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ABSTRACT

This thesis is divided into two parts. Part I is concerned with
the occurrence and structure of complex forms of mitochondrial DNA
isolated from human leukemic leukocytes and normal mammalian tis-
sues. Complex mitochondrial DNA (M DNA) occurs in two forms. The

covalently closed double-sized circle (10 ) is called the circular dimer.

QOligomers composed of interlocked 5 y monomer submolecules are
called catenanes. The catenane form is ubiguitous in nature. It has
been observed in M DNA preparations from every mammalian source
examined to date. These sources include various organs from rabbits,
guinea pigs, and mice. The frequency of catenated dimers in normal
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and leukemic tissues varies from & to 1

.1 percent, and the frequency of
catenated higher oligomers from 0.1 to 8.0 percent.

In contrast, the circular dimer has not been observed in normal
tissues. M DNA's from the peripheral blood of 14 patients with myeloge-
nous leukemia contained a circular dimer form. No such structure
could be found in M DNA's from three patients with nonmalignant prolif-
erations of myeloid cells. The frequency of the circular dimer form is
reduced upon treatment with antileukemic drugs. This result suggests
that a significant relation exists between the formation and presence of
the circular dimer M DNA form and myelogenous leukemia in man.
Additional data presented in this section demonstrate that 2 sixteen-

hour labeling of leukocyte M DNA results in a uniform labeling pattern

of the circular dimer and monomer form.
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DNA hybrids between the circular dimer and monomer were
analyzed by electron microscopy and analytical centrifugation. The
results indicate that the circular dimer and monomer are at least 20
percent homologous and that heterologous regions, insertions, or
deletions exceeding 50 to 100 nucleotides in length do not occur. The
electron microscope studies also show that monomer genomes in the
dimer are connected in a head-{o-tail structure, rather than in a head-
to-head structure. In addition, the results show that leukemic leuko-
cyte M DNA is substantially homogeneous in base sequence,

Part II contains a preliminary study of a denaturing buoyant
system for DNA, It is shown that rubidium trichloroacetate is a poten-
tially useful buoyant solvent for DNA, It is likely that most DNA's can
be banded at neutral pH and room temperature in both the native and
denatured states without introducing single-strand scissions. It is
also concluded that Li, Na, and K trichloroacetate are potentially

useful denaturing solvents for sedimentation velocity studies of DNA,
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Part I

OCCURRENCE AND STRUCTURE OF COMPLEX
MITOCHONDRIAL DNA IN HUMAN LEUKEMIC
LEUKOCYTES AND NORMAL MAMMALIAN TISSUES




A. General Introduction



The existence of a distinct DNA component in certain cytoplasmic
organelles is now well established. In particular, the DNA of the mito-
chondrion has received extensive attention in the last three years and is
the subject of a2 number of review articles (1, 2,3). Mitochondrial DNA
(M DNA) from plants and unicellular organisms has been isolated as a
linear species. The size of these M DNA's varies from approximately

7 i in the bean (Phaseolus vulgaris) (3) to 35 u in the voodoo lily

(Sauromatum venosum) (4). In such M DNA populations a broad distri-

bution of lengths has been reported. The greatest confusion lies in the
yeast M DNA system. Yeast M DNA has been reported to be linear (5),
circular (6), and a combination of both forms (7). The latest work on
this subject contends that yeast M DNA is a 25 p circular species
easily subject to degradation in isolation (8). In contrast, M DNA from
a variety of organisms in the animal kingdom has been shown to be in
the form of an approximately 5 u covalently closed circle (1). This
consistency has allowed direct application of many of the experimental
techniques used in isolation and characterization of closed circular
viral DNA's. As a result, the following general properties of animal
M DNA have been reported. (a) Animal M DNA can be isolated as a
closed circular duplex DNA homogeneous in base composition. (b) The
buoyant density of M DNA from different organisms varies from 1.693
(mouse L cells, 9) to 1,703 (chick, 10), as related to crab dAT at 1.670
g/ml (11). The buoyant density of the M DNA from related organisms
is similar and no variation in buoyant density of M DNA from different

organs of the same animal has been reported. (c) There have been no



reports of unusual bases in M DNA. Mouse 3T3 M DNA in known to be
immune to treatment with RNase (12). (d) There is no obvious relation-
ship between the buoyant densities of nuclear and M DNA from the same
organism. The M DNA may be lighter (9) or heavier (this thesis) than
the nuclear DNA. (e) Rat and human M DNA form a bimodal distribu-
tion when centrifuged to equilibrium in buoyant alkaline cesium chloride
(13,14). Each band contains one of the two complementary M DNA
strands and the buoyant density difference is thought to be principally
the result of a guanine plus thymine bias between the strands. This
finding has allowed investigators to utilize the separate strands in
hybridization experiments involving transcription (13) and homology
among M DNA forms (this thesis).

The genetic function of M DNA has not yet been elucidated. If
one accepts the data that support the homogeneity in base composition
of a given M DNA population, it is obvious that M DNA cannot be coding
for the components of an entire mitochondrion. Indeed, it is well
known that in yeast the structural gene for cytochrome C is of nuclear
origin. M DNA is synthesized and replicated within the mitochondrion
and serves as an active template for RNA production (1, 2, 3). Hybrid-
ization experiments have shown that M DNA is the most likely template
of: (a) certain tRNA's in rat liver mitochondria (15); (b) an exported
mRNA in HeLa cell mitochondria (16); (c) ribosomal-like RNA in

Tetrahymena (17) and toad (Xenopus laevis) (18). Also, isolated mito-

chondria are capable of incorporating amino acids into protein (1, 2, 3).

These experiments demonstrate that M DNA is capable of supporting



both RNA. and protein synthesis in the cell. The interrelationship of
this potential protein factory and the main cytoplasmic system in the
cell is still obscure, but a few experiments have implicated a func-
tional role for M DNA. Certain mitochondrial phenotypes have been
transferred in Neurospora by microinjection of the whole organelle (19).
There is now a collection of respiratory-deficient cytoplasmic mutants
in yeast which contain M DNA with greatly altered base compositions
(20, 21, 22) and drug-resistant mutants which seem to be under cyto-
plasmic genetic control (23, 24). It has been reported that a membrane
structural protein is altered in a cytoplasmic mutant of Neurospora (25).
This raises the possibility that M DNA in animal cells may similarly be
coding for a vital part of the cell structure.

I have stated that mammalian M DNA occurs in the form of an
approximately 5 p closed circular duplex. This was shown to be an
incomplete result in 1967, when two new forms of circular DNA (in this
case, M DNA) were discovered in this laboratory. The first form is a

double-length covalently closed circle, called the circular dimer. The

other species is an oligomer composed of monomeric submolecules
interlocked as links in a chain, called catenanes. The principal parts
of this thesis will be concerned with the discovery, occurrence, and

physical properties of the circular dimer and the occurrence of the

catenanes.
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B. Occurrence of Catenated @}igomer
Mitochondrial DNA in Normal Tissues



INTRODUCTION

The first indication that mitochondrial DNA isolated from
mammalian cells was not homogeneous in form was provided by the
work of Radloff, Bauer, and Vinograd (1). They found that HeLa cells
contain DNA molecules which are multiples of the basic mitochondrial
length, 4.8 microns. It was not known whether these multiples repre-
sented new forms of mitochondrial DNA or were simply an artifact of
preparation, such as adhesion of monomeric M DNA molecules. Since
such molecules were observed at low molecular density on electron
microscope specimen grids, it seemed likely that they were physically
connected. Nass (2) had earlier reported measurements of multiple
mitochondrial molecules liberated from mitochondria by osmotic shock
during specimen preparation, but she attributed them to superposition
of monomeric molecules, The first conclusive evidence for the exis-
tence of multiple-length forms was the observation of circular M DNA
molecules free of crossovers and twice the mitochondrial monomer
length in electron micrographs of leukemic leukocyte M DNA (3). This
form, called the circular dimer, will be discussed in the next two
sections.

Further work with HeLa cell mitochondrial DNA led to the dis-
covery of the second complex form, the catenated oligomer. Dimers
and higher multiples of HeLa M DNA were found to be exclusively
catenanes, monomer submolecules connected as links in a chain. The
catenated structure was established by electron microscope and centrif-

ugal methods (4). At about the same time, the presence of catenated
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dimers in preparations of leukemic leukocyte M DNA was demonstrated
(5). These initial observations showed that catenanes were an integral
part of the mitochondrial DNA population of a tissue culture cell line
and one fresh malignant tissue. These findings prompted a study of a
variety of normal tissues to determine whether any or all complex
mitochondrial DNA forms were some function of malignancy or other
general cellular state. The results of an analysis of these mitochon-
drial DNA forms in tissues from normal rabbits, guinea pigs, mice,

and humans is given in the following publication.



11

(Reprinsed from Nasure, Vol. 220, No. 5171, pp. 976-279,
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Tez DNA in the mitochondria of many higher organisms
is now known to occur in the form of closed cirsular duplex
molecules with contour lengths of approxzimately Sy and a
molecular weight of ebout 10 million daltons’. We have
recently discovered that human wmitochondrial DNA
(M DNA) occurs in two larger circular forms which we
refer to as complex forms. The catenated oligomers are
molecules that consist of two or more interlocked circular
duplexes connected to each other like links in & chain
(Fig. 1}. The circular oligomers are circular duplexes with
a sontour length that is a multiple of the monomer length.
White blood cells from patients with chronic granuloeytic
loukaemia contained catenated oligomers and circular
dimers®. HMeLa cells, in contrast, contained catenanes but
no circular dimers were seen®, This disparity smong humean
colla prompted us to examine a number of normal tissues

Deocomber 7, 1968)

v

Mitochondrial DNA in Normal Tissues

Mitochondrial DNA isolated from several mammalian organs con-
tains from 6 to 9 per cent catenated dimers and -5 to 2 per cent
catenated higher oligomers.
such as oceur in leukaemic leucocytes, were not detected.

Multiple lengeh circular molecules,

for the occurrence of the two types of complex mito-
chondrisl DNA, and to develop procedures for relinbly
estimating the frequency of each type in an M DNA
preparation.

We have found that the mitochondrial DNAs obtained
from rabbit brain, kidney, liver and bono marrow,
from guinea-pig brain and liver, from normal human
isucocytes, and from 13 day old mouse embryos contain
2-9 per cent catenated dimers but do not contain detect-
able circuler dimers. These results arc sunilar to those
obtained in previous studies of Hol.a coll M DNA (ref. 3)
and M DNA from the unfertilized ses urchin egg?, but are
in merked contrast to the previcusly reported observations
of the presence of ciroulnr dimers at a frequency of 26 per
cent in leucocytes of & patient with chronic granulooytic
leukaemin®, All the M DNAs studied in this work con-



tained higher catenated oligomers—trimers, tetramers and
go on—at & frequency that varied between 05 and 1-8 per
cent.

Scoring the Frequency of Complex Mitochondrial DNA

Mitoohondrial DNA ususlly represents only & minor
eonstituent of the total DNA in the cell. A very sfficient
separation process for the removal of the overwhelming
amount of nuclear DNA is therefore necessary before
analysis for the various complex forms can be under-
tekon. In our earlier work we removed most of the
puclear DNA with a cell fractionation procedure which
yielded partielly purified mitochondria. The DNA from
such mitochondrial preparations was isolated and purified

in a single step with the ethidium bromide-caesium -

chioride density gradient method®, The lower band,
containing only closed circular M DNA thet was free of
both nuclear DNA and nicked M DNA, was recovered
for further study. The use of lower band DNA introduced
an uncertainty in the result for the freguency of complex
mitochondrial DNA molecules, because these latter mole-
cules are larger targets than the monomers for any process
whieh introduces single-strand scissions into DNA. We
have now improved our procedure for the purification of
mitochondria so that the ratio of the closed M DNA in
the Jower band to the nicked M DNA plus linear nuclear
DNA in the upper band is reduced from approximately

Hig.
earlier

ig. 1. Representative electzon micrographe of mitochondrial DINA laolated from rabblt bone marrew. Grida wore

end examined in a Philips BA500 eleciron microscops’. @, Monomer length mitochondrial DN% ,, b, catenated
looule.  The
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10 0 0-2-1-0 se judged by « visual estimete of the Suor-
escence intensity of the bands (Fig. 2). Both bands and
the intermediate caesium chloride solution between them
were collested together to provide an unfractionated
M DNA sample for electron microscope snslysis. The
remaining linear DNA does not interfere in the analysis.
QOcoasional preperations in which the amount of DNA in
the upper band exceeded the amount in the lower band
were rejected.

To obtain quantitative estimates of the frequency of
coraplex forms in a sample, we have examined e large
population of molecules and distinguish the categories:
monomer, circular dimer, catenated dimer and catenated
higher oligomer. The required size of the sample was
estimated with the relation®

+ 188V {I=Fnf

o

where [ represents the mesn obtained in a survey of n
molecules and f(1 + «) represents the interval which con-
teins the true mean st a level of confidence of 95 per cent.
In the present work we have olassified sbout 2,000 mole-
cules in each M DNA preparation so as to estimate the
frequencies of complex forms which vary, for example,
from 2 to 10 per cent. The corresponding ranges are
+0-64 and % 1-2 per cent if 2,000 molecules are clegsified,
and +1-2 and + 2-4 per cent if 500 molecules are classified.

ipmmmd a8 desoribed
dimer, fully relaxed:
tour length of the monomerie

a, catensted dimer with one relaxed aubmolecuie" d, catengwd triger with one relaxed sut
Is3 and sub

{8 epproximetely by,
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Fig. 2. A cagglum chloride-ethidium bromide density gradient showlng
two bands of mitochondrial DNA from yabbit brain. The contrifupa-
tion. and ph di waore d previeugly®e, 7
contents of the middle one-third of the tubs were collected, dlluted 30
6 ml, and coneenirated inte o pellet in an SW 50 rotor, 42,000 TP,
190, 15° C. The total DIVA {ror such gremmt!oz;ﬁ coniained less than
& per esné muclear DNA as indicated by electron mieroacepy and
analytiesl hueyant denaity c%nariﬁégauon after removal of ethidium
zoraide,

Photographic methods are too slow to be practicel for
clegsifying such large numbers of molecules. We have
therefore classified the molecules as they appear imaged
on the fuorescend soreen in the electron microscope. A
general requirement for the scoring procedure is thet
virgular moleonles be free of extensive twisting. Highly
twisted catensted dimers osnnot be distinguished from
bwisted ciroular dimers even though it is possible to dis-
singuish twisted monomers frorn twisted dimers. Our
previously described progsedure® for prepering specimen
gride ueunlly rosulis m only e smell froetion of highly
wwisted moleculss, Specimen grides which contained more
than 10 per cent of such molesules were rejected. The
surface consentrasion of moleoules mmust be low enough,
feen than ebout 400 por 300 mesh grid bols, for the eye
repdily to follow the contour of the molecule. Thé con-
trnat st be adeguate, for the examination of the image
on the finorescent soreen and “flowsr patterns” should be
infrequsat. The linesr DINA msss concentration should
notb execed B0 per cont of the total DNA.

The specizben grid was exsmived ab o magnification of
5,400 beginping ab o corner grid hole. The fivst grid hole
wes soahned sompletely n a systematic manner and was
followed by ehmilar scons of the laterally adjacent grid
kole.  Scanning was continued until en adequate number
of molecules had boen classified or until all holes on the
grid had been scanned. The results were tebulated on
an eight unit blood oell counter as monomer, cireular
dimer, catenated dimer, cstensted higher oligomer and
a8 ambiguous molecules.

Decision meking was in two steges. A decision was
made between monomer, dimer and bigher oligomer, and
then betwesn ciroular oligomer and catenated oligomer.
The investigator readily learns, from the results of contour
length messurements of photographed molecules with
different shapes and differing extents of convolution, to
distinguish monomers, dimers and higher forms. A basic
problern is to ensurs that overlapping monomers are not
sgored o5 dimers. We have reported earlier that molecules
on a surface layer often appear to repel each other® and
do not overlap on specimen grids unless very high DNA
concentrations sre used. Forms such se those illustrated
in Fig. 3o, in which there is clearly no contact between
two approximetely concentric molecules, were not un-
common. If there was adventitious overlepping, the
frequency of catenancs should be expested to be a steep
function of $he surfece density of molecules. & preparation
of rabbit kidney M DNA wee examined on specimen
grids with three different surface densitios: approx-

imately 500, 160 and 78 molecules por 300 mesh grid
holes. The frequencies of total catenated oligomers in the
three samoples of approximately 1,000 molecules were
7-24 16 per cent, 7-1+ 15 por cent and &2 £ 2-0 por cent.
"The individual results do not differ significantly from the
mean 681 1-1 per cont, 50 we conclude that the extent
of adventitious overlapping is small, Specimen grids with
surface densities of more then 300 molecules per grid
hole are diffioult to score and were normally not used.

Fig. 3 (b, 0 and d) represents dimoric molecules and
illustrates the problems encountered in distinguishing
catenated dimers and circuler dimers. Fig. & (b,-5y)
represents unambiguous circuler dimers because no cross-
over exists that could divide the dimer into two monomers.
Dimers which contain & orossover (arrow) as in Fig, 3
(ds—d,) are regarded ss catenanes and not as circular
dimers, because we would have expected o have seen
some unambiguous forma of ciroular dimers had they been
present. These were not seen. Similarly, if circuler dimers
appesred in forms such ss those illustrated in Wig. §
(de-dy) we would have expected to find examploes of such
kinds of molecules of monomer length. Beosuse these are
only infrequently seen, circulsr dimers of this forn can
represent only a small fraction of circuler dimers present
in the sample. Dimers with the pulled out form illus-
trated in Fig. 3 (d,~d,) were reported in preparations of
Heola M DNA (ref. 8) and were later shown to be saten-
ated dimers®. An M DNA dimer of the type shown by
Suyeme and Miure’ from monkey liver would be sooved
a5 a oatenane in this laboratory.

Molecules such as in Fig. &/, are scored s catenated
dimers even if the deteiled nature of the overlapping ie
not discernible. In order for a circular dimer to appear
in this conformation it would bave to fold as in Fig. 3b,.
We think this unlikely beceuse tangential segruents
{(arrow) are ravely seen in preperations known to contsin
cireular dimers end ciroulsr monomers ore never sesm
folded in such & manner s8 to appear 10 be a cstenabed
dimer with o toial contour length of Bu.

Dimeric molecunles in the form represented in Fig, 3o
are clessified as ambiguous because of extensive twisting,
Such forms, if they do not exceed 10 per cent, are appor-
tioned according to the frequencies obtained with un-
embiguous dimers. No unambiguous civcular dimers were,
seen in this study, so smbiguous dimers wero ecored as
catenanos.

<

o

ba dz
by ds
¢
' b4 d4

Fig. 3. Re foms of lar DNA conformat! @,
b, olrcular dimers; o, ambiyuovs dimer; 4, catenated dimesa,
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Table L. CLASSIFICATION OF COMPLER M DWA FORMB IF THY BAME FOPULA-
TIOK OF RABBIT BONE MARROW M DFRA BY POUR INVRESTIGATORS

O o d Ca
Inveats B dlmera dimers trimers
BD.AC. 176 ] 18 4
JRLT. 176 5 18 7
C.A.8, 176 14 19 ]
MART. 176 0 18 8

"The variation of the results between four of the suthors
of this study was checked in a set of neasurements with
& given populstion of rabbit brain M DNA on one grid
hole {Teble 1). The results demonstrate that individual
investigetors clessify the DNA molecules in essentially
the same way.

