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ABSTRACT

1

The buoyant density of DNA in a CsCl-density gradient has
been shown to depend on its nucleotide composition. The linear
relationship has been used to study the distribution c;f nucleotide com-~
positions among the DNA molecules isolated from a single microbial
species. Each microbial DNA has been shown to be unusually homo-
geneous relative to the range of compositions found for DNA isolated
from different species. The relevance of these findings to current

views of the function of DNA in biological systems is discussed.

II

The molecular arrangement of the conserved subunits of
E. coli DNA has been investigated by examining molecular fragments
of hybrid 13l::, 1SN E. coli DNA, Two extreme models for the arrange-
ment of the subunits, the side-to-side model, and the end-~to-end model,
were considered. Predictions regarding the CsCl-denuity-grgdient
distribution for fragments of hybrid DNA were developed for each
model. These predictions were based on a theoretical analysis, but
utilized pertinent experimental data obtained from a study of unla’ﬁelled
E. coli DNA. Comparison of theory with experiment indicated that the

end-to-end model i8 incorrect, and set an upper limit to the amount of

fully labelled fragments released when hybrid DNA is sonicated.



ACKNOWLEDGEMENTS

The guidance and friendship of my thesis advisor, Professor
Matthew Meselson, and the helpful advice of my fellowship sponsor,
Professor Linus Pauling, have been deeply appreciated.

Professors Max Delbruck, Robert Sinsheimer and Jean Weigle
gave aid and helpful criticism of my research.

The National Institutes of Health provided financial support

during the tenure of this work.



TABLE OF CONTENTS

THE RELATIVE HOMCGENEITY OF
MICROBIAL DNA . . » . . .

THE MOLECULAR ARRANGEMENT CF THE
CONSERVED SUBUNITS CF E. COLIDNA .

A

D

Introduction . . . . " . .
1 Statement of the Problem . .
2 The Initial Approach to the Probiqm .
3 A Second Approach to the Problem . .
4 Outline of Experiments . z .
Experimental Part . . . % .
1 Isolation of DNA . . . . .
2 Transfer Experiments . 5 %
3 Fragmentation of DNA . . .
4 Electron Microscopy . . =
5 Ultracentrifuge Studies . . . .
FPhotography . . . .
Sedimentation-Velocity Studics .
Density-Gradient Studies . .
Results . . . . . . ’ . .
1 Properties of sonic fragments of
unlabelled DNA . .2 . = . .
The calculation of oy for the end-to-end
model . P . . . .
The calculation of M, {rom sedimenta-
tion-velocity da . . .
The calculation of &GC from density-
gradient data . " . . .
The calculation of o.. expected for the
T
two models . s - 5 .
The determination of ch from half
bands . . . ”
2 Properties of sonic fragmentu of transfer
DNA . . . . . i .

Predictions for the end-to-end model

Predictions for the side-to-side model

Characteristics of the experimental
distributions . . 5 i .

Summary ’ . . . . . . .

=
NN O

16
16
16
17
17
18
18
19
20

22
22
24
25
26
26
26
27
29
29

30
32



Table of Contents (cont'd.)

APPENDIX 1
Calculation of equilibrium distributions for
fragments of hybrid DNA from models for the
arrangement of the subunits . . . .
APFENDIX 2
The relationship between the variance of the
equilibrium distribution of fragments of hybrid
DNA, and the variance of the distributions of
nucleotides and heavy isotopes among the
molecules . . . . . . . .
APPENDIX 3 '
Calculation of the time required to reach
equilibrium for CsCl density-gradient
centrifugation of DNA . ‘ . . . .
APPENDIX 4
The determination of molecular weight for
samples of DNA . . . . v . .

APPENDIX 5

Symmetry properties of DNA bands . .
TABLES. . . " . 8 . . . .
FIGURES . . . . > . . " -
REFERENCES " . . ; . . ; %

PROPOSITIONS . . " - . . - .

33

43

45

47

51

54

58

89

91



Reprinted from the Proccedime~ of the Noaimos vl ACADEMY 0F SO1ENCRR
Vol 40 Noo 7o ppe et toad aly 1usa

1

THE RELATIVE HOMOGENELITY oF MicRkoBIL DN
By RoxNarnp Rowret asxp Marrunw MEsksLsos

GATES AND CRELLIN LABORATORIES OF (THE.\US'['RYI AND NORMAN W. CHURCH LABORATORY OF
CHEMICAL BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated by Linus Pauling, May 6, 1959

Density-gradient centrifugation has reveuled that the population of DNA
molecules from L. eolr 1= relatively homogeneous with respect to buoyant density in
a solution of cesium chloride.! Because of the notably small apparent atomic
volume of nitrogen in aqueous solutions of organic compounds? and beeause the
guunine-cytosine base pair is more rich in nitrogen than is the adenine-thymine
pair, it was considered that the density homogeneity among I, colt DN A molecules
might reflect a high degree of homogeneity with respect to base composition.  To
investigate this possibility, an examination has been mude of the relationship
between buoyant density in cesium chloride =olution 2ol base composition of DNA
from various sources.
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We have measured the buoyant density of nine ditferent bacterial DNA’s ranging
from 0.3 to 0.7 in mean molar fraction of guanine plus cytosine as determined by
chromatographie analysis in one laboratory.® The DNA from each baeterial
species formed a single sharp band in the cesium chloride density gradient.  The
mean buovant density of each banded bacterial DN A was determined with respect
to the band formed hy an aliquot of C3N [ coli DN A which served ax a convenient.
density reference. Typieal result= are shown in Figure 1, which shows the bands

B.megatherium

M. lysodeikticus

—
.70 1.80 gm.cm™3

|
1

BUOYANT DENSITY

Fia. 1.—Ultravioiet absorption photographs showing bands of 1N\ from B. megatherium
and M. lysodeikticus with r:zgvrma(-v bands of C13NB E_ eolt DNA 1n 57.5 weight pereent CsCl
solution after 24 hours of centrifugation at 44,770 rpm.  All bacteria were grown in hroth at 37°
C. to a titer of 2 X 10% and sedimented in the cold for ten minutes at 18K X g.  The pellet was
resuspended in (.1 ml. of a solution 0.3 Af in NaCl, 0.01 M in sodium citrate, 0.015 M in versene,
and 0.01 M in tris(hyvdroxymethyvhaminomethane buffered at pH 6.1.  Bacterin were lysed with
0.1 ml. 10 percent <oadium dodeev] sulfate or 5 pereent sodium desoxycholate, and in some cases
were exposed to 100 micrograms=/ml Iyzozyvie for 30 seconds before detergent was added.  Condi-
tions of ultracentrifugation of the lysates have heen deseribed previously !

formed by DNA from B. megatherivm and from M. [ysodeikticns and the accompany-
ing reference bunds of (VN L eoli DNA. As may be scen from Figure 2,
a linear relationship?® given by the expression

pase = 1.658 + 0.100 GC gm. em =3
isfound between the mean buoyant density p at25°C and the mean guanine-cystosine

_G-f:_C_v- The observed value of -dp
G+C+A+T dGC

is considerably larger than the value 0.038 estimated from apparent atomic vol-
umes in aqueous solution.?

content GC defined as the molar ratio
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Equation (1) was obtained from determinations of the mean composition and
mean buoyant density of DNA from =everal species of bacteria but we may now
apply it to the population of DNA molecules from a single species. In particular,

L T T T T T T T T I
.73 . M. aqureus g 7_
2. B. megatherium
| 3. B.subtilis v i
o 4. Shigella dysenteriae 7.
€ 172} 5. £.col =
(&
£ 6. Serralia marcescens
< | 7. Sarcinag lutea .z -
E 8. Pseudomonas aeruginosa
o) 2
§ |71l 9 M. /lysodeikticus _
. 45 -
z
3 o
~ -
(o]
=
@®
.70 3. —
S
1..
.69 L 1 | ! | 1 | | |
20 30 40 50 60 70

MOLE FRACTION GUANINE PLUS CYTOSINE

Figa. 2.—The densitv-composition relationship for DNA.  Mean bhuovant density at 25°C.
(P25°) is plotted against mean molar fraction of guanine plus exvtosine (GCY for the DN A from nine
bacterial species. Where GO is variable among the studied strains of @ given =pecies, the range of
varintion 1s indieated by a pair of points. The base composition given for Shigella dysenteriae
is that of Shigella paradysenderiae.

we shall compute for cach speeies an upper bound on the standard deviation oge of
the distribution of the guanine-exytosine hase pair over the population of DNA
molecules.  From equation (1 the upper hound on oge 15 given as

nias 10.00p

Tt

where ¢, i~ the standard deviation of the DNA distribution i the eesiun chloride
density gradient. . Thix computation requires for its validity that no DNA band
be seriously narrowed by intermolecular ageregation and that each band comprise a
representative =sample of the total DN of the correxponding bacterial species.
Aggregation is unlikely in view of the absencee of aggregation in a cesium chloride
density gradient between molecules of F. coli DN A differing only in their content
of the heavy isotope N%-1. It is very likely that the banded DN A is representative
of the total DNA because of the close agreement between the mean GC content
determined chromatographically and that calculated from buoyant density by
meuns of equation (1). It should be pointed out that the actual value of gge
may lie considerably below the caleulated upper bound beecause thermal motion
of the DN A molecules contributes significantly to the bandwidth.
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- The DNA from each cacterial species investigated forms a band in the density
gradient with ¢, in no éuse'greater than 0.003 gm. em—3. The corresponding upper
bound on the standard deviation egc of the molecular content of guanine plus
cytosine is therefore in no case greater than 0.03.5 It is remarkable that the stand-
ard deviation of guanine-cytosine content within the molecular population of any one
bacterial species covers less than one tenth of the range over which the mean
guanine-cytosine content varies among the various species.

If we assume for purposes of discussion that much hereditary information is
common to the various bacterial species and that DNA is a carrier of genetic
information, then our finding that few, if any, DN A molecules possess compositions
common to the vuarious species argues against the conception that the complete
nucleotide sequence could in principle be deduced from other hereditary character-
istics according to a universal code. Instead, it may be that only certain features
of the nucleotide sequence are genetically significant so that extensive modification
of nucleotide composition need not result in any other genetic alteration.  Orit may
be that the detailed relation between nucleotide sequence and genetic specificity
is itself a species characteristic.

As this investigation was being completed, we learned that Sueoka, Marmur,
and Doty have independently arrived at a relation hetween DN A composition and
buoyant density which is in good agreement with the relution reported here.  We
wish to thank these authors for communieating their findings to us hefore publica-
tion.

* Aided by o grant from the National Institutes of Health.

t Postdoctoral Fellow of the U. S. Publiec Health Serviee.

1 Contribution No. 2460.

! Meselson, M., and F. W. Stahl, these ProcEEDINGS, 44, 671 (1958).

2 Traube, J., Sammli. Chem. . Chem.-T'ech. Vortrdge, 4, 255 (1809 ).

3 Lee, K. Y., R. Wahl, and IX. Barbu, Ann. Inst. Pasteur, 91, 212 (1956).  Buase compositions are
those given by Lee ef al. except for E. coli which was not reported by them. Data for E. coli is
from Smith, J. D., and G. R. Wyutt, $iochem. J., 49, 144 (1951 ).

¢ The mean buoyant densities of calf thymus, salmon sperin, and human leukoeyte DNA all lie
close to the values ealeulated from equation (1).  However, the density distribution of the DNA
from each of these vertebrate sources exhibits marked skewness toward higher density (M. Mesel-
son, Thesis, California Institute of Technology, 1957). This skewness might reflect an uneven
distribution of GC among the molecules of DNA or may be due to an uneven distribution of the
rare base 5-methyl cytosine which oceurs in small amounts in the DNA from these three sources,

The density composition relationship (1) is not valid for every DNA which has been examined.
Density values considerably higher than those caleulated from (1) are observed for heat de-
natured DNA from E. coli, calf thymus, and salmon sperm,! for T2 and T4 phage DNA in which
cytosine is replaced by 5-hydroxymethyl eytosine or glucosylated 5-hydroxymethyl cytosine, and
for DN A from the phage ¢ X 174, found to have an unusual structure and composition [Sinsheimer,
R. L., J. Molec. Biol. (in press)]. These exceptions indicate that the density composition rela-
tionship is valid only for a particular class of DNA, possibly for native two-stranded DNA con-
taining no unusual bases.

