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The study of base sequence arrangements in DIA mole-
cules was accomplished by coupling electron microscopy
(EM) with DWA hybridizaetion. Fodifications of the basic
protein'film technigque were used. Eif methods for examin-
iﬁg-both double-stranded and single-stranded DNA were used.

Many'EM studies have a tendency to bé rather descrip-
tive in nature. However, it has been my aim to approach
problens from a more quant;tative“asPect.. The major pro-
blem in quantitative I} of DNA is length fluctuations. It
was discovered that the standard’deviaﬁion in the length
of a homogenecus sample of DNA molecules is directly pro-
portional to fhe équare root of the lengﬁh.

An’ EM method x{ras developed for determining the size
and location of deletion mutations and substitutions in
the’k“bacteriophage DNA. heteroduplexes with one strand
from the wild{t§pe and one sﬁfand from the mutant were
formed by renétﬁration. The location of the nonhonology
regions can be accurately-mapped. A number of mutants were
-selected that are unabie to integrate and by ZM studies
of the heteroduplexes.it wags discovered that Tthere is a
specific site in the A DFA (0.574 from the left end) and
a specific site in the Z. coli DN& whers the integration

1

takes place. It was also showa that this specific
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“in A DNA would not form stable base pairing with the
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specific site in the I. cecli DNA. This means that the
two sites have a base sequence similarity of leés than
10 base pairs. A physical gene map of the left arm of
the A DNA molecule was constructed by comparing the phy-
sical and genetic location of a large number of mutations.
The DNA isolated from a defective lysogenic phage

of E. coli 15 was studied. After induction there is a

closed circular DA in vive. However, the DNA is packaged
as a linear molecule in the phage head. The mature linear

DNA is 7.5% longer than the in vivo closed circular DNA.

= Y

This was found to be because the mature linear DNA is Dboth
terminally repetitious (TR) and circularly permuted. Cir-
cular molecules are obtained by denaturing and renaturing
the linear molecules. These in vitro circular molecules
have two single-stranded DNA branches, each equal in length
to the TR. The amount of the TR was found to be slightly
heterogeneous. Therefore, the amount of linear DNA that
is packaged in the phage head is slightly vaﬁiable and there
is no mechanism for vackaging exactly the same amount of
DNA.

The mitochondria of human leukemic leukocytes contain
covalently closed circulér ONA molecules of twice the
molecular weight found in mitcchondria of normal leuko-

cytes. Heteroduplexes containing one dimer length strand

£

and two complenmentary monomer length strants were forxe

bty

by renzituration. These heteroduplex DEA molecules appear

0
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figure eights. They were carefully examined for DA sub-
stitutions or deletions but none were found. Therefore,
the dimer molecule is composed of exactly two monomer
molecules.

EM studies of the SV40 DNA showed that it is hetero-
geneouskin length. From heteroduplex studies it wes
learned that this DNA is heterogeneous in base sequence
as well, About half of the self-renatured molecules
contained nonhomology regions. The size (up %o + the
molecule) and the number of non-homology regions varied
considerably. Unique classes of heteroduplex molecules
could not be found and no reasonzble conclusions could be
given for the nature or origin of the heterogeneity.

The replicating intermediates in the in vivo synthesis
of $X174 DNA were studied. The single-stranded DA is
synthesized from a double-siranded template as a linear
molecule. The replicating intefmediate appears as a double-
stranded circular molecule with a linear single-stranded
branch attached to the circle. The linear branch was
never found to be longer than the mature circular DKA and
is presumably released after one round of replication on
the template and then cyclized by an as yet undeternmined
means.

RNA was synthesized on T7 DNA in vitro. The resul-
ting RFA~RNA polymerase~DlA complex was visualized in the

Y

EM. By synchronizing initistion and mapping the location
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of the RNA at various times it was discovered that syn-—
thesis is always initiated close to one unique end, and
A

thus, presumadbly at a unique site. At one nin there is

)

one RNA per DNA., AS high RNA polymerase concentrations

b4

closely spaced sequential initiations occur from the one

active initiation site. The rate of propagation was nmea-

sured as zbout 45 bases/sec.
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Electron Microscogpe Heterodu}g lex Methods for Mapping Re%ions

of Base Sequence Homology in Nucleic Acids

By Ronald W, Davis, Martha Simon, and Norman Davidson

It is, at present, either difficult or, more frequently, not
possible to determine the base sequence of a high molecular weight
nucleic acid by any direct method. However, the question of whether
two nucleic acid strands have complementary sequences can be an-
swered by hybridization experiments. We describe here a new type
of hybridization experiment in which two partially complementary,
partially noncomplementary strands are allowed to renature and the
reaction product examined in the electron microscope. The regions of
homology and of nonhomology can be mapped, because single~ and
double-stranded nucleic acids are recognizably different in suitable
electron microscope preparations. L2

If a mixture of two related double-stranded DNA's, AA' and BB',

is denatured and renatured, the reaction mixture will consist of: the

homoduplexes AA' and BB', the heteroduplexes AB' and A'B, and un-

renatured single strands. The heteroduplexes are the molecules of
interest here.

The heteroduplex method will, we anticipate, be broadly appli-
cable; however, most of the studies so far have been on bacteriophage
DNA's. The techniques described below are to some extent specialized

for this case.
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Techniques

1. Renaturation. When examining heteroduplexes in the electron

microscope, a major cause of uncertainty and complications in inter—
pretation is the presence of fragments due to single-strand breaks,
When two intact, closely related single strands renature, the result-
ing molecule is largely two-stranded and does not renature further.
When fragmented strands renature, the productis more likely to have
a sufficient length of exposed single strands so that further renatura-
tion to give branched and generally mislecading aggregates occurs.
Length measurements and quantitative mapping are very difficult if
one does not have intact strands.

The procedures for DNA preparation, denaturation, and renatur-
ation should therefore be designed to minimize the number of single—
strand breaks in the DNA., We find, for example, that lambdoid
phages grown on E. coli strains C600 and W3110 have satisfactorily
intact DNA (about one single-strand break per 10 strands); phages
grown on strain 594 have a large number of single-strand breaks.
Phage are finally purified by banding in CsCl and are stored in 4 M

CsCl, 0.01 M Mg™t

, 0,01 I\_/_i__Tris, pH 8. The DNA is best stored in
the phage. Native DNA can be prepared by heat and/br chelate shocking
of the phage, or by treatment with urea or NaClO,. The phage ghosts
or phage protein present do not interfere with electron microscopy.

Denatured DNA is prepared directly from the phage by simultaneous

lysis and denaturation with alkali, For heteroduplex experiments



starting with closed circular DNA's, it is desirable to introduce only
one single~strand break per duplex. This can be done by first sépa-—
rating the closed circular molecules and then lightly nicking, either
with DNa.se3 or with visible light in the presence of ethidium. 4 De-
spite all precautions, one never has perfectly intact DNA. Therefore,
to minimize problems due to higher aggregates, we recommend under-
renaturing the DNA, Renaturation of approximately 50% is optimal.
Unrenatured single strands of DNA are easily recognized and can be
ignored.

For most cases, there is no advantage in separating ‘comple-
mentary strands2 and we recommend avoiding the additional manipu-
lations involved.

Renaturation in aqueous solutiorn requires a high salt concen-
tration and heating to about (Em - 30°C). However, the heating causes
single-strand breaks. A short heating procedure (20 sec) at a high
DNA concentration (é260 = 1.0) has been successfully used. .

Renaturation in a formamide solvent is a better procedure.

One may use moderately dilute DNA solutions (é260 =0.1), room tem-
perature or less, and longer times. Some data on the effects of tem~-
perature and ionic medium on the thermodynamics and kinetics of re-

5,6

naturation in formamide are available, The effects of complexity,

molecular weight, temperature, and ionic strength can also be esti-

mated from studies of renaturation kinetics in aqueous solution. ’

The detailed description below applies to lambdoid phage DNA's,



The renaturation temperature (25°C) is about 30° below _"_I_‘m, which
gives an optimal rate; at lower temperatures it is much slower.
Formamide solutions should be well buffered since they tend to drift
toward a pH of about 5. Denaturation and complete strand dissocia-
tion are achieved, for example, by allowing a solution containing

5 %10 particles (2.5 pg DNA) of each of the two phages in 0,5 ml
0.10 M NaOH, 0.02 M EDTA to stand for 10 min at room tempera-
ture. One then adds 50 pl of 1.8 Il_/I Tris*HC1, 0.2 I\_/_I Tris'OH, and

0.5 ml of formamide. The pH usually reads 8. 5. About 50% re-

naturation occurs in one to two hours, and the pH is then usually
between 7.5 and 8.0. Renaturation is stopped by dialysis against
0.01 M Tris, 0.001 M EDTA, pH 8.5, at4° C. Alternatively, the
formamide solution is cooled to 0°C to slow down the renaturation
reaction and immediately mounted for electron microscopy.

In an alternative ultramicro procedure, a mixture of two phages
containing 0.01 pg DNA in 10 ul of solution is placed in 1/4" dialysis
tubing, with knots tied about 1 cm apart. Each dialysis generally
takes about one hour. Lambdoid phages are lysed by dialysis against
0.001 M EDTA (pH 8.2); or 6 M NaClO,; or 8 M urea, 0.1 M NaCl,
0.01 M EDTA, pH 8.2. The NaClO, or urea are removed by dialysis
against 0.01 M EDTA, pH 8.2. Denaturation is caused by dialysis
against 95% formamide, 0.01 M EDTA, pH 8.2. Renaturation is
achieved by dialysis against 50% formamide, 0.1 I\_A Tris, 0.01 I\_/I

"EDTA, pH 8.2 for 30 min. The sample is removed and adjusted to



the appropriate reagent concentrations for electron microscopy in
30 pl of solution. A minor disadvantage of this method is that it is
difficult to achieve precise control of the degree of renaturation.

2. Mounting DNA for Electron Microscopy. We will describe
9,10

two variations of the basic protein film technique. In the aqueous
technique double-stranded DNA appears, as usual, as a gently curved
filament (worm-like coil), Single~stranded DNA is condensed into
bushes because of random base-base interactions. The technique is
useful for measuring double-strand lengths, measuring the positions
of single—strand regions along the double strand, and distinguishing
positively between single~ and double-stranded DNA.,

In the formamide technique, the DNA is mounted at a formamide
and salt concentration such that double-stranded DNA is stqb’le, but
the random base interactions in single-strand DNA are melted out and
single-strand DNA also appears as a curved filament which is dis-
tinguishable from double-stranded DNA by being thinner and somewhat

more kinky. 2,11

Of the several denaturing agents that we have tried--
formamide, dimethyl sulfoxide, N-methyl formamide, purine, caffeine,
methylmercuric hydroxide, urea, formaldehyde, sodium perchlorate,
heat, and pH .l 2-—-we prefer formamide, the use of which for electron
microscopy of DNA was first described by Westmoreland, et al. 2 This
technique enables one to observe the topology at the ‘connections between
single— and double-stranded regions, thus distinguishing, for example,

between deletions and substitutions; it also makes it possible to measure

single-strand lengths.



Our own experience is mainly with cytochrome c. Several
other authors report that certain globular, small, basic proteins,
including cytochrome ¢, lysozyme, chymotrypsin, and trypsin are
suitable for forming the protein film which binds the DNA. L0 In our
hands, histones give poor results. The structure visualized in the
electron microscope is a collapsed column of basic protein around the
DNA which is 80 to 150 A thick; it can be shadowed, or stain.ed with

uranyl salts. 12,13

We pick up the protein-DNA mixed film on grids
covered with a freshly spread (3-48 hours) Parlodion film from a
3.5% w/v solution in amyl acetate, These supporting [ilms are quite
strong and generally withstand the electron beam at crossover.

The contrast with either staining or shadowing depends on the
amount of protein collapsed around the DNA, which itself depends on
many factors. Two major variables are the ionic strengths of the
spreading solution and the hypophase. Increasing the ammonium ace-
tate concentration increases contrast, but if the concentration in the
hypophase is above 0.5 M, little or no DNA sticks to the film. Further-
more, there is an increasing tendency to form lateral aggregates when
the hypophase concentration is raised above 0. 4 M. Flowerlike aggre~
gates sometimes form below 0.2 M NH, Ac in the hypophase. Thereiore,
in the aqueous technique, we use 0.5 M and 0.25 M NHyAc for spread-

ing solution and hypophase, respectively,

In the formamide technique, there is less tangling of single—strand



DNA at low ionic strengths., Most denaturing agents reduce the con-
trast, formamide raises it. Increasing the formamide concentration
increases the contrast; 85% formamide for double-strand DNA and

up to 95% formamide for single-strand DNA have been used with good
results. The distinction between double~ and single—-strand DNA is
greater when there is only a small amount of protein around the DNA,
and thus at a low ionic strength and with just enough formamide to ex~
tend the single strands. Shadowing is better than staining for making
this distinction. We use 0.1 M NHyAc, 0.01 M Tris, 40% formamide,
pH 8, for the spreading solution, and 0,01 I\_/_I Tris, 10% formamide
for the hypophase,

In our experience, the following reagents and conditions general-
ly cause deleterious effects in the basic protein technique: (a) acidic
conditions [depurination (pH < 7) and aggregation (pH < 6) ; (b) basic
conditions (pH >10) {poor contrast and aggregation); (c) detergents
(aggregation); (d) nitrate salts (poor contrast); (e¢) many denaturing
agents {poor contrast). As a salt we recommend NH Ac; as a buffer,
Tris plus EDTA.

In order to measure the position of a particular feature, say, a
deletion or a substitution, from the end of a heteroduplex, the molecule
must be fairly well straightened out with no or only a few crossover
points, and must be well contrasted, These features are very depen—

dent upon what appear to be minor variations in technique: the amount



of talc used, the way the hyperphase is allowed to run down the glass
ramp, whether the supporting film is carbon or parlodion, the way
the protein film is picked up, the position with respect to the ramp
from which the film is picked up, and the length of time the film is
allowed to stand, as well as the obviously important features of the
composition of spreading solution and hypophase. The length of a
single—-stranded DNA varies markedly with minor variations in con-
ditions; the length of a double-stranded DNA varies over a smaller
fractional range. Conceivably, the use of a film balance would give
more reproducible and definable conditions. However, specimens
picked up from different positions of a single cytochrome film have
different characteristics; we therefore suspect that the single param-
eter of film pressure is not sufficient to define conditions in the film,
The only good way to communicate details of techniqué is visually
(through a film strip, for example). We shall do the best we can in
writing, and the reader must expect to experiment and practice before

achie ving a satisfactory technique.

ZA. Aqueous Technique. The concentrations in the spreading
solution are as follows: 0.5 ug/ml of DNA, 0.1 mg/ml of cytochrome c,
0.5 M NH,Ac, and 0.001 M EDTA (pH 7.5). The hypophase in a 90
millimeter square plastic Petri dish is 0,25 M ammonium acetate (pH

7.5). A little talc can be dusted on the hypophase in order to visualize

and compress the film. The glaés slide serving as a ramp should be



rinsed with 0.25 M NHgAc and allowed to drain dry before applying
the spreading solution. A quantity of 50 pl of the spreading solution
is spread via a teflon tubing-Hamilton syringe combinaion back and
forth across the slide starting about 1 cm above the surface of the
hypophase and ending as the spread solution contacts the hypophase.
The solution runs down the slide and the protein film spreads, push-
ing the talc away. For best results the film is picked up at once on-
to the grid at a distance of 1 grid width from the slide-solution
boundary. The grid is dipped for 30 sec into the uranyl stain solu-
tion, then rinsed for 10 sec in isopentane. The stain solution con-
tains a concentration of uranyl acetate or uranyl chloride of 5 X 107°
M in 90% ethanol and is freshly prepared (within 1 hr}) by diluting a
stock solution which is 5X 1072 to 5X 107> M in the uranyl s;th,
0.05 M in HCI, in 9% ethanol, and which is always stored in the dark.
The more concentrated stock solution, when diluted, generally gives
a more highly contrasted DNA, but also more uranium oxide precipi~
tate in the background. The contrast can be increased by rotary-
shadowing with heavy metal but this is not recommended when single
strands are present. Excellent contrast can be obtained with the
aqueous technique by staining alone,

The grain size for stained DNA is very small and single-strand
bushes have the same stain density as duplex DNA. As a result
single—strand bushes are easily identified when stained, but are often

- obscured by shadowing.



11

2B. Formamide Technique., For most purposes the spread-

ing solution should contain 0.5 pg/ml of DNA, 0.1 mg/ml of cyto-
chrome ¢, 0.1 M Tris and 0.01 M EDTA (pH 8. 5) in 40% formamide.
The concentration of formamide needed to denature DNA at this salt
concentration and in the presence of cytochrome c is about 90%.

We have used 50 to 70% formamide when it is desired to minimize
duplex formation due to relatively short sections of complementary
base pairs. The hypophase is 10% formamide, 0.0l M Tris (pH 8. 5)
and should be made up shortly {5 min or less) before use since it
may become acidic relatively quickly. The spreading solution should
be used within an hour or two. A clean glass slide, pretreated with
NH, Ac solution and allowed to drain dry, is put into the Petri dish
containing the hypophase. Little or no talc should be used. Fifty

pl of the spreading solution is slowly applied from the teflon tubing
at the slide—solution boundary. The film is allowed to stand for 1 min
before being picked up. This seems to help in spreading out the
single—-strand DNA. The film is picked up near the slide—solution
boundary and is again stained and rinsed. Some increase in contrast
is obtained if the film is slightly compressed with a teflon bar before
picking it up, In general, with the formamide technique, when the
DNA is only stained the contrast is poor and the DNA can only be
easily visualized by dark field electron microscopy. The contrast,

however, is quite adequate if the DNA is also shadowed. When



staining, the more dilute stock solution of uranyl acetate should be
used to reduce the amount of uranyl oxide background. Indeed,
most of the contrast results from the shadowing, and the staining
procedure can be omitted.

3. Measurement Procedures. Only molecules with neither

intra=- nor intermolecular overlaps should be measured in order to
avoid ambiguities, Whenever possible, any DNA's added for cali-
brations should appear in the same electron micrograph as the hetero-
duplex of interest. Our measureraents are taken on 35 mm film at
magnifications from 1, 000 to 10,00C X with a Philips EM 300 elec-
tron microscope using a 50 g objective aperture and 60 kx'/ acceler-
ating voltage. The resulting negatives are enlarged 10 to 50 X on a
Nikon shadowgraph and are traced on tracing paper. Lengths are

then measured with a Keuffel and Esser 620 300 map measurer. The
enlargement should be at such a ratio that the map measuring errors

are not significant. In general, from 20 to 100 molecules should be

measured depending on the accuracy desired.

Results and Inte rpre tation

1. Examples. The heteroduplex technique has been used for
mapping the position and length of deletion mutations in \NDNA, for
studying the position and length of pieces of nonhomologous DNA which
have replaced a piece of the original DNA (for example, in transducing

phages such as \dg's), for studying the regions of.sequence homology
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and nonhomology in the DNA molecules of related phages, and for
studying the relationship between the sequences occurring in the
circular dimers and monomers of mitochondrial DNA., Examples
of these four applications are shown in Fig. 1.

Heteroduplex techniques can be used to demonstrate that certain
bacteriophages have linear DNA molecules which are circularly per-—
muted and terminally repetitious.  When such a DNA is denatured and
renatured, circular duplex molecules with protruding single-strand
branches are formed. 14 If the renature‘d molecules are observed
under formamide conditions, the length of the terminal repetition and
its length heterogeneity can both be measured. t5

A micrograph such as that of the 434/\ heteroduplex in Fig, 1
is interpreted to mean that in the regions which are double-stranded,
434 DNA and \DNA have the "same' base sequences and in the reg-
ions where single-strand loops occur the base sequences ére '.'non—
homologous'. It must be emphasized that at present we do not know
how perfectly complementary two sequences must be to give a double—
stranded structure and how little complementarity there must be be-
fore one sees loops and concludes that the base sequences are non-
homologous.

Although the regions of homology and nonhomology in the
lambdoid phage heteroduplexes are generally no smaller than 1, 000

base pairs, we believe that regions as small as 50 base pairs can be

detected.



2, Length Measurements. Two important points will be dis—

.

cussed in this section. The first is that since the length of a DNA
‘molecule, single- or double-stranded, depends on the conditions under
which it is mountéd for electron microscopy, absolute length measure-—
ments as calibrated with a diffraction grating are not very significant,
However, by measuring length relative to appropriate DNA standards,
quantitatively significant results can be obtained. The second point
" is that for a homogeneous DNA, in which all molecules have the same
number of nucleotides in the same base sequence, itis an inherent
property of the basic protein film method that the length of the DNA
molecule fluctuates arcund a quantitatively significant mean value with
a quantitatively reproducible standard deviation. Hence, by using
length measurements relative to a homogeneous standard both the mean
value for the length of the unknown and the standard deviation of its
length about the mean are reproducible and significant quantities,

The absolute leﬁgth (in microns) of both double- and single~
stranded DNA is dependent upon the conditions of mounting the DNA
for electron microscopy. For example, the absolute length of both
double- and single-stranded DNA decreases with increasing ionic
strength, 16 Single~stranded DNA lengths are markedly sensitive to
the formamide concentration. Below 30% formamide (spreading solu-~
tion) the single—strand lengths increase with increasing concentration
of formamide; above this value they decrease. Both single- and

double-strand lengths, but especially the former, are subject to
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uncontrollable variations from grid to grid even when the grids are
mounted under seemingly identical conditions, The relevant variables,
we believe, are concerned with the film préssure and density and the
amount of cytochrome collapsed around the DNA, but it is not known
how to control these variables. Instrumental magnification errors and
variations in focal conditions may also contribute, although we are
inclined to believe that these are less significant.

An effective, quantitatively significant, way of obtaining molecu-
lar lengths and thus molecular weights of segments or of a whole
molecule is to mount and photograph a standard DNA on the same grid
as the unknown. (The calculation of molecular weights by comparative
contour length measurements makes the as yet untested assumption
that the length per base pair is independent of base composition and
sequence.) Two methods of using such internal calibrations will be
mentioned. In the simpler and more generally applicable method one
adds a single- and/or a double-stranded DNA, each of known length,
and each clearly distinguishable from the other standard and from the
unknown. For a single—strandea DNA, we use ¢X 174, which can be
recognized by its circular form. For a double-stranded DNA we
either use the nicked double-stranded replicative form of ¢X 174
RFII DNA, or a \phage DNA of known length. The single~ and
double-stranded ¢X's can be distinguished by their appearance.

We take 1.7 X 10® as the molecular weight of X 174 DNA and

17

thus 3.4 X 10® for the ¢X RF. We find that the ratio of length of
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doubleé-stranded N\ DNA to ¢X RF DNA is 9, 1(% 0. 1) so that the
molecular weight of the ADNA is calculated to be 31.0(xQ.3) x 108
which is within the range of values reported by other investigators
by several methods. 18-21

The second method of length calibration involves making a
heteroduplex of the unknown DNA with a known DNA that contains a
particular substitution or deletion at a known position and of known
length, a2 This method also serves to orient the position of the de-
letion with respect to the right and left ends of the molecule. Suppose,
for example, thatitis desired to map the positions of the deleted
region in the deletion mutant \ps,. Its position can be accurately
mapped by forming, for example, the heteroduplex \ps;/Mbsss. The
b536 is a small deletion in the left arm of N with its left and right
termini previously mapped atx ;%% = 0. 426 and x,5%¢ = 0:463 in units
of the length of A\DNA.

As illustrated in Fig. 2 and shown in Fig. la, the heteroduplex
ADb s22/Mb 53¢ has two bushes. The micrograph in Fig. 1 shows that the
b522 deletion is to the right of the b536 deletion. The distances (in
arbitrary units) from the left end of the molecule to the b536 bush,
from the b536 bush to the b532 bush, and from the b522 bush to the

: 536 522 }éi \
right end are measured on the same molecule as Z{L » Xsagr Xezz s

respectively. Then the fractional coordinates of the left and right

termini of the b522 region are
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522« 536
51522 - }52536 + (_}5536/2_{1 )-}31536
R
522 _ 536y 536
X2 = 1 = (X, /X1, 23\

R
The numerical values are _}_{?52/?_{56. = 0.261 and 2_(522/}_{?6 = 0, 838,

so that x;%%2 = 0.574 and x,%% = 0.643.

We find empirically that there is an intrinsic fluctuation in
length of a given homogeneous double-strand DNA so that the variance
(52) around the mean is proportional to the mean length (L) of the
DNA. The experimental data are shown in Fig. 3. Thus, we find

for the standard deviation of length, Ty the equation

oy 7 _]?(_—I:. )‘f/2 (1)

The same length fluctuations are found for double-strand segments of
a heteroduplex bounded by two bushes (or single-strand loops when
mounted by the formamide technique) or a bush and an end. The

length dependence of o _ holds between molecular weights of 3 X 104

D
and 3 X 107. If lengths are measured in units of the length of ¢X 174
RF molecules, the empirical constant D has the value 0,037,

In eq. 1, subscript D denotes double-strand DNA. A similar
plot of the standard deviation of length, Oy against the square root

1
of the mean length, (E__,S)/Z, for single-strand DNA is also shown in

Fig. 3. The data appear to conform approximately to the equation
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vy = §<§S>% (2)

However, many of the data points are for loops in heteroduplexes,
for which there may be additional causes of variability. Additional
samples of homogeneous single-strand DNA's spanning a range of
mean lengths need to be measured to test the validity of eq. 2. The
approximate value of the constant S is 0,049, if single-strand lengths
are measured in ¢X-~174 units.‘

The empirical fact that equation (1) above applies may be inter-
preted to mean that there is some fundamental segment length for DNA
molecules mounted in basic protein films, and observed in the electron
microscope. The contour length of a molecule is the sum of the seg-—
ment lengths. There is Aan intrinsic variability in the length of a
segment, and each segment length is a stochastically independent var-
iable.

Given, eq. 1 the principles of statistics assert that if sets of
measurements are made on samples ofg_ molecules, the mean lengths,
(E) , of the samples should be normally distributed with a standard

1

.. 2
deviation of o /n’“where ¢

D is calculated from eq. 1. Therefore,

D

if contour lengths, I:‘-a and I:'-c’ are measured on a sample of n and
n. molecules of type A and calibrating molecules, type C, of known
length (LC) » respectively, then the standard sample error, ¢ a’

in the measurement of L. is given by

Ea B 1 1 :
Ty E(Ea@g nenay )
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Thus it is advantageous to have a long DNA as the standard.

For example, for a double-strand DNA of length 9.0 ¢X RF
units, the standard deviation in length for an infinite sample is pre=-
dicted to be 0.11 ¢X lengths or 0.012 X\ lengths, If an unknown, of
approximately X\ length (but sufficiently different to be distinguished
on the micrographs) is measured relative to \, and 25 molecules of
each type are measured, the predicted fractional standard sample
error, € a/(_I:Ja) , is 0.004. These calculations are confirmed in
practice,

We denote the variance of length of a sample of size n by E_Z.
The principles of statistics assert that the quantity ns?/¢?is a
stochastic variable with a x* distribution for n -1 degrees of freedom.
For reasonably large values of n, the values of s in a population of
samples are approximately normally distributed around o, with a
variance of 72/2(n - 1).

For the sample above, the standard deviation in length for the
25 molecules should lie with 95% probability within the interval 0.7C®
to 1,25 v, where o= 0,012 A lengths. In particular, if the measured
s is larger than 1.3 7, some other cause of length heterogeneity, such
as the presence of broken molecules or a true heterogeneity in the
number of base pairs per molecule, should be sus pected,

3. Assigning Single-Strand Loops. With a complicated hetero-

duplex pattern, such as that shown for the 434/\ heteroduplex in Fig. 1,

the assignment of single—-strand regions to either 434 or A presents a

’ problem, The following techniques are helpful and frequently sufficient
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for an unambiguous assignment, 24 The total double-strand length
plus the length of the single strands assigned to A, suitably standard-
ized by the calibrating single— and double-stranded DNA' s, should
add up to the total double-strand leingth of A\DNA. Similarly, the
double-strand iength plus the length of single-strand loops a'ssig.ned
to 434 should add up to the double—-strand length of 434. Another very
helpful trick is illustrated by the following example. There is a loop
in the middle of the 434/\ heteroduplex (Fig. 1d) in which the two
single strands have lengths of 16% and 10%, respectively. Which of
these strands belongs to N\? A heteroduplex, 434/\pgye 1s made. The
deletion mutant, Apgp, has a deletion of 12% of N\ length in the region of
this particular 434/\ loop. In this heteroduplex, there is a loop with
single strands of length 4% and 10% of \. Therefore, the 16% strand

of the 434 /\ heteroduplex is assigned to X\ and the 10% strand to 434.

4. Demonstrating Sequence Homology. The following problem

- sometimes arises. A mixture of 2 DNA's, AA' and BB' » is denatured,
renatured, and examined in the electron microscope. Only perfect
double-strand molecules are seen. Either AB' and BA' are perfectly

.homologous (except for point mutations or other features that are not
recognized as indicating nonhomology in the electron micrbscope)_ or
they are completely nonhomologous and no heteroduplexes AB' have
formed. The latter possibility can be tested in two ways.

(a) If the complementary strands, A and A', and B and B', can

be physically separated, for example, by the poly-UG buoyant banding



procedure,Z3 then pure A and pure B' are renatured together. Any
double~stranded molecule seen has to be AB’'.

(b) An alternative procedureZS’ 15

which avoids the necessity

of isolating separated strands is to shear one of the DNA's, say BB',

to small piecés and renature a mixture of unsheared AA' and sheared
BB'. If there is sequence homology between the sheared and the un~-
sheared DNA's, heteroduplexes, each of which consists of a sheared
strand and an unsheared strand will form. These heteroduplexes can
be recognized as molecules with a short inner double~strand region
and two single-strand ends, one or both of which is large (see next
section). - The DNA is trapped in the basic protein film from aqueous
solution so that single-strand regions appear as bushes. The length

of a single—strand piece can be approximately estinated from the
perimeter of the bush. 1 The molecules of interest are the whole/
fragment heteroduplexes. These are readily distinguished from whole/
whole homoduplexes which have a long double-stranded region and
fragment/fragment homoduplexes which have only small end bushes.
The occurrence of whole/fragment homoduplexes due to the presence of
single-strand breaks in the unsheared AA' preparation can only be
evaluated by the control sample of renatured AA' alone.

