RAPID DNA REASSOCIATION AT ROOM TEMPERATURE

Room Temperature Method for Increasing the Rate of DNA
Reassociation by Many Thousandfold: The Phenol Emulsion

Reassociation Technique®

David E. Kohne,** Stuart A. Levison,} and Michael J. Byers$

ABSTRACT: A phenol aqueous emulsion allows the reasso-
ciation of DNA at temperatures from 6 to 68 °C. This phenol
emulsion reassociation technique (PERT) also promotes the
very rapid reassociation of DNA. E. coli and human DNAs
at a concentration of 4 ug/mL reacted at room temperature
with the PERT reassociate many thousand times faster than
under the standard conditions of 0.18 M Na*, 60 °C. Solutions
of DNA ranging in concentration from 6 X 1075 to 6400
ug/mL have been successfully reassociated using the emulsion
method. The greatest rate increases are seen at low DNA
concentration. The half-time of reassociation does not decrease
proportionally with an increase in DNA concentration when
using the PERT. At 6400 pg/mL the phenol emulsion rate of
reassociation is only about 10 times faster than under the
standard aqueous reference conditions of 0.12 M phosphate
buffer (PB), 60 °C. The rate of DNA reassociation observed
with the emulsion technique is at least dependent on: (a) the
presence of an emulsion; (b) the type and concentration of ion
present; (¢) an appropriate temperature of incubation; (d) the
proper pH; (e) the rate and manner of agitating the emulsion;
(f) the amount of phenol present; (g) the fragment size of the

Nucleic acid reassociation has proved to be a powerful tool
for analyzing the genetic material of a wide variety of organ-
isms, from virus to man. The various applications of the tech-
nique are too numerous to list. An understanding of the rate
of nucleic acid reassociation (Britten and Kohne, 1968; Wet-
mur and Davidson, 1968), the development of quick, efficient
nucleic acid reassociation assays (Kohne and Britten, 1971;
Britten et al., 1974) and the elucidation of the nucleotide se-
quence composition of the mammalian genome (Britten and
Kohne, 1968) have greatly increased the versatility of this tool
for genetic analysis. While nucleic acid reassociation has been
used to answer many important questions, a major limitation
on the feasibility of using this technique in many significant
biological experiments is the basic rate of reassociation seen
for the standard one-phase aqueous systems. We have dis-
covered a technique which increases the rate of reassociation
of DNA many thousandfold. The technique also allows reas-
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DNA; (h) the complexity of the DNA; (i) the concentration
of DNA. The presence of salt is necessary for the emulsion
reassociation, and the effect of a variety of salts (NaHPOy,
NaCl, NaClQ,4, NaSCN, CsCl, RbCl, KCl, LiCl, and others)
hds been examined. As a general rule the more chaotropic the
anion or cation, the faster the DNA reassociation in the
emulsion system. DNA will reassociate over a wide range of
pH (5-9) and phenol concentration (5-95%). Optimum
emulsion reassociation rates are obtained by vigorous shaking
of the emulsion. At high DNA concentrations the rate depends
on the violence of shaking. The fragment size of the DNA used
in the emulsion reaction does not greatly influence the rate of
reassociation. DNAs from viruses, bacteria, and mammals
ranging in G + C content from 30 to 70% have successfully and
rapidly reassociated with the PERT. The criterion of those
PERT mixtures examined is comparable to about 56 °C, 0.21
M NaClin the aqueous system. RNA:RNA and RNA:DNA
reactions also occur in the emulsion system. However, the
greatest rate increase observed as yet is only 50-100 times the
reference aqueous rate.

sociation to occur at or below room temperature. Most labo-
ratories working with nucleic acids already possess the reagents
and equipment needed for this technique which is simple and
inexpensive.

Phenol is a common laboratory chemical which is frequently
used to purify DNA and RNA. When phenol and water are
mixed in the right proportions and shaken, an emulsion forms.
When the shaking stops, the emulsion breaks and the two
phases separate. Addition of single-strand DNA and salt to the
water phase, and then shaking the mixture at room tempera-
ture results in the extremely rapid formation of double-
stranded DNA. This two-phase system, water and phenol, is
the basis for a new, rapid nucleic acid reassociation technique.
We have named this method the phenol emulsion reassociation
technique (PERT).!

Materials and Methods

DNA Preparations. DN As used in these experiments were
purified by the urea-phosphate-hydroxylapatite technique
(Britten et al., 1974; Meinke et al., 1974) or by the standard
phenol-chloroform technique. Iodinated DNA was prepared
by a modification of the Commerford technique (Commerford,
1971). No nonradioactive carrier iodine was used and mer-
captoethanol was utilized to terminate the iodination reaction

! Abbreviations used: PERT, phenol emulsion reassociation technique;
Tris, tris(hydroxymethyl)aminomethane; PB, phosphate buffers; Na-
DodSQy, sodium dodecyl sulfate; poly(a), poly(adenylic acid); poly(U),
poly(uridylic acid); EDTA, ethylenediaminetetraacetic acid.
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(Tareba and McCarthy, 1973). In order to prevent reasso-
ciation, the iodination mixture contained 0.01 M or less of
monovalent cation. All iodinated preparations were examined
for DNase lability. A small amount of each iodinated DNA
preparation was also mixed with unlabeled DNA and assayed
for its ability to reassociate with the PERT. Specific activities
as high as 200 X 10 cpm/ug of DNA were attained by io-
dination. These iodinated DNAs, with one exception, reasso-
ciated to greater than 90% in the phenol system and reacted
well for at least 2 weeks. [PH]DNA was isolated from tissue
culture cells or bacteria grown in the presence of [*H]thymi-
dine. Unless otherwise noted, the DNAs were sonicated before
use. The procedure used for sonication produced fragments
about 6-8 S (alkaline sucrose) in size. All of the DN As used
for this report reassociated to greater than 90% with one noted
exception. The zero-time binding or binding of denatured
DNA to hydroxylapatite varied from 1 to 6% for the different
radioactive DNAs,

Phenol Reaction Mixture. The rapid reassociation is ap-
parently dependent on the presence of an emulsion. Addition
of just enough phenol to cause formation of two phases results
in the rapid reassociation of DNA. The emulsions which pro-
mote rapid reassociation are unstable and will eventually break
unless continually agitated. A practical, inexpensive shaker
can be made out of a regular test tube vibrator such as the
Vortex Genie mixer (Scientific Products, Evanston, IlL.). A
styrofoam platform can easily be attached to the shaker in
order to shake multiple samples simultaneously. All of the
reaction mixtures reported here were shaken with the Vortex
shaker unless otherwise noted. The shaker was run at !5 to ¥4
maximum speed.

Different aqueous solutions are used in this report in concert
with phenol. The composition of these solutions is described
in the text. Perhaps the most versatile aqueous phase consisted
of 2 M sodium thiocyanate (NaSCN). The salt solutions were
generally buffered to pH 6-8.5 with either Tris-HCl or phos-
phate buffers. Unless otherwise noted, the phenol:aqueous
reaction mixtures consisted of 0.9 mL of aqueous phase plus
a designated amount of phenol. The percent phenol present is
calculated on a volume/volume basis. The phenol used was
freshly distilled and diluted to 90% phenol for storage. Freshly
prepared 90% phenol and 90% phenol kept at room tempera-
ture for 1-2 months gave similar results. Phosphate buffers
(PB) used were mixtures of equimolar quantities of NasHPO,
and NaH>PO4 (pH 6.8).

Assays for Reassociation. The DNA in an emulsion can be
assayed for the extent of double strandness by rapidly and
completely diluting an aliquot (usually 0.01-0.10 mL) of the
emulsion directly into 2-4 mL of 0.14 M PB, 0.2% sodium
dodecyl sulfate, and passing this solution over hydroxylapatite
to separate double-stranded molecules from single-stranded
molecules (Kohne and Britten, 1971). At low concentration
the phenol does not affect this fractionation.

