
JOURNAL OF VIROLOGY, Mar. 1975, p. 466-470
Copyright 0 1975 American Society for Microbiology

Vol. 15, No. 3
Printed in U.S.A.

Method for Determination of Nucleotide Sequence Homology
Between Viral Genomes by DNA Reassociation Kinetics

KEI FUJINAGA,* KENJI SEKIKAWA, AND HIROKO YAMAZAKI

Department of Molecular Biology, Cancer Research Institute, Sapporo Medical College, Sapporo, Japan

Received for publication 25 July 1974

A model and appropriate equations were derived for the quantitative estima-
tion of nucleotide sequence homology between two partially related viral
genomes by measurement of the initial rate of reassociation of one labeled DNA
in the presence of a second unlabeled DNA. The validity and usefulness of this
procedure were demonstrated by the analysis of the reassociation kinetics of
labeled adenovirus 7 DNA in the presence of unlabeled adenovirus 2 DNA. Based
on DNA reassociation, the extent of homology between adenovirus 2 and 7
genomes was found to be 10 to 12%. The duplex formed between adenovirus 2 and
7 DNA had the appropriate thermal stability for a well-matched DNA-DNA
hybrid.

The kinetic analysis of DNA reassociation, as
developed by Britten and Kohne (1), has been
used to characterize DNA sequences in eukary-
otic cells, especially families of repeated se-
quences (1). In addition, this technique has
provided a precise method for estimating ge-
nome complexity and the number of viral DNA
copies in cells transformed by RNA and DNA
tumor viruses (1, 2, 4, 5, 12). We report here a
new application of the DNA reassociation reac-
tion. By analysis of the kinetics of the initial
reassociation reaction of a labeled viral genome
in the presence of an unlabeled second viral
DNA genome that is partially related, we can
estimate quantitatively the extent of homology
between the two genomes. We describe below
the theoretical background, mathematical deri-
vation of equations, and application to the
analysis of the homology between human ade-
novirus 2 and 7 DNA molecules.

MATERIALS AND METHODS
Preparation of virus and viral DNA. Virus was

grown and purified and viral DNA molecules were
extracted from isolated virions by the method of
Green and Pihia (6, 7).
DNA reassociation. Viral DNA was fragmented

with a Kubota MSII-250 sonic oscillator at full power
for 10 min. The size of the DNA fragments was 600 to
800 nucleotide pairs (approximately 7.7S) as esti-
mated by analytical ultracentrifugation. Adenovirus 2
DNA and labeled adenovirus 7 DNA fragments were
denatured by heating at 100 C for 5 to 10 min in 0.12
M phosphate buffer (pH 6.8; PB). The DNA reas-
sociation reaction was then carried out at 67 C in 0.40
M PB. The reassociation reaction was terminated by

placing samples in an ice-water bath at various times.
Single-stranded and reassociated DNAs were quan-
titated by "batch" elution from hydroxyapatite (11).
The reaction mixture was adjusted to 0.12 M PB;
sodium dodecyl sulfate (0.4%) and hydroxyapatite
(6%, wt/wt) were added. The suspension was mixed
vigorously at 60 C for 15 to 30 min and centrifuged for
2 min at 800 x g. The hydroxyapatite was washed
with 4 ml of 0.12 M PB containing 0.4% sodium
dodecyl sulfate at 60 C and centrifuged, and the
supematant was added to the first 0.12 M PB wash.
The hydroxyapatite was resuspended in 0.40 M PB,
mixed for 10 min at 60 C, centrifuged, and washed
with 4 ml of 0.40 M PB at 60 C. The pooled 0.4 M PB
supematant fluids contained the duplex DNA frac-
tion. Each supernatant fraction (8 ml) was precipi-
tated, together with 100 jug of carrier calf thymus
DNA, by addition of 2 ml of 3 M trichloroacetic acid.
The precipitate was collected on nitrocellulose mem-
brane filters, and the acid-insoluble radioactivity was
counted in a liquid scintillation counter. Zero time
values of about 2% were carefully determined and
subtracted from each experimental value.
Measurement of thermal stability of DNA-DNA

hybrids. The labeled DNA duplex isolated in the 0.4
M PB fraction from hydroxyapatite was diluted in
0.12 M PB containing 0.4% sodium dodecyl sulfate
and was absorbed into a hydroxyapatite column
maintained at 60 C. The column was eluted with
three 4-ml portions of 0.12 M PB containing 0.4%
sodium dodecyl sulfate at 65 to 100 C in 5 C incre-
ments. Acid-insoluble radioactivity of each fraction
was determined.

