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ABSTRACT

Part I. The cellular slime mold Dictyostelium

discoideum is a simple eukaryote which undergoes a multi-

cellular developmental process. Single cell myxamoebae
divide vegetatively in the presence of a food source.
When the food is depleted or removed, the cells aggregate,
forming a migrating pseudoplasmodium which differentiates
into a fruiting body containing stalk and spore cells.

I have shown that during the developmental cycle glycogen
phosphorylase, aminopeptidase, and alanine transaminase
are developmentally regulated, that is thelr specific
activities increased at a specific time in the develop-
mental cycle. Phosphorylase activity is undetectable in
developing cells until mid-aggregation whereupon it
increases and reaches a maximum at mid-culmination.
Thereafter the enzyme disappears. Actinomycin D and
cycloheximide studies as well as studies with morpholo-
gically aberrant and temporally deranged mutants indicate
that prior RNA and concomitant protein synthesis are
necessary for the rise and decrease in activity and support
the view that the appearance of the enzyme is regulated
at the transcriptional level. Aminopeptidase and alanine
transaminase increase 3 fold starting at starvation and
reach maximum activity at 18 and 5 hours respectively.

The cellular DNAs of Q, discoideum were characterized

by CsCl buoyant density gradient centrifugation and by

renaturation kinetics. Whole cell DNA exhibits three bands
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in CsCl: p = 1.676 g/cc (nuclear main band), 1.687 (nuclear
satellite), and 1.682 (mitochondrial). Reassociation
kinetics at a criterion of Tm -23°C indicates that the
nuclear reiterated sequences make up 30% of the genome
(Cot% (pure) 0.28) and the single-copy DNA 70% (Cot%(pure)
70). The complexity of the nuclear genome is 30 x 109
daltons and that of the mitochondrial DNA is 35-40 x 106
daltons (Cot% 0.15). 7rRNA cistrons constitute 2.2% of
nuclear DNA and have a o =1.682.

RNA extracted from 4 stages during developmental cycle

of Dictyostelium was hybridized with purified single-

copy nuclear DNA. The hybrids had properties indicative
of single-copy DNA-RNA hybrids. These studies indicate
that there are, during development, qualitative and
quantitative changes in the portion of the single-copy

of the genome transcribed. Overall, 56% of the genome is
represented by transcripts between the amoeba and mid-
culmination stages. Some 19% are sequences which are
represented at all stages while 37% of the genome consists

of stage specific sequences.
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Part II. RNA and protein synthesis and polysome
formation were studied during early development of the

surf clam Spisula solidissima embryos. The oocyte has a

small number of polysomes and a low but measurable rate of
protein synthesis (leucine-3H incorporation). After
fertilization, there is a continual increase in the
percentage of ribosomes sedimenting in the polysome region.
Newly synthesized RNA (uridine-5-3H incorporation) was
found in polysomes as early as the 2-cell stage. During
cleavage, the newly formed RNA is associated mainly with
the light polysomes.

RNA extracted from polysomes labeled at the U-cell stage
is polydisperse, nonribosomal, and non-4 S. Actinomycin D
causes a reduction of about 30% of the polysomes formed
between fertilization and the 16-cell stage.

In the early cleavage stages the light polysomes are
mostly affected by actinomycin.
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PART I

REGULATION OF DEVELOPMENT IN THE CELLULAR
SLIME MOLD DICTYOSTELIUM discoideum




General Introduction:

A short analysis of Dictyostelium discoideum

as a developmental system.
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The choice of organism is critical to the successful
study of development in eukaryotes. The perfect organism,
so far undiscovered, would be a very simple eukaryote
containing few cell types, easily cultured in the labora-
tory with a visible and short developmental cycle,
accessible to various drugs and biochemicals, and amenable
to genetic analysis. With such a creature there should be
a method of synchronizing a large population so that any
desired amount of material at a given developmental stage
could be obtained. To support the assumption that analysis
of such a simple organism would lead to an understanding
of regulatory mechanisms in higher eukaryotes, one would
hope to find that the organization of its genome resembled
that of higher organisms. At the present time, the only
available clues to this organization are the presence of
histones (Elgin, et al., 1971) and possibly the presence
of repetitive DNA (Britten and Kohne, 1968; Britten and
Davidson, 1969; 1971). It is my feeling that the cellular
slime molds, especially Dictyostelium discoideum, fulfill

many of these criterig, This introduction is an analysis

of Dictyostelium as such an organism.

Dictyostelium can be grown vegetatively as an appar-

ently homogeneous group of cells (see footnote at end) on
live or dead non-mucoid bacteria, especially E. coll and

Aerobacter aerogenes (Raper, 1935; 1940a; Bonner, 1967;

Sussman, 1966). 1In the presence of food the cells
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continue to divide. When the food is depleted the cells
stop dividing (Bonner and Frascella, 1952; Sussman and
Sussman, 1960) and undergo a developmental process which
under proper laboratory conditions is synchronous between
large groups of cells. In this developmental process the
cells first aggregate into groups of approximately 105
cells. This aggregation is mediated by a chemotactic sub-
stance known to be 3'-5'-§yclic AMP, a phosphodiesterase
and phosphodiesterase inhibitor (Bonner et al. 1966;Konijn
et al.,1967; 1969; Chang, 1968; Konijn, 1969; Riedel and
Gerish, 1971; Bonner 1971). The cells then form a
migrating pseudoplasmodium which is phototactic, thermo-
tactic, chemotactic, and attracted towards higher humidity
(see Bonner, 1967; Bonner, 1971 for a discussion of this).
The slug will continue to migrate if it is cultured

on a non-buffered surface in the absence of overhead light
(Newell et al., 1969b). However, if it is briefly illumi-
nated or transferred to a buffered medium, it will
culminate immediately, forming a fruiting body containing
two main cell types: vacuolated stalk cells, which die,
and spores, in a ratio of approximately 1l:2.