The mitochondrial DNA prepared in this study was
exeminad in buoyesnt CsCl in the analytical ultracentrifuge
in order to verify the purity of the DNA and to determine
the buoyant densities of these DNAs. The buoyant
densities are presented in Table 2. The details of the
experiments are given later in this report.

Table 2. BUOYANT DENBFIIES OF MITOCHONDRIAL AND KUCLWAR DNAS
ISOLATED IN FHIS INVESTIGATION
Buoyant density*, 6 (%/ml.)
Source Mitochondrial Nuclear
Robbit: braln, kidney, liver, bone matrow 1-8906 1-692
Guinea-pig: lver 1-695 1-684
Humsan lentosyte: normal and leukaemic® 1-700 1-690

* Referred to B, cold DNA, 1-784 g/m). and calculated with the buoysat
density gradient® in experiments with erab dAT DNA, 0=1-670, or M.
Iysodeihticus DNA, 0=1-726 giml.

The results of our study of the frequency of complex
M DNA in norroal tissues are given in Table 3. The
frequency of catenated dimers varies between 59 snd
81 per cent among the various organs from vabbit and
guinea-pig. The frequency of the higher catenanes varies
from -8 to 1-8 per cent. These results mey be restated
as the perceniage of the 5yu circles thet are catensted to
form dimers or higher oligomers. In these units the
cgtenated dimers vary from 108 per cent for rabbit
kidney to 16-6 per cent for rabbis brain M DNA. Higher
catenanes wore assumed o be Urimers in the latter cal.
culations. We conclude from the quantitative analyses of
the M DNA prepared from the normal tissues listed in
Table 3 that catenated dimers and catenated higher
cligomers are normal constituents of M DNA. Data
obtained with rabbit liver and normal huraan lsucocyte
M DINA isolated from lower bands in the EB-CsCl gradients
are aleo included in Teble 3. These results, which must
be regarded as minimum values beecsuse some selection
ageinst higher molecular weight forms may have oceurred,
also show that cetensnes are normal constituents of M
DNA.

Teble 3. FRBQUBNCY OF COMPLEX MITOUHOWDRIAL DNA FORMS IN VARIOUS
TISEURS
Catenated Catenated higher Circular Molecules
Tissue di%lers o!igg/;nera diig\ers scored

Rabbis g ° °

Brain® 91x1-8% 12405 0-0 1,762

Marrow® 81412 15408 o0 1,845

Kidney® 50+ 09 98403 09 2,817

Tdvert (4-8:+0:8) {042 0-2) 00 2,865
Gulnea-pig N

Brain® 1809 08403 90 3,287

Liver® 7711 12205 o0 2,210
Humean

Leucoeytes§ (17 £0-5) (6-0) 0 2,707
Mougze

Embryo* 56x09 18106 00 2,300

* Total DNA from purifed mitochondria,

1 Closed DNA {rom porified mitochondria. Thess results in parentheses
are regarded as i values for o exPlained in the text.

1 Bange of 96 per cent £ interval Inted as described in toxt.

The circular dimer form was not detected in the entire
course of this survey of the complexity of M DNA from
normsl tissue (Table 3). Wo estimate that our limit of
detection is of the order of one to two molecules per 1,000

molecules classified. This result is in marked contrast
with our previous observations® that tho ciroular dimer
form ocours at a high frequency in M DNA from louk.
semic leucoeytes. It should be noted that the circulas
dimers were absent from the M DNA from the rapidly
growing tissues—rabbit bone marrow and mouse ombryo
(Table 2). An examination of 400 moleculos of M DNA
from sea urchin geatrulae (S. purpuretus) slso fuilod to
revenl the circular dimer form.

The frequency of catensnes does not seem to be
especially enhanced in rapidly dividing tissue. The
frequencies in rabbit bone marrow, 81 per cent, end
13 day old mouse embryos, 56 per cent, are in the same
renge a8 in rabbit brain and kidney and guinea-pig brain
and liver. These comparisons must be regarded as tenta-
tive, because we have not es yet investigated the vari-
ability of the frequeney of catensnes among individual
animals.

We thank L. Wenzel, J. Edens and D. Stephens for
technical assistance, and J. Ceasar for help in the pro-
paration of the manuscript. This work was supported in
paxt by grants from the US Public Health Sorvice and

by fellowships from tho National Science Foundation and

National Institute of Genera! Medica!l Sciencos.

Preparation of Mitochondria and Mitochondrial DNA

Braios from four rabbits were minced in cold 0:26 M eucrose, 0-01 B irde,
pH 75, 0-01 M XC1, 0-005 M EDTA and washed twice. The tiasue was sus.

ended in 0-21 M tol, 0-07 M eucrose, 0-00% M tria, pH 75, 0-0001 M
EDTA and homogenized with 2 loose ftting *Tefion’ homogenlzer at 4°
uatil the homogenate appeared to be free of partionlate material, The homo-
genste, fltered twice through cheese cloth. was sedimented at 1,000g for 10
min.  The supernatant was sedimented o second time to remove remisining
nuclei and coll debris. A peliet containing mitochondria was obtained in &
Sorvall 85 3¢ rotor, 10,600 r.p.am., 10 min. The pollet was resuspended In
5 ml. of mannitol-sucrose meodlum and layered onto a sbeg gradient of equal
volumes of 0-75 M, 1°0 M, 1-30 M, and 1-75 M sucrose, eac containing 01 M
bris, pEH 7-8, 0-01 M KCI, 0-005 M EDTA, and centrifuged for | b at 50, N
4° ¢, in & swinging bucket or & fixed angle rotor. The materinl at middle
interface was collested with a plpette, diluted with mannitoi~sucrose media
and resedbmented at 10,000 r.p.m. as described. The pollet was washed onos
and resuspended In 10 md. 0-25 M suctose, 0-01 ¢ris, pX 6-7, and 0-006 M
Mgl DNase I, 100 pg, Stgma Chomical Company, was added and the mix-
ture Incubated at 25° C'for 20 min, The digestion was stopped by additton of
92 mi. 05 M BDTA and chiilin, 1° C, 'The mitochondria were sedimentod
to form a peilet which was waahed once and the DNA extracted with SIS and
karded in CaCl-ethidlum bromide gradients as described by Radloff ef al.t,

Thewe procedures were also used for rabbit kidney and bone marrow
guinea-ply brain and lver, and the 10~12 day mouse embryus exeept as note(i
below, The mouse cmbryos were freed of the embryonic sacs and heads and
limbs discarded before mincing. The homogenization and wash solution
wag 0-28 M sucrose, 001 M friy, 0-001 M EDTA, pH 7-2. This solution waa
also used in the preparation of total mitochondrial DNA from gulnea-pig
liver and brain.

In the preparation of the rabbl{ liver mitochondrial DNA, the first mito-
chondrial peliet was subjected to nine cycics of suspeosion in MS buffee witha
Thomas loose Atting homoegenizer, followed by & 1,600 spin (petlet diacueded)
and another 10,0007 spin.  No suerose gradlents or DNase treatments were
wsed. The closed band in an ethidlum browndde-CsC) gradient was usod for
georing. The upper band was exninined and shown to eontaln leas than 10
per cent cireular material.  Mitochondrial DNA from normal human leuro-
cytes was isolated as desceibed previousiv®,

Examination of Preparations in the Analytlcal Ultra-
centrifuge

The rabbit liver M DNA was laolated from a lower band ip an ethidium
CsCl gradlent, freed of dyae by chromatography throngh a small Dowex 60
colurn and centrifuged as previonsly deaceibed?, A singlo symmetrieal band
was obtalned. A somparable experiment with rabbit Hver nuclear DNA
formed o bund skewed toward the dense side with a maximum 4 mg/mb. tess
dense than M DNA. A synthetic mixture of equal parts of nuclenr and M
DN A gave a single broad and.  The combined upper and lower banda from
purified mitochondria from rabbit brain, kidney, and bone mareow formed
siagle bands In dye-free CaCl that were skewed o the Hght side tn rough
agreemaent with the known 10:--20 per cent contamination hy nnclenr DN A seen
in the electron microscope. The buoyant densities corceaponding to the band
maxima wera the snme as for tmbbit Hver M NDNA, Comparable sesults were
obtained for the nuclear BNAs from oll rabblt organa.  The guinen-pig liver
M DNA lsolated from the bottom band in EB-CsCl gradients formed a svm-
metrical band 1 mg/m!. more dense than the corfesponding nnelar DNA,
The normal human leucoeyte M NN A ohtained from a hotiom band formed a
aymmetrical band 10 mg/ml. denser than the nuclenr DNA, with a buoyant
density in agreement with those previously reported for the corresponding
DN Ag from leukacmic leuencvtes.
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ADDITIONAL DISCUSSION

These results demonstrate that catenated dimers and catenated
higher oligomers are normal constituents of M DNA populations isolated
from mammals. To obtain the frequency statistics, it was necessary
to develop a reliable method of analysis for complex forms. This was
accomplished by an electron microscope scoring procedure which
assigned various molecular configurations to a particular complex form.
In effect, the electron microscope is being utilized to perform a chemical

analysis at the 2, 000 to 3, 000 molecule level.
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C. Occurrence of Circular Dimer and Catenated OIigomer
Mitochondrial DNA in Human Leukemic Leukocyies
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INTRODUCTION

Human leukemia is a malignant condition of unknown etiology
which is characterized by a proliferation of leukocytes and their precur-
sors in the body tissues. Virchow, in 1845, was the first to recognize
leukemia as a clinical entity (1). As blood staining and cell typing
methods were developed it became clear that a variety of distinct dis-
ease processes had been classified under the general term of leukemia.
These differences involve the type of cell affected and the clinical
severily of the malignancy. The majority of all leukemias are of two
types: myelogenous and lymphogenous. Myelogenous leukemia is a
malignant involvement of the myeloid cell series in the bone marrow.
The myeloid cell may be neutrophilic, eosinophilic, or basophilic.
These three cell types are of myeloid origin and are distinguished on
the basis of staining affinities of cytoplasmic granules and different
morphology and physiology in the fully differentiated state. Lymphoge-
nous leukemia is a malignant involvement of the lymphatic tissues and
manifests itself by the invasive properties of the malignant lymphocyte,
Both types of leukemia may present themselves in two general forms:
acute and chronic. These terms describe two states of the disease
with different clinical and diagnostic properties. In general, the acute
form of either myelogenous or lymphogenous leukemia is more difficult
to control and leads to a terminal state more rapidly than the chronic
form.

There are a number of subclassifications of these two diseases

and a variety of somewhat rare types of leukemia which will not be
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discussed here. Since all but one of the leukemias in the following
study were of the neutrophilic myelogenous variety, the remainder
of this introduction will be directed to that specific condition.

The etiology of human leukemia is unknown, although many
factors, including lightning (2) and bee stings (3), have been considered
as possible causes. The incidence of myelogenous leukemia was clearly
increased in Japan near the site of the atomic bombings during World
War II (4). This finding, along with data on the increased incidence of
leukemia in persons exposed to radiation in their daily life (5) would
seem to indicate a definite correlation between the two phenomena.
This knowledge has not led to any fruitful investigation of either cause
or treatment of the disease.

In contrast, *éhe descriptive pathology of leukemia has been
extensive. Normal bone marrow contains myeloid cells in every state
of maturation, but normal peripheral blood contains predominantly the
fully mature neutrophilic myeloid cell. A few nonsegmented myeloid
cells may be present, especially in response o infection, trauma, or
other physiological state inducing a leukocytosis. In myelogenous leu-
kemia the whole series may be present in the peripheral blood system
ranging from the most immature myeloblast through promyelocyte,
myelocyte, metamyelocyte, and mature forms. In cases of acute mye-
logenous leukemia or the terminal phase of chronic myelogenous leuke-
mia, the entire cell population may consist of myeloblasts. It is with

such mixed cell populations that the following studies on M DNA were

undertaken.
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A variety of methods have been employed in the treatment of
leukemia. Those considered successful enough to be in extensive use
at the present time fall into two catagories: irradiation and chemo-
therapy. Most of the drugs used have been designed to alter existing
nucleic acids or block their biosynthesis. Polyfunctional alkylating
agents are capable of cross-linking DNA and fall into three classes:

(a) the B-chloroethyl amines, such as nitrogen mustard and chloro-
ambucil; (b) the ethylene imines, such as triethylene melamine and
thio-phosphoramide; and (c) busulfan, which is a sulfonoxy ester.
Antimetabolites which have proven successful are: (a) folic acid
antagonists, such as amethopterin; (b) purine analogs, such as
6-mercaptopurine; and (c) pyrimidine analogs, such as 5-fluorouracil.
In chronic myelogenous leukemia busulfan has proven to be the most
effective chemotherapeutic agent, while in acute myelogenous leukemia
6-mercaptopurine is generally the agent of choice.

The decision to investigate the properties of human leukemic
leukocyte M DNA was the result of several factors. As discussed
earlier, Radloff et al, (6) had discovered possible multiple DNA forms
in HeLa cell mitochondria. This finding posed the interesting question
of whether multiple-sized mitochondrial DNA molecules are a function
of tissue culture cells and/or malignancy. It was felt that the leukemia
system might provide at least a preliminary answer, because leukemic
cells are, by definition, malignant, and because normal human leuko-
cytes would be available as a control. Another advantage of the system

is the opportunity to analyze multiple samples from the same individual,
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for both continuing information and control purposes.

With these objectives, an investigation of the M DNA populations
from three patients with leukemia and a pooled sampling of normal leuko-
cyte M DNA was carried out. One of these patients, M. C., had chronic
myelogenous leukemia and was treated by leukophoresis, a process by
which whole blood is removed from the patient and red cells and plasma
returned. This meant that a continuous supply of leukemic leukocytes
was available. It was possible to accrue enough M DNA to allow charac-
terization of the various DNA forms by centrifugation and electron
microscopy. The results of this initial investigation are given in the
first of the two following publications. In this paper the occurrence of
both circular and catenated oligomeric forms of M DNA in human leu-
kemic leukocytes is established.

At the start of a later examination of a variety of patients with
myelogenous leukemia, it was known that the catenane form of oligomer
was ubiquitous in nature (7). All tissues examined had catenanes in
their M DNA populations whether they were malignant, normal, slowly
or rapidly dividing, or were of tissue culture origin. The circular
dimer was conspicuously absent in normal tissues. It was, therefore,
important to establish whether its occurrence in human leukemia was
indeed general. The second of the two following publications demon-
strates that the circular dimer mitochondrial DNA form is found in
every myelogenous leukemia studied in this investigation. Further-
more, the frequency of this form is a function of both the specific

disease and the type of medical treatment administered to the patient.
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Circular dimers are absent in the appropriate controls for
leukemic cell populations, namely, leukocytes from patients with non-
leukemic leukopoietic disorders. The earlier result that peripheral
leukocytes from normal individuals contain a low level of oligomers
does not constitute a valid comparison with leukemic cells, since in
only rare instances does an untreated myelogenocus leukemic display a
cell population identical to 2 normal individual. Patients with diseases
such as myeloid metaplasia, a condition in which organs other than
marrow tissue assume the hemopoietic functions when the marrow
becomes dysfunctional, often display blood differentials identical to
that of myelogenous leukemia.

It should be noted that the method of obtaining leukocyte mito-
chondrial DNA is more extensive in the second paper. This method
should be considered the optimal procedure for isolating DNA samples
free of contaminating nuclear DNA. This procedure is the result of
varying several parameters, such as composition of homogenizing
medium, sucrose gradients, and centrifuge conditions. The pub-
lished procedure has proven routinely successful in obtaining enough
mitochondrial DNA for an electron microscope analysis with as few
as 10° leukocytes, Additional data notf included in these publications

are presented prior to the general discussion.
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(Reprinted from Nature, Vol. 216, No. 5116, pp. 652-657, November 18, 1967)

Circular. Dimer and Catenate Forms of Mitochondrial DNA in

Human Leukaemic Leucocytes

by

DAVID A. CLAYTON
JEROME VINOGRAD

Norman W. Chureh Laboratory for
Chemical Blology,

California Institute of Technelogy

Mrrocmownprisar DNA from a variety of organisms!-? hes
besn reported to oceur in the form of covalently elosed
circular duplox molecules approximetely 5w in contour
length., These cytoplesmic DNAs resemble polyoma viral
DNA*® in geveral physical chernical properties that are
shared® by all closed circular DNAs. One such proporty,
the restricted uptake® of the intercalating dyo othidium
bromide (BB), forms the besis for a convenient centrifuge
method for isolating substantially pure mitochondrial

Oligomer forms of circular mitochondrial DNA have been identified
in mitochondrial extracts of human leukaemic leucocytes. The
aligomers occur as circular dimers with a contour length of 104
and catenanes made up of interlocked 5 monemers.

