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ABSTRACT
These investigations represent an effort to develop
a model system for the chemical quantitation of hybridiza
tion mismatches in DNA.

The wild type lambda-phage and a

mutant strain possessing a deletion and a substitution were
found suitable for this purpose.

Methods were developed to

grow and purify the two types of phage.

Emphasis was placed

upon obtaining milligram quantities of phage from a single
particle within two days.

The phage preparations were freed

of contaminating host nuclei acids by enzymatic treatment
followed by repeated banding in CsCl step-gradients.

The

phage DNA was isolated and characterized by CsCl isopycnic
centrifugations.

Hybridization experiments provided

preliminary data relative to the kinetics of the reaction.

INTRODUCTION
The genetic information of an organism is contained
in its nucleic acids, primarily DNA, where it is encoded in
the linear sequence of four types of nucleotides„

DNA

molecules from different organisms can have virtually
identical overall chemical compositions and yet specify
widely varied biological functions.

Although methods for

analyzing the exact base sequence of given functional units
of DNA have not yet been developed, it is possible to detect
the presence of common sequences in molecules of different
origin by molecular hybridization.
In general, the native DNA molecule consists of two
polynucleotide chains which are complementary in base^
sequence in accordance with the Watson-Crick principles of
base pairing,

The component strands are held together by

hydrophobic interactions between adjacent base pairs
Cnstacking forces"), as well as by hydrogen bonds extended
between opposite bases.

The geometry of these interactions

imposes upon the strands a double helical arrangement in
which the bases are turned to the inside and the two sugars
phosphate backbones form the periphery.
When in solution under physiological conditionsf
native DNA exists in the double—helical state,

Under

certain other conditions, the bonds between the bases can
1

be weakened to the extent that the strands will unwind and
dissociate.

This transition, often termed melting or

denaturation, is typically accomplished by increasing the
temperature, increasing the pH, or by adding hydrogen bond
disrupting agents, such as formamide.

Furthermore, such

dissociated DNA can be made to return to the original
double-stranded state by prolonged incubation at subcritical melting conditions.
The reassociation of complementary polynucleotides,
termed annealing, is thought to be a two step bimolecular
reaction.

In the first step, which is rate limiting,

random collisions between strands lead to an in-register
positioning of a few complementary bases which bind
together.

This initial step is followed by a relatively

rapid bidirectional zippering-up of the remaining comple
mentary portions into the double helix.
The formation of double-helical structures by
annealing requires a high degree of complementarity.

Never

theless, long stable duplexes can be formed between ,
molecules which contain only a small number of short comple
mentary regions

(comprising as little as 4 per cent of the

duplex).

This property permits the construction of hybrid

molecules

(DNA:DNA heteroduplexes) from DNA strands derived

from related, but not identical, organisms.

Such, hetero-

duplexes have alternating paired and unpaired regions
according to the distribution of base-sequence homologies

along the strands.

This linear arrangement of double and

single stranded regions can be made visible via electron
microscopy.

In this way heteroduplexes between certain

viral genomes have been topologically mapped.
The specificity of the annealing reaction has been
exploited in various ways to quantitate the extent of
homology between DNA from different sources.

The most

precise information to date has come from the afore
mentioned EM examination of phage heteroduplexes.

Un

fortunately, the resolving power of this technique is not
sufficient to detect point mismatches within paired regions
and, more importantly, it cannot be applied to organisms in
which the genome consists of many different DNA molecules,
as is the case with eucaryotes.
In order to determine the amount of homology between
eucaryotic genomes, the less precise filter-paper annealing
technique is widely used.

Here, DNA from one source is

denatured and immobilized on a membrane filter„

Radio-

actively labeled DNA from the second source is then
denatured and incubated with the DNA-charged filter under
annealing conditions„

The amount of radioactivity taken up

by the filter is determined for various DNA concentration
ratios.

The data thus derived are sometimes difficult, to

interpret quantitatively and many factors, some unknown may
affect the annealing efficiency (Kennell, 1971)„

'
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Thus existing methods fall short of being able to
fully evaluate and quantitate specific sequence heterologies.
Such information would, however, be of central importance to
many problems in biological and biochemical research.