5. The Excluded Volume Effect. This effect influences various

hetercduplex experiments and its implications should be considered in

any given experiment. Consider a single-strand DNA as.a random coil
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molecule., Random walk theory shows that a point near the topo-
logical end of the strand is, on the average, closer to the physical
outside of the coil than is a point close to the topological center of

fhe strand. Because of excluded volume effects, a point on the physi-
cal outside of the coil is more available for the initiation of a re-
naturation reaction with a homologous segment from another DNA
strand, This effect predicts, in accordance with observations, 25, 26
that in the formation of whole/fragment heteroduplexes, as described
in the preceding section, there is a greater probability of a fragment
homologous to the topological outside of the whole strand renaturing
than there is for a fragment homologous to the topological center,

even though there are equal concentrations of the two kinds of fragments
in the solution. Therefore, most of the whole/fragment heteroduplexes
have unequal size end bushes. The excluded volume effect predicts
also that in the renaturation of a population of circularly permuted
DNA's there is a preference for mutual renaturation between com-
plementary strands which have their beginning points fairly close to

each other along the genome.
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Fig. 1. Electron micrographs of heteroduplexes

(a) and (b).

(c) and (d).

(a)

Heteroduplexes mounted by the aqueous technique and
stained with uranyl acetate.

Heteroduplexes mounted by the formamide technique and
shadowed with platinum-palladium.

Nosz22/ Mo heteroduplex, The small deletion bush (arrow)

near the top of the micrograph is the b536 marker bush.

Therefore, the left end of the molecule is at the top of
the micrograph and the other larger deletion bush is the
b522 bush. The rnapping problem is discussed in the
text.
Dimer/monomer mitochondrial DNA heteroduplex (fused
dimer), (Clayton, Davis and Vinograd4). The mitochon-
drial DNA was prepared from a single untreated patient
with grénulocytic leukemia., The heteroduplex is com-~
posed of one dimer strand and two monomer strands.

The molecule appears as a "figure 8" and is called a fused
dimer. The fusion point between the two monomer length
circles is marked by an arrow. The contour length of the
two circles on either side of the fusion point are the same.
No nonhomology regions between the dimer and monomer
strands we re observed. The originally closed circular
DNA sample was nicked by the ethidium Br-light treat-

ment and renatured by the microdialysis technique,
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(<) ng/,\-H— heteroduplex. In the \dg, a large segment of the
\DNA (gene G to the attachment site at 0.. 574 N\ lengths
from the left end of the molecule) has been substituted by
a segment of E, coli DNA (galactose genes). Therefore,
the Adg /7\++ heteroduplex shows a large region of non-
homology. The two arrows mark the end points of the sub-
stitution.

(d) 434/\ heteroduplex. This is a heteroduplex between two
closely relatzsd bﬂacteriophages. Note the large number (10)
of nonhomology regions. The percent homology between these
two phages as measured by electron microscopy is 37%.

A striking feature of this heteroduplex is that the regions of
homology and nonhomology are large and often the length of
one or more genes. The arrows mark the two termini

of the heteroduplex loop discussed in the text, The two single

strands of this loop have lengths of 16% and 10% of \.

Fig. 2. Schematic map of the \ /)\bS36 heteroduplex. See Fig.

bh22

la. The symbols are defined in the text.

Fig. 3. Plot of standard deviation of length measurements for samples
of double- and single~strand DNA versus the square root of
the mean length, (L). Most of the points represent samples
of 25 or more molecules. The double-strand points incliude
r and some of its deletion mutants, E., coli minicircles, N
phage DNA's, ¢X RF DNA, and various segments of A hetero—
duplexes. Measurements were made on samples mounted by

both the aqueous technique and the formamide technique.
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T™he complementary strands of ADNA cen be prevarsiive-
ly separated by CsCl density gradient centrifugation of a
mixture of denatured A DKL and poly rG, poly riUG, or poly
rIG (Hradecna & Szybalski, 1967). The procedure outlined
by these authors was used to separate the sirands of A LA,
It was found that hybridization of the two, freshly pre-
pared, strands resulted“in the formation of substantial
wnole duplex TNA, while self-nybridization of each sevarated

strand did not result in the formation of significant

s
¥
+

amounts of duplex DNA. However, on storage (two weeks
buoyant CsCl and 0.01 X EDTi at pH 8), the separated
strands, prepared as described by Hradecna & Szybalski
(1967), became fragmented and gave very little whole
duplex DNA., It was also discovered that on alkaline
velocity sedimentation through a sucrose gradient, the

freshly prepared separated sirands were very Ifragmented.

nditions in which whole (unseparated) ATNA strands

i
i
fey]
@
B
(¢
Q

sediment to the middle of the gradient, neither of the
two freshly prepared separated sitrands sedinented away
from the poly UG at the %top of the gradient. IT is be-

i1isved that the heat densiuration (95° ¢ for 2 min in 10"5

K FagEDTA ) used dy Hradecna & Szybalski (1967) resulis in
the substantizsl depurination of the DFA., Chain scissiom

is not inmediate tut docs occur with time (on the order of
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days) or when placed in alkali. Therefore, a procedure was
developed which uses alkaline denaturation instead of
heat denaturation. A detalled description is gi%en here
for the separation of the complementary strands of ADNA
by alkaline denaturation with poly rUG, by alkaline de-
naturation with poly rG, and by heat denaturation with poly
rUG.
(i) Polyribonucleotides
The poly rG and poly rlG were from Biopolymers, Inc.
The poly rUG was from lMiles Laboratories, Inc. G:U=1:1.35.
(ii) DNA preparation
(a) Strand separation using alkaline denaturation

with poly rUG.

it

1) 5041 of A phage with an Ay, = 20 in 107° } EDT4 at

Lo=c

pH 8 and anywhere from O to 1 M CsCl are placed in a

Polyallomer centrifuge tube.

2

2) 4ulof 5% sodium lauryl sarcosine (SDSar) in 107° M

Tris at pH 7.5.

3) 6.l of 1 I NaOH.

4) Ten min at room temp (23° C), then cool in ice.

5) Place on a vortex mixer (Scientific Producis) at
vosition 1.5.

6) Quickly =dd, at OO'C, 0,47 mt of 0.015 M Tris-hCl,
0.001 ¥ Tris-base, 0.001 M EZDTA, comtaining 50 ug of
poly rUG.

7) Place at 5° C.



8)

9)

32
Quickly add 2.13 ml of saturated (at 23° ¢) CGsCL to
the DNA in the Polyallomer tube.
P11l the tube with mineral oil.

(b)

2

trand separation using alkaline denaturation

with roly »G.

1)

2)
3)
4)
5)
6)
7)

8)
9)

50 41 of A phage with an Aygy = 20 im 1072 M &

pH 8 and anywhere from O to § ¥

Polyeallomer centrifuge tube.
50«1 of poly rG, 1 mg/ml.

4 4l of 5% SDSar.

1141 of 1§ NaCH.

10.0 min at room temp (23° G), then cooled in ice.
lace in a vortex mixer at position 1.5.

Quickly add at 0° C, 0.42 ml of 0.035 i Tris-HCI,
0.005 I Tris-base, 10™° i EDTA.

—e—

Place at 5° Ce

Quickly add 2.13 ml of sat CsCl %o Polyallomer tube.

10) Fill the tube with nmineral oil.

(¢) Strand separation using heat denaturation and

poly rUG.

1) 5041 of phase with an Apen = 20 in 1077} EDTA at
pii 8 prepared by dialysis agéinsﬁ 10—3 M EDTAJ

2) 11 ul of poly rUG, 4.5 mg/ml (4500 = 90)

3) 4l of 5% SDSar in 1072 1 Tris.

4) 0.185 ml H,0 total volume = 0.25 nl.

G

Heat to 957 C for 2 min.
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6) Cool quickly in ice water.

7) Add to 2.13 ml of sat CsCl in Polyallomer centrifuge
tube.

8) 4dd 0.28 ml of 1077 ¥ EDTA.

1

9) TFill tube with mineral oi

{3
LY

bt

4')
ot

Centrifugation was done in a Beckman Model L ultra

<
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centrifuge with a SW 39 or a SW 50 rotor at 30,000 rpm for
70 hr at 5°

(iv) Fractionation

Ten drop fractions (90 to 100 1) were taken with =z

Buchler fractionstor and collected in a

’...
0]
k4
4
[@]
S
jon
2]
&8
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fe}
F
(s
0y

block. Approximately 20 fractions were iz

el
o
=
Hy
o}
k4
o
iy
o)
jnyg

tube. The AZBO of each fraction was measured in & nicrow-
cell, light path length = { cm, width = 2 mm, height = 4mnm
(tapped off at top and bottom) with a Cary 14 spectropho~-

neter. resu e shown in Fig. 1-4.
tomete The results are s * i

Hradecna, Z. and W. Szybalski (1967). Virology, 32, 633.
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the alkaline denaturation and poly rUG procedure as out-

linedé in the text. The peak

excess poly »UG. If poly =G
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CHAPTER 2

Electron-microscopic Visualization of Deletion futation
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. Reprinted from the PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES
Vol. 60, No. 1, pp. 243-250. May, 1968.

ELECTRON-MICROSCOPIC VISUALIZATION OF
DELETION MUTATIONS*

By RonarLp W. Davis AND NORMAN DAVIDSON

GATES, CRELLIN, AND CHURCH LABORATORIES OF CHEMISTRY,
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated February 12, 1968

Deletion mutants of X coliphage were discovered by Kellenberger, Zichichi, and
Weigle.! The deletions can be mapped by genetic recombination experiments.
It is not known if the recombination maps thus obtained give the true physical
position of the deletions. The present paper describes a method for mapping
deletion mutations with the electron microscope, thus obtaining the physical posi-
tion of the deletion. The basic principle is as follows. A mixture of DNA mole-
cules from wild-type virus and from the deletion mutant is subjected to strand
dissociation followed by reannealing conditions. The resulting preparation con-
tains some double-stranded renatured molecules of each type and some hetero-
duplexes. In the latter, one strand is wild-type DNA and the other is deletion
mutant-type DNA. Each heteroduplex should thus contain a single-stranded
loop in the wild-type DNA strand at the point where the deletion occurs. The
contour lengths of double-stranded regions of a DNA molecule can be rather ac-
curately measured in electron micrographs. Under the conditions used to pre-
pare the electron microscope grids, the single-stranded loops are collapsed into
“pushes” similar to those observed in T, phage DNA by MacHattie, Ritchie,
Thomas, and Richardson.? The contour length of such a bush can only be
roughly estimated at best, but the bush position with respect to the double-
stranded regions can be accurately measured.

Materials and Methods.—The c; point mutant hey and the deletion mutants Abobse,,
Absce (Kellenberger, Zichichi, and Weigle!), and Abaucss (Huskey?) were obtained from
Dr. Robert Huskey. Phage were grown and purified by standard methods, including
banding in CsCl by density gradient centrifugation.t The phage solution was finally
dialyzed against 0.01 M MgS0,, 0.01 M tris buffer (pH 7).

A typieal heteroduplex preparation was made as follows. Ten ul of 0.1 M ethylene-
diaminetetraacetate (BDTA) (pH 8.2), 15 ul of 5 M NaCl, 46.6 ul of HO, 5.1 ul of Aes
phage solution (A = 10.0), 3.4 pl of Abses solution (Age = 14.2), and 10 pl of 1 N NaOH
were added, in the order given, to a small test tube (6 X 50 mm). The mixture (pH 13)
was incubated at room temperature for 10 min and then chilled in an ice bath. The
alkaline solution causes lysis of the phage and dissociation of the DNA into single strands.
The solution was neutralized by addition of 10 ul of 2 M NaH,PO, (final volume, 100 xl).
The DNA was partially renatured by heating the solution to 70°C for 30 sec and then
quickly cooled (these conditions were selected to give over 509, renaturation, minimal
single-strand scissions, and minimal higher-order aggregations). All other preparations
were done similarly except that the volume of phage suspension added was varied to give
equal numbers of the two phage types with a combined Asp = 1.0 (ca. 10! total phage).
In control experiments only one type of phage DNA was present.

Grids for electron microscopy were prepared by the basic protein film techniquet and
stained with uranyl salts.” A solution containing 0.5 pg/ml of DNA and 0.1 mg/ml of
cytochrome ¢, in 0.5 M ammonium acetate, 0.001 4 EDTA (pH 7.9), was spread onto
0.15 M ammonium acetate (pH 6.5). The cytochrome ~DNA-mixed film was picked
up on grids freshly covered (less than 2-days old) with films prepared from 3% w/v

243
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Parlodion in amyl acetate. Best staining results were obtained when the droplet of
solution that was picked up with the eytochrome c-DNA film gave a flat meniscus on the
Parlodion grid. The grids were stained by dipping them for 30 sec in a 909, ethanol solu-
tion of stain and then rinsed for 10 sec in isopentane. The best stain solution was a 1000-
fold dilution into 909, ethanol of a stock solution of either 0.05 M uranyl chloride (made
from uranyl oxide) in 0.05 N HCI or 0.05 3 uranyl acetate in 0.05 N HCl. The stock
solutions were stored in the dark. A fresh, diluted stain solution was prepared for each
set of grids and was used within 1 hr after dilution. Some grids were also shadowed with
platinum-palladium. DNA molecules were photographed with a Phillips EM 200 electron
miceroscope using a 50-u objective aperture and 60-kv accelerating voltage. "The resulting
negatives (approx. 3600X) were enlarged ten times and traced on a Nikon shadowgraph.
Lengths were measured on the tracings with a map measurer. Fifteen to 40 molecules
were measured for each heteroduplex and each control. Bush sizes were estimated by
enlarging (50X) the micrographs on the shadowgraph and tracing the periphery of the
bush.

The size of a deletion was determined with the electron microscope by a diveet compari-
son of the length of wild-type and deletion mutant DNA’s on the same grid. This pro-
cedure virtually eliminates magnification errors and differential environmental effects on
the length of DNA. Phenol-extracted native DNA was used for each determination One
comparison was also made using heat-shocked phage (300-fold dilution of phage stoek into
0.001 M EDTA, 10 min at 37°C). Since the bs deletion is small, the histograms of Abse,
and A might overlap. Therefore, in order to identify the type of DNA in the electron
microscope, circular (along with some linear) Acy DNA was compared to linear Abses
DNA, and circular (along with some linear) Abscs DNA was compared to linear Acss DNA.
Grids were stained with uranyl chloride and shadowed with platinum-palladium (to pre-
vent the Parlodion film from stretching).

Results and Discussion.—Ideally, when a mixture of two DNA’s, one of them
differing from the other by a genetic deletion, is denatured by alkali, neutralized,
and heat-annealed, a mixture containing each of the two original double-stranded
DNA’s and a heteroduplex double-stranded DNA is obtained. This heterodu-
plex has, at the point of the deletion, a single-stranded bush which can be readily
identified by electron microscopy.

Before presenting the results, certain difficulties in interpretation due to the
formation of molecules with bushes that are not due to a deletion should be men-
tioned. These cases are probably due to imperfect annealing and/or to the
occurrence of single-strand breaks. Some completely denatured single-strand
molecules are seen but are readily identified (Fig. 24, arrow). In a typical prep-
aration approximately 33 per cent of the renatured molecules showed bushes on
one or both ends. We believe that this end-bush formation results from the re-
naturation of two strands, of which one or both is incomplete due to a prior
single-strand break. The double-stranded portion of such a molecule was al-
ways found to be shorter than a whole double-stranded molecule. For a duplex
containing one unbroken and one broken strand, the estimated length of the
bush (or bushes) should increase linearly with decreasing length of the double-
stranded region. The correlation between measured periphery lengths of end
bushes and lengths of the double-stranded regions is displayed in Figure 1. The
data give the predicted linear relation and a conversion factor of 1/3.2 between
bush periphery length and double-stranded length. The single-strand breaks
were mapped (by the length of the double-stranded region) and appear to be
randomly located.
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Fra. 1.—The lengths of the double- sF o
stranded portions of renatured molecules t
with end bushes are plotted against the ol

lengths of the peripheries of the end bushes.
The straight line is drawn between whole
single-stranded DNA (M) (mean of eight
measurements) and whole double-stranded
DNA (A) (mean of 31 measurements).
It is seen that the ratio of the double-
stranded contour length of a whole mole-
cule to the single-stranded periphery
length of a whole strand is 3.2. The
two points far above the line are probably
the result of aggregation of a whole single
strand with an end bush. The two points )
below the line are probably the result of 6 2 4 & 8 10 12 1415
annealing two fragmented single strands. RENATURED LENGTH

DENATURED LENGTH

Considering now only the renatured molecules without end bushes, in all het-
eroduplex preparations approximately half the molecules showed internal bushes,
while in control preparations less than 5 per cent of the molecules showed internal
bushes. The internal bushes on renatured molecules in the control preparations
(that is, from a single kind of DNA) are probably mainly due to nonspecific ag-
gregation of a single-stranded segment with a renatured two-stranded molecule or
to hybridization of, for example, a broken W strand with a whole €' strand, fol-
lowed by renaturation with an additional whole W strand. The internal bushes
in the control preparations appear to be randomly located. As noted below, the
internal bushes that are identified as a deletion always oceur at a unique location.

In heteroduplex preparations, pictures were taken of all isolated molecules
which showed internal bushes and which were sufficiently straightened out so that
intramolecular overlaps caused no ambiguity as to the position of the bush.
Typical molecules are shown in Figure 2.

The measured positions of the bushes in the heteroduplexes can be used to cal-
culate the positions of the deletions in the wild-type DNA if the size of the de-
leted region is independently known. This caleulation proceeds as follows. Let
Lo be the physical length of the wild-type molecule, with X:* and X,’ the physical
positions (measured from the left end) of the beginning and end of the ¢th region,
which is missing in the deletion mutant, 2. The physical length of the deletion is
D' = X, — X,". The fractional or map positions are 2, = X,'/L, and z,’ =
X,/ Ly, and the fractional size of the deletion is d' = D'/Ly = 2 — z/. The
deletion-mutant molecule has a length Ly — D'; the total length of the double-
stranded regions of a heteroduplex between a wild-type and an i-type molecule is
also Ly — D'. Therefore, the physical distance from the left end of the hetero- -
duplex to the bush due to region 7 is X,?; the fractional length is X:°/(L, — D) or
z'/(1 — d’. In a heteroduplex between a molecule with deletions of the two
nonoverlapping regions ¢ and j and a molecule from which only 7 is missing, the
bush due to the ¢th region oceurs at 2,'/(1 — d* — &) orat (' — d) /(1 — d* —
d’), depending on whether the ¢th region is to the left or the right of the jth region.

In a study of the molecules from the b; heteroduplex preparation (Abse. X
Acgs) (Fig. 2¢), the internal bushes were found to be uniquely located as shown by



Fia. 2.—Electron micrographs of renatured X DNA, stained with uranyl salts.

(@) Megs DNA self-annealed.  Arrow shows a single strand of DNA.

(b) Absbser X ey heteroduplex showing two bushes (arrows).

(¢) Two Abse; X Aeys heteroduplexes, a circular and a linear molecule, each showing one
small bush (arrows).

(d) Abgzcas X Nezs heteroduplex showing one large bush and showing an apparently pulled-
apart circle.

(e) Enlarged micrograph showing the bs and by bushes.
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Fre. 3.—Histogram of
bush positions for mole- LENGTH RELATIVE TO AcpgDNA
cules with internal bushes 12 3 4 5 6 7 8. .
in a Acss X Absce hetero-
duplex preparation. The
horizontal coordinate is
the distance of a bush
from an end, measured as
a fraction of the renatured
molecular length, and is
therefore the quantity
/(1 — dbs).

Histogram of the rela-
tive lengths for a mixture
of Meg and Absbse; DNA
molecules on the same
grid. The mean of the 2r
Aezs DNA lengthsis taken l
as 1.00. The standard 0
deviation of the length
measurements is 1.2%,.
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the histogram in Figure 3. Ignoring the three randomly located bushes, we find
the mean position of the other 35 to be z,**/(1 — d") = 0.770 with a standard
deviation of = 0.009. Since the b; deletion alters the product of the ¢r gene, one
might assume that this deletion involves or is near the ¢y gene® The e; gene
genetically maps in the right quarter of the A DNA molecule, and this is in good
agreement with the bush position if the left end is taken as 0 and the right end as
1 unit of length.

A better deletion to study is the b, deletion, sinee there is good genetic evidence
that this deletion is in the center of the A DNA molecule.® However, it is not
known if this deletion is slightly left or right of center; therefore, the double dele-
tion b; and bs; heteroduplex was prepared (Abshser X Acsg). As expected, this
heteroduplex shows two internal bushes (Fig. 2b). These internal bushes are
uniquely loeated at 0.736- and 0.552-molecular lengths (one molecular length now
being that of the double deletion bsb; heteroduplex DNA molecule). If these two
bushes are the b; and b, regions, respectively, then (z/ — d°?)/(1 — d" —
db?) = 0.736 and z,*2/(1 — d*® — db?) = 0.552.

To show that the bush at 0.552 molecular length is the by bush, the Absbse; X
Absc. heteroduplex was prepared. This heteroduplex should show only the b,
bush, since both DNA strands have the b; deletion. A single bush is observed
which maps at 2,°2/(1 — d*® — d%) = 0.544.

If we take d*? = 0.112 and d*®* = 0.053 (see below), the observation that
2:?/(1 — dP%) = 0.770 implies that z,* = 0.729. This predicts that (x,»® —
dP?) /(1 — dP? — db%) = 0.738, in satisfactory agreement with the observed value,
0.736. The position of the by deletion is calculated as z."* = 0.458. Then
P2 = 0.570; and the b, region is seen to be very close to the center of the
molecule.

To compare further genetic and DNA distance mapping, a new, large deletion
mutation, bey, isolated by Dr. Robert Huskey, was studied. His genetic stud-
ies? show that this deletion overlaps the b, deletion and extends farther on both
sides of it. The bs: heteroduplex (Abeices X Acze) gives a single, large internal
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Taprr 1. Length and bush pesition for renatured molecules, and deletion region coordinates.

Bush position
in fractions of

Renatured the molecular Deletions Regions in Fractions of the Wild-
DNA Length in u length Type DNA Length Measured from Left End
ACag 15.0 - 0.4
Absea 13.0
)\bsc‘z/)\(};zs 13.3 0.770 % = 0.729 rabd = 0.782
)\})2[):.0] 11.7
)\bgb:,Cl/)\Cy,ﬁ 11.6 0.552 Ilbz = (.461 (Ezlﬂ = 0.573
0.736 o = 0.727 208 = 0.780
Ababser /Ab;es 1.7 0.544 "2 = 0.454 02 = 0.566
)\1)221025 11.2
Abyg1C2s/ACas 11.2 0.523 222 = (.406 x,022t = 0.629
)\})221025/)\1):,(}2 9.8 0.568 .’1311’22‘ = (J.411 Igbnl = ().634
0.703 o = 0.732 0% = 0.785

bush at 0.523-molccular length from an end (Fig. 2d). In order to locate this
deletion, left or right of center, the double-deletion heteroduplex (Abgicss X
Absce) was studied. This heteroduplex gives two internal bushes (I'ig. 2e), onc
mapping at 0.703 and the other at 0.568-molecular lengths. Caleulation then
shows that the b deletion is centered in the right half of the A DNA molecule,
with 2, = 0.408 and z, = 0.631. Thus, this deletion overlaps the by deletion, in
agreement with genetic mapping.

One further control is that the deletion mutant strand of DNA in a hetero-
duplex should define the length of the heteroduplex DNA molecule so that the
heteroduplex molecule should have the same length as the self-anunealed deletion
mutant DNA molecule. That this is the case is demonstrated in Table 1. It
should be pointed out that good estimates of the per cent deletion cannot be
made from thesc length measurements, since the conditions which cause Auctuu-~
tions in length were not rigidly controlled.’ Good estimates of the per cent
deletion were obtained, however, by mounting both deletion mutant and wild-
{ype DNA’s (phenol-extracted native DNA) on the same grid. As shown in
Figure 3, sharp symmetrical histograms were obtained with a standard deviation
of about 1 per cent. The per cent deletion was also determined, using the
huoyant densitics of the whole phage.!"  All these data are presented in Table 2.
It is scen that the per cent deletion caleulated from buoyant density agrees

TABLE 2. Per cent delelion by electron microscopy and by buoyant density.

Per cent,

Per cent Buoyant deletion
deletion Method of No. density by buoyant
DNA Form elec. micro.* preparation measured  of phagef density

Abses Linear 5.3 Phenol-extracted H4 1.502 5.5
Absee Circular 5h.2 Phenol-extracted 59 — —_—
Ababse Linear 16.5 Phenol-extracted 99 1.487 17.9
Ababses Linear 16.5 Teat-shocked 36 — —
Abssces Linear 22.3 Phenol-extracted 82 1.480 23.1

* Per cent shorter than Acss linear (or eirculary DNA.

T Buoyant density in CsCl of p2¢ = 1.493, taking the buoyant density of the Acss marker as 1.508.

1 Per cent deletion = —100Ap/(0.106 — 0.54 Ap). This equation follows from equation (1) of
Weigle et al.,!! by taking ppya = 1.704 and pprotein = 1.28. The quantity Ap is the buoyant density
of the mutant phage minus that of Mexs phage and is negative, corresponding to a positive value of
the per cent deletion.
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Fi1g. 4.—Summary of results for positions of the b, bs, and bs regions.

rather well with that measured by electron microscopy. We estimate the stan-
dard deviation in our determination of deletion size as +0.02-molecular lengths.
In general, these measured deletion sizes are slightly smaller than those reported
in a number of other investigations by several physical methods, but the discrep-
ancies appear to be within the estimated respective errors. The values for z,
and z» for the several deletions studied, as quoted above, were calculated using
the values for the fractional deletion size (d) measured by electron microscopy
(Table2). Theseresults are summarized in Table 1 and Figure 4.

The results of the present physical mapping study can be compared with results
obtained in. several other studies. Skalka, Burgi, and Hershey!? have deduced
the positions of segments of differing base composition along the A DNA molecule
by a physical method. They conclude that there is a segment of low
GC mole fraction (0.37) extending from 0.44 to 0.54 of the A DNA molecule and
largely missing in Ab, mutants. The position of the b, region, as determined by
us, is from 0.455 to 0.567. These results support the inference that the b, region
and the segment of low GC content are virtually identical. The position of the
N gene has been determined by a method based on the infectivity of fragments of
different sedimentation coefficients to be 0.27 molecular lengths from the right
end of the A DNA molecule.’®* The N geneis close to the left end of the b; region,
which we map at 0.273 lengths from the right end of the molecule.

Genetic recombination frequencies between the boundaries of the b, region and
various markers to the left and the right have been studied by several investiga-
tors. Similarly, mutations in the e gene, which is in the b; region, have been
genetically mapped.? 8 % 1¢=% A}l of these results are in semiquantitative
agreement, at least, with the physical data presented here. A quantitative criti-
cal collation of the genetic recombination data is beyond the scope of the present
contribution.

In the course of these experiments several interesting incidental observations
have been made. All preparations contained some hydrogen-bonded ecircular
molecules. In several cases, ends which were close and which appear to have
been pulled apart during or after incorporation in the cytochrome film were "
observed in both heteroduplex and self-annealed molecules (Fig. 2d). The
“break’ always occurred at the cohesive site as determined by bush position.
The two ends are not connected by single-stranded DNA, for single-stranded
DNA can be seen by the grid preparation technique used.

Another observation concerns the appearance of the b; bush. The bush
formed by a single continuous deletion should originate from a single point. This
is true for all the b, and bs bushes that were observed. However, the b; bush
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does not appear at one point; rather, it is usually spread over a region (the
longest regions were 0.25-u long) with up to five small “bushlets.” These phe-
nomena are illustrated in Figure 2e.  Out of 122 well-stained bs bushes studied at
high magnification, only eight appeared as a single bush, while all others appeared
as multiple bushlets. Attempts were made to map the multiple bushlets, but no
unique positions could be found. These characteristics of the bs bush indicate
that the bs deletion is not a simple continuous deletion. In view of the altered
immunity caused by the b; mutation,® it would appear that the b; deletion is
really a DNA substitution, in which the substituted piece contains 5.3 per cent
less DNA and the substitution shows partial homology with wild-type A DNA.

It is anticipated that the method described here will be useful for a number of
problems involving nucleic acid homology.

Summary.—Heteroduplex DNA molecules in which one strand is from the
wild-type viral DNA and the other strand from the DNA of a deletion mutant
strain can be prepared by renaturation. These molecules consist mainly of
double-stranded regions and are readily visualizable in the electron microscope by
the basic protein film method. They show a bush (collapsed single-stranded
loop) at the point where the deletion occurs. The bush positions can be accu-
rately measured. The size of the deletion can be measured from the difference in
contour length of the native wild-type DNA molecules and native deletion mu-
tant DNA molecules. These two measurements permit a physical mapping of
the position of the deletion regions. The be, bs, and bas deletions in XA DNA have
been so mapped and the final results are presented in Figure 4.

After completing this manuscript we have learned that the technique described
herein has been independently conceived and developed by Westmoreland,
Szybalski, and Ris, who have obtained results which are generally similar to ours.

We are grateful to Dr. Robert Huskey for his help and phage stocks, to Dr. James G.
Wetmur for advice on annealing conditions, and to Dr. Jean Weigle for his patient guid-
ance and counsel in many matters. This work has been supported by research grant GM
10991 and training grant GM 1262 from the U.S. Public Health Service.
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CHAPTER 3

A

A Physical Study

of the Integration of A ILNA into Tl. coli DA
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ABSTRACT

Deletion mutants and substitution mutants of phage )\ have
been used to examine the physical structure of the ;_1_t_§c9 site in the
» chromosome which is essential for prophage integration. Inte-
gration-defective A mutants were analyzed by constructing hetero-
duplex DNA molecules containing one wild type and one mutant
strand and examining these heteroduplexes by electron microscopy.
The results indicate that _a_t}CQ is less than 2500 base pairs in length
and may be as small as 20 - 50 base pairs. Integration cross-
overs between E‘F_ECP and its bacterial analog , gt_tB, occur within
a region which is less than 20 base pairs in length. Moreover,
there is no detectable base sequence homology between _a_ﬁcCp and
gﬁcB. These results. suggest that A integration is a truly unique

system of recombination.
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1. TRCDUCTION

Bacteriophage lambda has evolved a highly specific recombi-
nation system for inserting its own DNA molecule into the continuity
of the bacterial chromosome during lysogenization. The lambda
integration machinery has at least two components, a functional one
and a structural one. The functional part of this system is the Int
gene (Zissler, 1967) whose product is essential for integration. It
is not yet clear what role the Int product nlays during integration,
however, the Int product is assumed to be an integration enzyme or
"integrase." The structural component of the integration system,
called it_tm, lies adjacent to the Int gene in the middle of the lambda
genome. This phage attachment region is the site of action of the
integrase and therefore must contain specific information necessary
for recognition by the integration system.

