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ABSTRACT

PART 1 of tlﬁs 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 c_:ofnponents of mitochondrial origin in this fraction the
following criteria Wére used: association of newly synthesized RNA.
with mitochondria (recognized by cytochrome oxidase assay), in-
sensitivity in situ to ribonuclease digestion, linear kinetics of
labeling after [3H]-uridine pulses, sensitivity 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 c;)mponents,
varying in sedimentation constant from 4 to 50 S or more, and discrete
' RNA spegies, migratingatl6 S, 12 S, and 4 S in sucrose gradient. Analy-
sis of the sedimentation behavior of the 16 S and 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 0. 7 x 106 and 0.4 x 106
daltons. .The 16 S, 12 S, and 4 S RNA's appear to be methylated. Both

the discrete and heterogeneous mit- DNA coded RNA components have
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a base composition clearly different frorh that of ribosomal RNA and
cytoplasmic meésenger 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 Helia 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 Hel.a cells are membrane-bound;
65-70% V’of these can be recovered in the form of polysomes'after
membra;;e lysis with sodium deox?cholate. The 18 S and 28 S RNA
components of the membrane -bound ribosomes have similar kinetics
of labeling and identical sedimentation properties and nucleotide
coxnposition» 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 és 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 Wl;liCh has been observed for rat liver microsomes.

These result\s 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



-The discovery of DNA in cytoplasmic organelles (mitochondria,
chloroplasts, and centrioles (see for review 1, 2)) of eukaryotic cells
has provided the physical evidence for the éxistence of cytoplasmic
genetic systems alreédy 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 exafnple, the mitochondrial

DNA from Tetrahymena appears to consist of a population of linear

molecules of about 17u (3), while heterogeneous molecules of linear
DNA up to 25-26p have been obtained from Neurospora (4) and up to

60u, 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, 7,8,9,10,11) altho-ugh the most recent report
suggests that mitochondrial DNA of yeast consists of 25u 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
5u and a molecular weight of about lO7 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 5u
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



of mitochondrial DNA in which every sequence is represented
once ) of mitochondrial DNA is very close t§ the physical length.
Furthermore, j:he complete reannealing of a mixtﬁre of denatured mito-
chondrial DNA monorhers 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 coﬁtent 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 éystem in yeast exhibits both in vivo and in
vitroa 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, 47, 48,



- 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 iﬁitiator of protein synthesis in bacferia, 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 origiﬁ 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. ‘c_o£(60), is suggestive of at least a partial
control by mitochondrial DNA of the synthesis of mitochondrial ribo-
somal proteins; however, evidence has also been presented that most,
if not all, of the ribosomal p;: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 .i_mplyihg that this DNA may be the



. template from which mitochondrial tRNA is transcribed (62). The
classic non-chromosomal respiratory deficient mutants of Neurospora
(""poky') and yeast (cytoplasmic ''petites'’) 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 aas; b, and c, are absent from rho cells (64), and their

i
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 éomes from the observation of a preferen=-
tial transcription of mitochondrial DNA during adaptation to oxygen
in yeast, in concomitance with mitochondrial development (68). In
Neurosporatwo presumably mitochondrial DNA mutations resulting
in the '""poky ' phenotype have been reported to lead to alterations in
the primary structure of the mitochondrial structural protein (69);
héwever-, thié 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



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 _riboso:mal RNA, 50-60 species of ribosomal proteins as

in bacteria (70), at least 20 tRNA species and amino acyl tRNA syn-
thetases, and several protein factors) and/or for all or most of the
components of the mitochondrial 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 mitocilondrial enzymes in yeast (see 2), for mitochondrial malic
dehydrogenase in Neurospora (72), maize (73), and man (74), for

B-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 associated 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

biosynthesis occur in the endoplasmic reticulum and that they then



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 Iﬁitochondrial DNA is to analyze
‘the primary géne products of mitochondrial DNA. Accordingly, my
advisor, Dr. Giuseppe 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 necessitated 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 COnta\Lined

in the mitochondrial fraction will be described in Pazrt IIL
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BART 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 Cha.pter 1 represent the early
experiments that were designed to ansv‘ver the .question of whether
there exists a fracfion 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 -lﬁﬂ‘izl_l For this reason most of the analysis
wa. s carried out on cells exposed to short pulses with a radioactive
RNA precursor; Fﬁrthermore, since a minor contamination of the
cytoplasm by labeled 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 rﬁpture 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 foll owed
by mild horﬁogenization, were adopted. As concerns fractionation of
the cytoplaémic structures themselves, since the great majority (85-90%)
of the ribosomes and pblysomes in HeLa cells are non-xﬁembrane -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 éytoplasmic 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 ATTARDI

DIVISION OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA
Communicated by Renato Dulbecco, June 23, 1967

The genetic evidence of the existence in yeast! and molds? of cytoplasmic deter-
minants controlling the structure and function of mitochondria and the demonstra~
tion that mitochondria from all organisms contain DNA%*" have indicated that
" transcription and translation processes dependent on cytoplasmic genes occur in
eukaryotic cells. More recent observations in Neurospora have suggested that a
cytoplasmic, presumably mitochondrial, genetic determinant controls the structural
proteins of different membrane systems (mitochondria, microsomes, nuclear mem-
brane)? ?; these structural proteins, from their amino acid composition, fingerprinting
pattern, and immunological behavior, appear to be identical or to have a common
component.® * 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.