For

example, the functional differences between diseased, aged
and normal mammalian cells might be due to small sequence
heterologies, but current methodology does not permit their
detection.

As another example, certain mammalian viruses

have been implicated as playing a role in tumor formation
through integrating their genome with that of the host;
conclusive evidence is still lacking but may be available
through improved hybridization analysis.
Projecting beyond the quantitative analysis of base
sequence heterologies, methods could be developed which
permit the physical separation of small heterologous regions
from the bulk of paired DNA.

It would then become possible

to analyze in detail small sequence differences between
closely related genomes.
It is the basic premise of this work that these
objectives can be achieved through chemical modification of
hybrid annealing products.

Reagents have been described

which bind covalently to single stranded DNA, but do not
react with the double stranded form.

If such a ligand were

isotopically labeled and reacted with heteroduplex molecules,
the uptake of radioactivity would be a direct and sensitive
assay for the relative amounts of the unpaired regions.
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Furthermore, the binding agent may very well confer upon the
single stranded regions certain properties which can be
exploited to effect their separation from the reaction
mixture.

For instance, they may become resistant to

phosphodiesterase degradation, or differences in their
density or ionic charge may be introduced which would render
them distinguishable from the unreacted regions by standard
fractionation procedures.
A further investigation of this approach is left to
this worker's doctoral dissertation research.

The master's

thesis project was limited to the development of a model
heteroduplex system suitable for use as a standard in test
ing and refining the proposed reactions.
The heteroduplex chosen as a model for these
investigations is constructed from DNA molecules from two
strains of the E_. coli bacteriophage lambda CACI857 and
Ab2i

21

).

Electron micrographs of the duplex (Westmoreland,

Szybalski, and Ris, 1969) reveal two mismatched regions.
The b2 mutation is a deletion of about 13 per cent of the
wild type lambda chromosome and the

. 21

i

mutation is a

substitution in which the wild type immunity region (iA)
•

has been replaced by the shorter and non-homologous immunity
region from phage 21.

Consequently, the heteroduplex

contains a deletion loop (13 per cent) and a double loop
•A
■21
consisting of the i region on one strand and the i
region on the other

(5.5 and 4.4 per cent, respectively).
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Bacterial viruses, in general, are attractive as
sources of homogeneous DNA because they consist of a
solitary nucleic acid molecule encapsulated in protein.
The encapsulation permits rigorous purification of the
phage particles prior to the extraction of the DNA which,
when freed into solution becomes highly vulnerable to
degradation.

Degradation, such as shear damage, is to be

avoided at all costs as it leads to spurious mismatch in
annealing products.

The lambda phage genome is particularly

well suited since its double stranded DNA molecule (MW —
32 X 10^ Daltons)

is small enough to be handled without

significant shear damage

(Davison and Freifelder, 1966) and

many viable strains exhibiting a wide range of deletion and/
or substitution mutations are available.

Laboratory

cultures can produce, through cloning, milligram quantities
of these strains in which virtually all DNA molecules are
identical.

MATERIALS AND METHODS
Strains
The following phage and bacterial strains were
kindly provided by Dr. David Mount (Department of Micro
biology , University of Arizona Medical School):
1.

E. coli C600G (ACI857)+ (lab. strain DM 79).

This

thermally inducible lysogenic bacterial strain was
developed by Sussman and Jacob (19 62) and has a
thermolabile repressor.

The genome probably differs

from that of the wild type lambda-phage by a single
base mutation (Sussman and Jacob, 1962).
2.

Ab2i

21

.

This phage is virulent with respect to E.

coli C60 0G.

Its genome differs from that of the

wild type lambda-phage in two regions:
. 21

a deletion of about 13 per cent, and i

b2 denotes
denotes a

substitution of lambda immunity region (i^) by the
shorter and non homologous immunity region from the
lambdoid phage 21 (Westmoreland et a l ., 1969),
3.

E. coli K-12.

This bacterial strain is lysogenic

for wild type lambda-phage and inducible by ultra
violet irradiation.
4. E . coli C600G.

A sensitive host for

7

Ab2i
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Media
1.

BT-broth.

Liquid cultures of bacteria were grown in

this nutrient broth.

It contains 10 gm of Difco-

Bactotryptone and 5 gm of NaCl per liter of water.
2.

