up to 240 min (presumably due to exhaustion of 

the exogenous labeled precursor (see accompanying paper)). _The 

labeling of the three discrete components proceeds in time in a 
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Fig. 7. Kinetics of labeling of 16 S, 12 Sand ethidiU!!l bror:iide-sensitive 

4 S RNA fron the r:iitochondrial fraction of the HeLa cells exposed to 

[5-3H]-uridine pulses of various duration. 

The data are derived fron the experiments shown in Figures 2 (a,b,d), 

3b, 4b, and two other 4 hr pulse experinents •. For the deteroination of 

the radioactivity associated with each discrete species a baseline was 

drai,.m fron the 28 S region of the gradient to the furrow near the ~eniscus 

and the profiles of the 16 S and 12 S P.liA reconstructed, as exemplified 

in Figure 3b; the validity of these deterninations was verified in sone 

expcrinents by rerun in sucrose gradient of the individual conponents. 

For 4 S RliA, only the fraction of radioactivity sensitive to ethidium 

bromide was plotted. The, data are r.ormalized for variation in the 

recovery of the mitochondrial fraction on the basis of the O.D. 200 

associated with 4 S RNA. 

e-e, 12 S IDIA; 0"'."--0, 16 S RiiA; A-.-J:i., ethidiu."!l bromide sensitive 

4 S Rl\A 
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proportional fushion (with the labelinr; of the 16 S RHA being almost 

equal to that of the 12 S RIIA and the labeling of the ethidi um bromide-

sensitive 4 s component being 60 to 70~[ of the sane) and extrapolates 

back to approximately the same initial time (5 to 8 min). 

(c) Nucleotide composition of discrete RNA co~nonent~ 

from the oitochondrial fraction of HeLa cells 

In order to deterI!line the 32P-nucleotide composition of the various 

discrete components detected in the sedimentation pattern of RNA from 

the mito~hondrial fraction of HeLa cells, and also to establish whether 

and to what extent these components are methylated, exponentially 

growinr, cells were exposed for 22 hr to [ 3H-methyl]-methionine and 32P-

orthophosphate in medium containing sufficient cold methionine and 

unlabeled phosphate to allow normal growth, in the absence (Fig. 8) or 

presence of 0.04 µg/ml. actinomycin D. To minimize the labeling of 

the purine rings arising from the contribution of the 3H-methyl groups 

of methionine to the Cl-carbon pool, adenosine and guanosine were added 

-4 4 at a concentration of 10 M to the growth medium for 2 hr prior to 

exposure to the isotopes and during the labeling period. A~er 22 hr 

exposure of the cells to 32P-orthophosphate, alnost all the label in 

the sedimentation profile of RNA from the EDTA-treated mitochondrial 

f'raction (Fig. 8) was found to be alkali-sensitive. The proportion 

of alkali-resistant 32P (presunably in DNA) was about 3% in the 28 S 

region, 7% around 18 S, 6% in the 12 S region and less than 0.1% in the 

4 S region. After 22 hr labeling with 32P-orthophosphate in the 

presence of 0. 04 µg/ml. actinor::ycin D, the 16 S, 12 S, and 4 S IDJA were 
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Fig. 8. Sedinentation pattern of RNA components seci.i~enting slo\..'er than 

28 S RHA fron the nitochondrial fraction of HeLa cells labeled for 22 hr · 

~ 32 
with [JH-methyl]-methionine a.~d . P-orthophosphate. 

HeLa cells (which had been grown for 24 hr in the presence of 

-4 . -4 
10 2·1 adenosine and 10 H guanosine) were exposed for 22 hr, under the 

conditions speci:!'ied in l·!aterials and ~1ethods (a)' to [ 3n-nethyl ]-

. 32 . I:lethionine and P-orthophosphate. The RNA •ms extracted fro::::i the 

EDTA-treated and isopycnically separated mitochondrial fraction, and 

run through a 15 to 30% (w/¥) sucrose gradient in dodecyl so4 buffer in 

the SU27 Spinco rotor (1.59 x 10.16 en buckets) at 25,000 rev./uin for 

25 hr at 20°C. 'The fractions corresponding to the 28 S, 23 S, 21 S, and 

12 S components {indicated by arrows) were collected by ethanol precipi-

tation and centrifugation and rerun in sucrose gradier.t under the same 

conditions speci~ied above. (Centrifugation time was 23 hr.) (Inserts). 

All the 32P data are corrected for decay to the same counting date. The 

spilling over o~ 32p cts /cin into the 3n cha.rm el was 0. 3-0. 4 % • 

The components sedir::enting in the 1 to 7 S region (indicated by 

arrows) were utilized for electrophoretic analysis (see Fig. 9a). 

32 3 A---A, O.D.260 ; 0---0, P cts/min; e--¢, 5 cts/min 
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the main radioactive components in the sedimentation pattern of Rl'TA 

from the crude r:ti toc:1ondrial fraction. The amount of label associated 

with 16 S and 12 S components, as determined after rerunning them in 

sucrose gradient, was approximately equivalent. 

Table 3 shows the 32P-nucleotide composition of the discrete RNA 

components purified by two consecutive cycles of sucrose gradient centri

fugation. For comparison, the previously det·ermined 32P-nucleotide 

composition of pulse-labeled mitochondria-associated heterogeneous RNA 

is also given in Table 3. It .appears that the 16 Sand 12 S components 

have a base co:r.iposition which is similar to that of the heterogeneous 

RBA. The 21 S and 23 S RNA, on the other hand, have a base composition 

of the high GC type, fairly similar to that of 28 S RNA present in the 

mitochondrial fraction. Notice that the major nucleotide composition 

of the latter RNA species is indistinguishable from that of the 28 S 

RNA from the free monomer-polysome fraction and that previously reported . 

for total HeLa cell 28 S RNA (Amaldi & Attardi, 1969). Also shown in 

Table 3 is the base composition of the 4 S RNA purified by polyacryl-

amide gel .electrophoresis of the low molecular weight components of RNA 

32 from the crude mitochondrial fraction of long-term P-labeled cells 

and, for comparison, the base composition of the 4 S RNA purified from 

cytoplasmic ribosomes (Fig. 9). Mitochondria-associated 4 S RNA has a 

nucleotide composition characterized by relatively high A and U. content, . 

which resembles that of the .16 s, 12 S, and 32P-pulse~labeled hetero-

geneous RNA (though differing from it significantly for the high U 

content). Clearly distinct from the base composition of 
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Legend for Table 3 

The fracti ons corresponding to the 28 S (1-4) , 23 S (10-13) , 21 S 

(14-18), and 12 S components (32-37) in the pattern of Figure 8, and the 

fractions corresponding to the 16 S and 12 S components in the sedi-

mentation pattern of RHA from the mitochondrial fraction of HeLa cells 

labeled for 22 hr with [~-methyl]-methionine and 32P-orthophosphate 

(see Materials and Methods (a)) in the presence of 0.04 µg/cl. 

actinomycin D were collected by ethanol precipitation and centrifugation, 

and rerun through 15 to 30% sucrose gradients in dodecyl so4 buffer in 

the SW27 rotor ( 1. 59 x 10 .16 cm buckets) at 25, 000 rev. /min for 23 hr 

at 20°C. After determ.ination of the 3H and 32P acid insoluble radio-

activity profiles (Fig. 8, inserts), portions of the peak tubes were 

used for alkali digestion and nucleotide composition analysis, as 

previously described (Attardi ~al., 1966). The· 4 Sand 5 S fron the 

I:J.itochondrial fraction and from free ribosomes utilized for nucleotide 

composition analysis were isolated by polyacryla.mide eel electrophoresis 

of the low molecular weight components (up to about 7 S) of the sedi

mentation patterns (Fig . 9a and 9b). The 28 S rurA i'rorn the free 

monomer-polysone fraction was is~lated as described in Figure 9b. 

The per cent of methylated nucleotides was calculated from the 3H 

to 32P ratios and from the known content of methyl groups of cytoplascic 

28 S RUA (Brown & Attardi, 1965) (see text). No correction was made 

for the small proportion of alkali-resistant 32P cts/min. 
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Legend for Table 3 (cont.) 

*corrected for decay of 32? and for differences in 3..tl counting 

efficiency between samples acid-precipitated, collected on Millipore 

membranes, and counted in toluene-POP-POPOP and gel electrophoresis 

samples counted directly in Bray's solution. 

** Brown & Attardi (1965). 
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Fig. 9. Electrophoretic analysis of low molecular weight Rl~A conponents 

from the mitochondrial fraction and from the free ribosome-polysone 

fraction of HeLa cells "labeled for 22 hr with [3.E-methyl]-oethionine and 

32P-orthophosphate~ 

(a) The conponents sedir.enting in the 1 to 7 S region of the gradient 

in the pattern shown in Figure 8 were collected by ethanol precipitation 

and centrifugation and analyzed by ·polyacrylarnide gel electrophoresis· 

(10% acrylar:Ude gel at 5 o.A) for 3 hr. 

(b) RHA was extracted fron the free mononer-polysome fraction from 

the sone experinent and analyzed in sucrose gradient as in Figure 8. 

The components sedir!ienting in the 1 to 7 S region of the gradient were 

collected by ethanol precipitation and centrigugation and analyzed by 

polyacrylazi.de gel electrophoresis as in (a). 

0----0, 
3H cts. /min. 0---0, 

32
P cts. /min. 
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mitochondria-associated 4 S Rl1A is the base conposition , of high GC type, 

of the 4 S RHA associated vi th cytoplasmic ribosomes, which is ver-J close 

to that previously reported for 4 S rurA from the soluble fraction of 

HeLa cells (Hatlen, Amaldi & Attardi, 1969). 

As appears in Figure 8, the sedimentation profile of 3H-labeled 

RHA shows, besides three major peaks pertaining to 28 S, 18 S and 4 S 

RlIA, :ninor peaks in correspondence with the 23 S, 21 S, and 12 S mu1 ... 

In the Rl·!A from actino:m,,vcin D-treated cells, the 16 S, 12 S , and 4 S 

species are clearly labeled with 3H. ':::'able 3 shows the 3H to 32P ratio 

found in various discrete R:IA com:!Johents, separated by sedir.:entation 

velocity in sucrose gradient (Fig. 8) or by polyacrylar'.ide Bel electro-

phoresis ( l+ S and 5 S, Fig. 9), from the mitochondrial fraction and 

from the free ribosome-polysorr.c fraction. Tio detectable 3H-radioactiv-

ity was found to be associated with 5 S R:IA from. either free ribosomes 

or the :mitochondrial fraction (Fig. 9): this .result is in ar;reenent 

with the absence of r:iethylation in this RHA species (Hatlen, Jl..naldi & 

Attardi, 1969), and, furthernore, indicates that the labeling of the . 

purine rings has been completely prevented in nresent experiments 

by the addition of adenosine and guar.osine to the nediu:n. ?rom the 

reported :nethyl content of total 28 S f:IIA fr~ !:eLa cells, which is 

r.1ainly derived from the free r::ononer-polyso::1e fractio:-i ( 1. 4 per one 

hundred nucleotides (3ro'..m & Attardi, 1965)), the ~ethyl content of 

the different discrete conponents could be esti~ated. The 28 S P~IA 

fror:i the nitochondrial fraction is nethylated to the sa.r:ie extent as 

the 28 S PJ<A from free riboscnes, ~hile the 23 S and 21 S co::npcnents 
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appear to be somewhat less methylated. 'I"ne level of methylation of the 

12 S PJiA and 16 S Eli.JI. was found to be about two-thirds of that of 28 S 

RNA from the nitochondrial fraction; the level of methylation of the 

12 S RNA from the actinonycin-treated cells appeared to be significantly 

higher than that from the control cells. '.:.'he estimated average methyl 

group content of 4 S RliA from the free ribosome-polysome fraction is 

10.l per one hundred nucleotides, whereas the mitochondria-associated 

4 S appears to have less than one-half as many methyl groups. The 

distribution of methyl groups a.r.i.ong the four major nucleotides separated 

by Dowex l-X8 chromatography was found to be substantially different in 

cytoplasmic and mitochondria-associated 11 S P.HA. 

( d) Electronhoretic mobilities of discrete R~U. cor.monents fron 

the mitochondrial fraction 

In order to clarify the relationship between the discrete RIIA 

species detected in the present work by sedimentation analysis and 

those previously described in the electrophoretic pattern of 

mitochondria-associated P.lIA from He La cells (Vesco & Penman, 1969.~) 

and Xenon us cells ( Dawid., 1969), individual co.'!lponents isolated by 

two cycles of sucrose gradient centrifugation were analyzed by poly-

acrylanide gel electrophoresis. As shown in Figure 5c, the RNA 

species sedinenting at 12 S moved through the. 'gel at the same rate 
'i 

as the species which had been previously designated as "12 S" on the 

basis of its electrophoretic mobility relative to that of the 18 S and 

28 S rR!IA markers (Vesco & ?enman , 1969.~). On the contrary , the 16 S 

RNA component of the sedi~entation pattern appeared to move through 
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the polyacrJlamide gel slightly behind the 18 S RNA marker, that is, 

slower than expected from its sedir.wntation behavior , although not 

so slow as the 11 21 S" electrophoretic component previously described 

(Fig . 5d). An inverse relationship between logarithn. of molecular 

weight and electrophoretic mobility has been shmm to hold for various 

RNA species (Bishop, Claybrook & Spiegelman, 1967). Assuming molecular 

veights of 1.65 and 0.65 x 106 , respectively, for the 28 S and 18 S HNA 

from HeLa cells (Petermann & Pavlovec, 1966), and excluding conform.a-

tional influences, the molecular weights of the 16 S and 12 S species 

t . t d t b 0 7 io6 d 0 4 i~ 6 . t. . l were es ima e o e • x an • x u , respec ive y. 

The 23 S RliA detected in the sedirnentaticn pattern of FJIA from the 

uitochondrial fraction (Fig. 4a) and purified by a second cycle of 

sucrose gradient centrifugation was found to move in gel electrophoresis 

like a fairly honogeneous cor:iponent with a molecular weight of about 

6 
1. 3 x 10 • The 21 S RNA of the sedirr:entation analysis (Fig. 4a), 

equally rerun in sucrose gradient, moved in the gel as a broad band 

partially resolved into two components present in approxinately equal 

6 amounts and corresponding to molecular weights of about 1. 0 x 10 a."1d 

. 6 
0.9 x 10 • Analysis by gel electrophoresis of the 21 S !tHA from cells 

. . 

labeled with 32?-orthophosphate and [ 3H-~ethyl]-methionine (Fig. 8) 

showed that these two components of different electrophoretic mobility 

have a different degree of methylation, wi~h the faster ~oving con-

ponent containing about twice as many methyl groups per unit length 

as the slower noving one. 
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Analysis by polyacrylar:lide gel electrophoresis of the low molecular 

weight filjA components from the ni tochonclrial .fraction of cells labeled 

with 32P-orthophosphate and [ 3H-methyl]-methionine (Fig~ 8) showed a 

prominent methylated peak and a sr.iall slower moving non-r.icthylated 

component (Fig. 9a); some heterogeneous methylated components moving 

more slowly than the main pea.~ and spread up to the origin could also 

be seen. The electrophoretic pattern obtained with low molecular weight 

c~~ponents fron free ribosorees (Fig. 9a) showed also a ~ajor methylated 

CO.'":lponent corresponding to tKTA and a ninor non-!'.lethyla.ted co::::ponent 

corresponding to 5 S mu~, in agreen:ent ;;i th previously reported findings 

(Y.night & Darnell, 1967; Weinberg & Per.nan, 1968; ~~atlen et al., 1969). 

'Ync absence in this pattern of the 28 S-associated s~all molecular 

weight RITA (Pene, Y..ni12:ht & Darnell, 1968) is presur:iably due to the use 

in the present work of cold phenol extraction, i.e. conditions of 

extraction under which this RHA species, which is normally hydrogen 

bonded to 28 S PJ.TA, remains associated with it. On the basis of their 

electrophoretic cobilities, as conuared to those of the cytoplasmic 

conpor.ents, the small non-~ethylated component in the nitochondrial 

fraction appears to be 5 S ?~U~, while the najor methylated pea}: 

represents a class of molecules of average size corresponding to 

4 S R?iA. Notice the considerably lower de(Sree of methylation of this 

R:l"A component a.s conpared to cytoplasr:iic tRiiA (see Table 3). 
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(e) Influence of the conditions of nreparation of the mitochondrial 

fraction on the characteristics of the extracted P.N'A 

'.i'he similarity in kinetics of labelinr,, response to drugs, and 

nucleotide cor.lposition between the 23 S and 21 S components and the 28 S 

RHA suggested the possibility that these minor components resulted. fro."'.l 

degradation of 28 S RlIA occurring during the long manipulations re o..uired 

for the isolation of the mitochondrial fraction. Likewise, the apparent 

lo.ck of eq_uinolari ty in a.mounts and rates of synthesis of 16 S and 12 S 

·RNA could conceivably result from de p,radation processes. Also the dis

crepancy in electrophoretic mobility between the 16 S PJ·lA described in . 

the present work and the previously described "21 8 11 electrophoretic 

component could possibly be ascribed to the same cause. Therefore, the 

effect on the characteristics of the extracted RNA of changing the pro

cedure of isolation and treatment of the mitochondrial fraction was 

investigated. Shortening drastically the isolation procedure by usin~ 

a ccntrifur,ation of much shorter duration (90 min at 81,300 x g instead 

of 17 to 19 hr at 52,000 x g) did not change appreciably the types or 

the relative proportions of the discrete components revealed in the 

sedimentation analysis (Fig. lOa). Likewise, elimination of the EDTA 

treatment of the mitochondrial fraction had no appreciable effect on 

the sedinentation pattern of RHA, apart from the presence of larger 

amounts of 28 S, 18 S and 4 S rmA, the excess of 18 S PJ'U\ resulting in 

a partial masking of the 21 S cooponent (Fig. lOb). Omission of the 

isopycnic centrifugation step (Fig. lOc) did, on the contrary, result 

in a.~ apparent decrease in the ·21 S co~ponent, which was also, in some 
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Fig. 10. Sedimentation patterns of RUA components sedllienting slower 

than 28 S RUA :Cron the mitochondrial fraction isolated under differe?t 

conditions from HeLa cells exposed to [5-3H]-uridine for 4 hr in the 

presence of 0.04 µg/ru. actinomycin D. 