DNA'. The finding in this laboretory that HeLa ecell
mitochondrial DNA  preparstions obtaived by the
ethidium bromide method contain 10 per cent multiple
length molecules’ or oligomers prompted us to examino
the structure and size distribution of mitochondrial DNA
in preparations from animal colls in a variety of physiolo-
gical stetes. This roport presonts the resuly that mito-
chondrial DNA from human loukeemic léucceytes containg
eircular dimers, closed circular duplex DNA melecules
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Fig, 1, A caesium chioride-ethidium dde denaity ing
the two bands obtalned with mitochondrial DN A preporationsfrom leuco-
‘eytes of the chronle granulocytic leukastalc paslent, M. €., from March 8
to May 20, 1967, The 2 ml. solution of DNA in esesium chloride at a
densily of 1-66 g/ml. and 100 pg/ml, of ethidium bromide, pH = 8-0, was
contrifuged 36 b at 48 K r.p.m, and 20° C ln ap S W 50 rotorin & Becleman
L2-658 witsacontrifuge. The preparative sube was photographed in neas
witraviolet light”, In the ususl procedura a 500 ml. unit of blood was
withdrawa into ACD. The inverted hottle was stored for 8 h in the
refrigorator and the red cells were ro-infused, The leucoeytes and the
remaining plasms were then chilled to 4° €. The leucceytes wers spun
down and resuap iin the iz i 0-G1 3 KL, (01
M I7i9 ehloride, 0-0056 M Na EDTA, 55 76, After homogonization with
5 tight Qtbing ‘Tefion’ géeﬁﬂe, sucrows was added to 025 3, and the nuclei
and cell debris rexnoved by centrifugationat 3 X r.p.m.inan §834 Horvall

sion and cenirifugation were repeated, A

rotor £or & min, Resusp
greonigh maiorial, presumsd to comisin mysloperoxidase, was then
pelieied 8t 6 X r.p.m. for 6 min., The mitechondria were isolated and the
DNA extracted ag described by Radloff, Bauer, end Vinogead?, The
upper band contelns o mizture of ced mitochondrial DNA and lineer
nuclear DNA. The lower band contains cloged clroular mitochondrial

DWA. We usunally obiained shoub b ng of clvsed mittochondrlal DNA,
the threshold love! of detection in visible Laht of 5 DNA-BR bend, from
5w 108 vtes. The recoversd materisl vorresponds to GO0 mif

proximately egual to

shizaie for ¢ iver cell®,  Hethmates of the

numbse ¢f DNA in g fon: vary befween two end

aix in different organisms®, On the bhasls of theso resulés we caloulate

that the lower bands contaln 1589 per cond of the mitoskhondrial DNA
in the esll populsiion.

approximetely 10y contour lengbh., The preparations also
oontain o d dizners, interlocked pairs of 5y oclosed
ciroular DNAs, such as have besn shown o osour in
Hele eoll mitoshondriel preperations (preceding srticle).
Leucocyto somples were obisined at approxzimately
weokly intervals from the shronic leukeemic (M. C.).
Bamples from the lower band (Fig. 1) obtained at the
beginning of this study were posled and recentrifuged. The
lower band contains the intect mitochondrial DNA
molecules which exhibit resteicted dye uptake. Kxoraina-
tion of the DNA molecules from the lower band in the
electron microscope revealed thet 26 per cent of the
moleculos were civeular dimers {Table 1). Fig. 2 pre-
sonts slectron microgrephs of the types of molecules
found. Only 3 per cont catensted dimers and 2 per cent
trimers were observed. In addition to the molecules which
were sgored (Table 1) from prints of flelds with high
contrest and showing molecules with few overlaps,
zaversl thousand molecules were viewed under the electron
microseope and scored for the fraction of fotal dimers
present. This porcentage of ecirculer dimers was con-
firmed by the sedimentation veloeity analysis described
fator. The histograme (Fig. 3) demonstrats that tho
dimers have twise the contour length of the monomers.
We note that 49 ver cent by weight of the mitochondrial
DI¥A in the lower band obtained from this patient (M. C.)

i in the form of oligomers, snd for tho most part in the
formn of cireular dimers. 1t is not yet possible to reluso this
number--probably a minimun ~ firmly Lo the distribution
i the loucoeytes of the donor. The froquoncy of ofi-
gomers, f. will be affeeted by any procoss of selection for or
against closod oligomers over closed monomoers, The fol-
lowing provossos lead to seloction if they ocour to u
significant degroe. (1) An incomplete recovery of mito-
chondris from the difforent ooll types biases tho rosults if
the cell types contain difforont wmounts of the various
oligomer spocios.  Inspection in the light microscope of
homogenates stained with azuro ¢ rovealed that ol coll
types were offoctively disrupted. This effect is therefore
not likely to be significant. (b) Hirt't hes shown that very
high moleculur weight nuclear DNA is spun down with the
sodium dodecylsulphito (SDS) procipitate in the isolation
procedure. It is concoivable that some very high oligomers
may have boeen lost, .and thet f was reduced. (¢) In tho
approximately 4 h period botween withdrawal of whole
blood and the disruption of tho mitochondria, nuclease
may have been active within the mitochondria. We have
no way of assessing this effect, except to note thet wo
have recovered approximately 15-50 per cent of the
mitochondrial DNA as closed DNA. (d) Aftor the SDS
treatment all the mitochondrial molecules are in a com-
mon environment and subjeet to nicking by rodueing
agents and uctive endonucleases that may be present.
Becauso the oligomers are the larger turgets, f may have
been reduced. Barring an enhanced stability of the oligo-
mors over the monomers in the mitochondria, aftor with-
deawal of blood, the sstimates of the frequency of oligo-
mers f (Table 1) are considerod to be minimal.

The physical chemical propertios of this now form of
mitochondrial DNA, the circular dimer, wero studied by
means of ultraventrifugation. The materisl from the
lower band diluted with an equal volume of twice digtilled
waber end freed of dye by chromaiograpby through e
50 pl. bed volume of ‘Dowex-50’ cation exchange resin was
examined by the band sedimentation velocity procedure!?
in 2-85 molar caesium chloride (Fig. 4). The standard
sedimentation coefficionts caleulated for sodium DNA
for the three components are 51+ 1-48, 365+ 0-88, and
26:94£1-75. Similar oxperiments in alkeline 285 molar
caegium chloride showed two discrete cornponents with
uncorrected sedimentation coefficients of 1128 and 808
(Fig. 5). Figure § presents s double logarithmic plot of
sedimentation coefficient against molecular weight for
closed circular DNA with additional data obtained from
the literature. The 805 and 1129 slkaline components
fall on the line for closed circular DNA in alkali. The slow
278 species at neutral pH falls on the line II for nicked
circular DNA. The fast 518 component falls above the
line 1 for in vive closed circular viral DNA at neutrsl p¥l,
28 do all other mitochondrial DNAs so far reported. We
conclude that tho neutral 518 component represents the
compact suporhelical form of the oircular dimer. The
808 and 112§ components in alkali represcnt the fully
titrated forms® of the closed monomer and dimer re-
spectively. The intermediate 378 componont is opparently
a mixture of nicked dimers and intact monomers. Figure 8
indicates that tho closed monomer should sediment slightly
faster than the nicked dimer.

We have caloulated from the fractions of intact dimer
and nicked monomer observed in Fig. 4 that the original

Table 1. DISTRIBUTION OF MITOCRORDBIAL DWA PORMS ISOLATED A8 INTACT CLOSED CIRCULAR MOLBCULES FROM NORMAL AND LEUKAEMIO LRUCOOYTES

Leulwemic Normal
Patient M. C.° Patient 8, 1. Patlent 8. B.
Heo, % Wt. % No. %, Wt % No. % Wt % No. % W, %

Monomers 205 a8 51 830 89 78 1,146 85 61 1,026 884 g
Cligomers 85 ag 49 80 11 22 b7 b 9 27 14 B

Clrcular dimssa 72 28 39 27 4 7 22 2 35 o7 14 3

Catenated dimers 10 3 b 89 b 10 32 3 5

Trismera and higher oligomers [ 2 45 is 2 4] 3 02 o7 o — —
Total moleoules scored 500 719 1,203 1,953
Catenope index ¢ . LR [13:34) 0 -—

# Pooled lower bands from loucooytea oblained from March 8 to June 7, 1067,

TCatenane index, catenated dimersftotal dimera,

2
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Fig. 2. Blectron micrographs of mitochondrial DNA from leukaemic lencocytes. The denslty gradient shown in Flg. 1 was fractionated Into
approximately 50 pl. fractions and speclmen grids were prepared with materfal found ten o twelve fractions below the centre of of the upper
band. A 25 ol ssmple of the fractlon was diluted with 80 pl. of ¢ mg/ml. of oytcchrome ¢ and 40 gl of 001 M BDTA, pH 50, The spesimon
grids were prepared by the procedure of Klelnschmidt and Zahn® with 0-16 M NH 4e, pH 7-¢, 28 the hynophase, 'Lhe grids were shadowed

Hadium pad examined in o Philips BM 200 electron microscope, s,

Hingle loagth mitochondein! DNA-

whils with &
&, clroular dimer form; e, catenated dimer; d, catenated trimer. The estenation wes establishod by fecusing at the microscope and by earveful
exaniination of the negatives as described by Hudson and Vinograd (preceding article), '

lower buoyant bend contsined 33 per vent dimers. The
caleulation was earried out with the assumption that
statistioal nicking occurred after the band was isolated.
The agroement between this result and that obtained by
electron misroscopy (29 per cent, Table 1) suggests that
there was no significant selection for or against dimers in
the specimen grid preparation or in the slectron microscope
oxamination.

Purther evidence that the 518 component represents a
closed ciroular dimer form was obtained by analytical
ultracentrifugation. Mitochondrial DNA recovered from
the -experiment doseribed in Fig. 4 was centrifuged to
equilibrium in buoyant caesium chloride containing othi-
dwm bromide. Conditions were selected so that tho
closed DNA was separatod. from the open DNA in the
caesium chloride-othidium bromide gradient®. Tho ratio of
amounts of closod to open DNA in the buoyant gradionts
wes 05, compared with 0-75 expected for this matorial in
the absence of further anicking. If, on the other hand, the
leading component had consisted of nicked dimor and closed
monomer, the middle component of nicked menomer, and
the slow componont of linear DNA, the ratio would have
beon 0-15.

The buoyant densities of the dys-free mitochondrial and
nuclear DNA diffored by 0-010 g/ml. (Table 2) in separate
exporiments with & crab dAT marker. The incromoent was

No. of, molecules
s
L

[T SO SV b e
[iRY] It [R1 23
Helative length of moleciles

. Normatized contour lengths of mitechondrial DNA from the
r band tn o cueshun chioride—ethidium bromide density gradient.
‘The DNA was obtained from leucocytes from the ehronle granulveytic
leukremic paticnt, M. €. a, Singlo length molecut The approxi fy
[y lengtha were normallzed by the mean length, The standard devia-
tion was + 006 dimensionless units. b, Double fength molecules which
were predominsngly clecular dlimers. The approximate §0g lengihs
were normalized by the menn monomer length,  The standard deviation
was t 0-06 dimenelonless upits,




Fig, £, Band sedlmontation veloeily pattern of orlginally closed mito-
chondria!l DNA from M. C. in 2:85 ¥ osesluia ohloside, pH 80, 20° C.
Photoolesicle soan of the Hould column 40 min afler vench ng 80 K r.p.m.
The fleld is dicocted to the right, The leadibg bend containe the 515
olosed olzculer dlmer. The middle band the 878 unresolved
mdxiure of nicked ciroular dimer and closed clrcalar monomor. The
plowest band contains the 279 nicked ciroular monomer. The absorbing
material between the slowest band and the meniscus ts EDTA. No
metorint sediments from this region after longer times at higher speed.

i r

Fig. b.
chondtial DA from M. O, in 2-85
Phoctovlasiric scanp of the Hould colwnn a4 8 min interva
The fost band contalns the 1129 fully siteated closed clrouler divner, Tha
slow bund contalns the 808 Af high

Bond esdimentation velooity pattern of originally closed mito-
i M coesium chloride, ‘pii 128, 20° C.
Iz 5t 28 X r.p.m,

oher sneeds & broad 268

band sediments out of the mgiomE%)%?m@ by the abaorption of Hght by

alse obzerved in o synthetic mixture of mitoehondrial and
nuclear DNA (Fig. 7). The bucyant densities of nuelear
DNA from leukeemic and normsl leucoeytes were in-
distinguishable. The mitochondrisl DNA, containing
39 per cent by weight circuler dimers, formed & symnetrical
buoyant bend in cassivm chlorids in the enelytical ultra-
contrifege. This result proves that she cireulsr dimer has
asboub the same bass comporition as the circuler monomer
end suggests thet sircular dimers consiat of two connected
monomer genomses. The clinical and disgnostic date for
M.C. and the cther two patients in this study are shown in
Table 3.

The mitochondrial DNA from leucosytes from the sub-
scute grenulocytic lsukaemio (8.7.) formed three flucres-
cont bands {Fig. 8). The lower band eontained 9 per cent
dimers, of which approximately 80 per cent were caton-
ated dimers (Table 1). A histogrem of 277 molecules is
presented in Fig. 9. We do not regard the difference in
oligomer content between M. C. and 8. 7. as significant

Table 2.  BUOYAKT DENSITIES OF MITOOHONDRIAL AND NUCLEAR DNA FROM
KRORMAL AND LBURAEMIC NUMHAK E;BEJOOCYTFSS OF CABSIVY CHLORIDE AT
T %ta.

No. of
Seurce Nuclear Mitochondrial axperiments
M.C. 1680, + 0-0002 1-700, £ 0-0005 3
8.7, - 1-a80, 1700, 1
8, B, 1689, 1700, 1
Kormal donors 1-689, — 3
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WOre from the distances between the above

becauge the time between the withdrawal of blood and
homogenization was 10 h for 8. T. compared with 4 h for
M. C, and extensive nicking may huve oceurred. Tho
middle band was midway betwoen the closed and opon
DNA bands. This position corresponds to the expscted
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Fig. 8. Sedlmentation coefiiclonts of thees forme of olecwlat DNA en e
tom of molecular weight, Tho zesulln for the fully titrated mito-
chondrini elrenlar monomer and dimer and for the neutral nicked mono-
mer fall on the beat least squnres lines for dats previeusly published ox in
the pross. The alhaiipe sodimeniablon ocooficlents ropresent partially
corresied values obtalned from experiments at 20° © in appronimately
285 M osenium chlorlde, 186 g/ml. The date were correcied enly for
the amall effests of colution donaily when tho concentmation of cooalum
chioside departad from the sbove valua, 'The laast egusres slope of thia
YHne is 049, The noutenl 4 nedd 4 covfiolonts weore
mensured 6t 20° in csestum chloride or podium chloride and whon necos-
sary have beon cotrected by the melhod of Beuner and Vinograd', The
alopes for the closed ciroular DIVA, I, and the nicked olrouley DNA, 11, a8
detorinined by o least squstes method are (-38 end 0-236. 1, Polyome’;
2, BF @X174 (ref. 14); 3, RF 213 (rof. 16); 4, human pgﬁgﬂ omal?;
5, mitochondrin! monomer (sof. 2 and unpublished work of Vi
Plké and Rlair); 6, mitochondrial dismer; 7, én vive closed 4
I, 11, unpublished resulis of Kiger, Young snd Sinsholmer);
monomer and dlmer’?. @, This work; [g. 6, value calowtate
voraus & relation glven by Jtudier'® for Hnear DNA. The velue was
releod by a factor of 1-14 for the effest of clroularization: {7, &g
DNA®™, The value was raized by the faolor 1-14.

DWAs and o crab AT merker, In theco caloulations the buoynnt i
of the marker was fakan to be 0=1-889,, 2 yalue determined by the absolute
X ty gradient, Vinograd and Hearat!®, was used in
the If these b n itios are calculated with an 4
value of 1-710 g/ml. for an . cols DIYA marker and with a gradient uncorrec-
ted for the offects of . the buoy {es of the nuclear and mito-
g)mmiria! Dﬂt‘gs é“?? Ié-éi%e lza,nd 1'7052, fre@peﬁt‘ivei% NThesedvalues correspond
a G~C contont of mole per cent for nucloar A and 46 mole per cent
for mitochondrial DA, ¥ fele pex cen

Irig. 7.
chondrie! loucocyte DNA from the patlent M. C. in neutral buovest

Photoelectric scan of & pyothetle mizture of nuclear and mito-

casgiuin chioride; 26°C, 44 K r.p.m., Mossley X~ ¥ paraliel recorder. The

fleld im directed to the pight. The lght band containg erab ¢AT, the

middle and dJense hands contain 1 and mitochondelal DNA
regpectively.
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position for & vatenans containing one open and one closed
molecule 88 desoribed for HeLe cell mitochondrial DNA.
The eatenane index, the ratio of catenated dimers to
total dimers, varies by a factor of six between the prepsara-
tiong from M. C. end 8. T. This index for the DNA in the
lower band is representstive of the index at the time of
dissolution of the mitochondria by BD&, and is insensitive
to the extent of statistical nicking that mey bave cecurred.
In extromo cases it wes ensy to discriminete between
oirenlar dirners end catensated dimers, but molecules that
oonbtained soveral orossovers were often not scored. Com-
pletely open molecules or molecules in which the cress-
overs oeourred only near the ends of the molecules were
sooved ps ciroular dimeers. Dimers consisting of an open
monomer and & twisted monomer, dimers with only one
erossover which-divide it into stebistionlly velid halves,
and dimers in which the three dimensional character of the
catenation eould be seen in the elestron microscope or the
printe were scored 83 catonanes. We bave made the
assumption thad highly twisted oatenanes end circular
dimers .were rejested with the same probebility. The
cabeonane index is the best available basis for comperison
of the differsnt DNA preperations that we have in-
vestigated. - :
The mitochondrial DNA fom the csse of chronic
iymphooytio loukaemis (8. B.) also formed thres fuores-
ceent bends in the ceegium chloride-ethidium bromide
geaddiont, The DNA in the lower bend contained 5 per
sent oligomers, of which approxzimately half were cstenated
mobsoules (Table 1, Fig. 9). There was 24 h between the
withdrawel of blood and homogenization in this patient,
and so the oligomer content meay be artificlally low.
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afiicie,

P
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. Pig, 9. Bisk of K driel DNA
fyom the lower band in & caesiem chloside-ethidium bromide denaity
grodlent as in Fig. 8. e, iI‘)NA from 8. 7.; 5 DNAfrom 8, B.; ¢, DNA
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The closed mitochondridl DNA from leucesytes of
normal donors wes examined with meterial prepared from
five samples of fresh biood. Only two fuorescont bands
were found. Anslyses of the lower band showed thst
1-6 per cent of the mitochondrial DNA molscules were
dimers (Table 1). A catenene index was not obtained
beoauss of the smell number of dimers present in the eleo-
tron micrographs. The period between blood withdrawal
end dissolution of the mitechondria by 8DS8 varied
batween 6 and 12 h.

The results so far can be suramarized as follows. (o)
Oligomer forms of mitochondrial DNA osour in leucooytes
from normel and leukeemic humen donors. The oli-
gomers aro principally circuler end ocatenated dimers,
Catensted trimers and & very small percentage of caten-
abted higher oligomers also coour. (b) There ere differences
in the distribution of types of oligomers in the DNA
preparations from the three leukaemic patients studied.
The preparations from the two patients with clinieslly
mor® edvanced leuksemia (8. T. and 8. B.) had a higher
catenane index. (o) The circular dimers and catensted
dimers represent new forms of mitochondrial DNA. The
oatenated forms have also been found in Hele oelle
(preceding article).

Mitochondrial DNA isolated from M. C. during April to
May, 1987, showed only two bands (Fig. 1) while pooled
DINA preparations obtained during June to July, 1967,
vielded three fluorescent DNA bands. This indicates that

DORORS OF LEURABYIO LEYOCOYTES®

Patient 8. T. Patient 5. B.

Normalt
8-7, 22-7-67¢ 24-7, 4-8-67¢ .
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iration on December 1, 1068, Patient folt well, Patlont B. T. had
67, Pationt was 70 per cent functional. Patlent 8. B, had chronic

Patients M. C. and 8. T. had received no chemotharapy befare tha laucocytes

Ty 5
Range of leucooyte counts in normal adults. Nermal blood also containg a low percentage of myslocytes®.

Veluen toted are moang,
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Fig. 10, PFosmath by fated broakage and reunton
&, 'i‘ne cirsuia,? t‘&mer \a formed In » single racomb!nat,kun,

mee,mmhm\
even 554 b ] ted dimer could
segult from & daum sapnbl two monomers of &

single mc{)mb!mﬁiau avem‘ ‘vte,nm [ etgeula.r dimer. ¢, & double recom-

dimer snd & monomer results

in the fomsion of & mwmmd dimez, This schome oan be continued to
form higher ollgomers,

there was an increase in the fraction of catenated dimers
in the preparations. Hleetron miercscope anslysis showed
shat the fraction of oligomers had remained essentially
constant and that the catensne index epproximately
doubled. The change paralleled a eignificant shift in the
leucooyte population: myeloblasts and promyelocytes
inoreased and there wes o corresponding decresse in
mature forms.