¥ It might be of intercst to compare our estimate of the upper bound on the standard devia-
tion o¢g with the value to be expected for a population of DNA molecules each containing N base
pairs assembled at random from a collection of base pairs in which guanine-cytosine occurs with
fixed probability one half.

. 1
The standard deviation ego for this case is just T Taking 10! as a reasonable value of N
2V N
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for bacterial DN A! there results the value og; = 5 X 1073, well below the upper limit set by the
density gradient experiments. Accordingly, such statistical heterogeneity is not ruled out.
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THE MOLECULAR ARRANGEMENT OF THE CONSERVED

SUBUNITS OF THE DESOXYRIBONUCLEIC ACID

OF ESCHERICHIA COLI

A, introduction

1. Statement of the Problem

The DNA molecules of E. coll consist of a pair of submolecular

structures or '"subunits, ' which may be represented
S8 (1)

.During biological replication, the subunits of a DNA molecule are
segregated, one into each of two newly formed molecules (1). When
isotopically labelled E. coli are transferred to normal culture medium,
newly formed subunits have the isotopic composition of the new culture

medium, and the replication of the labelled molecules may be written

Sl ) SI rcplication,\ SI .S + S -8 (2)

Molecules in which one subunit is isotopically labelled are called
"hybrid." Their buoyant density is intermediate between that of un-

labelled and fully labelled molecules if heavy isotopes are used for



labelling. If fragments of hybrid molecules contain equal contributions
from labelled and unlabelled subunits, they are called ""hybrid frag-
ments. ‘'

DNA molecules are highly asymmetric, and there are two

extreme possibilities for the arrangement of the subunits within them:
1 The subunits are 'side-to-side.'' Each subunit extends the

full length of the molecule.

I The subunits are ''end-to-end.' Each extends only half the

length of the molecule.

——— - —— — - — o — — -

To distinguish between these two possibilities, it is sufficient to break
hybrid molecules into segments and examine their density-gradient
distribution. Only if the subunits are side-to-side will all of the

fragments themselves be hybrid.

i EETEEEE . n === (3)
o -
e



2. The Initial Approach to the Problem

To calculate the density-gradient distribution of fragments of
hybrid DNA from each of the two models for the arrangement of the
pubunits, it is necessary to know the joint distribution of the fragments
with respect to molecular weight and density in each of the two cases.
By making certain reasonable assumptions at the outset, we hoped to
approximate the correct density -gradient distribution.

We assumed that each molecule ie susceptible to fragmentation
at a limited number N of points along its length. Rupture is random
and involves no change in density, in the sense that the volume-average
density of the two fragments produced is identical to the density of the
orlgtnai molecule. The density of a molecule is a linear function of
its isotopic composition and of its nucleotide composition , and these
two parameters are mutually indepéndent. The distribution of nucleo-
tides among the molecules has been taken as uniform. This assump-
tion is essentlally equivalent to the assumption that nucleotide pairs
are distributed randomly, with a fixed probability of occurrence of
the guanine-cytosine pair given by the mole fraction of guanine cytosine
{(GC) in the sample. Using these assumptions, the equilibrium distri-
bution of hybrid DNA at various stages of fragmentation was calculated

for each model (Appendix 1, fig. 1).



The family of distributions calculated for each model was com-
pared with an obaerved family of distributions generated by progressive
fragmentation of a sample of hybrid DNA (figs. 2,3). While the ob-
served distributions resembled distributions calculated from the side-~
to-side model for the arrangement of the subunits, they differed s.mb—
stantially from those calculated from the end-to-end model, providing
strong support for the conclusion that the subunits are not end-to-end.
Subsequently, it was posesible tc confirm this initial conclusion using

an alternative approach.

3. A Second Approach to the Problem

By considering the total variance* of the density-gradient dis-
tribution 5'_1,2 rather than the distribution itself, we can separate,
without loss of generality, the cifects of isotopic hetercgeneity from

those of other factors which determine the density~gradient distribution.

It can be shown (Appendix 2) that the variance may be written

.2
Top 1 M T Ty C (5)

2 by
#*The total variance in g“cm 6(UTZ) is related to the variance in cmz(a-?‘)
by the expression
- 2 d Z 2
UT - ('&'E) O,Z gZ ¢:mE where -3—5— igs t;hne_ density gradient
C
It is independent of the speed of the rotor.
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where ;l: ' Elz are the contributions of thermal motion and isotopic
n
inhomogenelty to the variance, and = “ ie the contribution of non-

X
isotopic density heterogeneity. The contribution of non-isotopic density

heterogeneity may be equal to the contribution of heterogeneity in nucleo~

tide composition among the molecules 32 (2,3), or may include the

GC
effects of DNA denaturation, or of protein impurities in the DNA. The
only assumption involved in formula 5 is that the isotopiec composition

of a fragment of hybrid DNA is not correlated with any other cause of

density heterogeneity. In the subsequent discussion, it will be con-

venient to assume that EXZ * Eéc except where otherwise noted.
2
The behavior of ;M and E'éc as functions of k, the average number
n

of scissions per molecule, is the same for unlabelled DNA, hybrid
"end-to-end'' DNA, and hybrid '"side-to-side'' DNA. These three

"kinds" of DNA differ with respect to the behavior of EIZ.
For unlabelled DNA obviously o zZ, 0. Since In this case

I
2 = ;Z - ;2 and 52 1ay be obtained f sedi tatl data
GG T .:Mn M‘n may o ed from sedimen on data,

the behavior of E(Z}C may be determined by an experimental investiga-

tion of unlabelled DNA.

<t

For "side-to-side' hybrid DNA, & %« 0 also, since the frag-

1
ments are isotopically homogeneous.

For ""end-to-end" hybrid DNA, o 2 >0 for k> 0. In this

I

case #> is a monotonic increasing function of k, bounded above by

1
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the square of the density separation of the hybrid and unlabelled DNA

bands. Thus we may write

2 -2 2 -6
(pH- pU) > o (k) >0 g" cm for k>0 (6)

where P Py 2re the mean densities of hybrid DNA and unlabelled
DNA. The rate with which EIZ

entirely on the manner {n which the molecules are fragmented. If

approaches its upper bound depends

fragmentation begins by introducing a single break into the center of

each molecule, then 5‘12 would increase linearly from 5'12(0) =0 to 512(1) =

(pH— pU)2 more rapidly than in any other case. In the other extreme

case, breaks would occur only at the ends of molecules, releasing

%y

deeire. Under these circumstances, Mw' the weight-average molec-

fragments so small that 2(k) would increase as slowly as one could
ular weight of the sample, would fall much more slowly than Mn' the
number-average molecular weight, and the ratio Mw/Mn would increase
indefinitely. A third possibility, intermediate between the two extremes
discussed above, is random fragmentation, in which the ]\ﬁw/Mn ratio
rapidly approaches 2. In this case, the behavior of 'Exz(k) can be
determined from previously calculated distributions for the end-to-end

model, using the expression
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2 2 2 _2
a, (k) & (k) ap. (K)| oy (0)
1 T n n
(calculated) » (calc) - (calc)
(B, p ) % (o) 52 (0) [y -p, )
Pr-Py M M H'U'  (7)
5050
Fork=0.5and k = 2, 2 (calc) may be obtained by numerical
M
integration, using the calculated distributions of figure 1,* 3
7 (0
is given by the relationship n
2
oy (K
= - k+1 (8)
52 (0
M
n

Thus, if fragmentation is random, the determination of Piy= Py for
a -
a given experiment fixes the behavior of 5'1 (k) expected for the end-

to-end model.

4. Outline of Experiments

Sonicated unlabelled DNA was studied to determine the manner
in which the DNA had been fragmented, and thus clearly define the
expected behavior of 512 (k) . The dependence of the ratio Mw/Mn
on k was estimated from sedimentation data in the following manner.
Using an empirical relationship (4) (fig. 5a), M_ was obtained from

the infinte dilution value of the sedirnantatlon coefficient S and
¥ For these distributions we have ch (0) 1
———Z(CaIC) = i

(P -y
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Mw/Mn was estimated from distributions of sedimentation coefficients

(5). Values of k were obtained from the relationship

M, (0)

= k+1 (- ]
Mn(k)

The behavior of ;CZ}C as a function of k was evaluated from the expres-

sion

o = g -0 g Ccm (9)

For a DNA sample, Efd is obtained from the formula (6)
n

2 /(8802 o Re(5(22) oZrm)'g? em®
T\ /(dr )r RT(V ( dr) W T MID g cm (10)
n r
) ]
where v, ( ar ), w, ¥, T, R are the partial specific volume of the
r
DNA in CsCl solution, the value of the density gradient at r, the angular
velocity of the rotor, the distance from the rotor center, the absolute
temperature and the gas constant.

Having established the behavior of ;:& (k) and c'réc(k). and
n

defined the behavior of 5’12 (k) for each of the two models for the arrange-

ment of the subunits, it was possible to predict the expected behavior
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of c;i,(k) in each of the two cases. Experiments were carried out to

compare the observed value of ;2 for fragments of hybrid DNA with

T
the values predicted in this way. In addition, the experiments were
designed so that the distribution of the fragments of hybrid DNA could
be compared in detail with the distribution expected for the side-to-side
model as is explained below.

If the side-to-side model for the arrangement of the subunits
is correct, density-gradient distributions of equally fragmented un-
labelled and hybrid DNA should differ only in their mean densities. If

the end-to-end model is correct, they should differ additionally in a

manner that satisfies the relationship

2

E',Zr (hybrid) - 5; (unlabelled) = EIZ (k) g cm-6 (11)

In order to compare the density-gradient distributions of unlabelled

and hybrid DNA at an equal degree of fragmentation, it is sufficient to
isolate, fragment and band the two kinds of DNA as a mixture. Itis
thus possible to determine in detail the manner in which the density-
gradient distribution of fragmented hybrid DNA differs from the dis-
tribution expected for the side-to-side model. Since the two distribu-
tions overlap to some degree, they cannot be compared in their entirety.
1f the degree of overlap is not too great, it is possible to compare the

""dense'’ half of the hybrid DNA band (H(+)) and the "light" half of the
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unlabelled band (U(-). For symmetrical bands, this is a valid pro-

cedure, and the band variance Ez is equal to the second moment of

T
each half band (-)'(+) around the band mode.

mz(-) = m,(+) = 5; g em (12)

Differences between mz( =) m2(+) for unlabelled DNA at various stages
of fragmentation were investigated and experimental conditions in which
a comparison of half bands is valid were established. A detalled com-
parison of distributions for unlabelled and hybrid DNA fragments

indicated that the snd-to-end model was not correct.
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B, Experimental Part

1. Isolation of DNA

DNA was isolated from exponentially growing cultures of
E. E_til_'i_itrain K12, according to a detergent method described by Mar-
mur (7). In one experiment (figs. 2 and3), E. coli strain B was used,
and hybrid DNA was isolated by preparative density gradient centri-

fugation of a sodium dodecylsulfate lysate.

2. Transfer Experiments

For preparation of hybrid DNA, bacteria were grown at 30° C.r
in a 13C and 15N containing algal hydrolysate medium (8), diluted to
provide a saturation titer of 2 x 108. Titere were determined by count-
ing the bacteria in a Petroff Hauser chamber. An equal volume of
warmed, unlabelled culture medium, capable of providing a saturation
titer of 2 x 109. was added to the culture near the end of the exponential
phase of growth. The unlabelled medium contained casamino acids,
salts, ammonium chloride, and 10 pg/ml of the ribosides of guanine,
cytosine, adenine, and uracil. After transfer to the unlabelled medium,
the bacteria were allowed two generations of growth, then were chilled

and harvested.
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3. E‘ragmenta.tion of DNA

DNA in saline citrate buffer (0.015 M sodium citrate, 0.15 M
sodium chloride) was fragmented by treatment in a 9 kilocycle sonic

oscillator (Raytheon Co., Manchester, New Hampshire). For sonic

irradiation, 0.2 to 5 ml. of DNA scolution at a concentration of 100 to

400 ug/rml was placed in a snap-top polyethylene vial, which was floated
in water in the cup of the sonic oscillator. Nitrogen was bubbled through
solutions just before irradiation, except in one experiment, in which

the free radical scavenger AET (amino ethyl isothiuronium bromide
hydrobromide, Schwartz Laboratories, Mount Vernon, N.Y.) was

used. After passage through a dialysis membrana. toc remove non-
dialysable material, a solution of AET was brought to pH 7.5 with NaCH,
and added to the DNA solution to give a final concentration of 5%. After
irradiation, the sonicate was dialysed against saline citrate to remove
AET. In one experiment, fragmentation was accomplished by vigorous

manual shaking of DNA in CsCl solution (figs. 2 and 3).