In (a) and (b) the mitochondrial fraction was separated by differen

tial centrifugation, and then subjected to a short (90 ~in) isopycnic 

centrifugation in sucrose eradient with (a) or without (b) 'uretreatment 

with EDTA; in (c) the nitocnondrial fractio::-i isolated by differential 

centrifugation ....,.as treated witn 0.03 H ED'l'A and, after pelletine;, 

utilized immediately for RliA extraction. P11A was extracted from the 

three fractions and analyzed in sucrose gradient as in Figure 8. 

0---0, o.n.260 ; 0----0, cts/min 
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experir:ients, less well resolved. Furthermore ) the ratio of radioactivity 

in the 16 S to that in the 12 S component was higher under these conditions, 

varying between 1.2 and 1.4 in different experiments. However, the 

sedimentation properties of these co~ponents was not in the least 

affected. Likewise, the electrophoretic nobility of the major component 

(16 S) relative to the 18 S R!iA marY.er remained absolutely unchanged. 

4. Discussion 

The results previously reported from this laboratory (Attardi & 

Attardi,. 1967, 1968, 1969~,h; Attardi et al., 1970) have clearly indi-

cated the' occurrence in the sedir;:entation pattern of Rl!A fron partially 

purified mitocn.ondria of EeLa cells of rapidly labeled heterogeneous RllA . 

· with sedimentation constants up to 50 S or more, and of discrete mm. 

components. Evicience from R?~A-m1A hybridization experiments has pointed 

to mi t-mrA as the template of the rapidly labeled heterogeneous RITA and 

of some of the discrete cor:moner:its (Attardi & Attarcli, 1969a,b; Attardi 
~ - -

et al. , 1970). The purpose of this work has been to obtain further 

evidence concernir.g the origin of the RNA components present in the 

mitochondrial fraction from HeLa cells, and to try to clarify the 

relationship bet-ween the discrete RIIA compor.ents recognizable by secii-

mentation analysis and the electrophoretic R:~A components described in 

other laboratories (Vesco & Penman, 1969~,E.; Da~id, 1969). 

(a) Origin of mitochondria-associated ranidlv labeled 

heterogeneous PJIA 

The al!:lost complete sensitivity to ethidiU!!l br~~ide, in short-term 

experinents, of the labeling of :r:Utochondria-associateci heterogeneous 
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RllA na.y reflect a direct effect of this drug on the transcription of a 

closed circular DIIA template: in fact, this intercalating dye is known 

to distort the structure of supercoiled circular DHA (Radloff, Bauer &. 

Vinograd, 1967; Crawford & Waring, 1967; Bauer &. Vinograd, 1968). If 

this interpretation is correct, the selective inhi"oition by ethidium 

bromide of the labeling of the mitochondria-associated heterogeneous RNA 

provides additional support for the view that tJ.i t-D:;A is the tetJ.plate 

involved: this view had been previously strongly suggested by the linear 

kinetics of labeling of this PliA fraction, its association with struc-

tures having, tlle sa.tJ.e sedinentation velocity and density distribution 

in sucrose gradients as T'litochondria, its base co::i.position cocipler::en-

tarity to the transcriptionally active heavy tJ.it-D:!A strand, and its 

capacity to hybriG.ize with n:i t-D;;A (Attard.i & Attardi, 1967, 1968, 1969_§:.; 

Attardi et al. , 1970; see also following paper). Also consistent with 

this conclusion is the lack of appreciable effects on the pulse labeling 

of this RlIA of concentrations of actinomycin D which inhibit conpletely 

the synthesis of rRNA and to a great extent the arrival in the cytoplasm 

of mlliIA of free polysomes (Attardi & Ojala, in preparation). The al~ost 

cor:1plete sensi ti vi ty to et hi di urn bronide of the pulse-labeled P.2IA from. 

the mitochondrial fraction observed in the present work suggests tl1at 

this fraction, as prepared here, is substantially free f'r~~ contanina-

ti on by RITA leaked fron the nuclei or by !luclear :::~ragr:ients, Also 

after 2 hr exposure to [ s-3P.]-uridine in the presence of O. 04.. µg/ml. 

actinor.:ycin D, the labeling of the Rl1A of the ni tochondrial fraction was 

found to be inhibited by ethiciun bromide to the extent of about 90~. 
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A considerably lower sensitivity to this drug had been previously 

reported for the labeling, during a 2 hr exposure to [ 3H]-uridine, 

of heterogeneous R!IA corrponents present in the mitochondrial fraction 

f'ron He La cells ( Zylber et al., 1969): this is possibly due to the 

conta..":lination of this fraction by nuclear na.terial. 

(b) Discrete RlIA com:::ionents "Dre sent ir. the !:li tochondrial fraction 

A considerable resolution of the discrete R:TA species "Dresent in 

the RITA fror:i. the nitochoncb:'ial fraction of HeLa cells was achieved in 

the pres~nt wor-k by sedir::entation analysis in the Spinco SW25.3 or 

SW2'{ rotor with long buckets. 

(i) 16 S, 12 s, and 4 S ?.Tit. 

The 16 S a.'1d 12 S Rl'JA detected in the sedir::entation pattern of 

mi tochond.ria-associa.ted R1JA from HeLa cells, on the basis of their size, 

nucleotide conposition, kinetics of labeling and response of their 

synthesis to drugs, appear to be distinctive conponents of the mito

chondrial fraction. ?heir major nucleotide composition is clearly 

different · fror.i that of r:mA and, on the contra...ry, closely related to 

that of the 32?-pulse-labeled heterogeneous ~1i tochondria- associated RITA: 

as is discussed in t!1e accor·,panying paper, this base composition is 

ccnplementary, as concerns the A and U content, to that of the heavy 

strand of :r.iit-DNA. 

The 12 S and 16 S PJTA detected in the present work by sedinentation 

analysis appear to correspond to the 11 12 s" and 1121 S11 FlTA previously 

described in the electrophoretic patterns of RITA fron crude mitochondrial 
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fractions of HeLa cells (Vesco & Penman, 1969.~) and Xenouus cells 

(Dawid , 1969). The kinetics of labeling of the 12 S and 16 S species, 

.the actinor:JYcin resistance and ethidium bromide sensitivity of their 

synthesis, and their base composition strongly support this identifica-

tion. However, the large RHA species (16 S) has been shown in the 

present experiments to possess a so:cewha.t greater electrophoretic 
; 

mobility than that observed for the "21 S" RNA, moving just behind the 

18 S RiU1. nark.er. It can be reasonably excluded that degradation phen002-

ena during extraction are responsible for this difference, since this 

was . observed even after im.'D.ed.iate extraction of mrA frcm the :r'.li tochon,... 

dricti fraction separated by differential centrifugation (Results, e). 

It should be mentioned that in cultured Golden and Chinese hamster cells 

the corresponding mu~ component has been found to move in gel electro-

phoresis very close to the 18 S m;Ji. narker (Vesco & Penman, l969E._; Dubin 

& lfontenecourt, 1970). Since it seems unlikely that mrA species pre-

sunably homologous should have a....'1 eq_ual size in· f.eLa cells and Xeno'!1us 

cells, as judged from the previously reported electrophore.tic nobilities 

(Vesco & ?ennan, 1969~; Dawid, 1969), a.~d a smaller size in h&~ster 

cells , it is possible that the disGrepancy is due to so~e unrecognized 

factors which influence the electrophoretic w.obili ty of this RlJA 

component in polyacryla:nide gels. It should be ~entioned that in a 

more recent work (Zy:l-ber et al., 1969), the "21 S" electrophoretic 

cor:.ponent of EeLa cells was fow1d to move r:i.uch closer to 18 S PJIA than 

originally reported. The cited authors also found that ' the 11 21 S" 

conponent sedinents in sucrose gra.ciients slo1;er than predicted by 

electrophoretic analysis (in the 13 S region). 



A second discrepancy is that, in contrast to what had been reported 

for the "12 S" and "21 S" electrophoretic components, the 12 S and 16 S 

RllA were found in the present work to be methylated, though to a lesser 

extent than the 28 S RNA. The absence of 5 S RNA labeling by [ 3H-methyl]-

methionine indicates that no detectable labeling of the purine rings 

occurred under our experimental conditions. Furthermore, the observation 

that the 16 S and 12 S RliA, synthesized in the presence of a concentra-

tion of actinomycin D which blocks completely rRNA synthesis , are 

methylated excludes that the apparent methylation of these species 

results fro::i breakdo·wn products of 28 S or 18 S RHA cosedimenting with 

non-methylated components. Also in the non-drug-treated cells, the 

base composition and methylation level of 12 S RNA and t he uniform 3H 

to 32P ratio over the whole 12 S peak rerun in sucrose gradient 

(Fig. 8) argue against the presence of a methylated conta."llinant of rPlIA 

origin. The difference in the apparent :r.iethylation level of 12 S from 

actinomycin-treated cells as compared to the 12 S from control cells may-

be due to a different specific activity of the nucleoside.triphosphate 

precursors under the non-growing conditions induced by the drug .treat-

ment. The reason for the discrepancy between our results and those of 

Vesco & Penna.n is not known, although the· quite different conditions 

of labeling used by the cited authors (higher cell concentration and 

very high level of 32P-orthophosphate in the medium, which would not be 

expected to allow norr.ial growth) may be responsible for it. In the 

32 present experinents, the control cells exposed to P-orthophosphate 

and [ 3H-methyl]-methionine duplicated normally during the 22 hr labeling 

period. 
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The 12 S and 16 S species detected in the present work appear to 

correspond to the unresolved "17 S" PJrA found by Dubin (1967) in the 

mitochondrial fraction from cultured hamster cells treated for a long 

time with a low dose (O.l µg/ml.) of actinomycin D, and which has been 

recently shown to.consist of two components having sedimentation and 

electrophoretic properties similar to those reported here (Dubin & 

· Montenecourt, 1970) • . It should be mentioned that this "17 S" was found 

14 -4 to be labeled with [ · C-methyl ]-methionine (in the presence of 10 M 

-4 ) adenosine and 10 M guanosine , although to a lesser degree than the 

16 S and 12 S RHA were labeled with [ 3H-nethyl]-methionine in the 

present work, suggesting a low level of methylation. 

A discrepancy between sedimentation and electrophoretic properties 

similar to that observed here for the 16 S RNA has also been reported 

by others for mitochondrial rRNA species of lower eukaryotic cells 

(Halvorson, Horimoto, Scragg &: Nikhorocheff, 1970; Edelman, ·verma & 

Littauer, 1970), and is presumably due to the less compact conformation 

of these species as compared to the rRNA markers. It is likely that 

the molecular weight determined on the basis of electrophoretic mobility 

reflects more closely the actual size of these R!iA species than the 

sedimentation rate, although a ~light tendency to overestimate the size 

by gel electrophoresis has been observed for illIA species with a low GC 

content (Loening~ 1969). On the basis of their electrophoretic 

mobilities, the molecular weights of the 16 S and 12 S species were 

. 6 6 
estimated to be 0.7 x 10 and 0.4 x 10 , respectively. Analysis of the 

sedimentation behavior of these species under denaturing conditions 
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indicated that they are represented by continuous polynucleotide chains . 

From their relative sedimentation velocity after formaldehyde treatment 

a ratio of molecular weights of about 1. 7 was calculated for the two 

species , in agreereent with the ratio of sizes estimated on the basis of 

electrophoretic mobilities. 

Under the ordinary conditions used in this work for the preparation 

of the mitochondrial fraction , involving isopycnic centrifugation in 

sucrose gradient , the 16 S and 12 S RNA were recovered in approxir::ately 

equal amounts, as judged from the o.n.
260 

pertaining to the two com

ponents run twice in sucrose gradient , or from the radioactivity 

associated with them after long-term labeling in the presence of low 

doses of actinomycin D; also their rates of synthesis were apparently 

about equal, as estimated from their labeling during [5-3ttJ-uridine 

pulses up to 4 hr. Similar results had been previously reported by 

Vesco & Penman (1969.~) for the 11 21 S" and ·"12 8 11 electrophoretic 

components. That, however , these results may be due to a partial 

degradation or loss of the 16 S component is suggested by the observation 

that direct extraction of RNA from the crude mitochondrial fraction 

isolated by differential centrifugation consistently yielded 16 S :RNA 

in appreciably higher yield relative to the 12 S Rl'iA than observed 

under the ordinary preparative conditions . The ratio of label in the 

two species after a 4 hr pulse was , in different experiI:l.ents , 1 . 2 to 1. 4: 

on the basis of the molecular weight estimates derived from the 

electrophoretic mobilities of the two PJTA components (0. 7 x io
6 and 

o.4 x 106) , this would correspond to a molar ratio of 0.70 to 0 . 80. 
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These observations suggest, therefore, that the two RUA species are 

synthesized in the cell in equimolar amounts. 

We have confirmed the observation by Zylber et al. (1969) that the 

12 S RHA and probably also the 16 S RNA have a fairly short half-life 

in the mitochondrial fraction in the presence of ethidium bromide. 

However, that the decay of these species under such conditions is, in 

part,a consequence of the aonorroality induced by the drug 

treatment is suggested, in the first place, by the lack of any obvious 

decrease in the ar.1ount of 12 S and 16 S after 105 or 135 min treatment 

with ethidium bromide, as opposed to their complete, or . aL~ost so, 

disappearance after 255 min exposure to the drug; in the second place, 

by the observation that the specific activity of the 12 S Tu.l'A after 

32 22 hr labeling with P-orthophosphate was only slightly (10 to 15~;) 

higher than that of 28 S RHA and 18 S P~A. Considering that a species 

with a physiological turnover as fast as that indicated by its complete, 

or nearly complete, disappearance after 4 hr ;ethidiUI:l bromide treatment 

would have after one cell duplication almost twice as high specific 

activity as the stable rRNA species, our results suggest that the 12 S 

RNA and, presumably, also the 16 S RNA have a fairly long lifetime in 

the mitochondrial fraction. The kinetics of labeling of the 16 S and 

12 S RNA species observed in the present work and that of "21 S" and 

1112 S" electrophoretic components observed by Vesco and Penman (1969) 

also indicate a relative stability of these species. That, however, 

the 12 S and 16 S R...~A species do have a certain turnover is suggested 

by the conparison of their labeling with that of the mitochondria-

associated 4 S ffiiA. The latter has been previously reported to be 



121 

metabolically stable (Zylber & Pennan, 1969; Y.night , 1969); in agreement 

vith this finding , the specific activity of this component after 22 hr 

labeling with 32P-orthophosphate vas found to be substantially equal to 

that of the stable rRNA species. In the present work, the specific 

activity of the mitochondria-associated 4 S rurA, both after relatively 

short pulses and after 22 hr labeling, was found to be significantly 

lower than that of the 12 S co.r:iponent . 

The initial faster labeling of the 16 S, 12 S , and 4 S RNA as 

cor:ipared to the rRNA components of the crude mi tochond.rial fraction 

reflects their synthesis in situ as contrasted with the arrival from 

the nucleus of the 28 S and 18 S RUA (see below). The observation that 

the labeling of 16 S, 12 S, and the ethidium bromide-sensitive 4 S RNA 

(see below) proceeds in time in a proportional fashion and extrapolates 

back to the same initial tioe ·(5 to 8 min) is in keeping with the idea 

of a coordinated synthesis and accumulation of these components in the 

mitochondrial fraction and, furthermore, argues against any precursor 

to product relationship. The short initial lag is presumably due to the 

time required for intramitochondrial precursor po?l equilibration with 

exogenous [5-3if ]-uridine (Attardi & Attardi, 1968) and for the possible 

processing of the discrete species from larger precursors . It is 

interesting to note that 7 min is the earliest time after exposure to 

[5-3HJ-uridine that the 16 S and 12 S components are clearly recog

nizable (Attardi et al. , 1970). 