During the period between aggregation and culmination
two intermediate cell types, pre;stalk cells which are
present in the front 1/3 of the slug and pre-spore cells
in the back 2/3 of the slug, can be distinguished

histologically, morphologically and biochemically (see



6

footnote at end). The very back tip of the slug represents
cells which will differentiate into the base of the stalk
and stain like stalk cells (Bonner, 1958; 1967). Pre;spore
cells contain cell specific vacuoles which apparently fuse
with the pre-spore cell membrane to form the spore cell
wall (Hohl and Hamamotot, 1969; Maeda and Takeuchi, 1969).
It has recently become possible to isolate, presently only
on a small scale, the pre-stalk and pre-spore cells from
the pseudoplasmodium and it has also been shown that
certain enzyme activities are higher in one of the cell
types than in the other (Miller et al., 1969; Newell et al.,
1969&)} Although the differences between these two inter-
mediate cell types are already pronounced, their develop;
mental fate is not irrevocably fixed. If the pseudoplasmo-
dia are disaggregated and placed in the presence of a food
source, the cells will dedifferentiate and develop into
vegetative amoebae. If the pseudoplasmodia are cut between
the pre-spore and pre-stalk regions and allowed to culminate
immediately, the front half develops into a long stalk with
very few spores and the back half differentiates into a
large sorocarp with very few supporting stalk cells (Raper,
1940b; Bonner, 1967). However, if culmination is prevented
and the slugs are allowed to migrate some of the cells

will dedifferentiate and form the missing cell type. If
subsequently allowed to culminate, these slugs will form
1Some of the enzymes are developmentally regulated (see

below), indicating a preferential synthesis in one of
the cell types.
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a normally proportioned fruiting body.

The entire developmental cycle proceeds essentially
in the absence of cell division (Bonner and Frascella,
1952; Sussman and Sussman, 1960) eliminating the usual
background of metabolic events concerned with DNA repli-
cation and cell division. The recent discovery of an
axenic medium (Sussman and Sussman, 1967; Ashworth and
Watts, 1970; Schwalb and Roth, 1970), in which very large
numbers of cells can be grown without bacterial food
source, has therefore made it possible to study develop-
mentally controlled changes in nucleic acid metabolism.
Prior to this development it was difficult to do molec-

ular biology on RNA and DNA components of Dictyostelium

due to constant bacterial contamination. Axenic strains
of wild type NC-4 have been obtained which have a division
time of 10 hours, grow to a concentration of better than
1.5% lO7 cells/ml, and develop as synchronously as cells
grown on bacteria. Recently a more defined media
which uses tryptone and a vitamin and mineral mixture
instead of protease peptone and yeast extract has been
worked out (Ashworth, personal communication). Large
numbers of axenically grown cells can be made to develop
synchronously on cellulose filters placed on an absorbant
pads saturated with buffer. By simply transferring the
filters to fresh pads, any desired substance can be added

to, or removed from, the system. Developing cells are
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permeable to many of the commonly used precursors as well
as inhibitors of protein and nucleic and metabolism.

The ability to achieve synchronous development of any
desired number of cells allows the study of developmentally
regulated changes in the synthesis of a wide variety of
soluble proteins, polysaccharides and mucopolysaccharides
(see Sussman and Sussman, 1969). Fifteen enzymes are now

known to be developmentally regulated in Discoideum

discoideum that is they increase in specific activity at

a specific stage in the developmental cycle (see Part I,
Chapter III, this Thesis). Although open to some criti-
cism, inhibitor studies with actinomycin D and cycloheximide
suggest that for many of the enzymes prior RNA and
concomitant protein synthesis are necessary for the rise
in activity. PFor two enzymes, N-acetyl glucosaminidase
(Loomis, personal communication) and UDPG pyrophosphory-
lase ( M. Sussman, personal communication) radioactive
amino acid incorporation studies indicate that the enzymes
are being synthesized coincidentally with the period of
appearance of enzyme activity. In the case of cellulase
(Rosness, 1968) however, the increase in activity of the
enzyme in crude extracts of culminating cells appears to
be due to the loss of an inhibitor and not to the de novo
synthesis of enzymes at that developmental period. For
several of the enzymes especially UDPG pyrophosphorylase

and alkaline phosphatase, actinomycin D and cycloheximide
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studies strongly suggest translational regulation of
enzyme synthesis once the putative message has been trans-
cribed (Ashworth and Sussman, 1967; Roth et al., 1968;
Loomis, 1969).

The slime mold developmental cycle displays a sur-
prising degree of flexibility. The sequence of events
at both the morphological and biochemical levels is
normally strictly ordered, giving the impression of a
program being read off in a linear, sequential fashion.
However, if the program is experimentally interrupted, the
cells appear to be able to switch to a different stage of
the program and then to proceed without ill effects. As
mentioned above, both pre-spore and pre-stalk cells,
though well on the way to becoming fully differentiated,
can dedifferentiate to amoebae if they are placed in the
presence of food or to the other cell type if the slug is
cut or dissociated and a delay is imposed before culmina-
tion. The homogenous group of cells in a slug fraction
will dedifferentiate, redifferentiate and resort themselves
eventually forming a normal slug and fruiting body (Raper,
1940b; Bonner, 1967; Francis and 0'Day, 1971). It has
also recently been shown by Newell and Sussman (1970) that
an unusual sequence of molecular events occurs when slugs
are transferred from an environment where migration will
continue indefinitely to one where culmination is induced.

In the former environment, the specific activity of the
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developmentally regulated enzyme UDPG pyrophosphorylase
slowly rises to the maximum level reached in normal
culminating cells while the developmentally controlled
synthesis of UDPGal-l-epimerase never occurs. If the cells
are then shifted to a culminating environment, the cells
synthesize epimerase and initiate a second round of pyro-
phosphorylase synthesis. They have also shown that these
events require RNA synthesis (actinomycin D studies), indica;
ting that slime molds are capable of altering the prescrited
developmental program by regulating gene activity
depending upon the environmental conditions. It is known
that if pseudoplasmodia at the "Mexican hat" stage (18
hrs.) are dissociated into single cells or small clumps

of cells, the cells will reassoclate and culminate normally
with a short lag (Loomis and Sussman, 1966). During the
course of the reassociation and subsequent development, at
least four enzymes (trehalose-6-phosphate synthetase, UDPGgl
polysaccharide transferase the two mentioned above and
probably glycogen phosphorylase)undergo a second round of
synthesis for which both RNA and protein synthesis is
required (Newall and Sussman, personal communication; Part
I, Chapter III, this Thesis). Although these phenomena

are not yet well understood, it seems highly possible that
they will provide an opportunity to study the nature of

the control mechanisms which regulate progress through a

developmental program.
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As Max Delbruck has stated many times and has shown
with T4, genetic analysis can be of enormous value in the
study of development. The lack of a sexual cycle in the
cellular slime mold represents a serious genetic drawback.