4. Electron Microscopy

Freparation of samples for electron microscopy was carried
out by the technique of Hall (9), modified in that a carbon substrate
was used instead of the SiO and collodion substrates. Micrographs

were made on Kodak lantern slides with an RCA 2A electron microscope.*

*Kindly made available by Mr. E. Bowler, Electron Microscopy Section,
Dept. of Engineering, UCLA.
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5. Ultrac entrifugc Studies

Photography

For sedimentation velocity and density gradient studies, a
Spinco Model E ultracentrifuge and standard ultraviolet absorption optics
were used. Absorption photographs of the cell contents were made on
Kodak commercial film, and developed 5 minutes in Kodak D1l developer
at 20°* C. They were converted to tracings of relative absorption
versus distance from the rotor center, using a double beam recording
microdensitometer (Joyce Loebl, Ltd., Newcastle on Tyne, England)
with a slit width corresponding too’l‘?mm. in the cell. Linearity of film
response was judged by means of a reference aperture (10) within the
rotor, and for equilibrium runs, by means of the following additional
criterion. A series of exposures of geometrically increasing duration
was made. Since maximum contrast is attained when the film response
is linear, under and overexposures could be identified by a relative
diminution of the band height.

For all equilibrium runs, and most of the velocity runs, the
standard ultraviolet optics were supplemented with a 2 mm. thick filter
(Corning #9863) placed above the light source to eliminate visible light.
With a pyrex filter placed above the #3863 filter, to check for trans-

mission of viaible light, exposures of one hour resulted in no visible

film blackening.
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Sedimentation Velocity Studies

Velocity runs were carried out at 20° C. in saline citrate
buffer at rotor speeds between 23,150 RPM and 44,770 RPM. At
the DNA concentrations employed, there was no speed effect (11) on
the sedimentation coefficients of our preparations. Optical densities

(C of DNA solutions were measured in a Beckman DU spectro-

D260
photometer. Depending on the optical density of the solution, one of
the following centrifuge cell centerpieces was used:

a) epon, 3 mm. optical path, 4°

b) anodized aluminum, 12 mm. optical path, 4°

c) epon, 30 mm. optical path, 2°

Sedimentation coefficients were calculated from the 50% points
of boundary tracings (12), with the usual viscosity and density correc-
tions. Samples were studied at several concentrations, and many dup-
licate runs were performed, both by the resuspension of sedimented
DNA and by the use of aliquots of a commeon DNA solution. The con-
centration of DNA in each run was estimated from the sedimenting.fraction
of ultraviolet absorbing material and the total optical density of the solu-
tion, assuming that a DNA concentration of 50 ug/ml corresponds to an
optical density of 1.0 (4 ).
In contrast to results obtained with higher molecular weight

bacteriophage DNA (13), passing our preparations through hypodermic
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needles (#23 needle, 0.5 ml. per minute) did not reduce the sedimenta-
tlon coefficient. However, to minimize the shearing forces involved in
filling a.nalytical cells, 1 ml. pipettes with orifices at least Z mm. in
diameter were used instead of hypodermic needles. DNA solutions

were slowly pipetted into partially assembled cells, open at one end.

Density Gradient Studies

Density gradient centrifugations were carried out with optical
grade CsCl (Maywood Chemical Company, Maywood, New Jersey).
Densities of CeCl solutions were obtained using the relationship (14)

A

25°C.

= 10.8601 n - 13.4974 + 0.002 g P (13)

Pase .

Refractive index measurements were made with a Zeiss refractometer.
CaCl solutions of density Pagec. ® 1.71 g cm—3 containing 0.5 to 5 ug
DNA were buffered at pH 8.5 with 0.002 M tris(hydroxymethyl)amino-
ethanol. They were centrifuged at 44,770 RPM or 35,600 RPM in an
analytical cell with a Kel F centerpiece, 12 mm. optical path, and 1°
negative wedge window. A calculation was made of the maximum time
necessary for attainment of equilibrium after formation of the density

[}

, n
gradient. The following express':d- was used (Appendix 3).
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SNA < sec (14)

where %NA is the time at which the variance of a density gradient
distribution of DNA is within 1% of its equilibrium value. Attainment
of equilibrium was verified by showing that tracings of photographs
taken at 12 to 24 hour intervals were superimposable. For each equi-
librium centrifugation (Figs. 8-11, 14, 16) the calculated upper bound
on t* was in good agreement with the time at which equilibrium was ate-

tained, as judged by the above mentioned criterion.
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C. Reaults

1. Properties of Sonic Fragments of Unlabelled DNA

DNA fragments (samples II, III, and IV) were prepared by

sonication of purified E. coli K12 W677* DNA (sample I). A summary

of data regarding each sample may be found in table 1. The free
radical scavenger AET was used during the preparation of sample IV.
In the case of samples II and III, nitrogen was bubbled through the
solution just before sonication.

The effect of sonication on the lengths of DNA molecules is
demonstrated in electron micrographs of samples 1 and IV (fig. 4a,b).
The spraying procedure involved in sample preparation is known to
produce molecular scissions and few molecules of length greater than
2 microns survive (15). However, the fragments in sample IV were
considerably shorter than those in sample I, presumably as a result of
the sonic treatment.

The effect of sonication on the molecular weight of the DNA was
determined from the infinite dilution value of the sedimentation coef-
ficient Sgg' w’ using the empirical relationship shown in figure 5a.
The extrapolation of sedimentation data to infinite dilution was carried
out as shown in figure 6, and the values of So' the extrapolated sedi-

mentation coefficient, and M for each sample may be found in table 1.

The possibility that the predominant products of sonication of DNA were

*Paris strain, kindly provided by Dr. G. Bertani.
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not macromolecular fragments, and that the sedimentation data was

not representative of the bulk of the sample was considered. It was

experimentally verified that sonication for the durations employed in
these experiments:

a) had no measurable effect on the optical density (0D260)

of DNA solutions,

b) did not increase the proportion of non-sedimenting, ultra-

violet absorbing material in samples.

In order to investigate the manner in which the molecules had
been fragmented, integral distributions of sedimentation coefficients
were obtained from sedimenting boundary profiles, and are shown in
figure 7. Values of Mw/Mn were calculated from them, and are pre-
sented in table 1 along with values of k obtained using formula 8.

For sample 11, the Mw/Mn ratio is consistent with the hypothesis that
the molecules have a ''most probable' distribution of sizes, resulting
from random fragmentation. In contrast to results obtained employing
a2 somewhat different sonication procedure (16), this distribution did

not persist with increasing k, the polydispersity in molecular size

decreasing in more highly sonicated samples.® The data suggest that

*Shear degradation of calf thymus DNA by means of a vaporizer operated
at a fixed air pressure has been reported to reduce the polydispersity

of samples in a similar manner (17). The minimum attainable molec-
ular weight in this case was 106, Larger submolecular structures,
around 2.5 x 106 in molecular weight, have been reported to result

from treatment of E. coli B (18) DNA with chymotrypsin, with-hess,

or by shaking DNA solutions with chloroform octanol.



24

7x 105 represents a lower limit both for the size of fragments which
are broken from larger molecules and for the size of fragments which
are themselves broken by sonic vibration. The attainable molecular
weight reduction has been found to depend on the precise conditions

of sonication, including. such factors as the position and volume of

the sample, the composition and geometiry of the sample container,

and the condition of the sonic oscillator.

The Calculation of Jf(k) for the End-to-End Model

From the behavior of the ratic Mw/Mn as a function of k, we
have concluded that fragmentation was essentially random from k = 0

tok = 3.4. In this range, itis valid to use the calculatgg distributions

7, (k)
of figure 1 to predict the behavior of EIZ (k). Values of s (cale )
(o))
for k » 0.5 and k » 2 were obtained from the distributions of figurel
v (k)
I

using formula 7. They were converted to values of d'-;-rO) (calc), and

lotted in figure 17, using the rii u'u " {f; obtained from
P g » 4 € ratlg W >

a transfer experiment which will be described. A smooth curve was

drawn through the two points, asymptotic to the line E—‘*EL 2 Py- Py
73,(0)
n

This curve has been taken to represent the dependence of 312 on k

expected for random fragmentation of the DNA. It provides an estimate

attained by o, as a function of k, independent

of the fraction of Py~ P 1

U
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of the values of py -p; and of ;M (0). Using this curve, we conclude
n

U

that o-f (k) should attain 70% of ite maximum by k = 3.4, For k> 5,
\Ti (k) should increase as rapidly as in the case of random

fragmentation, since few fragments of molecular weight less than

Tx 105 are produced. Thus the behavior of r}i (k) expected on the

basis of the end-to-end model is adequately represented by the curve of

figure 17.

The Calculation of E-zmn (k) from Sedimentation

Velocity Data

For DNA in CsCl solution of density p =1.71 at 25* C. and for

r = 6.5, we may write (6)

d : ]
(S2) s 8.35 16" %% §em (15)

Thus equation 10 becomes

g% em™® (16)

Having obtained Mn from sedimentation data as outlined earlier, we

.. -
calculated T Values of ﬂ':& for samples 1-IV may be found in
n n

table 1. The behavior of ‘;:A (k) is represented in figure 17 by a plot
"n (k) °

of = no z (k+1)1/2 versus k.
M (0) —

n



The Calculation of 6éc(k) from Censity-Gradient Data

Using equation 9, and evaluating &i,(k) numerically from the

observed density-gradient distribution, values of T _ (k) were calcu-

2 _2
Ggc *7¢ Uq
T (b
6‘:1“(0')

of ﬁ'éc for four different values of k were obtained firom data for

samples I-IV, divided by C—]‘fd (0) (from data for sample I), and plotted
n

2
GC
lated. Values of T for samples I-IV may be found in table

1. A plot of versus k was consiructed as follows: Values

in figure 17. A smooth curve connecting the points represents the be-

havior of T éc(k)

The Calculation of 5—_}1(1{) Expected for the Two Models

for the Arrangement of the Subunits

Values of 6’; (k) expected for each model for the arrangement
of the subunits were calculated from figure 17, using equation 5 and
values of {9\4 - ﬁ, and th(o) obtained in a2 subsequent experiment.
Figure 18 shows the behavior of 6‘_}1 as a function of k, expected on

the basis of each of the two models.

The Determination of Cl::' from Half Bands

With the exception of one sample in which a small amount of
DNA had apparently been denatured, bands of sonicated DNA did not
show significant eskewness, and the following relationship was experi-

mentally verified (Appendix 5).
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g = my(-) = m(+) (17)

where ma(-). m2(+) are the second moments of the half bands (-) (+)
around the band mode. Because of band symmetry, it is possible to
evaluate c-ri, for partially overlapping bands of sonicated unlabelled
and hybrid DNA by evaluating mZ(U(-)) and mZ(H(+)).'

2. Properties of Sonic Fragments of Transfer DNA

DNA was isolated from F. coli Kl2 two generations aiter transfer
from labelled to unlabelled culiure medium. The method of Marmur (7)
was used for isolation. In the density gradient, this ''transfer'' DNA
(sample V) formed two slightly overlapping bands (fig. 14), one at a
density expected for unlabelled DNA, and the other at a density expected
for hybrid BC, 1SN labelled DNA. Sedimentation velocity studies (fig.
12) indicated that the transfer DNA had a weight average molecular weight
of 12 x 106. The concentration dependence of Sgg'w and the distribution

of sedimentation coefficients (fig.13) were similar to those of unlabelled

DNA previously isolated.