The kinetics of labeling , the sensitivity to ethidium bromide and 

the resistance to low doses of actinomycin D of the synthesis of the 

16 S and 12 S components of the EDTA-treated crude mitochondrial 
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fraction strongly support the idea that these species are specified 

by mit-DliA. This conclusion is in agreement with the previously 

reported results of miA-DliA hybridization experiments utilizing purified 

closed .circular mit-DHA (Attardi & Attardi, 1969E)· In those experi

ments, the sedimentation profile of RNA components homologous to mit-DNA 

had, in fact, revealed a broad band between 9 and 15 to 16 S with a 

peak at 12 S, and a prominent 4 S peak: the shoulder of lliiA hon.ologous 

to nit-DNA at 15 to 16 S presumably corresponds to the 16 S ethidii.nn 

bromide-sensitive species which was not resolved in that analysis. 

One can at present only speculate concerning the nature of the 

16 S and 12 S components. The possibility that they represent mini-rR?lA 

components, i.e. equivalent to the specific rR~;A species present in the 

mitochondria of Neurosuora and yeast (see for review Attardi & Attardi, 

1969.~), is being investigated. This possibility is made more plausible 

by the evidence presented here indicating that these species are 

methylated, that their half-life is considerably longer than previously 

surmised on the basis of their behavior in the presence of ethidium 

bromide, and finally that they are probably synthesized in equimolar 

amounts. 

The 4 S RlJA present in the ~DTA-treated mitochondrial fraction has 

a base composition markedly distinct from that of cytoplasmic 4 S and 

resembling that of the 16 Sand 12 S.RNA and of the fast labeled 

heterogenous RllA. Its level of methylation is somewhat less than 

one-half of that of cytoplasmic 4 S PJlA, and the pattern of methylated 

nucleotides in the two RliA populations is clearly different. In view 

of the evidence suggesting that about 20% of the mitochondria-associated 
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4 S RNA is cytoplasmic tRNA (see below), the actual methylation level 

of the mitochondria-specific 4 S RNA is probably lower than 4. 6 

nucleotides per 100 nucleotides. We have not confirmed the complex 

electrophoretic pattern with several distinct components described by 

Knight (1969) for the mitochondria-associated 4 S RNA in HeLa. cells. 

Differences in base composition and methylation level between mitochon

dria-associated 4 S RlIA and cytoplasmic tRBA similar to those observed 

in the present work have been reported recently in hamster cells (Dubin 

& Montenecourt) 1970). The 4 S RlIA present in the mitochondrial 

fraction presumably contains at least some of the mitochondria-specific 

tRlIA species which have been described in animal cells, including 

HeLa cells (Buck & Hass, 1968, 1969; Galper & Darnell, 1969; Smith & 

Marcker, 1969). 

'Yne labeling of mitochondria-associated 4 S RNA during [5-3H)

uridine pulses up to 4 hr was found in the present work to be to a great 

extent (about 80%) sensitive to ethiditml bromide. A sensitivity to this 

drug of the synthesis of HeLa mitochondria-associated 4 S JL~A, as 

opposed to the resistance of the synthesis of cytoplasmic 4 S Rl~A, 

has been recently observed by others (Knight, 1969; Zylber & Permian, 

1969). Furthermore, as mentioned above, mitochondria-associated 4 S 

RNA hybridizes with great efficiency with purified closed circular 

mit-DNA (Attardi & Attardi, 19692_). These observations strongly 

support the idea that the distinctive mitochondria-associated 4 S RUA 

is specified, as the 16 S and 12 S RliA COl'!lponents, by mit-DNA. 

Sequence homology of mitochondrial leucyl-tRNA from rat liver to 



124 

mit-DNA has been recently reported (Nass & Buck, 1969). The relatively 

small fraction of 4 S RNA labeled during [5-3H]-uridine pulses up to 

4 hr which is resistant to ethidium bromide (about 20%)'presumably 

represents cytoplasmic tRNA (Zylber & Penman, 1969), possibly bound to 

EDTA-resistant membrane-stuck 50 S subunits. 

(ii) 28 S, 18 S and 5 S RliA 

Previous work from this laboratory (Attardi et al., 1969) has .shown 

that a mitochondrial fraction from HeLa cells, partially purified by 

isopycni~. centrifugation in sucrose gradient, is contarninated by elements 

of rough endoplasnic reticulUl:l, which carry the great majority of the 

ribosomes present in this fraction. Treatment with a high concentration 

of EDTA removes about 70% of the large subunits of these ribosomes and 

85 to 90% of the small subunits. The EDTA-resistant 28 S RNA pertains 

in its great majority, if not exclusively, to :oembrane-stuck 50 S subunits, 

which are presumably those which carry the more complete polypeptide 

chains (Attardi et al., 1969). Whether any of the EDTA-resistant 28 S 

and 18 S RNA pertains to intramitochond.rial ribosomes is not kri.own and 

is at present being investigated. 

The EDTA-resista.11t 28 S and 18 S RUA present in the mitochondrial 

fraction and the 28 S and 18 S Rl~A of free ribosomes have been folilld to 

have identical sedimentation properties and a similar kinetics of 

labeling (this work and unpublished observations); furthermore, the 

28 S RNA from the two cytoplasmic locations appears to have the same 

major nucleotide composition and level of methylation; finally, the 

28 S and 18 S RHA from the mitochondrial fraction have been shown to 
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possess no base sequence homology to mi t-DNA (Attardi & Attardi, 1969b). 

These observations point to a nuclear origin for these RUA species. 

Therefore, if any fraction of these EDTA-resistant rRNA species pertains 

to intramitochondria.l ribosomes, these must be imported into the mito

chondria. The significance of the partial inhibition by ethidium bromide 

of the labeling of membrane-associated 28 S RNA (about 40% after 90 min 

labeling, and about 47% after 4 hr labeling) is at present being inves

tigated. A similar inhibition (a.bout 20% for a concentration of the 

drug of 0.2 µg/ml.), in the absence of any effect on rRlIA of free 

ri'boso::nes, has been previously reported (Y .... '1ight, 1969). 

The sma.11 amount of 5 S RNA present in the EDTA-treated mitochondrial 

fraction presumably pertains in its great majority, if not exclusively, 

to residual membrane-stuck 50 S subunits of endoplasmic reticulum-bound 

ribosomes. That the 5 S RUA in the crude mitochondrial fraction is of 

nuclear origin is strongly suggested by the lack of effect of ethidi~~ 

bromide (0.2 µg/ml.) on its labeling (Y.night, 1969). 

(iii) 21 S and 23 S illiA comnonents 

The 21 S and, less clearly, the 23 S HNA components have been 

reproducibly observed in the course of this worY. in the sedll:lentation 

pattern of RHA extracted from a partially purified mitochondrial 

fraction of HeLa cells. Their kinetics of laheling, their considerable 

sensi ti vi ty to actinomycin D and resistance to .et hi di um bronide and 

their lack of homology to mit-DNA (Attardi & Attardi, 1969E._) have 

clearly indicated a non-mitochondrial site of synthesis for these 

components. Considerable attention was given to the possibility that 



these components derive from degradation of 28 S RNA. RNA components 

with sedimentation constants of 24 S and 21 S have in fact been described 

as intermediary breakdown products of 28 S RNA from Ehrlich ascites 

tlllllor cells resulting from the activity of traces of Rliase (Huppert & 

Pelmont, 1962). In the present work, the base composition of 21 S and 

23 S components was found to be of the high GC type, fairly similar to 

that of 28 S ffiIA. Likewise, their degree of methylation was rather close 

to that of the major rRHA species. These observations lrould be in 

agreement with the idea of these co~ponents being degradation products 

of 28 S RNA. Also consistent with this possibility is the observation 

that the bulk of these components is recovered with contaminating elements 

of rough endoplasmic reticulum in experiments of subfractionation of the 

mitochondrial fraction (Storrie & Attardi, in preparation). The amount 

of the 21 S component did not increase in an obvious way relative to 

that of 28 S RNA with the interval of time passed between cell ho:nogeniza-

tion and RNA extraction (compare, for example, Figures 2 and 4 and lOa). 

This suggests that, if the 21 S component derives from degradation of 

endoplasmic reticulum-bound 28 S rurA, this degradation may occur very 

rapidly and concern only a small fraction of the 28 s, and that it may 

even occur in vivo. In disagree~ent with the idea of the 23 S and 21 S 

co.'Uponents being related to 28 S RHA is the observation that their 

labeling was somewhat less affected by ethidium bromide than the 

labeling of 28 S RNA and, in contrast to this, was not con1pletely 

suppressed by actinomycin D: it is possible, however , that this 

behavior is due to overlapping of other RNA (heterogeneous) of similar 



127 

sedimentation rate. Electrophoretic analysis of the 21 S component has 

indeed provided evidence for its heterogeneity. 

(c) Relationshiu between rauidlv labeled heterogeneous RNA 

and mit-D:1A coded discrete PBA suecies 

Work carried out in this laboratorJ ha.S shown that mitochondrial 

RNA is synthesized in HeLa cells, as in rat liver (Borst & Aaij, 1969), 

exclusively on the hea'V'J strand . of mit-DNA, and, moreover, that the 

whole or almost whole length of this strand (corresponding to about 

5 x 10
6 

daltons) is transcribed (see following paper). It is possible 

that this transcription takes place in the form of a continuous F~A 

chain : this would be in agreement with the occurrence , in the sedimen-

tation profile of pulse-labeled mitochondrial ruIA, of heavy molecules 

ethidi um bromide-sensitive and homologous to mi t-DHA. What proportion 

of the sequences transcribed from mit-DNA is represented in the discrete 

RNA species described above is not known. The sum of the nolecular 

'weights of 16 S and 12 S RNA (as estimated from their electrophoretic 
6 . 

mobilities) is equivalent to a stretch of about 1.1 x 10 daltons. 

Furthermore, from the relative rates of labeling of the 12 S and ethidium 

bromide-sensitive 4 S species (under the reasonable assumptions that 

these rates reflect fairly closely the actual rates of synthesis of 

these components, and that all ethidium bromide-sensitive 4 S RNA is 

mi t-DHA coded), one can estimate roughly that about 10 molecules of 

4 S RUA (corresponding to a total molecular weight of about 0.25 x 10
6) 

are synthesized on a mit-m:A template per each 12 S molecule: if mit-DNA 

is transcribed as a continuous chain this would imply the existence of 
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about 10 cistrons for 4 S RlrA per ea.ch 12 S cistron. Assuming 1 cistron 

f'or each 16 S and 12 S RNA and 10 cistrons for 4 S RNA, these discrete 

RNA species would account for about 25% of the total inf'ormational 

content of' human rnit-DNA. 

One can ask what is the relationship between these discrete species 

and the mit-DNA coded heterogeneous RNA identified earlier in this 

laboratory. If the hYJJothesis of the continuous transcription of the 

mit-DNA heavy strand will prove to be correct , one would have to assume 

a precursor to product relationship between the rapidly labeled fast 

sedinenting mitochondrial F~'TA components and the discrete RNA species. 

The early kinetics of labeling of heterogeneous mitochondrial FJIA of 

different sedimentation constant is indeed consistent with this precur

sor to product relationship (Attardi & Attardi ', 1969~; Attardi et al. , 

1970). The heterogeneous components spread in the region 4 to 50 S could 

represent intermediates or waste products in the processing of the large 

precursor and/or incomplete nascent mitochondrial RNA chains. The 

heterogeneous RNA might also include mit-Dl:A coded m...BHA species destined 

to be utilized inside the mitochondria or exported (Attardi et al., 1970). 

However, the understanding of the significance of the heterogeneous fast 

labeled RNA in relation to the discrete mit-DNA coded RNA components 

will have to wait for the elucidation of the mode of transcription of 

mit-DrIA and of the processing of nitochondria.l Rl\A. 
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tAbbreviations used: m.it-DNA, mitochondrial DNA; rRHA , ribosomal RUA; 

mRl'lA , messenger RUA; tRNA , transfer IDTA; dodecyl so4 , sodium dodecyl 

sulfate. 

*rn the present work , the expression "mitochondria-associated" is used 

to indicate the presence of a certain compon~nt in the mitochondrial 

f'raction isolated by differential centrifugation and buoyant density 

fractionation in sucrose gradient and containing the bulk of the cell 

mitochon.dria. 
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ADDITIONAL RESULTS 

Sedimentation analysis of [
3
H]-thymidine labeled DNA from the 

.mitochondrial fraction of HeLa cells - It was of interest to see the 

profile of DNA coextracted with RNA from the mitochondrial frac -

tion prepared under the usual conditions of cell fractionation (see 

Materials ahd Methods, this chapter). For this purpose, the EDTA-

treated mitochondrial pellet was isolated from HeLa cells labeled 

for 23 hr. with [
3
H]-thymidine and subjected to buoyant density cen-

trifugation in sucrose gradient. Nucleic acids were extracted with 

phenol- SDS from the mitochondrial band and centrifuged on a 15-

30% sucrose gradient in SDS buffer (Figure 1 ). The 0. D. 
260 

pro

file shows the bulk RNA components of the mitochondrial fraction; 

28 S and 18 S ribosomal RNA, a small peak at 21 S with a shoulder 

at 23 S, and prominent peaks of RNA sedimenting at 12 Sand 4 S. 

. 3 
The H-thymidine radioactivity shows a broad band of DNA centered 

around 19-20 S. This DNA presumably represents linear molecules, 

largely derived from nuclear contamination ; breakage of HeLa cells 

by homogenization in hypotonic buffer has been shown to result in 

contamination of the mitochondrial fraction by DNA of nuclear origin 

(1 ). The standard sedi:rr:ientation coefficients (for NaDNA at infinite 

dilution ) for the closed circular and open circular mit-DNA duplexes 

in HeLa cells are 37 S and 26 S, respectively (2). Under the ionic 

· conditions used in the present sedimentation analysis, the closed 

circular mit-DNA has been reported to cosediment with 28 S RNA (1 ). 
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FIGURE 1. Sedimentation profile of nucleic acids extracted 

from 'the mitochondrial fraction of HeLa cells labeled with[
3
H)-thy

midine. 1. 5 x 10
8 

HeLa cells were labeled for 23 hr. with[
3
H-methyl]

thyrnidine (0. 36 µC/ml.; 23 C/ mM). The mitochondrial fraction was 

prepared by differential centrifugation, treated with EDTA, and cen-

trifuged on a 30 to 48 % sucrose gradient in 0. 01 M tris buffer, pH 7.1, 

in the Spinco SW 25. 1 rotor at 25, 000 rev. I min. for 9. 5 hr. at 3°C. 

Nuclei~. acids were extracted from the mitochondrial band by SDS-

phenol and centrifuged on a 15 to 30% sucrose gradient in SDS buffer 

(0. 01 M tris buffer, pH 7. 0, 0.1 M NaCl, O. 001 M EDTA, O. 5% SDS) 

at 25, 000 rev. /min. for 27 hr. at 20°C in the Spinco SW 27 rotor. 

0------0 O. D. 260 

3
H cts. /min. 
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PART II 

PROPER TIES OF MEMBRANE-BOUND 

RIBOSOMES IN HELA CELLS 

The publication contained in this section appeared in the Journal 

of Molecular Biology and is reproduced here with permission of 

Academic Press Inc. (London) Limited. 
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INTRODUCTION 

The crude mitochondrial fraction from HeLa cells , conventionally 

prepared by differential centrifugation, is contaminated by a substan

tial amount of structures containing ribosomal RNA, presumably 

elements of the rough endoplasmic reticulum, which have been recog

nized by electron microscopy of animal cells growing in vitro (1, 2, 3). 

The latter can at .best be partially separated from mitochondria by 

buoyant density centrifugation or sedimentation velocity in sucrose 

gradients due to the extensive overlapping in density and sedimenta

tion properties of the two types of organelles. Partly because of the 

inescapable presence of these membrane-associated ribosomes in 

the mitochondrial fraction and partly because of the suggestion that 

a portion of the RNA of mitochondrial origin is contained in pol ys omal 

structures (see Part I, Chapter 2), an investigation was initiated on 

the properties of the membrane-associated ribosomes, in particular, 

with regard to their proportion to total cell ribosomes, their response 

to EDTA and ribonuclease treatment, and their association with mRNA. 

The results of these biochemical investigations, as well as of an 

electron microscopic study of the membrane-associated ribosomes in 

intact HeLa cells and in the mitochondrial fraction, performed by 

Barbara Cravioto, are discussed in the following publication. 

It has been found that from 10 to 15% of the ribosomes in HeLa 

cells are bound to elements of the rough E. R . ; the majority of these 

membrane-attached ribosomes can be recovered as polysomes (65 to 

70%) after membrane lysis . Both electron microscopic and biochemi-
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cal observations lead to the conclusion that few, if any, ribosomes 

are located in mitochondria in these cells . 