The phage attachment site has at least three distir.xct com-
ponents (Parkinson, 1970): a cross~over point (XOP) which is the
site at which integrative recombination takes place, and a recognition
element on each side of XOP. These elements are designated REL
(recognition element left) and RER (recognition element right). While
they influence the efficiency of integrative recombination, these
elements are probably not uniquely essential for such recombination.
In this paper we describe studies of the physical structure of gﬁm .
In particular, we examined the following aspects of the physical
organization of the attachment site:

(1) The size and location of XOP.
(2) The size and location of REL and RER.
(3) The extent of base sequence homology between a_‘ctc‘0 and

its bacterial analog _eg.j_t_B .
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In order to study g.ygq) which seems to have a purely structur-
al role, it is necessary to employ mutants such as deletions or
substitutions which contain major structural changes of the att region.
The isolation and genetic properties of such att-defective mutants are
described in the first two papers of this series (Parkinson & Huskey,
1970; Parkinson, 1870). For the work described in this paper we
have employed the technique of electron microscopy of heteroduplex
DNA molecules (Davis & Davidson, 1968; Westmoreland, Szybalski
& Ris, 1969) to examine the physical properties of att-defective
mutants. By comparing the genetic properties of these mutants with
their physical size and location in the lambda chromosome, we have
obtained a detailed picture of _a_@_t_c'j and of its role in the integration

process.
2. MATERIALS AND METHODS

(a) Phage strains

The phage mutants used in this work are listed in Table 1.
All of these phages are derived from A (xPaPa) of Kaiser (1957).
The deletion mutants in this table are described by Parkinson &
Huskey (1970) and by Parkinson {1970).

(b) Bacterial strains

The bacterial strains employed in this study are described in
Table 2.
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TABLE 1
Phage Strains

a) Miscellaneous strains

Relevant
Strain Properties Source and/or reference
A wild type Kaiser (1857)
Aint29 int sus E. Signer
2bd imm:21 J. Weigle; Kellenberger,

et al. (1961b)

b) Deletion mutants (Parkinson and Huskey, 1970; Parkinson, 1970)

Class of _Relevantf (1) » ' _ _

mutant Properties Mutant isolates employed
1 int” att® b501, 1502, b504, b508, H50S,

b510, b515, b519, 520, b536
2A int" REL® 2% 1511, b516, b527, b540
2B it " RELB b130, b189
3A mt” RER® b508, b512, b514, b517, b522
3B Int® att® b221, b531, b538
¢) Transducing phages
Relevant

1 dg isolate Properties Source and/or reference
P71 (A-J)A _aych isolated in this laboratory
P73 (C-3)® att™ "
P74 (G-0)® att™ "
P72 (2-3)° ate™ "

)y oio isolate

R

bio16A mt” att K. Manly; Manly, et al. (1969)
bio7-20  (mt-Xis)® att™ K. Manly; Kayajanian (1568)
bio69 (nt-Exo)” att™ K. Manly; Manly, et al. (1569)
bioll (Int-8)" ast™ no

bio10 (mnt-Crm)® att™ "
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(1) Abbreviations: gt_igm
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(2) Kellenberger, et al. (1961a)
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wild type phage attachment site
left prophage attachment site
right prophage attachment site

deletion of left recognition element
in att”

deletion of right recognition element

in att”

substitution of bacterial DNA for left

recognition element in gt_th
deletion of entire a_ttq) region

deletion of Int gene



Bacterial Strains

Strain Relevant genotype(l) Source and/or reference
W3110 su prototroph J. Weigle

C600 su” att® Appleyard (1954)
QR93 su” att’ rec” E. Signer

QR94 su- _a_tng recA - E. Signer

SA205 su” att™ S. Adhya

SUT740 su” _a_t_’gR S. Adnya

(1) Abbreviations: §P_+ (su”) = ability (inability) to support the

growth of A sus mutants

_aﬂ:A deletion of the entire E@B region,

which is the att site for

rec * (recA)= ability (inability) to promote
generalized recombination

_a_x_tj:L, g_t_tR = left and right prophage attachment

sites
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(¢) Media

All media and buffers for phage work have been described

previously (Parkinson, 1968; Parkinson & Huskey, 1970).

(d) Preparation of \ phage for DNA studies

W3110 was grown with aerationto ~ 1 x 108/m1. at 37°C in
tryptone broth supplemented with 1072 M MgSO, and 0. 2% glucose.
Phage were then added at a multiplicity of 0.05 - 0.5 and aeration
was continued for 5-6 hours at which time CHCl3 was added to
promote complete lysis. Phage yields of 5 x 1010 to over 1011/m1.
are routinely obtained with this procedure. Bacterial debris is
removed by low speed centrifugation and the phage pelleted by
centrifugation in the Spinco 21 rotor for 2 hours at 18, 000 rev. /min.
The pellets are resuspended in 1/100 the initial volume with TMG
buffer and the phage are then added to a saturated CsCl1 solution,
adjusting the final density to about 1. 49 g/cm3. Centrifugation was
for 20 to 24 hours at 30, 000 rev. /min. in an SW50 or SW50. 6 rotor.
The band of purified phage is collected by piercing the tube just below
the band and collecting drops.

(e) Heteroduplex formation

To a small test tube were added: 50 ul. of 0.2 M EDTA at
pH 8.0; 0.350 ml. HZO (minus the volume of phage to be added);
5 x 1010 particles of phage A (approximately 2.5 ug of DNA in 10 ul.
of solution) and 5 x 1010 particles of phage B. The phage DNA was
extracted and denatured by the addition of 50 ©1. of 1.0 N NaOH.

After standing for 10 minutes at room temperature to allow complete
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strand separation, the solution was neutralized by the addition of 50
ul. of 1.8 M Tris-HCI1, 0.2 M Tris-base (pH ~7). Renaturation was
carried out by adding 0.5 ml. of formamide (Mallinckrodt, 99%) to
give a final volume of 1 ml. at pH 8.5.

Renaturation was carried out at room temperature for 1to 2
hours, after which time the pH of the solution was 7.5 to 8.0.
Further renaturation was prevented by dialysis against 10-2 M Tris,
10™3 M EDTA, pH 8 at 4°C. This preparation is then stored at 4°C;
however, after several days of storage a significant fraction of the
renatured molecules become cyclized. Immediately before use,
decyclization is achieved by heating the heteroduplex preparation to

50°C for 5 minutes followed by an ice water quench.

(f) Electron microscopy

Grids were prepared by the basic protein film technique
(Kleinschmidt & Zahn, 1$59) and stained with uranyl acetate or
shadowed with platinum-palladium. Two modifications of this

technique were used.

(i) Aqueous technique

This method is essentially that described by Davis & Davidson
(1968) and in more detail by Davis, Simon & Davidson (1969). 50 ul.
of a solution containing about 0.5 ug/ml. of the heteroduplex DNA
preparation and 0.1 mg/ml. of cytochrome ¢ in 0.5 M ammonium
acetate, pH 7, were spread onto a clean glass slide. This solution
(hyperphase) was then allowed to flow down the slide onto a clean
surface of 0.25 M ammonium acetate (hypophase). A parlodian-

coated grid was touched to the filin about 5 mm. from the glass slide
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before all of the hyperphase had run off the slide. Grids were
stained with uranyl acetate as described previously (Davis & David-

son, 1968).

(ii) Formamide technique

Immediately before use the hyperphase solution is prepared
containing 10 ul. of the renatured DNA preparation (0. 05 ug. DNA);
10 ul. of 1 mg/ml. cytochrome ¢ in 1 M ammonium acetate and 0.1
M Tris, pH 7.5; 40 ul. HZO; 40 ul. formamide. The hypophase,
also freshly prepared to eliminate pH changes which can occur in
formamide solutions upon standing, contained 10_2 M ammonium
acetate, 10'3 M Tris, pH 7.9, and i0% formamide or else 10-2 M
Tris, pH 7.9, and 10% formamide. 50 ul. of the hyperphase were
spread onto the hypophase as described in part (i) above. The film
was picked up with parlodian-coated grids after one minute and the
grids were stained in uranyl acetate and shadowed with platinum-

palladium.

(iii) Microscopy

A Phillips EM300 electron microscope using a 50 u objective
aperture and 60 KV accelerating voltage was employed. Negatives
(~83000X) were enlarged 20X or 50X on a Nikon shadowgraph and
traced onto paper. Lengths were measured on these tracings with a
map measurer. Occasionally the dark field mode of operation of the

Phillips EM300 electron microscope was used.
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3. RESULTS

(a) Heteroduplex mapping of deletions and substitutions

(i) Electron microscopy of heteroduplex DNA molecules

Accurate physical maps of deletions and substitutions in the
A chromosome have been described by Davis & Davidson (1968) and
by Westmoreland, Szybalski & Ris (1969). The basic principle of
this mapping method involves constructing heteroduplex DNA mole-
cules, one strand of which contains a deletion or substitution relative
to the other strand. As described in the Methods section, these
heteroduplexes are formed by mixing two DNA preparations, alkaline
denaturing to allow strand dissociation, and subsequently neutralizing
in formamide to give gentle renaturation. The resulting DNA prepa-
ration will contain not only the two original homoduplex DNA's, but
also a large proportion of heteroduplex molecules containing one
strand from each of the two original molecules. I, for example,
heteroduplexes were prepared with wild type DNA and DNA from a
deletion mutant, the heteroduplex would contain a single-stranded
loop of DNA in the wild type strand corresponding to the size and
position of the DNA missing in the deletion strand. Below we describe
briefly two methods for visualizing such loops.

Heteroduplex molecuies mounted by the aqueous technique
(see Methods section) permit accurate measurements of duplex
contour lengths; however, the loops of single-stranded DNA collapse
into "bushes" (MacHattie et al., 1967; Davis & Davidson, 1968).
Apparently in high ionic strength and basic protein the more flexible
single-stranded DNA collapses because of nonspecific base inter-

actions. Thus in this technique the lengths of single-stranded DNA



cannot be measured even though the positions of single-stranded
regions can be accurately determined because they form charac-
teristic bush-like structures.

The formamide mounting technique (Westmoreland et al.,
1969) described in the Methods section allows us to directly measure
the length of single-stranded DNA in a heteroduplex mol'ecule.
Formamide is a DNA denaturing agent which under certain conditions
(30 - 70% v/v, ionic strength = 0.1, 25°C) does not affect either
duplex DNA or protein but does prevent single -stranded DNA from
collapsing by melting out all nonspecific base interactions. In the
electron microscope duplex DNA mounted with the formamide
method appears essentially the same as if mounted by the aqueous
method. However, single-stranded DNA appears as a flexible, non-
tangled filament whose contour length can be accurately measured.

Although in principle the formamide technique will yield
more information, we generally used the aqueous technique for
mapping deletions and substitutions. The major reasons for choosing
the aqueous technique are its reliability and simplicity and the rela-
tively short time involved in preparing and scanning grids made in
this manner. In addition, the agueous technique gives considerably
fewer molecules (~ 10%) which must be discarded because of overlaps
and tangles than does the formamide method. Furthermore, metal
shadowing is not only unnecessary but actually obscures the single-
strand bushes in heteroduplexes prepared by the aqueous mounting
procedure. The formamide technique was employed whenever it was
necessary to examine the length or nature of the single-stranded

DNA loops in heteroduplex molecules.
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(ii) Mapping principles

Figure 1 illustirates the ‘basic principles for mapping the
location and size of deletions by heteroduplex microscopy. Substi-
tutions are also mapped in the same manner. We desire to know the
fractional lengths of the two deletion endpoints from the left end of
the wild type )\ chromosome, the left end being defined genetically
by gene A, the right end by gene R. By hybridizing the deletion
mutant with Ab5 DNA which contains a substitution in the right arm,
we are able to mark the right arm of the heteroduplex physically and
thus relate the physical map to the standard genetic map. The b5
substitution in the reference DNA also provides an internal calibration
for each heteroduplex molecule so that length fluctuations between
molecules, even those in the same grid, do not influence the accuracy
of the measurements. Furthermore, by using an internal standard
in each heteroduplex molecule, it is not necessary to include standard
reference DNA molecules for length calibrations. Because of this
calibration technique, we have abandoned the convention of expressing
DNA lengths in microns and instead refer to sizes and locations in
terms of the fractional length of x++ DNA. The values we determine

are X and X,, the fractional positions of the left and right deletion

or substitutioi endpoints measured from the left end of the » DNA
molecule.

In this mapping procedure we must first know very accurately
the size and position of the bb marker substitution. Methods for
calibrating this substitution are discussed in the next section. With
the b5 marker calibrated, the mapping procedure outlined in Fig. 1
is quite straightforward. We measure the three separate duplex
segments (A, B and C) shown in the heteroduplex molecule in Fig. 1.

The length C from the right end of the molecule to the beginning of



FIGURE LECENDS

A schematic heteroduplex molecule illustrating the technique
of physical mapping with the aid of an internal,calibration
standard. A, B and C are the measured duplex DNA lengths
from the left end of the molecule to the deletion bush (A);
from the deletion bush to the b5 marker substitution (B); and
from the b5 substitution to the right end of the molecule (C).
The fractional lengths of A and B are obtained by using length
C as a standard distance, which for 'the b5 substitution was

determined to be equivalent to 0.206 X\ units. Thus,
a = fractional length of A = A/C (. 206)
b = fractional length of B = B/C (. 206)

The fractional position of the left deletion endpoint (X,l) is
simply equal to a. The fractional position of the right
deletion endpoint (X2) is equal to 0. 711, the left endpoint
of the b5 substitution, minus the fractional length b. The

amount of DNA deleted is therefore X2 - Xl.
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the b5 substitution provides the necessary calibration factor in terms
of >\++ DNA for each molecule. The lengths A and B are converted to
fractional lengths (a and b) by taking the ratio of Ato C andof Bto C
and multiplying by the previously determined fractional length of C
(designated as c¢). The leit endpoint of the deletion (x 1) will equal a,
the fractional length of A, which is the distance from the left end of
the molecule to the beginning of the deletion. The right deletion end-
point (xz) is equal to the fractional position of the beginning of the b
substitution minus the fractional length b from the right end of the
deletion to the b5 substitution. The size of the deletion is merely

X2—X1.

(iii) Calibration of reference markers

Several reference markers have been used in this work, We
will describe here the methods used to calibrate the bS marker which
was most often employed. OGther markers were either similarly
calibrated or calibrated against b5.

The b5 substitution involves a deletion of the ) immunity
region and a substitution of a different immunity region. The amcuat
of 2 DNA missing in this mutant was determined by measuring &g
single~stranded lengths in heteroduplexes of b5/ x++ mounted with
the formamide technique. Ii has been found that the length ratic of
singie- to double-stranded DNA is not always constant; thereiore
¢Z174 DNA which is circular and single-stranded was included on
these grids as a means of calibrating single-strand lengths. This
DNA is a useful calibration standard because it is circular znd the
possibility of measuring single-strand fragments does not exist. The
size of @X DNA+relative to %' DNA was determined by comparing
the Iengths of A ¥ DNA to those of (X174 RFII which is circular and



also double-stranded, both DNA's being mounted on the same speci-
men grid. It was found that the length ratio of double-stranded
@X174 DNA to that of duplex %' DNA was 0. 112. Therefore the
length ratio of single-stranded X DNA to a single strand of x++
DNA should also be 0. 112. In this way the b5 substitution proved to
be missing 0. 083 of the »"" DNA which was replaced by 0. 037 X
units of DNA with the immunity of phage 21. The net deletion, there-
fore, must be 0.083 - 0. 037 = 0.046. This value is the same as that
obtained by comparing the duplex lengths of b2b5 DNA with b2 DNA.
Measured against >\++, the b2 deletion is missing 0. 121 and the b2b5
double deletion is missing 0. 166 of the wild type DNA. Thus the net
amount of DNA missing in the b5 deletion is 0. 166 - 0. 121 = 0. 045,
which compares quite well with the value above.

The position of the b5 substitution was determined by measuring
60 heteroduplexes of b5/ x++ mounted by the aqueous method. The
length from the right end of the heteroduplexes to the beginning of the
b5 substitution was measured relative to the total length of the hetero-
duplex. We know that the total length must be 1,000 - 0. 083 so that
the fractional position of the right end of the b5 substitution can be
computed by simply correcting for the size of the b5 substitution. This

PS nust be 0. 711 (0.794 -

position proves to be 0.794 ( = X2b5) and Xy

0. 083).

The calibration values used in this work are 0. 083 which is the
fractional length of )\++ DNA missing in the b5 substitution and 0. 206
which is the fractional distance from the right end of the » molecule
to the right end of the b5 substitution. The values obtained by West-
moreland, Szybalski & Ris (1968) of 0.0%90 and 0. 202, respectively,
although quite similar to ours, were not used because we were unable

to obtain consistent mapping data with these values.
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(b) Location and size of XOP

(i) Use of transducing ) phages to locate XOP

Prophage integration, according to the Campbell model
(Campbell, 1962), takes place through a reciprocal recombination of
the phage and bacterial chromosomes at their respective attachment
sites. The act of integration thus forms two hybrid attachment sites,
a_tEL and a_ttR, which are located at the left and right end, respectively,
of the inserted prophage DNA as shown in Figure 2. The locus at
which g_fg’gc'o is divided during integration behaves genetically as though
it were a point and therefore is designated as the cross-over point
(XOP) (Parkinson, 1970). It is quite possible, however, that ggtp
and EEB contain homologous regions at XOP so that integration cross-
overs might really occur anywhere within this segment of homology.
We will explore the question of homology in a later section; however,
we can show by the experiments below that g{c}m and g’EB probably
contain only one cross-over point each.

As may be seen from Figure 2, the cross-over region in g._t_cP
must lie at the junction between phage and bacterial DNA in the two
hybrid attachment sites gEL and gv:_i:R. Thus XOP can be mapped by
examining heteroduplexes between x++ and _aEL- or gt_’_cR-containing
phages. In order to recover g_tiL and _ait_’gR from the bacterial
chromosome we have employed g and Mio transducing phages and
several deletion mutants whose origins are diagrammed in Figure 3.
The Campbell model specifies that transducing lambda mutants are
produced by aberrant excision events in which the two excision break-
boints are thought to occur at random. If this is the case, then \dg

phages should contain a_ttL and Mio phages should contain gER.



Fig.

The Campbell model of lysogeny. After entering the cell,
the phage DNA circularizes by means of base pairing at the
cohesive ends, pairs with the bacterial chromosome, and
undergoes reciprocai recombination to insert the phage DNA
into the bacterial chromosome. This recombination occurs
between the att regions of the phage and bacterium which
are different, to form the hybrid att sites located at the ends

of the prophage.
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Fig. 3. Formation of A phages containing it_'_‘cL or gEcR by aberrant
prophage excision. ter induction, prophage excision
normally occurs by recombination of a_ttL and gt_tR to
release the phage genome. Campbell (1862) proposed that
rare aberrant excisions can occur in which a portion of the
prophage chromosome recombines with a portion of the
bacterial chromosome to produce phages containing bacter-
ial DNA. Type one excisions are here defined as those
which incorporate iticL DNA into the excised phage genone.
Two examples of such phages are M_i_g; transducing mutants
and deletion mutants, such as Ab130, which contain _a_t_tL,
but which are not defective because no essential phage
genes were lost during excision. Type two excisions pro-
duce g_t_tR-containing phages, exemplified by Xbio trans-

ducing mutants.
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- Heteroduplex molecules of xg_g/ A5 and Adg/ " are shown
in Plate I. The large region of nonhomology in these molecules
is due to the replacement of a region of phage DNA by a region of
DNA containing the galactose genes from the bacterial chromosome.
As expected, this region of nonhomology is in the left halfl of the
chromosome. | The right terminus of the \dg substitution should
therefore correspond to the first sequence of bacterial DNA in _at_’sL
which is not homologous to the corresponding phage DNA in ﬂc,c .
Thus the left-hand limit of the position of XOP is defined by the right
end point of \dg substitutions. n a similar manner, the left terminus
of Abio substitutions should correspond to the right-hand limit of the
position of XCP.

The results given in Table 3 and summarized in Figure 4
indicate that Adg and ibio substitutions have a common end point
located at 0.574 fractional length from the left end of the lambda
genome. The deletion mutants, Ab130 and »0188, which are shown
below to contain g_tEL also begin at 6.574. This end point is pre-
sumably equivalent to XOP. Since the error in these measurements
corresponds toa length of no more than about 100 nucleotides, it
appears most likely that XOP is in fact a fixed point or at most a
region 100 nucleotides in length. The fact that X\dg and Xbio sub-
stitutions have a common end point at 0.574 indicates that the
bacterial DNA in _a_’g_tL and EEER is not homologous to more than 100
base pairs of the DNA in a_ttcp . Therefore, any homology between
a_’cy:p and _a_x_ti;B at XOP must be quite small. We will return to this
problem again in a later section.

Although: the data of Table 3 show that there is probably only
one position in g@cp at which integration can take place, it remair.

to be demonstrated that _aﬂB alsc has only one XCP., If, for example,



PLATE CAPTIONS

Plate I Adg/} heteroduplexes

a)

b)

Heteroduplex of 2dgP73/b5 mounted by the aqueous method.

"The arrows mark the ends of the g_g_ bush and of the bb

marker bush. The integration cross-over point (XOP) is

defined by the right terminus of the dg substitution.

Heteroduplex of dgP74/2. " mounted by the formamide
method. The right end of the molecule is at the right of the
picture and the arrows mark the endpoints of the dg
substitution. This micrograph demonstrates that dg bushes
such as the one in (a) above are composed of two non-
complementary single strands, one containing )CH DNA,

the other containing bacterial DNA.
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TABLE 3
P VR L R

Substitution Endpoints in att™ and alt™" Phages

L number of Physical- Position(l)

att” phages marker molecules

strand measured Xy error X, error
rdg P72 b5 14 .225 =004 .571 + 003
rdg P74 b5 16 . .193 =003 .576 =002
vdg pral®) . * 22 .101 £001 -=-- -one-
rdg P73 b5 18 .094 +.002 .575 £ 002
rdg P71 b5 16 .030 £.601 .576 = 002
xb130(3) b5 17 .423 =006 .572 £ 002
»b189(3) b5 20 .397 £005 .572 = 002
SUMMARY 101 Variable .974 = 001

(1)

R number of Physical Position
att” phages marker molecules

strand - measured Xy error X, error
Aoiol6A b536 18 .574 002 .585 & 004
io7-20 b536 20 573 =002  .625 =+ 004
A\bio69 - bb536 24 .573 x.002  .683 £.003
Abioll b536 17 .574 +£ 002 677 %004
Abiol10 b536 20 .574 £,002 .709 =+ 003

SUMMARY S8 .574 £ 001 Variable

% » DNA
deleted

34.
38.
38.
48.
04.
14.
17.

DT O O = O W O

% » DNA
deleted

10.
13.
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Tt LW = D



TABLE 3 (Cont'd)

(1) The physical positions of the left (Xl) and right (x2) substitution

(2)

(3)

endpoints were calculated by the procedure described in the
legend of Figure 1. The error values indicate the interval which
contains the mean of the population from which this sample was
drawn at the 95% confidence level. The error was calculated
from the equation:

error = 2L_ - 1/n (1/LX + l/LC)

where LX is the average length of the duplex DNA segment
measured for locating a substitution endpoint; Lc is the average

length of the calibrating DNA; and n is the number of measure-
ments. This error analysis is described in more detail by
Davis, et al. (1969).

The left endpoint of this mutant was calculated by assuming that
the substitution began at 0. 574 and using the length from C. 574
to the right end as a calibration distance. This provides a check
on the accuracy of the method used for the other heteroduplexes.

The deletion mutants \b130 and 1189 appear to contain g_t_fLL by
genetic evidence (Parkinson, 1970). In a later section, AD130 is

shown to contain g.:c_tL by physical evidence as well.



Fig. 4.

-3
NS

Substitution endpoints of phages containing _2_1_1_:1:1" or gjc}R.
The physical locations of the substitutions in a number of
phage mutants produced by aberrant excision are shown.
The mapping data were taken from Table 3. All of these
mutants have a common endpoint at 0.574 in the ) chromo-
some which is presumed to be the location of XOP. The
model which describes the formation of such phage (Figure
3) predicts that one endpoint of these substitutions should
not be fixed, and, in fact, this proves to be the case as

shown.
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g:c_gB contained two cross~-over points separated by more than about
50 nucleotide pairs, we could detect this with the following experi-
ment, A pair of )\dg or Abio phages in which different bacterial
cross-over points were used for prophage integration would form
heteroduplexes containing a region of nonhomology at 0. 574 due to
the presence of different sequences of bacterial DNA adjacent to the
phage DNA in gt_tL and a_t’ER. A number of \dg/\dg and Abio/Xoio
heteroduplex DNA's have been constructed between independently
isolated Adg and \bio phages; however, no evidence has been found
which suggests that gt_tB contains more than one XOP. Some typical

examples of such heteroduplex molecules are shown in Plate II.

(ii) Use of ) deletion mutants to locate XOP

Parkinson (1970) has described several types of deletion
mutants of lambda which can be used to locate XOP independently
of the transducing phage method. For example, genetic mapping
shows that class 2A deletions lie to the left of XOP in gicfp, whereas
class 3A deletions lie to the right of XOP. Therefore XOP must lie
between the right end of 2A deletions and the left end of 3A deletions.
When these deletions were mapped by the heteroduplex method (see
Plate III), the data in Table 4 were obtained. Both the right termini
of all 2A deletions and the left termini of 3A deletions map at 0.574
which is the same position found from the mapping of Adg and \bio
substitutions. Thus XOP again is found to be located at 0.574 in the
lambda chromosome.

The data of Table 4 are quite surprising in that all 2A and 3A
deletions seem to begin jus*:' at XOP. Apparently these deletions have
not been produced by a random process and in fact appear to be

related in some way tothe integration system since they have a



Plate II 2dgA/2dgB and AbioA/»bioB heterocuplexes
a) Heteroduplex of 3iol6A/%bio69 mounted by the formamide
method and shadowed with Pt-Pd. The non-homologous
region in this molecule is due to different amounts of phage
and bacterial DNA's in the two A\pio's. There is no

detectable non-homology at XOP,
b) Heteroduplex of io10/A\bio16A mounted as in (a) above.

c) Dark field electron micrograph of a xbio16A/3\bio69 hetero-
duplex stained with uranyl acetate and mounted by the
formamide technique. Only the region around XOP (arrow)
is shown.

d) Heteroduplex of AdgP72/2dgP73 mounted as in (a) above.
The segment around XOP contains no detectable non-
homologous regions. Note the proximity of the molecular
ends; this molecule is probably a pulled-apart circle (see
Table 8).
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Plate [II Physical mapping of deletion mutants

a) Heteroduplex of %o517/3b5 mounted by the aqueous

b)

technique. The arrows mark the position of the deletion
bush and the ends of the b5 substitution bush used as a

marker.

An enlarged view of a bb substitution seen by the formamide
mounting procedure. The arrows mark the ends of the

substitution region.
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TABLE 4

Deletion Endpoints of Class 2A and 3A Deletion Mutants

number oi Physical Position
Class 2A marker molecules % DNA
mutants strand measured X p error X, error deleted
pal?) A 50 .453 £.001 574 +.001  12.1
b2 b5 26 .454 +,005 .573 +.002 11.9
p511 b5 12 .486 =.007 .575 ,003 8.9
b516 b5 9  .473 £.008 .575 =,003  10.2
b527 b5 16 L4581 £.006 .574 =.002 8.3
b540 b5 20 .451 £,005 .574 =.002 12.3
SUMMARY 83 Variable .574 +.001
number of Physical Position
Class 3A marker molecules % DNA
mutants strand measured X, error X, error deleted
b508 b5 14 .584 +£.008 .613 =.002 2.9
b512 b5 18 .570 £.007 .614 =.002 4.4
b514 b5 17 .574 =.007 .614 =x.002 4.0
b517 b5 20 .b74 £.007 .616 =.002 4,2
Average 69 .b75 =.004 .614 ==,001 3.9
0508 0536 20 .Bb73 =.000 .610 =£.005 3.7
b512 b536 15 .575 x.001 .614 =,006 .9
Average 35 574 =.001 .612 =.003 3.8
b522 b5 18 .572 +,007 .643 %.001 7.1
SUMMARY 122 .574 x.001 Variable

See the footnote of Table 3. Mutants b508, 512, 514, 517 appear to
be identiczl. These deletions are not independent isolates (Parkinson
and Huskey, 1970).

(1) Dzta of Davis and Davidson (1968).
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common end point at XOP which is presumed to be the substrate
for integrase action. To test this notion spontaneous deletion
mutants were isolated from _i_xﬂt+ and i_x_mf phages. Each deletion
preparation was then tested for the presence of 2A deletion types
by a simple spot test procedure to determine whether a functional
Int gene was essential for 2A deletion formation. The data in Table
5 indicate that this is the case. In both int™ preparations no class
-2A deletion mutants were found, whereas the y+ preparations each-
- confained a large proportion of 2A deletion mutants.' Since no spot
tests are available to distinguish 3A mutants from 3B mutants, it is
not possible to conclude that 3A deletions are also dependent on the
Int product for their formation. This seems likely, however, since
3A deletions as well as 2A deletions begin at XOP,

Both transducing phages and deletion mutants 1ocafe XOP in
gygq) at 0.574 from the left end of the chromosome. A further check
on this position is provided by class 3B deletion mutants which appear
to lack XOP entirely (Parkinson, 1970). Mapping data for three of
these deletions are presented in Table 6 and are consistent with the
previous results. All of fhese 3B deletions are quite large and each
spans the region of 0.574 where XOP is located.

(c) Properties of REL and RER

The existence of "recognition elements" on each side of XOP
in ggq’ has been demonstrated with att-defective deletion and substi-
tution mutants. Class 2A deletions, for example, appear to be REL
deletions since they map to the left of XOP and yet have an integration
defect (Parkinson, 1970). Similarly 3A deletions are missing RER,

- a region to the right of XOP which‘ is essential for normal integration
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TABLE 6

Location of XOP by Class 3B Deletion Mutants

number of Physical Position
Class 3B marker molecules % DNA
mutants strand measured x1 error x2 error deleted
p2a1ll) 33 406 £.003 .629 %.003  22.3
b531 b5 13 .432 £.006 ,605 =. 092 17.3
b538 b5 13 .436 +£.006 .599 +.002 16. 3

See the footnote of Table 3. Mutants b531 and b538 are probably
identical.