Different batches of hydroxylapatite respond differently to
the presence of phenol. Each new batch should be examined
for its ability to bind double-stranded DNA in the presence of
phenol. When diluting the emulsion sample into the column
buffer, transient areas of high phenol concentration at lower
salt concentration are formed. These conditions may cause the
dissociation of certain classes of double-stranded DNA. Mis-
matched reassociated repeat DNA fractions from higher or-
ganisms, mismatched interspecies hybrid DNA molecules or
DNAs with very low G + C content would be most affected
by such denaturing conditions. Both low and high G + C
DNAs reassociate to greater than 90% using the methods de-
scribed herein. If a situation occurs where a DNA does not
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appear 1o reassociate completely in the phenol system, try
raising the salt concentration of the initial dilution buffer. A
further dilution to 0.14 M PB is then necessary. In measuring
the reassociation of sea urchin DNA with the PERT, ¢mulsion
aliquots diluted into 0.14 M PB and then frozen gave variable
results (R. Britten, personal communication). Different DNAs
may respond differently. If freezing of samples is necessary,
conditions should be found so that double-stranded DNA is
stable through the freeze-thaw cycle.

Most of the phenol can be removed from the reaction mix
by shaking with an equal volume of chloroform and recovering
the aqueous phase. The aqueous phase can then be diluted to
0.14 M PB, 0.2% NaDodSQ,. and passed over hydroxylapatite.
Using the NaSCN aqueous solution is advantageous since the
DNA can be ethanol precipitated out of the emulsion by the
addition of 2 volumes of cold 95% cthanol. The precipitate is
then collected by centrifugation and redissolved in 0.01 M
NaCl. This is then adjusted to the proper salt conditions for
S1 or hydroxylpatite assay.

The DNA in the emulsion can also be assayed by S1 nu-
clease digestion. In this case the aqueous phase should not
contain phosphate buffer. For example. a PERT mixture
consisting of 1.25 M NaClOy, 8% phenol supports DNA
reassociation and can be assaved by S1 nuclease. One-tenth
milliliter of this reaction mix was added 10 0.9 mL of 0.15 M
NaCl, 0.05 M NaAc. pH 4.5, 0.003 M ZnCl>. Twenty mi-
crograms of RNA carrier and 1 unit of S1 nucleasc are then
added: the solution was incubated for 2 h at 37 °C and then
assayed for acid precipitability.

Thermal Stability Measurements. The thermal stability
of double-stranded DNA adsorbed to hydroxylapatite was
determined as described by Kohne and Britten (1971). The
thermal stability of double-strand DNA in the presence of
phenol was done as described in Figure 3b.

Presentation and Comparison of Kinetic Data. PERT DNA
reassociation kinetic data are presented in terms of the log Cor
method (Britten and Kohne, 1968) which is widely used to
present aqucous reassociation kinetic data. This involves
plotting the percent reassociation vs. the log of the product of
the initial single-stranded DNA concentration (Co) times the
time (1) of reaction. The major advantage of this presentation
method is the ability to depict the entire reassociation kinetic
curve in one plot. The Cyr at one-half reassociation of the DNA
(Cot1y2) is used to compare the rates of DNA reassociation
from different experiments. Cot > is equal to the reciprocal
of the second-order rate constant (k) (Britten and Kohne.
1968). When obtained with the PERT. the data points from
reassociation reactions done at different DNA concentrations
do not all fall on the same reassociation kinetic curve since the
Coty,2 {or k) of the reassociation reaction changes with the
DNA concentration (sce the section on the cffect of DNA
concentration on the emulsion system reassociation rate).

Method Used for Determining the Cot )2 of Reussociation,
Two methods were used to determine Cot ;> values. Mcthod
I: In those cases where many time points were measured
(Figure 1), the Cyty; of reassociation was obtained by in-
spection of the graphed data. Method I1: In these cases two
different time points from each of two separate but identical
reaction mixtures were obtained. It was assumed that the re-
action followed second-order reaction kinetics. The second-
order equation

o ]
o |+ ACot
was then used to calculate the rate constant & (Britten and
Kohne, 1968). The Cor,2 is then equal to 1/k. The Corya
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TABLE 1: Characteristics of PERT Reassociated DNA .4

Single-
Aque- strand
PERT ous DNA

reasso- reasso- incubat-
Native ciated ciated ed
DNA DNA DNA atRT
% Hyperchromicity exhib- 24.7 242 21.7 3-4
ited from 6010 100 °C
T 92.2 92.5 93

“ Three separate but identical DNA solutions were prepared. Each
solution contained 344 ug of sonicated single-strand DNA per mL of
0.48 M PB. (a) One sample was incubated at 70 °C for 14 h. (b) Five
milliliters of 90% phenol was added to a second 1-mL sample of DNA
solution. This mixture was vigorously agitated at room temperature
for 5 h. The phenol was then removed by chloroform extraction and
the aqueous phase recovered. (c) A third solution was incubated at
room temperature for 14 h. Each of the DNA solutions was passed
through agarose (A-0.5m Bio-Rad) in order to change the salt to 0.11
M NaCl. 4,¢0 melting profiles were then determined for each sample
using a Gilford recording spectrophotometer. Percent hyperchromicity
is defined as the change in 440 from 60-100 °C divided by the 420
at 100 °C.

values presented in the various tables are the average of the
Cot1y2's calculated from multiple kinetic points.

Results

PERT-Mediated Formation of Helical Double-Stranded
DNA. The data presented in Table | demonstrate that a phenol
emulsion promotes the formation of stable helical double-
stranded DNA from single-stranded DNA. Three identical
solutions containing 0.48 M PB and single-stranded E. coli
DNA were prepared. One tube was incubated for 14 h at 60
°Ctoa Cy at which the DNA was completely reassociated.
Another tube was incubated at room temperature for 14 h,
Phenol was added to the third tube and the mixture was shaken
for S h at room temperature. Table I provides the experimental
details and summarizes the results of this experiment. The
single-stranded DNA incubated at room temperature in the
absence of phenol did not reassociate. Its thermal denaturation
profile was broad and the extent of hyperchromicity low
(3-4%). The single-stranded DNA shaken with phenol and
that incubated at 60 °C showed both the sharp melting profile
and high hyperchromicity characteristic of extensively dou-
ble-stranded DNA. The hyperchromicity of the PERT DNA
(24.2%) was very close to that of native DNA. The hyper-
chromicity of the DNA incubated at 60 °C was lower (21.7%)
but typical of aqueous reassociated E. coli DNA (Kohne and
Britten, 1971). Essentially complete reassociation of the
emulsion reacted DNA occurred since the extent of hyper-
chromicity of the sonicated, emulsion reassociated DNA
(24.2%) is close, if not identical, to that of unsonicated native
E. coli DNA (24.7%). These data demonstrate that the
emulsion system allows the formation of helical double-
stranded DNA molecules from single-stranded molecules and
furthermore does so at room temperature (about 22 °C) where
DNA is normally incapable of reassociating in 0.48 M PB.