Materials and Methods.—(a) Cells: Conditions of growth of HeLa cells in suspension have been
described previously.’? These cultures were free of any detectable PPLO contamination.

(b) Buffers: The buffers used are: (1) T: 0.01 2 tris buffer (pH 7.1); (2) TM: 0.01 M
tris buffer (pH 7.1), 0.00015 M MgCl,; (3) TKM: 0.01 M tris buffer (pH 7.1), 0.01 M/ KC],
0.00015 M MgCly; (4) SMET:* 0.07 M sucrose, 0.21 M d-mannitol, 0.0001 4 EDTA, 0.001 M
tris buffer (pH 7.2).

(¢) Labeling conditions: Exponentially growing HeLa cells (1-3 X 10° cells/ml) were exposed
for various times to H-5-uridine (17.3-30.0 ¢/mM, 1.25-6.25 uc/ml). Long-term labeling of
phosphatidyl choline was carried out by growing cells for 48 hr in the presence of C4-choline
chloride (25 ue/ml). For incorporation of P3%-orthophosphate, the cells were washed twice and
resuspended in phosphate-free Eagle’s medium (with dialyzed serum); carrier-free-orthophosphate
was utilized at 50 uc/ml. >

(d) Preparation of subcellular fractions: In order to minimize the possibility of aggregation of
free polysomes with membranes, the Mg*+ concentration in the homogenization medium was re-
duced to the minimum compatible with stability of polysomes, 1.5 X 10~4M.1? The labeled cells
were washed three times with NKM (0.13 M NaCl, 0.005 3 KCI, 0.001 M MgCl,) and then
resuspended in 6 vol TKM. After 3 min the suspension was homogenized with an A. H. Thomas
homogenizer (10-15 strokes), sucrose was added to 0.25 M, and the homogenate centrifuged at
1160 X g for 3 min to sediment nuelei, unbroken cells, and big cytoplasmic debris. The super-
natant (fotal cytoplasmic fraction) was spun at 8100 X g for 10 min; the pellet was resuspended in
0.25 M sucrose in T buffer and, after a spin at 1000 X ¢ for 2 min to sediment any possible residual
nuclei and a small amount of aggregated debris, was recentrifuged at 8100 X ¢ for 10 min to yield
the first membrane fraction. The first 8100 X g supernatant was centrifuged at 15,800 X g 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 Spinco L ultracentrifuge through a 15309, (w/w) sucrose
gradient in TKM prepared above 3 ml of 84%, (w/w) sucrose.

1051
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Separation of cytoplasmic fractions on the basis of deunsity was carried out by centrifuging
them for 16 hr at 24 krpm at 3°C in the SW 25 rotor through a 1.0 to 2.0 M sucrose gradient in T
buffer.

(e) Extraction and analysis of RNA: Conditions for RNA extraction and sedimentation analysis,
isotope determinations, and base composition analysis have been described in detail elsewhere.!3

(f) Determination of the labeling of the pools of uridine nucleotides: A cell suspension was exposed
to I3*5-uridine (25.4 ¢/mM, 3.3 uc/ml). At various intervals, aliquots were removed and
quickly cooled; the cells were washed three times with NKM, then precipitated with 0.5 N
HClO4. The O.D.o0 and the H3 cpm of the acid-soluble fraction were measured. The samples
were then neutralized with KOH, the insoluble KClO4 was separated by centrifugation, and the
labeled components of the acid-soluble pool fractionated by Dowex 1-X8 (formate form) chro-
matography.’* For all times of labeling analyzed (4, 7, 10, 17 min), more than 909, of the cpm
were found to be associated with UMP, UDP and UDP derivatives, and UTP.

(g) Extraction of total and cytoplasmic DNA: Total HeLa and E. coli DNA were extracted by
the Marmur procedure.’® 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 19, 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%),5 it is likely
that this “cytoplasmic’’ DNA preparation is contaminated by nuclear DNA.