It has been found that Dictyostelium does have a parasex-

uval cycle (see Pontecorvo for a discussion of parasexual
cycles). During aggregation a small fraction of the cells
fuse, forming a diploid cell which then can remain stable or
lose chromosomes going through aneuploid stages to form
haploid cells (Sussman, 1961; Sussman and Sussman, 1962;
Shina and Ashworth, 1968; Yanagisawa, Yamada and Hashimoto,
1969; Yamada et al., 1970; Sackin and Ashworth, 1969).
Gene Katz (Sussman, personal communication; ILodish,
personal communication) has recently been able to demon;
strate the existence of at least 5 linkage groups and has
found evidence of crossing over between markers in the same
linkage groups. During the past several years,3 types of
slime mold mutants have become available. The most numerous
class consists of mutants which stop development at various
times during the developmental cycle. Temporally deranged
mutants, which develop at a faster or slower rate than the
wild type, (Loomis,lQ?O;Sonneborn.EE_g}.,1963) and tempera-
ture sensitive mutants in growth and development (Loomis and
Ashworth, 1969) now are also available. The existence of

a semi-defined medium may enable us to obtain a fourth

class of mutants, biochemical auxotrophs, which should
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greatly help in the analysis of slime mold genetics.
Although the genetic analysis of this organism is only
Just beginning, the results so far are promising.

I have tried to take advantage of several of the
experimental attributes of the cellular slime mold to
examine some of the problems related to development.
Several new developmentally regulated enzymes involved in
polysaccharide and amino acid metabolism were examined, and
their relationship to the physiology and developmental
changes occurring in slime mold differentiation were
analyzed. The appearance and disappearance of glycogen
phosphorylase was found to be developmentally regulated.
The enzyme reaches maximum activity during midculmination
during the period of soluble glycogen degradation (Wright
et al., 1968; Sussman and Sussman, 1969; Marshall et al.,
1970) and the synthesis of spore and stalk cell poly-
saccharides (see Sussman and Sussman, 1969). Aminopepti-
dase and alanine transaminase were also found to be devel-
opmentally regulated and reach maximum activity at approxi-
mately 18 and 5 hours respectively. These enzymes are
thought to be involved with protein degradation and amino
acid catabolism during differentiation. The breakdown of
amino acids probably provides the major source of energy

in developing Dictyostelium cells (Gregg et al., 1954 ;

Gregg and Bronswelg, 1956; Wright, 1964; Sussman and
Sussman, 1969).
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The availability of axenic strains made it possible
to investigate the molecular organization of the slime
mold genome, and the changes in its pattern of transcript-
ion during development. It has been shown that the

genome of Dictyostelium discoideum displays an organiza-

tion similar to other higher eukaryotes (see Britten and
Cohen, 1968; Britten, 1970; Britten and Davidson, 1971
for a review). The nuclear DNA contains,at a criterion of
230 below the Tm, nonribosomal repetitive DNA components
which may be analogous to those found in metazoans as well
as a large nonrepetitive DNA component. The genome was
found to be only 11 times as large as that of E. coli --
extremely small for a eukaryote. The small genome greatly
simplifies specific molecular hybridization studies since
each nonrepetitive DNA sequence is approximately 100 times

more concentrated in Dictyostelium DNA than in mammalian

DNA. Of the whole cell DNA, approximately 25-30% was

found to be mitochondrial DNA with a molecular complexity

6

of approximately 35-40 x 10~, similar to that found in

Paramecium and Tetrahymena (Flavell and Jones, 1970; 1971)

and Drosophila, (Botcham, et al., 1971). RNAs from various

stages of the developmental cycle were extracted and
hybridized with a purified single-copy DNA fraction to
analyze the qualitative and quantitative changes in the
nonrepetitive portion of the nuclear genome which was

being transcribed during the developmental cycle. The
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results indicate that at least 56% of the single-copy
portion of the genome is being used during the stages of
development examined. Of this, approximately 19% of the
genome represents sequences which are common to all the
stages examined, while approximately 37% represent stage
specific sequences which presumably are involved in the
differentiation of various intermediate stages. These
studies hopefully open the way to further experiments
which will bring us closer to an understanding of how a
relatively simple eukaryote regulates its differentiation
from a single cell type to two different cell types.

Although the results are not discussed in this
thesis, it might be interesting to point out some of the
work being done by Ken Pischel and myself on the chromatin
of Dictyostelium discoideum. We have found that the

chromatin has properties very similar to the chromatin of
higher eukaryotes. It contains histone-like basic pro-
teins complexed with the DNA, as well as a large variety
of nonhistone chromosomal proteins. The melting profile
of Dictyostelium chromatin in 0.25 mM EDTA, pH 8, shows a

triphasic melting profile with Tm% of approximately 51,65,
79°C while native DNA has a Tm of 41°C. under these condi-
tions. These results are similar to those that are found
in higher eukaryotes (Li and Bonner, 1971) while yeast
chromatin has been found to have only a biphasic melting

profile (van der Vliet et al., 1969). These results
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suggest that the genome Dictyostelium discoideum may have

a very similar organization to that of metazoans and
supports the hypothesis that regulatory mechanisms may
be very similar.

Footnote

One investigator (Takeuchi, 1969),as yet unconfirmed
by others, has reported that preaggregation cells and even
logarithmically growing amoebae can be distinguished with
respect to whether they will develop into stalk or spore
cells. Labeled amoebae from germinated spores when mixed
with marked dividing amoebae tend to sort out in the back
2/3 of the slug. If, however, these cells are allowed to
divide, they can be separated into two groups of cells:
cells which float or sink in a 1.061 gr/cc dextrin solu-
tion (150g, 20 min). Takeuchi found that the heavier cells
tended to differentiate into spores while the lighter cells
tended to develop into stalks. It was shown that the two
apparently separable cells types can be derived from a
single cell clone. Larger amoebae tend to sort into the
anterior of the slug (Bonner, 1959). The apparent differ-
ence between the two types may come from unequal cell
division (Takeuchi, 1969). There is also some indication
that pre-aggregating cells contain variable amounts of

cytoplasmic inclusions capable of cross-reacting with
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pre-spore antigens (Takeuchi,1963). It is not clear what
these results mean with respect to some pre-programming
of the development of individual cells. However, it is
known that every cell at all stages of development is
totipotent and that after cell division any individual
amoeba may ultimately be found in either the posterior or
anterior portion of the slug. (Bonner, 1971, Takeuchi,
1969). As discussed in the text, it is also clear that
individual cells in a slug are capable of rediffer-
entiation without cell division (Gregg, 1965; 1968;
Bonner, 1971; Francis and 0'Day, 1971).
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ABSTRACT

The cellular DNAs of Dictyostelium discoideum have

been characterized by their behavior in CsCl buoyant
density gradient centrifugation and by their renaturation
kinetics. Whole cell DNA exhibited three bands on CsCl
density gradient centrifugation. Two of these, of p= 1.676
g/cc (main band) and 1.687 (satellite) are nuclear. The
third, of p=1.682 is mitochondrial and represents approxi-
mately 28% of whole cell DNA.