(1) Data of Davis and Davidson (1968).



behavior. From the physical positions of these and other types of
deletions and the principles of deletion mapping we can locate REL
and RER in the lambda chromosome and make an estimate as to
their size.

By definition REL must be within the deleted region which is
common to all class 2A mutants. However, class 1 deletion mutants
also map to the left of XOP but are not REL -defective. Therefore
REL must also lie outside of the region defined by class 1 deletions.
Mapping data for a total of five different class 1 deletion mutants are
presented in Table 7. These deletions all lie between 0.404 and
0.538 in the chromosome so REL must not be anywhere between
these positions. Similar data for class 2A deletions has been pre-
sented in'Table 4 which shows that the region between 0.491 and XOP
at 0.574 is deleted in all 2A mutants that were studied. Since REL
cannot lie to the left of 0.538 because of the class 1 deletions, REL
must be between 0.538 and 0.574 in the chromosome. This region is
approximately 2000 nucleotide pairs in length.

The problem of locating RER is more difficult because we do
not yet have a class of deletion mutants on the right of XOP which
are not RER-~defective. Nevertheless, RER must lie somewhere
between XOP at 0.574 and 0. 613 which is the common region missing
in both of the 3A deletions described in Table 4. This region is also
about 2000 base pairs long. In Figure 5 we have summarized the use
of deletion mutants to map the various components of ;E_t_m . In the
Discussion section we will return to the problem of estimating the
position and size of REL and RER,
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TABLE 7

Physical Position of Class 1 Deletions

number of Physical Position
Class 1 marker molecules % DNA
mutants strand measured Xl error x2 error deleted
b501 b5 12 .465 £,007 .499 +,004 3.4
b502 b5 12 .465 £.007 .503 .004 3.8
b504 b5 13 467 *£.007 .505 +.004 3.8
b509 b5 11 L470 £,007  .499 +.004 2.9
Average 48 .467 £,004 .502 +,002 3.5
b508 b5 10 .447 +£,008 .522 *.004 7.5
b510 b5 14 .399 £,006 .470 +.004 7.1
b519 bd 13 .407 +,006 .470 +.004 6.3
b520 b5 14 .405 +£,006 .470 +.004 6.0
Average 41 .404 +,003 .470 =x.002 6.6
b515 b5 11 .504 =,008 .538 +.003 3.4
b536 b5 20 .428 £,003 .468 =x.003 .
p53eld) gt 19 426 +.003 .463 =.003 3.7

See the footnote of Table 3. Mutants b501, 502, 504, 509 appear to
be identical as do b510, 519, 520. These mutants are not inde-
pendent isolates (Parkinson and Huskey, 1970).

(1) These values were calculated by the procedure described by
Davis and Davidson (1968), and provide a check on the hetero-
duplex calculations for the other mutants in this table.



85

Fig. 5. A deletion map of the center of the )\ chromosome. This
map, constructed from the data of Tables 4, 6 and 7,
summarizes the use of deletion mutants to study the
structure of gﬁw and the surrounding portions of the A
genome. The class 1 deletions which have no known defects
(Parkinson, 1970) define a "'silent region' between 0. 403
and 0.538 in the chromosome. Class 2A deletions are
REL-defective and thus REL must lie between XOP and
0.538. Class 3A deletions which are RER-defective, locate
RER between XOP and 0.614, The Int gene must also lie in
this interval since 3A mutants are _'_13’5-. Class 3B deletions
such as b538 appear to be missing the entire att region.
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(d) A search for gx_t_’cCP - _a_l_’gEB homology

(i) Class 2B deletions contain g_’g:L

Parkinson (1970) has demonstrated that class 2B deletion
.mutants behave genetically as though they carried _eitL. We examined
two of these deletion mutants (\b130, 3b189) to see whether this
notion can be supported by physical evidence. The location of the
non-homology between these mutants and \ wild type (Table 3) begins
at XOP and extends to the left, which is consistent with both adg
phages containing _a_l_t_tL, and with simple deletions like the 2A mutants.
To prove that Ab130 and 2b189 are not simple deletion mutants,
heteroduplexes were constructed between these mutants and \ wild
type and mounted for electron microscopy by the formamide pro-
cedure (Plate IVa, b). Plate IVa clearly shows that the non-homology
in %b130/%" " is due to a substitution in the Ab130 DNA; however, the
Ab189/ x++ molecule in Plate IVb appears to contain a deletion loop
only, with no detectable substitution in the \b189 strand.

The size of the substitution in Ab130 is 0.042 = .001 A unit.
This DNA appears to be identical to the bacterial DNA at _alt_gL in Adg
phages as indicated in Plate IVe which shows a 2b130/ Adg hetero-
duplex molecule. Whereas the non-homology in A\b130/ A" molecules
begins at XOP, the »b130/ Adg molecules contain a duplex segment of
0.042 X unit in length adjacent and to the left of XOP. Thus all of the
substituted region in Ab130 is homologous to the corresponding DNA
at a_ttL in the Adg phages. Although we cannot detect any bacterial
DNA in \b189, the similarity in integration properties of \b189 and
\b130 (Parkinson, 1970) supports the supposition that this mutant
probably contains a small amount of bacterial DNA.
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Plate IV Heteroduplex molecules containing class 2B deletions

a)

b)

c)

Heteroduplex of b130/ 2" mounted by the formamide
method. Only the region around XOP is shown to demon-

strate that Ab130 contains a small substitution rather than

" a simple deletion.

Heteroduplex of \b189/ 2" mounted by the formamide
method. The non-homology at XOP appears to be a simple
deletion.

Heteroduplex of \b130/3dg mounted with the formamide
method. A portion of A130 DNA to the left of XOP (arrow)
is homologous to the corresponding DNA from rdg. The
length of Ab130 DNA in (a) above that is not homologous to
x++ DNA is completely homologous to Adg DNA.
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(i) att® and att®

It has been proposed that a portion of the phage and bacterial
attachment sites have the same base sequence and that integration
takes place by homologous crossing-over. We have already pointed
out in section (b) above that there is little, if any, homology between
g_’g’gql and it}B in the vicinity of XOP., To test this notion more care-
fully and in a direct manner, we constructed a phage which contains
itEB to search for homology in heteroduplexes of ﬂB/ gﬁw. The
a_ttB phage was made by introducing into one chromosome the two
halves of g_t_‘gB from g_t_:EL and _a_lj_tR by crossing Ab130 (gﬁL) by
Abio69 (g_tiR) and selecting the \b130bio69 recombinant. The
structure of this recombinant was checked by constructing the
following heteroduplexes: A\b130bio69/ A ;  Ab130bio69/2bio 16A ;
and Ab130bio69/rdgP72 (Plate Va,b,c). The structures of these
heteroduplex molecules show that Ab130bio69 contains bacterial DNA
on both sides of XOP and will be hereafter designated as gt_tB. The
genetic properties of this phage are consistent with those expected
of att® (Parkinson, 1970), |

In a heteroduplex of Xb130bio69/ A we might be able to
detect a small region of homology at XOP if, in fact, a_tt_:B and _:agcqJ
are partly homologous. However, a nucleation event is required in
order to form a short duplex segment between regions of non-
homology in a heteroduplex molecule. The possibility that such
nucleation events cannot take place during our normal renaturation
procedure was eliminated in all of the experiments described below
by heating the renatured DNA in 0.1 M NaCl, 0.01 M EDTA, pH 7.3

for several hours at 45°C followed by slow cooling to 250(2.
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Plate V Heteroduplex molecules containing gjc_tB (Mb 130‘[_)1969)

a)

b)

c)

d)

Heteroduplex of Ab130bio69 (att)/2™" (att® mounted by
the aqueous method. The molecule contains one large bush
at XOP with no detectable region of duplex DNA within the
bush.

Heteroduplex of att®/att™ (\b130bi069/rbio16A) mounted
by the aqueous method. The bush adjacent to XOP corre-
sponds to the \b130 deletion (Plate IVa). The other bush
is due to the different substitutions in the two \bio's (see
Plate Ila). The region of homology between these two
bushes demonstrates that Ab130bio69 contains a_ttR DNA.

Heteroduplex of att™/att™ (\b130bi069/2dgP72) mounted
with the aqueous technique. The region of non-homology
adjacent to XOP is due to the \bio69 substitution; the other
bush is from the different substitutions in Ab130 and dg
(see Plate IVc). The duplex DNA between XOP and the dg
bush corresponds to the length of bacterial DNA in \b130
and proves that \b130bio69 contains _a_@:cL DNA.

Enlargement of the non-homology region in a heteroduplex
of \b130bio69 (a_th)/ A\b506 (_a}t_tcP) mounted by the formamide
procedure using condition (g) of Table 8. There is no
detectable homology between gﬁ@ (upper strand) and gi:_tB

(lower strand).

Same as (d) except mounted in formamide with condition
(a) of Table 8. The different single-strand lengths in (d)
and (e) are due to differences in formamide con_centration

and ionic strength.
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- In an attempt to detect homology between g._tim and gﬁB,
heteroduplexes of kb130_k3_1969/ k++ were prepared as described above
and mounted for electron microscopy under a wide variety of
formamide and salt concentrations (Table 8). These conditions
cover the range from complete melting out of random base inter-
actions to stability of such interactions resulting in the collapse of
single-stranded DNA into a bush. Even with the most favorable
conditions (Plate Va), we never detected a unique region of duplex
DNA in the g_’g_‘gB/gEcP heteroduplexes (see also Plate Vd and e).

(e) Physical detection of small regions of homology

A number of deletion mutants were selected from those de-
scribed in Tables 4 and 7 and heteroduplexes were constructed be-
tween pairs of deletions which should not overlap. We then searched
for a short duplex segment located between the two deletion loops in
these heteroduplexes to determine how close together two deletions
could be before we failed to detect a region of homology between the
non-overlapping ends of the two deletions. Several molecules of this
type are shown in Plate VI (d,e,f). Table 9 lists the heteroduplexes
that were constructed and gives a comparison of the measured length
of homology with the length expected from the previously determined
positions of each deletion mutant. These values compare very well,
which indicates that the presence of non-homologous segments on
each side of a short homologous region does not seem to cause ény
denaturation of that duplex segment. The Ab501/3b536 heteroduplex
shown in Plate VI (d, e, f) contains only about 100 base pairs of ho-
mology between the deletions and yet is perfectly stable under all

formamide conditions used. Thus we feel confident that regions of
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Plate VI Detection of small regions of homology between two
deletions

a), b), ¢) Heteroduplex of Ab511/2b508 mounted by the aqueocus
(a) and (b) or the formamide (c) method. Any homology
between these deletion mutants must correspond to the
position and size of XOP. The molecules shown in (a) and
(¢) are typical of those found with these mounting conditions,
showing that there is little or no homology between Ab511
and A\b508 at XOP. (b) shows an infrequently found type of
molecule which shows two adjacent deletion bushes with no
duplex DNA between the bushes.

d), e), f) Heteroduplex of \b501/2b536 mounted by the aqueous
(d) and (e) or the formamide (f) method. A region of
homology corresponding to about 100 base pairs can be
detected between the deletions in these molecules. This
length agrees quite well with the length expected from the
position of each deletion mapped separately (see Table 9).
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TABLE 9

Two Methods for Determining the Distance Between the
Endpoints of Two Non-overlapping Deletions

Length of DNA between the ends of non-
overlapping deletions

From data of

deletion mutants Tables 4 and 7T From heteroduplexes of:
AA B sz-xlB A/ 1B
b536 b501 .002 =.007 . 0025 = . 0002
b536 1509 . 007 £.007 . 0027 + . 0005
b536 b511 . 023 £ ,007 .027 =.0005
b536 - b516 .010 +.008 .026 =+.001
b519 b511 .016 £, 010 .014 =.0005

Heteroduplexes between two deletion mutants were examined
with the aqueous and formamide techniques, and the length of
duplex DNA between the deletion loops or bushes was measured to
give the values in the last column. Errors were calculated as
described in the footnote of Table 3. This data indicates that b511
and b516 are probably identical.
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homology even smaller than 100 nucleotides in length could be
detected with the milder formamide conditions of Table 8.

The closest pair of non-overlapping deletions to be examined
were 2A/3A combinations. Although each of these deletions begins
at XOP, 2A and 3A mutants must not overlap since they all contain
XOP and are able to recombine by Int-promoted recombination to
generate wild-type recombinants (Parkinson, 1970). However, the
amount of DNA between the endpoints of 2A and 3A deletions is too
small to be detected by heteroduplex methods which indicates that
XOP is quite small.

Heteroduplexes of Ab511/3b508 do not contain any duplex
segments between the deletions even when mounted under very mild
formamide (Plate VIc) or aqueous conditions (Plate VIa and b). Since
aqueous conditions promote complete stability of random base inter-
actions, we should expect to detect small regions of homology under
these conditions. Occasionally we found molecules like the one shown
in Plate VIb that had two closely spaced deletion bushes. If we
assume that the length of duplex DNA between these deletion bushes
represents the maximum possible homology between 2A and 3A
deletions, this homology cannot be more than 20 base pairs. More
likely, the structure shown in Plate VIb is caused by the random
collapse of the non-homology region into a bush which resembles two
separate deletion bushes and therefore there may be no homology at
all between 2A and 3A deletions at XOP.

Another homology test that we attempted involved a Ab189/
Ab130bio69 heteroduplex molecule. If itiq) and g‘gt_B are actually
identical at XOP, but the extent of this homology is too small to be
detected with our methods, we could increase this homology with
Ab 189 which must contain a short sequence to the left of XOP which
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is identical to that in Ab130. Again, however, no homology in the

form of a duplex segment was detected under a variety of mounting
conditions. This result suggests that the total length of XOP plus

most or all of REL is still too short to be stable under these

conditions.
4., DISCUSSION

(a) XOP and the Int system

(i) Size and location of XOP

We have obtained two independent determinations. of the
location of XOP, the point at which the lambda chromosome is
broken during integration. Analysis of both transducing phages and
deletion mutants locates XOP at 0.574 in the A genome. This value
is in excellent agreement with the results of several others based on
transducing phage studies. Hradecna & Szybalski (1969) reported a
value of 0.573 based on heteroduplex studies of \b2 and \bio phages.
Yamagishi & Skalka (1969) obtained a value of 0.57 from analyses of
segments of differing base composition in A and A\dg DNA.

The size of XOP has been estimated from studies on hetero-
duplexes between deletion mutants which begin at XOP and extend
either to the left (Class 2A) or to the right (Class 3A). Because of
the unique structure of deletion loops; which originate from a point,
homology between 2A and 3A deletion mutants can be studied even in
the presence of random base interactions. Two findings from these
studies indicate that XOP is very small: molecules which appear to
have two distinct deletion bushes are very uncommon in 2A/3A hetero-

duplexes; moreover, the points of origin of the two deletion bushes in
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such molecules are separatéd by less than 20 base pairs. Since
nearly all of the heteroduplex molecules do not contain two deletion
bushes, the amount of homology, if any, between the XOP of 2A and
3A deletions is certainly less than 20 base pairs and perhaps less
than 10 base pairs. It is difficult to estimate accurately the lower
limit of detection in this case because denaturation of a small ho-
mology region could conceivably receive mechanical assistance from
the forces on the rest of the molecule. This effect, however, may
not be very large. '

Thus XOP in att® is less than 20 base pairs in length which
is consistent with the genetic and physical evidence that demonstrates
that only one site exists in both g_t_t_cP and _a}’_cEB for integrative cross-
overs to take place. If multiple cross-over points exist, they must
all be within 20 base pairs of one another and would probably not have

been detected in our experiments.

(ii) Int-produced deletions

The integration and excision of the lambda prophage occurs by
reciprocal recombination which appears to involve some sort of
breakage and reunion event (Hoffman & Rubenstein, 1968; Ptashne,
1965). Thus one of the steps during integrative recombination is
likely to involve the introduction of single- or double-stranded breaks
into the phage DNA at XOP. The existence of a large number of
deletions beginning at XOP and dependent on the Int gene for their
formation is consistent with the notion of Int-produced nicks in gyfp
at XOP. Deletions of this sort might be produced in a number of
ways as a result of errors in the Int system itself or as a result of

mistakes subsequent to Int action on g’c_tq). For example, the Int
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system might promote occasional unequal crossing-over between
the att site of one phage and a nonhomologous region in the chromo-
some of another phage. Or the Int system might introduce nicks at
XOP which are subsequently ""chewed back' by nucleases with
occasional rejoining of the chewed ends.

The niost likely models of Int-dependent deletion formation
seem to begin with Int-produced nicks in the attachment site at XOP.
Assuming that this is the case, we can develop arguments concerning
Int action based on the properties of Int-produced deletion mutants.
The most striking property of the 2A and 3A deletion mutants which
are produced by the Int system is that both classes of mutants contain
a functional cross-over point. This suggests that XOP may actually
be the junction between the recognition elements REL and RER and
that one recognition element in an attachment site is sufficient to
define XOP. An alternative possibility is that XOP is actually a short
region similar to the cohesive ends of A\DNA and generated by two
staggered nicks in opposite strands of the attachment site. If this
were the case, it becomes necessary to account for the fact that XOP
is never lost in Int-produced deletions. One could imagine, for
example, that chewing by nucleases can only occur in one direction
so that XOP is never chewed away during deletion formation.

It is impossible to choose between these two alternative models
of XOP and Int action on the basis of present evidence. Perhaps, how-
ever, further studies of Int-produced deletions will provide a means
of studying these questions.
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(b) Structure of REL and RER

In addition to XOP, the A att site contains two sequences
of DNA, designated REL and RER, which border XOP and somehow
influence the efficiency of the att site in Int-promoted recombi-
nation. Correlation of the REL-defective or RER-defective proper-
ties of deletion mutants with the physical location of these deletions
in the )\ chromosome allows us to set an upper limit on the size of
these two recognition elements of gt_tw. For example, REL cannot
be more than 2000 nucleotides long, the limits being set on the one
side by class 1 deletions which are not REL-defective, and on the
other side by XOP which is present in all of the REL-defective
mutants so far examined (class 2A and 2B deletion mutants).

Since all of the RER-defective mutants presently available
(3A deletions, Abio transducing phages) are also _i_r_g—, we cannot as
yet precisely localize RER and Int relative to XOP., However,
A\bio1l6A which is RER-defective, is only missing part of the Int gene
(Manly, 1969), which suggests that RER is located between XOP and
Int. Moreover, Abiol6A is missing phage DNA from XOP to 0.585
in the X\ chromosome. This indicates that RER is less than 500
nucleotides long. |

It is quite possible that REL and RER are much smaller than
the upper limits discussed above. A rather indirect line of reasoning
leads us to believe that this may be the case. Our argument is based
on the fact that Ab189 behaves genetically as though it contained
RELB, and yet we cannot detect any bacterial DNA in this mutant.
If, in fact, Ab189 does contain the REL sequence from g_’EEB, RELB
must be less than 20 base pairs in length. Since all of the genetic
- and physical evidence we now have indicates that g_t_fB may be
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structurally and functionally analogous to gt_tw, this implies that
REL? is perhaps as small as RELB, of the order of 20 nucleotides
or less. Further analysis of the att site is necessary to demonstrate

whether or not this conclusion is tenable.

(c¢) Homology between g_tfp and gEL_B

It has been suggested that integrative recombination occurs
through the creation of cohesive ends at the attachment site in phage
and bacteria (Signer, 1968; Wu & Kaiser, 1968). This model re-
quires only a very small amount of base sequence homology, 15-20
nucleotide pairs, between the two att sites. Our results, however,
raise doubts as to whether there is even this much homology between
g_t_t_cP and g_t_gB. Operationally, all homology between _q.i;‘gq) and _'{cEB
must be within the region designated as the cross-over point. We
have already shown that this region appears to be smaller than 20
base pairs long and could be much smaller.

A more direct approach to this problem involved the construc-
tion of a_ttc‘)/g,EB heteroduplexes. No homology between these two
att's was ever seen even using a wide variety of mounting conditions
for electron microscopy. To estimate the sensitivity of these methods,
several controls were done. Most importantly, it was demonstrated
that two deletions whose endpoints are only 100 base pairs apart form
~two loops with a short 100 nucleotide homology region between them.
This length of homology was stable even under the most denaturing
conditions employed in our experiments. This suggests we could
have detected considerably less homology with our methods.

Another estimate of the sensitivity of these techniques in
detecting homology is that )\ cohesive ends which are 20 base pairs
long (Wu & Kaiser, 1968) are stable under the mild mounting con-
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ditions used. This situation, however, is not strictly comparable
to the case in which a small homology region is bounded by large
segments of non-homology. The reason for this is that the cohered
ends of A DNA could gain additional stability through base stacking
interactions at the ends of the cohered region. This effect is proba-
bly small since loss of these stacking interactions does not signifi-
cantly alter the stability of cohered ends (Wang & Davidson, 1968).

There is also associated with the cyclization of A DNA an
unfavorable entropy. The entropy for forming a short duplex region
in the middle of two single-stranded segments is presumably more
favorable than for cyclization. Therefore, although we cannot
quantitatively evaluate the stability of small homology regions
bounded by large portions of non-homology, it seems likely that a
region of 20 base pairs would be Stable. Moreover, since the de-
naturing conditions used to mount the DNA were barely sufficient to
melt out random base interactions, we cannot detect any homology
between a_i:tcP and _a_@B in excess of random base pairing WhichA
probably involves fewer than 10 base pairs.

Thus our results indicate that the mechanism of A prophage
integration must be a very special sort of recombination event. The
enzymatic portion of this system seems to specifically recognize the
short sequence of nucleotides comprising gl_t_tc‘O and gEB to bring
about a reciprocal recombination between these two attachments
sites. Although we do not yet know how this recombination is accom-
plished, it is evident that little or no base sequence homology is re-
quired for integration. Furthermore, integration cross-overs occur
at only one point within the phage and bacterial att sites. In contrast,
systems of generalized recombination are neither site-specific nor

homology-~-independent. It appears, therefore, as though _g_@f‘o and the
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enzymatic components of the \ integration apparatus constitute a
highly specialized recombination system which may operate by quite
different principles than do systems of generalized recorﬁbination.
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CHAPTER 4

A Physical Gene Map

of the Left Arm of the TLambda Chromosome

John S. Parkinson and Ronald W. Davis

The following paper has been prepared for submission to the

Journal of Mqlecular Biology
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‘A PHYSICAL MAP OF THE LEFT ARM OF THE

LAMBDA CHROMOSOME

It is becoming increasingly important in biophysical and bio-
chemical studies of bacteriophage to know the physical location of
genes in the phage chromosome. A number of investigators have de-
vised various methods for constructing physical gene maps in the
phages T4 (Mosig, 1966, 1968; Goldberg, 1966) and A (Kaiser, 1962;
Jordan & Meselson, 1965; Hogness, Doerfler, Egan & Black, 1966).

In general, these techniques involve the measurement of the length
of a DNA fragment which is capable of bearing two genetic markers.
However, the accuracy of these methods is limited either by the
fragment size determination (Goldberg, 1966; Kaiser, 1962; Jordan

& Meselson, 1965; Hogness, Doerfler, Egan & Black, 1966) or by the
determination of the genetic content of the fragments (Mosig, 1966,
1968). We describe here a simpler, more direct technique for con-
structing accurate physical gene maps of the A DNA molecule. Since
this method is completely independent of recombination frequency or
efficiency of marker rescue from the DNA fragment, the resoiﬁtion
is limited only by the number of available genetic markers and the
size determination.of the chromosome fragment.

As a source of uniform chromosome fragments, we employ Adg
phages which contain large substitutions in the left arm of the A
chromosome. Since these substitutions all have a common right

‘terminus (Parkinson & Davis, 1970), Adg phages constitute a series
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of overlapping deletions of the left arm. The genetic contents of
these lefﬁ arm fragments are determined by marker rescue tests
which do not depend on the efficiency of rescue since all of the
left axrm material is constant in any Adg strain and thus a simple
qualitative result is sufficient. The physical length of these
fragments is then measured by electron microscopy of Agg/h++ het—~
eroduplex DNA's (Parkinson & Davis, 1970; Davis, Simon & Davidson,
1970) and compared to the genetic content to construct a physical
gene map.

The isolation and determination of the genetic content of Adg
phages are described elsewhere (Parkinson, 1968;. Uhe comstrusiicn
and measurement of heteroduplex DNA's are also deseribed elsewnerc
(Parkinson & Davis, 1970; Davis, Simon & Davidson, 1970), »ut will
be summarized briefly. Heteroduplexes are formed by mixing Adg and
A++ phages, lysing in [aOH to release and denature the two DHA'sz,
and finally renaturing in formamide at neutral pH. The duplex
lengths in Agg/x++ heteroduplexes are measured by electron microe-
scopy and the fractional length of the left arm fragment is calcu-
lated using an irternal calibration standard (Parkinson & Davis,
1970).

The physical and genetic endpoints of 7 different Xdg straias

are listed in Table 1. On the basis of Tthese measwrements

»
[N
ct

c¢lear that the genetic and physical maps of the left arm are coli-

near. A direct comparison of the physical map and a genetic mzp
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TABLE 1

Physical and genetic endpoints of T Adg phages

Adg Marker No. of molecules Xq Error
measured

A91h=J bS* 15 .030 + .001
C-J bS* 17 .095 + .001
F730- 1434 10 155 + .002
2405-J $ 434 16 168 + .0015
G=J bS* 20 .193 + .0015
HT06-J b5 12 .228  + .002
K 3 H3k 18 284+ .002

Xpo the length of phage DNA in the left arm of these Adg strains,
was measured using the distance from the right end of the hetero-
duplex molecule to the beginning of the substitution at 0.5T4
(Parkinson & Davis, 1970) as a calibration length. The iu3h or
b5 substitution was used as a reference marker in the right arm.

The error values are the limits within which the population mean
should lie (Parkinson & Davis, 1970).
*These four Adg strains are also mapped in Parkinson & Davis

(1970). The values have been recalculated using the entire right

arm and central region as & calibration length as described above.
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of the left afm is shown in Figure 1. The physical and genetic end-
points of these T Adg strains can all be aligned. Thus, within the
sensitivity of our measurements the frequency of recombination per
unit distance is constant throughout this portion of the genome in
contrast to the right arm which appears to have one region of very
low recombination probability (Jordan & Meselson, 1965).

Several other features concerning the physical arrangement of
genes in the left arm should be.méntioned. The distance from the
left end of the chromosome to the beginning of gene A is 1% of the
total A length. This segment of the genome may contain recognition
sequences for the TER system which introduces the cohesive end cuts
in ADNA (Gottesman & Yarmolinéky, 1968; Mousset & Thomas, 1968).
Previously, this region was estimated to be about 4% in length
(Jordan & Meselson, 1965). Secondly, it appears that the left arm
contains few, if any, undiscovered genes. Assuming that an average
gene is about 1000 nucleotides long (2% of A length), the number of
already identified genes is sufficient to fill the entire map of
the left arm. Finally, the nature of the region between 0.38 and
0.4 in the genome is unclear. The right end of gene J based on this
mapping data is at 0.378; however, no viable deletion mutants have
ever been found to extend.further to the left than 0.4, This sug-
gests that J may extend more ﬁo the right or perhaps there is an
essential gene between J and 0.4 which has not yet been identified.

In conclusion, the use of A transducing phages to determine
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FIG. 1. A comparison of genetic and physical distances in the
left arm of the A chromosome. The map at the top of this figure is
the genetic map of the left arm described by Parkinson (1968). The
genetic endpoinﬁs of the Adg strains, indicated by dotted lines,
were fitted to the physical endpoints by projecting the genetic map
onto the phyéical map and then expanding and contracting the genetic
map to obtain maximum correspondence of the genetic and the physical
endpoints as determinedvby direct observation. In doing this, the

~error in physical lengths (see Table 1) was included so that all of
" the genetic endpoints fall within the error limits of the physical'
endpoints. The limits within which the A-J genes must lie are the
end of the chromosome at 0.0 and the beginning of the silent region
(Parkinson & Davis, 1970) whose left end is defined by the deletion
mutant, Abl89 (Parkinson & Davis, 1970). The position of A genes
in this map corresponds well Qith physical evidence of Simon et al.
(1969); however Hradecna & Szybalski (1969) have reported that the
A-E distance is only 0.076 A units whereas we obtain a value of
about 0.15. We suggest that the physical or genetic mapping' of the

Adg strain used by these workers is incorrect.
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physical gene positions affords the most accurate method yet de-
scrived for measuring distances between genes in the X chromosome.
This approach could also be employed for the right arm of the A
genome with the use of Adbio phages (Ksyajanian, 1968). In con-
Jjunction with other similar mapping efforts (Parkinson & Davis,
1970; Simon, Davis & Davidson, 1969), it should be possible to con~
struct a physical map of the entire A chromosome which would be of
great value in understanding the functional organization of the A

DNA molecule.
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Summary
Several strains of E. coli 15 harbor a prophage. Viral growth can
be induced by exposing the host to mitomycin C or to uv irradiation.
The coliphage 15 particles from E. coli 15 and E, coli 15 T appear
as normal phage with head and tail structure; the particles from
E. coli 15 TAU are tailless. The complete particles exert a colicino-
genic activity on E, coli 15 and 15 T » the tailless particles do not.
No host for a productive viral infection has been found and the phage
may be defective. The properties of the DNA of the virus have been
studied, mainly by electron microscopy. After induction but before
lysis, a closed circular DNA with a contour length of about 11.9 pis
- found in the bacterium; the mature phage DNA is a linear duplex and
7.5% longer than the intracellular circular form. This suggests the
hypothesis that the mature phage DNA is terminally repetitious and
 circularly permuted. The hypothesis was confirmed by observing
| that denaturation and renaturation of the mature phage DNA produce
circular duplexes with two single—stranded branches corresponding
to the terminal repetition. The contour length of the mature phage
DNA was measured relative to pX RFII DNA and X DNA; the calcu-
lated molecular weight is 27 X 105, The length of the single—stranded
terminal repetition was compared to the length of ¢X 174 DNA under
conditions where single~stranded DNA is seen in an extended form in
electron micrographs, Thevvlength of the terminal repetition is’found

to be 7.4% of the length of the nonrepetitious part of the coliphage 15
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DNA. The number of base pairs in the terminal repetition is variable
in different molecules, with a fractional standard deviation of 0.18 of
the average number in the terminal repetition., A new phenomenon
termed ""branch migration'" has been discovered in renatured circular
molecules; it results in forked branches, with two emerging single
strands, at the position of the terminal repetition. The distribution
of branch separations between the two terminal repetitions in the
population of renatured circular molecules was studied. The ob-
served distribution suggests that there is an excluded volume effect
in the renaturation of a population of circularly permuted molecules
such that strands with close beginning points preferentially renature
with each other. This selective renaturation and the phenomenon of
branch migration both affect the distribution of branch separations;

the observed distribution does not contradict the hypothesis of a ran~

dom distribution of beginning points around the chromosome.
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1. Introduction
Certain strains of E. coli derived from strain 15 lyse when treated
with common inducing agents (Ryan, Fried, and Mukai, 1955; Mukali,
1960). The lysis was originally attributed to production of a colicin,
but later studies showed that this lysis was due to the induction and
release of bacteriophage-like particles (Sandoval, Reilly, and Tandler,
1965; Endo, Ayabe, Amako, and Takeya, 1965; Mennigmann, 1965),
These particles may be defective phages; they kill certain E. coli 15
strains, but efforts to obtain a productive infection of a host have not
been successful. Of the several names which have been given to these
particles——colicin 15 particles, phage ¥ (Mennigmann, 1965) and coli—
phage 15 (Frampton and Mandel, 1968), we prefer the latter.