BT-agar.

All of the bacterial strains were main

tained on slants or plates of this agar, which
contains 10 gm of agar per liter of BT-broth.

The

top agar used in phage plating contains only 6 gm
of agar per liter of BT-broth.
A-Dilution Medium
A buffer solution which is 0.01 M in MgSO^, 0.005 M
in K 2HP04 , and 0.005 M in KH2PC>4 (pH 6.9),
SSC (Standard Saline Citrate).

A solution which is

0.15 M in NaCl and 0.015 M in trisodium-citrate and has been
adjusted to pH 7.0.
Chemicals
1.

DNA-ase.

Pancreatic

(bovine) deoxyribonuclease,

purchased from Calbiochem, Los Angeles, California .
(B-grade enzyme).
2.

RNA-ase.

Pancreatic (bovine) ribonuclease,

purchased from Calbiochem, Los Angeles, California
(5X recrys tali zed, salt free),
3.

Polyethylene Glycol.

PEG-6000, purchased from J. T.

Baker Chemical Co., Phillipsburg, N„ J,

4.

Hydroxyl Apatite.
and Thomas

5.

Marker DNA.

Prepared according to Miyazawa

(1965).
Clostridium perfringens DMA, purchased

from Sigma Chemical Company, St. Louis, Mo,
Broth Culture
Liquid bacterial cultures were grown in BT^-broth in
a rotary-shaking incubator (Lab-line Instruments, Inc.) at
37°C, unless otherwise noted.

The cell number was monitored

by measurements of the O.D.g^Q in a Beckman DU-2 spectro
photometer.

A plot of the optical density at this wavelength

versus the cell number

(determined by Petroff-Hausser

counter) yielded a straight line which included the follow^
ing two points: O.D.g^Q = 0.2, 2.5 X 10

8

cells/ml and

O.D.gsQ = 0.55, 7 X 108 cells/ml.
Agar Cultures
Agar slants, agar plates, and phage platings were
carried as described by A d a m s .(195 91 ,
Isopycnic Centrifugations
Preparative CsCl step^gradients were used extensively
in the purification of intact phage particles.
CsCl solutions

Three stock
3
(densities 1,7, 1,5, and 1.3 gm/cm ) were

prepared in 0.02 M phosphate buffer
room temperature.

(pH. 6,9)_ and stored at

For each phage banding, three Beckman

5-ml centrifuge tubes were selected to be of equal weight,
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detergent washed and air dried.

A step-gradient was layered

in each tube as follows: 1.0 ml of the most dense solution
is pipetted into the tube, 1.3 ml of the next solution is
then carefully layered on top of the first followed by 1.3
ml of the least dense solution.

The phage sample (I-0-

1.5 ml) is then layered on top of each gradient and the
three tubes are balanced gravimetrically.
then centrifuged for one hour at 37,500 rpm
Model-L, SW-50 rotor, 25°C).

The tubes are
(Beckman

During the course of the run,

an approximately linear density gradient forms and the phage
particles become concentrated into a narrow band in the
region of their own density.

The bands are visible through

darkfield illumination and are collected drop-wise through
a hole punctured in the bottom of the tube (Thomas and
Abelson, 1966)=
Isopycnic centrifugations for the characterization
of phage DNA preparations were conducted as follows; The
DMA solution (10 to 15 micrograms DNA/ml) was brought to
density 1,71 gm/cm

3

by the addition of CsCl (MCE Chemicals,

99.+% pure) according to formula (A).
Formula (A): Wt % CsCl 25°C = 137.48 - 138,11/density
3
(gm/cm ) (Thomas and Abelson, 1966).
The resulting solution was then centrifuged for 24
hours at either 44,770 or 37,020 rpm (Beckman Model E
ultracentrifuge, An-D rotor, Kel+F centerpiece 12 mm, 4°
sector, 25°C),

The ultra-violet absorption pattern of the
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cell was photographed and the negative traced on a Beckman
Analytrol Microdensitometer.
For calculation of buoyant densities, the position
of the midline of the band of the marker DNA was taken as
the position of its density (1.6915 g/cm^), and this
reference point was used to compute the "average density"
(p) of the solution via equation (B), which was adapted
from Thomas and Berns (1961).
Equation (B): p = px - K 1/2 w2 [r2 - 1/2 (r2 + r 2)]
where:

p = the average density, the density of the
solution after thorough mixing.
p
r

= the buoyant density of the DNA band, in this
case the marker DNA, 1.6915 g/cm .
= the distance, in cm, of the midline of the
band from the center of rotation,

r^ = the distance, in cm, of the meniscus from the
center of rotation.
r 2 = the distance, in cm, of the bottom of the cell
from the center of rotation.
go

= the angular velocity

(277 rpm 1/60) .