Appropriate hybridization experiments with cytoplas-
mic rRNA show that rRNA cistrons constitute 2.2% of
nuclear DNA. This portion of the nuclear DNA possesses
a p of approximately 1.682 and bands in the mitochondrial
DNA region.

Non-reiterated sequences make up approximately 70% of

the Dictyostelium genome (criterion of Tm —23°C) and are

characterized by a Cot% (pure) of 70. Reiterated
sequences make up 30% of the genome and are characterized
by a Cot% (pure) of 0.28. The complexity of the nuclear
DNA of Dictyostelium is but 11 times that of E. colil

(approximately 30 x 109 daltons). The mitochondrial DNA

of Dictyostelium exhibits a Cot% of 0.15 and a calculated

complexity of 35-40 x 106 daltons.
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1. Introduction

Dictyostelium discoideum is a useful organism for

analysis of the biochemical changes which occur during
differentiation. It grows as a homogeneous, vegetative
cell population which, upon removal of the food source,
differentiates synchronously into two non-dividing cell
types, stalk and spore cells. Present evidence suggests
that at least 15 enzymes are genetically regulated during
the 26 hr of differentiation (see Telser & Sussman, 1971;
Loomis, 1970; Firtel & Bonner, 1971, for more on this
subject). These enzymes are involved in many biochemical
pathways which involve both synthetic and catabolic
processes. Developmental time courses have been worked
out for the enzymes involved in the pathways for poly-
saccharide metabolism during culmination and something is
now known about the regulation of these enzymes (Newell &
Sussman, 1970; Telser & Sussman, 1971l; Firtel & Bonner,
1971).

To better understand how the Dictyostelium genome

controls development and differentiation it is necessary

to analyze the molecular composition of this genome, to
discover what extent it is transcribed in vivo, and to
elucidate the quantitative and qualitative changes in the
sequences used during differentiation. This paper concerns

the structure of the Dictyostelium genome. It shows
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below that the DNA of the cellular slime mold Dictyostelium

discoideum contains single-copy (unique, nonrepetitive)

DNA and repetitive nuclear DNA components (by the renatura-
tion criterion used), as well as mitochondrial DNA. The
complexities of these components have also been deter-

mined. The total amount of nuclear DNA per genome in

Dictyostelium as determined by renaturation experiments
is approximately 11 times that present in E. coli.

In another paper (Firtel, 1971), the amount of, and
changes in, the nonrepetitive DNA present as transcripts
in the various stages of the developmental cycle of

Dictyostelium has been measured.

2. Materials and Methods

() Culturing of cells

The axenic strain of Dictyostelium discoideum (AX-3)

used for the experiments was derived from Dictyostelium

discoideum NC4 (Raper, 1935, 1940) by Dr. William F. Loomis,
Jr. (University of California, San Diego). The develop-
ment of this strain of Dictyostelium is similar to that of

wild type NC-4 (see Bonner, 1967). AX-3 was grown on
HL-5 media (Cocucci & Sussman, 1970; Watts and Ashworth,
1970) containing per liter: 10 g glucose, 10 g proteose
peptone, 5 g yeast extract, 0.25 g NazHPOu, and 0.4 g
KH,PO), , adjusted to pH 6.5 with H3P0u. The cultures were
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grown at 22°C on an obliquely rotating shaker at 150 rev./
min. During logarithmic growth the generation time of the
cells is 8-12 hr. Cells are capable of growing in log
phase to approximately 1-1.7 x lO7 cells/ml. and reach
concentrations of 1.5-2.5 x 107 cells/ml. at stationary

phase.

(p) Isolation of whole cell DNA

Cells were harvested by centrifugation at 3000 rev./
min in a Servall SS-34 rotor and washed 2-3 times in ice-
cold 7% sucrose. 50 ml. of 0.1 M EDTA pH 8 was added per
2.5 x 10lo cells and 15 ml. of 20% sodium N-lauryl
sarcosine (Sigma Chemical Co.) was added and the solution
stirred at room temperature until all cells were lysed.
Solid CsCl (Rare Earth Div., American Potash & Chemical
Corp.) was added to 0.27 g/ml. and the mixture heated at
60° ¢ for 5-10 min. The heat treatment is necessary for
high yields and probably helps both by destroying nucleases
and by liberating the DNA from proteins. Solid CsCl
(0.7 g/ml. of original volume) was then added to final
concentration of 0.97 g/ml. (P ~ 1.55). After further
cooling, 1/20th volumes of a 10 mg/ml. solution of
ethidium bromide (Calbiochem) in water was added. The
preparation was then centrifuged at 40,000 rev./min for
48 hr in a Spinco Ti 50 rotor. Figure 1 shows a picture
of the resulting CsCl gradient; a red protein skin, a

red DNA band, a white opalescent polysaccharide band, and
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Fig. 1. Preparative CsCl gradient of lysed

Dictyostelium cells in the presence of ethidium bromide.

Left: Photograph of gradient in near UV light show-
ing fluorescent DNA band and RNA pellet.
Right: Drawing of all visible components and their

location in the gradient.
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a red RNA pellet. In this procedure, the ethidium serves
two purposes. The first is that it causes the DNA to
band at a position separate from that of the poly-
saccharide which has a density of approximately 1.63 g/ml.
The DNA can therefore be recovered free of polysaccharide.
The second is that since the DNA is red it can be
visualized and removed easily with a Pasteur pipette.
This eliminates the need of determining the position of
the DNA by determination of the optical density of indi-
vidual fractions. The DNA band is removed with a
Pasteur pipette and rebanded at a concentration of
approximately 0.5 mg/10 ml. tube. After the second centri-
fugation, the band is removed, diluted with 3 volumes of
water, and extracted 2 times with an equal volume of iso-
pentyl alcohol to extract the bound ethidium bromide from
the DNA. Two volumes of 2-ethoxyethanol are added and the
DNA is wound out, dissolved, and dialyzed against 1 M NaCl,
0.01 M EDTA, pH 8, for several changes over a time period
of approximately a day and a half. It is then dialyzed
against 0.12 M phosphate buffer (equimolar in N,HPO) and
NaHePOM) for at least two changes. The DNA is then
dialyzed against the storage buffer ,0.0012 M PB. The DNA
has been found to be free of RNA, polysaccharide and
protein. The yield is greater than 95% of the DNA in the
cell as determined by the amount of DNA label extracted
from 3H-thymidine-labeled cells. The total amount of DNA

label in the cells was determined by a modification of
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Ts'o & Sato's (1959) modifications of the Schmidt &
Tannhauser (1943) procedure.