RESULTS
Derivation of equation for mixed DNA

genome reassociation. Reassociation of dena-
tured adenovirus 7 DNA fragments follows
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second-order reaction kinetics (1) and can be
described by the following equations:

dC/dt = -kC2

(1)C/Co = 1/(1 + kCot)
(Co- C)/C = kCotor

where C is the concentration (moles per liter) of
single-stranded DNA fragments with a unique
base sequence (not moles of nucleotide per liter)
at time t, C0 is the initial concentration, and k is
the reassociation rate constant.
The reassociation reaction of labeled adenovi-

rus 7 DNA yields a straight line when (C0 -
C)/C is plotted against Cot (2). When unlabeled
adenovirus 7 DNA is added, the slope of the line
is increased. However, the addition of unlabeled
adenovirus 2 DNA, which shares a portion of its
nucleotide sequences with adenovirus 7 DNA,
yields a nonlinear plot of (C0 - C)/C versus
Cot. This reflects the complex reaction kinetics
that result upon reannealing viral DNA se-
quences present in different molar proportions
(2).
By the following mathematical treatment, we

can estimate the fraction of related base se-
quences between the two viral genomes. Assum-
ing that the rate constant is the same for
reassociation of each viral DNA segment, the
following equations can be written for the reas-
sociation reaction of labeled adenovirus 7 DNA
segments in the presence of unlabeled adenovi-
rus 2 DNA where DNA segments i, i = 1, 2, 3,
... , x, ... f, represent individual adenovirus 7
DNA segments, and DNA segments i, i = 1, 2, 3,
..., x are DNA segments shared with adenovi-
rus 2 DNA:

dCJdt = -k(l + n5)C12 (3)

C, = CJ[1 + k(l + ni)C0t] (4)
Where C0 is the molar concentration of labeled
DNA, n, is the molar ratio of unlabeled DNA to
labeled DNA (for segments i = 1 x, nl = n,
and for segments i = x + 1-f, ni = 0, respec-
tively), and k is the reassociation rate constant.
The concentration of the single-stranded DNA
segments at time t is given by:

CJ8 = E C1
f1

X - C,, + (f-x)-Co (5)
1 + k(l + n)COt 1 + kCot

The ratio of single-stranded (ss) DNA to
double-stranded (ds) DNA (C../C,.) at time t
can be expressed as follows:

C88 C

Cds Co C

1 + kCot[1+ n - n(x/f)]
kC0t[l + n(x/f)] + (kCot)2(1 + n)

(6)

Theoretical plots of C.w'Cd. versus 1/kC0t
calculated from equation 6 using different val-
ues of n and x/f are given in Fig. 1. During the
initial period of reassociation (1/kC0t > 15 to
20), close to a straight line is obtained, and the
slope can be estimated approximately by equa-
tion 7 as shown in Fig. 1.

a = 1/[1 + n(x/f) ] (7)

The slopes of the plot C../Cd. versus 1/Cot
during the initial period of reassociation in the
presence (A) and in the absence (A0) of unla-
beled DNA is approximated by the following:

A= 1 and A,= l/k
k [1 + n(x/f) ]

The ratio of the slopes, A/A0, can be expressed
as follows:

A/Ao = 1/[1 + n(x/f)]

Then, the shared fraction of the viral genome
(x/f) is calculated from the following relation-
ship:

x
=

1 - (A/Ao)
f n(A/A0)

(8)