(h) RNA-DN A hybridization experiments were performed as described previously.1®

Results.—(a) Distribution of rapidly labeled RNA among cyloplasmic fractions:
Figure 14 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.”+ ¥ One recognizes in the middle portion of the gradient,
in Figures 14 and 2, a band of polysomes, which presumably correspond to the free
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polysomes which are seen in the cytoplasmic Tus

matrix in electron-microscopic pictures. Cen- 4000

trifugation for 5 hr in a 0.75 M-2.0 M sucrose

gradient of this polysome fraction prepared (as o001 -

described in Materials and Methods) from CU- 2000} 11 120 o

choline labeled cells reveals essentially no lipo- & / =

protein material in correspondence with the & 2% r E

polysome peak. ool A
After a 30-min pulse with H3-uridine, about i

twice as much of the newly synthesized RNA aook1 . |

appears in the region of the fast-sedimenting \* /‘:s,mm

material as is associated with free polysomes :

(Flg 1A) Bo”om Fraction No.
Differential centrifugation of the total cyto- '

plasmic extract separates the membrane frac- Fiec. 2.—Sedimentation pattern of

. B : total cytoplasmic fraction from HeLa
tion, contaminated by a small amount of free [y ratayraly labsled withiCloeholies,

polysomes (Fig. 1B), from the bulk of these Same gradient as in Fig. 1, 70 min, 24
(Fig. 10). Treatment of the membrane frac- K™Pm-

tion with 19, NaDOC releases almost all H?, ,

which now sediments in the upper two thirds of the gradient in the region correspond-
ing to polysomes, monomers, and lighter components (Fig. 1B8). The H? sediment-
ing in the polysome region shows the sensitivity to RNase characteristic for free
polysomes,® 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,!! contaminated by other
membranaceous structures, some of which are rich in RNA. 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 ODgys
due to cytochrome ¢, band at p ~ 1.19, in agreement with the known density of
these structures in sucrose gradient.!' The buoyant density of the structures
carrying the pulse-labeled RN A 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. 34). 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—* 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.?® From their
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Fra.3.—Equilibrium centrifugﬁtion in sucrose density gradientsof membrane fractions from HeLa
cells labeled for 15 min with H®5-uridine. The first membrane fraction was isolated from 3
batches of cells, homogenized, respectively, in SMET (4) or in T (B) or in TM buffer (C). (D)
Nuclei obtained from the same cell suspension were extensively broken by homogenization

centrifuged at 1160 X g for 3 min, and the supernatant analyzed. 1.0-2.0 M sucrose in iy
buffer, 16 hr, 24 krpm.
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(Left) Fre. 4.—Sedimentation pattern of membrane-associated RNA extracted from HeLa cells
exposed for 7 min to H®-5-uridine. 5-209%, sucrose in acetate-NaCl buffer’ (over 3 ml 64% su-
crose), 8 hr, 25 krpm. N

(Right) Fie. 5.—Effect of actinomycin D on the labeling of membrane-associated RNA. HeLe
cells were exposed to H3-5-uridine, and samples removed at different times; to one aliquot of
the suspension actinomycin D (7.5 ug/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 H? 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 as
described previously.!3 '
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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.

(¢) Sedimentation paltern of membrane-associated RNA: Figure 4 shows the
sedimentation profile of membrane-associated RNA extracted from cells exposed
to H3-uridine for 7 min. The ODy0 reveals the two rRNA components in the
ratio expected for ribosomes (~2.5).2! 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 68 to the 508 region, with a broad
peak centered around 18S. The proportion of components sedimenting faster than
288 .appears to be appreciably greater than in the mRNA extracted from free
polysomes. After about 25 min labeling, radioactivity starts appearing in the
18S rRN A, and approximately 30 min later in the 288 rRNA; at the same time
labeled rRINA components appear also in the free polysomes.

(d) Base composition of cytoplasmic mRNA fractions: Table ‘1 shows the

TABLE 1
NucLeoTipE ComposITION OF FracTIONs oF HELA CyropLasmic MESSENGER RNA*
Moles (%)
C U(T)

Fraction A G GC% A/U A/G
Membrane-associated mRNA:t

9-258 33.9 24.5 22.6 18.9 43.4 1.50 1.79

26—-48S 31.4 23.9 25.3 19.4 43.3 1.24 1.62

Free polysome mRNA :
10-388 21.4 27.9 25.8 47.2 0.89 0.96

24.8
“Toal” cytoplasmic mRNA:0
‘9408 25.7 25.4 27.6 21.1 46.5 0.93 1.22
Total HeLa DN A 29.8 20.0 30.1 20.1 40.1 0.99 1.48
Human mitochondrial DNAt . 45
* Igolated from 30 min P32 pulse-labeled cells.
1 The data represent averages of two analyses.