The morphology and colicinogenic activity of coliphage 15 have
been described in the references given above. The buoyant density and
melting temperature (Frampton and Mandel, 1968) of the DNA, and its
degree of homology with host DNA (Cowie and Szafranski, 1965) have
been reported.

The present work was initiated during a study of the small (0.67 p)
plasmid DNA molecules in E. coli 15 strain (Cozzarelli, Kelly and
Kornberg, 1968) when we sought to determine whether there was any
relation between the small plasmid DNA and the colicin particles. No
relation has been discovered, but it was observed that after induction
with mitomycin or uv light, an additional intracellular closed circular

DNA of contour length 11. 9 y was formed. Later, lysis occurred and
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mature phage particles were released.

This intracellular DNA is presumably a precursor of the
mature linear phage DNA, but its contour length is 0.9 p shorter.
This discrepancy sﬁggested the hypothesis that the mature DNA is
terminally repetitious.

We have found that coliphage 15DNA is indeed terminally
repetitious and circularly permuted. The present investigation
deals primarily with properties of the DNA related to its terminal
repetition and circular permutation. In part, this work is a physico-
chemical study of the renatura.tion of complementary, circularly
permuted, terminally repetitious DNA strands. |

Electron microscopy has been the crucial physical tool for
obtaining the results reported here. Technical advances in the
methodology for the study of terminal repetitions and circular per-

mutations by electron microscopy will be described.
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2., Materials and Methods

(a) Bacterial strains

E. coli 15 wild type (WT) and E. coli 15 T were gifts from
Professor S. S. Cohen. E. coli 15 TAU and E. coli 15 TAU-bar
were gifts from Dr. F. Funk of Professor R. L. Sinsheimer's lab-
oratory, A gift of E, coli 15 TAU-bar was also generously made by
Professor P. C. Hanawalt, The E. coli strains S/6, B/5, W3l110,
and C600 were from stocks of Professor R. S. Edgar and the late
Dr. J. J. Weigle.

(b) Growth media

E. coli 15 WT was grown in M9 buffer supplemented with 0. 4%
glucose, 1 mM MgSO,, and 0.1 mM CaCl,. M9 buffer contains 7 g
of Na,HPOy, 3 g of KH,PO,, 1 g of NH,Cl, and 0.5 g of NaCl per liter.

E. coli 15 T , TAU, and TAU-bar were grown in the above med-
ium supplemented with 20 ug/ml thymine, 30 pg/ml uracil and cyto-
sine, and 1/20 volume of an amino acid solution which contains 7.6
mg/ml arginine, 6 mg/ml of methionine, 2.8 mg/ml of tryptophan,
and 7.5 mg/ml of proline,

Other strains of E, coli were usually grown in tryptone broth,

(c) Procedures for induction by mitomycin C and ultraviolet light,

and purification of the phage

Mitomycin C induction was carried out essentially as described
by Endo, et al. (1965) and Okamoto, et al, (1968). Two hundred ml

of a bacterial culture were grown at 37° with vigorous aeration in one of
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the media described above. At a cell concentration of 2-3 x 108
cells/ml, mitomycin C (Nutritional Biochemical Company) was added
to give a final concentration of 3 pg/ml. Aeration was continued for
another 15 min. The cells were pelleted by centrifugation at 7000 rpm
for 10 min in a Sorvall centrifuge, resuspended in 200 ml of fresh
medium without mitomycin, and aeration continued. The culture be~
came foamy and the turbidity started to decrease about 1 hr after re-
suspension. The total turb:idity decrease was usually 20-30%. Bac-
terial growth was stopped when the turbidity again started to increase,
by adding CHCI; and cooling to 0°,

For uv induction, 20 ml of a cell suspension (2-3 X 10® cell/ml)
in a Petri dish with a solution depth of less than 5 mm were gently
swirled under a 15 watt germicidal lamp at a distance of about 40 cm.
Typical growth curves are shown in Fig, 1. Exposures of 0.5, 1, and
2 min were tested; 1 min exposure was optimal. Under these con—
ditions a Alysogen also gives maximal lysis (Parkinson, 1969).

Unlysed bacteria and bacterial debris were removed by centri-
fugation in a Sorvall. Phage were then pelleted by centrifugation in a
Spinco Model L, centrifuge at 22, 000 rpm for 3 hrs with an SW 25,2
rotor or at 30,000 rpm for 3 hrs with an SW 50,1 rotor, depending on
the volume. The phage pellet was resuspended in a small volume of
0.1 M NaCl, 0.0l M Tris, 0.01 M MgSO, (pH 8). This solution
was used for plaque assay and colicin tests, For the study of the DNA,

the phage were further purified by adding CsClto p = 1.50 g/ml and
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buoyant Banding. The phage band was collected and dialyzed against
0.1 M NacCl, 0.01 M Tris, 0.01 M. MgSO, (pH 8) for storage. About
2 X 102 phage particles cori'esponding to one milligram of DNA were
typically obtained from a 200-ml culture.

Colicin tests with the phage suspension were made as described
by Mukai (1960).

(d) DNA extraction

Native DNA was extracted from the phage suspension after di-
lution to an Az of 0.2, either by heating for 10 min at 80° Cin 0.1
M NaCl, 0.0l M EDTA (P_ﬁ 7.3) or by dialysis against 8 M urea,
0.1 M NaCl, 0.01 M EDTA (pH 8.0) at 25° C, followed by dialysis
against 0.1 M NaCl, 0.01 M EDTA. (All EDTA buffers were pre-
pared by adjusting the pH of an Na,EDTA solution with NaOH.) Both
procedures gave essentially complete lysis of the phage and good
native DNA molecules.

(e) Isolation of closed circular DNA molecules during induction

The cells were harvested 15 min and 30 min after induction
with mitomycin C. NaN; at a final concentration of 0. 01 M was added
to the cell suspension which was quickly chilled. The closed circular
- DNA was then isolated by a gentle lysis, buoyant banding in CsCl-
ethidium bromide procedure (Radloff, Bauer, and Vinograd, 1967;
Lee, Davidson, and Scaletti, 1968).

(f) DNA renaturation

DNA was denatured and then renatured for electron microscopy

by alkaline denaturation followed by formamide renaturation. This
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procedure minimizes the number of single—strand breaks introduced
during the manipula.tions.. Ten pl of phage suspension, containing
5 pg of DNA, were diluted to 0.4 ml with 0. 022 M EDTA (pH 8.0).
Lysis and denaturation were achieved by addition of 50 pl of 1.0 M
NaOH. After 10 min the solution was neutralized by the addition of
50 pl of 1.8 M Tris~HCl, 0.2 M Tris-OH (pH ~ 7). Renaturation at
room temperature was then achieved by the addition of 0.5 ml of
formamide (Malinckrodt, 99%) and incubation in the resulting final
volume of 1. 0 ml for 1-10 hrs. The pH before renaturation was 8.5
and the final pH after standing was 7.5-8. 0. Renaturation was stop—
ped by dialysis against 0.1 M NaCl, 0.01 M EDTA (pH 7. 3) at 5° C.
The hybridization of a mixture of coliphage 15 (WT) and coliphage
15 (TAU) DNA'sAwas carried out similarly except that the mixture
contained 5 pg of each kind of DNA, For one experiment, in which
sheared wild type DNA was used with whole TAU DNA, the shearing
was accomplished by forcing an alkaline DNA solution from a 0,5 ml
disposable syringe through a 27 gauge needle with maximum thumb
pressure 30 times. This treatment resulted in fragments of single—
strand DNA with an average size of 1/7 that of the whole strand.

(g) Electron microscopy

(1) Phage. Phagé particles were negatively stained with 2%
phosphotungstic acid (pH 8) or 1% aqueous uranyl acetate.
(2) DNA., DNA was prepared for electron microscopy by the

basic protein film technique (Kleinschmidt and Zahn, 1959). Two
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variations of this technique were used:

Aqueous technique. This technique is essentially that de-

scribed by Davis and Davidson (1968) and in more detail in Davis
(1969). Thirty pl of a solution containing about 0,5 pg/ml of DNA and
0.1 mg/ml of cytochrome C in 0.5 M ammonium acetate (pH 7) were
spread onto a clean glass slide. This solution (hyperphase) was then
allowed to flow down the glass slide onto a clean surface of 0.25 M
NH Ac (hypophase). The protein—-DNA mixed film was picked up on a
parlodion coated grid and stained with uranyl acetate. In some cases
the grids were also rotatory shadowed with platinum-palladium.

Formamide technique. When single~strand DNA is mounted by

the aqueous technique it is collapsed upon itself through nonspecific
intrastrand base interactions. By using a suitable concentration of
formamide, both single~ and double~stranded DNA can be displayed
in an extended form suitable for contour length measurements and
topological observations (Westmoreland, Szybalski, and Ris, 1969).
One particular prescription for this procedure is the following: The
hyperphase is made by mixing 10 pl of solution containing 0. 05 pg
of DNA with 10 pl of 1 mg/ml cytochrome C in 1 M ammonium ace-
tate, 0.1 M Tris (pH 7.9); 40 pl of water; and 40 pl of formamide.
The hypophase contains 0. 01 M Tris (_EH.'?. 9) and 10% formamide.
Fifty pl of the hyperphase is spread onto the hypophase as described
above. Grids were usually stained with uranyl acetate and rotatory

shadowed with platinum—palladiurﬁ to obtain maximal contrast.
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With the formamide technique, both single~ and double-stiranded
DNA appear as well extended threads. The latter is usually slightly
thicker and more heavily contrasted. A reasonably long stretch of a
DNA molecule can usually be classified with confidence as either
single— or double-stranded; however, it is at present difficult to pre-—
cisely locate a junction between single— and double-stranded DNA.

(3) Contour length measurements. Electron micrographs were

taken on 35mm film with a Philips EM 300 electron microscope using
a 50 p objective aperture and 60 kv accelerating voltage. Tracings
were made by projecting the negative with a Nikon shadowgraph and
were measured with a map measurer,

In our experience the most effective way of obtaining accurate
reproducible molecular length measurements for single- and double—
stranded DNA molecules is to mount the DNA molecule of unknown
length and a standard DNA molecule, either single— or double-stranded
to correspond with the unknown, in the same basic protein film and to
photogfaph them simultaneously. This procedure virtually el‘l’minates
magnification errors and minimizes differential environment effects on
the length of the DNA. Under favorable conditions, relative 1eng£h
measurements are reproducible to = 0,2%. Even for a homogeneous
DNA there is a distribution of contour lengths on a single grid due, we
believe, to inherent fluctuations, at the molecular level, in the length
per base pair of the DNA trapped in the film. Further information about
this topic is presented in the Results section below, It is discussed in

detail by Davis (1969) and by Davis, Simon, and Davidson (1969).
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3. Results and Discussion

(a) Properties of coliphage 15 particles

When strains of E. coli 15 wild type (WT), T—, TAU, and TAU-
bar were treated with uv light or mitomycin, the production of phage
occurred for all cases except TAU-bar (Fig. 1) in agreement with
previous results (Ryan et al., 1955; Mukai, 1960; Mennigmann, 1965;
Endo, et al,, 1965, Sandoval, et al., 1965; Cozzarelli, et al,, 1968).,
The essential results of the colicin tests, as summarized in Table 1,
are that coliphage 15 (WT) and coliphage 15 (T ) were colicinogenic
to both strains, but not to E, coli 15 TAU and 15 TAU-bar. The par-
ticles of coliphage 15 (TAU) gave negative results with all E. coli 15
straiﬁs in this test, This defective colici:%genicity is probably due to
the morphological defect described below. |

Productive viral infections were not obtained with either coli-
phage 15 (WTj or (T_) with any of the hosts of E. coli tested, inclu-
ding strains 15 WT, 15 T , 15 TAU, 15 TAU-bar, W3110, C600, S/6,
and B/5.

The morphology of coliphage 15 (WT) as shown in the electron
micrographs in Plate I (a), (b), (c), and (d) is quite consistent with
the earlier observations of Mennigmann (1965) and Endo, et al.(1965).
The phage has a regular hexagonal head with a diameter of 600 A con-
nected to a sheath of length 1000 A and wi&th 200 A by a narrow
neck of length 120 A. In some cases an end plate is visible
[Plate I (c)]. Many phage particles have a sheath which is quite pre-

cisely one half the full sheath length, but with a protruding core
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Fig. 1. Typical growth curves for uv induction. The E. coli strains

indicated in the figure were grown in 20 ml of medium as described
in the text. Turbidity at 600 mp was measured, Arrows indicate

where the cell suspensions were irradiated with ultraviolet light for

1 min.
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Plate I. Coliphage 15 (WT) and coliphage 15 (TAU) particles.

(a) An intact coliphage 15 (WT) particle from the crude lysate

(b) Common type of (WT) particle from the crude lysate showing a
half sheath and core

(c) Free (WT) tail showing an end plate with spikes

(d) Head of coliphage 15 (WT) after CsCl purification

(e) Head of coliphage 15 (TAU) from the crude lysate

(f) Unusual phage-like particle from 15 (TAU) crude lysate

Plates (a), (b), (c), and (d) were stained with uranyl acetate., Plates

(e) and (f) were stained with phosphotungstic acid.
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[Plate I (b)]. It is difficult to judge whether the sheath has become
thicker (by a factor of 2 L/z) as might be expected if it were a con-
tracted full sheath., Alternatively, the full sheath may be composed
of two subunits of equal length, one of which is missing in the half
sheath. The lysates generally contained many more free tails than
free heads as is common in phage growth., Similar observations
were made with a preparation of coliphage 15 (T-).

The coliphage 15 (TAU5 preparations consisted entirely of tail-
less phage [Plate I (e)]. The dimensions and the shape éf the head
are very similar to those of the free head of coliphage 15 (WT)

[ Plate I (d)]. In a few cases spiral-like structures are seen attached
to the head [Plate I (f)]. The absence of tails in the coliphage 15 (TAU)
lysate could be the reason for its noncolicinogenicity, since in an
earlier work it was inferred that the phage tail is the colicinogenic
component (Endo et al., 1965)., In spite of the difference in morphol-
ogy between the TAU phage and the other strain 15 phages, they are

closely related as shown by the DNA homology tests described later. -

(b) DNA from mature phage particles

The native DNA molecules extracted by heat shock from the coli-
phage 15 (WT) and (TAU) particles appear in the electron microscope
as double—stranded linear DNA [ Plate II (a)] with a number average
molecular length of 12, 8 p (Fig. 2).

As already mentioned, accurate raf:ios of contour lengths for two

different DNA molecules can be measured by mounting them both on
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Plate II. Mature linear and in vivo circular coliphage 15 DNA.
(a) Mature linear coliphage 15 (TAU) DNA prepared by heat-shocking

phage particles
(b} In vivo circular DNA observed after induction of E. coli TAU

The large molecule is a covalently closed supercoiled coliphage

15 (TAU) DNA molecule. The small circular molecules are E.

coli 15 minicircles,
(c) Same as (b) except that the circular coliphage 15 {TAU) DNA has

an open structure,

(Mounted by the aqueous technique, stained with uranyl acetate, and

shadowed with Pt~Pd,)
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the same grid and photographing them alternately. In this labor-
atory (Davis, Simon, and Davidson, 1969), we find a ratio of contour
lengths of A\cz¢ DNA and ¢X 174 RF Il DNA of 9.0 (+ 0.1). If the
molecular weight of the latter is taken as 3.4 X 10® (Sinsheimer,
1959), the molecular weight of A DNA is calculated as 30, 6(%0. 3) X
104, Values varying from 31 to 33 X 10® have been recommended by
different authors (31 X 10%, Burgi and Hershey, 1964; 33 X 108,
MacHattie and Thomas, 1964; 32 X 10%, Richardson and Weiss,
1966; 33 x 10% Studier, 1965).

The ratio of contour lengths of the linear DNA of mature coliphage
15 and ¢X RF 11 bNA was measured as 7.8(x0. 1); the ratio of coli—
phage 15 DNA to Ac;4 DNA was measured as 0.875(x 0.01). For pur-
poses of calculation, we take the molecular weights of ¢X RFII and
Ncy DNA as 3,4 X 10% and-31 X 10%; the molecular weight of coliphage
DNA is then 27, 0(x0.5) X 108,

No circular DNA molecules were produced by slowly cooling
the linear molecules from 80° C in either 0.1 M NaCl, 0. 0l M EDTA
(EH 7.4) or in 2 M NadCl, 0.01 M EDTA. These are conditions which
produce efficient cyclization in the lambdoid phages (Wang and
Davidson, 1966a) and the N phages {Lee and Davidson, 1969). We
conclude that coliphage 15 DNA does not have cohesive ends.

The complexity of the DNA (number of base pairs in one non-
repeating sequence of the DNA sample) may be determined by measur-
ing the rate of renaturation (Wetmur and Davidson, 1968). An ap-

proximate measure of the complexity of coliphage 15 DNA was obtained
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from our incidental observations of the rate of renaturation of
samples prepared for electron microscopy. Under the conditions
described in section (f) of Materials and Methods, A\ DNA is about
50% renatured in one hour. The coliphage 15 DNA was observed to
be about 64% renatured in one and one-half hours and 91% renatured
in ten hours. In both cases, the degree of renaturation was scored
by counting the number of (:.wo-stranded molecules and single=strand
bushes in the electron microscope. Thus, the rate of rena.turati'on
is about the same as that of \DNA. Thus, the complexity of the
DNA is about equal to the number of base pairs in one mature phage
molecule. The observations recorded above are probably accurate
to better than a factor of two; they are certainly sufficient to elimin—
ate the possibility that the phage DNA is a random sample of the bac—
terial chromosome. |

The renaturation result described in a later section shows
that the majority of the phage molecules do not contain any single—
strand breaks.

(c) Covalently closed circular DNA molecules in vivo after induction

A culure of E. coll 15 TAU was induced with mitomycin C,
éamples were drawn 15 and 30 min after induction, and closed cir~-
cular DNA molecules were extracted by gentle lysis and CsCl-
ethidium bromide banding, Two kinds of covalently closed circular
molecules were found [ Plate II (b), (c)]: the E. coli minicircles of

Cozzarelli et al. (1968) and a species with a contour length of 11,9 p.
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A quantitative comparison of the lengths of this circular DNA
and the linear phage DNA was made by mounting a mixture of the
two on the same specimen grid and photographing the two kinds of
molecules alternately. For the histograms shown in Fig. 2, the
difference between the number average molecular lengths of the
linear and circular forms is 7. 5% of the mean length of the circlular
form. In our experience, a difference in contour length of 0. 5% can

be detected by the relative length technique used here.

(d) Circular permutation and terminal repetition

If the intracellular closed circular form of DNA is indeed
related to the mature linear phage DNA, the fact that the circular
molecule is 7. 5% shorter could be due to a terminal repetition of
this length in the mature linear phage DNA., Several other phage
DNA's which have a relatively large terminal repetition of this mag-
nitude are also circularly permuted (T2, MacHattie, Ritchie, Thomas,
and Richardson, 1967; P22, Rhoades, MacHattie, and Thomas, 1968).
Mature Pl DNA is 12% longer than the closed circular prophage DNA,
and is circularly permuted and terminally redundant (Ikeda and
Tomizawa, 1968)., We therefore searched for circular permutations
and terminal repetitions in the DNA by the denaturation—renaturation
method of Thomas and MacHattie (1964). The principles of this
method are illustrated in Fig. 3. |

Denaturation followed by renaturation of an ensemble of cir—

cularly permuted molecules labeled Form I in Fig. 3 will initially
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Fig. 2. Histogram of molecular lengths of mature linear phage DNA
and in vivo circular DNA., The in vivo circular DNA and the mature
linear phage DNA were mixed and mounted on the same grid. Linear
and circular molecules were alternately photographed without refocus~
sing. Thus, an accurate, direct comparison of the relative lengths of
the two species was possible, The absolute lengths of the two species
were obtained using a diffraction grating for calibration and are, thus,
only approximate, Since the relative length of the two species is the
most significant quantity, each distribution is plotted relative to the
mean length of the ciréular DNA. The unshaded area is for 59 linear
molecules. The shaded area is for 24 circular molecules. }-"i is con-
tour length, The number average molecular length of the linear mole-

1
cules, (_I:.); , is 12.8 y with a v of 2. 7%. The number average mole-

-

c
cular length of the circular molecules is <-1-‘>_n = 11,9, witha »

of 2.2%. The difference in mean lengths, 0,90 u, divided by the mean
length of the circular molecules is 0,075; this qué.ntity is measurable

with a standard error of 0. 005,
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Fig. 3. Experimental method for studying circularly permuted and
terminally repetitious DNA (slightly modified from Fig. 3 of

MacHattie, et al., 1967).
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lead to the collection of linear molecules labeled Form II in the fig-
ure. Renaturation of two strands which begin at different points
initially leads to a linear duplex with single—strand ends. In some
of the Form II molecules the single~strand ends are mutually com=-
plementary and the molecules can cyclize to give Form III mole~
cules. If terminal repetition occurs, the resulting circular mole—-
cules have two single—strand branches consisting of repetitious
pieces. The length of the branches is the length of the terminal
repetition. The separation of the branches is related to the distance
between the starting points of the two strands in the renatured du-
plex. Linear molecules with single—strand ends also occur (Form
II); some of these molecules have short single-strand ends of length
less than the terminal repetition and are unable to cyclize; others
have longer single—strand ends with mutually complementary regions
but have failed to cyclize for kinetic reasons.

Single—strand DNA appears as a bush when mounted in the
basic protein filﬁ from an aqueous medium; it appears spread out
as a filament when mounted at a suitable formamide concentration,
as discussed in Materials and Methods. When coliphage 15 DNA
molecules are denatured by alkali, renatured in formamide, and
mounted from an aqueous medium for electron microscopy, many
circular molecules with single-strand bushes are seen. Plate III
(a and b) gives examples of such molecules. Plates IV and V have

several examples of circular molecules mounted froma formamide
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Plate III. Renatured coliphage 15 DNA,

(a)

(b)

{c)

(d)

(e)

Renatured circular coliphage 15 (TAU) DNA molecule showing
two single-stranded repetitious branches, This molecule cor-
responds to Form III of Fig. 3,

Same as (a) except the bushes are closely spaced. showing a dif-
ferent permutation

Renatured linear coliphage 15 (TAU) DNA molecule showing two
single~stranded ends (end bushes). In the upper right corner

is a whole single-strand of coliphage 15 (TAU) DNA, Note

that the end bushes are of equal size, This molecule corresponds
to Form II of Fig. 3.

Renatured sheared coliphage 15 (WT) DNA. Note the short duplex
length and the absence of any iarge end bush, This molecule is
designated as a fragmer;.t’/vfragment homoduplex, [Section (g) in
Results ).

Renatured whole coliphage 15 (TAU) DNA with sheared coliphage
15 DNA. This molecule is designated as a whole/ fragment
heteroduplex. Note the short duplex length and the difference ih
size of the end bushes. The right end bush is almost as large as

a whole single strand of DNA [upper right corner of (c)].

The DNA was mounted by the aqueous technique and stained with u\ranyl

‘acetate,
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Plate IV, Renatured coliphage 15 DNA with the single-stranded
repetitious branches extended by formamide.

Two renatured circular coliphage 15 (WT) DNA molecules, The ar—
rows mark the single—stranded repetitious branches. All whole circu~-
lar molecules observed showed two such branchea. The DNA was
mounted by the formamide technique, stained with uranyl acetate,

and shadowed with Pt—-Pd as described in Materials and Methods,
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Plate V.,
(a) Renatured linear coliphage 15 (WT) DNA molecule with single-

stranded ends: The arrows rﬁark the approximate junction points
between single-stranded and double-stranded DNA.,

(b), (c), and (d) Enlargements of unforked (b) and forked [(c) and (d)]
branches, _

(e) Single-stranded ¢X 174 DNA used for the calibration of the length
measurements of the repetitious branches shown in (b), (c), and
(d).

The ¢X DNA was mounted on the same grid that was used for Plates

IV and V (b), (¢), and (d)
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solution so that the single~strand ends are extended into visible fila-
ments which we call branches. A number of linear molecules with
single—strand ends are also seen.[Plate III (c) and Plate V (a)].
Under our experimental conditions over 50% of the DNA renatured;
the relative amounts of circular and linear species in the renatured
preparations were about 40% and 60%, respectively,

If the mature phage molecules are circularly permuted, the
contour lengths (circumferences) around the circles for the renatured
molecules should be constant and equal to the contour length of the
in vivo circular molecules. Histograms of the circumferences for
the renatured molecules gave a mean length equal, within experimen-
tal error,to 11.9 p, and a standard deviation of 0.4 .

We conclude that coliphage 15 DNA is indeed circularly permuted
and terminally redundant,

(e} Distribution of beginning points for permuted sequences

We wish to investigate the distribution of beginning points in the
ensemble of circularly permuted linear molecules from the mature
phage. Information pertaining to this distribution can be obtained
from measurements of the length of the double—strand regions
in Form II molecules and the separation of bushes in the Form III
molecules,

Let C be the length of the nonrepetitio‘us sequences of the DNA
molecule_s, and let T be the length of the terminal repetition, The

length of the mature linear molecule is then C + T. Let p be the phase
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difference between the beginning points of two strands which have
reassociated, by which we mean that the physical distance between
their beginning points is pC.

For Form II molecules the length, D, of the double-stranded
region is then

D=ca-p + I 1)

A Form II molecule has complementary ends of length pC - [
if pC > T. Such molecules are presumably, capable of cyclization,

In Form III molecules the circumference of the circle has a
length C. The protruding single—strand branches have a length T.
For a given p < 0.5 the separation of the branches in the shorter di-
rection around the circle varies between pC -~ T and pC + T (de—/
pending on the phenomenon of branch migration as discussed later).

Therefore, the separation of the branches in the longer direction

around the circle, B, varies in the interval
Cl-p+I>B>C-p-I @)

We use the longer distance around the circle as a measure of the
branch separation because it is more directly comparable to the
guantity D of Form II molecules. The distribution of p values may
conceivably then be inferred from the observed distribution of D and
B values. A histogram of observed D/C and B/C values is shown in
Fig., 4. Amoné Form III (circular) molecules there are a few with

B/C values close to 0, 5 but the number increases irregularly to about
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Fig. 4. Distribution of the relative distance between single~strand
branches on renatured molecules. All observations were made on
molecules mounted by the aqueous technique so that the single-strand
branches appeared as ""bushes'. A histogram (shaded area) of the
length of the double-stranded portion between the end bushes of 78
linear molecules is given with the horizontal coordinate, D/C, being
the length of the double-stranded portion between the end bushes of the
linear molecules divided by the mean length of the renatured circular
molecules. Similarly, a histogram of the quantity §/§ which is the
longer distance around the circle between the two bushes of a renatur-
ed circular molecule divided by the circumference of that circular
molecule is displayed {unshaded area). One hundred fifty circular
fmolecules and 78 linear molecules from theg photographs of coliphage
15 (TAU) were chosen at random for this plot., A similar plot was ob~
tained for coliphage 15 (WT) DNA, To obtain a valid distribution for
all molecules, the value of the vertical coordinate for the linear mole-
cules in the plot above should be multiplied by 3 since they actually
represent about 60% of the total population of renatured molecules, but
only 78 out of 228 were scored for the histogram. The distributions are
plotted in intervals of appréximately l o relative to the observed values

of _(:J.
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0. 85 and then falls to a very low value for B/C close to 1,0, For
linear molecules there are many with D/C wvalues greater than 1,0,
as expected if there is terminal repetition, and a decreasing number
with decreasing D/C values.

The fact that there are some renatured molecules with B/C
or D/C values in all intervals between 0.5 and 1, 0 shows that a num-—
ber of coordinates of beginning points, corresponding to p values
between 0.0 and 0.5, occur in the population. A discussion of other
features of the shape of the histogram in Fig. 4 will be given later.

(f) Size and heterogeneity of the terminal repetition

In previous physical work, the size of the terminal repetition of
a DNA has been estimated mainly by the E. coli exonuclease II di-
gestion method (MacHattie, et al., 1967; Ritchie, Thomas, MacHattie,
and Wensink, 1967; Rhoades, g_t__:a_._l_. , 1968). More accurate values
can be derived by electron microscopy.

We estimate the size of the terminal repetition as 0. 075(x0, 005)
C from the difference in lengths of the mature linear and the in vivo
closed circular DNA's.

However, the most accurate values are obtained by direct
measurements of single—strand branch lengths on micrographs of
Form III molecules mounted under conditions in which the single~
strand DNA is extended. For measurements of this type, it is es~-
sential that a single—strand DNA of known length be mounted on the

same grid as an internal standard.
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The phenomenon of branch migration should be mentioned be-
fore the branch length measurements are discussed. Electron mi-
crographs of the branches due to terminal repetitions are shown in
Plates IV and V. In some cases each branch consists of one single
strand with one free end. In other cases the branch has forked into
two sub—branches and there are two free ends. A schematic presen—
tation of the mechanism of forking is shown in Fig. 5. On consider—
ation of the physicochemical forces involved, it is expected that branch
migration and forking will indeed occur, as observed.