In order to obtain some evidence as to the origin of the ribo

somal RNA components of the membrane-associated ribosomes, 

preliminary experiments concerning the kinetics of labeling and the 

sedimentation properties of the rRNA from the membrane-asso

ciated ribosomes as compared to those of the rRNA of free polysomes 

were performed and are presented as additional results preceding 

a general discussion. 
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Membrane-bound Ribosomes in HeLa Cells 

I. Their Proportion to Total CeU Ribosomes and their Association 
with Messenger RNA 

BARBARA ATTARDI, BARBARA CRAVIOTO AND GIUSEPPE ATTARDI 

Division of Biology, California Institute of Technology 
Pasadena, California, U.S.A. 

(Received 25 November 1968, and in revised form 5 March 1969) 

'.Q-1e ribosomes associated with the endoplasmic reticulum in HeLa cells have 
been the object of an electron microscopic and biochemical investigation. 

An appreciable a.mount of elements of rough endoplo.smic reticulum, in the 
form of tubules, vesicles, and short cisternae scattered throughout the cytoplasm, 
has been observed by electron microscopic examination of thin sections of these 
cells. From the distribution of rRNA among the subcellular fractions, it has been 
estimated that from 10 to 15% (and possibly as many as 20%) of the total 
ribosomes in HeLa cells are associated with elements of rough endoplasmic 
reticulum. 65 to 70% of these ribosomes. can be recovered as polysomes after 
sodium deoxycholate treatment and are presumably engaged in protein synthesis 
in vivo. Treatment with EDTA releases essentially all the small subunits and 
a.bout 70% of the larger subunits of the endoplasmic reticulum-bound ribosomes: 
these respond, therefore, to EDTA treatment similarly to ribosomes of the rough 
endoplasmic reticulum from rat liver. 

1. Introduction 

In all animal cells ribosomes occur in two different topographical situations, namely, 
either attached to membranes of the endoplasmic reticulum or free in the cytoplasmic 
matrix. The proportion of bound and free ribosomes varies in different types of cells: 
in cells which are specialized for the synthesis of protein destined to be exported, 
like liver or pancreas, the major part ofribosomes are associated with the endoplasmic 
reticulum (Pa.lade, 1956,1958); on the contrary, in rapidly multiplying cells, such as 
those in embryonic tissues or those growing in vitro, the great majority of ribosomes 
are free (see review by Porter, 1961 ). In addition to these two groups, the existence of 
a minor group of ribosomes in mitochondria has been postulated in animal, as in 
other eukaryotic cells, on the basis of direct electron microscopic and biochemical 
observations (Randi & Warner, 1960; Truman, 1963; Watson & Aldridge, 1964; 
Swift, 1985; Andre & Marinozzi, 1965; Elaev, 1966; O'Brien & Kalf, 1967a,b; Dubin & 
Brown, 196~) and of indirect evidence bearing on the protein synthesizing capacity 
of these organelles (see, among others, Roodyn, Reis & Work, 1961 ; Roodyn, Suttie & 
Work, 1962; Truman & Korner, 1962; Kroon, 1963a,b,c; Wheeldon & Lehninger, 
1966); the occurrence of intramitochond:-ial ribosomes with distinctive rRNA 
components has been reported in Neurospora (Kiintzel & Noll, 1967; Rifkin, Wood & 

47 
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Luck, l!Hi7; Dure, Eplor & Barnott, Hl67) tind yeast (Rogers, Preston, Titchener & 
Linnane, Hl67; Wintersbergor; 1967). 

The ribosomos bound to endoplasmic reticulum in secretory cells have been tho 
object of numerous investigations concerning their involvement in the synthesis and 
tmnsport of protein (Siekevitz & Palade, 1980; Redman, Siekevitz & Pa.lade, 1956; 
Henshaw, Bojarski & Hiatt, 1963; Howell, Loeb & Tomkins, 1964), their mode of 
attachment to the membranes (Sabatini, Tashiro & Pa.lade, 1966; Blobel & Potter, 
1967b), and their relationship with free ribosomes (Moule, Rouiller & Chauveau, 1960; 
Webb, Blobel & Potter, 1964; Loeb, Howell & Tomkins, 1965,1967; Cammarano, 
Giudice & Lukes, 1965; Manganiello & Phillips, 1965). The membrane-bound ribo
somes of animal cells growing in vitro, though recognized by electron microscopists 
(Epstein, 1961; Journey & Goldstein, 1961; Fuse, Price & Carpenter, 1963), have, 
on the contrary, been disregarded in most biochemical investigations. The occurrence 
of bound ribosomes in these cells, which lack, in general, an obvious secretory activity, 
suggests that the attachment of ribosomes to membranes is not exclusively related 
to the synthesis of proteins to be exported. The possibility that membrane-bound 
polyso;mes may be involved in the synthesis of membrane proteins is suggested by 
observations made in differentiating hepatocytes of newborn rats (Dallner, Siekevitz 
& Palade, 1966). Animal cells growing in vitro are favorable material for the study of 
the functional role not immediateiy related to secretion of the attachment of ribosomes 
to membranes. The association with membranes of an appreciable fraction of ribo
somes and roRNA in these rapidly multiplying cells has also relevance for the study 
of the mRNA metabolism and of the dynamics of polysome assembly and function. 
Evidence suggesting that polysomes of the rough endoplasmic reticulum in HeLa 
cells contain mRNA of mitochondrial origin has been recently reported (Attardi & 
Attardi, 1968). As a preliminary to the study of the physiological significance of 
membrane-bound ribosomes in HeLa cells, in particular, of their possible involvement 
in membrane protein synthesis, an electron microscopic and biochemical investigation 
has been carried out on these ribosomes, with special regard to their proportion to 
total cell ribosomes, their attachment to the membranes and their association with 
mRNA. It has been found that, in these cells, from 10 to 15% (and possibly as many 
as 20%) of the ribosomes are attached to elements of the endoplasmic reticulum. 
The majority of these membrane-bound ribosomes (65 to 70%) are recovered as 
polysomes after sodium deoxycholate treatment. 

2. Materials and Methods 
(a) Cells and method of growth 

The method of growth of HeLa cells has been previously described (Amaldi & Attardi, 
l 968). The cultures used here were free of any detectable contaminat.ion by pleuro
pueumonia-like organisms (Mycopla.sma) . 

(b} Buffers 
The buffer designations are: (1) T: 0·01 M-Tris buffer (pH 7·1 ) ; (2) TM: 0·01 M-Tris 

buffer (pH 7·1), 0·00015 M-MgC12 ; (3) TKM: 0·01 M-Tris buffer (pH 7·1), 0·01 M-KCl, 
0·00015 M-MgC1 2 ; (4) SMET (Parsons, Williams & Chance, 1966): 0·07 M-sucrose, 0·21 
M-D-mannitol, 0·001 M-Tris buffer (pH'7·1), 0·0001 M-EDTA; (5) TKV: 0·05 M-Tris buffer 
(pH 7·1), 0·025 M-KCl, 0·001 M-EDTA; (6) low ionic strength TKV: 0·01 M-Tris buffer 
(pH 7·1), 0·01 M-KCI, 0·001 M-EDTA; (7) acAtate-NaCl buffer: 0·01 M-acetate buffer 
(pH 5·0), 0· l !If-NaCl; (8) sodium dodecyl sulfate buffer (Gilbert, 1963): 0·01 M-Tris buffer 
(pH 7·0), 0· l M-NaCl, 0·001 M-EDTA, 0·5% sodium dodecyl sulfate. 
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(c) Lu-Oeling conditions 

Pulse labeling of RNA was carried out by exposing exponentially growing HeLa cells 
(2 to 3 X 105 cells/ml.) for various times to [5-3H]uridine (17·3 to 28·8 me/ µmole, 0·3 to 10·0 
µc/ml.) or [2-HCJuridine (30 to 52 µcf µmole, 0·025 to 0·07 µ.c/ml.) in modified Eagle's 
medium with 5% dialyzed ealf serum. Long-term labeling of RNA was carried out by 
growing cells for 24 to 26 hr in the presence of [ 5-3H]uridine (0·3 to l ·25 µ.o/ml.), unless 
otherwise specified. DNA was labeled by growing cells for 24 hr in the presence of 
[ 3H-methyl]thymidine (22·6 mo/µ.mole, 0·25 µ.o/ml.). 

(d) Preparation and analysis of oubcellular fractions 

All operations described below were carried out at 2 to 3°0. The labeled cells were 
washed three times with 0·13 M-NaCI, 0·005 M-KCJ, 0·001 M-MgCl2 and then resuspended 
in 6 vol. TKM. After 2 min, the suspension was homogenized with an A. H. Thomas 
homogenizer (motor-driven pestle, -1600 rev./min, 8 to 10 strokes). Under these con
ditions of homogenization, at most 60 to 70% of the cells were broken: these relatively 
mild conditions of cell breakage were chosen so as to minimize the rupture of nuclei and 
the subsequent release of labeled nuclear RNA components. (Less than 1 % of the total 
cell [3 H]thymidine-labeled DNA was found in the cytoplasmic fraction under these 
conditions.) After addition of sucrose to 0· 25 M, the homogenate was centrifuged at 1 HiO 
g.,v for 3 min to sediment nuclei, unbroken cells and large cytoplasmic debris. The super
natant (total cytoplasmic fraction) was spun at 8100 Cav for 10 min; the pellet thus obtained 
(including any loose fluffy layer) was resuspended irr 0·25 M-sucrose in TM (one-half of 
the volume of the homogenate) and, after a spin at 1100 gav for 2 min to sediment any 
residual nuclei, recentrifuged at 8100 g.,.v for 10 min. The pellet (and any fluffy layer) 
was resuspended in 0·25 M-sucrose in T buffer (1·0 or 2·0 ml., for material 'de.riving from 
l·O to 2·5X108 cells) (Mg ions were omitted at this stage and in the following steps aimed 
a.t fractionation of the intact membrane components, in order to reduce the possibility 
of aggregation): this represented the 8100 g membrane fraction, which contained the bulk 
of mitochondria and of elements of rough endoplasmic reticulum, in addition to smooth 
membrane components. The first 8100 g supernatant was centrifuged at 15,800 g .. v for 
20 min to separate a small amount of slower sedimenting mitochondria. and other mem
brane elements from the supernatant fraction containing the great majority of free 
polysomes and all free monomers and "native" ribosomal subunits. 

Buoyant density fractionation of the 8100 g membrane components was carried out by 
centrifugation through a 30 to 48% (w/w) sucrose gradient in T buffer in the Spinco SW 
25·1 rotor for 18 to 20 hr at 25,000 rev./min. For the analysis of the membrane-associated 
polysomes, the 8100 g membrane fraction was treated with 1 % NaDOCt and centrifuged 
through a 15 to 30% (w/w) sucrose gradient in TKM (25 ml., prepared above 3 ml. of 64% 
(w/w) sucrose in TKM) in the SW25·1 rotor for 90 to llO min at 24,000 rov./min; in some 
experiments the Na.DOC-lysed membrane fraction was treated with EDTA (10- 3 to 
io- 2 M), and centrifuged through a 15 to 30% sucrose gradient (over 3 ml. of 64% sucrose) 
in low ionic strength TKV at the speed and for the time indicated above. F or the study of 
the effect of EDTA on the untreated 8100 g membrane fraction, a suspension of this in 
0·25 M-sucrose in T buffer (l·O to 2·5 ml. for material deriving from about 1·3x108 cells) 
was brought to 3 x 10- 2 M-EDTA, kept in the cold for IO min, and then centrifuged at 
11,000 g .. v for 10 min. The supernatant fraction was carefully sucked up; the pellet was 
rinsed with 0·5 ml. of 0·25 M-sucrose in T buffer containing 1·5 X io- 2 M-EDTA (which 
was pooled with the supernatant fraction) and resuspended in 4·0 ml. of the same medium: 
the suspension was immediately recentrifuged at 11,000 gav for 10 min. The final pellet 
was resuspended in 1·0 or 2·0 ml. of 0·25 M-sucrose in T buffer, and either run on a 30 to 
48% sucrose gradient in the same buffer (see above), or tre~ted with l % Na.DOC and run 
on a 15 to 30% sucrose gradient (over 3 ml. of 64% sucrose) in TKV for 8 hr at 25,000 
rev./min. Isolation of the ribosomal subunits released from the membrane fraction by 
EDTA treatment was carried out by centrifuging the EDTA supernatant fraction through 
a 15 to 30% sucrose gradient in TKV in the SW25·2 rotor for 17 hr e.t 25,000 rev./min. 

t Abbreviations used: Ne.DOC, sodium deoxycholate; rRNA, ribosomal RNA; mRNA, 
messengel' RNA; tRNA, trnnsfer RNA. 
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PLATE I. (a) Portion of the cytoplasm of two adjacent HeLa cells. Arrows point to elements of 
rough endoplasmic reticulum. Note the abundance of free polysomes in the cytoplasmic matrix. 
x 16,250. 

(b) Cisterna of rough endoplasmic reticulum. Note rows of ribosomes along the edges and a 
rosette in the right half, at a point where the limiting membrane h as been cut tangentially. 
x 35,000. 

(c) Branched cisterna of rough endoplasmic reticulum. x 35,000. 
(d) A row of ribosomes attached to the outer nuclear membrane. X 35,000. 

[facing p. 50 
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.Soparntio1t of froo. polysomol:l from monomor8 a11d nu, ti ve ribosomal tmbunits and from 
soluble components was c11rriod out by centrifuging 3 to 5 ml. of the 15,800 g supernatant 
of tho total cytoplasmic fraction through a sucrose gradient c.onsisting, from the 
meniscus to tho bottom, of 6 ml. 23% (w/w) sucrose, 12 ml. 23 to 55% sucrose gradient, 
ancl 6 ml. 55% sucrose, all in TKM (SW25·1 rotor, 25,000 rev./min, 5 hr). F or bettor 
resolut.ion of froo monomers and native ribosomal subunits, the 15,800 g supernatant 
fraction was centrifuged through a 15 to 30% sucrose gradient in TKl'I.£ for 8 hr a t 25 ,000 
rov./min. "Dorivod'' ribosomal subunits were obtained from the free polysome-monomer 
fraction (pelleted by centrifuging the 15,800 g supernatant fraction at 105,000 Ko. v for 
90 min) by treatment for 10 min with 10- 2 M·EDTA, and separated on a. 15 to 30% 
sucrose gradient in TKV a.a described above for the subunits from the 8100 g membrane 
fraction. 

(e) Extraction and analysis of RNA 

RNA was generally released from the membrane components and their Ne.DOC lysis 
products by treatment with 1 % sodium dodecyl sulfate and from free polysomes with 
0·5% sodium dodecyl sulfate, precipitated with 2 vol. of ethanol in the presence of O· l 
M-NaCl, dissolved in sodium dodecyl sulfate buffer, and run through a 15 to 30% (w/w) 
sucrose gradient (over 3 ml. of 64% sucrose) in sodium dodecyl sulfate buffer in the SW 
25· 1 rotor for 14 hr at 20,000 rev./min, 20°C. 

For 'the analysis of radioactivity, a portion of each fraction .wa.s precipitated in the cold 
with 15% trichloroacetic acid by using 200 µ,g bovine serum albumin as a carrier, and the 

.. precipitate collected on a Millipore membrane. The isotope-counting procedures have been 
described elsewhere (Attardi , Parnas, Hwang & Attardi, 1966). 

(f) Cytochrome oxidase <UJsay 

Cytochrome oxidase assay was carried out by a modfficatipn of the procedure of Smith 
(1954). 0·1-ml. portions of the sucrose gradient fractions were mixed in a cuvette with 
2·9 ml. 18 µ,M-solution of reduced cytochrome c in 0·04 M·P04 buffer, pH 6·2. The decrease 
of o.n. at 550 mµ, at 25°C was measured at 10-sec intervals for 4 to 6 min. 

(g) Electron microscopy 

HeLa cells were fixed, either in suspension or as a pellet, in sodium acetate-barbital 
buffer (pH 7·4-1 % Os04 (Palade, 1952) for 1·5 hr at 2 to 3°C. For the prepara tion and 
fractionation of membrane components to be utilized for electron microscopy, the pro· 
cedure described in Materials and Methods (d) was used, with the difference that the buoy
o.ut-density centrifugation was carried out in 30 to 48% sucrose gradient in 0·01 M· 

phosphate buffer, pH 7·0, to avoid interference in fixation by Tris buffer (Parsons et al., 
1966): the components corresponding to different portions of the buoyant-density pattern 
were diluted 4 times with 0·01 M-phosphate buffer, pH 7·0, and pelleted by cent rifuge.· 
tion in the Spinco 40 rotor for 60 min at 20,000 rev./min; the pellets were then fixed with 
sodium acetate-barbital buffer-I% Os04 for 1 hr at 2 to 3°C. In all ca.sea, after dehydration 
with a graded series of ethyl alcohols, the embedding wa.s made in Araldite 502 (CIBA 
Company, Inc., Kimberton, Pa.:). Sections 600 to 900 A thick were cut with glass knives 
on an LKB ultrotome and stained with uranyl acetate (64% in methyl alcohol, 20 min) 
and load citru.te (0·4% adjusted to pH 12, 2 to 4 min) (modified from Reynolds, 1963). 
The specimens were examined in a Philips electron microscope. 