E. coli DNA Reassociation Kinetics: PERT vs. Standard
Aqueous Method. The rapidity of E. coli DNA reassociation
with the PERT is illustrated in Figure 1. The reassociation of
125]-]abeled E. co/i DNA was measured by the PERT and the
standard aqueous technique. The emulsion reaction mixture
consisted of E. coli DNA (0.5 ug/mL) in 0.48 M PB and 9%
phenol. The aqueous reaction consisted of 0.48 M PB and E.
coli DNA (400 mg/mL). The emulsion was shaken on a
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FIGURE |: Reassociation kinetics of '2*]-labeled £. coli DNA done with
the standard aqueous system (right-hand curve) and the PERT (left-hand
curve). The aqucous system £. coli DNA (400 pg/mL) was incubated in
0.48 M PB at 68 °C (0). Two separatc PERT mixes were used. Each
contained 0.5 ug/mL of £. ¢coli DNA,0.9 mL 0f 0.48 M PB.and 0.1 mL
of 90% phenol. PERT reaction mixes were continuously shaken by a Vortex
mixer at room temperature (22-24 °C). Samples from separate PERT
reaction vials are designated as O and @. Aliquots (0.05 mL) were taken
from the incubation vials, diluted directly into 3 mL of 0.14 M PB, 0.2%
NaDodSOys, and passed over hydroxylapatite equilibrated to 60 °C, 0.14
M PB, 0.2% NaDodSOy. After heating the '2%[-labeled DNA to render
it single-stranded and then passing it immediately over hydroxylapatite
as above, 4% of the radioactivity adsorbs to the hydroxylapatite. At the
end of the reassociation reaction. 95% of the radioactivity adsorbed to
hydroxylapatite. Each raw data point was first corrected for the amount
of single-strand binding to hydroxylapatite {—4%), and the resulting
number was normalized to 91% maximum reaction. The normalized points
were then plotted. The aqueous system kinetic curve has been adjusted
to the reference aqueous system condition of 0.12 M PB. 60 °C. The solid
line curves shown are ideal second-order reaction curves.

Vortex mixer at room temperature while the aqueous reaction
solution was incubated at 70 °C. The extent of reassociation
was the same (see the legend of Figure 1) for both the PERT
and aqueous reactions. The kinetics of the reassociation were
determined as described in the legend. The form of the PERT
kinetic curve is very similar to that of the aqueous reaction
curve and closely approximates the shape of a second-order
reaction. The Cot |/, of reassociation for the E. coli DNA in
60 °C, 0.12 M PB, the reference incubation condition, was 3.5
mole seconds per liter (mol s L—'). The PERT reassociated
DNA had a C,t1/7 of reassociation of 9 X 10=4 mol s L=!. Thus
at 0.5 ug/mL in 0.48 M PB, 9% phenol, E. coli DNA reasso-
ciates about 4000 times faster than the same concentration of
E. coli DNA reacted in the standard reference condition of
0.12 M PB, 60 °C. The open squares and closed circles rep-
resent different PERT reactions run on different days and help
demonstrate that reproducible reassociation kinetic profiles
can be obtained with this technique. Six different PERT
reassociation kinetic reactions were done under the same
conditions described in Figure 1 (0.5 ug/mL E. coli DNA, 0.48
M PB, 9% phenol, shaken at room temperature on a Vortex
mixer) using just one preparation of sonicated '23I-labeled E.
coli DNA. The observed Cot)/2's for the different reactions
were | X 1073,9 X 1074, 7.6 X 1074, 1 X 1073,9 X 1074, 8 X
1074 mols L—1.

Factors Affecting the Rate of DNA Reassociation with
PERT. The rate of DNA reassociation observed with the
PERT is at least dependent on: (a) the presence of an emulsion;
(b) the violence of agitation of the emulsion; (¢} an appropriate
temperature of incubation: (d) the concentration of DNA in
the reaction mixture; (¢) the amount of phenol present; (f) the
proper pH: (g) the type and concentration of ion; (h) the
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TABLE I1: Reassociation Rate vs. Degree of Emulsion.@

Caled E. coli
% phenol Coty/2 (mol s L_I) Aspo
(A)0.48 M PB 0 0.000
0.9 0.002
1.8 0.004
2.6 0.006
3.0 0.008
3.5 0.009
39 >1 0.012
4.3 0.036
4.7 0.07
0.1 0.075
5.1 I X 107%
10X 10~*  0.3-0.8
5.6 0.8 x 1074
1.7 X 1074
6.3 32X 1074
3.5%x 1074
6.9 7 %X 1074
63X 1074
9 1.6 X 10~
1.5% 1073
15 1.8 X 1073
1.7 X 1073
20-21 1.5% 1073
1.9 X 1073
(B) 1.25 M NaClOq4 0 0.000
0.9 0.003
1.8 0.005
2.6 0.007
3.5 0.009
4.3 0.025
4.7 0.041
5. 0.150
5.5 ~1.0
5.6 9.1 X 1073
6.9 24X 1074
9 3.8 %1074
15 1.13 X 1073

“ Each reaction mix consisted of I mL of (A) 0.48 M PBor (B) I
mL of 1.25 M NaClOy4, 0.1 M PB, and an appropriate amount of
phenol. 3H-labeled E. coli DNA was present at a concentration of 0.5
ug/mL of aqueous solution. For kinetic assays all samples were agi-
tated with a Vortex mixer at room temperature. The formation of the
emulsion was monitored by mixing an appropriate amount of phenol
with I mL of aqueous solution, shaking the mixture vigorously on a
Vortex mixer and then quickly measuring the 4sgq of the mixture in
a Gilford spectrophotometer.

fragment size of the DNA; (i) the complexity of the DNA.
These different factors are discussed in detail in the following
text.

Presence of an Emulsion and Rapid Reassociation. An
emulsion is apparently necessary to obtain the rapid reasso-
ciation of DNA in this new system. Table Il summarizes data
which suggest a correlation between the appearance of an
emulsion (as measured by light scattering) and the rapid
reassociation of E. coli DNA. Phenol is soluble to about 4-
4.5% (vol/vol) in 0.48 M PB. E. coli DNA begins reassociating
rapidly in the phenol:aqueous system at between 4 and 5%
phenol.

This suggests that the emulsion is necessary for rapid reas-
sociation. At phenol concentrations where the emulsion is just
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forming, the rate of reassociation is not reproducible. At 5.1%
phenol, for example, duplicate reaction mixtures gave Cof >
values ranging from 1.5 to 10 X 107% mol s L=". At higher
phenol concentrations duplicate reaction mixtures gave much
more reproducible Cqt|, values although the E. coli DNA
reassociates more slowly than at lower phenol concentrations.
Practically, the optimum concentration of phenol to use in the
PERT is the lowest concentration of phenol which will give
rapid reassociation and reproducible results.

Agitation of the Enulsion and the Rate of Reaction. Agi-
tation of the emulsion is necessary to promote reassociation
with the PERT. Different types of agitation, such as a back and
forth shaking. a swirling motion and placing the tube in a
sonicator, are effective. The violence of the agitation needed
is dependent on the concentration of DNA in the emulsion
mixture. A 1.25 M NaClOy, 7% phenol mix containing 0.5
pg/mL of radioactive £. coli DNA was briefly hand shaken
for 1-2 s and then agitated no more. This emulsion is stable for
quite some time without further agitation. An identical mix
was agitated continually with a Vortex mixer. The Vortex
mixer shakes at a rate of about 2000 oscillations per min. A
third identical mix was continuously agitated by hand shaking
atarate of about 50 shakes per min. The Cot 1 of reassociation
of the E. coli DNA in cach sample was determined. The two
samples which were continuously agitated had essentially the
same Cyt /> of reassociation (8 X 107" mol s L~1), while the
sample which was not continuously agitated was about 6 times
slower {Coti2» = 5 X 107 mol s L.7"). Three different types
of mechanical shakers, the Vortex Genie (Scientific Products,
Evanston, I11.). the Wig L Bug (Van Waters and Rogers, Los
Angeles) (a shaker for mixing adjuvant with antigen), and a
Buchler sucrose gradient mixing device gave essentially the
same Cot )2 for reassociation of low concentrations of E. coli
DNA. At higher DNA concentrations different shaking
methods give different rates of reassociation. Table VIII shows
that in the PERT reaction of E. coli DNA at a concentration
of 440 ug/mL, the rate depends on the manner of shaking the
reaction mix. The more violent agitation of the Wig L Bug
shaker increased the rate by a factor of 7. Extremely violent
shaking methods have not as vet been tried for high DNA
concentrations. It is possible that more violent shaking will
increase the high DNA concentration emulsion reassociation
rate.