The value of K varies somewhat with the average
density.
8,86 X

For p = 1.65, 1.70, and 1.76, K = 8.27, 8.42,
10^ , respectively.

and

From these three points, a

continuous curve was constructed from which intermediate
values of K could be obtained by interpolation.
For the calculation of the density distribution in
each gradient, the value of K (8.46 X 10

-10

) corresponding

12
to the theoretical average density of the solution (1.71
g/cm^) was inserted into equation (B).

A more accurate

value for p was then computed from the position of the
marker band.

Returning to the graph, a new value for K

was obtained, re-inserted into equation (B), and p was again
computed.

It can be shown that K and p cease to change

significantly upon further application of this method of
successive approximations.

The values of K and p thus

obtained are inserted into equation (C), which is then used
to calculate the buoyant densities

(Px ) of the other bands

in the same gradient.
Equation (C) : px = p + 1/2 K u)2 r^ - 1/2 (r2 + r 2) .

THE DEVELOPMENT OF THE MODEL HETERODUPLEX SYSTEM
Chemical analyses of heteroduplexes require
preparations which are far more homogeneous than those used
for electron micrographs.

This is due to the fact that the

microscopist inspects individual molecular complexes and is
free to exclude anomalous forms while a chemical measurement
includes the entire population.

Thus it is essential that

DNA samples used for hybridizations be as highly purifiedf
homogeneous and intact as is possible.

The rate of

spontaneous degradation of lambda DNA, while inside the
phage head, imposes a time restriction such that the
hybridization step must be performed within several days of
the production of the phage.

Although many techniques for

the growth and purification of lambda have been published,
none proved suitable for our special purposes without
significant modification or substitution of some of the
steps involved.
Phage Cloning
In order to insure maximum genetic homogeneity, each
Batch of phage is cloned from a single organism.

For the

lysogenic strain, this is a trivial matter but for the
virulent strain a series of agar^plating and liquid culture
lysate steps is required.

Any procedure that routinely
13
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raises phage from single infective centers runs the risk of
cloning a contaminant virus.. For this reason a test which
is based upon the difference in buoyant density between the
two strains was devised and applied to each batch.
When working with liter quantities of broth lysates,
it is cumbersome to strictly adhere to sterile procedures,
particularly during centrifugations.

It proved most

practical to conduct the growth steps which involve the
maximum amplifications

(from 1 to 10

12

phage) on agar

plates in which sterility is more easily enforced.

The

final steps in liquid culture can be carried out under
relaxed sterility conditions with little danger of
significant contamination.
In these studies, the highest and most reliable
phage yields from broth lysates are obtained when the
bacterial growth rate is shifted up immediately prior to the
infection or induction event.

This can be accomplished by

the addition of 10 g/liter of Bacto-tryptone powder.

For

optimum phage stability, it is also necessary to increase
the Mg"1""*" concentration to 0.01 M at the same time as the
nutrient is added.
Growth of Ab2i^^
A stock solution of Ab2i
plated to give single plaques.

21

is diluted in broth and

An agar block containing a

single plaque is excised and placed in 5 ml of broth, and
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incubated for three hours at room temperature with occa
sional shaking to elute the phage.

Confluently lysed

plates are produced by plating 0.1 ml of a 100-fold
dilution of the single plaque extract on E. coli C600G.
The phage are extracted from the confluent plates by the
addition of 10 ml of"sterile, chloroform-saturated broth per
plate followed by incubation for four hours at 37°C with
occasional shaking.