3. Resu1re 

(a) Electron microscopy of sections of HeLa cells 

An electron microscopic examination of thin sections of the HeLa cells used in t he 
present study has shown the presence of numerous elements of both rough and smooth 
endoplasmic reticulum scattered throughout the cytoplasm (Plate I (a) ). The rough 
elements appear as sections, at various angles, of tubules and vesicles of different 
size and shape and of short cisternae. Where the rough elements are cut tangentially, 
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ono can soe ribosomos arrangod in rows, spirals or rosettes (Plate I (b) ). Tho outer 
nuclear membrane sometimes shows attached ribosomes {Plato I (d) ). Most of the 
rough elements appear to be isolated; sometimes, however, they are grouped and 
may also be in communication (Plate I (c) ). 

Most ribosomes in HeLa cells, as in other rapidly multiplying cells, are free in the 
cytoplasm, mainly in the form of aggregates (polysomes) of various size (Plate I(a) ). 

(b) Fractionation of the 8100 g mernhrane components 

The 8100 g membrane fraction contains, as was mentioned earlier, 'the bulk of 
mitochondria and elements of rough endoplasmic reticulum, in addition to smooth 
membrane components. Th.e latter could be separated from rough endopla.smic 
reticulum and mitochondria on the basis of buoyant-density centrifugation in 
sucrose gradient. 

A large number of experiments were performed to try to obtain a satisfactory 
resolution of rough endoplasmic reticulum from mitochondria by differential centri
fugation or by sedimentation velocity or buoyant-density fractionation in a sucrose 
gradi~nt. For these experiments, a variety of media was utilized both for homog
enization (TKM, low ionic strength TKV, SMET) and sucrose gradients (T buffer, 
with or without addition of EDTA or CsCl (according to an adaptation of the 
procedure of Dallner et al. (1966) ). These experiments gave disappointing results. 
At best, a partial separation of the two types of organelles was obtained: this was 
due to the extensive overlapping in their sedimentation properties (Attardi & 
Attardi, 1968) and density (Fig. 1). Figure 1 shows the results of a typical buoyant
density centrifugation of the 8100 g membrane fraction in a 30 to 48% sucrose 
gradient in T buffer. The o.D. 260 analysis reveals a broad band occupying the region 
of the gradient corresponding top values from l · 16 to l ·20 g/ml. and a smaller band 
centered around p,...., 1·14 g/ml. (It should be pointed out that the O.D. 260 of membrane 
components only in part represents true absorption, in part being caused by light 
scattering.) The main band contains mainly mitochondria and elements of rough 
endoplasmic reticulum, as revealed by the cytochrome oxidase assay and by electron 
microscopic examination of sections of the pelleted components; in the light band, 
on the other hand, the electron microscopic analysis reveals smooth membrane 
structures. Both after short and long exposure of the cells to labeled RNA precuraors, 
the structures containing the newly synthesized RNA are found in the region of 
the main O.D.260 band; very little labeled RNA appears in correspondence with the 
bs.nd of smooth membrane components. It was previously shown (Attardi & Attardi, 
1968) that after a very short pulse (3 min) with [3HJuridine, the majority of the 
newly synthesized RNA in the membrane fraction, if not all, is intramitochondrial; 
with increasing pulse length or after a pulse-chase, an increasing proportion of labeled 
RNA is found to be associated with extramitochondrial structures, presumably 
elements of rough endoplasmic reticuium. In confirmation of the results of electron 
microscopic examination, the buoyant-density distribution in a sucrose gTadient of 
the structures containing three-minute [3 H]uridine-labeled RNA overlaps extensively 
that of the structures containing RNA labeled during a two-hour pulse with (140]
uridine (Fig. 1), or during a 24- t o 48-hour exposure to the precursor, which are in 
their great majority elements of rough endoplasmic reticulum (see below). Since the 
aim of the present work was to obtain the over-all picture of the properties of the 
endoplasmic reticulum-bound ribosomes in HeLa cells and to try to estimate their 
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Fro. l. Buoyant density distribution in sucrose gradient of components of the 8100 g membrane 
fraction . 

The 8100 g membrane fraction was isolated from a mixture of 1·2x108 cells labeled for 3 min 
· with [3H]uridine (28 mc/µ.mole, 10 µ.o/ml.) and 1·2x108 cells labeled for 120 m in with ['°C} 

uridine (30 µ.cf µ.mole, 0·063 µ.a/ml.) and run to equilibriwn on a 30 to 48% sucrose gradient i..--1 T 
buffer, as described in Materials and Methods (d). After O.D . 200 measurement, portions of each 
fraction were utilized for determination of radioactivity and for cytochrome oxidase assay 
(Matorials and Methods (f) ) . 

• • • • • • • • • , o.D. 260 ; --0--0--, 3 min [3H]RNA cts/min; -©--~-. 120 min (14C]RNA 
· cts/min; -· -. -· - , cytochrome oxidase activity. 

relative proportion to free ribosomes-polysomes, and since even a moderate enrich
ment of the membrane components in elements of rough endoplasmic reticulum 
would have been achieved only by introducing great losses of these structures and 
by selecting a particular fraction, it was considered necessary to use for this study 
the total components of the main band of the buoyant-density pattern in a sucrose 
gradient. This approach seemed to be justified since the other known potential 
source of ribosomes, mitochondria, was expected to contribute onJy a relatively 
small percentage of the total ribosomes of the membrane fraction, in view of the 
low amount of mitochondrial RNA (Truman & Korner, 1962; Elaev, 1966: Kroon, 
1966; O'Brien & Kalf, 1967a,b). This expectation has been verified by appropriate 
oontrols (Results (e) and (f) ). 

( c) Distribution of r RN A arrwng different cytoplasmic fractions 

Table l shows the distribution of rRNA between the post~membranous (15,800 g) 
cytoplasmic supernatant (which contains free polysomes, monomers and "native" 
ribosomal subunits) and the 8100 g membrane fraction. (The 15,800 g pellet obtained 
from the 8100 g supernatant fraction contains about 10% of the free polysomes and 
10 to 15% of the membrane-associated rRNA but was not systematically analyzed.) 
A considerable vari&bility in the yield of rRNA associated with the two fractions 
and in their relative proportions was observed (Table 1): this was mainly due to 
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TABLE I 

Yield of ribosomal RN A and ribosomes from different cytoplasmic fractions of H eLa cell.9 

Fraot.ion 

PostmembranouR 
fraotion 

8100 g 
membrane fraotion 

Ribosomal RNA 

22·6· 
(17·3-39·0) 

2·9b 
(1'4-4·0) 

Subunits 
relea.E<ed by EDTA 

(o.n.~60 units/108 cells) 

23·3 

3·3° 
(2·9-3·7) 

PolyAomes 
(120-3110 8) 

164 

\ 2'2· [ 67%' ] 
(1'6-2·7) (64-71 %> 

8100 g membrane fraotion rRNA X 100 = 11 ,5 (6·3-l 8·l)•% 
total rRNAr 

RNA was extracted by sodium dodeoyl sulfate from the 15,800 g supernatant freotion and 
from tho mitochondria-endoplasmic .reticulum components of the 8100 g membrane fraction 
(banded in a sucrose gradient) and analyzed in a sucrose gradient in sodium dodecyl sulfate 
buffer. Ribosomal subunits were released from the free polyeome-monomer fraction and from 
the 8100 g membrane fraotion by EDTA treatment and isolated in a sucrose gradient in TKV. 
Membrane-associated polysomes were released by treatment of the 8100 g membrane fraction 
with l % Na.DOC and separated by centrifugation in a sucrose gradient in TKM; RNA waa extrac· 
t.ed by sodium dodecyl sulfate from the pooled fractions of the polysome region (120 to 350 s) 
and oft.he lighter components ( < 120 s) and run on sucrose gradients in sodium dodecyl sulfate 
buffer for tho determination (by o.n.~60) of the proportion of rRNA in the membrane fraction 
which pertains to polyeomes. For experimental details, see Materials and Methods (d) and (e). 

a Average and range of 5 experiments, b 8 experiments and 0 2 experiments. 
dThis amount was cn.lculated from the average rRNA yield in the postmembranous fraction, 

assuming that 70% of it is in polysomee (see Results (c) ). 
e Average and range of the proportion of rRNA in the membrane fraction which pertains to 

polyeomee. 
r Thie represents the sum of the rRNA present in the 8100 g membrane fraction and in the 

15,800 g supernatant; the small amount of free polysomes and membrane components sedimenting 
at 15,800 g would not affect significantly the ratio considered here (see text). 

differences in the effectiveness of homogenization, which resulted in a varying 
degree of fragmentation of the cytoplasm with ensuing variable losses in the low
speed centrifugations. These losses would tend to affect preferentially the membranous 
structures (Blobel & Potter, 1967a); thus, although in the present work the minimal 
centrifugal force and time of centrifugation required to sediment nuclei were used, it 
is likely that the relative amount of membrane-associated rRNA was somewhat 
under-estimated. It appears from Table 1 that from 10 to 15% (and possibly a.a 
much as 20%) of the cytoplasmic rRNA is associated with membrane components. 
As is also shown in Table 1 and as will be discussed further below, the great majority 
of rRNA of the 8100 g membrane fraction can be accounted for by the ribosomal 
particles isolated from this fraction. Therefore, the average proportion of the rRNA 
recovered from the 15,800 g supernatant fraction and from the 8100 g membrane frac
tion should reflect the approximate distribution of free and membrane-associated 
ribosomes, respectively, in the total cytoplasmic fraction and, keeping in mind the 
above-mentioned cautions concerning the recovery, also in the living cell. From 65 
to 70% of the ribosomes of the 8100 g membrane fraction can be recovered as 
polysomes after Na.DOC treatment (see Results (d) ). Of the ribosomes present in the 
15,800 g supernatant fraction, approximately 70% are in the form of polysomes, 
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FIG. 2. RNaee and EDTA sensitivity ofpolysomes released from the 8100 g membrane fraction 
by NaDOC. 

(a ) The 8100 g membrane fraction was isolated from 6X107 cella labeled for 30 min with [3H] 
uridine (25·4 mo/p.rnole, 1·25 µ.o/ml.), treated with 1 % Na.DOC, e.nd divided into two equcl parts: 
one.half was treated with l µ.g pancreatic RN!ISEl/ml. at 2 to 3°C for 15 min; the other half was 
used ae a. control. Each sample we.a run on a 15 to 30% sucrose gradient in TKM (over 3 ml. 
64% sucrose) for 90 min at 24,000 rev./min. The superimposed o.D.260 and radios.otivity patterns 
of the two gradients are 9hown. 

(b) and (o) The 8100 g membrane fraction was isolated from a mixture of 9x107 cells labeled 
for 10 min with (3HJuridine (27·1 mo/p.rnole, 6·3 µ.o/ml.) and 9X107 oells lebelod for 120 min with 
[HC]uridino (51 µ.of µ.mole, 0·025 µo/ml.), treated with l % Na.DOC and divided into two equal 
parts : one-half wa.8 trented with 10- 3 M-EDTA; the other half was used as a. control. Eaoh sample 
was run on a 15 to 30% sucrose gradient in low ionic strength TKV (EDTA-trea.ted sample) or in 
TKM (control) under tho conditiona indicated in (a.). The ouperimpoood o·.D.260 1111d 0H-radiosotivity 
patterns of the two gradients a.re shown in (b); the superimposed O.D.260 and BC-radioactivity 
patterns, in (o). RNA wa.s extreoted by sodium dodecyl sulfate from the pooled fractions 11 to 33 
and 34 to 43 of the control gradient and run on sucrose gradients in sodium dodecyl sulfate buffer 
for the determination (by o.D.2 60 ) of the proportion ofrRNA in the membrane fraction pertaining 
to polysomes (see Table 1). 

(a.) -0--0-, o .D.260 and - @--<!)-, ~3H}RNA cts/min of control; --0--0--, 
o .D.260 and -- @-- (9--, (3RJRNA cte/m.in. after RNa.oo treatment. 

(b) and (o) -'-0--0-, o.D.200 and - ©--0 - , (3HJRNA ots/min (b), or (14C]RNA 
ota/m.in. (o) of control; --0--0--, o.D.2 eo a.nd - - ®--8 --, [3H]RNA ota/mi.n (b) or [1'C]RNA 
eta/min (c) after E;DTA treatment. 
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about 10% in the form of 74 st monomers, and the rest in the form of 60 and 45 s 
ribosomal subunits in approximately equal number (the ratio of radioactivity in the 
two subunits after 24-hour labeling with (3H]uridine was found to be 2). 

(d} Release of membrane-associated polysomes by treatment with sodium deoxycholate 

If the 8100 g membrane fraction is centrifuged through a 15 to 30% sucrose gradient 
in TKM, all material exhibiting O.D.260 and radioactivity sediments rapidly to the 
bottom of the tube; however, it can be prevented from pelleting if a 64% sucrose 
cushion is used (Attardi & Attardi, 1967}. Treatment of the membrane fraction with 
1 % Na.DOC releases from these fast-sedimenting components almost all material 
contributing to the o.n. 260 : a substantial amount of this now sediments in the form 
of a broad band in the region of the gradient corresponding to polysomes (120 to 
350 s) and shows the characteristic RNase and EDTA sensitivity of these structures 
(Fig. 2); it is therefore reasonable to interpret this o.n. 260 band as consisting mainly 
of polysomes which have been liberated from their. association with membrane 
components by the detergent. The small residue of fast-sedimenting material (blocked 
by the°' dense sucrose cushion) after NaDOC treatment is presumably represented 
mostly by structures resistant to the detergent, since the ratio of NaDOC to protein 
was more than adequate; a minor part of this material may be contributed by the 
advancing edge of the polysome band. NaDOO treatment also releases from the fast. 
sedimenting material most of the radioactivity incorporated into RNA: for increasing 
pulse length a steadily increasing proportion of the labeled membrane-associated 
RNA sediments after detergent action in the region of polysomes (from about 24% 
after a 5-min [3H]uridine pulse to about 42% after a · 2-hr (14C]uridine pulse 
(Fig. 2(c) ), with the radioactivity profile following progressivly more closely the 
o.n. 260 profile. The labeled components sedimenting in the polysome region show the 
sensitivity to RNase expected for polysomal structures (Fig. 2(a)); on the contrary, 
only a part of the label is associated with EDTA-sensitive structures (Fig. 2(b) 
and (c) ). (Similar results were obtained by using EDTA concentrations from 10- 3 

to 10- 2.) The proportion of the label in the polysome region which is in structures 
sensitive to EDTA increases with pulse length: thus, it is about 32% after a 10-minute 
pulse with [3H]uridine (Fig. 2(b)) and becomes more than 70% after a two-hour 
pulse with [14C]uridine (Fig. 2(c) ). The criterion of sensitivity to EDTA has been 
recently shown to distinguish polysomes from cosedimenti.Ilg non-polysomal structures 
(Penman et al., 1968). A reasonable interpretation of the above discussed results is 
that, after NaDOC treatment, in addition to polysomes, other structures derived 
from membrane lysis, which are resistant to EDTA and contain RNA in a form 
susceptible to RNase, sediment in the polysome region of the gradient. Since these 
EDTA-resistant structures become labeled after a very short [3H]uridine pulse, 
when all or the great majority of newly synthesized RNA in the cytoplasm is in 
mitochondria (Attardi & Attardi, 1968), it is likely that they derive from lysis of 
these organelles. From the proportion of rRNA in the polysome band (120 to 350 s) 
and in the lighter components (<120 s) (Table l), it can be estimated that from 
65 to 70% of the ribosomes in the 8100 g membrane fraction are released in the form 

t The value of 74 s used in this work for the sedimentation coefficient of HeLa ribosomes has 
been directly determined (Attardi & Smith, 1962); f::ir the native ribosom&l subunits the v&lues 
of 60 and 45 a, and for the EDTA-derived particles the values of 50 and 30 a estimated by Girard, 
Latham, Penman & Darnell (1965) have been used. 
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of polyl:lomol:l by NaDOC action. The labeled components sedimenting in the upper 
third of the gradient after this treatment presumably consist in part of free RNA or 
RNA-containing complexes released by the lysis of mitochondria, in part of single 
ribosom<1s possibly associated with mH.NA. 