3 From leucocytes of leukemic donor; GC content estimated from buoyant density in CsCl (J. Vinograd,
personal communication). °

“apparent’’ base composition of the mRNA extracted from the membrane fraction
and from free polysomes after a 30-min P32 pulse. One can see that both the
heavier (>258) 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?
for “total” cytoplasmic mRINA (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 0.5%, NaDOC) is also shown: the pattern of base ratios appears to
be roughly that of & mixture of the two classes of mRNA.

(e) Metabolic behavior of cytoplasmic mENA fractions: As shown in Figure 5,
addition of actinomyein D (7.5 pg/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



24

1056 BIOCHEMISTRY: ATTARDI AND ATTARDI Proc. N. A. S.

rate, up to a final fourfold increase (not shown in figure). Sedimentation 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 659%,) after about
1-1/; hr actinomycin action. - In contrast, the free polysome-associated mRNA is
relatively stable: infact, only about 209, 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 mRNA?? 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 mRINA.

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

ey Fra. 6.—Flow of radioactivity into the membrane-associated
RNA and free polysome RNA. HeLa cells were exposed to H?-

< 150f 5-uridine, and samples removed at different times; from each
o sample the first membrane fraction and the free polysomes were
. 100k separated as in Figs. 1 and 3, and the total H? associated with
£ them measured and corrected for small variations in the yield of
> - total ODyg. Correction for differences in UTP pool equilibration
S 5

with external H3-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.
5 10 15 20 ©, Membrane-associated RNA. O, Free polysome-associated
TIME (min) RNA. Dashed lines are used for the corrected kinetics curves.

associated mRNA becomes labeled much faster than the free polysome-associated
mRNA. In order to correct these kinetics for incomplete equilibration of the UTP
pool with Hé-uridine, the labeling of this pool after different times of exposure of the
cells to the H® 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 mRNA is cytoplasmic in origin
(in particular, synthesized in the membranaceous structures themselves); on the
other hand, the slower appearance of labeled mRNA in free polysomes could reflect
~ the time required for the equilibration of the pool of precursor mRNA molecules
and/or for the processing of these mRNA molecules in the nucleus and their trans-
port into the cytoplasm. \

(g) RNA-DNA hybridization experiments: As a more direct approach to the
problem of the site of synthesis of the membrane-associated mRNA, 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 MusseNGER RNA FrACTIONS WITH “CyrorLasMmIc”
. AND Torar HeL.a DNA

\'Kembrnno—Assoum.ted mRNA Free Polysome mRNA

n Input opm in Cpm in hybrid Input cpm i
, ?72:0“13 D&A* h‘;bn p(%) pper He D}I"IA‘ l'x)‘r]bridp(%)n
Experiment 1:
“Cytoplasmic” DNA 206 . 32.4 0.7 0.8
Total DNA i 21 5.7 0.4 0.8
Ezxperiment 2:
“Cytoplasmic”” DNA 97 26.0 0.8 1.3
Total DNA 15 5.2 0.4 0.8

Each annealing mixture contained 10 ug/ml DNA and 10 pg/ml total RNA, except in expt. 2 where
20 ug/ml DNA and 20 ng/ml free polysome RNA were used. Incubation at 70°C for 4 hr; RNase diges- .
tion with 10 é/ml 60 min at 22°C; washing of hybrid on 8&8 membranes at 55°C.1¢ Expts 1 and 2
utilized two different samples of membrane-associated m RN A (30 min and 20 min H? pulse, respectively).

* Recovered after Sephadex chromatography; the data are corrected for nonspecific background esti-
mated with E. coli DNA (amounting to 10-15% of the highest hybrid value in each experiment).

of specific mRNA present in the hybridization mixture (estimated to be 2-5%, of
total RNA?) 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 ug DNA a higher level of
hybrid than that contained in the ‘“cytoplasmic” DNA preparation. The oh-
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 mRINA. 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 mRINA has tenfold specific activity and much greater hybridization effi-
ciency. The high proportion of membrane-associated mRNA that hybridizes with
“cytoplasmic” DNA (25-309, 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 mRINA.
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 10-159, of the total) are associated
with membranes and contain a messenger fraction which, for sedimentation prop-
erties, base composition, and metabolic behavior, is distinet 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.%® 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.? 2  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 are 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 microscopyhas revealed in HeLa cells.”- ¥ 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.?: 22 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 RNA in directing the synthesis of structural com-
ponents of mitochondria and other cytoplasmic membranes.