(c) Chemical analysis of Dictyostelium DNA

The optical spectrum of the DNA in 0.01 M equimolar
NazH:NaH2 phosphate buffer (PB) shows an A26O:A280 ratio
of 1.90-1.95 and an A26O:A23O ratio of 2.35-2.5. By
chemical analysis it contains less than 1% protein (Lowry
positive material) and no detectable RNA by orcinol
reaction. No polysaccharide was detectable as material
banding at 1.63 to 1.65 g/cc in CsCl. The hyperchromicity
upon heating to 95°C is 41-42% in 0.12 M phosphate buffer.

(d) Purification of mitochondria and extraction

of DNA from purified mitochondria

Washed Dictyostelium discoideum cells were homogen-

ized in 5 volumes of 0.1 M sucrose, 0.2 M mannitol, 0.001
M NaEDTA, 0.01 M Tris, pH 8,(SMET), in a Brinkman Polytron
homogenizer at a power of 1 for 1-5 min, depending upon
the sensitivity of the cells to lysis. The cells were
examined by phase microscopy and were rehomogenized if
over 90% of the cells were not broken. The homogenate

was then centrifuged at 2500 rev./min for 10 min in an
International centrifuge, supernatant removed and recentri-
fuged at 3000 rev./min for 10 min. The supernatant was
then centrifuged at 12,000 rev./min for 15 min in a GSA
head of a Servall centrifuge, suspended, homogenized and

recentrifuged 2 times in the SMET buffer at 17,000 rev.in
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in a Servall SS=34 rotor. The resulting mitochondrial
pellet was suspended, homogenized gently, and centri-
fuged at 3000 rev./min for 10 min. The pellet was
discarded and the supernatant then centrifuged at 15,000
rev./min for 15 min. The pellet was suspended in TNM
buffer (0.01 M MgCl, 0.01 NaCl, 0.01 M Tris, pH 7.6)
containing 0.2 M mannitol. DNase I (Worthington, RNase
free, electrophoretically purified) was added (20 ng/ml.)
and allowed to incubate for 30 min at 4°C. The material
was then centrifuged at 15,000 rev./min for 15 min. The
pellet was suspended in SMET buffer and layered over
30 ml, of a 1.0 M sucrose solution in SMET buffer which
was in turn layered over 20 ml. of 1.7 M sucrose solution
in the same buffer. The top interface was stirred
slightly and the whole then placed in a Spinco SW-25.2
rotor and centrifuged for 2 hr at 25,000 rev./min. The
mitochondrial band was found at the 1.0-1.7 M sucrose
interface. The band was then extracted for DNA by the
method described for whole cell DNA.

(e) Nuclear purification

Nuclei were purified by a modification of the method
of Cocucci & Sussman (1970). Cells were suspended in
modified HKM buffer (0.02 M MgCl, 0.01 M KCl, 0.02 M HEPES,
5% sucrose, pH 7.5, adjusted with ammonium hydroxide) to a
8

concentration of 2 x 10  cells/ml. One tenth volume of

15% Nonidet P-40 (Shell Chemical Co.), a non-ionic deter-
gent, was added with shaking. The cells were then passed



3
twice through a 20 gauge hypodermic needle, and then
centrifuged at 3000 rev./min for 10 min in a Servall
centrifuge (SS-34 rotor). The small white pellet was
resuspended in homogenizing media containing 12% sucrose
and made 1% with Nonidet, vortexed, and recentrifuged.
The crude nuclear pellet contained no whole cells (<0.1%),
little cell debris or cell ghosts, and consisted princi-
pally of nuclei. For purer nuclei, the pellet was
suspended in HKM buffer and layered over 2.3 M sucrose
containing 0.04 M MgCl, 0.02 M KCl1, 0.03 M HEPES, pH 7.5.
The interface was stirred to approximately one-half way
down the tube and the material centrifuged for 2.5 hr at
25,000 rev./min in an SW-25.1 rotor. The nuclei pelleted
through the 2.3 M sucrose andwas termed purified nuclei.
Under oil immersion phase optics nuclei only could be
detected. They appeared free of mitochondrial contamina-

tion.

(f) Analytical CsCl centrifugation

Isopycnic CsCl centrifugation was performed by
standard techniques in the Spinco Model E ultracentrifuge
equipped with a scanner. The densities were determined

using M. lysodeikticus as a marker at a density of 1.725 g/

cc. Optical grade CsCl was used. Most of the runs were
performed by Mr. Cameron Schlehuber.

(g) RNA-DNA hybridization

Filter RNA-DNA hybridization of ribosomal RNA (rRNA)
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was performed in 50% formamide, 5X SSC (SSC is 0.15 M
NaCl, 0.015 M Nag citrate) at 40°c (Gillespie &
Spiegelman, 1965; McConaughy et al., 1969). Heat dena-
tured DNA was applied to nitrocellulose filters
(Schleicher & Schuell, Keene , New Hampshire, B6 variety)
in 6X SSC. At the end of the hybridization reaction the
filters were washed and treated with ribonuclease (RNase)
A (Sigma) at 50 ug/ml. for 30 min at room temperature in
2X SSC. The RNase had been pretreated at 85°Cc for 20 min.
The filters were then washed to remove any unbound RNA
and counted in a liquid scintillation system. The DNA
retention was monitored using labeled DNA. It was always
greater than 70%.