Conditions of shaking will be a major variable in inter-
comparing PERT reassociation kinetics done in different
laboratories where different methods of agitation arc used.
Most of the problems with the manner of agitation occur at
higher DNA concentrations. The volume of the reaction
mixture can also have an influence on the emulsion reasso-
ciation ratc when using higher DNA concentrations. It is
conceivable that the shape of the reaction vial may also have
an influence on the emulsion rate. All of the reactions reported
here were done in cylindrical 2.5 dram screwcapped vials with
Teflon-lined caps.

PERT Reassociation Rate vs. pH and Temperature. The
emulsion system supports rapid reassociation over a pH range
of 5-9.2 (Table II1IA). The rate changes by a factor of about
2 over this range. Reassociation does not occur at pH 3.9.
Double-stranded DNA added to the pH 3.9 mixture (Table
IT1A) dissociates into singlc-stranded DNA.

The PERT promotes rapid reassociation of E. coli DNA
over a temperature range of 6 to 68 °C. Table I11B shows the
effect of temperature on the Cot 1,7 of reassociation of E. coli
DNA over a range of 6 to 56 °C. Rates at temperatures below
6 °C could not be measured since the phenol solidified at a
temperature slightly lower than 6 °C. The rate of reassociation
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TABLE I11.¢

TABLE 1v: Effect of PB Concentrations.4

A. Effect of pH B. Effect of temperature

Cot1y2 Cotiy2
pH mols L~! T (°C) (mols L71)
39 6 18 x 1073
5.0 1X 1073 15 4.4% 1073
6.8 1 X103 22 1.1x 1073
9.2 55X 104 36 0.73 X 103

46 0.36 X 103
56 0.29 X 103

2 (A) Reaction mixes consisted of 0.9 mL of aqueous phase con-
taining 0.5 ug of '2%1-labeled E. coli DNA and 0.1 mL of 90% phenol.
The pH 9.2 mixture contained 0.96 M Na+ and 0.48 M PO42~; the
pH 6.8 mixture 0.72 M Na* and 0.48 M PO42~; the pH 5.0 mix 0.96
M Na* and 0.48 M PO42; the pH 3.9 mix 0.48 M Na* and 0.48 M
PO,42~. All mixtures were agitated with a Vortex mixer at room
temperature. The reactions were assayed as described in Materials
and Methods. Cot} /> determinations were done by method II described
in Materials and Methods. (B) Reaction mixes consisted of 0.9 mL
of 0.48 M PB containing 0.5 ug per mL of 251-labeled E. coli DNA
plus 0.1 mL of 90% phenol. Each vial was placed in a water bath ad-
justed to the appropriate temperature and agitated with a Buchler
sucrose gradient mixing device. The reactions were assayed as de-
scribed in Materials and Methods. The E. coli DNA reacted to greater
than 90% at all temperatures. Co!,2 determinations were done by
method I1 as described in Materials and Methods.

at 56 °C is about 3-4 times faster than at room temperature,
while the rate at 6 °C is about 16 times slower than at room
temperature. E. coli DNA reacted in 0.48 M PB, 9% phenol,
reacts rapidly at 68 °C, but only about 10% of the DNA
reassociates. The Cot1/; of the reacting fraction was about 103
mol s L~!. In the same PERT mixture about 50% of the DNA
reassociates rapidly at 62 °C (Cot 1, for the reacting fraction
was about 5 X 10~ mol s L~!), and longer incubation results
in little more reassociation. Figure 3a indicates that the Tp, of
E.coli DNA in 0.48 M PB, 9% phenol is about 70 °C. These
data (Figure 3a and Table IIIB) show that the incubation
temperature can be very close to the T, of the DNA and rapid
reassociation can still occur.

PERT Reassociation Rate vs. Concentration and Type of
Anion and Cation. Table IV shows the effect of different so-
dium phosphate concentrations on the rate of PERT reasso-
ciation. The optimal rate is seen around 0.48 M PB. The re-
action does not go to completion in either 0.14 M PB or 1.96
M PB. The rate changes by about twofold over the useful PB
concentration range of 0.24 M to 0.48 M PB. Sodium sulfate,
sodium chloride, sodium perchlorate, and sodium thiocyanate
also promote rapid reassociation in the PERT. The rate of
PERT E. coli DNA reassociation is close to optimum in 0.75
M sodium sulfate, 1 M sodium chloride, 1.25 M sodium per-
chlorate, and 2 M sodium thiocyanate. Table VA presents data
comparing the effect of different anions on the Coty/; of E. coli
DNA reassociated with the PERT. Thiocyanate promotes the
most rapid reassociation in the phenol emulsion system, while
sulfate is least effective. The order of anion effectiveness in
promoting rapid reassociation in the emulsion system is SCN
> ClO4 > C1 > PO4 > SO4. The more “chaotropic” the ion the
faster the E. coli DNA reassociation. Chaotropic agents act
as hydrophobic bond breakers (Hamaguchi and Geiduschek,
1962). SCN~ is a much more effective chaotropic ion than
Cl=. The optimum salt concentrations were not determined
for each different cation and the rates were compared at a 1
M concentration of each salt. The fastest rate was seen for
lithium. Interestingly, cesium did not support DNA:DNA
reassociation in the phenol emulsion system even though
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Cot1/2
[PB] (M) (mols L)
0.24 1.8 x 1073
0.48 9X 104
0.96 14X 1073

@ Reaction mixes consisted of 0.9 mL of aqueous phase containing
0.5 ug/mL of 125]-labeled E. coli DNA and 0.1 mL of 90% phenol.
The mixtures were shaken in a Vortex mixer at room temperature.
Aliquots were assayed as described in Materials and Methods. Cot1/2
values were calculated as described in method IT of Materials and
Methods.

TABLE V: lon Effects on the PERT Reassociation Rate.”

Cot12
Salt (mols L71)
(A) Type of anion
0.75 M Na,SO, 3+£1X%X1073
048 M PB 1.4+0.18 X 1073
1 M NaCl 7.8+ 1.5X 1074
1 M NaAc 36+0.4X10°¢
1 M Nal 32+05X%107¢
1.25 M NaClO,4 38+£03X1074
1 M NaCHO 27+03X107¢
2 M NaSCN 29+04X10°¢
1.5 M NaF;Ac 1.8+£0.6X 1074
(B) Type of cation
1 M CsCl No reassociation
detected
1 M RbCl 1.1£0.2X% 1073
1 M KCl 94 +1.1X10"¢
1 M NaCl 7.8+ 1.5%x1074
1 M NH4CI 5.6+0.6 X104
1 M LiCl 5.6+£05X%107¢
(C) Different lithium salts
1 M LiCl 56+£05%10%
1 M LiAc 52+06X10"¢
1.25 M LiClO,4 1.9+£05%X1074
2M LiSCN 22+£0.1X%X1074

@ Reaction mixes consisted of 0.9 mL of aqueous phase containing
0.5 ug/mL of 3H-labeled E. coli DNA and 0.1 mL of 90% phenol. The
mixtures were shaken at room temperature (22-24 °C) on a Vortex
mixer. The salt concentrations used in A are close to optimum for that
salt. In B and C the salt concentrations were not known to be the op-
timum concentrations. Reactions were assayed as described in Ma-
terials and Methods. Coti/; values were calculated according to
method II presented in Materials and Methods.

reassociation of E. coli DNA does occur in CsCl under stan-
dard high temperature aqueous conditions. Again the rate in
the emulsion system increases with the chaotropicity of the ion.
Table VC presents the effect of different anions using lithium
as the constant cation. The data of Table V suggest that in
general the more chaotropic the ions involved, the faster the
rate of reassociation in the phenol system. Trichloroacetate is
a much more effective chaotrope than is thiocyanate. Unfor-
tunately, phenol is essentially completely soluble in neutralized
trichloroacetic acid solutions and an emulsion will not form.
Other chaotropic compounds will be examined in an effort to
further increase the rate of reassociation.