(o) RNase sensitivity of membrane-associated ribosomes 

In order to obtain inforniati.on concerning the possible contribution of tho presence 
of intramitochondrial ribosomes to the results described in the previous sections, 
the sensitivity of the membrane-associated ribosomes to pancreatic RNase was 
tested: in fact, intramitochondrial ribosomes in situ should be protected from the 
action of nucleases if the mitochondrial membranes are intact (Rifkin et al., 19~7). 
Conditions of RN ase digestion were found under which more than 85% of the mRN A 
and more than 50% of the rRNA of free polysomes are quickly made acid-soluble, 
while the rest is only slowly degraded (Fig. 3 and Table 2). It appears from Table 2 
that, under these conditions of RNase digestion, the rRNA of membrane-bound 
ribosomes is made acid-soluble to the same extent (55 to 60% after a 10-min treat
ment). as rRNA of free polysoroes. Under the same conditions, the major part (about 
75%) ~f the mitochondrial heterogeneous RNA labeled 'in a three-minute [3H]
uridine pulse is not affected by the enzyme (Fig. 3 and Table 2). After solubilizing 
the mitochondrial membranes by NaDOC treatment, the intramitochondrial RNA 
becomes, on the contrary, accessible to RNase (more than 90% of the 3- to 30-min 
pulse-labeled RNA is quickly degraded to acid-soluble products even by low con
centrations of the enzyme; see, for example, Fig. 2(a) ). Since it can be reasonably 
assumed that the RNase-sensitive portion of the three-minute [3H]RNA provides a 
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Fro. 3. Kinetics of RNase digestion in situ of RNA associo.ted with mitochondrio.-endoplaamic 
reticulum components and of free polysome RNA from cells exposed for different times to 
[ 3H]uridino. 

Free polysomes wore isolated by sucrose gradient centrifugation of the 15,800 g supernatant 
fraction from coils labeled with [3 H]uridine for 25 min(-®--~-) or 120 min (-0--0-); 
mitochondria-endoplasmic reticulum components were isolated by buoyant density centrifugation 
of the 8100 g membrane fraction from cells labeled with [3H)uridine for 3 min (-6--t;-). 
50-µl. samples (each containing less than 4 µg RNA) from the peak fraction of the free polysome 
profile and of the cyto~hrome oxidase distribution, respectively, were diluted with l ·O ml. 0· l 
M-NaCl, 0·01 M·sodium citrate and treated for different times with 50 p.g pancreatic RNase/ml. 
at 2°C. On the axis of ordinates the percentage of cts/min which remaina acid-insoluble after this 
treatment is indicated. RNA was extracted by sodium dodocyl sulfate from the free polysomes and 
from the membrane components and analyzed for proportion of radioactivity in rRNA (Table 2). 
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TABLE 2 

Ribonuclease sensitivity in situ of RN A in different cytoplasmic fractions from Ji eLa 
cells 

Fraction 

Free polysomes 

8100 g 
membrane fraction 

Labeling time 
(min) 

25 (2°) 
120 (2) 

1440 (1) 

3 (8) 
1560 (2) 

% of total 
ra.dioa.otivity 

in rRNA• 

(A ) 

n.d. 
62 

~ 904 

n .d. 
~ 75° 

% of toto.l Estimated % of 
ra.dioa.otivity radioactivity in 

made acid-soluble rRNA ma.do a.oid-
by RNa.se soluble by RNase• 

(B) (0) 

87·9 
69·4 58 
57·9 55 

26·0 (28·7!) 
57·2 (55·4!) 59 (57!) 

[47-68«] 

Free polysomes were isolated by centrifugation in sucrose gradient of the 15,800 g supernatant, 
and the mitochondriar,endoplasmic reticulum components by buoyant density centrifugation 
of the 8100 g membrane fraction (see Materials and Methods (d)) from samples of 8 x 107 to 
1·9 x 106 HeLa cells labeled for different times with f 3H]uridine; in one experiment, a mixture of 
1·5x108 cells labeled for 3 min with (3H]uridine (25·5 mc/µ.mole, 10 µ.c/ml.) and 5x107 cells 
labeled for 26 hr with (14C]uridine (50 µ.cf µ.mole, 0·005 µ.c/mJ.) was used. 50- to 100-µ.l. samples of 
fractions of the free polysome distribution and of the mitochondria -endoplasmic reticulum band 
(each containing <6 µ.g RNA) were diluted with l·O ml. 0·1 M-NaCl, 0·01 M-sodium citrate and 
treated for 10 min with 50 µg pancreatic RNase/ml. at 2°C. In the double labeling experiment, 
the RNase-resistant radioactive material was corrected for a. low level of DNA labeling by (14C]
uridine by subtracting the acid-insoluble radioactive material resistant to hydrolysis by 0·5 
N-NaOH for 22 hr at 30°C. RNA was released from the free polysomes and from the membrane 
components by sodium do<leoyl sulfate and analyzed in sucrose gradient in sodium rlo<lecyl 
sulfate buffer. The. proportion of radioactive material associated with the two major rRNA 
components was estimated as described by Girard et al. (1965). 

n .d., Not detectable. 

•This figure does not include 5 s RNA .. 
b This estimate was made by assuming that the non-ribosomal portion of RNA from free 

polysomes is digested by RNase to the same extent as the 25-min labeled RNA (-88°/o), i.e. 
B - (100-A ) x 0·88 . 

0 = · A X 100, where the symbols are defined m the headings of the Table. 

For the non-ribosomal .portion of RNA from the 8100 g membrane fraction, it :was tentatively 
assumed that about 60% of it (as estimated from the fraction of heterogeneous RNA which was not 
released by EDTA, Fig. 4(b)) has the sensitivity to RNase of the 3 min-[ 3H ]uridine-la.beled intra.
mitochondrial RNA, and the rest is attacked by the enzyme to the extent of 88%, as is free poly
some non-ribosomal RNA. 

0 The figures in parentheses indicate the number of experiments. 
d This figure was estimated indirectly on the basis of the following available information: ( l) 

almost 4% of free polysoma.l RNA is represented by tRNA (2 molecules per ribosomil, Warner & 
Rich, l!J64) and 5 s RNA (1 molecule per ribosome, Rasset, Monier & Jnlien, 1964); (2) 3 to 4% 
of free polysomal RNA is represented by mRNA (Sooiro, Vaughan, Warner & Darnell, 1068); 
and (3) the specific activity of mRNA after 24 hr growth in the presence of labeled RNA pre
cursors is close to twice that of rRNA due to its turnover (Penman, Scherrer, Becker & Darnell, 
1963; Atta.rdi & Attardi, 1967). For the tRNA-5 s RNA components the above estimate was 
found to be very close to the amount directly determined from sucrose gradient analysis (- 4·3 %). 

0 This proportion was estimated directly from sucrose gradient analysis (see, for example, 
Fig. 4(b) and (o) ). 

r Data. pertaining to the double labeling experiment. 
~These figures represent ·the minimum and me.ximum proportion of radioactivity in rRNA 

eolubilized by RNaAe as estimated under the two extreme assumptions that all the membra.ne
assooiatod hoterog.onoous RNA has the RNa.ae sensitivity of free polyi;ome non-ribosomal RNA or 
intramitoohondriu.l RNA, respeotively. 
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FIG. 4. Releai;e of RNA from the 8100 g membrane fraction by EDTA treatment. 
The 8100 g membrane fraction was isolated from a mixture of 1·8 x 108 cells lo.baled for 75 min 

with [l4Q]uridine (50 µ.cf µ.mole, 0·07 µ.o/ml.) and 7x107 cellg lo.baled for 24 hr with [3H]uridine 
(27·1 mc/µ.mole, 0·3 1<0/m!.) and divided into two equal parts : one.half was used as a control ; 
the other half was treated with 90 µ.moles of EDTA, pelleted, and resuspended as described in 
Materials and Methods (d). Each sa.mple was run on a 30 to 48% sucrose gradient. RNA was 
extracted by the sodium dodecyl sulfate method from the mitochondriarllndoplasmic reticulum 
band of the control (a) and of the EDTA-treated sample (b) and from the material released into 
the EDTA supernatant fraction (c) , and run on a 15 to 30% sucrose gradient in sodium dodecyl 
sulfate buffer, as detailed in Materials and Methods (e). In (b) the dotted line was used to estimate 
the amount of radioaativity associated with heterogeneous RNA. 

--/:::,.--/:::,.--, o.D. 260 ; -0--0-, 75-min [HC]RNA cts/min; - ®--®- , 24-hr [3H ]RNA 
cts/min. 
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maximum estimate of tho fraction of mitochondria which aro accessible to tho enzyme 
and that tho ribosomes contained in those mitochondria would bo as suscoptiblo to 
RNat1ci as froo ribosomes, theso results indicate that tho groat majority of the ribosomoH 
of tho mombrano fraction are oxtramitoohondrial, i.o. presumably bound to tho 
tindoplasmio reticulum. This conclusion was corroborated by the results of tho 
analysis of tho effects on these ribosomes of EDTA treatment, as described below. 

(f) Response of membrane-associated ribosomes to EDT A treatment 

Investigations carried out on rough microsomes from rat liver (Sabatini et al., 
1966) have shown that, if these are exposed to a concentration of EDTA sufficiently 
high (20 µmoles per 0·5 g tissue equivalent of microsomes), essentially all the small 
ribosomal subunits of the membrane-bound ribosomes are released; the detachment 
of the large subunits requires higher concentrations of EDTA and reaches a limiting 
.value of 50 to 60% of the original 50 s content (as can be estimated from the reported 
proportion of the total membrane-bound rRNA released (65 to 70%), assuming 2·6 
as the weight ratio of the two subunits (Amaldi & Attardi, 1968)) upon t reatment 
with 100 µmoles or higher amounts of EDTA. A situation similar to that described 
for the ribosomes of rough endoplasmic reticulum from liver, as concerns response 
to EDTA treatment, appears to hold for the bulk of ribosomes of the membrane 
fraction from HeLa cells. In fact, as shown in Figure 4 and Table 3, the analysis of 
RNA extracted from the EDTA-treated membrane fraction reveals that about 30% 
of both the pre-existing and newly synthesized (i.e. labeled after a 75-min [140]
uridine pulse) 28 s RNA originally present in the membrane components remains 
associated with them after exposure to the chelating agent (from 35 to 75 µmoles 
per gram cell equivalent of membrane fraction). On the contrary, an examination of 
the o.n. 260 and of the 75-minute and 24-hour labeling profiles in the sedimentation 
pattern of RNA from the EDTA-treated membrane fraction fails to show a clear 
18 s RNA component (Fig. 4(b) ). The lower ratio of radioactivity in 28 s RNA to 
that in 18 s RNA after 75 minutes as compared to 24-hour labeling (Fig. 4(a)) is 
due to the asynchrony of arrival in the cytoplasm from the nucleus of the two newly 
synthesized rRNA components (Girard et al., 1965). The broad band of heterogeneous 

0 30 40 
Fraction no. 

Fm. 5. Sedimentation pattern of ribosomal subunits released from the 8100 g membrane 
fraction by EDTA treatment. The 8100 g membrane fraction was isolated from 2·6x109 cells; 
a.fter treatment with 100 µmoles of EDTA, the membrane components were spun down a.nd the 
superna.ta.nt fraction wa.s run on a 15 to 30% sucrose gradient in TKV, a.s described in Materials 
and Methods (d). 
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TABLE 4 

Ratio of 28 to 18 s RN A and of 50 to 30 s ribosomal subunits in diff ere;.t cytopla8mic 
fraction8 from H eLa cells 

Fraction 

Total 
8100 g 
Membrane 

fraction 
Material released 

Free polysomes 

Total ribosorne
polysome fraction 

by EDTA . 

Expected from molecular weight datab 

Ratio of 28 to 
18 s RNA• 

2·65° 

1·85 

2·47 

2·434 

2·5 to 2·6 

Ratio of 50 to 
30 B subunits• 

2·6Zo 

1-83 

2·75 

The RNA was extracted from the mitochondria-endopla.srnic reticulum components of the 
EDTA-treated membrane fraction (banded in sucrose gradient), from the material released by 
EDTA and from free polysomes by sodium dodecyl sulfate, as detailed in Materials and Methods 
(e). The ribosomal subunits were isolated as described in Materials and Methods (d). The retio of 
28 to 18 s RNA in free polysomes and that of 50 to 30 s subunits in the EDTA supernatant fraction 
and in free polysomes were .determined on t he basis of optical density at 260 m,u. after correction 
for the different base composition of the two rRNA components (Amaldi & Attardi, 1968). The 
ratio of 28 to 18 s RNA in the material released by EDTA was determined on the basis of distribu
tion of radioactivity after 2~-hr [3H]uridine labeling (no correction for the differnnt base composi
tion of the two rRNA species was needed because the sum of U + C + if; is almost identical in 
tho two component.a, and C and U (and presumably ob) have a.bout the same specific activity after 
long exposure of the cells to labeled uridine (Salzman & Sebring, 1959). The slightly lowor values 
obtained for the ratio of the two rRNA components, as compared to the ratio of the two ribosomal 
subunits, in free polysomes and in the total ribosome-polysome fraction may indicate a small 
conversion (less than 3%) of 28 s RNA to molecules sedimenting as 18 s RNA. 

n Defined in the text. 
b The figures given here represent the ratio of 28 to 18 s (of 50 to 30 s subunits) expected for 

equimolar amounts of the two rRNA species from their molecular weight ratio (Ama.ldi & Attardi, 
1968). ' 

0 These figures represent the ratios determined on the material released by EDTA after correc
tion for the amount of 28 s RNA (50 s subunits) remaining in the EDTA-treated membrane 
fraction (on the average, about 30% of total membrane-associated 28 s RNA (50 s subunits) 
(see Table 3) ). 

4 Average values dctermincd on the bnsis of o.D.~60 ratios and 3~P-la.beling ratios (Ama.ldi & 
Attardi, I 068). 

RNA sedimenting in the region 9 to 23 sand the heavier polydisperse components (up 
to more than 50 s) represent, in part at least, mitochondrial RNA (see Discussion). 

Figure 5. shows the sedimentation pattern of the material released from the 
membrane fraction of HeLa cells by EDTA treatment: one recognizes the two 
ribosomal subunits and a small amount of slower sedimenting ultraviolet-absorbing 
material near the meniscus. The ratio of major to minor subunits (defined as the ratio 
of total number of nucleotides contained in the two classes) released by EDTA from 
the 8100 g membrane fraction is about 1·83 (Table 4). This ratio is considerably 
lower than that of 2·75 found for the subunits derived from free polysomes treated 
under the same conditions, and that of 2·65 previously reported for the subunits 
derived from the total ribosome-polysome fraction (Amaldi & Attardi, 1968): this 
difference can be accounted for completely by the amount of 28.s RNA remaining in 
the EDTA-treated membrane fraction, a finding which strongly suggests that this 
residual 28 s RNA is in the form of 50 s subunits. In the same way, the figure of l ·85 
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Frn. 6. Sedimentation pattern of the Ne.DOC lyse.te of EDT A-treated membrane fraction from 
cells exposed for different times to labeled uridine. 

The 8100 g membrane fraction we.s isolated, in the experiment shown in (e.), from e. mixture of 
3x107 cells labeled for 5 min with [3H Juridine (27·1 mc/p.mole, 6·3 µ.c/ml.) and 3x107 cells labeled 
for 30 min with [14C]uridine (51 µ.of µ.mole, 0·063 µ.o/ml.), and in the experiment shown in (b), 
from a. mixture of l·O x 108 oells labeled for 75 min with [14CJuridine (50 µ.c/mole, 0·07 µ.o/ml.) 
and 4x107 cells labeled for 24 hr with [3H ]uridine (27·1 mo/µ.mole, 0·3 µ.o/ml.). After exposure 
to EDTA, the membrane fraction wa.s pelleted, resuspended in 0·25 M·suorose in T buffer (2·0 ml. 
in Expt. (e.) and l ·O ml. in Expt. (b) ), tl'ee.ted with l % No.DOC, and run one. 15 to 30% sucrooo 
gradient (over 3 ml. 64% sucrose) in TKV, e.e detailed in Materials and Methods (d). In (a) a. 
sample of the 15,800 g supernatant fraction was run at the so.me time on a 15 to 30% suoroae 
gradient in TKM to provide the o.D.260 profile of free monomers and native ribosomal subunits. 

For the determination of inoorporation of labeled uridine into alka.li-sto.ble material, portions of 
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found for tho ratio of 28 to 18 s RNA (defined as above) in the material released by 
EDT.A, after correction for tho residua! mombrano-associatecl 28 s RNA, becommi 
very closo to tho ratio of tho two major rRNA spocios in frco polysomcs ('l'ablo 4). 
No obvious loss of intramitochondrial RNA components appears to ocour as a re1m l ·~ 

of EDTA treatment. Thus, under conditions which release from the membrane 
frn.ction almost all tho 30 s ribosomal subunits, about 90% of the heterogeneous RNA 
labeled after a three-minute [3H]uridine pulse (when 70% or more of the label is 
intramitochondrial (Attardi & Attardi, 1968)) and about 80% of the 75-minute 
140-labeled heterogeneous RNA (of which at least 60% is intramitochondrial) remain 
in the EDT.A-treated membrane fraction (Table 3). Although exposure of the mem
brane components to EDT.A results in a slight decrease (--- 0·01 g/ml.) in density in 
sucrose gradient of the mitochondria-rough endoplasmic reticulum band (as 
revealed by the cytochrome oxidase, O.D. 260 and radioactivity profiles), no appreciable 
effect on the susceptibility in situ to RNase of the membrane-associated 75-minute 
[ 14C]uridino pulse-labeled heterogeneous RNA was detected after this treatment: 
this finding speaks against the possibility of damage to mitochondrial membranes 
resulting in loss of intra.mitochondrial ribosomes. 