Reassociation of labeled adenovirus 7 DNA
in the presence of unlabeled adenovirus 2
DNA. Adenovirus 7 [3H ]DNA fragments were
reassociated in the presence of two different
concentrations of unlabeled adenovirus 2 DNA
fragments. The plot of C.,/Cd. versus 1/Cot is
shown in Fig. 2. Nucleotide mole concentration
was used for analyzing actual experimental
data. Using equation 8, the fraction of nucleo-
tide sequences shared between adenovirus 7 and
2 DNA molecules was 0.108 and 0.122 (Table 1).
The experimental points for n = 10 are in
excellent agreement with the theoretical curve
calculated from equation 6, assuming a value
for x/f of 0.108 (Fig. 3).
Thermal stability of labeled adenovirus 7

DNA with double-stranded structure formed
in the presence of unlabeled adenovirus 2
DNA. For these estimates of homology to be
meaningful, it is important to establish that
well-matched DNA duplexes are being mea-
sured. Hybrid molecules were prepared by an-
nealing adenovirus 7 ['HJDNA with a 20-fold
excess of unlabeled adenovirus 2 DNA and
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Theoretical curves for reassociation
of two partially related DNA molecules

ships between viral genomes. Analysis by reas-
sociation kinetics, as described here, avoids

15 some of the limitations of hybridization with
DNA on filters, such as the loss of DNA from

10 the filter and incomplete hybridization. In addi-
tion, the complications introduced by self-

5 annealing when duplex DNA molecules are
hybridized in solution are eliminated. Hybridi-

0 zation with separated viral DNA strands in
15 ~solution would provide an ideal procedure, but

5 this is limited by the difficulty in separating the
strands of the more complex viral DNA ge-

+ nomes.
Z We find 10 to 12% homology between adeno-
I virus 2 and 7 DNA by reassociation kinetics.

0 From 21 to 35% homology was found between
the DNA of adenovirus 2 and the DNAs of

15 several different strains of adenovirus 7 by the
DNA-agar procedures (8, 9), using sQmewhat

10

5

0
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FIG. 1. Kinetic analysis ofDNA reassociation reac-

tion. The ratios of single-stranded DNA to double-
stranded DNA (CJ./Cd,) at time t calculated by
equation 6 are plotted against l/kCot using different
values of x/f and n with the straight line of:

Y = 1/[1 + n(x/f) ]- l/kCot

isolating the resulting hybrid after approxi-
mately 20% of the [-'H]DNA had reannealed.
The labeled DNA duplex formed in this mixed
genome reassociation possessed a steep melting
profile with a mean thermal denaturation tem-
perature indistinguishable from that formed in
the absence of unlabeled adenovirus 2 DNA
(Fig. 4). We estimate from the ratio of adenovi-
rus 2 DNA and the adenovirus 7 [3H ]DNA used
in Tnixed reassociation that about 50% of the
reannealed DNA represents adenovirus 2-
adeonvirus 7 DNA hydrids, the remainder being
homologous adenovirus 7 [3H ]DNA duplexes.
Since a 1% mismatch in base sequences is
estimated to give a 0.7 C lowering in the melt-
ing temperature (10), we would expect the
formation of well-matched hybrids during early
reassociation.

DISCUSSION
The procedure that we have developed for

estimating the extent of homology between
partially related viral DNA molecules should be
of general use for analyzing taxonomic relation-

C,)

C-)

0 1 2 3 4 5 6

l/Cot (liter/mole-sec) x 10 3

7 8

FIG. 2. Reassociation reaction of adenovirus 7
['HJDNA in the presence of unlabeled DNA. Adenovi-
rus 7 [JH]DNA with unlabeled adenovirus 2 DNA was
sonically treated and denatured. Reassociation reac-
tions of denatured viral DNA fragments were carried
out at 67 C in 0.5 ml of 0.40M phosphate buffer (pH
6.8). The fraction of reassociated adenovirus 7
[3H]DNA fragments was determined by "batch"
elution from hydroxyapatite. n = 0: Adenovirus 7
[HH]DNA, 36.8 ng/ml, 2,380 counts/min per ml. n =