The Effect of DNA Fragment Size on Rate. In the standard
aqueous reassociation system the rate of reassociation increases
by the square root of an increase in the fragment size of DNA
utilized in the reaction (Wetmur and Davidson, 1968). This
is not the case for the phenol emulsion system. Varying the
5333
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TABLE VI: Effect of Piece Size on Reassociation Rate.?

Relative
Treatment of 60 °C size of
E. coli 0.12M PB PERT DNA
(DNA) Cotiyz (mols L—") Coty/2 (mols L~') pieces
(A) Unsonicated 1.18 1.1 X 103 12.7
Moderate 2.24 1.3 x 1073 3.5
sonication
Vigorous 4.2 1.2 X 1073 ]
sonication
(B) Unsonicated 0.9 1.6 X 1077 30.9
Vigorous 5 0.7 x 1073 1
sonication

¢ Two different preparations of E. coli DNA (A and B) were ex-
amined. Aqueous reassociation mixtures were incubated at 68 °C in
0.48 M PB. The aqueous Cot1/2 s have been adjusted to 0.12 M PB,
60 °C. PERT mixtures consisted of 0.9 mL of 0.48 M PBand 0.1 mL
of 90% phenol with DNA present at 0.5 and 4 ug per mL in A and B,
respectively. The emulsion mixtures were shaken at room temperature
on a Vortex mixer. Reassociation kinetics were measured as described
in Materials and Methods. Each Cot ;> value quoted above was de-
termined by method I as described in Materials and Methods.

TABLE VII: Reassociation of Varying G + C DNAs with the
PERT.«

0.12 M PB, 60 °C

Aqueous PERT
DNA G+C Co!]z(mOISL_]) Co![z(mOISL—')
Staph. aureus 32 1.7 45+ 06X 104
B. subtilis 42 2.5 23+04Xx10™%
E. coli 50 3.5 29+04x 1074
Ps. aeruginosa 67 3.9 3.3+0.9 X 10"

¢ All DNAs were reacted at a concentration of 0.5 ug/mL in a
mixture consisting of 0.9 mL of 2 M NaSCN, plus 0.1 mL of 90%
phenol. The samples were shaken at room temperature on a Vortex
mixer. Reassociation was assayed as described in Materials and
Methods. Cot/; values were calculated as described in method I1 of
Materials and Methods.

DNA fragment size over a 30-fold range has little effect on the
reassociation rate when using the PERT (Table VI). The
largest fragment size effect seen thus far is summarized in
Table VIB. In the aqueous system unsonicated E. coli DNA
reassociated 5.6 times faster than did the sonicated E. coli
DNA. This indicates that the unsonicated DNA was 30.9 (i.e.
(5.6)2) times larger than the unsonicated DNA (Wetmur and
Davidson, 1968). These same DNAs showed only a 2-fold
difference in rate when reassociated in the emulsion system.
The large DNA was sized by alkaline sucrose sedimentation
after the phenol emulsion reaction. Very little degradation had
occurred during the course of the reaction. Thus the effect of
fragment size on reassociation rate is small when using the
PERT.

G + C Content and PERT Reassociation. The phenol
emulsion technique promotes the reassociation of DNAs with
widely varying G + C content. Bacterial DN As ranging from
32t067% G + C react rapidly and completely in the phenol
emulsion (Table VII).

Several different mycoplasmal DNAs, Mycoplasma hyo-
rhinis and Acholeplasma laidlawii (about 30% G + C), and
vaccinia and cowpox viral DNAs (about 35% G + C) and
herpes simplex viral DNA (about 70% G + C) also reacted well
in 0.48 M PB, 7% phenol. Rat, mouse, and human DNAs
(about 42% G + C) have reassociated well in the PB, NaClOy,
5334 16, NO. 24,
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TABLE VIII: Effect of DNA Concentration on PERT
Reassociation Rate.?

E. coli DNA conen (ug/mL) Cot1/2 (mols L=
(A) 2 M NaSCN 12.9% phenol

0.04 1.5+£03 X107
0.4 374204 X109
44 79407 %1074
44 1.6 +£02X 1073
176 38+£0.2x1072
352 1.3+£04X 10
704 27+£1.5x10™2
1600 1.0+£0.6 X 107!
E. coli DNA Method
concn % of
(ug/mL) phenol shaking Cotia (mols L™
(B) 0.48 M PB
0.4 9 Vortex 9 X 10-4
4 9 Vortex 1.6 X 1073
44 9 Vortex 27X 1072
440 9 Vortex 3
440 75 Vortex 0.74
440 9 Wig L Bug 1
440 75 Wig L Bug 0.1
Half-time  Rate of increase
of reaction relative t0 0.12
Human DNA Cot ;2 non-  of nonrepeat M PB,
concn repeat DNA DNA 60 °C
(ug/mL) (molsL~") (h) condition
(C) 2 M NaSCN 12.9% phenol
40 0.97 £ 0.08 1.9 1445
200 28+£0.3 1.1 500
600 108+ 1.9 1.4 130
1600 40.1 £10.9 2 35
3200 90.5+ 20 2.3 15.5
6400 161+ 26 1.85 8.7

2 (A) 3H-labeled E. coli DNA was reacted at the concentration
shown in a mixture consisting of 0.9 mL of 2 M NaSCN, 0.01 Tris,
pH 8.3,and 0.15 mL of 90% phenol. The E. co/i DNA used for these
had a 60 °C, 0.12 M PB, Cot;/> = 3.5 ms L~!. (B) Reaction mixes
consisted of 0.9 mL of 0.48 M PB containing '2%1-labeled £. coli DNA
plus the appropriate amount of 90% phenol. (C) Reaction mixes
consisted of 0.9 mL of NaSCN;, 0.01 M Tris, pH 8.3, plus 0.15 mL
of 90% phenol and varying concentrations of H-labeled human DNA.,
The human DNA exhibited a 0.12 M PB, 60 °C, Coty/2 = 1402 ms
L-!. Reassociation was assayed as described in Materials and
Methods. Samples were shaken at room temperature on a Vortex
mixer. Coty/» values were calculated by method II as described in
Materials and Methods.

and NaSCN, phenol emulsion mixes.

Effect of DNA Concentration on the PERT Reassociation
Rate. In the standard aqueous method for reassociating DNA
the half-time of reassociation is proportional to the concen-
tration of DNA used in the reaction mixture. A tenfold in-
crease in DNA concentration results in a tenfold decrease in
the time needed to attain one half reassociation. In the aqueous
system the

Coty2 = <————~———1 >
ot1/2 rate constant k

for any specific DNA is the same regardless of the concen-
tration of DNA used for the aqueous reaction. This is not true
for the phenol emulsion system. With the PERT the Cot, > for
any particular DNA increases with an increase in DNA con-
centration. Table VIIIA illustrates this and shows the effect
of DNA concentration on the rate of reassociation of E. coli
DNA in 2 M NaSCN with the emulsion system. When reacted
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TABLE IX: PERT Reassociation of a Small Quantity of !23]-Labeled Human DNA.¢

PERT reaction of the equivalent
of one cell’s DNA

68 °C, 0.48 M PB aqueous reaction of
the equivalent of one cell’s DNA

Hours of % adsorbed Hours of % adsorbed
reaction Cot to hydroxylapatite reaction Cot to Hydroxylapatite
0 6.5
1 7.5 % 1077 16.4 23 1.7 X 1073 6.4
4.1 3.1 X106 20.7 50 3.8 X 1073 5.4
24 1.8 X 1075 26.3 73 5.5%x 1073 6.0
70 5.3 X 1075 38