rRNA-DNA hybridization kinetics were carried out in
solution using 50,000 1b/sq in sheared DNA (see next
section) in 0.24 M phosphate buffer at 66°C. The reaction
was stopped by plunging the reacting solution into ice
water. The reaction mixture was then treated with 20 ug
RNase A/ml. and 50 units/ml. of Tl RNase for approximately
20 min. The material was next applied to hydroxyapatite
(HAP), (Bio-Gel HT hydroxyapatite in 0.001 M phosphate
buffer, Bio-Rad, equilibrated in 0.12 M phosphate buffer
at 60°C), washed with 0.12 M phosphate buffer until all
unhybridized RNA was removed and then eluted with 0.48 M
phosphate buffer to remove the hybrid. In all cases the

phosphate buffer was equimolar mono- and dibasic sodium
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phosphate and contained 0.2% SDS. It has also been shown
by other workers that well-matched RNA-DNA hybrids can
be analyzed just as can DNA-DNA duplexes on HAP (Kohne,
1968; Gelderman et al., 1969, 1971; Davidson & Hough,
1969, 1971).
(n) DNA-DNA optical melting and reassociation profiles

DNA melting profiles and DNA-DNA renaturation
kinetics were done in a continuous recording Gilford 2000
or 2400 spectrophotometer with an automatic zero to
correct for drift. At all times a cell containing
material of known optical density or a metal screen
optical density standard was used to test for machine
drift. The melting profiles were performed in various
concentrations of equimolar (NagHPOM:NaHQPOM) phosphate
buffer (PB), (pH 6.8) as indicated for each experiment.
Standard phosphate buffer is 0.12 M phosphate buffer and
represents approximately the same sodium ion concentration
(0.18 M Na+) as 1X SSC. The Gilford spectrophotometer was
set to continuously record the change in optical density
as well as change in temperature. The rate of temperature
increase can be programmed and was linear over the period
examined.

DNA was sheared at 50,000 1lb/sq in. either in a
Servall Ribi Refrigerated French press to a weight average
size of about 300-400 nucleotides or at the same pressure

to 400-500 nucleotides by Dr. Roy Britten. The molecular
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weilght of the sheared DNA was determined both by alkaline

sedimentation velocity centrifugation and by its contour
length by electron microscopy (samples mounted from
formation). After shearing, the DNA was filtered, dialysed
extensively against 1 M NaCl in 0.01 M EDTA, pH 8, and
precipitated with 2 volumes of ethanol. It was dissolved
in 0.03 M PB and passed through a HAP column at 60°C and
washed. The DNA was passed through Chelex 100 (Bio-Rad)
(equilibrated in 0.12 M PB) (Davidson & Hough, 1971),
dialyzed against water and lyophilized.

Cuvettes containing DNA samples for melting and
renaturation studies were placed under a partial vacuum
to remove air dissolved in the sample. Each sample was
then covered with silicone o0il and a glass:stopper placed
on the cuvette to prevent evaporation.

DNA melting profiles of native and renatured DNA
samples were made with a linear temperature programmer
which increases the temperature of the cuvette at a
constant rate. The Gilford spectrophotometer automatically
records change in hyperchromicity and temperature of the
sample with time. For renaturation profiles the DNA
sample was placed in the Gilford and heated to 98O and

this value marked as the initial value A at zero time.

260
The sample was either maintained at 98°C while the Gilford
was rapidly cooled to the renaturation temperature or

placed at 60°C. In this case samples were then heated to
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98°C for approximately 5 to 10 min and then rapidly
placed into the constant temperature chamber of the
Gilford spectrophotometer (kept at the appropriate
renaturation temperature by Haake water bath). All
samples were melted after renaturation to measure the Tm
and to assure that the Gilford reading of the denatured
DNA was the same as the initial measurement.

Renaturation profiles were obtained at various
phosphate buffer concentrations as described in the
Results section.

The fraction of DNA renatured at time t, is plotted
vs. the log of the equivalent Cot of the DNA solution.
Cot is an abbreviation for initial DNA concentration (in
moles nucleotide/liter)x time of annealing in seconds
(Britten and Kohne, 1967). The equivalent Cot is the Cot
value multiplied by a salt correction factor (Britten &
Kohne, 1967; Britten & Smith, 1970) which corrects the
rate of reassociation at a given Na*t concentration to that
of the standard condition 0.18 M Na® (0.12 M PB). The
amount of DNA renatured at any particular time is calcu-
lated from the hyperchromicity determined for each frac-
tion by melting it when it was at least 97% (calculated)
renatured (further incubation showed no further decrease
in optical density) rather than by comparison with the
hyperchromicity of unsheared native DNA. The value for

the hyperchromicity agreed with the value calculated from



37

computer analysis of the renaturation profile (see Results
section). 1In all cases the hyperchromicity of renatured
DNA was less than that of native unsheared DNA.

(1) Hydroxyapatite renaturation profile

In addition to optical measurements, DNA-DNA renatura-
tion was also analyzed by hydroxyapatite chromatography
as described by Britten & Kohne (1967, 1968a). DNA
samples in phosphate buffer were placed in conical Reacti-
vial glass vials (Pierce Chemical Co.) which can be
tightly sealed by a Teflon lined screw cap top. Samples
were heated at 98°C for 5-10 min and immediately placed
in a water bath 22-250 below Tm depending upon the experi-
ment. After the appropriate renaturation time the
sample vial was removed and plunged immediately into ice
water to stop the reaction. The sample was then diluted
to 0.12 M PB and applied to a hydroxyapatite column
jacketed at 60°C and previously equilibrated with 0.12 M
PB. The column was washed with 0.12 M PB to remove
unrenatured DNA. The renatured DNA was then eluted with
0.48 M PB. To do a melting profile on hydroxyapatite,
the sample was applied and washed with 0.12 M PB. The
temperature was then raised in increments of 4 or 50, and
after about 5 min equilibration at each temperature the
column was washed with 2-3 volumes of 0.12 M PB. The
column was then raised another temperature increment and

rewashed. The washing in 0.12 M PB after the temperature
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rise removed DNA which had become single stranded due to
the rise in temperature. 1In all cases hydroxyapatite
renaturation experiments were done using DNA labeled with
32P. Thus optical densities did not have to be measured
and the samples could be counted directly in a liquid
scintillation system to determine the amounts of denatured
and of renatured DNA. 1In all cases the PB used contained
0.2% SDS.

To determine the background binding of the hydroxy-
apatite was, a dilute DNA solution, approximately 2 ng/
ml. in 0.12 M PB, was heated for 10 min at 95°C in a
water bath, and immediately plunged into an ethanol-dry
ice mixture and slowly brought up to room temperature. It
was then diluted, applied to a HAP column at 60°C, and
immediately washed with 0.12 M PB. The amount of DNA
bound is taken as that nonspecifically bound at zero Cot.
Under these conditions approximately 0.5% of the total
DNA bound to the column.