The results analyzed above of the effects of EDT.A treatment on membrane
associated ribosomes confirm the conclusion of the RNase-sensitivity experiments, 
indicating that the great majority of these ribosomes are bound to the endoplasmic 
reticulum. The amount of pre-existing heterogeneous RNA not removed by EDTA, 
estimated on the basis of the distribution of the 24-hour labeled material (Fig. 4(b) 
and ( c)) and assuming that the specific activity of the heterogeneous RNA after 
this labeling time is about double that ofrRNA (due to its turnover (Attardi & Attardi, 
1967) ), represents 9 to 10% of the total membrane-associated RNA. As mentioned 
above, a part of this RNA, and possibly the majority, is intramitochondrial (sefl 
Discussion). 

The nature of the relatively minor portion of labeled heterogeneous RNA of the 
membrane fraction which is found in the supernatant fraction after EDTA treatment 
(about 20% after 75-min labeling), remains to be established; it seems likely that it 
contains mRNA of membrane-bound polysomes which has been released together 
with the ribosomal subunits. 

(g) Analysis of the material release,d, by sodium deoxycholate from EDTA-treated 
membrane fraction · 

In order to try to isolate the 50 s subunits which remain associated with membrane 
components after EDT.A treatment (see preceding section), the 8100 g membrane 

individual fractions of (b) were treated with 0·5 N-NaOH for 22 hr at 30°0, neutralized with HCI, 
and thlm precipitated wi.th 5% trichloroaoetic acid. 

In (b), the components corresponding. to the portions of the sucrose gradient pattern indicated 
by arrows were utilized for RNA .analysis (see Fig. 7). 

(o.) --6.--6.--, O.D.260 ; -0--0-, 30-min [16C]RNA ots/min; -©--~-, 5-min 
( 3H]RNA eta/min. 

(b) --6.--6.--:, o.o.260 ; -0--0-, total 75-min [14C)RNA. cts/min; - (!)--(';)-,total 
24-hr [ 3H]RNA cts/min; --0--0--, alkali-resistant 14C cts/min; --®--®--alkali-resistant 
3 H cts/min. 
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frnction from cells labeled for various times with [3H)- or [14C]uridine was treated with 
3xI0 - 2 11I-EDTA, washed with 1·5x10- 2 r.r-EDTA, lysed with 1% NaDOC, and run 
on a sucrose gradient. Tho o.n. 260 profile thus obtained (Fig. fi) showed a well-defined 
peak with the approximate sedimentation coefficient of 50 s (estimated by using the 
native ribosomai subunits 60 and 45 s present in the 15,800 g supernatant fraction 
as reference markers) and faster sedimenting components extending down to the 
region of 130 s and more (tho heaviest material being prevented from pelleting by 
the dense sucrose cushion at tho bottom of the tube). The radioactivity incorporated 
into RNA in a short pulse (which is mostly intramitochondrial) appeared· to be 
distributed rather uniformly in the region of the gradient from 30 to about 130 s 
(Fig. 6(a)); there was a somewhat greater accumulation of label in the components 
sedimenting slower than 30 s and, furthermore, a considerable proportion of radio
active material sedimented with the material heavier than 130 s (presumably these 
fast sedimenting structures correspond to the rapidly labeled material released by 
NaDOC lysis of mitochondria which still sediments in the polysome region after 
EDTA treatment (Fig. 2(b) and (c) ). No labeling of the 50 speak was observed after 
exposing the cells to [14C)uridine for up to 30 minutes; after a 75-minute pulse, some 
radioactivity appeared to be associated with the 50 s component (Fig. 6(b) ). The 
labeling of the latter became progressively more pronounced with increasing time of 
exposure of the cells to the radioactive precursor (Fig. 6(b) ). Ali the labeled com
ponents in the gradient appeared to be alkali-sensitive. It seemed likely that the 50 s 
peak consisted of large ribosomal subunits from membrane-bound ribosomes, which 
had not been detached by EDTA treatment. Consistent with this possibility was '0he 
delay in appearance of label in this peak, which agreed with the time of arrival of 
newly synthesized 28 s RNA to the endoplasmic reticulum (Attardi & Attardi, 1967). 
An analysis of the sedimentation pattern (o.D. 260 and 24-hr labeling profiles) of the 
RN A extracted from the 50 s peak region of the gradient showed indeed a well
defined 28 s RNA component and, in addition, heterogeneous material sedimenting 
in the region 7 to 28 s (Fig. 7(c) ). A surprising finding, however, was that a very 
similar pattern, with a 28 s RNA peak and slower sedimenting heterogeneous material 
(Fig. 7(b) ), .was exhibited by the RNA extracted from the structures sedimenting 
between 65 and 130 s in the sucrose-gradient centrifugation analysis shown in 

· Figure 6(b), and also by the RNA derived from the heaviest components (>130 s) 
(in the latter case some heterogeneous RNA with sedimentation coefficients from 30 to 
more than 50 s was also present) (Fig. 7(a) ). The RNA extracted from the NaDOO
released components with S <20 s showed, on the contrary, a high peak sedimenting 
at about 6 s, with small amounts of heavier heterogeneous material and of 28 s 
RNA (Fig. 7(d) ). 

An analysis of the distribution of 28 s RNA among the various components 
liberated by NaDOC from the EDTA-treated membrane fraction (Fig. 7) revealed 
that only about 37% of the large rRNA species remaining in this fraction after 
exposure to EDTA could be recovered from the 50 s peak region (Fig. 6(b) ), the 
remainder being mostly in structures sedimenting faster than 50 s (up to more than 
130 s). Increasing the relative amount of NaDOC from 10 mg (Fig. 6(b)) to 45 mg 
(Fig. 6(a)) per gram cell equivalent of membrane fraction did not promote the release 
of free 50 s particles as judged from the relative amount of o.n. 260 in the 50 s peak. 
As in the case of the RN A extracted from the total membrane fraction after exposure 
to EDTA (Fig. 4(b) ), an analysis of the o.n.2eo and of the 24-hour labeling profiles 
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in the 14 to 20 s :region of tho sedimentation patterns of RNA from the various NaDOC 
lysis products of the EDTA-treated membrane fraction (Fig. 7) did not show a clear 
18 s RNA component. · 

4. Discussion 

The electron microscopic examination of sections of HeLa cells has confirmed the 
observations made by others (Epstein, 1961; Journey & Goldstein, 1961; Fuse et al., 
1963) concerning the presence in these cells of tubules, vesicles and cisternae ofrough 
endoplasmic reticulum. In HeLa cells, as in other rapidly multiplying cells, the 
membrane-bound ribosomes represent a relatively minor part of total ribosomes: 
a rough visual estimate of their proportion in the electron microscope pictures would 
be between 10 and 20%. 

In the prosont work, most of the elements of rough endoplasmic reticulum were 
recovered, together with the bulk of mitochondria, in the 8100 g membrane fraction. 
Attempts to resolve rough endoplasmic reticulum from mitochondria either by 
differential centrifugation or by sedimentation-velocity or buoyant-density fraction
ation in sucrose gradient gave unsatisfactory results. It was found that even a partial 
separation of the endoplasmic reticulum involved drastic losses of these structures, 
in addition to introducing a disturbing selection factor. Since mitochondria are known 
to contain very small amounts of RNA (Truman & Korner, 1962; Elaev, 1966, 
Kroon, 1966; O'Brien & Ka.If, 1967a,b) and were therefore expected to contribu'r,e a 
relatively small proportion of the population of membrane-associated ribosomes, it 
was considered justifiable for the purposes of the present work to utilize the com
ponents of the 8100 g membrane fraction with a buoyant density in sucrose gradient 
of l · 16 to l ·20 g/ml. (which include both rough endoplasmic reticulum and mito-
chondria). · 

The results obtained in this work on the response of the membrane-associated 
ribosomes to RNase and EDTA treatment have confirmed the validity of this 
approach. Thus, under conditions of pancreatic RNase digestion which left the intra
mitochondrial heterogeneous RN A mostly intact, the RNA of the membrane-associated 
ribosomes appeared to be degraded to acid-soluble products to approximately the 
same extent (55 to 60%) as rRNA of free polysomes. Furthermore, exposure to EDTA 
released from the membrane components into the supernatant fraction almost all the 
small ribosomal subunits. Under the same conditions, the intramitochondrial hetero
geneous RNA was not removed, and judging from its sensitivity to externally added 
RNase, there was no apparent damage to the mitochondrial membranes which could 
have resulted in loss of intramitochondrial ribosomal subunits. On the other hand, 
the amount of residual 28 s RNA in the EDTA-treated membrane fraction was that 
expected for membrane-stuck 50 s subunits from ribosomes of rough endoplasmic 
reticulum (see below). These results, therefore, point to the association with endo
plasmic reticulum of the bulk of the ribosomes of the membrane fraction. The analysis 
carried out in this work was not sensitive enough to detect a relatively small amount 
of intra.mitochondrial ribosomes. Experiments carried out with purified mitochondria 
will be necessary to investigate the existence of intramitochondrial ribosomes, which 
is suggested by the analogy with lower eukaryotic cells (Kuntzel & Noll, 1967; Rifkin 
et al., 1967; Dure et al., 1967; Rogers et al., 1967; Wintersberger, 1967; Clark-Walker 
& Linnane, 1967), by the protein synthetic capacity of mitochondria in vitro (Roodyn 
et al., 1961,1962; Craddock & Simpson, 1961; Truman & Korner, 1962; Kroon, 
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1963a,b,c; Wheeldon & Lehninger, 1966) and by the apparent presence in rat liver 
mitochondria of specific tRNA species (Buck & Nass, lD68; Smith & Marcker, 1{}68). 

On tho basis of the amount ofrRNA extracted from the 8100g membrane fraction 
and from the small proportion of slower sedimenting mitochondria and endoplasmic 
reticulum present in the 15,800 g pellet, it could be estimated that from 10 to 15% 
(and possibly as many as 20%) of the total ribosomes in HeLa cells are associated 
with endoplasmic reticulum. Preferential losses of membrane-associated ribosomes in 
the low-speed centrifugations (Blobel & Potter, 1967a) would, however, lead to an 
under-estimate of their relative amount in the living cell. It should be pointed out 
that the concentration of Mg2 + during the cell homogenization and subsequent 
fractionation steps was kept to the minimum compatible with stability of polysomes, 
namely, l ·5x10- 4 M, in order to discourage any aggregation of free ribosomes and 
polysomes with membrane components. The observation that the ribosomes of the 
membrane fraction from HeLa cells behave, as concerns response to EDTA treatment, 
aimilarly to ribosomes of the rough endoplasmic reticulum from liver and differently 
from free ribosomes (see below) supports the conclusion that the ribosomes isolated 
with this fraction are associated with membrane elements in the intact cell. 65 to 70% 
of these ribosomes are recovered in the form of polysomes after NaDOO treatment 
of the membrane fraction and are presumably engaged in protein synthesis in vivo: 
the polysomes released by the detergent show the same RNase and EDTA sensitivity 
as free polysomes. Unlike the situation described for rat liver (Blobel & Potter, 
1966; Howell et al., 1964), in HeLa cells exposure to N aDOC of the rough endoplasmic 
reticulum structures sedimenting with mitochondria does not lead to an extensive 
breakdown of membrane-bound polysomes by nuclease action. However, the 
possibility of a partial degradation of polysomal mRNA after treatment with NaDOC 
cannot be excluded: as a matter of fact, the release of lysosomal RNase by the action 
of detergents has been recently described (Penman, Vesco & Penman, 1968). There
fore, the amount of polysomes recovered from the membrane fraction by NaDOC 
treatment can only provide a minimum estimate of the fraction of membrane-bound 
ribosomes which are associated with mRNA in the living cell. As was mentioned 
above, the rRNA of endoplasmic reticulum-bound' ribosomes showed the same 
sen.sitivity to RNase digestion, under the conditions used in the present work, as 
rRNA of free polysomes. The apparent discrepancy between this result and the 
previously reported relative RNase resistance of membrane-bound ribosomes from 
liver ,(Blobel & Potter, 1967b) is presumably due to the different conditions of 
digestion used here: particularly significant in this regard may be the higher ionic 
strength and the presence of a chelating agent in the medium (which would probably 
cause detachment of ribosomes from the membranes and removal of adventitious 
ribosomal proteins (Warner & Pene, 1966)) and the much higher (at least 15 times) 
RNase to RNA ratio. 

As discussed earlier, treatment with EDTA (35 to 70 µmoles/g cell equivalent of 
membrane fraction) releases essentially all the 30 s subunits and about 70% of the 
50 s subunits of the endoplasmic reticulum-bound ribosomes. The behavior of these 
ribosomes upon exposure to EDTA appears, therefore, to be similar to that described 
for ribosomes of the rough endoplasmic reticulum from rat liver (Sabatini et al., 
1966). It is not known which factor(s) are involved in the EDTA-resistant sticking of 
the 50 s subunits to the membrane. There seems to be a functional relationship 
between strong attachment and activity in protein synthesis of membrane-bou."ld 
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ribosomes (Sabatini et al., 1966), although the growing polypeptide chain does not 
seem to be itself the "hook" (Redman & Sabatini, 1966). It is possible that con
formational changes induced in tho ribosome, or in the membrane or in both, by the 
formation of the active complex cause a better fit between a specific receptor on tho 
membrane and a binding site on the ribosome. NaDOC liberates from the EDTA
treated membrane fraction only 35 to 40% of the membrane-stuck subunits as free 
50 s particles; the remainder are contained in structures sedimenting faster than 
50 s (up to more than 130 s). The nature of these heavier structures is uncertain. 
The virtual absence of small ribosomal subunits and the resistance to EDTA argues 
against their being polysomes. Their presence may reflect the tendency of some of the 
EDTA-resistant 50 s subunits (perhaps those with more complete polypeptide chains) 
to stick to residues of membrane elements or to aggregate with each other, possibly 
by interacting nascent chains. It should be mentioned in this connection that, in the 
case of rough microsomes from rat liver, the particulate material released by N aDOC 
after EDTA treatment (which consists mainly of a 50 s component and of 80 to 90 s . 
heterogeneous material) contains a major portion of the newly synthesized protein 
and/or nascent polypeptides. labeleg in vivo during a one-minute (3H]leucine pulse 
(Sabatini et al., 1966). . 

AB concerns the mRNA of membrane-bound polysomes, one would expect it to 
be released by EDTA together with the 30 s subribosomal particles, in view of the 
involvement of the small subunits in the bi."'lding of messenger (see review by Atterdi, 
1967) and in view of the evidence indicating that the ribosomes are attached to the 
membrane through their 50 s subunits and behave as fixed points, with the mRNA 
being the moving component of the active complex (Sabatini et al., 1966; Blobel & 
Potter, 1967b). It is likely that the relatively minor portion of labeled heterogeneous 
RNA of the membrane fraction which is found in the supernatant fraction after EDTA 
treatment consists, at least in part, of this mRNA. 

The observation that the intramitochondrial heterogeneous RNA labeled in a short 
pulse (which is homologous to mitochondrial DNA (Attardi & Attardi, 1968)) is 
not removed by EDTA treatment (Table 3) indicates that a portion, possibly the 
majority, of the heterogeneous RNA remaining in the EDTA-treated. membrane 
fraction is represented by mitochondrial RNA. However, direct evidence obtained 
with purified subcellular components is needed to establish both the fate, after 
exposure to EDTA, of the mRNA of endoplasmic reticulum-bound polysomes and 
the contribution of non-mitochondrial RNA components to the EDTA-resistant 
fraction. 

These investigations were supported by a research grant from the U.S. Public Health 
l::iervice (GM-11726). We thank Mrs L. Wenzel and Mrs B. Keeley for their invaluable help 
throughout this work. 
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ADDITIONAL RESULTS 

(a} · Isolation of the ribosomal RNA components from free and 

.membrane-bound ribosomes. The two ribosomal subunits were 

isolated from free and membrane-bound ribosomes of HeLa cells 

labeled, respectively, with [
14

cJ-uridine and [
3
H]-uridine; ribo-

somal RNA was extracted from the subunits and centrifuged in 

sucrose gradient. Sedimentation analysis of a mixture of the major 

ribosomal RNA species (from 50 S subunits) and, respectively, of 

the minor ribosomal RNA species (from 30 S subunits) from the two 

sources failed to show any difference in sedimentation properties 

between the homologous rRNA components (Figure 1 a and b}. Fur-

thermore, the residual "28 S 11 rRNA from the EDTA-treated mito-

chondrial fraction also showed identical sedimentation properties 

to the 28 S rRNA of free polysomes (Figure 1 c). 