The total branch length is the sum of the lengths of the two sub-
branches. The relative fork position is defined as the length of the
longer sub—branch divided by the total branch length. The probability

of different fork positions has been studied by plotting the histogram
of relative fork positions shown in Fig. 6. It appears that all frac-
tional fork positions are equally probable, but unforked branches o%:—
cur in about 20% of the c#ses é,nd thus with gz_’ieater than random prc;b—
ability,

The distribution of length of the branches and of the ¢X 174 stan-—
dards is plotted in Fig. 7. The ratio of the numbér average molecular
length of the branches to the number average molecular length of
¢X 174 is 0.536. (The corresponding ratio of weight average lengths
is 0.554.) Since the length of the mature linear coliphage 15 DNA is

7. 81 times that of double—stranded ¢X 174 RFII DNA, the number
average length of the terminal repetition is 0.536/(7. 81 — 0.536) =

0.074 of the length, C, of the nonrepetitious part of the mature phage
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Fig. 5. Schematic representation of the mechanism of 3ranch mi-
gration, An enlargement of a portion of the circular Form III mole-
cule in the lower right of Fig. 3 is shown. Since a protruding single-
strand branch in the top figure has the same base sequence as an ad—
jacent strand which is in the duplex, the branch can fork and migrate

without changing the total number of base pairs.
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Fig. 6. Relative fork position of repetitious branches. Coliphage 15
(WT) DNA was denatured and ren atured for 6 hrs in 50% formamide

at 25° C. The DNA was mounted for electron microscopy in the pres-
ence of formamide and the length of the repetitious branches measured,
The relative fork position is evaluated by dividing the distance from
the fork position to the end of the longest branch by the total length

of the branch, Therefore, a relative fork position of 1.0 would rep—
resent a linear branch, while a relative fork position of 0,5 would
represent a forked branch in which the lengtls of the two single

strands are equal The distribution of the relative fork position for 91

repetitious branches is plotted here,
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Fig. 7. Length distribution of the repetitious single—stranded DNA
branches relative to ¢X 174 DNA, Renatured coliphage 15 (WT) was
mounted along with single—stranded ¢X 174 DNA in the presence of
formamide. Micrographs of both the repetitious single-stranded DNA

branch (shaded area) and ¢X 174 DNA (unshaded area) were alternately

taken. Only those renatured circular DNA molecules which showed
two unambiguous repetitious single—~stranded DNA branches are in-
cluded in this distribution, The quantities L., (_I:)‘:;z{, and (L)—:. are
contour length of a branch or molecule, number average length—of

X, 'agd number average length of the branches, respectively.
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DNA., This value agrees well with the less exact value deduced
previocusly. It corresponds to 2800 base pairs,

It is obvious from Fig. 7 that the fractional standard deviation
of the branch lengths is greater than the fractional standard deviation
of ¢X 174 lengths, The fractional standard deviations are 0,19 for
the branches and 0,043 for ¢X DNA. We attribute this large frac~-
tional standard deviation for the branch lengths to a true heterogeneity
in length of the terminal repetition.

In order to discuss the heterogeneity quantitatively, we must
first discuss the distribution in lengths for a homogeneous DNA popu-
lation in electron micrographs. It is observed (Davis, et al., 1969)
that for a homogeneous DNA population, the square of the standard
deviation of a distribution of contour lengths on a mi.crograph is

proportional to the mean length of the DNA. 1In fact, it is found.that

0. 037(x0. 007)/_1:d%‘ (3)

(¢ 4/Ly)

and

0.049(%0, 12) /gS% {4)

]

(GS/I_:S)

where L represents contour length and sﬁbscripts d and s refer to
double- and single-stranded DNA, respectively, The numerical con~
stants in the equation above apply when double—‘ and single-strand
lengths are measured in units of the length of ¢X RF II double.—
stranded DNA and the length of ¢X single-stranded DNA, respectively.

These relations were deduced from studies of DNA's with a large’
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range of lengths and apply under a wide range of mounting con—
ditions. We believe that the primary sources of fluctuation in length
occur in the structure of the DNA-protein film, and not in magnifi-
cation or measuring errors.

The predicted fractional standard deviation for ¢X 174 lengths
from eq. 4 is 0. 05(#0, 01), in satisfactory agreement with the value
observed for this sample of 0. 043,

The predicted fractional standafd deviation for a homogeneous
population with the mean length of the terminal repetition is 0. 07
(£0. 01). Therefore we believe that the fractional standard deviation
in length of the terminal repetition due to its heterogeneity is (0.19% -
Q. 072)1/2= 0.18, or 500 base pairs. A variation in length of the ter-—
minal repetition of this magnitude:corresponds to a fractional varia-
tion of 0. 013 in length of the mature phage DNA, which is too small

to be reliably observed,

(g} DNA-DNA homology studies by electron microscopy

The phage from wild type and TAU strains of E, coli 15 are
morphologically similar, except that the latter have no tails. The
DNA's have the same contour length and the same circular permu-
tation—terminal repetition characteristics. We now ask the question
- as to the degree of sequence relationship between the DNA's.

A mixtu.re of coliphage 15 (WT) and (TAU) DNA's was denatured,
renatured, and mounted for electron microscopy in the presence of
formamide. The resulting mixture will contain homoduplexes of the

two types and, if there is any significant sequence homology, hetero-
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duplexes with one strand each from the two kinds of DNA. In such
heteroduplexes, regions of nonhomology are visible as single-strand
loops of various kinds (Davis and Davidson, 1968; Westmoreland, et
al., 1969; Davis, et al., 1969), In our experience, deletions, additions,
or substitutions of nonhomologous regions as small as 50 to 100 base
pairs are observable by this method. Point mutations cannot be de-
tected,

No nonhomology regions were found by electron microscopic
examination of the renatured mixture., Therefore, either there is no
significant sequence relationship between the two DNA's so that no
heteroduplexes form or the relationship is very close, within the limits
stated above,

| The hypothesis of no sequence relationship at all was eliminated
by hybridizing a mixture of sheared wild type phage DNA and unsheared
TAU DNA under conditions that only a relatively small amount of re-
naturation occurs. This method has been described previously in con-

nection with a similar problem concerning several M. lysodeikticus

phages (Lee and Davidson, 1969), If there is any sequence homology
between the sheared and the unsheared DNA, heteroduplexes, each of
which consists of a sheared piece of DNA and an unsheared strand, will
form. These heteroduplexes can be recognized as molecules with a
short inner double-strand region and two single-strand ends, one or
both of which is large, The DNA is trapped in the cytochrome film

from aqueous solution, so that single-strand regions appear as bushes,
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The length of a single-strand piece can be approximately estimated
from the perimeter of the bush (Davis and Davidson, 1968). Plate III
(d) and (e) show relevant micrographs; the scoring of the observed grids
is presented in Table 2. The molecules of interest are the whole/frag-
ment heteroduplexes [Plate III (e)]. These are readily distinguished
from whole /whole homoduplexes, which are either circular, or linear
with short equal size end bushes and most frequently with a long double-
strand region. Fragment/fragment homoduplexes have only short end
bushes [Plate III {d)].

According to the steric hindrance effect in renaturation, which
is explained in more detail in a later section, a fragment which is homol-
ogous to a region close to the topological center of awhole strand has a
lower probability of penetrating the random coil and forming a hetero-
duplex than does a fragment which is homologous to a region close to
the topological outside of the whole strand. The observations are in
agreement with this theory and the whole/fragment heteroduplexes most
frequently have one large and one small end bush., The occurrence of
whole /fragment homoduplexes due to the presence of single-strand
breaks in the unsheared TAU preparation can only be evaluated by the
control sample of TAU alone,

It is clear from the scoring in Table 2 that whole/fragment hetero—
duplexes do occur in the large amount expected in, and only in, the re-
natured mixture of sheared wild type and unsheared TAU DNA., We there-—
fore conclude that the two kinds of DNA are closely related and there are

no sequence dissimilarities of length greater than 50 to 100 base pairs,
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TABLE 2

Numbers of different kinds of molecules
in heteroduplex preparation

Classes of molecules No of molecules

Whole Whole TAU +

TAU sheared WT
Long linear or cyclic double-stranded region with 8¢ 14
small equal sized end bushes (A)
Short double-stranded regions with large equal 2 3
sized end bushes (B)
Long double—-stranded region with small unequal 10 3
sized end bushes (C)
Short double-stranded region with large unequal 9 66
gized end bushes (D)
Short double-stranded region with small end 11 192
bushes (E)
Whole single-stranded moleculea (F) 99 14
TOTAL 211 292
Probable identification of scored molecules
Whole/whole homoduplexes = A + B 82 17
Whole /fragment homoduplexes = C 10 3
Whole/fragment heteroduplexes = D - 9 66
Fragment/fragment homoduplex = E 11 192
Percent heteroduplexes® 5% 64%,

* The percentage of whole DNA stranda hybridized to a amall fragment =

100 D/[2(A +B) + C + D]
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4, RecaEitulation and Further Discussion
(a) Phage properties

Auxotrophic mutants of wild type E. coli 15 have in general
been derived by uv mutagenesis and the standard penicillin selection
procedure. E. coli 15 T was so derived (cited by Barner and Cohen,
1954); it was the mother strain for further uv mutagenesis and selec—
tion to produce E, coli 15 TAU (Barner and Cchen, 1958) and TAU-
bar?‘ Of these four strains, only TAU-bar does not produce phage
particles after uv or mitomycin C induction. [Our observations on
this point agree with those of Cozzarelli, et al. (1968), and disagree
with those of Bolton, g_t_g.__l_. (1964)., ] Furthermore, the in vivo closed
circular DNA species was found after induction in 15 WT and 15 TAU,
but not in TAU~bar, Itis possible then that either TAU-bar .has been
cured of the prophage or the prophage has mutated to a noninducible
form by the uv mutagenesis,

We noted that in all strains studied there was a considerable
decrease in the number of the 0,67 p plasmid DNA circles after mito—
mycin C treatment.

Whereas the lysates of induced E. coli 15 WT and T contained

phage with attached tails and excess free tails, the TAU lysate con-

¥

We are informed by Professor P, C. Hanawalt that the TAU-
bar was derived by R. Wax froman austrophic mutant E. coli 555 -7
that R. Weatherwax originally isolated from 15 T . It was named TAU-

bar by P. C. Hanawalt, It has also been named WWU by S. Person.
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tained only tailless phage and no free tails, The studies reported
here show that the DNA's are very similar in base sequence, and
possibly differ only by some poiﬁt mutations., Presumably, one

or several such mutations have made the ‘TAU DNA defective for the
production of té.ils.

The coliphage 15 (WT) and (T ) particles are colicinogenic
to 15 WT and 15 T  bacteria; coliphage 15 (TAU) particles are not.
These observations provide further evidence that tail particles are
the colicinogenic component (Endo, et al,, 1965).

Both TAU and TAU-bar bacteria are resistant to the killing
action of the (WT) and (T ) phage. These strains were isolated after
uv irradiation of T which induces the prophage; the selection pro-
cedure would theref'ore favor selection of a resistant strain,

In agreement with previous workers (Sandoval, et al., 1965)
Mennigmann, 1965; Endo, et al,, 1965) we have not succeeded in find-
ing a host on which the phage particle producesa productive infection;
the authors cited havé suggested that the phage is defective. Our stud-
ies, however, show that the phage particles have a unique circularly
permuted, terminally repetitious sequence with a complexity approxi-
mately equal to the molecular weight., Thus, this phage is not like
the defective B. subtilis phage (Okamoto, Mudd, and Marmur, 1968)
which contairsa random sample of the bacterial chromosome as its

DNA., Furthermore, Cowie and Szafranski (1965) have reported that
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coliphage 15 (TAU) DNA has onlyl6% homology with host DNA.

(b} Properties of the circular permutation and terminal repetition

The DNA's of coliphage 15 (WT) and (TAU) are identical in
size and base sequence by the criteria available,

Like the vi.rulent phages T2 and T4 and the temperate phages
P22 and Pl {Thomas and Rubinstein, 1964; Thomas and MacHattie,
1964; MacHattie, et al., 1967, Rhoades, et al., 1968; Thomas, et

al., 1968; Ikeda and Tomizawa, 1968), the DNA of the £. coli 15

——

phages is terminally repetitious and circularly permuted.

The mean size of the terminal repetition is 0.074 of the
whole genome, or 2800 base pairs. For T2 DNA, the size is reported
to be 2000 to 5000 base pairs or 0,01 to 0.03 of the genome size; for
P22 it is roughly 1000 base pairs or 0.025 of the genome size (Thomas,
Kelly, and Rhoades, 1968); for Pl, it is reported to be 0, 12 of the
genome or 10, 000 base pairs (Ikeda and Tomizawa, 1968).

The accurate electroﬁ microscope methods used here have
made it possible to observe that the size of the terminal repetition is
somewhat variable, with a fractional standard deviation of 0.18 of
the mean size of the terminal repetition, or 500 base pairs, or 0,013
of the genome size. This variability ghows that the mechanism for
cutting the DNA for packaging in the phage head is not precise, In
particular, the variability is plausible for the "headful" mechanism
of packaging DNA (Streisinger, Emrich, and Stahl, 1967). The cut—

ting mechanism ig however, sufficiently precise so that every phage
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has a full complement of genes.

After induction and before phage maturation, there is an intra-
cellular closed circular DNA and the mature phage DNA is 0,075
longer than this intracellular form. The amount of this DNA increases
from 15 min to 30 min after induction. It is highly probable that this
closed circular molecule contains one complete genome of the coli-

phage 15 DNA with no terminal repetition,

(c) Excluded volume effects and the renaturation

of circularly permuted DNA's

In order to explain the observed dependence of the rate of re—~
naturation on strand length, Wetmur and Davidson (1968) suggested,
as one of several possibilities, that there is an excluded volume ef-
fect so that points near the physical center of a random coil are less
available for the initial joining event in renaturation than are points
close to the outside, Random walk theory shows that points near the
topological center of a random coil have a smaller radius of gyration
with respect to the center of mass of the coil than do points near the
topological outside of the coil. Therefore, a point near the topological
end of a2 strand is, on the average, closer to the physical outside of the
coil and is more available for the initiation of a renaturation reaction
than is a point close to the topological center of the strand.

This hypothesis has been confirmed by Wulff, Jamieson, and
Davidson (1969) who showed that the rate of renaturation of sheared

fragments of A\ADNA with whole strands was greater for sheared strands
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homologous to points near the topological outside of the whole strand,
Essentially the same observations by the same method are reported
here in Table 2 in our study of the renaturation of sheared fragments
of coliphage 15 (WT) DNA with the whole strands of coliphage 15 (TAU)
DNA.

For two complementary whole strands with widely spaced begin-
ning points (fenaturing to duplexes wifh a relative p value close to 0.5
in eq. 1 and a relative branch separation close to 0.5 in Fig. 4) in a
population of circularly permuted molecules, the outside of one mole~

cule is the interior of the other, and 'vice versa; whereas, for two

strands with beginning points close to each other (relative p values
close to zero and a branch separation close to 1. 0) the topological out-
sides are homologous. According to the excluded volume hypothesis,
two strands of the latter type will renature more rapidly. We believe
that the excluded volume phenomenon will have a significant effect on
the relative rates of formation of molecules with different p values,
but we do not have available an independently derived theoretical or
experimental quantitative e#pression for the magnitude of the effect.
In the discussion that follows, we shall assume that the probability of
renaturation of two strands decreases linearly as a function of their
relative P value, from a value of 1.0 for p= 0 to a value of 0 for
p=0.501 + (T/C)] (this being the maximum possible value of p).

(d) The physical chemistry of branch migration

Consider a molecule with a forked branch., The exact position of

the fork does not affect the total number of base pairs in the duplex or
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the steric interaction at the point of the fork, Thua, it is reasonable
that all fork positions are equally probable, There are 2800 ways to
have a forked branch and two ways to have an unforked branch. Ex-
perimentally, the ratio of unforked to forked branches is 1:4. If this
is an equilibrium ratio at 300° K, and in view of the statistical factor
of 1:1400, there is an intrinsic differeynce in free energy between an
unforked and a forked branch of 3500 cal/mole in favor of the unforked
branch, The steric interactions at the junction of the two sub-branches
are different than the steric interactions with only a single branch, and
a free energy difference of the magnitude calculated is ndt unreason-
able,

Let v be the jump time for the migration of a branch by one
nucleotide. The mean time to equilibrate the fork position over 2800
nucleotides is then of the order of (2800)2 r. The sample scored in
the histogram of fork positions (Fig. 6) was allowed to renature for
about 10% sec; thus an upper limit on 7 is 1072 sec, if equilibrium has
indeed been achieved. There are no strictly comparable measurements
in the literature for comparison, but this relaxation time is of the same
order as that observed by Massie and Zimm (1969) for the relaxation
time per nucleotide in ordinary renaturation under comparable con-
ditions. Better measurements of the equilibrium and kinetics in branch

migration would appear to be both useful and practicable.

(e) The distribution of beginning pointas

The question at isgue is whether the circular permutation around

the genome is complete, or whether there are certain points or regions
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along the genome which have a higher than random probability of be-
ing beginning points,

The histogram of Fig. 4 does not show a uniform occurrence of
molecules with all possible branch positions and hence, at first thought,
suggests a nonuniform distribution of beginning points in the population
of DNA molecules, We shall argue below that there are several physi-
cal factors which contribute to the shape of the histogram and that there
is no evidence in Fig., 4 against the hypothésis of a uniform distribution
of beginning points, With referehce to Fig. 4, for renatured linear
molecules with a double~strand length of D, the separation p of the
beginning points of the two strands in units of the genome size, C, is
p=1-(D/C) +t, wheret=T/C is the fractional length of the terminal
repetition, In Fig., 4 there are renatured linear molecules with values |
of D/C in the interval 1.0to0 1,0 + t. These are molecules with p
values in the interval 0 < p<_t. They do not have mutually complemen—
tary regions at their ends and are incapable of cyclization. The impor—
tant point is that these are a class of molecules with beginning points
of the two strands less than one terminal repetition apart.

There are some renatured linear molécules with values of p > t,
These molecules presumably do have complementary regions on their
ends and are capable of cyclizing but have not done so for kinetic reasons,
The rate of cyclization is presumably proporﬁonal to the length (;f\ the
complementary ends and therefore slower thé shorter the ends., However,
it should be noted that for all but an insignificant number of such mole-
cules,. the complementary ends are greater than 200 base pairs long and,
according to arguments given previously (Wang and Davidson, 1966a), the

equilibrium under renaturing conditions strongly favors cyclization.
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For renatured circular molecules, we define the fractional
branch separation by the shorter distance around the circle as
b = 1-(B/C), where B was defined previously as the separation
of the branches by the longer way around the circle. In principle,
molecules with values of p > t are capable of cyclization. Due to
branch migration, the branch separation, E, for a given value of
P can be anywhere between p - tand p + t. As we shall see, this
affects the distribution function for b values.

The histogram of Fig. 4 shows an increase in the number of
renatured circular molecules with decreasing b values between 0.5
and 0. 15 but a sharp fall in the number of such molecules as b goes
from 0.15 to 0, Thus, the results show that a number of positions
along the chromosome occur as beginning points.

We now attempt to interpret the shape of the distribution curve
of Fig, 4. The increase in the number of molecules with decreasing
b values between 0,5 and 0.15 can be attributed, partly or solely,
to the selective renaturation phenomenon proposed in a preceding °
section. Furthermore, the sharp decrease in the number of moale—
cules as b goes from 0.15 to 0 can be attributed to branch migration,
as discussed below. Thus, there is no evidence in the histogram
against the hypothesis of a random distribution of beginning points.

The argument about the effect of branch migration goes as fol-
lows: Let_f_(g)d_g be the fractional number of circular molecules and

molecules which are in principle capable of cyclization with p values
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in the interval p to p + dp. The range for pis 0< p< 0,5(1 + t).
(A renatured molecule with a p value, p;, greater than 0.5(1+ t)
gives the same branch separation as though its p value were

(1 +t- __15’1) which is less than 0.5(1 + t). In fact, the experimental
method used hexe cannot distinguish between circular permutations
over half the chromosome and over all of the chromosome.) For a
given p, the branch separation b lies between p — t and p + t due to
branch migration. We assume that complete equilibration of all
branch positions has occurred and that for a given p there is a uni-
form probability of any value of b between p ~ t and p + t. (The ex-
perimental fact is that there is a slightly higher probability of the
values p - ¢t and/or p +_t than any of the intermediate values, but we
neglect this, )

Let N(b) %

be the number of renatured circular molecules with
a branch separation in the interval b to b + db. We wish to evaluate
N(b), given f(p) and the phenomenon of branch migration.

A molecule with a branch separation b such that 2t <b < 0.5-1.5 t
receives contributions from all p values in the range b-ttob +t, |
However, molecules with small b values (0< b< 21) receive con-
tributions only frofn a smaller interval of p values between t and b + t.
This is the important effect which decreases the number of molecules
with small b values. The case for b values greater than 0.5-1.5t
is a little more complicated and not important here; the answer is

correctly stated in the range of conditions given for the integrations

below.
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Assuming complete equilibration of all fork positions, the

function N(b)} is given by

bt
N(b) = J ~ flpidp for 0<hb< 2t (5)
bt
NGB = [T fHpap for 2t < b < 0.5-1.5t (6)
bit 8. 5+0. 5t
N(b) = bt fp)dp + 1-b-t f(pldp
for 0.5-1,5t<b<0,5-0,5¢ (7)
0. 540, 5¢ 0. 540, 5t
Nb) = Jy fpidp + fl_b-t  Hpdg
for 0.5-0.5t<b < 0.5 (8)

Tocalculate N(b) we need to know f(p). The function f(p) is affected
by the actual distribution of beginning points and by the selective re-
naturation phenomenon. The latter causes f(p) to decrease with in-
creasing p. To calculate a theoretical curve, we assume that f(p)
decreases linearly from f(p) = 1 atp = 0 to f(p) = 0 for p = 0. 5(1+- t)

due to the selective renaturation phenomenon;, that is,
f{p) = 1 -p/0.5(1 +1) (9)

The curve so calculated from equations 3, 6, 7, and 8 is presented as

a theoretical curve in Fig. 8. To compare it with the observed
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histogram of Fig. 4, we must add a correction to the latter for the
linear molecules with values of p > t which have failed to cyclize,
This correction is made by assuming that such a linear molecule
with a given value of p contributes uniformly to all values of b be-
tween p - t and p + t. The histogram of b v#lues from Fig. 4, so cor-
rected, is shown as a set of points in Fig. 8. There is good agree-
ment between the '"theoretical” curve and the experimental points,
The most important features of the curve, the maximum around

E = 2_3, and the decrease of E(E) to zero as E goes to 0, are not
strongly dependent on the exact shape of the f(p) curve, provided it
is relatively uniform for 0 < p < 4t,

In view of all of the experimental errors and the theoretical as-
sumptions, we can only conclude that the present data are consistent
with the idea of a uniform distribution of beginning points, with the ob~
served distribution of branch separations modified by the selective
renaturation phenomenon and branch migration.

Finally, we note that Ikeda and Tomizawa (1968) have reported
a histogram which is qualitatively similar to that of Fig. 4 for the
distribution of branch separations in renatured Pl DNA molecules,
They observe an increase in the number of renatured molecules with
decreasing p values for p > 0.1 (approx.). Their tentative explan-
ation that linear polymerization is more probable than cyclization for
renatured Form II molecules with widely spaced beginning points and
therefore with large complementary ends is in.our opinion not ac-

ceptable, since the relative probability of cyclization and linear



180

Fig. 8. Comparison of '"theoretical' (see text) and experimental

distribution curve of branch separations, b. The theoretical curve

——

has been normalized to have about the same area as the experimental

curve,
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polymérization depends on the concentration of DNA and not on the
length of the complementary ends which are equally available for
both reactions (Wang and Davidson, 1966Db).

The histogram presented by lkeda and Tomizawa also shows a
paucity of renatured cyclic molecﬁles with branch separation less
than the size of the terminal redundancy. Each of the several factors
discovered above for coliphage 15 DNA may also be operative for
Pl DNA.,

Finally, we note that the phenomenon of branch migration and
the experimental variability would make it difficult, by the methods
used here, to recognize a distribution curve for beginning points with
several maxima spaced one terminal repetition apart, Such a distri-
bution is expected for models which involve replication of a moderate~
ly long concatenate starting at a specific origin of replication with the
concatenate being cut in accordance with the headful mechanism at

approximately constant lengths of one genome plus one terminal

repetition,
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CHAPTER 6

Homology and Structural Relationships

Between the Dimeric and Monomeriec Circular Forms

of Mitochondrial DNA from Human Leukemic Leukocytes

David A. Clayton, Ronald W. Davis and Jerome Vinograd

The following paper is in press in the Journal of lMolecular
Biology. My contribution to this work was the electron

microscopy.
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1. Introduction

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

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

circular dimers are identical within experimental error, a result
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that indicates that the base compositions of the two duplexes are the
same within £1. 0%. The buoyant densities in alkaline cesium chloride
of the corresponding heavy and light complementary strands were also
the same within the experimental error. This result indicates that the
base compositions of the corresponding separate strands in the two
forms are likely to be very similar,

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

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

dimer strand and two monomer strands a fused dimer.

A circular dimer can, in principle, be formed from two
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monomeric genomes in two different ways. One method leads to a
head-td-tail tandem arrangement of monomer units (Fig. 1(a)). The
other leads to a head-to-head arrangement (Fig. 1(b)). We have
used electron microscope procedures to distinguish between these

models.

2. Materials and Methods

(a) Isolation and purification of M DNA

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

band (fraction C).

(b) Separation of circular dimer and monomer M DNA

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

1969). Fraction B, containing about 3 pg of nicked M DNA, was



191

Figure 1. Representation of the two modes of formation of the
circular dimer from two monomers. (a)Head-to-tail tandem arrange-

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

units.
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diluted to 5 ml. with 0. 01 M-Tris, pH 7.5, and 0. 001 M-EDTA, and
centrifuged for 12 hr at 40 Krpm in an SW50. 1 rotor. The M DNA
pellet was allowed to resuspend in 0.4 ml. of supernatant and placed
on 4.5 ml. of CsCl, p = 1.40 g/ml., 0.01 Tris, pH 7.5, 150 ug/ml.
EB, and centrifuged for 35 hr at 45 Krpm in an SW50. 1 rotor. The
33 S nicked circular dimers and 26 S nicked monomers were detected
by fluorescence and were separated by approximately 4 mm in the
centrifuge tube (Fig. 2). The two M DNA species were isolated by
drop collection and the EB removed by passage through a small col~-
umn of Dowex~50 cation exchange resin. The small amount of
heterogeneous nuclear DNA was removed in this preparatixlre velocity
experiment (Fig. 2), as is shown in the buoyant analyses of fractions
B, and B, (Fig. 3).

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

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

tion experiments analyzed by centrifugation as described below.
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Figure 2. The separation of nicked circular dimer (lower band)
and nicked monomer (upper band) M DNA after velocity sedimentation
in a cesium chloride-ethidium bromide solution. Centrifugation con-
ditions are described in Materials and Methods, section (b). The tube

was photographed in ultraviolet light.
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(c) Analytical centrifugation

Buoyant density experiments were performed in Beckman
model E ultracentrifuges equipped with photoelectric scanners at
44, 000 or 44,770 rev. /min at 25°C for 24 hr. Neutral and alkaline
buoyant densities were calculated from the distances between the
M DNA peaks and a crab dAT marker. In these calculations the
buoyant density of the marker was taken to be 1.669, g/ml. at neu-
tral pH (Bauer & Vinograd, 1968) and 1.728 g/ml. at high pH,

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

The band sedimentation velocity experiment was performed
in 2,85 M-CsCl, pH 12.5, 20°C, 35,600 rpm and recorded with the

photoelectric scanning system in a Beckman model E ultracentrifuge.

(d) Hybridization observed in the electron microscope

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

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

Approximately 0.05 pg of M DNA (fraction D;) in 10 pl. was
denatured by dialysis against 95% formamide and 0. 01 M-EDTA at pH
8.3 for 1 hr at 24°C, and was reannealed by dialysis for 23 hr against
50% formamide, 0.20 M-Tris, pH 8.0, 0. 02 M-EDTA. The reaction
was then quenched by dialysis for 2 hr against 0.1 M-NaCl and 0. 01
M-EDTA, pH 7.3. The dialysis mixture was divided into two samples.
One sample was adjusted to contain 0. 1% cytochrome C and 0.5 M-
NH,Ac at pH 7.0 in a final volume of 50 u1. This sample was then
spread onto 0.25 M-NH,Ac at pH 7.0. (This procedure will be
referred to as the aqueous technique.) The second sample bf
renatured DNA was adjusted to contain 0. 1% cytochrome C, 0.1 M-
NH,Ac, 0.01 M-Tris at pH 8. 0, and 40% formamide. The latter
sample was then spread onto 0. 01 M-Tris at pH 8. 0 and 10% forma-
mide. (This procedure will be referred to as the formamide technique. )
The films were picked up oh Parlodion-coated specimen grids and were
either stained with uranyl acetate (Davis & Davidson, 1968) or shadowed
with platinum-palladium (Pt-Pd).

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

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

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

auxiliary Plumbicon TV system was used.