10: Adenovirus 7 [3H]DNA, 36.8 ng/ml, 2,380 counts!
min per ml; adenovirus 2 DNA, 368 ng/ml. n = 20:
Adenovirus 7 [3H]DNA, 36.8 ng/ml, 2,380 counts/min
per ml; adenovirus 2 DNA, 736 ng/ml.
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C-)

cn

Adeno 7 13HIDNA + lOX Adeno 2 DNA (n =10)

1/Cot (liter/mole-sec) xlO 3
FIG. 3. Experimental points for the reassociation

reaction of adenovirus 7 [3H]DNA in the presence of
unlabeled adenovirus 2DNA (n = 10) are plotted with
the theoretical curve for the reaction using equation 6.
The value of x/f = 0.108 was used.

TABLE 1. Fraction of adenovirus 7 DNA homologous
to adenovirus 2 DNA

Adenovirus 2
DNA/adenovirus 7 Ratio of slopes' Shared fractionc

['H ]DNA' (A/Ao) (x/f)
(molar ratio)

10.0 0.482 0.108
20.0 0.291 0.122

aAdenovirus 7 [3H ]DNA was reassociated in the
presence of unlabeled adenovirus 2 DNA.

b Ratio of slopes of curves for C,.ICd, versus 1/Cot
during the initial periods of reassociation reactions of
adenovirus 7 [3H ]DNA in the presence and in the
absence of adenovirus 2 DNA.

c Calculated by the equation: (x/f) = [1 - (A/A,) V
[n(A/Ao) ].

less stringent hybridization conditions (60 C,
0.3 M NaCl). More recent measurements by
heteroduplex formation gave approximately
10% homology in 85% formamide (3). It is
difficult to compare the three methods since
they involve different degrees of stringency of
hybridization in estimating duplex formation.
The lower percentage of homology that we

observe may represent the fraction of well-
matched sequences shared between adenovi-
ruses 2 and 7. The somewhat higher values
previously reported may reflect differences in
viral strains and in the detection of partial
homologous sequences.
The extent of mismatch in the duplexes

formed with adenovirus 2 and 7 DNA was not
determined previously. The thermal stability of
the DNA-DNA hybrid formed by annealing
adenovirus 7 [3H]DNA with a 20-fold excess of
unlabeled adenovirus 2 DNA was indistinguish-
able from that of the adenovirus 7 homoduplex.
These facts support the view that we are mea-
suring only well-formed hybrid molecules by
reassociation kinetics.
The difficulties in measuring relatedness be-

tween partially related genomes is underscored
by this study. In addition to closely related
sequences, there exist sequences that have di-
verged to partial relatedness during evolution of
different strains. These will be scored to differ-
ent extents under different hybridization condi-
tions. It is thus very important to define pre-
cisely the hybridization conditions in such mea-
surements.
Two other applications of the procedure we

describe may be of interest. By modifying the
equations described here, we have developed a
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Temperature (OC)

FIG. 4. Thermal stability profile of DNA-DNA hy-
brid with labeled adenovirus 7 DNA. Adenovirus 7
['H]DNA in the absence (left) and in the presence
(right) of a 20-fold excess unlabeled adenovirus 2
DNA was sonically treated, denatured, and rean-
nealed as described in the legend of Fig. 2. The
resulting hybrid was isolated after approximately 20%
of the reaction had occurred. The thermal stability
profile of the labeled hybrid was then measured.
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method for estimating the fraction of the viral
genome and the number of viral DNA fragments
present ii cells transformed by DNA viruses.
The appropriate equations and their use for the
analysis of adenovirus 12- and adenovirus 7-
transformed cells will be reported separately
(K. Fujinaga, K. Sekikawa, H. Yamazaki, and
M. Green, Cold Spring Harbor Symp. Quant.
Biol., in press). An additional application of
the procedure described here is the estimation
of nucleotide sequence homology between frac-
tionated cellular DNAs such as those present
in separated chromosome fractions. Because
of the complexity of the mammalian cell genome,
this type of analysis is difficult by the usual
methods for nucleic acid hybridization.
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