A genetio recombination pathway besed on the broakage
and reunion model hes been proposed as @ possible
scheme for the formation of the oligomers described here
(Fig. 19) and in Hela cell mitochondrial DNA (preceding
article).  Chenges in the equilibrium distribusion of
oligemers in the loukaomies studied mey have resulted
either from changes in the proportion of the various cell
types or from chenges within a given oell type. In either
cese it secrns that there sre various equilibrivin positions
in the monomer—oligomer equilibria.

Other investigations in this laboratory have shown that
thers sro inberlocked mitochondrigl molecules in e variety

_of other systemds Mitochondrial DA of unfertilized ses
urehin egge, for exsmple, contains catenated dimers and &
ammall gmgmﬁwu of higher ce,wnmeci elngomem {un-
published, resvlts of Blair, Piké and Vinograd). A middle
band cont bed oligomers hes been obtained
from the mitochondrisl DNA of 878 mouss cells trans-
formed by 8V 40 virus. These results suggest the pos-
aibility thab oligomers were present bud nob reported in the
mitoshondrial DNA prepeostions earlior desoribedi-?.
The clusidabion of the relationship between the cocurrence
of the cligorezs and the physiclogical state of & cell will
requive-fusther gdentitative investigation of & va-ms‘s,y of
cell systemi. The dye-buoyant density method uesed in this
work provides highly purified mitochondrisl

ining (

alosnd
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DNA, but as discussed the method selects against open
DNA thet may be present. In cur continuing study
of the composition and structurs of mitochondrial DNA
in normel individuels and in leuksaemioc patients, non-
selestive methods ere being used to isolate the total
complement of DNA in the mitochondria.

We thenk Dr H. R. Bierman for providing the leuco-
sytes and for clinioal date and diagnoses; L. Clayton for
messuring the molecules; Hyland Laboratories, Los
Angeles, Californis, for gifts of normal blood; Dr R. Lewis
for haematological data; J. Kiger, J. C. Wang end R. L.
Sinsheimer for permiesion to gquote their wnpublished
reaults; and R. Kent for assistance in the preparation of
the manuscript. This work wes supported in past by
grants from the US Public Heealth Service, and by & Public
Henlth Service fellowship from the National Institute of
General Medical Sciences.
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COMPLEX MITOCHONDRIAL DNA IN LEUKEMIC AND
NORMAL HUMAN MYELOID CELLS*

By Davin A, Cruayrox axp Jerome ViNoGrap

DIVISION OF CHEMISTRY AND CHEMICAL ENGINEERING, AND DIVISION OF BIOLOGY,
CALIFORNIA INSTITUTE OF TECHNOLOGY, PARADENSA

Communicated January 1.3, 1969

Abstract.~—Mitochondrial DNA’s from the peripheral blood of 14 patients
with granuloeytic leukemia contained a circular dimer form.  No such strueture
could be found in M DNA’'s from three patients with nonmalignant proliferations
of granulocytes. The frequeney of the eireular dimer form is reduced upon
treatment with antileukemic drugs.  The above results suggest that a significant
relation exists between the formation and presence of the eirenlar dimer M DN A
form and granuloeytic leukemia in man.

We have previously reported that animal mitochondrial DNA (M DNA)
aceurs in two compler forms'=* in addition to the stmple cireular form with a
contour length of about 3 g, The civcular dimer form-—a double-length cireular
moleeule! 2—was found in human leukemic white eells along with the catenane
form,* in which the single-length submolecules are connected to cach other like
link= in a chain.  The presence of the circular dimer i the M DNA from t}u
three leukemie patients studied.? and the absence of this form in the M
from normal mature human leukoeytes? d Hela eells® sea urehin eggs, Jml
a variety of normal mammalian tissues,? suggested to us that there might he u
correlation between the occurrence of the circular dimer and human leukemia,
We therefore carried out a more extensive study of the frequeney of complex
AMODNA forms in eireulating leukoevtes from patients with granuloeyte leu-
kemia and, for eomparison, from patients with nonleukemie leukopoietic dis-
orders. The 3 DNA's from 14 leukemice patients all contained cireular dimers

(I'ig. 1), whereas the M DNAs from three patients with normal, immature
myeloid cells contained none.  In the course of this study we also found that
treatment with evtotoxie drugs substantially lowered the frequency of the
civeular dimer.  The above results together suggest that a significant relation
exists between the formation and presence of the abnormal M DNA form and
granulocytic leukemia in man.

Materials and Methods.—Chemicals:  Optieal grade CsCl was obtained from the
Harshaw Chemical Co. Ethidium bromide was a gift from Boots Pure Drug Co., Lid,,
Nottingham, England. Sodium dodeevlsulfate was obtained from the Matheson Co.
All other chemicals were of reagent grade,

Preparation of leukocyte M DNA: Whole-blood samples, 10-100 mi, were allowed
to settle at 4° for 2 to 20 hr.  Bufly coats were drawn off and red eells were removed
by hemol, vsis for 20 sec with distilled water. The leukoeytes were spun down at 1000 X ¢,
for 5 min in an International PR-1 centrifuge and resuspended in a tenfold volume of
homogenizing mediur:  0.21 3 mannitol; 0.07 M sucrose; 0.001 M Tris HOY, pll 7.5;
and 0.0001 M ethylenediaminetetraacetate (DTA). The cells were homogenized with
a tight-fitting Teflon pestle until approximately 809 of the nuclei were liberated, as
observed in the light mieroscope. The homogenate was centrifuged at 1000 X g for 5

1077
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g, L—Eleetron  micro-
graphs of M DNA isolated
from leukemic leukoceytes,

(a) Monomerie M DNA.

(bY Cirenlar dimer M DNA,

(a) (b)

min.  The supernatant wus centrifuged at 15,000 X g for 15 min in a Sorvall 88-34
rotor to pellet the mitochondrin.  The pellet was resuspended in § ml of homogenizing
medium and placed on a step gradient containing cqual volumes of 1.00 47, 1.50 3, and
1.75 M sucrose.  The sucrose solubions contained 0.001 37 Tris HC, pH 7.5, and (.0001
M EDTA. The tubes were centrifuged for 36 min at 20 krpm in a Spinco SW-25.1 or
SW-27 rotor. The buoyant material at the 1.00 ¥-1.50 M interface was removed with
a pipet, diluted fourfold with homogenizing medium, and pelleted.  The mitochondrial
pellet was resuspended in 10 ml of 0.21 M mannitol, 0.67 3 sucrose, 0.05 M Tris HCI,
pH 6.7, 0.025 A KC}, and 0.0025 M MgCl.. All of the foregoing operations were at 4°.

DNase I and RNase A (S8igma Chemical Co.), 100 ug each, were added and the mixture
incubated at 25° for 30 min. The reaction was quenched by the addition of EDTA, and
the temperature was lowered to 0°.  The mitochondria were pelleted and the DNA was
isolated after the addition of sodium dodeeylsulfate, CsCl, and ethidium bromide (10B),
as deseribed earlier.t- 2.5 In most cases, both the upper and lower fluorescent bands
and the CsCl solution between them was collected from the buoyant CsCLEB gradient.
The solution was diluted with 0.01 M Tris HCl, pH 7.5, 0.001 M EDTA; and the DNA
was pelleted at 45 krpm for 12 hr in a Spineo SW-50 rotor.  The M DNA pellet was al-
lowed to resuspend in 0.25-0.5 ml of supernatant and was stored at —20°,

Specimens for electron microscopy were prepared as deseribed earlier? and were
examined in a Philips EM-300 electron microscope. Classification of M DNA forms
was performed at the microscope by direct observation on the fluorescent sereen or on
an auxiliary Plumbicon TV monitor system.  The procedures and eriteria for classifving
the M DNA forms have been deseribed.»

Results—The results obtained in this study are presented graphically in a
series of panels which show the M DNA and the leukoeyte distributions in each
blood sample. The medical diagnoses and pertinent clinical data supplied 1o
us by our colleagues are given in Table 1, along with a summary of the M
DNA distributions.

Unitreated grenulocytic leukemia: Figure 2a presents the M DNA distribution
in the circulating leukocytes from M. C., a patient with chronic granuloeytic
leukemia. The circular dimer frequency (319%) did not change significantly
in four analyses during an 18-month period. The frequency of catenated
dimers (79) is within the range found in normal mammalian tissues (6-99,).°
The frequency of catenated higher oligomers (trimers and larger catenanes)
is significantly higher (89,) than in normal tissues in which the highest frequency
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Tasie 1. Number frequency of complex mitochondrial DN A in leukemic and nonleukemic

patients,
Cireular Catenated Catenated
dimer dimer higher oligomer

Putient® Dingnosist Chemotherapy (%) (%) (%)
M. C.e CGL Nonel 31 4+ 4 T42 8 +2
C.He AGL None 48 4 4§ 4 418§ 5 42§
PJr “ “ 20 £+ 6 63 1.0 2 0.9
M. W.e CGL “ 2143 62 3 1

“ “ Myleran, 3 wk T2 T %2 2 %1
M. R “ None 14 + 2 742 1 =07

¢ « Myleran, 1 wk T2 112 3 =1

“ * “ 3wk 51 11 =2 2 1
M. Y. “ Myleran, 2 yr 241 442 2 %1
L.G» “ “ 3yr 241 441 0.1
L. S.= “ “ 2yr 31 541 0.3
A. M. “ “ 2 wk 642 542 1 09
A.Pb AGL 6-MP, 8 months** 1408 542 0.1
L.Jb “ “  Bdays 242 542 0.6
R.B.e “ “ 2wk 241§ 4+ 28 0.6§
BE.Feo At CGL None 1242 62 0.6
J. We Ea CGL “ 1 409§ 328 0.9§
M. L.b MM “ 0 641 0.5 £ 0.3
T. D} MM * 0 441 0.8 0.4
M. De LR “ O 541 0.6 0.4

* The diagnoses for the patients were supplied by: (e) H. R. Bierman; (&) R. L. Teplits; (¢) W. C.
Moleney; (d) R. D. Lewis; and (e) R. Boardman.

+CGL, AGL, Ai CGL, and Ea CGL signify chronic, acute, atypical chronie, and early chronic
granulocytic leukemis, respectively. MM and LR signify myeloid metaplasia and leukomoid
reaction, reapectively.

1 This patient was treated periodically by leukophoresis, a procedure in which the patient's rod
cells and plasma are infused after removal of the bufly coat.

§ Data obtained from s lower-band M DNA in a CsCI-EB density gradient.

“% This patient also received Vineristine and Methotrexate.

Fi16. 2.—~The di_stri‘bution e ol CH AGL
of complex forms in the M % B PEIES Tee] o
DNA. obtained from two o praveeras - ?

M ONA 558(LB)
WBC 325,000 430

MDONA 5865 -

1 ; ic -
granulocytic leukemic pa WBC 75,000 1

tients who had not received 3T

eytotoxic drugs. The M

DNA distribution is given : 1

in per cent at the left of each  2°[| |

panel: Monomers, M; circular flot

dimers, D; catenated dimers, ol il

Cd; and catenated higher g

oligomers, Co. The leuko- - iﬁ ] 7}1‘[’]

cyte distribution in per cent ok b L o

10
i i i iy © L i My Me Tk 0
is given at the I‘lght of each M D CdCo BIPrMyMeMoly O D Cd Co  Bi Pr My o Ly O

panel: Myeloblasts, Bl; pro- a b
myelocytes, Pr; myelocytes,
My; metamyelocytes, Me; mature forms, Ma; lymphocytes, Ly; and other types, O.
The numbers after M DNA and WBC represent the number of DNA molecules classified
and the leukocyte count in cells/mm.2  CGL and AGL stand for chronic and acute granulocytic
leukemia, respectively. The number after the patient’s initials is our code number for the
blood sample analyzed. The error bar indicates the interval which containg the true mean
at a level of confidence of 95%. The calculation takes into account only the uncertainty
associated with the finite sample. The symbol LE stands for lower band in the CsCl-EB
gradient. An analysis of a lower band rather than the combination of the upper and lower
bands and the intermediate solution provides a minimum frequency for higher molecular
weight M DNA forms.®
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was 2 per cent.’ We calculate that 40 per cont of the M DNA mass is in the
form of circular dimers and that an additional 25 per cent is in the form of
catenated DNA molecules. The catenated higher oligomers were assumed
to be trimers in the foregoing calculation.

The M DNA from C. H., a patient with severe acute granulocytic leukemia,
contained the highest frequency of circular dimers (489,) that we have so far
encountered (Iig. 2b). The catenated higher oligomer frequency (59%) is
again high. The circular dimer accounts for 58 per cent of the mass of the
M DNA, and the catenated form for 17 per cent. The symbol LB in Figure 20
refers to a lower band in a CsCl-EB density gradient. An analysis of a lower
band yields a minimum estimate of the frequency of higher molecular weight
M DNA, as discussed previously.? The leukocytes in this blood sample con-
sisted almost entirely of myeloblasts; we may conchude, therefore, that these
blast cells contained the circular dimer and the simple M DNA forms.

The circular dimer frequency in P. J., another untreated patient with the
acube form of the disease, was 29 per cent (Table 1). The per cent leukoeyte
distribution was as follows: myeloblasts, 81; promyecloeytes, 10; mature forms,
4; lymphocytes, 4; and other types, 1.

Two additional cases of untreated granulocytic leukemia are presented below
in the section on the effects of chemotherapy.

Nonleukemic leukopoietic conditions: Leukocyte distributions similar to those
observed in patients with granulocytic leukemia occur in patients with myecloid
metaplasia and in patients with leukomoid reactions to a variety of stimuli.
Such circulating nonleukemic myeloid cells provide the appropriate controls
for the proposed correlation of the circular dimer M DNA and granulocytic
leukemia. The M DNA’s from three such patients are presented in Vigure 3.
No circular dimers were detected, even though 1300-2300 molecules were
examined in each sample. The circular dimer level, if not zero, is certainly
less than 0.2 per cent. The catenated dimer and higher oligomer frequencies
are also in the normal range at 4-6 and <1 per cent, respectively. The leuko-
cyte distributions (Fig. 3a and b) of the two patients with myeloid metaplasia

L.2 1D, 1 M.D.1
%! 193 96 - 94 Lfg] %
r = M DNA 2,260 1 MDNA 1,345 1 M DNA |, 300 oo 1
30k WwBC 48,000 T WwBC 11,000 1 WBC 87,000 130
20p + H-~ 20
10 + T 0
ok B l—i_‘Lﬁ—a l’}l‘*1 r”r —J——\
M D CdCo Bi PrMyMeMaly O | M D CdCo BiPr MyMeMalLy O | M D CdCo BIPrMyMehMa iy Q_O
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16, 3.—The distribution of complex forms in the M DNA obtained from two patients
with myeloid metaplasia (@ and ) and one patient with o lcukomoid reaction (¢).  Thesymbols
are defined in the legend for Fig. 2.
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are similar to those observed in the blood of patients with chronie granuloeytic
leukemia (Figs. 2a, 4, and 5a, and ¢). We conclude from the above results
that the circular dimer M DNA is not a constituent of normal immature and
mature myeloid cells in man.

The effect of chemotherapy on the M DN A distribution in granulocytic leukemia:
The M DNA from the peripheral blood of a patient with the chronic form of
the disease was examined before and after therapy was initiated with the alkylat-
ing agent, Myleran—1,4 bis[methane sulfonoxyl]butane. The circular dimer
frequency, which was 21 per cent before treatment began, dropped to 7 per ¢ent
after three weeks of chemotherapy (Fig. 4). A similar effect of chemotherapy
was observed in a serial study of the M DNA from patient M. R. (Table 1).

The effect of treatment is illustrated further by the low levels of the circular
dimer in blood samples taken from six granulocytic leukemic patients who
had received cytotoxic drugs for various periods of time (Fig. 5 and Table 1).
The circular dimer frequency in these samples® ranged {from 1 to 3 per cent,
in eontrast to the five untreated leukemics (Table 1) in which the eircular dimer
frequency ranged from 14 to 48 per cent. The above effects of chemotherapy
were observed consistently, although the patients had widely different leukoeyte
distributions.

L. J., a patient with acute granulocytic leukemin, had received the base
analogue G-mercaptopurine (6-M1) daily for only five days when the blood
sample was taken for analysis (IYig. 5¢). The white-cell distribution, which
consisted almost entirely of myeloblasts, had not yet changed in response to
therapy. The circular dimer level (2%,) was, however, much lower than that
in C. H., an untreated patient with the same form of the disease (Fig. 2b) whose
leukocyte distribution was similar. These results raise the interesting possibility
that the drug had caused selective removal of the circular dimer from the pe-
ripheral leukocytes; alternatively, a new population of blast cells with a low
level of circular dimers had replaced the original population.

Atypical and early granulocytic leukemia: Patient E. F. (Fig. 6a) was diag-
nosed as an atypical granuloeytic leukemic because the patient did not respond
to Myleran in 1963, and bone marrow metaphase spreads did not contain the
partially deleted chromosome 21 (the Philadelphia chromosome) usually
present in chronic granulocytic leukemia.” On the other hand, the low level of
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Fia. 5, —The distribution of complex forms in the M DNA obtained from three puatients
with chronic granuloeytic leukemia (a, b, and ¢) and three patients with the acute form of the
disease (d, ¢, and f) after chemotherapy. The symbols are defined in the legend for Fig, 2.

o

leukocyte alkaline phosphatase that is normally seen in this form of the disease
was reported. The circular dimer frequency was 12 per cent.  The Philadelphia
(Ph’) chromosome was found in about half the bone marrow metaphase spreads of
another chronic leukemie patient (J. W.) diagnosed as an early granuloeytic
leukemic. The M DNA in the peripheral leukoeytes contained 1 per cent eireu-
Iar dimers.
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Discussion.—Circular dimer M DNA is present in all the granulocytic leu-
kemics that we have studied to date (Table 1). The highest frequency of
circular dimers (489,) was found in a ease of untreated acute granulocytic
leukemia with leukocytes that contained 98 per cent myeloblasts. High
frequencies of circular dimers (31 and 219,) were also ohserved in two cases
of untreated chronic granuloeytic leukemia with moderately immature leukoeyte
distributions. In the chronic leukemic patients with moderately mature leuko-
cyte distributions, the frequency of circular dimers was lower: 14 per cent
in an untreated case, 12 per cent in an atypical case, and 1 per cent in an carly
case. The above preliminary correlation of the circular dimer frequency with
the immaturity of the leukocyte distribution suggests that the circular dimer
frequency is related to the severity of the discase.

The effect of chemotherapy upon the cireular dimer level in acute granuloeytic
leukemia may be dramatic: The level In two patients who had been under
treatment for two weeks or less was 2 per cent, and in another, under chemo-
therapy for eight months, the level was 1 per cent. A drastic reduction in the
circular dimer level must have oceurred if it is assumed that the circular dimer
levels in these patients were initially as high as in patient C. H,  Serial studies
are required to substantiate this reasoning.

The effect of chemotherapy upon the level of eireular dimers in cases of
chronic granuloeytic leukemia was less pronounced. The circular dimer level
was 2-3 per cent in three patients under long-term treatment with Myleran.
It was 5-7 per cent in the M DNA from three patients who had received Myleran
for periods of two to three weeks.