(e) Reagents, enzymes, and marker DNA

Optical grade CsCl from the Harshaw Chemical Company,
Cleveland, Ohio, and ethidium bromide from Boots Pure Drug Co.,
Ltd., Nottingham, England, were used without further purification.
All other chemicals were reagent grade. DNase I and RNase A used
in the mitochondria isolation were purchased from the Sigma Chemical
Company, St. Louis, Missouri. Cytochrome C (Lot 4546.1) was pur-
chased from Calbiochem, Los Angeles, California. Crab dAT
isolated by the Cs,S0,-HgCl, method (Davidson et al., 1965) from

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

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

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

3. Results

(@) Neutral buoyant densities of circular dimer

and monomer M DNA

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

0. 0005 g/ml., are in good agreement with the value reported earlier
for the mixture. The overall base compositions of the circular dimer

and monomer are, therefore, identical within the experimental error
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Figure 3. Photoelectric scans of (a) purified monomeric and (b)
purified circular dimeric leukemic leukocyte M DNA with a crab dAT
marker in neutral buoyant cesium chloride, 25°C, 44, 770 and 44, 000
rpm, respectively. The field is directed to the right. The light band
contains dAT and the dense band M DNA,
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limits of * 1.. 0 mole percent guanine-cytosine (GC). A difference of
0. 001 g/ml. in buoyant density corresponds to a difference of 1 mole

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

(b) Alkaline buoyant densities of the complementary strands

in circular dimer and monomer M DNA

Centrifugation of nicked circular or linear DNA in buoyant
alkaline (pH 12.5) CsCl usually gives a unimodal distribution of DNA
at a higher density than the native duplex, due to the titration of guanine
and thymine residues and subsequent loss of the duplex structure
(Vinograd, Morris, Davidson & Dove, 1963). Human M ]?NA in such
experiments forms a bimodal distribution. Each band contains one of
the two M DNA complementary strands (Corneo, Zardi & Polli, 1968).
The difference in buoyant density of the two strands is thought to be
principally the result of a difference in the guanine plus thymine
content of each strand. Scans of the buoyant profiles of purified
circular dimers (fraction B,) and purified monomers (fraction B,)
are presented in Figure 4. The buoyant densities of the light strand
and heavy strand of the circular dimer were calculated from results
of an experiment in which crab dAT was added as a density marker
(Fig. 4(a)). The light and heavy strands are 1.738 and 1,779 g/ml., .
respectively. The separation between the complements is the same,
0.041 g/ml., in the dimer samples with and without the marker
(Figs. 4(a) and (b)). The separation between complementary strands
in the preparation of monomers is also 0.041 g/ml. (Fig. 4(c)). In

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

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

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

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

are consistent with this conclusion.

(c) The reannealing of light monomeric and heavy

dimeric M DNA complements

A direct analysis of the ability of circular dimer single
strands to hybridize with monomer single strands can be obtained
by examining the buoyant density patterns of artificial mixtures of
heavy dimer and light monomer strands that have been subjected to
reanneaiing conditions. The heavy strand of purified circular dimers
and the light strand of purified monomers were isolated by alkaline
buoyant density centrifugation in the preparative ultracentrifuge.

Approximately 0.5 pg of nicked circular dimer (fraction B,)
and 0.5 pg of nicked monomer (fraction B,) M DNA were placed in
separate alkaline buoyant CsCl solutions, 1,760 g/ml., 0.05 M-
K,PO,, pH 12.5, in Polyallomer tubes. In addition, approximately
0.5 ug of previously isolated light strands of [ 3H] HeLa M DNA was
mixed with the circular dimer sample and approximately 0. 05 ,u.g\
of heavy strands of [ 3H] HeLa M DNA was mixed with the monomer
sample. The specific activity of the HeL.a DNA strands was approxi-

mately 10° cpm/ug. The corresponding buoyant densities of
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complementary strands of HeLa M DNA and leukemic leukocyte M DNA
in alkali are known to be similar (R. L. Hallberg, private communi-
cation). The alkaline gradients were centrifuged for 65 hours at 20°C |
and at 31.5 Krpm in an SWT9. 1 rotor. Forty-ul. fractions were col-
lected, and 5-@1. aliquots were counted to locate the position of the
[sH]HeLa M DNA strands (Fig. 5). The fractions containing the sep-
arate strands of the circular dimer and monomer leukocyte M DNA
were appropriately pooled (Fig. 5), and either cross-hybridized or
"self-annealed" by dialysis against 50% formamide, 0.20 M-Tris,

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

The resultant hybrid molecules formed a single sharp band
with a buoyant density of 1. 700 g/ml. (Fig. 6(a)). This value is the
same as that obtained for both the monomeric and dimeric. native
duplex M DNA's. We conclude that a high molecular weight duplex
species has formed. This species contains heavy strands from the
circular dimer and light strands from the monomer. No banded
material was observed at positions for neutralized single strands
of light monomer, 1.707 g/ml. (Fig. 6(b)), or heavy dimer.

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

annealing (Fig. 6(b)). The material formed a band with a buoyant
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Figure 5. [*H]HeLa light and heavy M DNA complements were
“used to detect the position of light and heavy M DNA complements in
leukocyte M DNA, as described in the text. Figure 5(a) is a radio-
active pattern of HeLa M DNA complements obtained by R. L. Hallberg
in this laboratory using the conditions employed in (b) and (¢). The
peaks have a separation of 13 fractions. Since the monomer sample,
(b), has a band maximum for the [*H]HeLa heavy strand at fraction 20,
we expect the band maximum for the light leukocyte monomer strand to
be located at fraction 33. Similarly for the circular dimer sample, (c),
the band maximum for the [3}1]HeLa light strand was found at fraction
32. The band maximum for the heavy dimer strand is expected to be
at fraction 19. Therefore, fractions 30 through 40 in (b) were pooled
and used as the monomer light-strand sample and fractions 12 through
22 in (c) were pooled and used as the dimer heavy-strand sample. The
light dimer strand (fractions 24 through 40 in (c)) was isolated and

used as a control.
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Figure 6. Photoelectric scans of annealed M DNA in neutral buoyant
cesium chloride at 44, 770 rpm, 25°C. The field is directed to the right.
The light band in each case is crab dAT added as a marker. (a) An-
nealed mixture of approximately equal amounts of heavy dimer strand
and light monomer strand plus crab dAT. (b) Self-annealed light dimer
strand plus crab dAT. (c) Annealed mixture of denatured monomer and
dimer M DNA plus crab dAT. The mixture contained 88% dimer and

12% monomer.
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density of 1.707 g/ml. The light strand of HeL.a M DNA forms a
band atvneutral pH with the same buoyant density (R. L. Hallberg,
private communication). No contaminating heavy single-stranded
DNA or duplex DNA was detected. The sample of 88% dimers and
12% monomers from the alkaline buoyant density experiment in
Figure 4(b) was neutralized, annealed, and centrifuged in a neutral
buoyant CsCl gradient. The hypersharp band with a buoyant density
of 1.700 g/ml. (Fig. 6(c)) indicates that a mixture of annealed dimer
and monomer strands regains a duplex structure analogous to the

hybrid molecules in Figure 6(a).

In view of the similarity of the neutral and alkaline buoyant
behavior between leukocyte and HeLa M DNA, we take 1.707 g/ml.
as the buoyant density of the neutralized light strand (Fig. 6(b)) and
1.726 g/ml. as the buoyant density of the heavy strand (R. L. Hallberg,
private communication). The mean, 1,717 g/ml., is 0. 017 g/ml.
higher than the value for the native duplex. The hybrid structure with
the same buoyant density must, therefore, within experimental error,
consist of pure duplex. Regions of nonhomology or imperfect anneal -
ing in the concatenate should have raised the buoyant density of the
- hybrid. We estimate the uncertainty in A© in these experiments to
be about +0, 001 g/ml. Based on this uncertainty and assuming linear-
ity between the fractional duplex content and the fractional buoyant
increment (Rownd, Lanyi & Doty, 1961), we estimate that at least
90% of the mass of the buoyant species is in a duplex structure. We

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

monomeric and dimeric forms is given in Table 1.

(d) Electron microscopy of reannealed M DNA

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

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

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

Sedimentation properties of the circular monomeric and dimeric

forms of human leukemic leukocyte M DNA

Monomer Dimer

S92 , closed, Svedbergs —_ 51.6 = 0. 73'<
=20, w
S50,y Ricked, " 25.6+ 0.41 33,1z 0,5

' %k £33
—SLOZO, obs, alk. ’ closed, ' 80 112
©, g/ml., duplex, neutral 1.700 1.700
©, " , light strand, alk. 1,738 1.738
©, " , heavy strand, " 1,779 1,779
©, " , light strand, neutral — 1,707

* Clayton & Vinograd (1967
Clayton & Vinograd (1968

)

. TPreviously unpublished data. IHudson, :
The sedimentation solvent was 2.85 M-

CsCl at 20°C. The sedimentation coefficients have been fully cor-
rected to standard conditions and are expressed as values for the

sodium form.

* Clayton & Vinograd (1967). These sedimentation coefficients are
‘the observed uncorrected values in 2. 85 M-CsCl, 0.05 M-K,PO,,

pH 12.5, 20°C.
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TABLE 2

Electron microscope frequency analysis of M DNA forms

before denaturation and after annealing

Before After
Form denaturation annealing
(%)* (%)
Circular monomers 71 75
Circular dimers 24 +3 4 = 2
Catenated dimers. 3.5x1 9.5 = 2T
Tailed molecules 0 3 =z=1
Linear duplexes 1.5=1 1 0.9
Ambiguous molecules 0 8.5% 2
Total no. of molecules
classified 800 800

b3
The error values indicate the interval which contains the

true mean at a level of confidence of 95%.

T Most of these molecules are considered to be fused

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

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

In a separate experiment to test if the procedure used here

does indeed denature the DNA and allow for strand dissociation, the
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Plate 1. Typical field of renatured M DNA as viewed in the elec-
tron microscope. Three circular duplex molecules of monomer length,
a circular duplex molecule of two monomer lengths, a sing.le—stranded
circular monomer molecule (upper-right corner), and a linear duplex
molecule of slightly less than monomer length and with single-stranded
ends (lower-right corner) are shown. The DNA was mounted on speci-

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

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

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

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

have cyclized in these experiments. We did observe, however,
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Plate II. Major classes of renatured M DNA. (The DNA was

mounted on specimen grids by the aqueous technique and stained with
uranyl acetate. )
(a) Renatured circular monomer.

(b) Renatured circular dimer.

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

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

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

under these conditions.

We consider next the various pathways for the formation of
heteroduplex molecules from full-length single strands. Figure 8
presents schematically some possible modes of formation of hetero-
duplexes from the four main types of full-length single strands pres-
ent in the mixture during annealing. These may pair in three ways.
Reannealing between circular complements is regarded as unlikely
and is not considered. Heteroduplex formation between a linear
monomer and a circular dimer is shown in Figﬁre 8(a,). When 2
second linear monomer anneals with (a,), an intermediate structure,

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

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

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

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

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

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

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

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

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

Normalized contour lengths of annealed human

leukemic leukocyte M DNA¥*

Monomer - Monomer circles in fused dimers
1.08 0.96, 1.01  1.04, 1.01
1.01 1.01, 1.01  0.99, 0.87F
0. 99 1.00, 0.96  1.03, 0.99
0.98 0.98, 0.98  0.96, 0.96
1. 02 0.98, 1.00  0.91, 0.9.1
1. 00 0.99, 0.98  0.99, 0.83"
1.00 1.07, 1.08  0.99, 0.99
1.01 1.10, 1.10  0.98, 0. 65+
1.03 1.01, 1.03  0.99, 1.01
0. 98" 1.09, 1.07  1.05, 1.05
0. 947
1. 00"

0. 99"
0. 98
1,00 % 0,031 §.D. 1.01 £ 0.056 S. D.

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

T Monomer with single-stranded tail.

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

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

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

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

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

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

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

be seen.
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Plate IV. Incomplete duplex molecules.

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

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

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

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

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

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

in low relative frequency, they could be unambiguously identified,

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

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

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

lytical ultracentrifuge. The DNA contained 20% circular: strands and
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50% homogeneously sedimenting linear strands. The remaining 30%
was pfesent as heterogeneous slowly moving linear strands. The
nicked viral DNA with a molecular weight of about 6 million daltons
was denatured and reannealed by the procedures used in the study of
the monomer-dimer mitochondrial DNA system. The concentration
during hybridization was 5 ug/ml. A second experiment was per-
formed at 25 ug/ml. The first renatured sample contained 56%
duplex circles, 15% PM2-size linear molecules, 16% large aggre-
gates, 9% circles with tails, and 3% single-stranded molecules.
The more concentrated renatured product consisted largely of
aggregates. The remainder was a mixture of PM2-sized circular
and linear duplexes and circles with tails. '"Figure 8" molecules
were not observed in the experiments with PM2 DNA. This result
supports the validity of our classification of such molecules as

monomer~dimer hybrids.

4, Discussion

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

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

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

the renaturation products of purified X. laevis M DNA by electron
microscope and centrifugal methods. They observed that the
renatured products contained duplex circles with the contour length
of native X. laevis M DNA, shortened duplex circles with single-

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

(a) Base composition

We have deduced from the buoyant behavior of separated
monomers and dimers that these duplex species have the same base
compositions. The equivalence of the buoyant densities in the
analytical ultracentrifuge follows from the equivalence of the differ-
ence in buoyant density between each species and a marker DNA.
The measurement error in each experiment corresponds to an error
of approximately *0. 5% in the guanine-cytosine (GC) content of the
DNA. The limit of detection for a difference is, therefore, *1% in
GC content.

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

line CsCl containing a marker DNA were also the same within the
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accuracy of our measurement. In this case, we cannot clearly
assess the quantitative aspects of the degree of similarity of base
composition of the corresponding complements. The buoyant den-
sity difference (0.041 g/ml.) between light and heavy complements
is due in part to a thymine bias between the strands. The dense
strand (R. L. Hallberg, private communication) contains approxi-
mately 40% more thymidylate residues than does the light strand.
Since all four types of residues contribute to t‘he. buoyant density of
a titrated strand with unknown weighting factors, the experimental
results—identical alkaline buoyant densities of light and heavy
strands—could have been obtained by combinations of several dif-
ferences in base composition that somehow compensate. On the
other hand, the simpler interpretation strongly supported by the
hybridization experiments is that the base compositions of the

corresponding separate strands are, indeed, very similar.

(b) Homology

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

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

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

If we now consider both the electron microscope and centrifuge
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analysis of the hybrids together, we conclude inat the foial haterciogy
cannot exceed 10%; and, if any heterology ai all is present, it musi
be dispersed in short noncontiguous ssctions of less than 30 1o 160

nucleotides.

(¢) The head-to-tail siructure of the circuler dimer

The strongest evidence for the head-to~tail aryangemaent of
monomer genome in the circular dimer was obizined in the electron

microscope experiment with the slowly quenched denatured

sample. If the dimer contained a head-to-head arrangement, the
linear dimer strands should have, by this treatment, anncaled tc
5-u linear duplexes with hairpins at both ends. Eince no linear
duplex molecules were observed in this experiment in which & smal:
numbper oi circular monomer duplexes formed, we conciude that the
monomer seguences are arranged in the form oi a head-to-teil ¢ir-
cular concatenate. Five-micron linear duplexes were alsc not

observed in the extensive study of the completely reanneaied DNA.

(d) The homogeneity of base secauence in monomeric

mitochondrial DNA

Mitochondrial DNA in animals, from the sea urcain to man,
ocecurs in the form of circular duplex molecules approximately 5y
iin contour length and in the ferm of muitiples oi this unit longth.
The unit length contains about 13,000 nucleotide sairs. This DA,

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

~ approximately eight-tenths the size of the molec;lle. This result

indicates that chick liver M DNA is essentially homogeneous.

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

are essentially homogeneous or they consist of classes of DNA's that
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are so slightly homologous that they do not reanneal with each other.
The lafter alternative is held to be less likely in view of the further
requirements that the DNA's in the putative classes also must have
the same single-strand base composition and molecular weight.
Both the above results and the kinetic result of Borst, Ruttenberg &
Kroon {1967) suggest that M DNA should be regarded as homoge -
neous with an information content that corresponds to its molecular
weight. The presence of point mutations or small deletions or
‘insertions that could not have been detected are, of course, not

ruled out.

(e) Three structural forms of dimeric mitochondrial DNA

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

the threefold or Y-type branch point postulated as a formal intermediate
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Figure 9. Representation of three structural isomers of dimeric
mitochondrial DNA. The fused dimer is shown as a duplex containing
a linear dimer strand and two circular monomer strands. The carat

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

larger quantities of fused dimers are prepared and purified.

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

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

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

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

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

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

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

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

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

rather than in a head-to~-head structure.
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CHAPTER 7

Base Seguence Heterogeneity in SV40 DNA
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1. Introduction

It has been recently reported that successive passage
of SV40 virus at high multiplicity in cell cultures
results in the production of heterogeneous defective
particles of lower densities than the infectious virus
(Yoshiike, 1968a; Yoshiike, 1968b; Uchida & Vatanabi,
1968). These buoyant density mutants have altered plaque-
forming (PF) ability, and altered T antigen-forming (TA)
and V antigen-forming (VA) activity. The defect appears
to be contained in the DNA since‘the activity (PF, TA, &
VA) of the DNA extracted from the buoyant density mutants
parallels the activity of the mutant virus. The defective
SV40 viral DNA has also been shown by veloclity sedimenta-
tion and electron microscopy to be somewhat shorter than
the infectious viral DNA (Yoshiike, 1968a; Yoshiike, 1968b;
Uchida et al, 1968). Similar results have been obtained
with polyoma virus DNA (Thorne, 1968; Blackstein, Stanners
& Farmilo, 1969). It has therefore been suggested that
these mutants of SV40 and of polyoma are the result of a
deletion(s) in their DNA and are possibly similar to
A deletion mutants. |

Some of these SV40 mutants have greatly increased
transforming activity (Uchida et al, 1968; Todaro &
Takemoto, 1969). Therefore, a study of the type, extent,

and location of the DNA base sequence changes in SV40
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DNA will greatly aid in the understanding of the genetic

material governing transformation. That base sequence

changes in DNA can be easily studied by electron micros-

copy is the theme of this thesis.
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2. liaterials and Methods

(a) SV40 DNA

The SV40 DNA was obtained from the laboratory of
J. Vinograd and had been grown by serlal passage at
high multiplicity of infectionm.
(b) Nicking of closed circular SV40 DNA

As shown in the study of the renaturation of circular
mitochondrial DNA (Clayton,lDavis & Vinograd, 1969, and
ineluded in this thesis), it is necessary to introduce
one, and, if possidble, no more than one,.single-strand
scission per double-stranded circular SV40 DNA. Lightly
nicked SV40 DNA was obtained by very mild DNase treat-
ment (a gift from W. Upholt) or was obtained as an upﬁer
band from a CsCl-EB density gradient of a stock of 3V40
DNA (a gift from H. Gray).

(¢) Hybridization

Hybridizations of the lightly nicked SV40 DKA were
performed as described Sy Clayton et al (1969) or as
described by Parkinson & Davis (1969). Both methods gave
the saﬁe results.

(d) Electron microscopy

The DA was mounted for electron microscopy as des-
cribed in Davis, Simon & Davidson (1969) and in Clayton
et al (1969). A hyperphase contzining 0.5 ¥/ml of DNA,

0.1 mg/ml cytochrome ¢ in 0.1 } ammonium acetate, 0.01 K
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tris (pH 8) and 30% or 60% formamide was layered onto a
hypophase of 0.01 M tris and 10% or 40% formamide respec-
tively. The 60% onto 40% formamide combination was used
to increase the visibility of the small non-homology
regions. These conditions do not cause the partial
denaturation of duplex ADNA and therefore only true

non-homology regions should be opened.
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3. Results and Discussion

(a) Length heterogeneity of SV40 DNA

The molecular length heterogeneity of this sample
of SV40 DNA was determined by electron microscopy as
described in Davis, Simon, & Davidson (1969) and in Lee,
Davis & Davidson (1969). The distribution of molecular
lengths is shown in Fig. 7-1. The distribution contains
only one major peak at 1.34 « and does not appear to be
skewed toward shorter lengths as might have been expected
if the V40 DRA sample contained a small amount of short
defective viral DNAs. However, the percent standard
deviation of the distribution is 8.8% and is in rough
agreement with the results of Yoshiike (1969a). The ex-
pected percent standard deviation for a homogeneous DXA
population of the length of SV40 DNA is 3.7//0.84 = 4.0%
(Davis et al, 1969). Therefore, the variability, expressed
as a percent standard deviation, in the number of base
pairs in SV40 DYA is (8.8% 4.02)7 = 7.9%.

If there is a homogeneous DNA sample contained
in the distribution of Fig. 7-1, 95% of these molecules
should be contained within X 0.1 u«. Therefore, if the
heterogeneity in SV40 DNA is due solely to DNA deletion(s),
then the molecules shorter than about 1.4« shouldlcontain
a DNA deletion(s) or 70% of the DNA molecules in this

sample of SV40 should contain a DNA deletion(s). However,
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Fig. 7=1. Length distribution of 5V40 DIXA. The length
distribution of SV40 ZKA was determined by electron micros-
copy. 9Since no convenient DNA calibration marker was
available, the length of the DNA was calibrated with a
diffraction grading and expressed in microns. In order
to prevent magnification errors, the molecules on a single,
densely populated grid square were photographed without
refocusing the electron microscope. The mean of the
distribution is 1.344« and the fractional standard de-
viation of the distribution is 8.8%. The expected frac-
tioﬁal standard deviation for a2 homogeneous DNA population

of this length is 4.0%.
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the heterogeneity in SV40 DNA could also be due to DIA
additions, to the occurance of several non-homologous
DNA molecules of different lengths, to DNA substitutions
in which a portion(s) of the SV40 genome has been replaced
by a different amount of foreign DNA, or to a combination
of these possibilities. An electron microscopic study
of self-hybridized SV40 DNA can distinguish betweén

these several possibilities.

(b) Base sequence changes in SV40 DNA

In order to determine the nature of the DKA base
sequence changes in SV40 DNA a sample of lightly nicked
SV40 DNA was denatured by either 95% formamide or 0.1 M
NaOH and renatured in 50% formamide solution at pH 8.
The renatured DNA was mounted for electron microscopy by
both the agueous and the formamide techniques. Plates
T-I and "~II show examples of some of the more interesting
renatured molecules. Quite surprisingly, there is a
wide diversity of renatured molecular forms containing
non-homology regions. The diversity was so great that it
was imposéible to define unique classes of molecules.
However, it can be said that at least 50% of the renatured
molecules contain non—homology regions. A few loops of-
single-stranded DNA were seen that are characteristic of
deletions (Plate 7 -Ib) as has been predicted (Yoshiike,
1968a, Yoshiike; 1968b; Blackstein et 21, 1969). However,

most of the renatured molecules contained loops character-
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Plate 7-I ~ Renatured SV40 DNA

(a) The renatured DNA was mounted by the aqueous
technique. Two regions of single-stranded DNA (bushes)
are visible. The DNA was stained wiih uranyl acetate.

(b) The renatured DNA was mounted by the formamide
technique (60% onto 40% formamide). The non-homology
region appears to be of the deletion or addition tyrpe.
The loop of single-stranded DNA does not originate from a
single point on the double~stranded circle. However,
in the high formamide concentration that was used; deletion
loops in  heteroduplexes often have this appearance,
The DRA was stained with uranyl acetate.

(¢) & (d) The renatured DNA was mounted as given
in (b). The non-homology region appears %to be a single
large substitution. The size of the non~homology region
corresponds to -one or tﬁo genes. The DNA was shadowed

with platinum-palladiun.
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Plate 7-II Renatured SV40 DNA with multiple substitutions

(a) The renatured DNA shows at least four small
substitution type non-homology regions. Note that the
two single-strands of DNA in each non-homology region are
about equal in length and are each equal to or are slightly
less than one gene. |

(b) The same as (a) except the relative locations
of the non-homology regions appear to_be different.

(¢c) The same as (b) except there are at least five
non-homology regions.

(d) Either "renatured" DNA that is very non-homolo-
gous, or the hybridization of two complementary single-
stranded circular molecules. Note that the loops are
about of equal size. Since lateral aggregation is possible
in the high formamide concentration that was used to mount
the DNA; the appearance of this molecule may result from
the overlap and slight lateral aggregation of two single-

stranded circulzar molecules.

The DNA was mounted by the formamide technique (60%
onto 40% formamide) and stained with uranyl acetate.
Plates (b), (c¢), & (d) were also shadowed with platinum-

palladiunm.
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istic of substitutions (Plate 7-Ic & d and Plate 7-II).

A fraction of the renatured DNA population appeared
to contain a single large substitution or a single dele-
tion (addition). Three examples are shown in Plate 7-Ib,
c, & d.

Another fraction of the renatured DNA population
contained multiple substitufion loops, most of them from
150 to 500 base pairs in length (Plate 7-II). The number
of substitution loops per renatured molecule was variable
but often contaiﬁed 4 or’5.

Because of the wide diversity of renatured forms,
it is impossible to draw any conclusions as to the origin
of the nonéhomOIOgous DNA in this sample of SV40 DNA.
Slnce unique classes of molecules could not be clearly
deflnea, the conclusions drawn from a. mlcrograph of any
one moleculeare dubious.

The base sequence changes in SV40 DNA could have
occurredthrgugh.the_incorporation of host DNA into the
viral genome. It should be noted, however, that non-
homology regions' characteristic of substitutions (Plate
T-Ic and d) could arise from the hybridization of two
partially overlépping or adjoining deletions. For exanmple,
the double deletion heteroduplex (')xbz/’/\bsoza)'appears as
a substitution loop. The renatured molecules which con-
tained multiple non-homology regions could be the result

of the incorporation of small multiple substitutions or
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the incorporation of a single large, partially sequence
homologous, substitution of host DNA. These types of
renatured molecules also appear 1o be somewhat similar to
heteroduplexes between different lambdoid phages (Simon &
Davidson, 1969). Therefore, there might be several differ-
ent but closely related viruses in the SV40 sample.
However, the non-~homology regions in lambdoid phage hetero-
duplexes are usually at least gene size and much larger
than the non-homology regions seen in renatured SV40 DNA,

An interesting observation is that the renatured
molecules with multiple non-homology regions were invar-
iably circular with no free single-stranded or double-
'stranded ends. This fact is quite pﬁzzling since all
renatured molecules are ?resumably formed either from
two linear strands or from one 1inear.and one circular
strand. ECince no free ends were observed, the ends of the
linear strands are always within regions of homology.
This seems quite unlikely. Plate 7-IId shows a molecule
‘with very little duplex DNA but with no free ends. The
multiple non-homology site hybrid-molecules are also usually
tangled with many super-twists, somewhat analogous to
super-coiled closed circles. It is therefore speculated
that these molecules are the result of the renaturation
of two circular single strends.

It has been assumed that two complementary single-

stranded circular molecules could not hybridize. However,
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if hybridization were to occur, for every Watson-Crick
right-handed turn of the helix, there must also be an
accompanying left-handed turn somewhere in the circle.
The stability and exact nature of the left-handed helix
is not clear. In this case, the left-handed helix might
gain stability from the constraints imposed by the stable
Watson-Crick helix., Under the mild denaturing conditions
used here for mounting the DNA for electron microscopy,
the right/left helix hybrids might be partially stable.
The possibility of hybrids between complimentary circular
molecules could be eliminated if the ﬁHA sample is lightly
nicked with DNase after hybridization. Circular/circular
DNA hybrids would instaﬁtaneously reﬂature once a single-
strand break is introduced into one of the circles.

In order to carry this siudy further it is necessary
to obtain a homogeneous sample of SV40 DXA. The intro-
duction of non-homogenebus DNA into the SV40 genome can
then be followed by studying samples after each serial

passage.
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CHAPTER 8

Single-stranded @X174 DNA Synthesis:

Electron Microscoovy of the Replicatineg Intermediates

This work was done in conjunction with Rolf Knippers and
composes a part of the paper "The Process of Infection

with Bacteriophage §X174 XXIX. In Vivo Studies on the
Synthesis of the Single-stranded DNA of Progeny $X174
Bacteriophage", Knippers, Razin, Davis, & Sinsheimer (1969),

Journal of Molecular Biology, 45, 237. The results and

discussion given here are largely excerpted from this paper.



271
Summary

Double-stranded ¢X DNA rings (RF), composed of a
closed complementary strand and an open viral strand, are
found in @X-infected cells during the period of progeny
single-stranded DNA formation. The linear viral strand

components of these double-stranded circles are "nicked"
between a deoxyguanosine (on the 3'-terminus) and a de-
oxycytidine (on the 5'-terminus). The 5'-terminus is
not phosphorylated. TUpon replication, nucleotides are
added to the 3'-end of the viral strand. The 5'~end is
concomitantly displaced from its complementary strand
template and appears, by electron microscopy and by column
chromatography, as a single-stranded, non-hydrogen-bonded,
tail of a double-stranded circle.

While the viral strand grows (td a maximum of twice
the length of ohe ¢X.genome) by addition ofAnucleotides to
the 3'—ehd, an interesting reaction, of uncertain nature,
also takes place at the free 5'-end of the nascent viral
strand, which has.the net result that the original terminal
deoxycytidine is replaced by a terminal deoxyguanosine.

Cur experiments indicate that the single-stranded
DNA synthesis does not take place at the cell mémbrane
where double~-stranded X DNA is formed-but upon “"cytoplas-
mic" RF. Viral coat protein can be shown to be associated

with the single-strand-producing coumplexes.
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1. Introduction

When cells of E. coli are infected with the bacter-~
iophage PX174, three stages of viral DNA synthesis have
been distinguished: (i) the conversion of the infecting
single-stranded DNA to g double-stranded form, the par-
ental "replicating form" (RF) DNA of ¢X* (Sinsheimer,

1961; Sinsheimer, Starman, Nagler & Guthrie, 1962; Hayashi,
Hayashi, Spiegelman, 1963; lMatsubara, Taketo & Takagi,
1963) ; ‘(ii) the semiconservative replication of the
parental RF with the pfoduction of ten to twenty daughter
RF molecules per infected cell (Yarus & Sinsheimer, 1967;
Denhardt & Sinsheimer, 1965; Stone, 1967; (iii) the
formation of progeny single-stranded DNA (Sinsheimer,
Knippers & Komano, 1968). The RFII molecules* serve as
precursors for the single-stranded progeny $X DNA which

is pfoduced in a semiconsgrvative asymmetric manner using
as templates the complementary strands (of the daughter
RFs) formed during the second stage (Lindquist & Sinsheimer
1967; Knippers, Komano & Sinsheimer, 1968; Komano, Knippers
& Sinsheimer, 1968). The primary object of this study was
an electron microscopic identification of the replicating
intermediates in single-stranded DNA formation.

DNA was gently extracted from infected cells during
single-stranded DNA replication by the sarkosyl-pronase
procedure, and the replicating intermediates were separated

from the larger host DNA by neutral sucrose sedimentation
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(Xnippers, Razin, Davis & Sinsheimer, 1969). The leading
edge of the RFII band was exemined in the electron micro-
scope for the replicating intermediates. (As a control,

various positions in the gradient were also examined.)
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Footnote

*RF is the double-stranded "replicative form" DNA of

g#X. In RFI (supercoiled) both strands are circular and
closed. In RFII one or both strands of the circle are
nicked. All the RFII molecules described in this section
are composed of a closed circular complementary strand

and a nicked viral strand.
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2. DlMethods

Grids for electron nicroscopy were prepared by the
vasic protein film technique (Xleinschmidt & Zahn, 1959)
and stained with uranyl salts or shadowed with platinunm-
palladium. Underaqueous conditions single-stranded DNA
is collapsed and appears as a "bush'", while double-stranded
DNA appears as a linear filament (Davis & Dévidson, 1968) .
However, when mounted under mild denaturing conditions
(30% formamide), single-stranded DNA appears as a flex-
ible thin linear filament, while double—stfanded DRA

and protein are generally unaffected. Both of these
mounting techniques were used.