*In case of DNA denaturation, the assumption of band symmetry for the
sonicated hybrid DNA band is incorrect and we may write

L =2 2 -6
mZ(H(+)) > ¢ g ©m
Thus the assumption of symmetry would lead to an overestimation of

7,

i favoring the end-to-end model.
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Because of slight overlap of the two bands of sample V, the (-)
half of the unlabelled DNA band (U(-)), and the (+) half of the hybrid
band (H(+)) were studied, Values of various parameters for the two
half bands may be found in table 2. The fact that mZ(U(-)) > mZ(H(+))
was consistent with the mild band skewness previously observed for
unlabelled DNA before sonication (Appendix 5). The magnitudes of
mz(H(+)). Mw/Mn' were also comparable to those for sample I.

Two additional samples of transfer DNA (VI and VII) were
prepared by sonication of aliquots of sample V in the absence of AET.
Samples VI and VII were studied in the CsCl density gradient (figs.

15 and 16) and sedimentation velocity analysis was carried out on sample
VII (figs. 12 and 13). The observed values of the physical parameters
may be found in table 2.

The effects of sonication on the sedimentation behavior of the
transfer DNA were similar to its effects on unlabelled DNA. Both
unlabelled and transfer DNA were reduced to the same range of
molecular size by sonication, and in this range, the size polydispersity
as judged from distributions of sedimentation coefficients (figs. 6 and 13)
was comparable for the two kinds of DNA. As the transfer DNA was
smaller in size before sonication, fewer scissions per molecule were

attained in this case (k = 7).
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Predictions for the End-to~-End Model

If the end-to-end model is correct, at k = 7 more than 80%
of the original mass of the DNA would no longer have the mean density
of hybrid DNA Prye but would consist of unlabelled and fully labelled

fragments with mean densities Py Sonication of the transfer

» Py e
DNA (sample V) should increase the ratio of unlabelled to labelled DNA
by a factor of two, resulting in a similar change in the ratios of heights

and areas of the unlabelled and labelled DNA bands.

Predictions for the Side-to-Side Model

If the side-to-side model is correct, the hybrid and unlabelled
sonicated DNA 8 should have the same density-gradient distribution,
but with different means. If the unlabelled DNA band is symmetrical,
there will be a position in the cell where the Cs(l density is PU* and

such that

—p. W "
Py-Py* * Py~ Py (18)
and

Cyley) = Culey® (19)

where CU(pU). CU(pU") are the concentrations of fragments of un-
labelled DNA for Py PU" Thus if the fragments of hybrid DNA and
unlabelled DNA are banded together, and if CH(pU) << Cyley)

CU(pH) << CH(pH) then for the mixture we may write
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Clpy® Clp;)

_C_(.F;;J_)_ 2 CTPH (20)

In the side-to-side case, the ratio of unlabelled to labelled DNA in the

unsonicated sample of transfer DNA should not be affected by sonication.
Relative heights and relative areas of the bands should remain essenti-

ally constant.

Characteristics of the Experimental Distributions

Having presented detailed predictions of the equilibrium distri-
bution of the sonicated transfer DNA expected for each of the two
models for the arrangements of the aubunits, we now consider the
experimental distributions. Since we have sedimentation velocity data
for sample VII only, our discussion refers primarily to the density
gradient distribution for this sample (fig. 16). The distribution for
sample VI at a lower k value, ig completely consistent with that of
sample VII (fig. 15).

The observed density gradient distribution for sample VII is
representative of the entire sample, since essentially all of the DNA
introduced into the analytical cell can be accounted for in the band,
with the aid of the reference aperture. Referring to table 2, we note
that the density difference between the modes of the unlabelled and

hybrid DNA bands decreased by no more than 0.001 g em”™ after
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sonication. This effect was attributed to the overlapping of the two
bands, which contributes to the concentration of the DNA preferentially
between the band modee. The convergence of the two band modes
increased the observed values of mz(U( -)) and mZ(H(+)) by less than
5%.

The shapes of the half bands U(-) and H(+) are highly similar,
and ma(-’J( -)) and mz(H(+)) agree well with each other. Values of
mZ(H(-O-)) for samples VI and VII are compared with curves of Gi(k)
(calculated, side-to-side) and 5'!;(1() (calculated, end-to-end) in figure
18. The value of k for sample VII was determined by sedimentation
studies as described, and the value of k for sample VI was estimated
from the value of mZ(U( -)). The experimental values clearly indicate
that the end-to-end model i8 not correct. If the determination of ‘;i'
or k were in error by 400%, the experimental result would have been
intermediate between the two models, and the range of error is cer-
tainly less than 20%. The height and area of H(+) relative to those of
U(-) were essentially unaffected by sonication. The small decrease in
area of U(-) probably reflects =2 decreased skewness of the band of
unlabelled DNA as a result of sonication, as was found for unlabelled
DNA as described in Appendix 5. The concentration of DNA at Pi, is

less than 3% of that at Py and is essentially the same as the DNA con-

centration at pU*. relative to that at Py
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Cley® o Cley)

m -— E:TP;IT < 0.03

(2i)

Thus no evidence of fully labelled fragments could be detected, and it
was possible to set an upper limit of 3% for the relative concentration
of fully labelled fragments resulting from the sonication of the hybrid

DNA.

D. Summary
It has been demonstrated that sonic fragments of hybrid DNA

preserve their hybrid character and that the subunits of DNA are not
in an end-to-end arrangement. Knowledge of the mass per unit length
of these fragments would fix an upper limit for the number of poly-

nucleotide strands within a single subunit,
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AFFENDIX
Calculation of equilibrium distributions for fragmenis of hybrid

DNA from models for the arrangement of the subunits.

The most general expression which may be written for the

density gradient distribution of fragments of hybrid DNA is

. 2
y bp - (LGCY] ,
C(p) = {:‘(fn ‘SC.I-’T)exp(- E o )dGC dI dM
M1 GC Taz (1)

. . . . -4
where C(p) is the DA concentration at deneity p, G_l(“' is the vari-

anca(-gz cm-él for bande of DNA of molecular weight M and density Py
and (I, GC,M) is the concentration of NMNA of molecular weight M,
nucleotide composition GO and isotope compasgition I, in the total
sample. To calculate the equilibriuwm distribution from this expression,
it is sufficient to know the distribution of the IINA {ragments with
respect to the parameters GC, I and M. We may assume that GC is
independent of I and M, and concern curselves with the distribution of
the DNA fragments with respect te nucleotide composition alone. 1If

ong assumes that base pairs are distributed randemly among the
fragments of INA, the distribution of guanine cytosine base pairs within

each size claas it binomial, with variance np{l - p). The variance of
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the mole fraction of guanine cytosine for DNA is given by

RSN S S . (2)
‘Gc T 4M7M° M

where M, Mo. n are the molecular weight of the DNA, the weight of

a nucleotide pair (880 for the Cs salt of DNA), and the number of
nucleotide pairs. The assumption of randomness in the distribution

of GC pairs is formally equivalent to the assumption that the DNA is
homogeneous in nucleotide composition, since equilibrium distributions
in the two cases are nearly identical. Consider an equilibrium distri-
bution of molecules of isotopic composition I and molecular weight M
in which GC pairs are randomly distributed. The distribution is

gaussian (19) with variance given by#* (Appendix 2}

-2 -2 2 35.5 , 2.2 37.7 (3)
T M “ac MM M

and is identical to a distribution for which c?éc = 0 df- the density
scale is multiplied by a factor 0.92, Within a factor of 0.92 in the
density distribution, the result is generally valid since any equilibrium
distribution is a sum of gaussians.

To complete the calculation of an equilibrium distribution from

equation 1| we must consider the distribution of the fragments with

respect to their isotopic composition I and molecular weight M. This

*From this calculation we also note that for molecules in which base
pairs are randomly distributed ‘;GC
—e— = 0, 24

M
n
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distribution depends on the nature of the assumptions made regarding
the manner in which the DNA is fragmented. We have assumed that
breaks occur randomly at a fixed number (N) of possible breaking
points along the length of the molecule. The observation that breakage
is unlikely for fragments below a certain sise is consistent with this
assumption. It has been verified by calculation that the result is essen-
tially independent of N for K/N < 0.1.

The calculation is outlined below, and takes the form of a
depolymerization analysis. In the case of the sonic fragmentation of
DNA, the smallest fragment which can be produced by sonic irradiation

may be taken as the ''monomer."

The equilibrium distribution of random fragments of 2 macromolecule

in a density gradient.

Consider a solution of polymer molecules A each composed
of monomers a, i= 1,...,N +1 (N odd) joined by links 4y Witk
probability of rupture p(iam). For the case of random fragmentation

of the polymercz, the fraction of polymer molecules which will be brokenat

- the link ,a is independent of i

174l
Pla/jagy €4) = playy) = p (4)
and the fraction which will give rise to fragments A .= a,a _ ....a, .a, is
17 i i+l j-1j
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P(A/iAjGA) . Q- p)N for unbroken molecules iAj s A
p(l - p)'i.i end fragments i= 1 or j= N+l

pz(l - p)‘i-i middle fragments i%1 and
j% N+

(5)

Among the fragments resulting from random breakage, the proportion

which are A, is

i
Al A <A Al A €A
pan v T , M/ Aed) -
v pA/ A €h) 1+ Np
i<j5_N+1 J

For the end-to-end model of DNA let the densities of the monomers

a be given by

N+l

P(ai) = Py G TOPE 5 (unlabelled) o
7
PL ® Eg-]-'- +1,...,N+l (fully labelled)

Let [BUL] denote the set of fragments with U unlabelled and L labelled

monomers

e

j-i=U+L -1 in any case

% —— 4 1 - U and

N+1 J>0and L >0
[BUL}" iAj j= + L PP | an

L g . . .ifL=0 (8)

j<%?+1 , . ifU=0
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Since there are N;l

- U equally likely different types of internal frag-
‘mente composed of U unlabelled monomers only, the fraction of frag-
ments containing U unlabelled and L fully labelled monomers is given

by the matrix element

By = Z e

iAj e[BUL]
- ., T4L -
p(1-p) Tty pa(l-p) =] ?-IZ—I - (u+L)) if U=0 or L=0
1+Np
p-p) UorL =
1+Np
(9)
'('I—-'E)Uﬂ‘-l Jand L = ----------I‘H'l
1+Np 2
2(1 - U+L-l
1+Np otherwise

The weight fraction of BUL is the fraction of monomers a in frag-
ments iAj‘ [BUL]
F (B ) = plae By ) = S (14Np) (B, ) (10)
w' UL 1* Ton) T N B UL

Fragments B have the equilibrium distribution (6)

UL
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1 ("‘rUL)a
C.. (r)= exp (= = ) (normaliged) (11)
UL 7 o 2 a_Z
JL UL
PyL/Pa i 2

where oL * T (rAfrUL) . is the variance of the distri-
UL A
bution of BUL

2 RT

& = = is the variance of the distri-
A - __c_l_e 2
M, v, ( ) w T
A A’ dr T A bution of polymer A
UPU+LPL

PyL ™ p(BUL) T y— is the density of BUL

x U+L y _ .

MUL z M(BUL) B M’A is the molecular weight of

BUL
and distances of band centers from the center of rotation are

Y, for the polymer A

e ze o4 L7 FU for the uniabelled

Ty A"S Wr o e elled monomers
A

r. = +—1- pL- PU for the labelled monomers

L ‘A2 (@pldr © ©
Tr
A

Uy + Lr
oL T or the fragments

#*(Assuming v = 1/p)
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Thue the equilibrium distribution of the fragments is

C(r) = Z E‘w(B UL) CUL(r) {normalised) (12)

U,L < N+l
2

Setting Py™ P, We obtain the equilibrium distribution of fragments for

the side-to-side model of DNA. In this case the fraction of fragments

of size S is

p(Bg) = Z PBy; ) =

U+L.=3
p(1-p)° M(2+p(n-5))
for S<N (13)
1+Np
N
(i:EL. S = N+1
1+Np

the weight fraction is
F (B.) = - (1+4Np) p(B.) (14)
w5 N+l P} P1%g

and the equilibrium distribution

N+1 G, J
C(r) = E FW(BS) 1 exp (~-?-1: ZA ) (15)
S=l N ’3

S .
(normalized)

where «rz z ks trz
S 3 A
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Calculation of equilibrium distributions according to equations
12 and 15 were carried out with 2 Burroughs 205 computer for various
values of N and kx = Np, assuming ﬁ - ﬁ_, = 1o Jp (%&) . The
contribution to the equilibrium distribution of fragments amaller than
0.1 of the initial molecular size was ignored. The results are pre-

sented below.