While the gene products of the M DNA in animal cells have not as yet been
established, the DNA itself is known to be metabolically active. In Hela
cells it serves as a template for a rapidly labeled heterogencous RNA found
in the mitochondria and associated with the rough endoplasmic reticulum.®:
The above observations, together with the report by Woodward and Munkres
that a membrane structural protein is altered in a cytoplasmic mutant of
Neurospora,'! raise the possibility that membrane structural proteins are among
the gene produets of M DNA in animal cells. A defect in the regulation or the
structure of such proteins in cells containing the circular dimer eould contribute
to the physiological properties characteristic of the neoplastic cells. A review of
the evidence for a membrane theory of cancer has appeared recently.!! At the
present time we do not know whether the M DNA abnormality is an early cvent
in the disease or a consequence of other events which change the physiology of the
cell 80 as to permit the proliferation of the dimer M DNA form.

We noted earlier’? that the formation of eatenanes or circular dimers from
cireular monomers necessarily involves the cell’s machinery for opening and
closing the backbone chains of DNA. The various cnzyme systems—enzymes,
regulators, and enzyme sites—involved in DNA synthests, rcecombination,
and repair are thus candidates for the specific aberrations which result in the
formation of the abnormal circular dimer M DNA.

Closed circular dimers and higher circular oligomers also oceur as intracellular
viral forms in infected bacteria' and animal cells,™ and as plasmids and episomes
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in bacteria.’® ' These simpler experimental systems may be expected to be
useful in elucidating the detailed mechanism of the formation of dimers from
monomers, 37 18

Abnormal M DNA represents the second kind of aberration to have been
detected in the genetic apparatus of leukemic myeloid cells. A partially
deleted chromosome, Ph’, is usually present in metaphase spreads of bone
marrow cells from patients with chronic granulocytic leukemia. Ancuploidy
often oceurs in the eells of chronic granulocytic leukemic patients after the acute
transformation of the disease has taken place,’® and in the cells of patients with
acute granuloeytic leukemia. The relationship between the above chromosomal
anomalies and the mitochondrial DNA anomaly is one of many problems raised
by the results deseribed in this communication.
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(2) M. C. after chemotherapy

One patient with chronic myelogenous leukemia, M. C., was the
main source of leukocytes for the physical studies of leukocyte M DNA
reported in the first of the two preceding papers and in the next section
of this thesis., The patient had received no chemotherapy prior to the
isolation of the M DNA used in these experiments, Myleran was
recently instituted in this patient's therapy and the following correlation
of treatment and circular dimer frequency was observed (Table 1). The
patient received a total of 388 mg of Myleran from May 17, 1969, to
June 18, 1969, Before chemotherapy this patient consistently displayed

approximately 30% circular dimers i
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The drop in the frequency of the circular dimer species from 30% to 2%
after chemotherapy is consistent with the results for other chronic

myelogenous leukemia patients, as reported in the preceding publication.

(b) 3[H]thymidine pulse labeling of leukemic leukocyte M DNA

Human leukemic leukocytes from the patient, M. C., with un-
treated chronic myelogenous leukemia were incubated with “[ H]thymi-
dine to determine the relative specific activities of the circular dimer
and monomer form. Approximately 5 X 10° leukocytes were incubated
without stirring at 37°C with 2 pc of Sgﬁjthymidine (specific activity,
15 C/mM) in R. P. M. I. 1640 medium plus nonessential amino acids and
10% fetal calf sera. After 16 hours the cells were harvested and the

M DNA isolated in the standard manner. The M DNA was nicked by
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TABLE 1

and Cell Distributions in M, C. after Chemotherapy

Date of leukocyte sample

5/28/69 6/11/69 7/02/69

Cell count:

white blood cells/mm® 57, 800 32, 000 7, 200
Cell differential (%):

blasts “B

promyelocytes 25 12 4

myelocytes E

metamyelocytes 21 19 3

mature forms 47 60 13

lymphocytes 5 7 19

other 2 2 1
M DNA:

mMonomers 78 81 86

circular dimers 7% 2% 92 2%1

catenated dimers 11 £2 T*2 11 £ 2

catenated oligomers 31 31

0.5

* The error indicates the interval which contains the true mean at a

level of confidence of 95%.
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exposure to visible light (100W incandescent light bulb at 8 inches) for
48 hours while remaining in a preparative tube containing 4.5 M-CsCl,
0.01 M-Tris, pH 7.5, and 300 pg/ml ethidium bromide. Upon recen-
trifugation, the ratio of upper band (nicked circular DNA) to lower band
(covalently closed circular DNA) was 3:1. The nicked circular M DNA
was isolated, diluted with 0.01 M-Tris, pH 7.5, and passed through
Dowex~-50 cation exchange resin to remove ethidium bromide, and then
concentrated by pelleting the DNA at 45 Krpm for 12 hours, 20°C, in

an SW50, 1 rotor.

An aliquot of this M DNA sample was rem@éed& for electron
microscopy and the remaining material was subjected to an analytical
and preparative sedimentation velocity analysis. The analytical veloc-
ity pattern (Figure 1) shows complete resolution of the nicked circular
dimer, §2@9W = 33.1, and nicked monomer forms, §2@9W = 25.6.
After correcting the band areas for radial dilution and nonlinear pen
excursion on the Offner recording system, the relative mass amounts
of circular dimer and monomer species are 31% and 69%, respectively.
An analysis of the distribution of radioactivity (Figure 2) after prepara-
tive sedimentation vel@éity reveals that 32% of the B{H} travels with
the 33 S component and 68% of the SEHE with the 26 S component. The
electron microscope frequency analysis of the original aliquot
gives 76% monomers, 20% circular dimers, and 4% catenated forms.
This corresponds to 32% circular dimers by mass, in excellent agree-
ment with the sedimentation velocity data. It is concluded that a

sixteen-hour pulse labeling of leukemic leukocyte M DNA results in
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Photoelectric scan of nicked circular dimer and nicked
monomer M DNA. This band sedimentation velocity experiment was
performed in p = 1. 35, pH 8.0, CsCl at 35, 600 rpm, 20°C, ina
Beckman model E ultracentrifuge. The field is directed to the right.
The leading component is the 33 S nicked circular dimer and the trail-
ing component is the 26 S nicked monomer., The DNA has traversed

approximately two-thirds of the radial distance in the centrifuge cell.
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Figure 1
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Figure 2, Distribution of 3{%}} versus fraction number in the prepar-
ative sedimentation velocity pattern of nicked circular dimer and nicked
monomer M DNA. An aliquot of nicked M DNA (0.2 ml) was placed on
4.5 ml of CsCl, p=1.40 g/ml, 0.01 Tris, pH 7.5, 150 pg/ml ethidium
bromide and centrifuged for 37 hours at 45 Krpm in an SW50. 1 rotor.
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3 26 S nicked monomers were de-
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tected by fluorescence and were separated by approximately 4 mm in
the centrifuge tube. The tube was dripped in 45 pl fractions on
Whatman 3 mm filter papers and counted in a Packard Model 527 scin-
tillation counter. One can estimate from the original fluorescence of

the DNA bands that more than 0.2 ug of monomer DNA was counted.
This corresponds to a specific activity of less than 3000 cpm/ug DNA.
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a uniform labeling of the circular dimer and monomer species. A
similar experiment with a fourteen-hour *[H]thymidine exposure also

revealed an essentially uniform labeling of the two species.
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Evidence for the occurrence of the circular dimer M DNA spe-
cies in leukemic myeloid cells has been presented and discussed. The
interrelationship of this observation and the physiology of the leukemic
cell is unknown., The Ph’ chromosome defect in chronic myelogenous
leukemia is thought to be related to varying levels of the enzyme leuko-
cyte alkaline phosphatase (8). This M DNA anomaly is one of form
rather than of lost genetic information. In the next section the circular
dimer is shown to be a double copy of the basic monomeric genome,
Thus, the circular dimer may be discussed as a gene duplicate if the
possibility of point mutational differences between the circular dimer
and monomer is excluded. We have no data on the sequence homology
between 'normal’’ human M DNA and leukemic leukocyte M DNA. Such
2 study is now in progress to determine if the M DNA's have the same
information,

A basic question concerns the mode of formation of the circular
dimer species, The most obvious possibilities are: (a) altered repli-
cation of a monomer; (b) single recombinational event between mono-
mers; (c) a cyclization phenomenon (9). Until there is evidence for
sticky-ended linear M DNA molecules from mammalian mitochondria,
(c) cannot be discussed. The rate and mechanism of recombination of
mammalian M DNA are unknown due to a lack of any genetic markers.
This problem is, therefore, difficult to approach at this time. It might
be possible to distinguish between (a) and (b) with the following experi-

ment which does not require a genetic marker system. One isolates
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mitochondria from a cell that contains no circular dimers. These mito-
chondria are then introduced into a cell having M DNA of a different
base composition and the ability to produce circular dimers. Assuming
the mitochondria can pool resources the following observations can be
made. If circular dimer formation is purely a replicative phenomenon,
then the integrity of the dual population will be observed. If any recom-
bination has taken place one should find circular dimers of intermediate
base composition.

It is also conceivable that circular dimers represent an inter-
mediate form in M DNA replication. This question could be approached
by (a) blocking DNA replication and determining the effect on the fre-
quency of circular dimers; (b) determining if circular dimer M DNA is
localized in specific mitochondria or distributed when mixed M DNA
populations are observed; (c) inducing (or discovering) a cell system in
which all the M DNA is of circular dimer form. It is important to know
if the circular dimer can perpetuate itself by replication. If one could
establish that a particular cell line or particular mitochondrion had
exclusively circular dimers, then it could be inferred that the dimers
probably replicate. There is no proof that the total population of mito-
chondria are not constantly joining and breaking apart. This would
imply that data from a single mitochondrion would have limited meaning.
A more conclusive test would be the isolation of a replicating form of a
circular dimer, perhaps similar to those isolated of monomer length (10).

A second question concerns the functional significance of the

circular dimer. Mitochondrial RNA in HelLa cells is synthesized at a
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high rate and possibly on a continuous basis (11). It is conceivable that
M DNA in mammalian cells serves as a template for a vital cellular
protein that is required throughout the cell's life cycle. The circular
dimer could be advantageous in this case by providing twice as much
mRNA per RNA p@iymemse initiation site. The high level of large
transcription products after a short radiocactive pulse in the HelLa sys-
tem suggest that an extensive portion of the M DNA genome is expressed
(11). It is known that in rat liver M DNA, one strand of the duplex is
copied exclusively (12).

It is also possible that the circular dimer is providing a purely
quantitative advantage in the malignant systems studied to date. This
argument could be strengthened by demonstrating that there is more
M DNA per cell in malignant tissue than in the appropriate control cell.
Such a conclusion has been reached in certain induced tumor systems
in rodents (13). It is not known whether this increase in M DNA is due
to an increased number of monomeric molecules or to the existence of
complex forms.

This question can be related specifically to the leukemic cell.
Quantitative differences in mitochondria-associated enzymes between
normal and leukemic cells have been reported (14,15, 16). Differences
in mitochondrial morphology and number have also been ascribed to the
malignant leukocyte (17). The problems with much of these data are:
(a) most differences in enzymatic activity are not consistent among
different laboratories; (b) the results are not uniform for different

patients with the same disease; and (c) the appropriate controls are
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not employed. It is hard to imagine that one should not find differences
between a mixed population of leukemic cells and mature cells from
normal donors, as have been reported. Controls present an acute prob-
lem in myelogenous leukemia, as it is impossible at the present time to
effect a clean separation of the various cell types in the myeloid series.
Since the protein products from M DNA in mammalian cells are un-
known, it is not possible to assign any reported difference in protein
levels or occurrence to M DNA anomalies.

This work has provided one interesting clue to the role of the
circular dimer. It seems well established that cytotoxic drug treat-
ment of a patient afflicted with chronic myelogenous leukemia reduces
the frequency of the circular dimer. We do not know whether the
M DNA is connected with the etiological aspect of leukemia, or is
merely the result of some other cellular aberration. In either event,
the reduced freguency could be due to one or both of the following two
factors: the leukemic cell is “‘cured” of circular dimers by some effect
of therapy; the leukemic cell is destroyed by therapy and normal leuko-
cytes proliferate. The most direct approach to answer this guestion
would be to study the mode of action of the drug employed. In the case
of chronic myelogenocus leukemia, Myleran is the drug most often used.
The exact role of Myleran in altering cell physiology is unknown; but it
is clear, that as a bifunctional alkylating agent it could alter the DNA
structure. Similarly, most of the drugs found to be effective in both
chronic and acute myelogenous leukemia interfere with DNA function or

biosynthesis. These facts do not answer the above question. Instead,
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our attention must be directed to the cell population as a function of
therapy.

Chronic myelogenous leukemia is a disease of the marrow
elements which usually results in an altered peripheral blood cell dis-
tribution. Since all M DNA studies reported here utilized peripheral
leukocytes, we cannot compare these results with kinetic studies that
have utilized bone marrow specimens. Data on the peripheral leuko-
cytes (18,19, 20) indicate that: (a) Leukemic myeloid cells have a
longer life span than normal leukocytes. (b) Generation times for
leukemic myeloid cells are longer than for normal leukocytes. (c)
Mitotic activity of immature myeloid cells in the peripheral system is
inhibited. (d) A dual population of cells may be present, with one popu-
lation having diploid character, and the other population displaying the
Ph’ chromosome in the case of chronic myelogenous leukemia and
aneuploidy in the case of acute myelogenous leukemia, (e) After
chemotherapy the patient's peripheral myeloid cells may retain some
type of chromosomal anomaly or a normal karyotype may prevail. DBy
definition, the cell differential returns to normal values after success-
ful treatment. The M DNA distributions before chemotherapy suggest
that higher frequencies of circular dimers will be found in more imma-
ture cell populations. In contrast, the circular dimer frequency after
long-term treatment in chronic myelogenous leukemia, and after short-
and long-term treatment in acute myelogenous leukemia, is low, re-
gardless of cell differential. This suggests that the cell population is

"cured' of circular dimers upon treatment. It would be interesting to
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correlate M DNA freguencies after treatment with chromosomal studies
on the total cell population to eliminate the possibility that the frequency
drop was merely a dilution effect.

The following areas are worthy of future investigation. (a)
Analysis of the M DNA distribution when a patient escapes treatment and
returns to the fully leukemic state should be made. (b) M DNA studies
on bone marrow samples should be compared with marrow chromosomal
analysis and peripheral blood data. (c¢) The study of M DNA distributions
in lymphogenous leukemia should be completed. The first publication in
this section reports the existence of circular dimers in a patient with
chronic lymphogenous leukemia. This work is being expanded, since
lymphocytes can be cultured more effectively than myeloid cells and are
an extensively researched tissue. (d) The circular dimer form should
be established in a tissue culture system. This would provide a continu-
ing source of cells that could be subjected to experimental parameters
not available in the in vivo leukocyte system. This is being actively
pursued at the present time with the aim of answering some of the ques~
tions opened by the original observations of this new M DNA form. In-
vestigators in this laboratory have screened a variety of existent cell
lines and animal tumors for the circular dimer form. Most results
have been negative, but the circular dimer was recently observed in a
virus-transformed mouse cell (21) and in an established cell line from
a mouse melanoma (22). It is hoped that this will expedite research in

this particular area.
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1. Introduction

One species of complex mitochondrial DNA, the circular
dimer, occurs in human leukemic leukocytes (Clayton & Vinograd,
1967, 1969) and in human tumors (C. A. Smith, private communi-
cation), but does not occur in a variety of normal tissues (Clayton,
Smith, Jordan, Teplitz & Vinograd, 1968). As the name implies,
the circular dimer was considered to be a structure containing two
mitochondrial genomes. This provisional assignment was based on
the observations that the contour length of the dimer was twice the
length of the monomer and that the base compositions of the monomer
and dimer were similar. The latter was inferred from the observa-
tion that a mixture of unequal amounts of the two species formed a
symmetrical band in a buoyant cesium chloride density gradient. In
this communication we report the results of experiments designed to
answer the questions: Does the dimer consist essentially of two
mitochondrial DNA (M DNA) genomes linked in tandem and arranged
in the form of a closed circular duplex? If so, does the dimer con-
tain deletions, insertions, or regions of nonhomology ?

In these studies we compare monomers and circular dimers
that occur in mitochondrial DNA preparations from peripheral leu-
kocytes of a patient with chronic myelogenous leukemia. The mito-
chondrial DNA from this patient, M. C., contained approximately
30% circular dimers, 60% monomers, and 10% catenated oligomers.
We find that the buoyant densities of the separated monomers and

circular dimers are identical within experimental error, a result
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that indicates that the base compositions of the two duplexes are the
same within £1.0%. The buoyant densities in alkaline cesium chloride
of the corresponding heavy and light complementary strands were also
the same within the experimental error. This result indicates that the
base compositions of the corresponding separate strands in the two
forms are likely to be very similar.

The degree of homology between monomer and dimer M DNA
was examined by both buoyant density and electron microscope pro-
cedures. A high molecular weight hybrid was formed upon annealing
approximately equal amounts of light monomer and heavy dimer
strands. The buoyant density of the hybrid is indistinguishable from
that of the native duplex, indicating that a degree of homology greater
than 90% exists between the circular dimer and the monomer forms.

A mixture of singly nicked monomers and singly nicked dimers
was successively denatured and reannealed in formamide solutions.
The products were then examined in the electron microscope by the
procedures developed by Davis & Davidson (1968), Davis, Simon &
Davidson (1969), and Westmoreland, Szybalski & Ris (1969) to detect
single -stranded loops and bushes. The electron micrographs showed
that continuous regions of heterology, or deletions or insertions,
greater than approximately 100 base pairs, were absent. A new kind
of circular DNA structure resembling a "figure 8" was formed in
these experiments. We call this DNA species which contains one

dimer strand and two monomer strands a fused dimer.

A circular dimer can, in principle, be formed from two
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monomeric genomes in two different ways. One method leads to a
head-to-tail tandem arrangement of monomer units (Fig. 1(a)). The

other leads to a head-to-head arrangement (Fig. 1(b)). We have

used electron microscope procedures to distinguish between these

models.

2. Materials and Methods

(a) Isclation and purification of M DNA

Mitochondrial DNA was isolated from purified mitochondria
of peripheral leukocytes obtained from a donor with untreated chronic
myelogenous leukemia by methods reported previously (Clayton &
Vinograd, 1969). The portions of the cesium chloride -ethidium
bromide (CsCl-EB) gradients subtended by the upper and lower
bands were collected at weekly intervals and pooled (fraction A). An
alkaline buoyant analysis of fraction A showed that there was less
than 5% nuclear DNA present in the pooled unfractionated M DNA
sample. The pooled samples were again centrifuged to equilibrium

and collected into an upper band (fraction B) and a middie and lower

band (fraction C).