The agueous mounting technique is essentially that
descrived in Davis and Davidson (1968); 30 41 of a solu-
tion containing about 0.2 #g/ml of DNA and 0.1 mg/ml
of cytochrome d, in 0.5 M ammonium acetate, pH 7, were
spread onto 0.25 M ammonium acetate, pH 7. The grids
were stained with uranyl acetate. |

The denatured single-strand DNA mounting technique
.was developed from the excellent technique described
by B. Westmoreland (personal communication). 50«1 of
a solution containing about 0.2 «g/ml of DNA and 0.1
mg/ml of cytochrome ¢, in O.1 ! ammonium acetate, 0.01 M
Tris, pH 8, and 30% formamide were spread onto 0.01 Mo
aﬁmonium acetate, 1072 ¥ Tris, pH 8, and 10% formamide.

Both of these solutions were prepared one min before
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spreading, and the film was picked up on specimen grids
two min after spreading. Grids were stained with uranyl
acetate and shadowed with platinum-palladium.
Ficrographs were made with a Phillips EM 300 elec-
tron microscope using a 50 M objective apérture and 60-KV

accelerating voltage.
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2. Results

Upon electron microscopic examination, two general
classes of DNA were observed: #%X174 RF DN¥A and fragmented
linear E. coli DNA. Although the $X174 RF DNA comprised
only 10 to 50% (by number) of the total DNA molecules,
it was easily distinguished from the larger linear E. coli
DNA. |

When the DNA was mounted wusing the agueous. technique,
approximately 20% of the RFII molecules had a single-
stranded DNA "bush" attached to them (Plate 8-Ia). The
bush appearance is derived from the fact that single-
stranded DNA is collapsed on itself through random base
 interactions (Davis & Davidson, 1968). This type of base
interaction’'is easily melted out with formamide. There-
fore, to determine more clearly the nature and size of the
single-stranded'DNA branch on the RFII molecules, the
replicating intermediates were mounted for electron micros-
copy in the presence of 30% formamide (at this concentra-
tion of formamide there is little effect on double-stranded

WA or protein). Upon examination of the replicafing
intermediates mounted under these mild denaturing condi-
tions, about 20% of the double-stranded RFII molecules had
a linear single-stranded DNA branch attached to them at
only one position (Plate 8-I b,c,& d). The length of the
single-stranded DNA branch was always found to be shorter

than that of thé mature single—stranded circular viral DEA
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Plate 8-1

(é) @X174 RFII with single-stranded DNA "bush".
Mounted by the conventional téchnique and stained with
uranyl acetate.

(p) Double-stranded @X174 DNA mounted in formamide
and shadowed with platinum-palladium.

(¢) Single-strand circular $X174 DFA nmounted in
formamide and shadowed with platinum-palladium.

(a, e, £) Double=-stranded @X174 DNA with single=-
stranded branch. The branches are shorter than whole
" single-stranded $X174 cifcular DNA molecules. Micrographs
(e) and (f) are 0.83 and 0.88 the length of whole single=-
stranded PX174 DNA respectively.
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(Plate 8~Ic). The longest branch observed was 0.97 the
length of khOle viral DNA. ' Figure 8-1 shows the distri-
butions of single-stranded DNA branch lengths relative to
whole single-stranded viralyDNA. No significance is
drawn from the fact that there is a peak in the distribu-~
tion at 0.10 to 0.20. These molecules représent a fraction
from a sucrése gradient, and there is the possibiliiy of
biasing the distribution.

- Only one end of the single-stfanded DNA bra?ch was
attached to the double-stranded RFII, and no replicating
intermediates were seen that had both ends clearly attached
to the RFII. This was true whether the DKA was mounted
in the presence of formamide or only ammonium acetate.

No single-stranded DNA branches were seen on RFI molecules
(about 6% of the RFs were RFI). Multiple length circles

of the RFIIs were also present and these are listed in
Table 8-1 with-their approximate number pér cent. Caten-..
ated dimers were the predominant members in this class
(Plate 8~IIa). It is of interest that a number of the
éaﬁenated dimers héd a single-stranded DNA branch. In a
few cases a single~stranded circular molecule was seen to
be catenated with an RFII molecule (Plate 8-IId). These
facts pose an interesting question about the replicatién
of single-strand $X DNA: how is the linear single-stran=:
ded DNA closed to produce the circular viral DKA? Upon
replication, nucleotides are added to the 3'-end of the

viral strand with the displacement of the 5'-end .from its
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Fig. 8-1. Length distribution of the single-stranded DKA
branch on replicating intermediates. The lengths were
measured relative to matur: virsl single-stranded circular
DNA. The replicating intermediates and viral DNA were
mounted on the same grids, and were photographed simul-

taneously.
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Table 8-1
Different classes of X174 DNA Relative amounts
from a sucrose gradient in number per cent
Preparation

I IT ITI
RFI 53 6 6
RFII 25 61 70
RFII with single-strand branch 15 26 17
RFII with double-strand branch 0.5 0.5 0.5
Catenated dimer. ' 5 5 3
Circular dimer 0.5 0.5 2
Linear catenated trimer 0.5 0.5 0.5

X%

Higher multiple length circles 0.5 0.5 1

*In every preparation almost all (99%) of the multiple
length circles were open (composed of RFII).

**Higher multiple length circles are catenated linear
tetramers, circular dimers each catenated with a monomer,

and circular trimers.
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Plate 8-I1

(a) Catenated dimer of RFII with a single-stranded
DNA "bush". DMounted by the conventional technique and
stained with uranyl acetate.

(b) Catenated trimer of RFII. DMounted as in (a).

(e) Catenated dimer of RFII with a single-stranded
DSA branch. Mounted in 30% formamide and shadowed with
platinum-palladium,

(d) Single-stranded circular molecule catenated

.with an RFII molecule.
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complementary strand template. In order to cyclize, one
might argue that the 5'-end is held on the RFIT at the
starting point for replication. Upon complete replication
of the new viral strand, the two ends are in close prox-
imity and in some manner are closed. This argument seems
very unlikely since only one end of the growing viral
strand is attached to the RFII template. One might then
argue, however, that the 5'~end RFII linker was destroyed
during the DNA isolation and handling. There is another
line of reasoning, however, which completely rules out
the linker theory. If the 5'-~end was attached to its
RFII template, then uvon single-stranded DNA replication
on a catenated dimer template, the newly replicated viral
DNA would be catenated to its template after closure.
This was never observed. In fact one might think that
‘single-stranded closure should be made after its release
from its template to avoid becoming catenated to its tem=

plate.
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CHAPTER 9

The Initiation Site

for In Vitro RNA Synthesis on T. DNA

T

Ronald W. Davis and Norman Davidson
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1. Introduction

Under appropriate conditions RNA can be synthesized
in vitro from a DNA template by the enzyme RNA polymerase
(Chamberlin & Berg, 1962; Weiss, 1960; Ochoa, Burma,
Kroger, & Weill, 1961; Hurwitz, Bresler, & Diringer,
1960; Stevens, 1960; Weiss & Gladstone, 1959). An excel-
lent review of in vitro RNA synthesis is given by Richard-
son (1969).

RNA polymerase can be reversibly dissociated inte
two components, thé minimal enzyme and fhe ¢ factor
(Burgess, Travers, Dunn, & Bautz, 1969). The ¢ factor
seems to function at the level of initiation. It is re-
leased after the minimal enzyme-sigma complex binds to
DNA and RNA synthesis is iniatiated. It is felt that for
the minimal enzyme to feinitiate the synthesis of a new
RNA chain it must first reform the minimal enzyme-sigma
complex (Travers & Burgess, 1969). The minimal enzyme
is composed of three principal types of polypeptide
chain:a, 2, and @°'. E?hey are presen‘ﬁ: in the enzyme
in the ratios of 2 : 1 : 1 ' with respéctive mo;ecular
weights per each chain of 40,000, 155,000, and 165,000
caltons. There is one sigma factor polypeptide chain of
molecular weight of 95,000 daltons associated with each
minimal enzyme. Therefore, the total RNA polymefase

enzyme iscxzﬁheﬁ'and has a molecular weight of'495.000
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daltons (Travers & Burgess, 1969b; Burgess, 1969a). It
may be of great significance that the sigma factor can be
artificially released from the minimal enzyme during
preparation. Also it does not bind to DNA and once re-
leased from the minimal enzyme it readily biﬁds to glass
walls and is irreversibly lost (Burgess, 1969b). There-
fore, one of the primary sources of variability in the
results of in vitro RNA synthesis may be due to differen-
tial loss of sigma.

I% has been»demonstrated (Bremer and Konrad, 1964;
Geiduschek, Nakamoto, & Weiss, 1961) that there exists
a stable intermediate for RNA synthesis consisting of an
RNA-RNA polymerase-DNA complex. They also showed that the
RNA was connected to the DNA by the RNA polymerase and
denaturation of the polymeraée (by SDS) released the RNA
from its DNA template. However, there is an as yet un-
resolved dispute over this last point (Hayashi, 1965).

In the present study,belectron—microscopic visuali-
zation of the RNA-RNA polymerase-DNA complex has been
achieved. The complex is presumably located at the growing
point of the RNA chain. The position of the complex at
various times on A DNA and T7 DNA was studied. In this
manner, the region of the DNA template whichvis tranf
scribed in vitro was mapped. The aim of the preseht study
is to ascertain if there are uniqué sites along the DNA

template at which RNA synthesis'is initiated.
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2., Materials and Methods

(a) RNA polymerase

The RNA polymerase samples were prepared in Prof.
James Bonner's laboratory by the procedure of Chamberlin &
Berg (1962). The RNA polymerase used with A\ DNA was a
gift from Ron Jensen while the polymerase used with T7
DNA was a gift from Grace Dahmus, The RNA polymerase from
Grace Dahmus was assayed by Richard Hyman and was found to
contain 2.5 X 10° units of RNA polymerase / Apgo unit.

One unit = immmole of total NTP incorpdrated in 15 nin
at 350 C. under the salt conditions of So, Davie, Epstein,
& Tissieres (1967) on 6 ¥ of crab AAT template. From
velocity sedimentation experiments on glycerol grédients,
Richard Hyman estimated that the enzyme was about 40%
pure.

(b) RNA synthesis conditions

Although a large variety of synthesis conditions
were used in this study, the conditions which seem to
give the most selective initiation of RNA are as follows
in the order of addition:

0.15 M KC1

0.01 I MgCl,

0.05 ¥ Tris-HC1 pH 7.9 @ 37°C.
107 ¥ 4-E+SH

10 ¥/ml lambda or T. DNA

7
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approx. 1¥/ml RNA polymerase (F4)
Ten min at 0°C. --- Binding Step
4 X 1074 ¥ ATP, GTP, & UTP
Ten min at 37.0°C. --- Initiation Step
4 X 1074 ¥ cTP
Incubated at 37.0°C. --- Propagation Step
c).  DNA
Ab2b5e and )l026 were grown as described in Davis and
Davidson (1968). The DNA was extracted from the phage
with phenol, followed by :ether extraction of the phenol.
T7 DNA was a gift from Richard Hyman. It had been prepared

in a similar fashion.

(d) Electron Microscopy

The DNA and the RNA-RNA polymerase-DNA complex
were mounted for e}ectron microscopy by the basic‘protein
film technique and stained with uranyl acetate as described
by Davis and Davidson (1968).
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5. Results

(2) Visualization of the RNA-RNA polymerase-DiA
complex

RNA was synthesized on A DNA using the ENA polymerase
assay conditions of Chamberlin & Berg (1962). After 10
min a sample was removed and mounted by the agueous basic
protein film technique (Davis, Simon, & Davidson, 1969).
Upon electron microscopic examination, many of the DNA
molecules had what appeared to be a single-stranded
polynucleotide bush attached to the duplex DNA (Plate
9-Ia & b). The bush appeared to be attached to the ten-
plate at only one point and did not appear to distort the
structure of the duplex DNA.

All evidence indicates that the bushes were RHA,
synthesized by.the DNA-dependant RNA polymerase. The
bushes were not observed if any one of the necessary in-
gredients were omitted from the reaction mixture (DNA,
RNA polymerase, Mg'', ATP, GTP, CTP, and UTP) and they
completely disappeared on treatment of the reaction nmix-
ture with RNase.- Also, the bushes. are not single-stranded
DNA, resulting from the degradation of the DNA template,
since the A DNA with bushes had the same contour length
as.k DNA without a visible bush. Furthermore, the bushes
were releasedlfrom the DNA by treatment with 0.01% SDS

as expected from the results of Bremer and Konrad (1964),
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Plate 9-I.

(a) & (b) RNA bushes resulting from 5 min in vitro
RNA synthesis on T7 DNA. DNote that the 2 bushes are about
equal in size.

(¢) In vitro RNA synthesis on T7 DNA. ©Note that
there are 5 RNA bushes on the DNA and that all of them are
near one end. The synthesis reaction was carried out for
5 min. |

(d) Same as (c) except the synthesis reaction was
carried out for 2.5 min and at a slightly higher RNA
polymerase/DNA ratio. Note that there are about 12 RNA
bushes very near one end. The remaining part of the DNA
not shown in the micrograph did not have any RNA bushes.

The magnification of (¢) and (&) are the same.

The RNA was synthesized under the conditions des-

cribed in Materials and Methods, (b). The number of RNA

polymerase molecules per DNA molecule was about 200. The
DNA was mounted by the”aqueous”basic protein film tech-

nigue and stained with uranyl acetate.
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and Chamberlin (1969). Therefore, it is quite reasonable
to assume that the bushes that are seen are indeed syn-
thesized RNA.

All attempts by the basic protein film technique
to see the RNA polymerase molecules attached to the DNA
failed. The width of the DNA, with the collapsed protein
film around it, is about 100 - 150 . Since the RNA
polymerase is slightly smaller than this, one would not
expect to be able to see it by the basic protein film
technique unless the same amount of cytochrome ¢ film
that collapsed around the DNA also collapsed around the
polymerase. Therefore, since RNA polymerase is one of
the largest enzymes and since it can not be seen with the
basic protein film technique, it is unlikely that this
technique will be useful in the direct study of specific
protein-DNA interactions.

() RYA synthesis on ADNA

The most important question that can be answered by
an electron microscopic analysis of ih vitro RNA synthesis
on a viral DNA template is whether or not the RNA is
initiated at specific site(s) on the DNA., The bush posi=-
tions of the attached RNA can be measured. If RNA syn=-
thesis is initiated at specific sites, then the RKA bush
position should be unique. One difficulty with this
approach is that the RNA moves along the DNA template
during synthesis, and therefore, the RNA bush position



298
is a function of the amount of RNA in that bush.

The RNA bush positions on'?\b2b50 DNA and ac 6 DNA

2
were measured after 5 and 10 min of RNA synthesis at

37° C. under the conditions of Chamberlin & Berg (1962).
The amount of RNA polymerase used was adjusted so that
there were about 5 observable RNAs per DNA. In every
experiment, the RNA bush positions appeared to be more

or less randomly located.

Since the Chamberlin & Berg conditions were origin-
ally selected to maximize the total amount of RNA synthe-
sized, these conditions are probably also the least selec=-
tive. Therefore, a synthesis condition was sought that
would increase the initiation selectivity. The most
obvious solution is to use a condition very close to
in vivo conditions. This would mean omitting the MnClZ;
increasing the MgCl, to about 0.01 M, and adding KC1,
(Iubin & Ennis, 1964). The most important change may be
the increase in the ionic strength. Under higher salt
conditions the presumed weak initiatihg sites may not
be active. This idea was tested by synthesizing RNA for
5 and 10 min under various KCl1 concentrations (0.05, 0.10,
0.15, 0.20, and 0.25 M KCl). The results (and new syn-
thesis conditions) are shown in Fig. 9-1. As can be seen
fewer RNAs per DNA are synthesized at higher XC1l concen-
trations. The distribution of the number of RNAs per ﬁNA

was analyzed at the five different KC1 concentrations and
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Fig. 9-1. Number of RNAs attached to A DNA at various

KC1l concentrations during synthesis
The RNA synthesis mixture was made by adding to a

small test tube 2541 of 0.5 M KC1, 71wl of A,,, DNA
(A26O = 0.883; 3.1¥), 10ul of 1M Tris, 51.541 of H,0,
2.5m1 of 0.1 M A- mercaptoethanol, and 1041 of RNA poly-
merase stock solution (2 ¥ of RNA polymerase). The reac- |
tion mixture was incubated for 20 min at 0° C. followed
by the addition of 25 M1 of 0.1 M Mgll,. 39ml of the
reaction mixture was added to each of five tubes containing
5 M1 of HZO’ 0.5 M KC1, 1.0 M KC1, 1.5 M KC1, 2.0 ¥ KC1
respectively. Iach tube was placed at 37° C. 1 min apart.

61 of 3 X 10"3.ﬂ NTP (ATP, GTP, CTP, & UTP) was added to
| each tube. After 5 min of RNA synthesis at 37.0° C.,
20 41 of each reaction mixture was removed and placed in

1 ml of hyperphase (0.4 M NH,Ac, 0.1 mg/ml cy%t c, 1072 M

4
EDTA). The DNA was mounted for electron microscopy by the

single drop method and stained with uranyl acetate,
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the results are plotted in Fig. 9-2. These distributions
do not differ significantly from Poisson distributions.
In this particular experiment, the stability of the RNA~
RNA polymerase~DNA complex, under the electron micro-
scopic mounting conditions (20 fold dilution into 0.05 ¥ -
NH4Ac, 0.1 mg/ml cytochpome C, ‘lO"3 M EDTA), was tested.
The complex was mounted on grids after storage at 0° ¢.
for 30 secs, 2 hrs, and 2 days. There were no significant
differences between the 30 sec and 2 hr storage. However,
after storage for 2 days, the number of RNA-RNA polymerase-
DNA complexes per DNA for RNA synthesized in 0.05 M KC1l
changed from 2.90 to 0.88 while for RNA synthesized in
0.15 M KC1 the change was from 1.15 to6 0.78. The reason
for the difference in the stability after long storage
is not understood except that it might result from slight;y
different levels of RNase in the samples. However, it
can be concluded that the slight variability in the length
of storage (i 1 min) does not affect the results reported
here. A single RNase cleavage of the RNA in the RNA-RNA
polymerase-DNA complex is sufficient to release the bulk
of the RNA from the DNA témplate; The remaining fragment
of RNA may be invisible under the mounting conditioné used
here.

A study was again made into the selectivity of initia-
tion of RNA under these.new synthesis conditions by ana=-

lyzing RNA bush positions. The KCl concentration was
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Fig. 9-2. The distribution of the number of RNA bushes

on the A DNA template at various KCl concentrations during
synthesis.

The RNA synthesis mixtures at wvarious salt concen-
trations described in Fig. 9-1 were also assayed for the
number of RNA bushes on each ADNA template. The KC1
concentration present during the RNA synthesis is shown
at the top of each histogram. A total of 40 DNA molecules
were picked at random and scored as to the number of RNAs

On each.
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0.15 M for most investigations. It was discovered that
no unique RNA bush positions were present after 5 or 10
nin of synthesis. However, there were certain regions on
the'kch DNA template where no RNA bushes were seen either
after 5 min or after 10 min of synthesis. These regions
are roughly from O to 0.1, 0.4 to 0.6, and 0.9 to 1.0
fractional lengths of N DFA. Therefore, although no
unique positions for in vitro RNA synthesis on A DNA
could be found, certain regions on the DNA were excluded

from acting as a template for 5 and 10 min RNA synthesis.

(c¢) RNA synthesis on T DNA
Although there are many explanations as to why in
vitro RNA synthesis on ADNA did not give uniquely posi-
tioned RNA bushes, a major cause may be the use of A DNA
- as the template. IV is known that ADNA is a poor template
for RNA synthesis (Jonés & Berg, 1966). Therefore, a

- better template for this study is T, DNA. This DNA is

7
a much better template for RNA synthesis than A DNA (Jones
& Berg, 1966; Stead & Jones, 1967). Also, it is known
that only one of the T7 DNA strands is used as a template
for in vivo and in vitro RNA synthesis (Szybalski, 1969;
Summers & Szybalski, 1968).

It was also learned from Chamberlin (1969) that the
initiation step in the synthetic reaction is very slow.

It has been assumed thus far that initiation was very

fast, and that propagation was relatively slow (2-6 bases
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per sec) (Bremer & Konrad, 1964; Richardson, 1967). The
slow initiation step could explain the absence of unique
RNA bush positions. The bushes will not be uniquely
positioned if the RNAs start propagating at different times,
even though they started at unique sites along the DNA.
Therefofe, the following preinitiation step was adopted.
The DNA and RNA polymerase were first mixed in the approp-
riate salt solution. Ten min were allowed for the binding
reaction. Then ATP?, GTP, and UTP were adﬁed and 15 min
were allowed for the initiation step. The propagation
step was started by the addition of CTP..

Using this modification of the synthesis reaction,
RNA was synthesized on T7 DNA. Synthesis samples were
removed after 5 and 10 nin. Approximately 5 RNA bushes
were seen per DNA. The striking result of this experiment
vwas that after 5 nin of RNA synthesis all five of the RNA
bushes were generally seen on only one half of the DNA
(Plate 9-Ic). The results were not so clear after 10
min. The synthesis was repeated ét a slightly higher RNA
rolymerase concentration and with an additional sample
being removed after 2.5 min of RNA synthesis. The results
for the 5 and 10 min samples were about the same as in
the previous synthesis except more RNA bushes were seen.
However, the sample removed after 2.5 nmin showed e%treme
clustering of the RNA’bushes near one end. Plate 9-Id

shows 12 RNA bushes on one end. The positions of the



306
bushes ranged from 0.062 to 0.140 fractional lengths of

whole T7 DNA. Therefore, it appears that under these
conditions, all of the initiation sites for in vitro
RNA synthesis on T7 DENA are very near one end.

In these synthesis reactions there were observed
only about 5 RNA bushes per DNA, however, approximately
200 RNA polymerase molecules were used per T7 DNA. This
calculation is made from the A280 of the RNA polymerase
stock solution (using A%?O = 6.6, Burgess, et al, 1969)
and from the fact that 40% of the Aygq absorbing material
in the polymerase stock solution sediments in a glycerol
gradient with the correct sedimentation coefficient and
with the peak of the RNA polymerase activity (Hyman, 1969).
Although this calculation of 200 RNA polymerase molecules
per DNA is at best only an approximation, it is signifi-
cantly different from the observation that only 5 RNAs
are made per DNA (1 RNA per 40 RNA polymerase molecules).

In an effort to clarify this discrepancy and to
investigate further the selective initiation of in vitro
RNA on T7 DNA, synthesis reactions were carried out at a
polymerase molecules/DNA molecule ratio of 40. Samples
were removed at 1, 2.5, and 5 min after the start of pro-
pagation. The samples were mounted for electron micros—
copy (Plate 9-II). The number of RNAs per DNA and the RNA
bush positions were measured. It was found that there was

approximately 1 RNA bush per DNA which again gives 1 RNA
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Plate 9-II. RNA synthesis on 'l‘7 DNA

(a) RNA synthesized for 1.0 min,
(b) RNA synthesized for 2.5 min.
(¢) RNA synthesized for 5.0 min.

The arrow denotes the position of the RNA bush on
each micrograph. The RNA was synthesized as described in
the text. The number of RNA polymerase molecules per DNA
molecule in the reaction mixture was about 40. The syn-
thesis samples were mounted for electron microscopy by the
agqueous basic protein £ilm technique andAstained with

uranyl acetate.
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per 40 RNA polynmerase molecules. Since there were a few

DliAs which did not have an RNA bush, the concentration of
RNA polymerase is probably limiting, and if the polymerase
concentration were further reduced proportionateiy fewer'
RNA bushes would be seen. As shown in Fig. 9-3, unique
RNA bush positions were found after 1 min and 2.5 min,
while after 5 min there was a considerable spread of the
bush positions. "All of the RNAs appear to start near one
end and propagate toward the other end. The rate of pro-
pagation was calculated from the distance the RNA bush
positions moved along the DNA and was found to be 45 bases
per sec between 1 and 2.5 min of synthesis and 40 bases
per sec between 2.5 and 5 min of synthesis. TFrom the
appearance of the histograms in Fig. 9-3, it would seen
that the RNA molecules are quite synchronized at the start
of propagation. The synchronization appgaﬁs t0 be progres=—-
sively lost and by 5 min of synthesis there is little
evidence of synchronization. From the width of the dis-
tribution offRNA bush positions after 1 min of synthesis,
and the rate at which this distribution spreads, it would
appear that all of the RNAs synthesized on T7 DNA in vitro
are initiated at the same point near the end of the DNA.
This would imply that there is only one RNA initiating site
on T7 DA,

Because RNA initiation has in the past been only

vaguely understood, little effort has been made to study



310

Fig. 9-3. .Physical map of RNA attachment site on T, DNA

7
at various propagation times.

The positions of the RNA bushes on T, DNA at three

7
propagation times are shown. There was approximately

1 RNA synthesized per DNA, Synthesis was carried out in
0.15 M KC1, 0.01 M MgCl,, 0.05 i Tris, pi 7.9, 107 N

A~ EtSH, 10 ¥/ml BSA, 10 ¥/ml T, DNA, 5¥/ml RNA polymerase,
and 4 X 10”4 M NTP. Preinitiation, by omitting the CTP,

was used to synchronize the propagation of RNA.
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the termination of RNA synthesis. The experimental approach

given here would seem ideal for the study of ANA termina-
tion. However, few conclusions can be made about termina-
tion. It has been consistently observed that about 50%

of the RNA is released from the DNA after 5 min of syn-
thesis. Released RNA can not be positively identified for
shorter synthesis times because of its small size. After

5 min of synthesis some RNA is located at 0.3 fractional

T7 DNA units from the end. Therefore; one conclusion might
be that there are no termination sites between O and 0.3
units fromrthe end and that the released RKA is solely

due to RNase activity. However, RNA could be uniquely
released without release of the polymerase. The polymerase

could then continue synthesis along the DNA.
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4. Discussion

In this study it was discovered that under appropri-
ate conditions selective initiation sites for in vitro
RNA synthesis on T7 DNA exist. The RNA synthesis was
carried out in 0.15 M KCl, 0.01 M MgCl2, 0.05 M Tris, and
4 X 1074 M NTP., A binding step at 0° C. with just DNA and
polymerase in the above salt was followed by a preinitia-
tion step in which ATP, GTP, and UTP were added. The pro-
pagation was started by the addition of CTP. Under these
conditions the propagation of RNA was synchronized and thus
the RNA bush positions were uniquely located. From the
analysis of the bush positions, it appears that there is
only one region near one end in which RNA can be initiated
on T7 DNA. Since this region of DNA seems to be less than
1% of the T, DNA it would appear that there is only one
initiation site or several tandemly arranged initiation
sites. The fact that several RNAs can be synthesized on
the T7 DNA at the same time does not indicate several ini-
tiation sites since this could be the result of sequential
binding, initiation, and propagation from a single site on
the DNA.

The conclusion that T7 DNA has only one in vitro RNA
initiation site is not in agreement with all previously
published determinations. It has generally been concluded

from RNA'polymerase binding studies and from the number of
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RNA molecules initiated, that T7 DNA has about 40 in wvitro

RNA initiating sites. However, in these calculations it
was assﬁmed that all of the polymerase molecules in their
enzyme preparation are active, that polymerase-binds only
to initiating sites, and that there is only one RNA ini-
tiated per initiation site.

The rate of propagation of the RNA was measured to
be about 45 bases/sec. This value is considerably higher
than the previously measured values. At saturating con-
centration of nucleoside triphosphates and in low salt the
RNA growth rate is 4 vases/sec on T, DNA (Bremer, 1967);
while in 0.2 M KC1 the rate has been measured to be 16
bases/sec. However, in these determinations, synchronized
initiation was not employed, and .therefore, these growth
rates are underestimates. The synthesis rate observed
here is' in good agreement with the rate observed in vivo
(43 bases/"secsa.‘tifl.sQ C.)‘(Manor,_Goodman, & Stent,
1969). The conclusions given here; that there is one
initiation site, that several RNAs can be sequentially
initiated from this site, and that the rate of propagation
is 45 bases/sec is not inconsistent with any previously
published data although it is inconsistent with the con-
clusions drawn from these data.

In these experiments the start of the propagation of
RNA was synchronized by a préinitiation step. 36wever,

synchroﬁization of propagation was lost after 5 min. Since
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the bound RNA/DNA ratio did not significantly change with

time, this loss of synchronization can be explained by
a differential rate of RNA propagation or by the release
of RNA bushes and reinitiation of new RNAs at the RNA
initiation site.

It was observed in these experiments that there
were about as many free RNA bushes as there were DNA
bound RNA bushes after 5 min of synthesis. These free RNA
bushes could have occured by RNase cleavage of the bound
RNA, by denaturation of”the polymerase and random release
of the bound RNA, or by selective releasé at unique sites
along the DNA.

There were many experimental difficulties encountered
in this set of experimehts. These difficulties should be
bornein mind by anyone in attempting a more refined
interpretation of the present experimenis or in planning
to do new experiments. The conditions and ingredients
used for RNA synthésis are not favorable for good electron
microscope experiments: +the molecules tend to be tangled,
the contrast is poor, and the RNA bushes are highly clumped.
There was some degradation-of both DNA and RNA. This is
presumably the result of nucleases in the RNA polymerase
stock solutions. However, this degradation was signifi-
cant only for long syntheéis reaction times (20 min or more)
- and did not effect the results for the short incubatioms

(1 - 5 min.).
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In light of what has been learned about RNA synthesis

on T7 DNA, it is not surprising fhat RNA synthesis on A DNA
did not show uniquely positioned RNA bushes. RNA syn-
thesis on A DNA was carried out for 5 to 10 min and the
preinitiation step was not used. Shorter synthesis times
were not studied since RINA bushes could not be visualized.
The lack of bushes at short synthesis times (less than §
min) is presumably due to the slow initiation of RNA.
Therefore, it is quite possible that uniquely positioned
RNA bushes would be found on ADNA if preinitiation and

'éhort synthesis times are used.
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