@ The reaction mix consisted of 0.1 mL of 1.25 M NaClQy containing 0.27 ug of E. coli nonradioactive DNA and 6 X 10~° ug of unfractionated
human '?5I-labeled DNA, plus 0.0085 mL of 90% phenol. This was placed in a 1-mL vial and shaken at room temperature with a Vortex shaker.
Multiple vials were set up in order to obtain kinetic points. The '2°I-labeled DNA had a specific activity of 6.1 X 107 cpm/ug and, when mixed
with unlabeled human DNA, reassociated to 87%. A control consisted of the same human 1231-labeled DNA (at 6 X 1075 ug/mL) incubated
at 68 °C, 0.48 M PB. Samples were assayed as described in Materials and Methods. The 1251-labeled DN A reassociated to 87% extent when
reacted with the PERT at 3 ug/mL in 1.25 M NaClQOs, 0.1 M PB, 7% phenol.

in the phenol system, the E. coli DNA Cot}/; changes from 1.5
X 104 mol s L~! at low DNA concentration to 0.1 mols L~!
at very high DNA concentration, an increase of about 103,
Table VIIIB shows a similar study done with 0.48 M PB, 9%
phenol. Again the Copty/2 increases at higher DNA concen-
trations. As is seen in Table VIIIB, the Coty/; at high DNA
concentration (440 ug/mL) can be decreased by adding more
phenol or by shaking the emulsion more violently. The Wig L
Bug shaker agitated the emulsion more vigorously than the
Vortex. Increasing the phenol concentration and the violence
of shaking decreased the high DNA concentration Cot1/2 by
about 30-fold. Table VIIIC presents the effect of DNA con-
centration on the Cot1/2 of human DNA. Again high DNA
concentration resulted in increased Cot)2.

About the same E. coli DNA Cot )3 is obtained when a
small amount of radioactive E. coli DNA is mixed with 400
pg/mL of unlabeled single-stranded E. coli or a comparable
amount of unlabeled single-stranded cow DN A. This and other
similar experiments indicate that the rate inhibition effect at
high DNA concentration in the phenol system is due to some
general property of single-stranded DNA and not to some
property of the specific homologous DNA. Added single-
stranded RNA (ribosomal RNA, poly(A), poly(U), tRNA)
and native double-stranded DNA are much less effective than
single-stranded DNA in increasing the Coty/> of radioactive
E. coli DNA. Indeed, under certain circumstances the addition
of RNA or nonhomologous double-stranded DNA to the
emulsion actually decreases the Cot )/, of radioactive E. coli
DNA (relative to a control which lacks RNA or double-
stranded DNA). Expansion of studies of this type may provide
clues to the mechanism of rate increase in the phenol sys-
tem.

Reassociation of Mammalian DNA with the PERT. Rat,
mouse, and human DNAs have been successfully reassociated
using the PERT. Reassociation kinetic profiles of human DNA
obtained with the emulsion system are shown in Figure 2.
About 40% of the DNA has reassociated by a Cot /> of 1073
mol s L=! (Figure 2). This fraction represents the rapidly
reassociating repeated DNA sequences which are present in
all mammals (Britten and Kohne, 1968). This 40% of the DNA
has a thermal melting profile characteristic of repeated DNA.
Little reassociation accurs between 5 X 10~4to 10~2mols L~1.
This plateau region is characteristic of the reassociation kinetic
profiles of many mammalian DN As. The nonrepeated DNA

starts reassociating around Cof = 1072 mol s L~! and the

drawn curves represent the reassociation of this DNA. The
lines drawn through the data points represent ideal second-
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FIGURE 2: PERT room temperature reassociation kinetics of human
3H-labeled DNA (A260 = 0.105) mixed with 1.25 M NaClO,4, 0.1 M PB,
7% phenol (@; O); and 0.48 M PB, 7% phenol (A; A). Each PERT con-
dition was done in duplicate. The duplicates were run on different days.
The reaction vials were shaken continuously by a Vortex mixer. Aliquots
were removed at various times, diluted into 0.14 M PB, 0.2% NaDodSO,,
and assayed at 56 °C on hydroxylapatite. Upon heating the 3H-labeled
DNA to 100 °C in 0.14 M PB, 0.2% NaDodSO,, to render it single
stranded, and passing it over hydroxylapatite equilibrated to 56 °C, about
4% of the radioactivity adsorbed to the column. At the end of the reasso-
ciation reaction, about 93% of the radioactivity adsorbs to hydroxylapatite.
Each data point has been normalized to 93% maximum reaction. The solid
lines shown are ideal second-order reaction curves. The 60 °C, 0.12 M PB,
Cotyy2 of the 3H-labeled human nonrepeated DNA was 2400 mol s
L.

order reactions and show that at this DNA concentration these
emulsion reactions are approximately second order in nature.
In the NaClO,4 mixture the nonrepeated DNA Coty/2 is 0.09
mol s L~!, while in the PB mixture the nonrepeated DNA
Cot1/21s 0.2 mol s L}, This illustrates that mammalian DNA
also reassociates faster in the presence of the more chaotropic
salt, NaClO4. With the NaClQy, the one half-time of nonre-
peated DNA reassociation is about 2 h. At the same concen-
tration of human DNA (4 pg/mL) reacted under the standard
reference conditions (0.12 M PB, 60 °C) the nonrepeated
DNA would require about 50 000 h to reach one half-reasso-
ciation. Thus at this DNA concentration the human nonre-
peated DNA reacts 25 000 times faster in the phenol emulsion
than in the standard aqueous system. Cat, rat, and mouse
nonrepeated DN As reassociate at a similar rate in the emulsion
method and show the typical biphasic reassociation kinetic
curve characteristic of mammalian DNA (data not shown).
Table IX presents the reassociation kinetics of human repeated
DNA.
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FIGURE 3: (Left, a) The thermal elution profiles of repeated human
[PH]DNA fractions obtained by PERT and standard aqueous incubations.
Human [3H]DNA was reacted to a Coz of 19.0 mols L~!in 0.48 M PB,
68 °C (0);3 X 107#*molsL~"in 1.25 M NaClQ4, 0.1 M PB, 7% phenol
at room temperature (@); 9 X 10~# mol s L' in 0.48 M PB, 7% phenol
at room temperature (4 ). Aliquots of these reaction mixtures were diluted
into 0.14 M PB, 0.2% NaDodSO,, and passed over hydroxylapatite
equilibrated to 56 °C, 0.14 M PB, 0.2% NaDodSO,. A separate sample
of [PH]DNA was incubated in 0.48 M PB, 7% phenol, toa Cot of 9 X 104
mol s L=}, This reaction solution was diluted into 0.14 M PB, 0.2% Na-
DodSOys, and passed over hydroxylapatite equilibrated 10 51 °C, 0.14 M
PB, 0.2% NaDodSO4 (A). A thermal elution profile was then obtained
for the [?’H]DNA which adsorbed to the hydroxylapatite. After the last
temperature rise, the column was washed with 0.3 M PB to recover any
DNA still adsorbed to the hydroxylapatite. (Right, b) The thermal stability
of 1ZI-labeled E. coli DNA in the presence of phenol. Double-stranded
['2’I)DNA was added, at room temperature, to: 1.25 M NaClOg, 0.1 M
PB, 7% phenol (@); 1.25 M NaClO4, 0.1 M PB, 9% phenol (0);0.38 M
Pb, 9% phenol (A ). The mixtures were incubated at increasing tempera-
ture. At each temperature an aliquot was removed and quickly diluted into
0.14 M PB, 0.2% NaDodSO,. Each sample was then passed over hy-
droxylapatite at 60 °C in order to determine the amount of double-
stranded DNA. No reassociation occurred during the dilution.