(b) Separation of circular dimer and monomer M DNA

Circular dimers were separated from monomers by prepara-
tive sedimentation velocity in CsCl-EB (Watson, Bauer & Vinograd,

1969). Fraction B, containing about 3 pg of nicked M DNA, was
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igure 1. Representation of the two modes of formation of the

circular dimer from two monomers. (a) Head-to-tail tandem arrange-

ment of monomer units. (b) Head-to-head arrangement of monomer

units.
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diluted to 5 ml. with 0, 01 M-Tris, pH 7.5, and 0. 001 M-EDTA, and
centrifuged for 12 hr at 40 Krpm in an SW50. 1 rotor. The M DNA
pellet was allowed to resuspend in 0, 4 ml. of supernatant and placed
on 4.5 ml. of CsCl, p = 1.40 g/ml., 0.01 Tris, pH 7.5, 150 ug/ml.
EB, and centrifuged for 3% hr at 45 Krpm in an SW50. 1 rotor. The
33 S nicked circular dimers and 26 S nicked monomers were detected
by fluorescence and were separated by approximately 4 mm in the
centrifuge tube (Fig. 2). The two M DNA species were isolated by
drop collection and the EB removed by passage through a small col-
umn of Dowex-50 cation exchange resin. The small amount of
heterogeneous nuclear DNA was removed in this preparative velocity
experiment (Fig. 2), as is shown in the buoyant analyses of fractions
B, and B, (Fig. 3).

Purified closed circular dimer DNA was obtained from
fraction C in a similar sedimentation velocity experiment. The
closed dimer (fraction C,) was freed of dye and concentrated as
described above.

Examination of the purified nicked circular dimers (fraction B,)
in the electron microscope revealed 85% circular dimers, 12% mono-
mers, and 3% ambiguous and catenated dimers. A similar analysis of
the purified nicked monomer sample (fraction B,) gave 97% monomers
and 3% circular dimers. These samples were used for the determina-
tion of the neutral and alkaline buoyant densities and for the hybridiza-

tion experiments analyzed by centrifugation as described below.
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The separation of nicked circular dimer (lower band)

and nicked monomer (upper band) M DNA after velocity sedimentation

in a cesium chloride-ethidium bromide solution. Centrifugation con-

ditions are described in Materials and Methods, section (b). The tube
was photographed in ultraviolet light.
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(c) Analvtical centrifugation

Buoyant density experiments were performed in Beckman
model E ultracentrifuges equipped with photoelectric scanners at
44,000 or 44,770 rev. /min at 25°C for 24 hr. Neutral and alkaline
buoyant densities were calculated from the distances between the
M DNA peaks and a crab dAT marker. In these calculations the
buoyant density of the marker was taken to be 1,669, g/ml. at neu-
tral pH (Bauer & Vinograd, 1968) and 1.728 g/ml. at high pH,

The buoyant density gradient (Vinograd & Hearst, 1962) was used
in the calculations.

The band sedimentation velocity experiment was performed
in 2.85 M-~CsCl, pH 12.5, 20°C, 35,600 rpm and recorded with the

photoelectric scanning system in a Beckman model E ultracentrifuge.

(d) Hybridization observed in the electron microscope

The nicked circular M DNA mixture used for the electron
microscope hybridization studies was prepared by illuminating a
cellulose nitrate SW50 tube containing a single band of freshly pre-
pared closed circular M DNA with a 100W incandescent light bulb at
8 inches for 36 hr. The tube contained 300 pg/ml. EB and 4.5 M-
CsCl, 0.01 M-Tris, pH 7.5, that had been centrifuged at 43 Krpm
for 24 hr. The closed DNA had been isolated as a lower band and had
been rebanded in a second tube. Approximately 50% of the closed cir-
cular M DNA was photochemically nicked as estimated by the ratio of

upper to lower band material upon recentrifugation to equilibrium in
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CsCl-EB. The DNA from the upper band material (fraction D,) was
freed of EB and pelleted as described above. The foregoing proce-
dures were designed to prepare an M DNA sample in which all
molecules were nicked at least once, and seldom twice, as discussed
in the results.

Approximately 0.05 pg of M DNA (fraction D;) in 10 pl. was
denatured by dialysis against 95% formamide and 0. 01 M-EDTA at pH
8.3 for 1 hr at 24°C, and was reannealed by dialysis for 2% hr against
50% formamide, 0.20 M-Tris, pH 8.0, 0.02 M-EDTA. The reaction
was then quenched by dialysis for 2 hr against 0.1 M-NaCl and 0. 01
M-EDTA, pH 7.3. The dialysis mixture was divided into two samples.
One sample was adjusted to contain 0. 1% cytochrome C and 0.5 M-
NH,Ac at pH 7. 0 in a final volume of 50 pl. This sample was then
spread onto 0.25 M-NH,Ac at pH 7.0. (This procedure will be
referred to as the agueous technique.) The second sample of
renatured DNA wasg adjusted to contain 0. 1% cytochrome C, 0.1 M-
NH,Ac, 0.01 M-Tris at pH 8.0, and 40% formamide. The latter
sample was then spread onto 0. 01 M-Tris at pH 8. 0 and 10% forma-
mide. (This procedure will be referred to as the formamide technique. )
The films were picked up on Parlodion-coated specimen grids and were
either stained with uranyl acetate (Davis & Davidson, 1968) or shadowed
with platinum-palladium (Pt-Pd).

Nicked circular PM2 viral DNA, prepared by the method of
Espejo & Canelo (1968), was a gift from R. Watson. The sample

obtained as an upper band from a CsCl-EB density gradient was
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lightly nicked and contained on the average about three single-strand
scissions per molecule. This was shown in an analytical sedimenta -
tion velocity experiment in alkaline CsCl, pH 12.5. Approximately
20% of the DNA was in the form of single-strand circles and approxi-
mately 50% as single-strand linears. The rest of the material
sedimented as smaller molecular weight linear species. Denatura-
tion, reannealing, and specimen preparation was performed as
described above.

Electron microscopy was routinely employed as a check on
the form of the M DNA samples. Specimen grids of native duplex
M DNA were prepared as described previously (Clayton & Vinograd,
1967). A Philips EM 300 electron microscope equipped with an

auxiliary Plumbicon TV system was used.

(e) Reagents, enzymes, and marker DNA

Optical grade CsCl from the Harshaw Chemical Company,
Cleveland, Ohio, and ethidium bromide from Boots Pure Drug Co.,
Ltd., Nottingham, England, were used without further purification.
All other chemicals were reagent grade. DNase I and RNase A used
in the mitochondria isolation were purchased from the Sigma Chemical
Company, St. Louis, Missouri. Cytochrome C (Lot 45461) was pur-
chased from Calbiochem, Los Angeles, California. Crab dAT
isolated by the Cs,S0,-HgCl, method (Davidson et al., 1965) from

Cancer antennarius sperm was a gift from R. Hyman.
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(f) Measurement of pH

A Beckman Research model pH meter with an E. H. Sargent
combination small-probe glass electrode was used. The pH meter
was standardized at 24°C with Beckman saturated Ca(OH), buffer at
pH 12, 63 before the pH determinations of alkaline CsCl solutions
were performed. The buffer was re-read after a determination.

The drift did not exceed *0. 05 pH unit.

(a) Neutral buoyant densities of circular dimer

and monomer M DNA

It is well known that there is usually a correspondence between
the buoyant density of DNA and its base composition (Schildkraut,
Marmur & Doty, 1962). We have previously reported a buoyant den-
sity for leukocyte M DNA of 1.700 g/ml. and a corresponding calcu-
lated base composition of 46 mole percent guanine-cytosine, This
analysis was performed on a mixture of M DNA forms. Figure 3
presents scans of absorbance profiles of analytical cells containing
the separated circular dimers and monomers. A marker DNA, crab
dAT, was present in each experiment, The calculated buoyant den-
sities of the monomer and the circular dimer species, 1,6996 +
0. 0005 g/ml., are in good agreement with the value reported earlier
for the mixture. The overall base compositions of the circular dimer

and monomer are, therefore, identical within the experimental error
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Figure 3. Photoelectric scans of (a) purified monomeric and (b)
purified circular dimeric leukemic leukocyte M DNA with a crab dAT
marker in neutral buoyant cesium chloride, 25°C, 44, 770 and 44, 000

rpm, respectively. The field is directed to the right. The light band
contains dAT and the dense band M DNA,
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limits of 1.0 mole percent guanine-cytosine (GC). A difference of
0. 001 g/ml. in buoyant density corresponds to a difference of 1 mole

percent GC (Schildkraut, Marmur & Doty, 1962).

(b) Alkaline buoyant densities of the complementary strands

in circular dimer and monomer M DNA

Centrifugation of nicked circular or linear DNA in buoyant
alkaline (pH 12.5) CsCl1 usually gives a unimodal distribution of DNA
at a higher density than the native duplex, due to the titration of guanine
and thymine residues and subsequent loss of the duplex structure
(Vinograd, Morris, Davidson & Dove, 1963). Human M DNA in such
experiments forms a bimodal distribution. Each band contains one of
the two M DNA complementary strands (Corneo, Zardi & Polli, 1968).
The difference in buoyant density of the two strands is thought to be
principally the result of a difference in the guanine plus thymine
content of each strand. Scans of the buoyant profiles of purified
circular dimers (fraction B,) and purified monomers (fraction B,)
are presented in Figure 4. The buoyant densities of the light strand
and heavy strand of the circular dimer were calculated from results
of an experiment in which crab dAT was added as a density marker
(Fig. 4(a)). The light and heavy strands are 1,738 and 1.779 g/ml. ,
respectively. The separation between the complements is the same,
0.041 g/ml., in the dimer samples with and without the marker
(Figs. 4(a) and (b)). The separation between complementary strands
in the preparation of monomers is also 0.041 g/ml. (Fig. 4(c)). In

Figure 4(d) the marker obscured the small amount of light monomer
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Figure 4. Photoelectric scans of leukemic leukocyte M DNA in
buoyant alkaline cesium chloride, pH 12.5, 0.05 M-K,PQO,, 25°C. The
field is directed to the right. (a) The least dense band is crab dAT.
The band at intermediate density is the light strand of purified circular
dimer M DNA (fraction B,). The dense band is the heavy strand of puri-
fied circular dimer M DNA. (b) The light strand and heavy strands of
purified circular dimer M DNA (fraction B,). (c) The light and heavy
strands of purified monomers (fraction B,). (d) A mixture of purified
monomers (fraction B,) and crab dAT. The M DNA light strand is ob-
served as a shoulder on the dense side of the marker. The heavy
strand forms a broad band near the center of the pattern (¥). All of the

experiments were at 44, 770 rpm, except (c), which was at 44, 000 rpm.
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strand present. The maximum in the center of the diagram corres-
ponds to 1.779 g/ml. for the heavy monomer strand. The buoyant
density of the light monomer strand, 1.738 g/ml., was calculated
from the separation between strands observed in Figure 4(c) and
from the value for the heavy strand in Figure 4(d). We conclude
that the base compositions of the corresponding circular dimer and
monomer complementary strands are likely to be very similar, if
not identical.

It might be argued that the presence of the light and heavy
bands (Figs. 4(a) and (b)) in the buoyant pattern obtained with dimer
DNA at high pH and the absence of bands midway between them rules
out the head-to-head structure (Fig. 1(b)) for the dimer. Each of
the dimer strands in this model, if intact, should have a buoyant
density close to the mean of the heavy and light monomer strands.
Unfortunately, the mitochondrial DNA strands cannot be assumed to
be full-length in these experiments because of the well known sensi-
tivity of M DNA to alkali. The molecular weight, calculated from
the band width at the six-tenths height, is about one-third that
expected for full-length strands. Such fragmented dimer strands,
if derived from the head-to-head structure, should form skewed
bands at the positions of heavy and light monomer strands and ele-
vate the base line between the bands. The bands, however, are
fairly symmetrical and there is little material between. It can also
be argued that material with intermediate buoyant density would be

entirely absent if the two bonds joining the monomeric genomes were
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were specially alkali sensitive, a possibility which has not been
ruled out. The electron microscope studies (Materials and Methods,
section (d)), performed with intact strands, show that the model in
Figure 1(b) cannot be correct. The centrifuge results cited above

are congsistent with this conclusion.

(c) The reannealing of light monomeric and heavy

dimeric M DNA complements

A direct analysis of the ability of circular dimer single
strands to hybridize with monomer single strands can be obtained
by examining the buoyant density patterns of artificial mixtures of

heavy dimer and light monomer strands that have been

subjected to
reannealing conditions. The heavy strand of purified circular dimers
and the light strand of purified monomers were isolated by alkaline
buoyant density centrifugation in the preparative ultracentrifuge.
Approximately 0.5 pg of nicked circular dimer (fraction B,)
and 0.5 ug of nicked monomer (fraction B,) M DNA were placed in
separate alkaline buoyant CsCl solutions, 1.760 g/ml., 0.05 M-
K;PO,, pH 12.5, in Polyallomer tubes. In addition, approximately
0.5 ug of previously isolated light strands of [ *H]|HeLa M DNA was
mixed with the circular dimer sample and approximately 0. 05 pg
of heavy strands of [ 3H]|HeLa M DNA was mixed with the monomer
sample. The specific activity of the HeL.a DNA strands was approxi-

mately 10° cpm/ug. The corresponding buoyant densities of
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complementary strands of HeLa M DNA and leukemic leukocyte M DNA
in alkali are known to be similar (R. L. Hallberg, private communi-
cation). The alkaline gradients were centrifuged for 65 hours at 20°C
and at 31.5 Krpm in an SW50. 1 rotor. Forty-ul. fractions were col-
lected, and 5-pl. aliguots were counted to locate the position of the
[*H]HeLa M DNA strands (Fig. 5). The fractions containing the sep-
arate strands of the circular dimer and monomer leukocyte M DNA
were appropriately pooled (Fig. 5), and either cross-hybridized or
"self-annealed' by dialysis against 50% formamide, 0.20 M-Tris,

pH 7.5, 0.01 EDTA for ten days. The samples were dialyzed against
0.50 M~NaCl, 0,01 Tris, pH 7.5, and 0. 005 EDTA to remove the
formamide and then pelleted for twelve hours at 40, 000 rev. /min in
an SW50. 1 rotor as described earlier. The pellet was suspended in
concentrated CsCl solution, 0. 01 M-Tris HCI, pH 7.5, and examined
at buoyant equilibrium in the analytical ultracentrifuge.

The resultant hybrid molecules formed a single sharp band
with a buoyant density of 1. 700 g/ml. (Fig. 6(a)). This value is the
same as that obtained for both the monomeric and dimeric native
duplex M DNA's. We conclude that a high molecular weight duplex
species has formed. This species contains heavy strands from the
circular dimer and light strands from the monomer. No banded
material was observed at positions for neutralized single strands
of light monomer, 1,707 g/ml, (Fig. 6(b)), or heavy dimer.

The self-annealed light strands of the circular dimer were
examined as a check for contamination and for any evidence of self-

annealing (Fig. 6(b)). The material formed a band with a buoyant
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Figure 5. [*H]HeLa light and heavy M DNA complements were
used to detect the position of light and heavy M DNA complements in
leukocyte M DNA, as described in the text. Figure 5(a) is a radio-
active pattern of HeL.a M DNA complements obtained by R. L. Hallberg
in this laboratory using the conditions employed in (b) and (¢). The
peaks have a separation of 13 fractions. Since the monomer sample,
(b), has a band maximum for the [*H]HeLa heavy strand at fraction 20,
we expect the band maximum for the light leukocyte monomer strand to
be located at fraction 33. Similarly for the circular dimer sample, (c),
the band maximum for the EBE-E}HQL& light strand was found at fraction
32. The band maximum for the heavy dimer strand is expected to be
at fraction 19. Therefore, fractions 30 through 40 in (b) were pooled
and used as the monomer light-strand sample and fractions 12 through
22 in (c) were pooled and used as the dimer heavy-strand sample. The

light dimer strand (fractions 24 through 40 in (c)) was isolated and

used as a control,
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Photoelectric scans of annealed M DNA in neutral buoyant
cesium chloride at 44, 770 rpm, 25°C. The field is directed to the right.
The light band in each case is crab dAT added as a marker. (a) An-
equal amounts of heavy dimer strand
and light monomer strand plus crab dAT. (b) Self-annealed light dimer
strand plus crab dAT. (c) Annealed mixture of denatured monomer and

dimer M DNA plus crab dAT. The mixture contained 88% dimer and

12% monomer,
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density of 1,707 g/ml. The light strand of HeLa M DNA forms a
band at neutral pH with the same buoyant density (R. L. Hallberg,
private communication). No contaminating heavy single-stranded
DNA or duplex DNA was detected. The sample of 88% dimers and
12% monomers from the alkaline buoyant density experiment in
Figure 4(b) was neutralized, annealed, and centrifuged in a neutral
buoyant CsCl gradient. The hypersharp band with a buoyant density
of 1.700 g/ml. (Fig. 6(c)) indicates that a mixture of annealed dimer
and monomer strands regains a duplex structure analogous to the

hybrid molecules in Figure 6(a).

In view of the similarity of the neutral and alkaline buoyant
behavior between leukocyte and HeLa M DNA, we take 1.707 g/ml.
as the buoyant density of the neutralized light strand (Fig. 6(b)) and
1.736 g/ml. as the buoyant density of the heavy strand (R. L. Hallberg,
private communication). The mean, 1.717 g/ml., is 0. 017 g/ml.
higher than the value for the native duplex. The hybrid structure with
the same buoyant density must, therefore, within experimental error,
consist of pure duplex. Regions of nonhomology or imperfect anneal -
ing in the concatenate should have raised the buoyant density of the
hybrid. We estimate the uncertainty in A6 in these experiments to
be about £0. 001 g/ml. Based on this uncertainty and assuming linear-
ity between the fractional duplex content and the fractional buoyant
increment (Rownd, Lanyi & Doty, 1961), we estimate that at least
90% of the mass of the buoyant species is in a duplex structure. We

conclude, therefore, that any heterologous regions, if present,
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cannot exceed 10% of the total in the monomeric and dimeric M DNA
forms. A summary of the sedimentation properties of circular

monomeric and dimeric forms is given in Table 1.

(d) Electron microscopy of reannealed M DNA

The apparent identity of base compositions of the circular
dimer and monomer forms of leukemic leukocyte M DNA and the
existence of at least 90% homology between the two forms suggests.
that the circular dimer is essentially a double-sized copy of the
monomer genome, To test this hypothesis further, we have em-
ployed the electron microscope technique for the detection of
heteroclogous regions in reannealed DNA.

Heteroduplex molecules containing one strand from one
M DNA molecule and the complementary strand from another were
prepared by renaturing a mixture of denatured (fully strand-
dissociated) monomers and dimers. Prior to denaturation at least
one single-strand scission was introduced into each DNA molecule.
Since a second scission in a strand of the duplex results in frag-
mented single strands which interfere with the analysis, this study
was carried out with a mixture of lightly nicked molecules (fraction
D,). The composition of this fraction is given in Table 2. All of
the duplex forms contained at least one scission, as indicated in
Materials and Methods, section (d). We have calculated with the

aid of the Poisson relation that at least 88% of the monomeric and
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TABLE 1

Sedimentation properties of the circular monomeric and dimeric

forms of human leukemic leukocyte M DNA

Monomer Dimer
48??‘265 W closed, Svedbergs — 51.6 = Q. '?*
S50, w icked, " 95.6% 0.4 33.1+ 0,5
%ok ok
g%& obs, 21k, ? closed, 80 112
©, g/ml., duplex, neutral 1.700 1.700
e, " , light strand, alk. 1.738 1.738
©, " , heavy strand, " 1.779 1.779
©, " , light strand, neutral e 1.70%

%*
Clayton & Vinograd §1 96'2;, ?Prevmusiy unpublished data, iHudsen,
Clayton & Vinograd (1968). The sedimentation solvent was 2. 85 M-
CsCl at 20°C. The sedimentation coefficients have been fully cor-
rected to standard conditions and are expressed as values for the
sodium form.

ok
Clayton & Vinograd (1967). These sedimentation coefficients are
the observed uncorrected values in 2, 85 M-CsCl, 0.05 M-K,PO,,
pH 12.5, 20°C.