{b} Kinetics of labeling of the rRNA components from free and 

membrane -bound ribosomes. HeLa cells were labeled for various 

times with [5-
3
HJ-uridine (25, 45, 60, 90, 120, 180 min.), and RNA 

was extracted from the mitochondrial fraction and free polysomes 

and centrifuged in sucrose gradient (Figure 2). The 0. D. 
260 

pro

file shows the two ribosomal RNA components. After 25 min. labeling 

with [
3
H]-uridine, all the radioactivity in free polysomal RNA is in 

the form of heterogeneous RNA {presumably messenger RNA) distri-

buted rather uniformly in the gradient between 6 and more than 45 S 

(Figure 2a). The RNA of the mitochondrial fraction, after a 25 min. 

pulse, is 3 to 4 times more labeled, per 0. D. 260 unit of rRNA, than 
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the free polysomal RNA, reflecting mainly the in situ synthesis of 

mit-RNA (Figure 2b). One can see in this sedimentation pattern a 

prominent peak centered around 16-1 7 S, a smaller broad peak at 

about 32-33 S, and heavier RNA components accumulated agains t 

the cushion of 64% sucrose at the bottom of the tube. (The initial 

labeling of the 18 S rRNA of the membrane-bound ribosomes can 

be unmasked after a 30 min. pulse with [5-
3

H J-uridine if it is carried 

out in the presence of ethidium bromide to selectively block the 

transcription of RNA on mit-DNA (see Part I, Chapter 4)). After 

a 45 min. pulse, the 18 S rRNA component is clearly labeled in the 

· sedimentation patterns from both the free polysomal (Figure 2c) and 

mitochondrial fractions (where it is superimposed on the broad 

16-1 7 S peak) (Figure 2d); there is no or very little label in either 

pattern in correspondence with the 28 S 0. D. 260 peak, but a well

defined peak sedimenting slightly ahead of the 28 S (which could mask 

the initial labeling of 28 S RNA) is again observed in the sedimenta

tion pattern of mitochondria..;associated RNA. By 60 min, labeled 

28 S RNA can be seen in the free polysomal RNA (Figure 2e), but 

its specific activity is about one-third of that of the 28 S RNA of the 

mitochondrial fraction (Figure 2f). At 90 min. , the specific activity 

of the 28 S RNA of free polysomes has become much closer to that 

of the membrane-associated 28 S RNA (Figure 2g and h) although it 

tends to remain lower until at least 180 min (Figure 2i and j). 

Table 1 summarizes the kinetics of labeling of the two 28 S rRNA 

components and the ratio of the specific activity of the 28 S RNA from 
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membrane components to that of the 28 S RNA from free polysomes 

after different labeling times. The latter is very high after a 60 min. 

pulse but drops rapidly between 60 and 90 min. labeling time; this 

drop occurs when the flow of 28 S rRNA into the cytoplasm has 

become very rapid and is close to the steady state rate. 

Concerning the 18 S rRNA, under the conditions of isolation 

employed here, quantitation is difficult for the RNA of the mitochon

drial fraction due to the labeled RNA of mitochondrial origin (16 S 

and 12 S) which overlaps the 18 S RNA peak. For a quantit ative 

study of the kinetics of labeling of the 18 S rRNA component of 

membrane-associated ribosomes, it will be necessary to extract 

RNA from ribosomal subunits released by EDTA from the mito

chondrial fraction. 
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FIGURE 1. Sedimentation properties of ribosomal RNA from 

the mitochondrial and free-monomer-polysome fractions of HeLa 

cells labeled with [5-
3
Hj-u,ridine or [2-

14
c]-uridine, respectively, 

for 48 hr.. (a, b} Two 800 ml. spinners of HeLa cells at 1. 4 x 1 o5 

cells/ml. were labeled with [5-
3
H]-uridine (2. 5 µC/ml.} or [2-

14
c]

uridine (0. 125 p.C/ml.) for 48 hr .. The mitochondrial fraction was 

prepared from the 
3
H-labeled cells as described in Materials and 

Methods of the preceding publication, and treated with DNase (20 fJ.g/ 

ml.) for 20 min. at 3°C. EDTA was then added to 0. 03 M, and the 

suspension, after remaining in the cold for 1 0 min, was centrifuged 

at 11, 000 g for 10 min. . The supernatant, containing ribosomal 

subunits, was layered on a 15 to 30% sucrose gradient in O. 05 M tris 

buffer, pH 7. 1, O. 025 M KCl, and 0. 001 M EDTA and centrifuged in 

the Spinco SW 25. 2 rotor at 25, 000 rev. /min. for 1 7 hr . at 3°C. 

The free ribosome-polysome fraction was prepared from the 

14 
C-labeled cells. The first 8100 g supernatant was treated with 

DNase (20 p.g/ml.} for 20 min. at 3°C and then centrifuged in the 

Spinco Type 65 rotor at 102 , 000 g for 90 min at 3°C. The resulting 

pellet was resuspended in O. 25 M sucrose in 0. 01 M tris buffer, pH 

7. 1, 0. 01 M EDTA, and centrifuged as above. 

The fractions corresponding to the major (50 S) and minor (30 S) 

derived ribosomal subunits in the two gradients were pooled separately 

for RNA extraction and precipitated with 2 volumes ethanol in the 

presence of O. 1 M NaCl and O. 5% SDS . After centrifugation of the 
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mixtures, each pellet was resuspended in SDS buffer and centri-

fuged on a 15 to 30% sucrose gradient in SDS buffer in the Spinco 

SW 25. 1 rotor at 25, 000 rev. /min. for 14. 5 hr. at 20°c. 

(a} Aliquots of the peak tubes from the sedimentation patterns 

of 
14

C-2.8 S RNA from 50 S subunits of free monomers-polysomes 

and 
3
H-RNA from membrane-associated 50 S subunits were mixed 

and run on a 15 to 30% sucrose gradient in SDS buffer in the SW 25. 1 

rotor at 20, 000 rev. /min. for 16 hr. at 20° C. 

(b} Aliquots of the peak tubes from the sedimentation pattern 

14 .. 
of C-18 S RNA from 30 S subunits of free monomers -polysomes 

and of 
3
H-RNA from membrane-associated 30 S subunits were mixed 

and centrifuged as above . 

(c) One spinner (400 ml.) at 1. 2 x 1 o
5 

cells /ml. was labeled 

with [ 5 -
3

H J-uridine ( O·. 3 µ. C /ml. ) for 2.4 hr. . The mitochondrial 

fraction was resuspended in O. 2.5 M sucrose in O. 01 M tris buffer, 

pH 7. 1, with O. 03 M EDTA, left 10 min. in the cold, and centrifuged 

at 11, 000 g for 10 min. . The pellet was washed once with O. 015 M 

EDTA and then centrifuged on a 30 to 48% sucrose gradient in the 

Spinco SW 25. 1 rotor at 25, 000 rev. /min. f?r 2.2 hr. at 3°C. The 

fractions corresponding to the mitochondrial band were pooled, and 

RNA was extracted as above and centrifuged on a 15 to 30% sucrose 

gradient in SDS buffer in the SW 25 . 1 rotor at 20, 000 rev. /min. for 

1 7. 5 hr. at zo 0 c. Aliquots of the two peak fractions corresponding 

to 11 28 S 1
' RNA were mixed with 

14
C-28 S RNA from 50 S subunits 

of free monomers -polysomes and centrifuged on a 15 to 30% sucrose 
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gradient in SDS buffer in the SW 25. 1 rotor at 20, 000 rev. /min. for 

15 hr. at 20°c. 

m.e---Q) 3
H cts. /min. 

o------o 14c I . cts. min. 
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FIGURE 2. Sedimentation patterns of RNA from the mitochon-

drial fraction and from free polysomes of HeLa cells labeled for 

various times with [5-
3
H]-uridine; [5-

3
HJ-uridine (3. 3 [LC/ml.} 

was added to each of two spinners containing 900 ml. HeLa cells at 

1. 4 x 1 o5 cells /ml.. At the following times 300 ml. samples were 

removed from the spinners and poured over 50 ml. frozen and crushed 

NKM (0.13 M NaCl, 0. 005 M KCl, O. 001 M MgC1
2

): 25, 45, 60, 90, 

120, and 180 min.. The mitochondrial and free ribosomal-polysomal 

fractions were prepared as described in Materials and Methods in 

the preceding publication. The mitochondrial fraction was centri-

fuged on a 30 to 48% sucrose gradient in 0. 01 M tris buffer, pH 7. 1, 
\ 

in the Spi:rico SW 25.1 rotor at 25, 000 rev. /min. for 20 hr. at 3°C. 

Free polysomes were separated from monomers, ribosomal subunits, 

and soluble components by centrifuging 3 to 5 ml. of the 15, 800 g 

supernatant through a sucrose gradient consisting, from the meniscus 

to the bottom, of 6 ml. 23% sucrose, 12 ml 23 to 55% sucrose gradient, 

and 6 ml. 55% sucrose, all in 0. 01 M tris buffer, pH 7.1, O. 00015 M 

MgC1
2

, in the SW 25.1 rotor at 25, 000 rev. /min. for 5 hr. at 3°C. 

RNA was extracted from the mitochondrial band and from the free 

polysomes by SDS and centrifuged on a 15 to 30% sucrose gradient (over 

3 ml. 64% sucrose} inSDS buffer (0. 01 M tris buffer, pH 7. 0, 0.1 M 

NaCl, 0. 001 M EDTA, O. 5% SDS} in the SW 25. 1 rotor at 22, 000 rev. / 

min. for 16 hr. at 20°c. 

0------0 O. D. 260 
&ll e. 3 I . \(,_ __ ...,,~ H cts. mm. 
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TABLE 1 

Specific Activity of 28 S rRNA from membrane-bound ribosomes and 

free polysomes from HeLa cells labeled for various times with 

(5- 3
H]-uridine 

Labeling 
time 

(min.) 

60 

90 

120 

180 

Membrane
bound 28 S 

r RNA 

12,000 

67,200 

139,000 

353,000 

Cts. /min. /ml. I 0. D. 26 0 

Free poly
somal 28 S 

r RNA 

3,930 

54,700 

121,000 

322,000 

Membra ne -bound 2' 8 S 

Free polysomal 28 S 

3. 05 

1. 23 

1. 15 

1. 10 

The data shown in this table are derived from the RNA sedimentation 

patterns of Figure 2 and two additional sedimentation patterns of RNA 

labeled during a 120 min pulse with [5-
3
H]-uridine. The 0. D. 260 

in 28 S rRNA was estimated by drawing a baseline under the two rRNA 

components; the baseline for radioactivity in 28 S RNA was drawn from 

the furrow between the 18 S and 28 S peaks to the advancing edge of 

the 28 S peak . . 
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ADDITIONAL DISCUSSION 

The results presented in the preceding publication have shown 

that 10-15% of the ribosomes in HeLa cells can be isolated from the 

mitochondrial fraction which contains, in addition to mitochondria, 

at least 85-90% of the elements of rough endoplasmic reticulum 

found in the HeLa cell cytoplasm. In this work considerable atten
\ 

tion was devoted to obtaining evidence as to what , if any, portion 

of the ribosomes of the mitochondrial fraction is located in mitochon-

dria. Due to the diff:lculty of obtaining mitochondria free from con-

taminating E. R., either by diffe rential centrifugation or by buoyant 

density or sedimentation velocity fractionation in sucrose gradients, 

the sensitivity to pancreatic RNase of the membrane-associated ribo-

sames and their response to EDTA treatment were used to distinguish 

extramitochondrial from intramitochondrial ribosomes. Both types 

of analysis led to the conclusion that the great majority of the ribo-

somes of the mitochondrial fraction are bound to the membranes of 

the rough E. R. · although, as discussed below, the presence of a 

small amount of intramitochondrial ribosomes has not been excluded. 

The sensitivity of the rRNA of the membrane-associated ribo-

somes to RNase_ digestion in situ under the conditions used here 

(which leave the great majority of pulse -labeled mit-RNA intact) 1s 

very similar to that of the rRNA of free_ polysomes. If as many as 

10% of the ribosomes of the mitochondrial fraction were intramito-

chondrial, in order to account for the observed effects of the RNase, 

the unlikely assumption would have to be made that the sensitivity to 
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RNase of the rRNA of membrane-bound ribosomes is significantly 

higher than that of rRNA of free polysomes. 

As concerns EDTA treatment, investigations carried out on 

rough microsomes from rat liver have shown that if these are 

treated with sufficiently high concentrations of EDTA, essentially 

all the small ribosomal subunits and a limiting amount of 50-60% of 

the large ribosomal subunits are released (4). A situation similar 

to that observed for the microsomes of rat liver appears to hold for 

the membrane-associated ribosomes of HeLa cells; EDTA treatment 

of the mitochondrial fraction results in the release of about 70% of 

the large ribosomal subunits and 85-90% of the small subunits. (The 

latter figure, revised since the preceding publication, has been esti

mated from the amount of 0. ·n. 260 in 18 S rRNA in the sedimenta

tion profile of RNA extracted from the EDTA-treated mitochondrial 

fraction and centrifuged on long sucrose gradients in the SW 25. 3 

or SW 27 Spinco rotors (see Part I, Chapters 3, 4}}. This residual 

18 S RNA not removed by EDTA may set an upper limit for the 

amount of intramitochondrial ribosomes (representing, at most, there

fore, 1-2% of the total cytoplasmic ribosomes}; however, these hypo

thetical intramitochondrial r~bosomes, containing 18 Sand 28 S RNA, 

because of the delay in appearance of label in their rRNA components, 

the general similarity in base composition and methylation pattern of 

the EDTA-resistant 28 S rRNA component to the 28 S rRNA of 

free polysomes, and the failure of the EDTA-resistant 28 Sand 18 S 

rRNA components to hybridize with mit-DNA (Part I, Chapter 3) 
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appear to be of nuclear origin. In addition, the sedimentation proper

ties of the two rRNA species remaining in the mitochondrial fraction 

after EDTA treatment are identical to those of the two free polysomal 

rRNA 1s (for 28 S see Additional Results, Figure le; for 18 S see Part 

I, Chapter 3 ). 

In Neurospora and yeast the occurrence of ,specific mitochondrial 

ribosomes containing rRNA components with sedimentation proper

ties and base composition different from those of the homologous 

cytoplasmic species (5, 6, 7, 8, 9, 1 O} and which hybridize with mit

DNA (11, 12) has been reported; furthermore, polysome-like struc

tures have been isolated from the mitochondria of Neurospora (6) 

and yeast (1 O}, and clusters of ribosomes have been observed in the 

electron microscope in yeast mitochondria (1 0). In higher organisms 

the existence of mitochondrial ribosomes can be inferred from the 

protein synthetic capacity of mitochondria in vitro ( 13, 14, 15, 16) inclu

ding HeLa cells (M. Lederman, personal communication} and from 

the presence in mitochondria from rat liver (17, 18} and HeLa cells 

(19} of specific tRNA species, but there is as of yet no definitive evi

dence as to the. nature of these ribosomes. It is likely that the early 

observations of 78-80 S ribosomes in mitochondrial preparations from 

animal cells (20, 21, 22} were due, at least in part, to contamination 

by elements of rough E. R. because of the difficulty in separating the 

two types of organelles as described here; however, it is not ruled 

out that animal cell mitochondria contain a small number of ribosomes 

of nuclear origin similar to the cytoplasmic species. 
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A 55 S particle, which is labeled by incubation of intact mito

chondria in vitro with [
14

c]-leucine for 5 min. , has been isolated 

by 0 1Brien and Kalf (23) from rat liver mitochondria extensively 

washed with medium lacking Mg++. Although it has not rigorously 

been excluded that this particle represents membrane-stuck large 

ribosomal subunits derived from dissociation of membrane-bound 

ribosomes in the absence of Mg++,· the possibility that it represents 

some sort of specific. mitochondria 1 particle has been supported by 

recent evidence of Ashwell and Work (24). The latter authors have 

confirmed the isolation from rat liver of a 50-55 S particle which is 

preferentially labeled during a short incubation of mitochondria in 

vitro with a labeled amino acid; fur thermore, they have also shown 

that this labeling can be chased from the 50-55 Speak by puromycin, 

suggesting that it is in nascent polypeptide chains, and that it is sensi-

tive to chloramphenicol, which inhibits selectively protein synthesis · 

in mitochondria (25, 26) and insensitive to cycloheximide, which 

inhibits, on the contrary, protein synthesis on cytoplasmic ribosomes 

(27, 28). These particles could correspond to the intramitochondrial 

RNA-containing particles, smaller than cytoplasmic ribosomes (their 

0 

reported diameter varies from 80 to 150 A as compared to 150 to 
0 

200 A for bacterial ribosomes (29, 30) and 180 to 230 A for cytoplas-

mic ribosomes of higher organisms ( 29, 31, 32)) which electron 

microscopic examination has revealed in cells from various higher 

organisms (32 , 33, 34, 35) and which may be homologous to small 

granules observed also in the mitochondria from HeLa cells 
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in the present work. However, the final identification of the 55 S 

particle will depend on the characterization of the RNA it contains. 
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