Human [!2°I]DNA at a concentration of 0.5 ug/mL also
reassociates well in the phenol emulsion. At this concentration,
in a mixture of 1.25 M NaClQy, 0.1 M PB, 7% phenol, the
nonrepeated ['23T]DNA, Cot1/2 = 0.08 mol's L~!, which cor-
responds to a half-time of reaction of about 16 h (data not
shown). DNA is quite stable in the phenol emulsion and can
be shaken for several hundred hours. Therefore it should be
possible to attain at least one half reassociation of the nonre-
peated mammalian DNA at concentrations as low as 0.05
ug/mL.

The Cot 12 of nonrepeated human DNA increases with in-
creasing DNA concentration (Table VIIIC). Over a concen-
tration range of 40-6400 ug/mL the Cor,; increases from 0.97
mol s L~! to 161 mol s L~!. The half-time of reaction for all
of these different concentrations was around 1-3 h. At 40
pg/mL the rate increase relative to the reference aqueous
system is about 1400-fold, while at 6400 ug/mL the relative
rate increase is about 9.7-fold. The data in Table VIIIB suggest
that more violent shaking of the emulsion will increase the rate
at higher concentrations. The conditions for the fastest possible
rate increase for each DNA concentration have not been de-
termined.

As discussed above, large rate increases have not been ob-
served in the PERT when the DNA is reassociated at high
DNA concentration. All of the human DNA concentrations
checked thus far have had a half-time of reassociation of about
2 h (Table VIIIC). At high DNA concentrations, however, the
observed order of the reassociation reaction no longer ap-
proximates second order. At 6400 ug/mL, for example, the
apparent order of the PERT reassociation reaction is between
first and second order. A practical benefit of this order of re-
action, relative to second ordcr, is a shorter time needed for the
5336 16, NO. 24,
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complete reaction of the DNA. All of the high DNA concen-
tration (from 4 to 6400 ug/mL) PERT reactions arc essentially
complete in 20-24 h under PERT conditions.

Criterion of the Emulision System. The “criterion™ of a
nucleic acid reassociation mixture determines the degree of
complementarity which two single-stranded nucleic acid
molecules must have in order to interact and form a stable
double-stranded molecule. The criterion of the typical aqueous
reassociation reaction is primarily a function of the tempera-
ture and cation concentration. In the phenol emulsion system
the temperature, salt, and phenol all combine to determine the
criterion. Figure 3a summarizes experiments which compare
the criteria of two different PERT reaction mixes with the
aqueous condition of 0.14 M PB, 56 °C. Human [*H]DNA
was reacted as described in the legend to Figure 3: (a) 0.48 M
PB, 67 °C: (b) 1.25 M NaClO,,0.1 M PB, 7% phenol; and (¢)
0.48 M PB, 7% phenol. Each of these reactions was incubated
long enough to allow the repeated DNA to reassociate and the
repeated DNA was then isolated via hydroxylapatite frac-
tionation at 56 °C. Thc percentage of human [PH]DNA re-
acting rapidly as repeated DNA was 41% in the standard
aqueous system and 38% and 379%, respectively, in the NaClOy
and PB mixes. A hydroxylapatite thermal efution profile was
then obtained for each sample (Kohne and Britten, 1971). The
thermal clution profiles of the three samples are quite similar
(Figure 3a). A scparate sample incubated in 0.48 M PB, 7%
phenol for a time sufficient for the repeated DNA o react was
fractionated on hydroxylapatite at 51 °C. Thirty-four percent
of this DNA was recovered as repeated DNA, and its thermal
stability profile was very similar to the other repeated DNA
fractions (Figure 3a). These data indicate that the criteria of
the room temperature 0.48 M PB, and 1.25 M NaClOs. phenol
mixes are comparable to that of 56 °C, 0.14 M PB in the
standard aquecous system.

Figure 3b shows the effect of phenol on the melting tem-
perature of £. coli DNA. As has been reported by other in-
vestigators, the presence of the phenol lowers the T, of the
DNA considerably (Leng et al., 1974). £. coli DNA in 0.48
M PB in the absence of phenol would have a T, of around 97
°C.In 1.25 M NaClO, the T, would be about 90 °C. Thus the
presence of the phenol lowers the T, by about 25-30 °C in
both cases. In the emulsion system run at room temperature,
the reassociation reaction is occurring roughly 45-50 °C below
the T, of the DNA in that system.

Complexity and PERT Reassociation Rate. In the aqueous
reassociation system the rate of DNA reassociation is inversely
proportional to the complexity of genome size of the DNA
(Britten and Kohne, 1968; Wetmur and Davidson, 1968).
Complexity can be defined as the number of nucleotides in the
DNA of a haploid cell. An increase in complexity means a
proportional decrease in reassociation rate. Thus far with the
PERT the general trend is the same. [n the PERT the smaller
complexity DNAs reassociate faster than the larger complexity
DNAs. The human genome size is 700 times larger than that
of E. coli. Thus, in total human DNA the nonrepeated DNA
Cot ), should be and is about 700 times larger than that of E.
coli (Britten and Kohne, 1968) when reacted in the standard
aqueous system. At a concentration of 44 and 1600 ug/mL in
2 M NaSCN, 12.9% phenol, E. coli DNA reassociates with
Cot1j2's of 1.6 X 107% and 0.1 mol s L~! (Table VIII). At
concentrations of 40 and 1600 ug/mL of human DNA in the
same emulsion systems the Cot,2's of reassociation for the
nonrepeated DNAs are 0.97 and 40 mol s L', respectively.
At the low concentration, the human DNA Cot 2 is 606 times
larger (0.97/0.0016) than that for £. coli. At the high DNA
concentration the human nonrepeated DNA Cot 1,2 is 400
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times larger than that of E. coli. When compared with E. coli
DNA under specific conditions, the PERT reassociation rates
of vaccinia (about 2 X 108 daltons), herpes simplex virus DNA
(about 108 daltons genome size), and mycoplasma DNA
(about 10? daltons genome size) are within a factor of 2-3 of
the rates expected from genome size differences. The precise
relationships between different complexities and their PERT
reassociation rates have not yet been determined. The PERT
can, however, be used to get an estimate of the complexity of
DNA accurate to within 2-3-fold.

RNA:DNA and RNA:RNA Reaction with PERT. RNA:
RNA and RNA:DNA reassociation does occur in the phenol
emulsion at room temperature. However, the rate increase
(relative to standard aqueous conditions) is much smaller than
seen for the DNA:DNA reassociation. The maximum rate
increase seen thus far for both RNA:DNA and RNA:RNA
PERT reactions has been 50-100 times that seen for the
standard aqueous reaction in 0.12 M PB, 60 °C. The emulsion
mixtures for these experiments consisted of 0.5 ug/mL nucleic
acid in a mixture of 0.9 mL of a 2-2.5 M NaCl aqueous phase
plus 0.075-0.1 mL of 90% phenol. The reaction mixes were
shaken with a Vortex mixer. The RNA:RNA reactions were
done by reacting minus strand VSV (vesicular stomatitis virus)
virion RNA with VSV [3H]cRNA plus strand synthesized by
the VSV polymerase (Breindl and Holland, 1976). The
RNA:DNA reactions were done by reacting minus strand VSV
virion RNA with plus strand [SH]DNA synthesized via reverse
transcriptase. It would be very useful to obtain large rate in-
creases for the RNA:RNA and RNA:DNA reactions in the
phenol system. We are currently searching for conditions which
will provide this.

Possible Problems and Useful Suggestions When Using the
PERT. Following is a discussion of possible problems which
may arise during use of the PERT and, where available, the
solutions. Many of the observations are qualitative and are not
well documented in a quantitative sense. Also included are
useful procedures which may be helpful under certain cir-
cumstances.

(a) When sampling the emulsion, the aliquot should be di-
luted into a salt solution at least the equivalent of 0.12 M PB
(0.18 M Nat). Dilution into lower salt concentrations results
in the denaturation of certain double-stranded molecules. After
dilution, the samples should not be frozen, as the freezing and
thawing cycle also results in the denaturation of certain classes
of double-stranded DNA. This probably occurs due to con-
centration of the phenol and DNA at ice-liquid interfaces
during the freezing and thawing.