81

TABLE 2

Electron microscope frequency analysis of M DNA forms

before denaturation and after annealing

Before After
Form denaturation annealing
(%)* (%)
Circular monomers 71 75
Circular dimers 24 + 3 4 = 2
Catenated dimers 3.5+ 1 9.5 2T
Tailed molecules 0 3 +1
Linear duplexes 1.5 1 1 £0.9
Ambiguous molecules 0 8.5+ 2
Total no. of molecules
classified 800 800

%
The error values indicate the interval which contains the

true mean at a level of confidence of 95%.

i Most of these molecules are considered to be fused

dimers, as described in the text.
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80% of the circular dimeric strands were present during the re-
annealing experiment as full-length linear or circular single strands.
The remainder must have been present as linear fragments of varying
size.

In order to avoid introducing extra single-strand scissions,
which occur at high pH or at elevated temperature, the M DNA was
denatured and renatured with formamide. A micro-procedure, using
only 0. 05 pg of DNA, was employed. The renatured DNA sample
was mounted on a specimen grid for electron microscopy by the
formamide technique (Davis, Simon & Davidson, 1969). The forma-
mide was incorporated into the mounting solution to melt out the
random base interactions of single-stranded DNA, The heterologous
regions are more readily detected with this mounting procedure than
with the agueous technique. Several kinds of duplex DNA's; but
little single-stranded material, were observed. Plate I shows a
typical field as viewed in the electron microscope. All duplex mole-
cules were examined for heterologous regions (Figs. 7(a) and (b)).
Several hundred molecules were studied, but no heterologous regions
were seen in a;ny of the duplex forms. We conclude that the sequence
similarity between the M DNA's is so great that no detectable heter-
ologous regions occur. It has been our experience that deletions,
additions, or substitutions as small as 50 to 100 base pairs can be
detected by this procedure.

Ina Sé@;ﬁ; éxperimen‘t ‘tb test if the procedure used here

does indeed denature the DNA and allow for strand dissociation, the
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Plate I, Typical field of renatured M DNA as viewed in the elec-
tron microscope. Three circular duplex molecules of monomer length,
a circular duplex molecule of two monomer lengths, a single-stranded
circular monomer molecule (upper-right corner), and a linear duplex

molecule of slightly less than monomer length and with single-stranded
ends (lower-right corner) are shown. The DNA was mounted on speci-~

men grids by the formamide technique and shadowed with Pt-Pd.
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Figure 7. Representations of three ways of forming a nonduplex
region. (a) A region of nonhomology. (b) An insertion or deletion.

(c) A gap region.
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reannealing step was omitted after denaturation. The resulting
sample contained only 6% of the DNA molecules in the form of
circular duplex monomers. These were presumably renatured
molecules that formed during the quenching step. The remainder
were identified from their appearance as single strands. We con-
clude, therefore, that the complementary strands in the mixture
experiment had separated from each other upon denaturation and
had reformed duplexes on reannealing.

In order to visualize the topology of the duplex forms more
readily, the reannealed mixture of DNA's was also mounted on
specimen grids for electron microscopy by the agueous technique.
The formamide technigue often causes acute tangling of the DNA
and makes topological identification difficult. The duplex molecules
were scored as monomers, dimers, etc. Plate II shows the three
major classes of duplex molecules found in this study. It should be
recalled that single strands of DNA, when mounted by the aqueous
techniques, collapse into what appears to be a "bush" due to random
base interactions.

If no hybridization between monomer and dimer strands
had occurred, we should have found monomer and dimer circular
duplexes and catenanes in approximately the same proportion as
in the original sample. We should also have found some linear
duplexes formed from originally circular duplexes in which both
strands were nicked. Most of the latter kind of molecules should

have cyclized in these experiments. We did observe, however,
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Plate II. Major classes of renatured M DNA. (The DNA was
mounted on specimen grids by the agueous technique and stained with
uranyl acetate. )

(a) Renatured circular monomer.

(b) Renatured circular dimer.

(c) and (d) Renatured "figure 8" molecules. Such molecules are

considered to be fused dimers, as explained in the text.
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that the frequency of the circular dimer (Plate II(b)) decreased from
24 to 4%, and the frequency of ""figure 8" molecules (Plates II(c) and
(d)) increased from 3 to 9.5% (Table 2). The frequency of monomers
(Plate II(a)) remained essentially the same: 71 and 75%. Circular
monomer duplexes with one or two double- or single-stranded tails
were also observed at a frequency of 3% (Plate IV).

The absence of 5-p linear duplexes is regarded as strong
evidence for the head-to-tail structure of the dimer (Fig. 1). The
head-to-head dimer should have preferentially reannealed by a mono-
molecular mechanism to form uniform linear duplexes of 5-pu contour
lengths. The two hairpin regions would be too small to appear as
bushes. No 5-pu linear duplexes were observed. Also, no 5-u linear
duplex molecules were present in the sample of denatured DNA that
was slowly quenched. The head-to-head dimer should have annealed

under these conditions.

We consider next the various pathways for the formation of
heteroduplex molecules from full-length single strands. Figure 8
presents schematically some possible modes of formation of hetero-
duplexes from the four main types of full-length single strands pres-
ent in the mixture during annealing. These may pair in three ways.
Reannealing between circular complements is regarded as unlikely
and is not considered. Heteroduplex formation between a linear
monomer and a circular dimer is shown in Figure 8(a,). When a
second linear monomer anneals with (a,), an intermediate structure,

(a3), is formed. Regions 1 and 2 of the circularly permuted linear
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Figure 8. Representation of various modes of formation of hetero-
duplexes containing full-length monomer strands and one full-length
dimer strand. These duplexes are called fused dimers and are shown

in the fourth column. The paired strands in the first column anneal to
form the structures containing two single strands in the second column.
These nucleate with a third single strand as shown in the third column
and anneal to form fused dimers. The shaded areas represent hydrogen-
bonded duplex regions. The unshaded annuli represent nonduplex regions.
The nucleation sites are indicated by transverse lines. The carats (v)
represent single-strand scissions. A detailed description of the winding

that occurs in the formation of the fused dimer is given in the text.
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strand wind around the complementary regions in the circular dimer
strand to form a hydrogen-bonded duplex, and leave an unannealed
tail complementary to region 3. This tail winds around the dimer
strand after a second nucleation anywhere in region 3. There are no
topological restrictions in this process because of the presence of
swivels at both ends of this region, The dupiex? (a,), contains two
single-strand scissions at the positions indicated by the carats (v).
Such "figure 8" molecules have the appearance of catenanes in elec-

tron micrographs. We shall refer to these molecules as fused dimers.

The intermediate (Fig. 8(b,), made up of a linear dimer and
circular monomer strand could appear with varying tail lengths,
depending upon the site of nucleation. We illustrate the formation of
fused dimer molecules from an intermediate with egual-size single-
stranded tails. Four illustrations of the modes of formation of fused
dimers are given in Figures 8(b,) through (bg).

| Figure 8(b,) illustrates the nucleation of a monomer circle
with a site on a single-stranded tail. Duplex formation in region 2
can occur by winding of this chain-end around the circular strand.
Duplex formation in region 1 can occur by rotation of the partially
duplex circular monomer around the linear strand in region 1. The
linear tail in region 3 can then reanneal to complete the formation of
the fused dimer, (b?)s with one single-strand scission. Figure 8(b,)
illustrates nucleation immediately adjacent to the junction region,

Winding of each of the tails then results in the formation of the fused

dimer.
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Figures 8(b;) and (bg) illustrate intermediates that arise
when similarly permuted linear strands nucleate with single -stranded
regions in (b,). Winding in (b;) occurs in the regions 1, 2, and 4, and
leaves cohesive ends in region 3 unreacted. A cyclization reaction,
such as described by Thomas & MacHattie (1964) for the circularly
permuted strands of T2 DNA and by Hershey & Burgi (1965) for the
cohesive ends of lambda DNA, then occurs and leads to a fused dimer,
(bg). Fused dimers can also be formed as in Figure 8(c) from a
linear dimer and two linear monomer strands,

The results of careful inspection and measurement of twenty
"figure 8" molecules are presented in Table 3; two examples are
shown in Plates II(c) and (d). Seventeen of these molecules are two-
ring systems in which the individual lengths of the monomers are
within one standard deviation of the mean length. Neither bushes nor
tails were observed in this group. Such molecules must have been
formed as described above from heterologous strands, unless they
were derived from the small number of catenanes (3%) originally
present. These catenanes would have formed pairs of interlocked
single-stranded rings upon denaturation and could have reannealed
with complementary linear monomer strands. If catenanes alone
were responsible for the formation of ""figure 8" forms, we should
have expected to find them at approximately the original frequency.
Instead, such molecules accounted for 10% of the duplex forms. Most
of the "figure 8" molecules, therefore, have been formed by reanneal -

ing of monomer strands with dimer strands. This observation gives
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TABLE 3

Normalized contour lengths of annealed human

leukemic leukocyte M DNA*

Monomer Monomer circles in fused dimers
1,08 0.96, 1.01  1.04, 1,01
1,01 1.01, 1.01  0.99, 0.87F
0.99 1,00, 0.96 1,03, 0.99
0. 98 0.98, 0.98  0.96, 0.96
1.02 0.98, 1.00  0.91, 0.91
1.00 0.99, 0,98  0.99, 0.83"
1.00 1.07, 1.08  0.99, 0.99
1.01 1.10, 1.10  0.98, 0. 65"
1.03 1.01, 1.03  0.99, 1.01
0.98' 1.09, 1.07  1.05, 1.05
0.94"

1,007
0. 99
0. 987
1,00 + 0,031 S.D. 1.01 £ 0. 056 S. D,

* The contour lengths were normalized with the mean value of the
" contour length of the simple monomers.

T Monomer with single-stranded tail.

t Circle with bush region. These lengths were not included in the
determination of the mean length.
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support to the finding that the monomeric and dimeric forms hybridize.

Three of the twenty "figure 8" molecules appeared to contain a
single bush in one circular duplex. Such bushes correspond to gap
regions which result from the incorporation of short linear dimer or
monomer strands into the hybrid (Fig. 7(c)). The contour lengths of
the three duplex circles containing bushes were significantly shortened
to 2.9, 3.7, and 3.9 u.

The "figure 8" molecules shown in Plates II(b) and (c) are
either renaturéd catenanes or fused dimers. Since fused dimers are
heteroduplexes between a dimer and two monomer strands, it is im-
portant to specifically examine these molecules for heterclogous
regions. Although it is difficult to positively identify a "figure 8"
molecule when mounted in the presence of formamide, all possible
candidates were carefully studied. Plate Il shows a renatured
monomer, a renatured dimer, and two "figure 8" molecules. Again,
no heterologous regions were found.

So far, we have considered only those renatured molecules
which were formed from intact single strands. As previously stated,
these experiments were carried out with a mixture of lightly nicked
molecules. Approximately 12% of the monomeric strands and 20% of
the:dimeric strands contained two single-strand scissions and were,
therefore, present as fragmented single strands. These strands will,
of course, also renature with other whole and fragmented strands and
form incomplete duplexes with gaps as shown in Figure 7(c) and

Plates IV(d) and (e). The incomplete duplexes, unlike the complete
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Plate III. Search for heterologous regions. (The DNA was mounted
on specimen grids by the formamide technique and shadowed with
Pt-Pd.)

(a) Renatured circular monomer and circular dimer. No
heterologous regions can be seen.

(b) and (c) Renatured "figure 8" molecules considered to be
fused dimers, as explained in the text. No heterologous regions can

be seen.
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Plate IV. Incomplete duplex molecules.

(a) and (b) Renatured circular duplex monomer molecules with a
single-stranded tail. These molecules presumably correspond to the
form, (b,), in Figure 8, and, therefore, are intermediates in the forma-
tion of a fused dimer. The molecules were mounted on specimen grids
by the formamide technique and shadowed with Pt-Pd.

(c) Renatured circular (partial) duplex monomer molecule with
a duplex tail. The right end of the duplex tail appears to be single-
stranded. The left end of the duplex tail appears to be attached to the
circular monomer as a duplex; however, at the joint, the upper part
of the circle appears to be single-stranded, while the lower part
appears to be double-stranded. This molecule may be the result of
renaturing a linear dimer with two monomers, one or more of which
was a fragmented molecule. The DNA was mounted as in (a) and (b).

(d) Renatured molecule showing a single-stranded gap (Fig. 7(c)).
This molecule is the result of renaturing a whole monomer strand with
a short strand. The DNA was mounted by the aqueous technique and
stained with uranyl acetate.

(e) Same as in (d), except mounted as in (a).

(f) Presumably the same type of intermediate that is shown in (a)

and (b), but mounted as in (d).
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duplexes, can continue to undergo renaturation with the formation of
branched molecules and large aggregates. The presence of such
molecules considerably complicates the electron microscopic analysis,
It is essential in these experiments, therefore, to utilize very lightly
nicked DNA (one single-strand scission per duplex). As expected,
incomplete duplex and aggregated molecules were observed in the
electron microscope (Plates IV(d) and (e)). Since they were present

in low relative frequency, they could be unambiguously identiﬁed,

and did not interfere with the analysis of the renatured molecules
derived from full-length single strands.

Another interesting class of incomplete duplexes are the inter-
mediates in the formation of the heteroduplex from one dimer and one
monomer strand. There were very few of these intermediates pres-
ent, since the renaturation was carried almost to completion. A few
examples that were found are shown in Plates IV(a), (b), and (f).
These intermediates are composed of one complete duplex monomer
circle with a single—stranded DNA tail and, presumably, correspond to
the structure in Figure 8(b,). Also, a few monomer circular mole-
cules with duplex tails were observed (Plate IV(c)).

The "figure 8" molecules were not formed when a sample of a
nicked, but otherwise homogeneous, circular duplex DNA from PM2
virus (Espejo & Canelo, 1968) was reannealed. The nicked viral DNA
(prepared as described in Materials and Methods, section (e)) was
analyzed in alkaline CsCl by the band velocity procedure in the ana-

lytical ultracentrifuge. The DNA contained 20% circular strands and
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50% homogeneously sedimenting linear strands. The remaining 30%
was present as heterogeneous slowly moving linear strands. The
nicked viral DNA with a molecular weight of about 6 million daltons
was denatured and reannealed by the procedures used in the study of
the monomer-dimer mitochondrial DNA system. The concentration
during hybridization was 5 png/ml. A second experiment was per-
formed at 25 pg/ml. The first renatured sample contained 56%
duplex circles, 15% PM2-size linear molecules, 16% large aggre-
gates, 9% circles with tails, and 3% single-stranded molecules.

The more concentrated renatured product consisted largely of
aggregates. The remainder was a mixture of PM2-sized circular
and linear duplexes and circles with tails. "Figure 8" molecules
were not observed in the experiments with PM2 DNA. This result
supports the validity of our classification of such molecules as

monomer~dimer hybrids.

4, Discussion

This research was undertaken with the object of determining
the structural relationship and homology between the circular mono-
mers and circular dimers that occur in mixture in mitochondrial DNA
samples prepared from leukocytes from patients with myelogenous
leukemia. The study was carried out with M DNA from blood samples
taken periodically from a single patient who had not been treated with

cytotoxic drugs. The problems of homology and structure were
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examined with two experimental approaches: (1) a centrifugal
examination of the composition of the purified monomer and dimer
species; (2) an examination of hybrids between monomers and
dimers by electron microscope and centrifugal methods. Dawid &
Wolstenholme (1968) employed a simpler version of the buoyant
density procedure to detect qualitatively a sequence homology

between Xenopus laevis and chick M DNA's. They also examined

the renaturation products of purified X. laevis M DNA by electron

microscope and centrifugal methods. They observed that the

renatured products contained duplex circles with the contour length
i

of native X. laevis M DNA, shortened duplex circles with single-

strand regions, linear molecules of varying sizes, and aggregates.

(a) Base composition

We have deduced from the buoyant behavior of separated
monomers and dimers that these duplex species have the same base
compositions. The equivalence of the buoyant densities in the
analytical ultracentri fuge follows from the equivalence of the differ-
ence in buoyant density between each species and a marker DNA,
The measurement error in each experiment corresponds to an error
of approximately *0.5% in the guanine-~cytosine (GC) content of the
DNA. The limit of detection for a difference is, therefore, *1% in
GC content,

The buoyant densities of the light and heavy strands in alka-

line CsCl containing a marker DNA were also the same within the
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accuracy of our measurement. In this case, we cannot clearly
assess the guantitative aspects of the degree of similarity of base
composition of the corresponding complements. The buoyant den-
sity difference (0041 g/ml.) between light and heavy complements
is due in part to a thymine bias between the strands. The dense
strand (R. L. Hallberg, private communication) contains approxi-
mately 40% more thymidylate residues than does the light strand.
Since all four types of residues contribute to the buoyant density of
a titrated strand with unknown weighting factors, the experimental

results—identical alkaline buoyant densities of light and heavy

m&m

strands—could have been obtained by combinations of several dif-
ferences in base composition that somehow compensate. On the
other hand, the simpler interpretation strongly supported by the
hybridization experiments is that the base compositions of the

corresponding separate strands are, indeed, very similar,

(b) Homology

The results of experiments in which mixtures of light monomer
and heavy dimer strands were reannealed and the buoyant density of
the hybrid examined in the analytical ultracentrifuge clearly demon-
strate that within the limits of detection these strands reanneal to
form perfect hybrid duplexes. If the duplex had contained 10% single-
stranded DNA, we should have observed a detectable shift of 0. 001
g/ml, toward higher density. The results of these experiments are

especially significant for the interpretation of structure of the various
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molecular forms of hybridized DNA observed in the electron
microscope.

The isolation of the separate complements from alkaline
buoyant gradients centrifuged in the preparative ultracentrifuge
induces a few scissions into each strand and provides materials
suitable for the formation of the highly concatenated hybrid duplexes
discussed above. The presence of such concatenated structures,
which may be branched, interferes with the detectability of heterol -
ogous regions in the electron microscope. The electron micro-
scope hybridization studies were, therefore, performed with mix-
tures of monomer and dimer molecules that had been carefully
nicked and fractionated. Upon denaturation, this material then
formed circular single strands and largely full-length linear strands.
These mixtures were then reannealed and formed circular monomers,
circular dimers, and fused dimers. Only the fused dimers are
necessarily hybrid duplexes. These forms were separately inspected
for the presence of heterologous regions and measured for contour
length. A significant number of such molecules had the correct cir-
cular contour length and contained no heterologous regions. The
absence of heterologous regions in these selected hybrid molecules
reveals that deletions, additions, or insertions do not occur over
lengths of DNA larger than 50 to 100 nucleotides. Smaller stretches,
which do not give detectable heterologous regions, could, of course,
occur,

If we now consider both the electron microscope and centrifuge
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analysis of the hybrids together, we conclude that the total heterology
cannot exceed 10%; and, if any heterology at all is present, it must
be dispersed in short noncontiguous sections of less than 50 to 100

nucleotides.