This work was supported by a research grant from the U.S. Public Health Service (GM-11726).
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Abbreviations used: mRNA, messenger RNA; rRNA, ribosomal RNA; E. R., endoplasmic
reticulum; NaDOC, sodium deoxycholate.
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CHAPTER 2

Mitochondrial Origin of Membrane-Associated Heterogeneous RNA

- in Helia 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 previous chapter described the existence of a membrane-

" associated RNA in HelLa cells having propeities clearly distinct from
those of the messenge.r RNA of free polysomes. The linear kinetics
of labeling of this RNA and its sequence homology to cytoplasmic
(pr‘esu:mably 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 Hel.a cells of closed circular ]jNA molecules which could be well-
separated from linear or open circular DﬁA 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 precurs.or 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 assqciated, 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 érganelles. In particular, although mitochondria
could be sepa.ratedfrom 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 ehdoplasmic
reticulum‘ could be achieved due to their extensive overlapping in
sedimentation propérties 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 (25 3)s

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 té the rough endoplasmic reticu=~

lum where it becomes associated with ribosomes.
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MITOCHONDRIAL ORIGIN OF MEMBRANE-ASSOCIATED
' HETEROGENEOUS RNA IN HELA CELLS*
By Gruserre ATTARDI AND BARBARA ATTARDI
DIVISION -OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY

Communicated by Jerome Vinograd, May 27, 1968

The occurrence in the cytoplasm of HeLa cells of a membrane-associated
heterogeneous RNA distinet in sedimentation properties, base composition, and
metabolic behavior from mRNA of free pelysomes has been previously reported.?
The kinetics of appearance of this RNA fraction and its sequence homology with
" eytoplasmic DNA clearly pointed to a cytoplasmic site of synthesis.

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

Materials and Methods.-——(a) Cells: Hela cells growing in suspension? were used.

(by Buffers: "The buffer designations are: T: 0.01 M tris buffer (pH 7.1); TKM:
0.01 M tris buffer (pH 7.1), 0.01 & KCI, 0.00015 M MgCl..

(¢) Labeling conditions: Pulse labeling of RNA was carried out, as detailed below,
with H3-5-uridine (17.3-28.8 mc/uM) or C'4-2-uridine (30-50 pc/uM) in modified Eagle’s
nmedium (with 5% dialyzed calf serum) or with carrier-free P?2-orthophosphate (37
pe/ml) in medium containing 2 X 1077 M phosphate. DNA was labeled by growing
cells for 48 hr in the presence of Hi-thymidine (1.25 pe/ml; 17.7 me/uM).

(d) Preparation of subcellular fractions: 'T'he outline of the procedure utilized has been
deseribed previously;! TKM was the homogenization medium. Buoyant density frac-
tionation of the 8100 X g membrane components in 1.0-1.7 M sucrose gradient in T
buffer (Spinco SW 25.1 rotor, 25 krpm, 18-20 hr) separated a main band containing mito-
chondria and rough ER from a lighter band of smooth membrane structures.?

(e) Kxtraction and analysis of RN A were carried out as described elsewhere.*

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

(g) RNA-DNA hybridization experiments were performed as described previously.®

(h) Cytochrome oxidase assay was carried out by a modification of the procedure of
Smith:? 0.1-ml aliquots of the sucrose gradient fractions were mixed in a cuvette with
2.9 ml 18 uM solution of reduced cytochrome C in 0.04 M PO, buffer, pH 6.2. The de-
crease of OD at 550 mpu 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-
DNA: Figure 1 shows the buoyant density profile in a CsCl-ethidium bromide

Fig. 1.—Comparative homology with membrane-
associated heterogeneous RNA of different HHeLa DNA
components. The DNA from the 8100 X g membrane
fraction of cells labeled with H3-thymidine was analyzed
in a CsCl-ethidium bromide density gradient.® Aliquots
of pooled fractions were tested for hybridization capa-
¢ity with membrane-associated RNA from 90-min P3%-
Inbeled cells (1 ug DNA, 5 ug RNA). The results are
exprossed as Pi2/H? in the hybrids. The duta arefcor-
rected for nouspecific buckground estimated with E. coli
DNA. ' Fraction Number
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gradient of DNA from the 8100 X g membrane fraction from HeLa cells labeled
with H3-thymidine. The heavy band (fractions 19-28) contains closed circular
mit-DNA.? 3 ¢ The larger light band (fractions 36-60) consists of linear DNA
molecules from nuclear contamination, but it would also contain any nicked or
linear mit-DNA. The region between the light and dense bands corresponds to
the position of the recently described middle band® ° (not resolved here): this
contains catenated dimers and higher oligomers of mit-DNA. The capacity of
fractions from different regions of the gradient to hybridize with P32-labeled
nmembrane-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
times higher specific hybridizability with this RNA than the DNA from the light
band. This result indicates that mit-DNA is involved in hybridization with
this 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
band, presumably due to the trapping of mit-DNA which occurs when the
gradient is heavily loaded with DNA (here 60 pg).