Ce Cp)
Values of _’—a'— = 0.399 CC( 5
jCl{D) J(_) /Da (<= a)

are tabulated at intervals of X&M (0) , SBtarting at the mean of the
n

distribution.
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SIDE-TO-SIDE MODEL

1 -1 -2 -3
N 9 99 99 99 4
X 0.3 0.3 0.3 0.3 0.5
K 0.5 2 “x 8 0
1 . 359 . 284 222 . 151 . 399
2 . 345 . 276 . 217 . 149 .352
3 . 307 . 253 . 204 . 143 . 242
4 . 252 . 220 . 185 L 135 .130
5 .193 .181 161 123 .054
6 .138 . 143 . 137 111 .018
7 . 093 .109 12 . 097 .004
8 . 659 . 081 . 091 . 034
9 . 037 . 059 .072 .071
10 .022 . 042 . 056 . 060
11 .014 . 030 . 043 . 050
12 . 009 L0212 .033 . 041
13 016 .025 . 033
.011 .019 .026
015 .02}
.017
.013
.010
><SC{P .99 .96 . 89% . 89 .99

*Low values are due to neglect of small fragments.
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END-TC-EMNL MCDEL

1 I1al IIa2 I1a3 IIbl

» 9 19 19 19 19

¥ 0.5 0.3 0.3 0.3 1

K 0.5 0.5 1.0 1.5 0.5

1 . 261 .268 .181 .125 .268
2 .233 .257  .175  .121 172
3 . 169 .228  .158 . 111 .056
4 .102 .187  .133  .097 .022
5 . 056 .143  .107 .08l 016
6 .033 .103 .083 .067 .014
7 .023 .072  .063 .085 .015
8 .019 .050 .049 046 .016
9 .017 .035 .040 .040 018
10 .016 .027 .034 .036 L0156
11 .015 .031 .034

12 .015 .023 .032

13 .015 .027 .031

14 .016 .025 .030

15 .017 .025 .029

1 .018 .029

17 .019 ,029

18 . 019 .029

19 .017 .029
20 .015 . 030
21 012 .032
22 . 009 .033

Xjflf .99 * * * .96

*¥*The complete distribution was not calculated.

IIb2

w37

I
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AFPPENDIX 2

The relationship between the variance of the equilibrium distribution
of fragments of hybrid DNA and the variances of the distributions of

nucleotides and heavy isotopes among the molecules.

For molecules heterogeneous in density and molecular weight

the variance of the equilibrium distribution 5"2 may be written (5)

T

o = g + 0 (1)

where crIZ) is the variance of the density distribution and Jii is the
n

contribution of the thermal movement of the molecules to the variance
of the equilibrium distribution. Assuming that there are no other
causes of density heterogeneity, the buoyant density of a DNA molecule
is a linear function of its nucleotide and isotopic composition. For the
degree of isotopic labelling involved in these experiments the linear

relation is

Pyge ® 1.658 +0.1GC +0.0321 (2)

where GC and I are mole fractions of guanine cytosine and heavy iso-
tope. To a first approximation, the isotopic and nucleotide composi-
tions of a fragment of hybrid DNA are independent random variables.*

By an elementary theorem of probability theory (20) we may write



-2 ik (3)
ch = GGC +UI

where S'éc. &f are the contributions of nucleotide and isotopic

heterogeneity to the variance of the density dietribution. The parameters

;CZJC’ Ef are related to the variances of the distributions of nucleo-

tides and isotopes u'éc, crIZ among the molecules as follows

-2 -2 2 (4)
“ac " 10 *9g¢

ol -3 2 (5)
e;rl 10 x 91

*The ratio of density labelling for the guanine cytosine and adenine
thymine pairs is given by their mass increment ratio, assuming no
change in volume. The GC nucleotide pair has 19 carbon atoms and
8 nitrogens, the AT pair 20 carbons and 7 nitrogens. For DNA
containing 54% 13C and 99% I5N the ratio is

AM(GC) | 0.54(19)+8 _ 17.8
AM(AT) 0.54(20) + 7 17.2

= 1.03
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APPENDIX 3
Calculation of the time required to reach equilibrium for density

gradient centrifugation of DNA in CsCl.

Consider a polymer homogeneous in molecular weight M and buoy«
ant density ﬁ forming a band in the density gradient. The time de-
pendent differential equation characterizing the approach to equilibrium

is written (6)

L[4, iﬁ&&) o dc
_)_: d q* = =T -’J_-E (1)
In this equation tis the time slapsed during the run, x is the distance
in the cell from that position where the density of the medium is Q, .
C(x) is the concentration of the polymer at x, D is the diffusion coef-
ficient for the polymer. The variance of the equilibrium distribution

of the polymer 0t  is given by equation i0 (see text, p. 13).

Using equation I, we may obtain the following integral equation

e, xC
JXK(3x+ ‘“‘ ['D AT__J* (2)

The left side of 2 may be integrated by parts as follows

k(oo i S e

- 60

~oQ (3)
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of w2 s nx“"C] D [ " (dx (4)

Thus we obtain the relationship

Kh(% ﬁ-ré_%) -r\xn—l(]m =

o ] ; [2aad
”"GHTi [X“CJ% - Y\("\-DJ X“';‘Cc)x —+ 5[%“ f]% dx

For bands whose widths are small compared to the radial width of the

(5)

liquid column in the centrifuge cell, there exists a time to such that

for t > to we have

Pum. (e =0 1 M@QAt) 5§

x| =2 0e=
\ \Xl — ©°

Using these boundary conditions, the left aide of equation 5 vanishes,

and we have a moment relationship first given by R. Feynman (14)

o

Qnm
R e

e n ’:D

where An(t) is the nth moment of the polymer distribution at time t and
° F\a(f’o)
.'%n(t) is its time derivative. By definition 0% & e

A,
hence for n = 2 equation 6 becomes

s}

A =- %;i | A, - HLe) (7)
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which has the unigue solution

A, © - A= D
= - [ (8)

- g+
AL A
Let us define tISNA as the time of centrifugation for DNA such
(4 2 - ﬂ_l_@
that t Jimplies (‘7 -3< 0.0), where Q%) =
> pl Ua(@—) A 5

We use equation 8 to find an upper bound for tf)NA' If S is the infinite
dilution value of the sedimentation coefficient with respect to water at

20°C, we have

RTS
e o
M Cl T) o kD =0

)

—

assuming D is independent of the medium. Taking N = i.7' g cm’
for solvated DNA, and using equations 10 and/!5 of the text (pp. i3 and

'5), we rewrite equation 8

2 T3(0) - () e
E}r t) ] oo | Tty — 1 =-atxio Sl

2 (m)

Since for t = 0, C is independent of x,we have
0]
i x*dx
RO T 016

jj’sx

and thus obtain

o ( (.2 - leog 0'2(“’7)
1T < = Sec




APPENDIX 4

The determination of molecular weight for samples of DNA.

The conclusions drawn in this study depend importantly on
measurements of molecular weight for samples of DNA. Since these
measurements utilizxed a calibration of & versus M which had been
carried out in other laboratories, it seemed desirable to carefully
examine the validity of the calibration and of our application of it.

For DNA of M <5 x 136. values of M obtained by light scatter~
ing agree well with values obtained from sedimentation and viscosity

measurements, using the Mandelkern-Scheraga equation (21)

1/3
5 SO ["2]/ i w ;’P )
M 3 noN
w

where [n], S_, M_, v are the intrinsic viscosity, the infinite dilution
value of the sedimentation coefficient, the weight average molecular
weight, and the partial specific volume of the polymer; N, P 2re the
viscosity and the density of the solvent and § is an empirieal para-
meter. The magnitude of § has been studied for flexible chain polymers

of different molecular weights in different solvents, for proteins and

for TMV, and has been found to be a constant for a given polymeric
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type, independent of molecular weight* and of the solvent, with a
value between 2.1 and 2.7 x 106 {22). For DNAof M <5 x 106. as
determined by light scattering, values of between 2.4 and 2.9 x 106
have been reported. For larger molecular weight DNA, p increases
in magnitude, reaching 3.6 x 106 for 2 sample (16) of M = 7.7 x 106.
Bautler et al. (24) have advanced 2 theoretical argument indicating that
light scattering is inapplicable to the determination of molecular
weights above 5 x 106 for DNA, They assumea Pof 2.6 x 11".'56 in cal-
culating M from sedimentaticn and viscosity measurements, using
equation 1. Doty has adopted the procedure of accepting the light
scattering data up to 8 x 106 and using the curvature of the p versus M
plot to extrapolate p for M as high as 16 x 106 (4). We have accepted
the Doty calibration of §, and used his Mw versus SO plot, as it is not
likely to lead to an overestimation of the molecular weight of unsonicated
DNA, and thus is not likely to lead to an overestimation of k. for
sonicated DNA,

Using the calibration discussed above, the determination of
molecular weights below 5 million from sedimentation data is a reason-

ably rellable procedure. However, DNA sonicates made with and without

AET differ in certain respects, and it is necessary to discuss the possible

*For one system, polymethyl methacrylate in acetone, £ increases
from 2.12 to 2.52 as Mw increases from 30,000 to 14,000, 000 (23).
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effects of these differences on our conclusions.

There are a number of indications that the use of AET reduces
the damage done to DNA by the free radicals produced during sonication.
AET abolishes the effect of NIJA conceniration on the inactivation of
genetic markers by sonication, as well as reducing the absolute amount
of inactivation (25). From the band shape of sarople III (fig. 10), one
might conclude that sonication without AE T had resuited in the denatur-
ation of a small fraction of the DNA sample. The data of figure 6 sug-
gest that the concentration dependence of Sig.w diifers for sonicates
made with and without AET. Cnly one sonicate of molecular weight greater
than 106 made without AET has been reported. The vaiues of So and
Mw for this sonicate are inconsistent with the ernpirical relationship
shown in figure 5a, and may indicate that the relationship for sonicates
made without AET should be described by the dotted line in figure 5b.

However, the investigators (16) responsible for the values of Mw
and ‘%‘oior this sample also obtzained a value of [r,] which was consistent
with that of other DNA samples of the same molecular weight, Sub-
stitution of the values of [n], M and S, into equation 1 gave a value of
P far below the acceptable range, and the So value was rejected as (4)
incorrect. Furthermore, the difference in concentration dependence
between sonicates made with{::tdwithout AET does not suggest that

there is a difference in the relation between So and M for the two kinds
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of sonicates. The concentration dependence of S reflects the inter-
action properties of DNA molecules, while the infinite dilution extra-
polation approximates the sedimentation constants of noninteracting
DNA molecules. Thus there is no indication that the uae of the
empirical relationship between Mw and So is not valid for sonicates

made without AET.



APPENDIX 5

Symmetry properties of DNA bands

The degree of eymmetr; or skewness of a DNA band may be

evaluated by comparing the two halves of the band formed by a line
dropped from the band mode » to the baseline. "We designate the half
band clesest to the rotor center by (-),and the one farthest from the
center by (+). If P is the Tl density at M, the second moments

around the band mode are defined as follows.