If 10

13

phage are desired, the

extracts from eight confluent plates are pooled and used to
infect a one-liter culture of the host bacteria.
however, up to 10

14

If,

phage are desired, a liquid sub-culture

is required and four confluent plate extracts are used to
infect a 250 ml bacterial culture, which in turn provides
sufficient phage for the infection of 10 liters of culture.
Broth lysates

(1 to 10 liters) are prepared in the

following manner: A host culture is timed to reach a cell
concentration of 2 X 10

8

cells/ml (O.D.g^g = 0.15) just as

the confluent plate extracts are ready.

The extracts are

pooled and aerated to remove the CHClg.

The host culture

is prepared for infection by the addition of 10 g/liter of
BT-powder and 2.5 g/liter of MgSO^-JH^O.

After these have

dissolved, the phage solution is poured in and incubation is
resumed while lysis is monitored through O.D.ggg readings at
1/2 hour intervals.

Typically, the O.D.^^ q rises to 0.5

during the first two hours and then falls to 0,3 during the
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third hour, after which 5 ml/liter of CHCl^ are added and
the culture is chilled in an ice bath.
Growth of A++
There are three standard methods for the large
scale production o f .wild-type lambda phage: serial infec
tions of a sensitive host, ultraviolet induction of a
lysogenic strain, and thermal induction of a special
lysogenic strain, developed by Sussman and Jacob (1962), in
which the lysis-suppressing protein is temperature sensi
tive.

The simplest of the three methods, thermal induction,

consistently produces the highest yields.
Growth of ACI857
The lysogenic bacterial strain is maintained on
agar slant cultures at 25°C or below.

For each batch of

phage, the bacteria are streaked on agar plates to give
single colonies.

One colony is used to innoculate a one to

ten liter quantity of broth.

The culture is grown in a
•

rotary shaker at 27°C to a cell concentration of 4 X 10
cells/ml CQ.D.g^Q " 0.3)»

g

The induction process begins with

the dissolution of 10 grams of BT-powder and 2.5 grams of
MgSO^'TH^O in each liter of culture.

An alcohol washed

thermometer is placed in each flask which, is then quickly
heated over a gas flame to 40°C and maintained at that
temperature for twenty minutes while the culture is stirred
vigorously for aeration.

The culture is then incubated at
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37°C in a rotary- shaker and lysis is monitored by optical
density measurements at 1/2 hour intervals.

Typically,

the O.D.gj-Q rises to 0.5 and falls to 0.1 within two hours.
Chloroform (5 ml/liter)

is added to complete the lytic

event and the culture is chilled in an ice bath.
Phage Harvesting and Purification
A survey of the pertinent literature shows that
there are several fundamentally different methods by which
lambda particles are commonly collected from large volumes
of broth culture lysates: co-precipitation with high
concentrations of ammonium sulphate, direct pelleting
through differential centrifugation, selective adsorption
to hydroxyl apatite and precipitation with polyethylene
glycol.

Each of these methods was tested as to yield,

reliability and time consumption.

Of these, the poly

ethylene glycol technique was far superior with respect
to all three criteria.

By this method (Yamamoto et al.,

1970), it is possible to obtain, in highly purified form,
well over ninety per cent of the phage from liter quantities
of lysate, as soon as eight hours after lysis.

While the

alternative methods can occasionally give equally high,
yields, they require a good deal more time and thus produce
nucleic acid samples which are less intact.
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Preparations of both phage strains are treated
identically and unless otherwise noted are maintained at
0 to 10°C.
The freshly lysed and chilled culture is brought to
0.5 M with respect to NaCl, then centrifuged for 2 0 minutes'
at 5000 XG to remove the remaining bacteria and cellular
debris.

The supernatant is then made 10 per cent (w/v) with

respect to PEG and allowed to stand for at least one hour
at 4°C.

The phage are then pelleted by centrifugation

(20 min, 8000 X G ) .

The pellets from each liter of lysate

are pooled and treated with 3 ml of lambda-diluent, and 3 mg
each of RNA-ase and DNA-ase.

The enzymes are dissolved and

the pellet is resuspended by vortex mixing, and incubated
for three hours at room temperature.

During this time, the

viscosity of the solution drastically decreases as the co
precipitated nucleic acids are degraded„

Each preparation

is then divided into three CsCl step-gradients, banded,
collected in as small a volume as is possible (less than
1 ml) and pooled.