(b) Rale of synthesis of mil-RNA: Figure 2 shows the kinetics of labeling.
of the membrane-associated heterogeneous RNA and of the free polysome mRNA
during prolonged exposure of HeLa cells to H3-uridine; correction was made for
incomplete equilibration of the whole cell UTP pool with the exogenous H?-
uridine at early times (up to 40 min)." * 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 mRNA com-
ponent of nuclear origin starting at that time. The decrease in the rate of labeling

Fic. 2.—Flow of radioactivity into
membrane - associated heterogeneous

. — - T — T T RNA and free polysome mRNA. Hela

100} _ o cells (3 X 10%/ml) were exposed to Hs-
"2:> J 5-uridine (3.3 yc/ml)_ and 300-ml

90t 2 100 / { samples removed at different times;

8 50 P from each sample the 8100 X g mem-

gof & 550 ,/ {1 brane fraction was isolated and banded
MINUTES S in sucrose gradient; free polysomes

70t 1 were isolated by centrifugation of the

< 15,800 X ¢ supernatant of the cyto-
O 60! 4 plasmic fraction in a 0.75 M-2.0 M
! sucrose gradient in TKM for 5 hr:b 3
E 50 Membrane -ossociated the total H? ¢cpm associated with these
i ¥oteragenecps; RNA fractions was determined and corrected
40r 1 for small variations in the yield of total
- | ODuwo. RNA was released by SDS and

: anzlyzed in sucrose gradient in SDS
. buffer.18 ) The proportion of ribosomal
and nonribosomal components was esti-

il | mated as in ref. 15. Determination of

i the labeling of the total cell uridine
e nucleotide pools (insert) and correction

. 20 .40 €0 B0 I00 20 140 160 18O of the RNA labeling data for incom-
TIME (min) plete UTP pool equilibration with ex-
ternal H3-uridine were performed us

described previously.?
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after about 100 minutes (see also Fig. 6) suggests 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 equivalent to about two thirds of the rate of arrival at the cytoplasm of free
polysome mRNA (see Discussion).

(¢) Ezport of mit-RNA: (I) Kinetics of appearance of labeled RN A in mito-
chondria and extramitochondrial membrane structures: An appreciable fraction (10—
159,) of polysomes in Hel.a cells are associated with tubules and vesicles of
rough ER:* 16 12 the major part of these polysomes is recovered in the 8100 X
¢ membrane fraction and can be released from the membrane components by
NaDOC treatment.: 3 In both buoyant density fractionation and sedimenta-
tion velocity runs (Fig. 3), the distribution of membrane structures containing

0I5+ Cytochrome oxidase

& 160w 140
22 o D
8 = ®}
o -E OloF i
& E J E 130 €
© \o 40 E >
2 9 £ £
o 0 £
2 @ ho »
g O005 VU -y
2 05} < "
5 120 © -
= {1.0
(&) o

d

0 20 3040 =
Bottom Fraction No.

Fira. 3.—Sedimentation pattern of components of the 8100 X g
membraue fraction isolated from a mixture of HeLa cells labeled for 3
min with H3-uridine and for 120 min with C-uridine. 15-309 su-
crose gradient in T buffer, SW 25.3 rotor, 7 krpm, 35 min.

RNA labeled during one hour or longer exposure to C*-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 H3-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 panecreatic RNase of the RNA in
the isolated membrane components was investigated: intramitochondrial RNA
in situ is protected from the action of nucleases.!® 4 As an internal standard to
monitor the extent of any possible mitochondrial damage, cells labeled for 3
minutes with H3-uridine (and mixed after harvesting with cells labeled for var-
ious times with C!-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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all, would presumably be intramitochondrial.
Conditions of RNase digestion were found
Imin H> - 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
L by it (Fig. 4). :
Figure 5 shows the buoyant density distri-
bution in sucrose gradient of the structures
containing RNase-sensitive or RNase-resistant
G 26 36 3-minute H3-labeled RNA and 30- or 120-min-
Incubation time (minutes) ute C'%-labeled RNA. While the proportion of
Fic. 4—Kinetics of RNase diges- I1° label sensitive to RNase is very similar in
tion in situ of membrane-associated  the two experiments, the proportion of C!4 sen-
heterogeneous RNA. A portion of  4in0 o RNage increases with pulse length.
the 8100 X ¢ membrane fraction L .
utilized in the experiment of Fig. 3 Lhe significance of the 3-minute H3-RNA frac-
was banded in a sucrose gradient:  tion sensitive to RNase isnot clear: it may re-
oo rom, the pek 140t o syl rom the damage of s porion of the mio-
ug/ml pancreatic RNase at 2°C in  chondria, or it may reflect the rapidity with
0.1 2 NaCl, 0.01 M Na citrate. which one fraction of mit-RNA is exported
(see below), or both. The distribution of
RNase-sensitive Cl4-containing structures is significantly displaced toward
higher densities with respect to that of the RNase-resistant C'4-labeled struc-
tures (Fig. 5). An increase in RNase sensitivity of the C'*-labeled membranc-
associated RNA was also observed after a cold chase or actinomyecin treatment.
It should be pointed out that for C!*-uridine pulses longer than 30 minutes, an
increasing fraction of label is in rRNA. As described elsewhere,® the great
majority (>97%) of the ribosomes of the 8100 X ¢ membrane fraction are associ-
ated with the rough ER and ~60 per cent of the rTRNA 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 TRNA (estimated by assuming 609, sensitivity of the fraction of label
in rRNA) was subtracted from the total RNase-sensitive or RNase-resistant
radioactivity: the difference would represent mainly label in heterogeneous
RNA. The data thus obtained in different experiments (Fig. 6) indicate that
with increasing pulse length or after a pulse chase an increasing proportion of
labeled heterogeneous RNA is associated with extramitochondrial structures.
The interpretation that the R Nase-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 bour, a
considerably greater proportion of label is found in heterogeneous RINA 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, is very close to the RNase-resistant fraction found in the experiments
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% RNose resistant CPM
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F1a. 5,—Buoyant density distribution in sucrose gradient of membrane strue-
tures containing RNase-sensitive or RNase-resistant RNA from a mixture of
cells labeled for 3 min with. H3-uridine and for 30 or 120 min with C**-uridine. The -
8100 X ¢ membrane fraction was banded in sucrose gradient: an aliquot of each
gradient fraction was treated with 50 ug/ml pancreatic RNase for 10 min at 2°C
as in Fig. 4. Correction for a low level of DNA labeling by C!4-uridine was made
by subtracting the TCA-precipitable radioactivity resistant to hydrolysis by
0.5 M NaOH for 20 hr at 30°C.