(j) Labeling of cells

To label cells with 32P04, they were grown to mid-
log phase in HL5 medium lacking added phosphate buffer,
adjusted to pH 6.4 with HC1l. Approximately 80 mC of

carrier-free 32

POu per liter of medium were then added
and the cells were allowed to grow to late log phase. The
DNA was then extracted as described above. Purified DNA

extracted from cells labeled with 80 mC/L had a specific
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activity of approximately 100,000-120,000 cts/ng. Specific

activity was measured after all purification procedures
had been completed.

(k) Ethidium bromide treatment

Ethidium bromide (Calbiochem) was added to an axenic
culture at various concentrations during different stages
of cell growth as described in the text. All experiments
in which ethidium bromide was used were performed in
darkness.

(1) Labeling and extraction of cytoplasmic

(nonmitochondrial) ribosomal RNA

One liter of HL5 medium containing no added phosphate
was inoculated with a 1/200th volume of a late log phase
culture. To label ribosomal RNA, 40 uC/ml. carrier-free
32PO,_l was added for three generations. Cells were then
harvested, washed once with HL5 containing unlabeled
phosphate and then cultured in such medium for 1.5 genera-
tions. In other experiments the cells were labeled in
the presence of 50 ug/ml. of ethidium bromide which
inhibits most of the mitochondrial RNA synthesis (Firtel,
unpublished results).

Cells were harvested, washed 3 times in 7% sucrose,
and lysed with a Dounce homogenizer in HKM buffer con-
taining 50 ng/ml. polyvinyl sulfate. The 25,000 g super-
natant was treated with 0.5% Triton X-100 for 5 min at

4°C and layered over 5 ml of a 1 M sucrose solution (HKM

buffer) which was underlayered with 2 ml. of 1.7 M
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sucrose (HKM buffer). It was next centrifuged for 3 hr at
40,000 rev./min in a Spinco SW-41 rotor. The material
present at the 1.7 M sucrose cushion was then collected,
made 0.4 M in Na acetate (NaAc) and precipitated with 3
volumes of ethanol. The pellet was collected by centri-
fugation and suspended in 0.4 M NaAc containing 1% SDS

and extracted 3 times at 4°C with redistilled phenol
saturated with 0.2 M sodium acetate, pH 5. The super-
natant was then precipitated for 8 hr at 4°c with an equal
volume of Millipore filtered 4 M lithium chloride. The
pellet was collected by centrifugation and dissolved in
0.01 M EDTA, pH 8, and reprecipitated with 2 M lithium
chloride. The pellet was redissolved in 0.4 M KAc, pH 6,
and precipitated 2 times with 2.5 volumes of 100% ethanol.
The pellet was resuspended in 1 mM Na2 EDTA and centri-
fuged on a 5-20% sucrose gradient (O.l M NaCl, 0.01 NaAc,
pH 6). Both peaks (17 and 26 S) were collected and pre-
cipitated with 2.5 volumes of 100% ethanol. The material
was then used directly or dialyzed against water and

lyophilized.

3. Results

(a) Buoyant density analysis of cellular DNA components

DNA isolated from various cell fractions was analyzed
by analytical ultracentrifugation with the results shown
in Figure 2. Analysis of the number of components which
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Fig. 2. Analytical buoyant density analysis of whole
cell and mitochondrial DNA.

(Upper). Computer analysis of X-Y plotter scan of
analytical centrifugation run of total cell DNA. Solid
line represents optical density profile. Open lines
represent location and size of individual components
suggested by computer analysis.

(Lower). X-Y plotter scan of analytical run of
mitochondrial DNA. The band at p = 1.725 g/cc is the
marker DNA, M. lysodeiktious.
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make up the total curve and their buoyant densities was
done by a computer Gaussian curve fitting program. 1In
over 90% of all runs, the whole cell DNA exhibited three
detectable peaks with densities of 1.676, 1.682, and
1.687, corresponding to 0.23, 0.28, 0.33 Mole fraction
G + C (Schildkraut et al., 1962). Under the conditions
used, the polysaccharide has a density of approximately
1.63 to 1.64.

Figure 3 shows buoyant density analysis of the DNA
of purified nuclei. The majority of the second peak
(p = 1.682) is removed by nuclear purification, thus
suggesting that it is cytoplasmic. To further study this
matter, DNA was isolated from mitochondria and analyzed
by analytical centrifugation. As shown in Figure 2,
mitochondria DNA bands as a single sharp peak with a
density of 1.682, identical to the density of peak 2 of
whole cell DNA.

It is clear in Fig 2 that the band width of the GC
rich 1.687 g/cc peak is greater than that of the other
two bands. One would suppose that if this material is
nuclear in origin that it should possess approximately the
same molecular weight as the main nuclear component. The
increased band width may be due to: (1) heterogeneity in
GC content of the component(s) in the peak, or (2) to
the addition by the computer of low molecular weight
fragments of the whole DNA preparation to the high weight
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Fig. 3. Computer analysis of analytical buoyant
density centrifugation of nuclear DNA.

Growth conditions: 1 liter of media in 2.8 1 Fernback
flasks shaking at 150 rev./min, 22°C. Under these condi-
tions the division time is approximately 9 hr.
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GC rich component which bands in the same region. We feel
that the second possibility is the correct one and may
account also for some of the variability in the quantity
of material found in the heavy band. These considerations
may lead to overestimation of the amount of the heavy
satellite. In fact in a few preparations which contained
little low molecular weight material, the proportion of
DNA in the GC rich peak was approximately 5% of the total.

(b) Thermal denaturation profiles

Melting profiles were made on whole cell DNA,
nuclear DNA and mitochondrial DNA (see Fig. 15). Nuclear
DNA has a Tm of approximately 78.5°C, mitochondrial DNA
a Tm of 80°C, while total cell DNA has a Tm of approximate-
1ly 79°C. This corresponds to G + C content of 23% for
nuclear DNA and 26% for the mitochondrial DNA (Marmur
& Doty, 1962). These values agree well with those
obtained from buoyant density analysis.

The hyperchromicity of nuclear DNA was U43-44%, of
whole cell DNA 41-42%, and of mitochondrial DNA 35%. The
dispersion for the DNA's at 02/3 (Doty et al., 1959;
Mahler & Dutton, 1964) was 6°, 7°, and 4°C respectively.
The lower hyperchromicity and higher dispersion of whole
cell DNA is expected since it consists of a mixture of
nuclear and mitochondrial components. A disperion of 6°¢c
indicates some heterogeneity, part of which may be due to

the two denser satellites found in the nuclear
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preparations (see Fig. 3).