This concentrated phage solution is

diluted to 3.5 ml with lambda-diluent and the banding is
repeated.

The dilution is necessary in order to reduce to

density below 1.3 gm/cm? and is done very slowly so as to
avoid osmotic rupture of the phage head.

After the second

banding, each preparation is diluted to 5 ml with lambdadiluent and dialized against 0,05 M PO^-buffer

(pH 7.0) in
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preparation for the DNA extraction step (3 hours against one
liter is sufficient)„
Following the dialysis, a 50 microliter sample is
diluted to 5 ml with 0.05 M PO^-fouffer (pH 7.0) and the U.V.
absorption spectrum is measured.

The phage yield is calcu

lated on the basis of the absorbance at 260 nm.
yield is 10

13

A typical

phage from each liter of lysate of either

strain.
At this point, a simple though admittedly not
absolute test is performed to assure that the samples are
of the proper phages? 0.5 ml of the Ab2i

21

sample and 1.0 ml

of the ACI sample are banded together in the same CsCl step
gradient.

As the phages differ slightly in buoyant density

CAb2i21 = 1.483 g/cm3 , ACI = 1.508 g/cm3 [Burgi, 1963]),
they are again resolved into their respective separate bands,
1 to 2 mm apart, 3 4 to 35 mm down from the top of the tube
and the denser band is larger.
DNA Extraction
The protein coat which encapsulates the phage DNA
is removed by phenolic extraction: the phenol is distilled
and stored frozen.

Equal volumes of the phage suspension

and 85% v/v phenol (which has been tflawed and diluted with
0.5 M phosphate buffer) are placed together in a 40 ml glass
centrifuge tube which is then attached to the shaft of a
stirring motor, tilted to 45° from horizontal and revolved
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at 60 rpm for thirty minutes.at room temperature„

The tube

is then chilled in an ice bath and centrifuged for ten
minutes at 5000 XG, to separate the phases.

The phenol

layer is pipetted out and discarded and the extraction is
performed twice more for 15 minutes each time.

Distilled

water is added as needed to maintain the DNA solution at
constant volume.

Finally, the DNA solution is dialized

exhaustively against 0.05 M phosphate buffer to remove all
traces of the phenol.
Great care is taken to avoid subjecting the DNA
solution to any perturbation which would cause shear damage
to the long fragile molecules.

The solution is never shaken,

stirred, or pipetted, and transfers between containers are
held to a minimum.

Such transfers as are necessary are done

By gently decanting all but the last bit which is discarded.
Any DNA which is not to be used, immediately is stored
(refrigerated! in a small beaker with a few drops of
chloroform.
DNA Characterization
Samples of native and denatured DNA from both phage
types were banded in neutral CsCl density gradients in the
analytical ultracentrifuge,

Our measurements of the

equilibrium buoyant densities of these DNA molecules match
published values to within experimental error (see Table 1)»
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Table 1.

DNA Buoyant Density Measurements
3
Buoyant density (gm/cm )

Lambda
DNA

Published values

Experimental results

b2b5, native3

1.7108

1.7112

b2b5, denatured

1,7268

1.7276

C l , native

1.7093

——

C l , denatured

1.7245

1.7239

ab2b5 is identical to b2i^"*" (Westmoreland et al= ,
1969) .

In general, the banding patterns reconfirm the
lambda type and also provide evidence that the DNA is highly
purified, homogeneous, and intact.
is illustrated in Figure 1.

One such banding pattern

Denatured DNA, of either type,

gives a single narrow band whereas if the strands were broken
the band would be bimodal due to the fact that the molecular
halves are of different density (Hradecna and Szybalski,
19671.
Hybridization
Heteroduplex, formation is achieved by thermal
denaturation of an equimolar solution of native DNA from
both phages, followed by incubation at 65°C,

Under these

conditions, homoduplexes as well as heteroduplexes will be
.
formed.
The ratio of heteroduplex to homoduplex should be
.

.

.

.