of Figure 6, and very likely corresponds to the intramitochondrial RNA (Table
1). It appears from Figure 6 that the radioactivity of the intramitochondrial
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-DNA ~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-
associated RNA labeled during a very short H3-uridine pulse to hybridize with
mit-DNA was compared with that of membrane-associated RINA labeled during &
two-hour C'4-uridine pulse (when a considerable fraction of it is extramitochon-
drial (Fig. 6)). - In these experiments, because of the nuclear origin of the rRNA
in the membrane-bound ribosomes,!+ 3. ¢ 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 6 and Table 1
one would expect the ratio of H? to C'¢in the hybrid to be about twice that in the
input heterngeneous 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 259, in different experiments) hybridiza-



36

206 BIOCHEMISTRY: ATTARDI AND ATTARDI Proc. N. A. S.

o . Fra. 6.—Distribution of membrane-associated
. heterogeneous RNA between RNause-sensitive
4000 and -resistant structures in continuous incorpora-
i 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 uc/ml) and 1.2 X 108 cells labeled for
different times with C!-uridine (0.06 wc/ml);
the total RNase-sensitive and RNase-resistant
fractions of membrane-associated RNA were de-
P termined as in Fig. 5, and corrected for the con-
Sl S T tribution of rRNA as indicated in the text. The
TIME (minutes) C1 data are normalized for small variations in
the yield of membrane components on the basis
of total I13-uridine incorporation (= C cpm per 1000 H? ¢pm), and for possible contribution
o RNase sensitivity by mitochondrial damage on the basis of a constant 259, RNase sensi-
tivity-of H3-RNA (see text):
©—0 RNase-resistant, O—O RNase-sensitive fraction, after labeling with C!4-uridine for
different times; A—aA RNase-resistant, A—A RNase-sensitive fraction, after 30 min CH-uri-
dine pulse, then 0.01 M cold uridine chase; @— RNase-resistant, 0—0O RNase-sensitive frac-
tion, after 30 min C'-uridine pulse, then actinomyecin (10 ug/ml) treatment; © polysome asso-
ciated, and ® nonpolysome-associated heterogeneous RNA of the 8100 X g membrane fraction,
after different exposure times to Cl4-uridine, was estimated as explained in the legend of Table 1.

C'4 cts/min

tion capacity of the seven-minute H3-RNA compared to the two-hour CH4-RNA
may be due to the fact that the sequences of mit-RNA are not represented in the
same 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
Hel.a cell DNA (Table 2), and possibly by the change in slope at about 30 min-
utes in the labeling of the membrane-associated RNA (Fig. 2).