Pt ,
(p-py )" Clpdap
ma ..) - — gacm' »
Pm
C(p)dp
-0
Sm
2
mz(+) = M ® gzcm'b
C(p)dp
M

Values of mz(-) and m2(+) have been calculated for the bands of samples

1-IV and are presented below, with values of c;i, obtained from the



distributions. The relative areas

Al-
e ol
A+
R(4) = A%-; T A(H)

are also tabulated.

sample  R(-) R(H  m(x10®  m(9xa0®  F2x0®
1 0.53 0.47 10.1 4.0 7

II 0.50 0.50 i1 12:5 11.8
1 0.45 0. 55 37 56 47
v 0.50 0.50 57 58 57

A distinct skewness in the direction of decreased density has
been observed in bands of DNA prepared from E. coli K12 by the
method of Marmur. No similar asymmetry has been observed in
bands of DNA isolated from E. coli B by dodecyl sulfate lysis and
density gradient centrifugation. Because this skewness is so rapidly
reduced by aconication of the DNA, it is unlikely that it is due entirely
to differences in nucleotide composition among the molecules. If only

5% of the DNA molecules contained of the order of 0.005 weight frac-

tion of protein, a skewnees similar to that observed could be produced.
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With the exception of sample IIl, samplees of sonicated DNA

formed symmetrical bands with mz( )= ma(i»): i Examination of

T
the band shape for sample III (fig. 9) reveals that the skewness consists
of a '"tail" of the (+) half band, resulting in an increase in m2(+). The
""tail'' appears to be due to a small broad band centered at a position in
the cell where the CsCl dengity is approximately 0.015 g cm-3 greater
than at the band mode. A skewness similar to that observed in this

case could be produced if less than 10% of the DNA sample had been

denatured.
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TABLES

Table 1 Physical parameters of E. coli K12 DNA, samples I-IV

Data from sedimentation velocity and density gradient analy-

sis of E. coli K12 DNA are tabulated. The following parameters are

included:

S
o

the infinite dilution value of the sedimentation

coefficient 950

20, w in Svedberg units.

the weight average and number average molecular
weight; Cs refers to the cesium salt of DNA,
Nat to the sodium salt.

the variance of the density gradient distribution

2 -6
ing cm .

the contribution of thermal motion to o

2. -6 ¥
g cm
the contribution of nucleotide compositional
heterogeneity to Eré in gzcm-s.

the average number of scissions per molecule
of the sonicate, with respect to the original
sample.
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Table 1:
Sample 1 n 344 v
Sonication
(minutes) 0 1 2 4
AET 0 0 0 4
s, 31 21.5 11.6 9.8
+ )

MwN‘xw“b 15 6.5 1.5 1.0
M /M 1.1 2.1 1.6 1.3
w  n ,

*

MnC“x10’6 18.5 4.2 1.3 1.0
K 0 3.4 13 17.5
;:a « i 5 1.9 8.4 27 35

n
E,i, x 10° 4. 08 11.8 37° 57
.| 6
g X 10 2.1 3.4 10 22
cGC/an 1.0 .62 .62 .80

A mz(+) is tabulated,as Eé probably includes the effect of traces
of protein on mz( -), a8 described in Appendix 5.

B m,y(-) is tabulated, as E:;',

denatured DNA, as described in Appendix 5.

probably includes the effect of



Table 2 Physical parameters of E. coli K12 transfer DNA,

samples V-VII

Data from sedimentation velocity and density gradient analysis
of E. coli Ki2 transfer DNA are tabulated. Parameters are as defined

for table 1, except that the variances have been estimated from second

moments of half bands arcund band modes as follows
o 2 mz(U( -)) for fragments of unlabelled DNA
Cp mz(H(+)) for fragments of hybrid DNA

The validity of this procedure has been diecussed in the text and in

Appendix 5.



Table 2:
Sample v VI vil
Sonication
(minutes) 0 1 4

AET 0 0 0
5 27.8 11.9

Q

-0

M x10 12 1.6

w
M /M 1.2 1.3

w n

+
Mf'xlo'é 13.6 1.7
% 0 gt 7
-2 (3
Ty X 10 2.6 21
n

-2 6 U(-) 9.6 29 33
“r 10 g4 6.4 28 31
Separation of
modes g cm™3  0.0165 0.0161 0.0154
Ratio of areas

u(-)/H(+) 1.44 1.34 1.32
Ratio of heights

u(-)/H(+) 1.23 1.22 1.26

A k estimated from the variance of the unlabelled DNA band.
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Figure 1 - Density gradient equilibrium distributions for fragments
of hybrid DNA, calculated from two models for the
molecular arrangement of the subunits.

Equilibrium density gradient distributions have been calculated
from the side-to-side model for the arrangement of the subunits and
from the end-to-end model, for the following values of k, the average
number of acissions per molecule; k = 0, 0.5, 2, 8, DNA concentra-
tions relative to the peak concentration of the initial band %(%)o) are
plotted against density distance from the band mean, relativ: to the
square root of initial band variance PP, / ;T(D) .

Details of the calculation are given elsewhere (Appendix 1).
The following assumptions were made.

1} Fragmentation is random, occurring at discrete breaking

points along the length of the molecules.

2) The density separation between unlabelled and fully labelled

fragments is given by

PPy * 16 cr,r(o)

This approximates the density separation found by experiment.
3) The molecules are homogeneous in nucleotide composition.
This assumption is essentially equivalent to the assumption

that base pairs are randomly distributed (Appendix 1).
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Figures 2 and 3 - Comparison of experimental and calculated equi-
Hbrium distributions for fragments of hybrid DNA.

Hybrid uc > 1""'N DNA was isolated from sodium dodecyl sulfate

lysates of E. coli B by preparative density gradient centrifugation.
Fragmentation was accomplished by vigorous manual shaking of DNA -
CsCl solutions. Equilibrium distributions for the initial sample (D195)
and of those successively derived from it by shaking (D198, D200, D202)
are compared with distributions calculated from the two models for the
arrangement of the subunits. All distributions are plotted as the loga-
rithm of the DNA concentration relative to the peak concentration log (.C/Cc},

versus the squared density distance from the band mean, relative
to the variance of the initial distribution (p-po)Z/E;(O) .

In figure 2 the experimental distributions are superimposed
upon a family of distributions calculated from the side-to-side model
for the arrangements of the subunits. The value of k, the average
number of scissions per molecule, is given for each calculated distri-
bution.

In figure 3, the experimental distributions are superimposed
upon a family of distributions calculated from the end-to-end model.

Details of the calculations are given elsewhere (Appendix 1),
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vd
Figure 4 - Electron micrographs of DNA from E. coli K12

Solutions of DNA in ammonium acetate - ammonium carbonate
buffer were sprayed onto the surface of freshly cleaved mica with a
low pressure atomizer. The DNA was shadow cast with platinum at
a shadow to height ratio of 5: 1. After backing the platinum with a
carbon gsubstrate, it was floated off the mica and mounted on grids
for electron microscopy. Polystyrene latex spheres 0.25 microns
in diameter were included in the sample to aid in focussing. Magnifica-
tion 20,000 X.
a) Unsonicated E. coli K12 DNA (Sample I). Branching
of molecules indicates side-by-side aggregation, and
has been attributed to traces of nonvolatile salts in
the preparation (9).
b) Sonic fragments of E. coli K12 DNA (Sample IV). The
platinum layer is too thick to permit optimal visual-

ization.
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Figure 5 - The relationship between weight average molecular
weight and the infinite dilution value of the sedimentation

a) coeffictent for DNA, according to Eigner (4).

Weight average molecular weights M for samples of DNA have
been determined by light scattering, indicated by circles, or from
viscosity and sedimentation measurements, indicated by triangles.
They are plotted against the infinite dilution value of the sedimentation
coefficient So. The calibration is discussed in Appendix 3, and the

following classes of samples are included.

Designation BSource of DNA  Treatment Investigator
Q@ calf thymus sonicated without AET Doty, Mcgill
and Rice(l6)
] D. pneumoniae sonicated with AET Litt (12)
A 1 1 1] 1] Eigner (4)
Fa E. coli unfragmented Eigner (4)
@) calf thymus B Doty,Mcgill
and Rice(l6)
@) salmon sperm " Geiduschek and
Holtzer(206)
O D. pneumoniae shear fragmented and Cavalieri and
Rosenberg(l7)
" unfragmented Litt(12)

Figure 5 - The relationship shown in figure 5a, plotted without the
data points. A possible alternative relationship for
b) sonicates made without AET is shown as a dashed line,
and discussed in Appendix 4.
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Figure 6 - The concentration dependence of the sedimentation
coefficient for E. coli K12 DNA, samples I-IV.

The sedimentation coefficient (qgg w) is plotted against DNA
concentration (ug/ml) for four samples of E. coli K12 DNA,

1 original sample, unsonicated

L e sonicated 1 minute without AET

11 ’
I " . . " 2 minutes without AET
v " " . " 4 minutes with AET

No consistent differences in S were noted when runs at rotor speeds

et 23,150 RFPM and 44,770 RPM were compared.
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Figure 7 - Integral dintribuﬁon of sedimentation coefficients for
E. coli K1Z DNA, samples I-IV.
The weight fraction of DNA with a sedimentation coefficient
Si less than the sedimentation coefficient So is plotted against So'
Distributions were obtained from: sedimenting boundary profiles, and
were essentially independent of centrifugation time. Fertinent data

are as follows:

Sample I 11 I v
Run B10%4-1 C849-1 C857-1 D442-2
DNA concentration (ug/ml) & 12 22 10
Rotor speed (RFPM) 35, 600 23,150 23,150 35, 600
Effective time of centri-

fugation (minutes) 23 49 79 41

50

SZO,w (Svedberg units) 21 20 11.5 9.5

Distance of boundary
midpoint from meniscus{cm) 0.336 a.226 0.210 0.324
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Figures 8-11 - Eguilibriums density -gradient distribations of . coli
K12 DNA, samples [-IV.

Distributions of DNA concentration with respect to distance
from rotor center {or samples I-IV aiter centrifugation to equilibrium

in 7.7 M CsCl. Pertinent data regardiag each distribution are as

follows:
Sample i 11 341 Iv
Ffigure e G 10 11
Fhotograph D4i4-3 D425-4 D451-4 D417-5
Rotor speed (RFM) 35,600 35, 600 ' 44,770 44‘, 770
Density of CaCl solu-

tion (g cin~3) 1.73 1.%1 1.71 1.71
Amount of DNA (g) 2 2.4 1.3 4
Time of centrifugation

(hours) 60 72 63 60

t* + 8 (hours) < 56 68 50 56
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figure iZ2 - The concentration dependence of the sedimentation
coefficients for £. coli K12 transfer DNA,
samples V, VI

The sedimentation coefficient '428
Lvy

is plotted against DNA

concentration for two samples of ¥. coli K12 transfer DNA,
¥V  original transfer DNA, msonicated

v " " ", sonicated 4' without AET

The dotted lines refer to samples I-IV, figure 3.



78

¢Ol X 1N3I0144300 NOILVIN3WIO3S TvI0ddIO3Y

100

50
DNA CONCENTRATION, pg/ml

Fig. 12



Tigure 13 - Integral distributions of sedimeniation coeificisnts for
E. coli K12 transfer DNA, samples V, VII.

The weight fraction of DNA with a sedimentation coeificient
.q:') less than the sedimentation coeflicient ‘So is mlotted against 530.
Distributions were obtained from sedimmenting boundary profiles and

were essentially independent of centrifugation time. i‘ertinent data

are a3 follows:

Sample ¥ VI
Run ALU4G- ] C306
DNA concentration (ug/mil) 12 12
totor speed {RiPM) 23,150 44,770
Effective time of centri-

fugation (minutes) 61 34
Sig,w (Svedbery units) 24.4 11.6

Distance of boundary

midpoint from meniscus(cm) . 342 .342



80

(0} 4

(03

LN3I2144300 NOILVLN3IWIA3S
0¢

Ol

€1 814

| | I

G0

VNG 40 NOILOVYHA4 L1HOIIM



Mo otees 14, 15 and 16 -

81

Lgailibriumnm deusity gradient distributions
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Distributions of DNA concentraiion with regpect to distance

from the rotor center for sarnples V-VII after centrifugation to

eguilibrium in 7.7 M CsCl.

are as follows:

Sample

figure

Photograph

Motor speed (Ri“M)

Density of CsCl solution
(g crma~3)

Amount of DNA (ug)

Time of centrifugation
(hours)

t* + 8 (hours) <

ifeviinent data regarding each distribution

v V1 VL

14 15 16
D499-3  15062-4  D500-3

44,770 44, 770 44,770
1.736 1.736 i.72

' 4 5

24 53 60

26 59
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igare 17 - Coniribations Lo ths varvisnce of eguilivrin distribuiions
of hybrid DNA fragimenis.

" : ; -2 s
The contributions of therinal mastion ., , nuclectide come-
g
2 " 2
pogitional heterogeneity ..-:-(_“_C and isotopic hetercgeneity %y to the
- |
g ; o B B B _ PP y
variance of bands of hybrid DA ¢,p &se compared at various stages
. . 7. (x G po () . o7 (k
»f fragmentation. Values of "k () , '::L( ¢, end I( ) have
- ’ s . (0) s . (0)
B 0 M M
2 (0) L "
e

been plotted against k, the averuge number of scissions per molecule.