'

>

Buoyant densities of native and denatured
Ab2i^l DNA — A freshly extracted and dialized
sample of Xb2i^-^ DNA was diluted with 0-05
phosphate buffer (pH 7.0) to a concentration of
15 yg DNA/ml. A one ml sample of this solution
was made 1.5% with respect to formaldehyde and
divided into two equal portions.
One portion was
denatured by incubation at 100°C for two minutes
and then chilled to room temperature. The two
portions were then recombined. Marker DNA •
(CLOSTRIDIUM PERFRINGENS, 3.5 yg, density
1.6915 gm/cm^) was added, followed by sufficient
CsCl to raise the density of the solution to
1.71 gm/cm^. The DNA was banded at 44,770 rpm,
25°C, in the analytical ultracentrifuge.
Density equilibrium was reached after 24 hours,
at which time a photograph of the ultraviolet
absorption characteristics of the gradient was
taken.
In the densitometrie trace shown above,
CM) denotes the position of the native marker
DNA band, (NN) the position of the native lambda
DNA band, and (dN) the position of the denatured
lambda band. The unlabeled peak between the
marker and native DNA peaks is a contaminant
which is assumed to be marker DNA which was
inadvertently denatured.
The density distribu
tion in the gradient was calculated from the
position of the marker band as described in
Materials and Methods.
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Figure 1.

Buoyant densities of native and denatured
Ab2i
DNA.

equal to the fraction that the two types of DNA are
homologous

(about 0.8)

(Chow, Boice, and Davidson, 1972) .

It is possible to eliminate self-annealing by separating the
complementary strands prior to the hybridization step.

This

separation, however, involves subjecting the DNA to a
lengthy preparative isopycnic centrifugation in the presence
of an equal amount of a synthetic polyribonucleotide [such
as Poly (I,G)] which greatly increases the risk of shear
damage and necessitates the quantitative removal of the
polynucleotide.

Since the relative amounts of the self

annealed forms can be predicted statistically, their
presence would not interfere with the proposed measurements
and it is judged best to avoid strand separation.
The time course of the annealing reaction was
determined by density gradient analysis of the relative
amounts of single stranded and double stranded forms present
in the product after various annealing times (Figure 2).
Under these conditions, the reaction is initially very rapid
within ten minutes, over 80 per cent of the input DNA
converts to the double stranded form.

After about six

hours, the reaction progresses to the point where no single
stranded DNA can be detected by this method.

These results

were confirmed by hyperchromicity measurements during the
annealing reactions and are in good agreement with the
theoretical rate of the reaction as calculated according to
Wetmur and Davidson C1968). . .

Figure 2.
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Annealing of Ab2i
and ACI DNA — An equimolar
solution of both types of native DNA (total
concentration 50 yg DNA/ml in 0.025 M phosphate
buffer and 2 X SSC, pH 7.0) was heated in
boiling water for five minutes and then
incubated at 65°C. At the indicated times,
1.5 ml samples were withdrawn, diluted to 5 ml
wit!} cold distilled water and placed in an ice
bath.
Sufficient CsCl was added to each of the
samples to bring the density to 1.71 g m / c m ^ and
the DNA was banded (37,020 rpm for 24 hours,
25°C). In the diagram. A, B, and C represent
the banding patterns obtained from samples after
various annealing times, trace D represents the
banding pattern of a mixture of the two types
of native DNA which had not been denatured.
The arrows (labeled dN) indicated the position
of the fully denatured DNA. The density dis
tribution in each gradient was calculated from
the position of the major band, its density was
taken as the average of the densities of the
two native forms (1.710 0 gm/cm^).
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Annealing of Ab2i
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and ACI DNA.

CONCLUDING REMARKS
The.objective of this work was to develop methods
for the routine production of heteroduplex DNA molecules of
predictable mismatch to serve as a test system for the
selection of chemical reagents which would combine with the
unpaired regions and thus permit their quantitation and
structural manipulation.
The techniques described herein will produce, on a
daily basis, milligram amounts of the different types of
lambda DNA, in highly purified form.

The time from the

production of the phage to the annealing of its DNA has been
reduced to about 48 hours thus minimizing the effects of
the spontaneous degradation to which it is prone.
The hybridization reaction has been characterized
with respect to its rate and to the homogeneity of its
products.

The system has thus been developed to the point

where it can be used for the systematic screening of various
single^-strand’-specif ic ligands.
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