(c) The head-to-tail structure of the circular dimer

The strongest evidence for the head-to-tail arrangement of
monomer genome in the circular dimer was obtained in the electron
microscope experiment with the slowly quenched denatured DNA
sample. If the dimer contained a head-to-head arrangement, the
linear dimer strands should have, by this treatment, annealed to
5-u linear duplexes with hairpins at both ends. Since no linear
duplex molecules were observed in this experiment in which a small
number of circular monomer duplexes formed, we conclude that the
monomer sequences are arranged in the form of a head-to-tail cir-
cular concatenate. Five-micron linear duplexes were also not

observed in the extensive study of the completely reannealed DNA,

(d) The homogeneity of base sequence in monomeric

mitochondrial DNA

Mitochondrial DNA in animals, from the sea urchin to man,
occurs in the form of circular duplex molecules approximately 5 p
in contour length and in the form of multiples of this unit length.
The unit length contains about 16, 000 nucleotide pairs. This DNA,

if homogeneous and if engaged entirely in the formation of mRNA
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for protein synthesis, can specify no more than 5, 300 amino acid
residues, a number that is inadequate to account for the synthesis
of a complete mitochondrion. Most cells, however, contain a Jarge
number of M DNA molecules (e.g., 250 to 500 in a HeLa cell) and
each could conceivably be different, a possibility that is unlikely in
view of the well established rapid renaturability of M DNA. The
standard method at the present time for determining the amount of
genetic information in a unit mass of DNA is based on a correlation
between the second-order rate constant for annealing of denatured
DNA under standard conditions and the complexity of the DNA
(Britten & Kohne, 1965; Wetmur & Davidson, 1968). Borst,
Ruttenberg & Kroon (1967) performed such measurements and
reported that the apparent genome size of chick liver M DNA was
approximately eight-tenths the size of the molecule. This result
indicates that chick liver M DNA is essentially homogeneous.

The results described in this study, while focused on the
monomer-~dimer hybrids, also yield significant information regarding
the homogeneity of the leukocyte M DNA monomer and dimer species
individually. The complete reannealing of the denatured M DNA
mixture, as observed in the buoyant density experiment (Fig. 7(c)),
and the failure to observe heterologous regions in the renatured
monomers or the renatured dimers (Plates I through IV), clearly
demonstrates that the monomer and dimer species are not in them-
selves mixtures of partially homologous DNA's, Either these DNA's

are essentially homogeneous or they consist of classes of DNA's that
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are so slightly homologous that they do not reanneal with each other.
The latter alternative is held to be less likely in view of the further
requirements that the DNA's in the putative classes also must have
the same single-strand base composition and molecular weight.

Both the above results and the kinetic result of Borst, Ruttenberg &
Kroon (1967) suggest that M DNA should be regarded as homoge -
neous with an information content that corresponds to its molecular
weight., The presence of point mutations or small deletions or
insertions that could not have been detected are, of course, not

ruled out.

(e) Three structural forms of dimeric mitochondrial DNA

Figure 9 presents three different structural forms of dimeric
M DNA diagrammatically. The topologically bonded catenated dimer
(Fig. 9(a)) and the circular dimer (Fig. 9(b)) occur naturally. The
fused dimer prepared in small amounts in this work contains a four-
stranded junction region represented in Figure 9(c) with five unpaired
bases in each strand. The actual number of unpaired bases in the
junction regions is not known at present. An inspection of two juxta-
posed space-filling duplex models suggested that the junction could be
formed with less than five unpaired bases per strand. The junction
region in the fused dimer formally corresponds to a fourfold or X-type
branch from which four duplexes emanate. It may be contrasted with

the threefold or Y-type branch point postulated as a formal intermediate
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Representation of three structural isomers of dimeric

mitochondrial DNA. The fused dimer is shown as a duplex containing
a linear dimer strand and two circular monomer strands. The carat

(v) represents a single-strand scission,
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at the origin and, also, at the growing point of DNA partially
replicated by a semiconservative mechanism as discussed by Cairns
(1963). The completion of replication of a circular duplex by the
Cairns mechanism formally involves a fusion of the origin and the
growing point and the formation of a fourfold junction region.
Bloomfield (1966) and Fukatsu & Kurata (1966) have calcu-
lated the effect of permanently associating short regions in a
circular duplex in such a way as to form molecules which contain
equal -sized duplex loops. These calculations were performed to
assess the hydrodynamic effects of superhelical turns in a closed
circular duplex. They calculated that a molecule containing two
loops should sediment about 15 percent faster than the corresponding
parent molecule, a result which can be checked experimentally when

larger quantities of fused dimers are prepared and purified.

(f) "Normal' and "abnormal' mitochondrial DNA

As stated in the introduction, we have referred to the circular
dimer as an "abnormal' form, because it occurred in leukemic leu-
kocytes and did not occur in the appropriate controls. It must be
emphasized that the present study compares the information content
of the circular dimer to the circular monomers in the same patient.

A similar study of the homology relationships between circular dimers
from a leukemic patient and circular monomers from a nonleukemic

(i.e., "normal'') person remains to be performed.
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Summary

Mitochondrial DNA occurs in multiple circular forms in
human leukemic leukocytes. As part of an inquiry into the struc-
tural relationships between the forms, the 5- and 10-y circular
duplexes were separated and characterized by sedimentation pro-
cedures, The buoya;,n’i densities in neutral cesium chloride were
indistinguishable, indicating that overall base compositions of the
two species are the same, The buoyant densities of the corres-
ponding heavy and light strands in the two species were also
indistinguishable. Together, the results suggest that the dimer
consists of two monomer genomes.

Reannealing of equal amounts of fragmented light monomer
and heavy dimer complementary strands isoclated from alkaline
buoyant cesium chloride gradients leads to a high molecular weight
duplex with a buoyant density indistinguishable from the parent
duplexes. It is concluded from this result that the degree of homol-
ogy between monomer and dimer is at least 90%.

Denaturation of a mixture of lightly nicked monomer and
dimer duplexes, followed by reannealing in formamide solutions,
leads to mixtures of circular monomer and dimer duplexes and
heteroduplexes which contain one dimer strand and two monomer
strands. These heteroduplexes occur in the form of a "figure 8"
molecule, a new DNA structure which we have called the fused
dimer. Neither heterologous regions, nor insertions, nor deletions

were found in a careful examination of the electron micrographs.
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It is concluded from this part of the work that heterologous regions,
insertions, or deletions exceeding 50 to 100 nucleotides in length do
not occur in the heteroduplexes. At this level of insight, the dimer
is a circular concatamer of two monomer genomes. In addition,
the results show that leukemic leukocyte mitochondrial DNA mono-
mers (as well as dimers) are substantially homogeneous in base
sequence,

The electron microscope studies also show that monomer
genomes in the dimer are connected in a head-to-tail structure,

rather than in a head-to-head structure.
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Part II

USE OF ALKALI N

[ETAL SALTS OF TRICHLOROACETIC
ACID AS BUOYANT DENATURING SOLVENTS FOR DNA
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INTRODUCTION

Buoyant density centrifugation has been used extensively in the
characterization of nucleic acids. This general method suffers from
the lack of a suitable denaturing solvent for DNA and RNA, Alkaline
buoyant cesium chloride gradients cannot be used for RNA. If DNA has
depurinated, it will also hydrolyze at these sites (1). It would be desir-
able to have a nonhydrolytic strand-separating solvent for the analysis
of RNA and DNA structure. The recent discoveries that some DNA's
consist of complementary strands that resolve into two bands in buoy-
ant alkaline cesium chloride (2, 3, 4) has given new impetus to this prob-
lem. Isolation of intact complementary strands would allow definitive
hybridization experiments to be performed. The purpose of this work
was to find a suitable reagent for a buoyant, neutral analysis of the
denatured form of DNA at room temperature.

t is known that certain salts (such as, the alkali metal salts of
C1;CCO07, SCN™, ClO,”, and I") are powerful denaturants of DNA.
Hamaguchi and Geiduschek have shown that the order of effectiveness
of these salts in denaturing DNA did not correlate with effects on the
activity coefficients of nonpolar compounds. They concluded that the
effects of these salts on the activity coefficients of purine and pyrimi-
dine bases in DNA could not account for their denaturing ability. The
phenomenon was attributed to the salt's effectiveness as a "hydrophobic
bond" breaker and subsequent effect on the structure of water (5).
Robinson and Grant (6) later pointed out that the purine and pyrimidine

bases in DNA are polar as evidenced by their dipole moment and,
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therefore, the activity coefficient change should be re-evaluated. They
determined the activity coefficients of thymine, adenine, cytosine,
deoxyadenosine, and adenosine from solubility measurements at 25°C.
The results and conclusions were as follows. (a) The large differences
in activity coefficients observed with different salts are mainly a func-
tion of the anion. (b) The order of effectiveness of a salt on 21l the
bases is nearly the same. (c) There is a good correlation between the
effects of concentrated salt solutions on the activity coefficients of the
bases and their effects on the denaturation of DNA. (d) The activity
coefficient change stabilizes the denatured form relative to the native
duplex due to increased exposure to solvent in the denatured form. (e)
The mechanism of the activity coefficient change is unknown. It is sug-
gested, but not proved, that the anions may decrease the activity coef-
ficient of the bases by a direct interaction with the polar groups in the
bases (6).

This part of the thesis will describe the results obtained in a
preliminary investigation of the properties of the alkali metal salts of
trichloroacetic acid used as a buoyant system for DNA. It is shown
that these salts are indeed active denaturing agents for calf thymus
DNA at neutral pH and room temperature. Both native and denatured
calf thymus DNA were banded in buoyant gradients in the analytical
ultracentrifuge. It is also demonstrated that rubidium trichloroacetate

does not introduce single-strand scissions in closed circular polyoma

viral DNA,
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MATERIALS AND METHODS

Reagents
Reagent grade trichloroacetic acid (lot #37006, 37360) was

obtained from J. T. Baker Chemical Co. Reagent grade sodium and
potassium hydroxides were purchased from Mallinckrodt Chemical Co.
Reagent grade lithium hydroxide (lot #782841) was from Fischer
Chemical Co. Optical grade cesium hydroxide was either from Trona
Chemical Co. (lot #10678) or Harshaw Chemical Company. Rubidium
carbonate was purchased from Gallard-Schlesinger (optical grade, lot

# B4077).

DNA
Calf thymus DNA, type I, lot #125B-0950, was purchased from

Sigma Chemical Company. Polyoma viral DNA was a gift from R. J.

Radloff.

Preparation of salts

Each alkali metal salt of trichloroacetic acid was prepared in
the following general manner. The appropriate base was titrated to
neutrality with trichloroacetic acid in a minimum of volume. The titra-
tion was considered complete when a diluted sample of the salt regis-
tered neutral pH on a Beckman Research pH meter with E. H. Sargent
combination electrode. The solution was then purged for one hour with
nitrogen gas and the pH readjusted as necessary. This neutral solu-
tion was then successively filtered through ""Norite' until clear. This

removed an often present yellow color of unknown origin. The solution
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was then passed through a 1.2 p Millipore filter and evaporated in a
rotary flask evaporator until a slurry was formed. This slurry was
transferred to a drying dish and dried in a vacuum dessicator over
P,0,. The salt was considered to be free of water when a constant
weight was obtained for a representative sample. The salt was then
stored under vacuum as a powder. Solutions used in melting and buoy-
and experiments were prepared immediately prior to use by dissolving

the dry salt in glass-distilled water.

Analytical centrifugation

Analytical buoyant density experiments were performed in
Beckman model E ultracentrifuges equipped with photoelectric scanners.
The alkali metal salts of trichloroacetic acid of the molarity necessary
for denaturation at 25°C have an optical density of approximately 0.5 at
280 mu. It is necessary to have a monochromatic light source at
280 mu, since the absorbance curve rises rapidly at lower wavelengths.
All analytical experiments were, therefore, carried out at 280 my.

The rotor speed was 44, 000 or 44, 770 rpm, and the temperature varied
from 15° to 30°C depending on the estimated T, Titanium center-
pieces were employed exclusively for reasons described under Results.

The analytical band sedimentation velocity experiment was
performed in CsCl, pH 12.5, p=1.46, at 35, 600 rpm, 20°C, as
described by Vinograd et al. (7).

Determination of Tm

The melting profile of calf thymus DNA in various trichloroacetate
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solutions was recorded with a Gilford model 2000 Multiple Sample

Absorbance Recorder,

Density determinations

Densities were determined by weighing a 300 ul micropipette
containing a known molarity of salt solution. The micropipette had
been calibrated with glass-distilled water. All weighings were per-

formed on a Mettler microbalance.
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- RESULTS

In the course of this study it became apparent that the trichloro-
acetate salt system presented some experimental difficulties. These
salts react with polyallomer, aluminum, Kel-F, and Epon, as evi-
denced by a significant increase in optical density of a trichloroacetate
solution after contact with the above materials. Cellulose nitrate tubes
are inert. All analytical centrifugation was performed with titanium
centerpieces.

The optical density of a 4 molar solution of trichloroacetate is
approximately 0.5 at 280 mu and greater than 3 at 260 mu. It is,
therefore, necessary to analyze DNA at 280 mu, or at one-half sensi-
tivity. Th lative viscosity of a2 buoyant solution of trichloroacetate
is between four and six. This crude determination was obtained by
comparing the flow time for the salt and glass- distilled water from a
volumetric pipette. The resuliant increased time needed to reach equi-
librium in a buoyant system is an undesirable feature of the system.
Approximately 72 hours were required to obtain a near equilibrium
situation in the analytical ultracentrifuge.

RbTCA is potentially the most useful salt for studies of DNA.,
Unfortunately, Rb has a naturally occurring isotope (8~ emitter) with
a half-life of 6 X 10™° years. This isotope accounts for 28 percent of

the Rb atoms. A trial run showed that a 4.5 M solution of RbTCA
contributed approximately 150 cpm in the *[H] window under standard
conditions in a Packard scintillation counter. This background must be

eonsidei‘ed if labeled DNA is being analyzed.
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The results of several melting experiments with calf thymus
DNA in varying concentrations of trichloroacetate are given in Figure 1.
It is seen that the trichloroacetate anion is a powerful denaturant.
There is an apparent stabilizing effect of cesium on the native form of
DNA as evidenced by the increased molarity of CsTCA needed to drop
the T, to 20°C. NaTCA and RbTCA are reasonably close in denaturing
power. The small number of data points involved precludes a firm
statement on the possibility of a real difference between these two salts.
The width of the transition, 0y, was slightly greater in CsTCA (11°)
than in NaTCA and RbTCA (g to 9°). Since the integrity of the calf
thymus DNA was not monitored from one experiment to another, it is
impossible to ascribe any significance to this difference. It should be
noted that this DNA was not purified beyond the original sample.

Density measurements were performed on a series of tri-
chloroacetate salts (Figure 2) to provide an estimate of the Tm in the
appropriate density range for DNA. The data were assumed to be
linear and to have an intercept at the origin. All of these salts at 35°C
formed saturated solutions at a concentration of approximately 6 molar.
If we assume that denatured DNA will have a buoyant density between
p=1.60and p=1.75 in this medium, it is immediately apparent that
Li, Na, and KTCA are not suitable as buoyant solvents. CsTCA en-
compasses this density range at a molarity of 3.5 to 4. This molarity
does not provide a low enough Tm to be useful in the analytical ultra-
centrifuge. The properties of RbTCA bridge these two extremes. The
density of 4. 25 to 5.25 M-RbTCA is in the range expected for denatured
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Figure 1. Tm of calf thymus DNA versus molarity of three alkali
metal salts of trichloroacetic acid. In each case, 20 ug of DNA was
placed in the desired molarity of trichloroacetate at 10°C. The samples
were degassed and placed in 0.5 ml cuvettes and absorbance measured
as a function of temperature as described in Methods. It should be noted
that decomposition of trichloroacetate occurred at approximately 55°C

as evidenced by the evolution of chloroform.
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Figure 2, Molarity versus density for the alkali metal salts of
trichloroacetic acid. Density measurements were performed as de-
scribed in Methods. The density of LiTCA was determined at a

concentration of 4 M only.
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DNA, It should, thereifore, be possible to make adjustments in tempera-
ture and molarity to achieve either the native or denatured condition.

The possibility that RbTCA would cause single~strand scissions
in DNA was tested with the following experiment., Covalently closed
polyoma viral DNA was incubated at 25°C for one week in 4,5 M-RbTCA,
At the end of this time period the DNA was sedimented on alkaline
cesium chloride in the analytical ultracentrifuge (Figure 3). All the
DNA sedimented as covalently closed polyoma DNA. (8). A control
sample incubated in buffer gave a similar result. It is concluded that
RbT CA. does not introduce nicks in polyoma DNA in a time period suffi-
cient to perform a buoyant analysis,

Calf thymus DNA was banded in RbTCA of different molarities.
The native form was buoyant in a solution of 3.5 M-RbTCA. The dena~
tured form was buoyant in 4.5 M-RbTCA. Since the gradient in this
system was not determined, it is not possible to calculate buoyant densi-
ties of this DNA. Rough estimates indicate that native calf thymus has
a density of approximately 1.50, and denatured calf thymus a density of
1.65. These estimates are based on the assumption that the DNA has a
buoyant density near the input density of the solution if it bands near the

isoconcentration point.
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Analytical sedimentation velocity of closed circular
polyoma DNA after seven days'incubation in 4.5 M-RbTCA. The run
was performed in alkaline CsCl, p=1.46, pH 12.5, at 35, 600 rpm and
20°C. The field is directed to the right. One band is seen moving down
the cell at two~minute intervals. Absorbing material trailing the DNA
is trichloroacetate, evidenced by its failure to sediment at higher speeds
at longer times. The DNA had an uncorrected sedimentation coefficient

of approximately 40 S, confirming its assignment as the covalently

closed species.
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DISCUSSION

These preliminary results show that RbTCA is a potentially
useful buoyant solvent for DNA, It is likely that most DNA's can be
banded in both the native and denatured states in this medium without
introducing single-strand scissions. This opens the possibility of
preparatively isolating intact complements of mitochondrial or phage
DNA for further experimentation. A study of the dependence of the
buoyant density in RbTCA on base composition is necessary to vali-
date this reasoning. It is also concluded that Li, Na, and KTCA are
potentially useful sedimentation velocity denaturing solvents for DNA,
Further work on this topic could include: (a) properties of various
RNA species in trichloroacetate salts; (b) the effective gradient in a
buoyant trichloroacetate system; (c) the buoyant density of 2 DNA as
a function of base composition and structure (i.e., single-strands
versus covalently closed circles); (d) a determination of refractive
index as a function of density for the appropriate salt; and (e) deter-

mination of viscosity of the appropriate salt as a function of molarity.
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