(c) Dictyostelium mitochondrial DNA

Under the growth conditions employed for the experi-
ments described in Figures 2 and 3 (division time 10-12
hr), mitochondrial DNA constitutes a relatively constant
fraction of whole cell DNA. If the cells are grown
with more aeration (faster shaking speed), a faster grow-
ing strain is selected with a generation time of 8 hr.
After two-three weeks of culturing under these conditions,
mitochondrial DNA makes up 40-50% of whole cell DNA. Such
cells normally do not undergo synchronous development and
often do not culminate.

It is apparently not readily possible to separate

the two complementary strands of Dictyostelium mitochon-

drial DNA. Mitochondrial DNA was denatured in K POM-KOH

3
buffer, pH 12.8, and examined by analytical CsCl
equilibrium centrifugation. The denatured DNA is more
dense and yields a broader band than does the native.

There is no separation observed with respect to buoyant

density of the two strands of mitochondrial DNA.

To try to discover whether or not Dictyostelium

mitochondria have closed circular DNA, experiments were
performed in which total cells were extracted for DNA

using the method described with and without heat treatment.
Experiments were also performed in which a crude 20,000 g

pellet of the 1000 g supernatant of homogénized cells was



48

extracted for DNA. In all cases tested there was no
evidence of bands of lower density in cesium chloride
gradients saturated at 30 ug/ml. with ethidium bromide
such as would indicate thﬁt closed circular DNA was
present (Radloff, et al., 1967). Such circular DNA may
be present but extensively nicked by endogenous nucleases
during preparation.

Since ethidium bromide is known to inhibit mitochon;
drial DNA synthesis (as well as cell growth) in mammalian
cells (Smith et al., 1971) and in the acellular slime mold
Physarum polycephalum (Horwitz & Holt, 1971), the effect

of ethidium bromide on cell growth and mitochondrial DNA
synthesis of Dictyostelium was examined. The data of
Figure U4 show the effect on cell growth of various concen;
trations of ethidium bromide added in early log phase.

Even at the lowest concentration used (5 ug/ml) ethidium
bromide drastically reduced the rate of cell division.
Figure 5 shows the buoyant density analysis of whole cell
DNA after treatment with ethidium bromide. It is clear
that the amount of mitochondrial DNA per nuclear genome

is decreased from 28% to approximately 7:8%. Mitochon-
drial DNA synthesis is probably being inhibited by ethidium
bromide (see below). As the cells divide there is presumably
a dilution of mitochondria until only a small number are
present in each cell. Since the cells are obligatory

aerobes (Gregg, 1950; Gerish, 1962), growth probably stops
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Fig. 4. Growth curves of AX-3 in presence of various
concentrations of ethidium bromide.

500 ml. flasks containing 125 ml. media were shaken
at 150 rev./min, 22°c. Various concentrations of ethidium
bromide were added in early log phase. Division time of
the control cells during logarithmic growth was
approximately 12 hr.
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Fig. 5. Computer analysis of DNA from cells treated
with ethidium bromide.

Early log phase cells were treated for 3 days with
70 ng/ml ethidium bromide. Growth conditions were same
as for Fig. 3.



0.87

BUOYANT DENSITY DNA FROM
ETHIDIUM BROMIDE TREATED CELLS

1676 1682 1.687 725

e o l

A



53

when the number of mitochondria per cell reaches the
minimum capable of sustaining cell metabolism.

The proportion of mitochondrial DNA (DNA banding in
peak 2) per nuclear genome (DNA banding in peak 1)
depends on the time during the growth cycle the drug is
given, on the length of the culture period, and on the
concentration of the drug. The value 7-8% of total DNA
in band 2 in the experiment of Figure 5 is the smallest
value obtained but was reproducible for these conditions.
Cells treated for the same period of time during late log
phase showed an average of 13-15% of total DNA in peak II.

As can be seen by comparison of the DNA extracted from
purified nuclei (see Fig. 3) with that of DNA from
ethidium bromide-treated cells, the amount of the denser
"GC rich" satellite (33% GC) remains constant relative to
the main nuclear band. We therefore assume that the
heavy satellite is a nuclear component.

To determine the effect of ethidium bromide directly
on mitochondrial DNA synthesis, the following experiments
were performed. First cells labeled with 3H-thymidine,
(5uC/ml.) for several generations were divided into two
aliquots. One aliquot was allowed to continue growing
undisturbed while 70 ng/ml. of ethidium bromide was added
to the other. After 5 hr, 32PO,_‘ (5 nC/ml.) was added to
each flask and the cells harvested after 6-8 hr. Prepara-

tive cesium chloride buoyant density centrifugation runs
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were made of the purified DNA of each aliquot and the
ratios of 32P:3H across the DNA band calculated. As shown
in Figure 6, the ratio of 32P:3H is constant for cells
grown in the absence of ethidium bromide. The DNA of cells
treated with ethidium bromide show a lower S2P:SH ratio
on the dense side of the main band, the region in which
mitochondrial DNA bands. This experiment suggests
directly that mitochondria cannot efficiently incorporate
32P0u into DNA in the presence of ethidium bromide.

In a second experiment (Fig. 7), the cells were
labeled and treated as Jjust described, but in this case,
a cell brei was fractionated into a crude nuclear pellet
and a supernatant fraction containing the mitochondria
(see legend to Fig. 7). Preparative CsCl gradients were
run on DNA extracted from the two cell fractions from
both ethidium bromide treated and untreated cells. 1In
the controls (not shown) the 3H:32p ratio was identical in
nuclear and mitochondrial fractions. In the case of the
DNA from treated cells an increased 3H:32P ratio was
found in the supernatant fraction and the 32P peak was
skewed to the light side of the gradient as would be
expected if nuclear main band DNA was preferentially
labeled. Analytical centrifugation of the supernatant DNA
indicated it contained ca. 70-80% mitochondrial DNA and 20-
30% nuclear contaminants, owing to nuclear breakage in the

homogenization procedure. In summary, these experiments
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Fig. 6. Effect of ethidium bromide on synthesis of
mitochondrial DNA.

Cells were uniformly labeled for several generations
with 3H-thymidine (5pc/ml.) and then divided into two
aliquots. The first aliquot was allowed t<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>