- ., (K )
Valaes of Mn( ) were calcudated from the expression

i (O
n

gy, (k)
LLn 1/2

2 (x+1)

u-l\‘i (0)
n

Values of UGC(R) were taken from the data of table l. For the

‘;Mn( 0)

calculation of Jl(k) see text, p. 24 and Appendix ],
3. (0)
n
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‘Leara 18 Y s vk groies gl selwres towrmed o vl son el barl wntuen of g (1,)
ke L - LOTIpasrison Oi guselved aud precifotud vaiies 0o J,I_
for fragments of hybiid LUNA.

ide~to-side

v

-2, ’ " .
A plot of JT(:L) against k has been made for the
incdel for the arrangement of the subunits and for the end-to-end model.
. -2 o . . . O
Values of o*T(k) were obizined from figure 17 using equation 5. Cbserved

values of :-ri,(k) for sonic iragments of hybrid 0'N. (samples VI and VII)

are plotted as open circles. The experimental daia were taken from
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PROPOSITION I

A theory of the ''renaturation’ of DNA is critically examined.

The heating of DNA results in striking changes in a number of
its physical, chemical, and biological properties. These changes
occur abruptly when a solution of DNA reaches a characteristic tem-
perature known as the melting temperature or the denaturation tem-
perature. 'I'he. terms ''native’ and 'denatured" are commonly eraployed
to differentiate the two states of DNA.

The distinguishing properties of denatured DNA of particular
intereet in this discussion are 1) a greatly diminished biological activity
as a transforming principle (relative to the activity of native DNA),

2) an increase in the buoyant density as measured in the CsCl gradient,

P + 0.016 g cr:n-3

p =
denatured native

and 3) a change in electron micrographs, in which the highly extended
linear structures characteristic of native DNA are no longer observed.
If DNA is first heat denatured, and then heated at 2 temperature below
the denaturation temperature, there is a partial restoration of the bio-
logical activity, a decrease in the buoyant density from the density of

denatured DNA to one near the density of native DNA,
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- 0.01zgcm'3 = p e+o.oo4g«:m'3

P

renatur etiln pdena tured nativ

and the reappearance of the previcusly mentioned linear structures
in electron micrographs. This reatoration of properties of native DNA
has been calied ""renaturation (1, 2).

Doty believes that the denaturation of DNA involves the separa-
tion of the two strands of the Watson Crick helix, and that denatured
DNA consists of single polynucleotide strands. In his view, renaturation
is the pairing of complementary single strands to form reconstituted
Watson Crick helices. If SS* is a Watscon Crick double helix, § and S%
being the complementary polynucleotide strands, Doty's proposal may

be represented

heat denaturation ,

SS* S+ S5*

- renaturation

Doty bases his hypothésis on two observations described below in a)

and b).
14, 15 .
a) The subunite of hybrid ~ N. "N DNA (3) may be separated
in the density gradient after heat denaturation. If Py and Py are the

densities of native 15N DNA and native 14}\* DNA respectively

P, te,
hybrid 14N-15N DNA (p= __!_z__\i_) denaturation > density 1rad!.ont7
1

4N subunits (P“P‘+ 0.016) + ISN subunits (p= p‘+ 0.01¢)
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b) When native M:N DNA and native ISN DNA are mixed,
melted and renatured by heating at a temperature below the melting
temperature, besides renatured l‘]‘N DNA and renatured lsN DNA a new
substance (X) is formed which has 2 mean density intermediate between
the dengity of renatured 14N DNA and that of renatured lsN DMA. The
density heterogeneity of (X) is miuch greater than the density hetero~

geneity of renatured 14N DNA or that of renatured lsN DNA.

14 5 denaturation, renaturation,

N DNA (p=p,) > ?

N DNA (p:pU) 3

renatured l41\1’ DNA (p= Py + 0.004) +

renatured le DNA (p= + 0.004) +

Py
(p,+ 0.004) + (p._+ 0.004)
(%) (= — — )

Doty believes that this material consists of renatured DNA in which

one polynucleotide atrand contains l“iN and the other contains 1SN.

8) Wy Iy *FB, =T, Senalurbflony as), 25, +25% -
N n N N Y N N N
» * renaturation )
b) S TR

14, %" 1a, FPe s Y Ous Pl s STis
»
Xe 8,4 5%5 *+5;5 5%
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Accepting for the moment Doty's assumption that the subunits of DNA
are identical with the single strands of the Watson Crick helix, itis
not necessary to accept Doty's interpretation of observations a) and
b) above.

Observation a) that the subunits of hybrid 14N-ISN DNA may
be separated in the density gradient after heat denaturation, does not
imply that heat denaturation alone is sufficient to separate the subunits.
Intramolecular hydrogen bonds between purine and pyrimidine bases
are broken during denaturation, and the Watson Crick helical structure
is disorganized, but the strands could be held together by residual

hydrogen bonds.

aG% >, (= Sk
o - (e - - - o
denaturation’ ( )

The breaking of residual hydrogen bonds resuling in strand separation

could be a step subsequent to denaturation.

Observation b), that the substance (X) is formed when rl5TN DNA

14
and N DNA are mized, melied and renatured, does not imply that
substance (X) consists of renatured DNA molecules each containing
1
one N strand and one 14N strand. When purine and pyrimidine

bases are released from intramolecular hydrogen bonding during

denaturation, they form new H bonds either with other bases of the
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same denatured molecule, or with bases of a different denatured
molecule. During renaturation, the Watson Crick belical configuration
may be regained within long segments of & denatured molecule. As
they are renatured, molecules may form aggregates through inter-

molecular hydrogen bonding. lf n is a small integer

n(Sevne- -l B

14
When N DNA and 151'\! DNA are mixed, melted and renatured, the

aggregates which are formed would contain molecules of renatured
14N DNA and molecules of renatured 151‘»1 DNA combined in varioue
proportions. The mean density of such an assembly of aggregates would
be that observed for the material (X), and the aggregates would be
expected to have a high degree of density heterogeneity, as does (X).

Thus, even with the assumption that the subunits of DNA are
single strands, observations a) and b) do not provide conclusive proof
that DNA molecules may be renatured after their strands have been
dissociated. This question could be investigated in the following man-
ner. DNA may be prepared in which each molecule contains one
13N, 13C 1abelled subunit and one '*N, '2C unlzbelled subunit. In
the density gradient after heating the DNA molecules are dissociated
into labellbed '"heavy'' and unlabelled ''light'' subunits. If PL, and Py

13 15 12 14

are the densities of the ""C, ""N DNA and the "C, " 'N DNA, respectively,

we may write



denaturation
13 15712 14 .

density 3
gradient T2, 14,

-

(p-pu-b 0.016) + 3*, (p::pU + 0.016) +

2(, 14?\7

~s

T 0.0 4 e = + 0.
313 15N (p=9L+ 316) + 13 (p Py, 0.016)

C, C, 15N
Becanse of the large density increment provided by the 131: label, the
heavy subunits, free from significant contamination with light subunits,
may be removed from the density gradient. It would then be possible
to determine if heating of the isclated heavy subunits resulte in 1) an
increase in biological activity, 2) a decrease in buoyant density from

Py =p; + 0.016 to P, =P + 0.004, and 3) the return of linear struc-

L

tures in electron micrographs.

+ 0.016) renaturatxon?__

g . = 0. & ot
S13 lsN(p pL+ 0. 018) +

; (p=p
e, ISC bN L

The renaturability of the isslated heavy subuanits would not prove Doty's
hypothesis, since the subunits themselves may be Watson Crick helices,
but the isolated heavy subunits should be renaturable if Doty’s hypothesis

is correct.
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SROFOSITION I
A derivation of Montrol and Simha of the {ragmen: size distribution
expected in random depolymerization is considerably simplified by

the application of an elementary theorem of probability theory.

Montrol and Simha (1) used the multinomial theorem to evaluate
the result of introducing & number of gcissions randomly intc a popula~
tlion of pelymer malecules. A simple alternative methed is proposed.

i.et us disiribute K breaks randomly amoug I molecules each

coranpoeed of n + 1 monomers. Let A= —x-:-; = np be the average nuruber
of breaks per molecule, where p is the probability that a bond will be

- : s PR 3
broken. Consider the fundamental probability set (FPS)” of molecules

with breaks in ail poussible positions, in which the {ragments of a given

molecule are numbered.

1 2 h+1

An interchange of the ith and jﬁ'l fragments of each molecule in the FPS
is a one~one mapping of the set into itself, and hence does not change
the probabilities. Thus each of the h + 1 pieces has the same size

distribution. The number of ways of introducing h - 1 breaks into the
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n - % linkage remaining after a piece of size z hae been broken from

one end is

( o. 17

(ij)/(;’;)

is the fraction of piecee of size z among fragmente of molecules with h

hence

breaks.

Since in all

h h

M) (-2 (em

pleces are obtained from molecides with h breaks, the number of size

nis

n

N(h+1) (::’;') ( nh: A)h (,_r}a:_ﬁ_) h=1, ..., n-g+l

Summing over h gives the total number of iragments of size = resulting

irom the scissions,

n-z+1
n 1] -
N(E2) Z (1) (273) (A
h=1

Now this may be expressed as
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n-z+!}

NEY (Rt en ) (e i (=2

(h-1)!{n-z-h+1}! n-A
h=2

n-z+1

Y n-z A h-l
et Z (poy) (F’-T)
he=1

and setting h'=h -2 h'=h -1

1‘1-::—! Ti=Z®
1

) .
ML ek e Y OGRS 12 S (ks
h'=0 h''=0

AR (R (eI A A

N (1 -—') —l—k%—;'-) {n-2) + (1 -()u'n»z l/(‘i 9) =

Mp(1 - P)z-}. Ep(n-:) + a pleces of size =
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Np(1-p)*"" [ln-5) + 2]

hence the probabilit z) B - =
; ¥ pl=) TR
z-1 4 2
p{l-p)”  |p(n-z) + 2]
g <
1+ np - "
n
(1-p)
% =
} + np a¥a
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PROPOSITION IIl
A mechanism for the mutagenic action of ethyl methane sulfonate is

proposed.

When bacteriophage T2 or T4 are treated in vitro with ethyl
methane sulfonate (EMS) and used to infect bacteria, a ten fold to one
hundred fold increase in the mutation frequency is observed among
their progeny (1,2). The clone size distribution of the mutants derived
from EMS treated phage indicates that EMS does not induce a mutation
in the treated phage, but that the progeny of such treated phage have
an increased probability of being mutant (3,4). Assuming the Watson
Crick model for replication, this probability is essentially constant
for each complementary DNA strand formed by a treated template
DNA strand.

Bautz and Freese (5) observed that ethyl ethane sulfonate (EES) ,
which has a mutagenic action similar to that of EMS, is capable of
selective alkylation of phage DNA at the seven position of guanine
residues. They showc(i that the ethylated guanine residues were sus-
ceptible to loss from the DNA by hydrolysis of the N-glycoside linkage
under conditions of physiological pH and temperature. Methyl methane
sulfonate, which is essentially nonmutagenic under conditions in which
it has been studied, aleo alkylates at the 7 position of guanine, but the

methylated guanines are much less susceptible to hydrolytic loss from
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the DNA than in the case of ethylation. On the basis of this observation,
Freese proposed the following mechaniem for the mutagenic actions of
EMS and EES., When a 7 ethylated guanine residue is lost from the
alkylated DNA, the base pairing restrictions for replication at the
genetic locus in question are 2lso lost. This allows the occurrence of
2 ''mistake’’ in DNA replication, i.__c_a_._, a mutation at the gene level.

The postulate can be schematized as follows.

1 e | . catton || i1

ac E:»:S g.gc bydrolysis, . . | - reglxcanog % 4 éC

| Exs | | |
XFE
(mutation)

In this scheme, X stands for the base which has replaced cytosine
at the indicated genetic site, and could represent any of the four bases
A, G, T, C with equal probability. (If a mutation has occurred, then
X # cytosine.)