Tasri 1. Polysome-associated and nonpolysome-associated heterogeneous RN A of the mem-

brane fraction.
Non-~
Polysome-  polysome- RNase-
Ribo- Hetero- associated associated resistant
Incu- somal geneous fraction of fraction of fraction of
bation . ~ RNA RNA* hetero- hetero- hetero~
time (% of (% of geneous geneous geneous
(min) Fraction total) total) RNAT (%) RNA (%) RNAL (%)
Free polysome RNA 42 58
75
Membrane-associated
RNA 21 .79 36 064 63
Free polysome RNA~ 51 49
90 -
Membrane-associated
RNA 28 72 38 62 58
Free polysome RNA 62 38
120 '

Membrane-associated
RNA 44 56 48 52 49

* Includes small amount of tRNA and 88 RNA (6-10% of heterogeneous RNA).

t Calculated according to the formula [(hRNAr/rRNAr) X rRNAu]/bRNAxy, where hRNA
and rRNA indicate heterogeneous and ribosomal RNA, respectively, and subscripts F and M refer
to free polysomes and membrane fraction, respectively.

{ Data derived from Fig. 6.
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TasLe 2. Comparative hormology with mit-DN A of membrane-associated heterogencous RN .
labeled during short and long pulses.

Membrane- Cpm in Hybrid Per Cent Input
associnted per ug DNA Cpm in Hybrid H3/CHin RNA
RNA fruction DNA He Cus H? Ccu Input IHybrid
Eaxpt. 1: :

(7 min H3-RNA 4+
120 min C14-

RNA) )
8-358 Mitochondrial 8.3 9.5 11.4 9.1 0.72 0.88
35-508 Mitochondrial 14.2 6.7 14.1 13.5 2.0 2:12
Expt. 2:

(15 min H3%-RNA +

120 min C1-

RNA) :
Total 7D 5.2 8.6 9.6 1.6 1.43
8-508 { “cytoplasmic”’ "(1.57%)
Total cell 0.6 0.8 1.2 2.8 1.6 0.73
Ezxpt, 3: ‘
(7 min H3-RNA +
120 min CH-
RNA)
Mitochondrial 1 ¥4 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 ug Hela mit-DNA and 10 sg RNA (8-35S) or 16 ug RNA (36-508); expt. 2: 22
ug “‘cytoplasmic DNA! or total HeLa DNA and 20 ug RNA; ezpt. 3: 2 ug mit-DNA (two prepara-
tions) or total HeLa DNA and 22 ug RNA (all in 2 ml). The data are corrected for nonspecific back-
ground estimated with E. colt DNA. The total ecpm and the H3/C!¢ in input RNA refer to heteroge-
neous RNA only, estimated as in ref. 15.

* Corrected for contribution of hybridization with contaminating nuclear DNA,! as estimated
from the duta obtained with total 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.! Base sequence homology of this RNA with
mit-DNNA 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%-uridine in parallel with
the total cell UTP pool, this rate can be estimated to correspond to two thirds of
the 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 turn 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.Y
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,? 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, due to its metabolic
instability.! It is possible that the saturation of radioactivity of intramito-
chondrial RNA after about 75 minutes of labeling reflects the turnover kinetics
of a labile fraction. To what extent the high rate of transcription of mit-DNA
is related to its informational role for protein synthesis is not known. Biochem-
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ical and genetic evidence in Neurospora'™ 18 and yeast'®: ' supports the idea that
mit-DNA is genctically active. Several types of observations strongly suggest
that mit-RNA does not remain counfined inside mitochondria, but is transported
in part to extramitochondrial structures. Biochemical and EM evidence has
mdicated that the great majority (>97%) of the ribosomes of the 8100 X ¢
membrane fraction are associated with ER elements:®* this would put an upper
limit of 0.3-0.4 per cent of the total cell ribosomal content for the amount of
intramitochondrial ribosomes. If a substantial part of mit-RNA functions as
messenger for protein synthesis, as is suggested by its association with polysomal
struetures,’ ? it seems unlikely that it could be served by very few intramito-
chondrial 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
mit-RNA in Hela cells is exported in part for its utilization to elements of the
rough ER, where it becomes associated with ribosomes of nuclear origin.» ¥ The
possibility that a fraction of this RNA functions inside the mitochondria is sug-
gested by the published reports concerning mitochondrial protein synthesis.

Abbreviations used: mRNA, messenger RNA; rRNA, ribosomal RNA; tRNA, transfer
RNA; mit-DNA, mitochondrial DNA; mit-RNA, mitochondrial RNA; ER, endoplasmic
reticulum; EM, electron-microscopic; NaDOC, sodium deoxycholate; SDS, sodium dodecyl-
sulfate; TCA, trichloroacetic acid; RNase, ribonuclease; Tris, tris(hydroxymethyl)amino-
methane; UTP, uridine triphosphate.

* This work was supported by a research grant from the U.S. Public Health Service (GM-
11726). One of us (B. A.) wassupported by a National Defense and IEducation Act Fellowship.
The excellent assistance of Miss E. Spencer, Mrs. L. Wenzel, and Mrs. B. Keeley is gratefully
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ADDITIONAL RESULTS

Export of mitochondfial RNA - About 10-15% of the ribosomes
and polysomes of HeLa cells are bound<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>