However, the mechanism proposed by Freese does not adequately
explain the following experimental results.

1) EMS is not capable of reverting mutants which it has induced
(3). If Freese's explanation were correct, this would not be expected,

as there should be a class of mutants such that in the above scheme
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X = G. These mutants would result from base pair substitutions of

the form GC —Ea@—b CG, and since by the same mechanism we can

have CG —E-h-d—% GC, they should be revertable.

2) Base analogues (5 bromo-uracil, 2 amino-purine) are capable
of reverting most EMS mutants (10). Thus most EMS mutations result
from transitions (substitutions of pyrimidines for pyrimidinee, purines
for purines) and not transversions (substitutions of pyrimidines for pur-
ines and vice versa)(6). Freese accepts this interpretation (5), but
inconsistetly proposes a2 mechanism that would product transversions
twice as frequently as transitions. This can be seen from the above
scheme, since for a given mutant X could be A, G or T with equal prob-
ability, but only in case X = T has a transition taken place.

The possible origin of mutations by tautomeric shifts in the DNA
bases was first pointed out by Watson and Crick (7). Meselson (8) pro-
posed that the mutagenic action of 5 bromo uracil might result from an
ionization of the N1 proton, induced by the electronegative substituent
bromine. More recently, Freese (6) also proposed that base analogue
induced mutations in T4 result from improper base pairing. Subsequent
to the initial writing of this proposition, Green and Krieg suggested that
EMS mutagenesis might be explained in terms of a tautomeric shift in
ethylated guanine (4).

The following mechanism for EMS mutagenesis is proposed as an

alternative to that of Freese.



The efiect of alkylation at the 7 position on desoxyguanosine in

phage UNA is to place a formal positive charge on the imidazole ring

nitrogens.
< O
& o~ R [ R
,,”\\ & H A 7
HN -~ SNy HN- N
| ay I“I /\ (-—_-; {’ P:IC%}
)21 ZN‘”\N #TT . H ZN / \I“: > 1 &2

The resulting increase in electronegativity leads to a decrease in =#
electron density in the pyrimidine ring and the N1 proton becomes more
acidic. The magnitude of increase of the pKa should be comparable to
that produced by a quaternary ammonium substituent in pyrrole, about
2 pK units. In addition to the pX effect, there is probably also an effect
on the amide-enol tautomeric ratio. This effect i8 analogous to one
observed by Mason in some N heteroaromatic hydroxy compounds, in
which a lowering of ring 7 electron density strongly favored the encl
tautomer (9).*

During DNA replication, the ethylated guanine residue may lose
the N! proton or may undergo a tautomeric shift to the enol form. Under
these circumstances, the guanine residue will pair with thymine rather

than cytosine.

* i hile these effects expected for 7 alkylation of a desoxyguanosine
monomer might be somewhat modified for desoxyguanosine in the DNA
polymer, it is unlikely that they would be completely reversed.
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—_—

b
(v 0.0 N 1
NO®
/ NH->/§/ N

N—¢ —N
/

S HN
The mutation which is produced in the progeny molecule after one more
round of replication consists of 2 substitution of the AT pair for the GC

pair present in the corresponding position in the EMS treated parental

molecule.

2 2
0
=
v
__->,_
womins B

To distinguish between these two hypotheses, the following experiments
could be carried out.

An attempt could be made to synthesize a GC polymer containing
7 ethyl guanine, using the Kornberg polymerase system. The titration
curve of such a polymer could be compared with that of the normal GC
polymer, to determine the effect of 7 ethylation on the pKa of the N1
proton of guanine,

The ""ordinary’' GC polymer could be ethylated with EMS and

used as 2 primer in the polymerase system. The following could be
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determined.

!. The extent of ethylation of guanine residues.

2. The extent of deguanylation of the polymer.

3. The amount of 32P labelled deoxyadenosine triphosphate
incorporated into newly formed GC polymer, when the ethylated primer
is used.

4., The amount of tritium labelled thymidine triphosphate incor-
porated simultaneously.

5. The effect of pH on 2, 3, and 4.

If the Freese hypothesis is correct, the incorporation of thymine
and adenine should depend only on the extent of deguanylation, and
should be enhanced by low pH, which facilitates the hydrolysis.

If the alternative hypothesis is correct, the incorporation of adenine
should be negligible. The incorporation of thymine should depend upon
the total number of ethylated guanine residues remaining in the polymer,
rather than upon the extent of deguanylation. The incorporation may be
enhanced by high pH, which facilitates the ionization of the N! proton

of ethylated guanine.
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PROPOSITION 1V
An experiment is proposed to test a theory of the mechanism of the

formation of Segment Long Spacing collagen.

Tropocollagen macromolecules are stiff rods about 2300 ;‘x.’m
length, with a diameter of 15 :& (1,2). They are composed of three
polypeptide chaine in a helical configuration (3). Native collagen con~
sists of an ordered array of protofibrils. Each protofibril is a linear
polymer of tropocollagen molecules associated end to end and oriented
in a common direction. The protofibrils are associated side by side
and staggered with re gspect to each other at intervals of n/4 x the
molecular length. Thus the tropocollagen molecules in native collagen
are said to be in "heteroregister' or in '"quarter stagger'' arrangement
{(4). Tropocollagen macromolecules in very dilute acetic acid form the
native collagen structure when dialysed against 1% NaCl. If instead a
nucleoside triphosphate, such as ATP, is added to the solution, a
different type of structure, the Segment Long Spacing (SLS), is formed.
The SLS "monomer' is the result of side by side association of tropo-
collagen molecules, forming a crystallite of length equal to the molecular
length. The molecules in the SL.S structures are said to be 'in homo=-
register' or "unstaggered''. When SLS structures are formed from
protofibrils, they are called SLS polymers.

It has been suggested (5) that the negatively charged ATP molecules
allow the formation of the SLS structure because they interact with the

regions of positive charge on the tropocollagen macromolecule.
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which prevent the formation of SLS. The ''neutralisation’’ of the positive
charge alters the ''interaction profile'’ of the tropocollagen molecule,
and the SLS structure is formed. The moles of ATF bound in the for-
mation of SLS have been found to be equivalent to the moles of lysine
and hydroxylysine in the collagen sample (6). Thus the epsilon amino
groups of collagen lysine and hydroxylysine residues may carry the
positive charges which prevent the formation of SLLS. If this hypothesis
is correct, it might be possible to form SLS structures in the absence
of ATP, by chemically modifying the free amino groups of collagen.
Tropocollagen is soluble at pH 5 and low ionic strength, and it is
probably correct to assume that the excess of positive over negative
charges is not great at this pH. Examination of the amino acid com-
position of native collagen (7) reveals that of 4.9 amino acid residues,
37 are dibasic (20 arginines, i5 lysines and hydroxylysines, and 2
histidines) and 49 are dicarboxylic (glutamics and aspartics). Of the
49 carboxyl side chains, 18 are present as amides.®* The free carboxyl
groups of collagen have an average pKa of 3.5 and at pH 5 are essentially
all ionized (7), while the pKa'l for arginine and lysine side chains are
14 and !i. Thus at pH 5 the net positive charge on the molecule could
be removed by chemical modification of the lysine and hydroxylysine

residues,

*Some preparations of collagen have less amide nitrogen, and
the isoelectric point, normally at pH 7.5, may be as low as pH 5. 5.



Comparison of electron micrographs of SLS stained by cationic
uranium and by phosphotungstic acid, which is specific for arginine,
residues under these conditions, suggests that all polar areas of the
molecule contain both acidic and basic groups (4). Thus it is unlikely
that there would be regions of high positive charge on the molecule when
the net charge is zero or negative.

The basic side chains of tropocollagen may be selectively modified
by alkylation, by acylation, or by deamination (8, 9, 10, !1). The reac-
tions of aldehydes with the basic groups would not be useful in the present
study as they would lead to "tanning' of the ichthycol solutions by cross-
linking of molecules.

Among the alkylating agents used to modify proteins, dinitro-
fluorobenzene (DNFB) is one of the most selective for basic groups,
reacting with epsilon and N terminal alpha amino groups, and with
imidazole groups in proteins. In contrast to the majority of the other
alkylating agents, it does not modify the free carboxyl side chains of
proteins. Collagen has been treated with DNFB {11, 12), but at least
20% of the epsilon amino groups appear to be inaccessible to the reagent.
Thus DNFB does not appear to be the reagent of choice for the selective
modification of lysine residues.

The acylating agents as a class are more selective in protein
modification than are the alkylating agents because they do not readily

react with free carboxyl groups. A variety of agents have been used
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for selective acylation, but most of them do not react quantitatively with
the free amino groups of proteine. Even ketene, which has been con-
sidered one of the best protein acylating agents, does not quantitatively
modify the free amino groups of all proteins. However, a procedure of
choice for acylation of collagen has been reported by Green et al. (13).
They were able to introduce a quantity of N acetyl groups into collagen
equivalent in moles to the content of lysine and hydroxylysine residues,
using acetic anhydride in sodium acetate at pH 8. Since guanidino groups
are not acetylated under these conditions, they concluded that the free
amino groups of collagen had been totally acetylated.

As a supplement to the acylation procedure discusaed above,
deamination offers some advantage in the study of the effect of modifica-
tion of the basic groups of collagen on the formation of SLS. Itis cap-
able of modifying both the majority of the free amino groups and a sub-
stantial fraction of the guanidino groups of the arginine residues.

Treatment of collagen with NaNO, in acetic acid results in the
quantitative removal of the epsilon amino groups of lysine and hydroxy-
lysine, and converts 20% of the guanidino groups of the arginine residues
to cyanamide groups (14). If the reaction is carried out in strong mine
eral acids at pH 2, up to 2/3 of the arginines may be modified (11).

To study the ability of the modified tropocollagen to form SLS

in the absence of nucleoside triphosphates, the following experiments

could be done.



l. Tropocollagen in acetic acid solution could be treated with
M/16 NaNOZ at 38°C (15). After dialysis against water, the resulting
solution or gel could be examined in the electron microscope for the
presence of SLS5.

2. Tropocollagen in sodium acetate solution at pH 8, ionic
strength > 0.4 could be acetylated with acetic anhydride in the cold.
To determine whether SLS can be formed without addition of ATP, the
rmodified collagen could first be dialyzed against citrate buffer at pH 4,

ionic strength 0.2, and then against water.
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PROFPOSITION V
An investigation of the crosslinking in the y component of collagen

is proposed.

When tropocollagen is thermally denatured, the ordered helical
structure of the molecules is lost. The bulk of the material is converted
into two new substances, components a and , which are distinguishable
by their amino acid compositions, and their chromatographic and sedi-
mentaticn behavior. The molecular weights of tho(g and ﬁcomponents
of denaiurad collagen are 2/3 and 1/3 of the molecular weight of the
parent tropocollagen, and they are produced in equal molar quantities.

It is thought that the a component represents two of the three poly-~
peptide chains of collagen, the ¢ componc.nt being the third chain which
has separated from the other two. About 5% of the tropocollagen is
converied to a third or y component by denaturation (1} The y com-
ponent has sedimentation properties distinct from the a and p components,
and has the unique property of renaturability. Thus vy collagen may be
reversibly denatured, and after renaturation can form native collagen
fibril or SLS structures. It has been proposed that some type of cross-
linking between the three polypeptide chains of y collagen gives it the
property of renaturability. In the majority of the molecules of a collagen

sample, the crosslinking is limited to the two chains of collagen which
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make up the a component, and denaturation is not reversible as it
results in the loss of the third polypeptide chain.

The following experiment is suggested to investigate the extent
and nature of the crosslinking between the three chains of y collagen.
It is possible to break collagen into half and quarter molecules by sonic
irradiation (2). The collagen fragments associate selectively into hali
and quarter SLS structures when ATP is added to the solution. The
rénaturability of sonic fragments of y components may be investigated
by; determining the proportion of the sonicated sample which can form
SLS type structures after denaturation. If sonication breaks the cross-
links responsible for renaturability, or if there are only one or two
crosslinks per molecule, the amount of SL5 recovered should decrease
with increasing sonication. If the crosslinks are resistant to sonication
and are present in large numbers along the length of the molecule, then

most of the denatured sonic fragments should be recoverable as SLS.
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