(b) Enough hydroxylapatite should be used in order to bind
the double-stranded DNA in the presence of phenol. Different
lots of hydroxylapatite often vary in their DNA binding ca-
pacities and each lot should be checked. To minimize the
amount of phenol present during the assay, it is best to use the
smallest aliquot possible. Alternatively the phenol can be re-
moved by extracting the emulsion with chloroform and re-
covering the aqueous phase. This can then be diluted as desired.
The DNA can also be precipitated out of the emulsion by
simply adding 2.5 volumes of 95% ethanol and cooling to —20
°C until precipitation occurs. If the concentration of DNA is
too low for precipitation, add single-stranded carrier DNA
from a far distant species or tRNA (tRNA does not adsorb to
hydroxylapatite under the normal assay conditions) before
adding the ethanol. Do not ethanol precipitate nucleic acids
in the presence of phosphate buffer. An excellent aqueous
phase for ethanol precipitation is 2 M NaSCN.

(c) Do not use citrate as a chelator in the reassociation
mixture. Small amounts of citrate prevent DNA from binding
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to the hydroxylapatite. Around 10~ M EDTA is usually ac-
ceptable.

(d) If you plan to use S1 exonuclease for the reassociation
assay, do not use phosphate buffer as the aqueous phase.
Phosphate interferes with the S1 assay. 1.25 M NaCl serves
nicely in this case. The S1 enzyme works well in the presence
of a small amount of phenol.

(e) Many compounds (e.g., ethanol, chloroform, and ben-
zene) will inhibit the emulsion reassociation. The DNAs should
be purified and free of extraneous solvents before using with
the PERT. Glycogen at several milligrams per milliliter does
not affect the emulsion reaction.

(f) Continuous agitation is necessary for optimum rate of
reassociation. The effect of different shaking modes has not
been well studied. Inadequate agitation of the emulsion usually
results in irreproducible kinetics and/or incomplete reasso-
ciation of the DNA. One solution is to obtain a shaker which
shakes adequately. Another is to cover the bottom of the re-
action vial with small (1 mm diameter) glass beads. The shake
rate is then adjusted so that the beads actively move through
the emulsion. These problems will more likely be experienced
with high concentrations of DNA.

(g) At very low concentrations (roughly less than 0.1 ug/
mL) single-stranded DNA tends to adsorb to glass and plastic
surfaces. The presence of phenol seems to enhance this ad-
sorption. Addition of heterologous single-stranded carrier
DNA alleviates this problem. It must be kept in mind that
single-stranded DN A reduces the emulsion rate of reassocia-
tion and any controls should also contain the carrier DNA. In
general, it is best to use as little carrier DNA as possible. Ad-
dition of 0.01-0.05%, final concentration, of NaDodSQ4 also
helps but is somewhat less effective. NaDodSOj4 at these low
concentrations does not affect the emulsion rate of reassocia-
tion. At higher concentration, however, the presence of Na-
DodSOy slows the reaction. Treating glassware with silicon
compounds to reduce nonspecific adsorption of nucleic acids
is not recommended. The silicon interacts with the DNA and
phenol in some way so that DNA is lost during the reaction.

(h) When assembling the reaction mixture, the aqueous
components should be mixed first and the phenol added last.
This is particularly important when reacting a low concen-
tration of radioactive DNA in the presence of a large amount
of nonradioactive DNA. If the radioactive DNA is added to
a preformed emulsion containing the nonradioactive single-
stranded DNA, little inhibition of the radioactive DNA reas-
sociation rate is observed (relative to an emulsion which con-
tains only radioactive DNA). If the radioactive DNA is mixed
with the nonradioactive DNA before adding the phenol, the
radioactive DNA reaction is greatly inhibited by the presence
of the single-stranded DNA. The present interpretation of this
phenomenon is that the radioactive DNA is somehow excluded
from the nonradioactive DNA emulsion system and forms a
separate or partially separate reaction system in the same vial.
If it is necessary to add radioactive DNA after the nonra-
dioactive DNA emulsion has been formed, the mixture can be
heated to the point where the emulsion disappears (the phenol
dissolves) and then cooled to room temperature. The phenol
comes out of solution at the lower temperature and the emul-
sion reforms.

(i) DNA can be denatured in the presence of phenol by
heating the emulsion to a temperature above the melting
temperature of the DNA (see Figure 3b). To start the reas-
sociation, the mixture is then rapidly cooled to room temper-
ature and shaken. Bacterial and mammalian DNAs denatured
in this fashion reassociate rapidly and completely.

(j) When reacted with the PERT, sonicated bacterial DNAs
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routinely reassociate to 95-98%, while the maximum extent
of recassociation seen for sonicated mammalian DNAs is
92-95%. The 5-8% nonreassociated DNA proved to be smaller
than the reassociated DNA. This and other data indicate that
the more homogeneous in size « DNA, the greater the extent
of reassociation. Thus, when it is necessary to react radioactive
DNA with nonradioactive DNA, care should be taken that the
two DNAs are the same size.

(k) It is clear that with the PERT the lower complexity
DNAG react faster than high complexity DNAs. The precise
relationship between complexity and PERT rate has not been
determined as yet. If the PERT technigue is to be used to de-
termine genome size, the proper calibrations must be done.
This will involve obtaining several DN As of known genome
sizes and comparing their PERT rates of reassociation. The
comparisons should be done under identical conditions of
temperature, DNA fragment size, phenol concentration, DNA
concentration, pH, salt concentration, volume of reaction
mixture, conditions of shaking and, if possible, G + C con-
tent.

() Itis very useful to have a stock of radioactive bacterial
DNA in the laboratory for trouble-shooting purposes. £. coli
DNA is well characterized and is a good choice. When un-
specified troubles arise in reassociation experiments, the rate
and extent of reassociation of the bacterial DNA can quickly
be checked.

Current Uses of the PERT. The emulsion system has al-
ready been successfully used in a variety of research projects.
A short description of these projects is included here in order
to illustrate some of the possible uses of the PERT.

(2) Radioactive DNAs are frequently produced from sin-
gle-stranded RNAs via the reverse transcriptase of C-type
viruses. Often only a small amount of these DNAs can be
produced, and in many cases compiementary DNA sequences
are made and are present in the final product. This radioactive
DNA is often used to detect the presence of viral-like nucleo-
tide sequences in cell DNA. It is thus advantageous to remove
the complementary DNA strands in order to minimize ra-
dioactive DNA self-reassociation. The PERT is useful for
removing the complementary sequences from the radioactive
DNA product. The radioactive DNA is reacted in the phenol
system and then passed over hydroxylapatite to separate the
single- and double-stranded DN As. We have PERT reasso-
ciated radioactive DNA synthesized from feline leukemia,
Rouse sarcoma, Molony leukemia and Rauscher C-type viruses
to obtain single-strand DNA which contains no complemen-
tary DNA sequences.

(b) We have also used the PERT to characterize the reas-
sociation behavior of small samples of different DN As after
labeling the DNAs with '231 to very high specific activity. The
DNA can be damaged during iodination and it is advantageous
to be able to quickly characterize the newly labeled DNA.

(¢) Male human cells possess a Y chromosome which con-
tains male specific nonrepeated nucleotide sequences. The
PERT has been used to separate radioactive Y specific DNA
sequences from the rest of the radioactive male DNA (K.
Smith and S. Boyer. personal communication).

(d) Very small amounts (<0.1 pg) of circular DNA isolated
from Drosophila embryos were radicactively labeled by an in
vitro method and characterized by reassociation kinetic
analysis using the PERT (S. Stanficld, personal communica-
tion). These data provided an estimate of the complexity of the
DNA sequences comprising the circular DNA.

(e) Mareks discase herpes virus labeled with radioactive
DNA precursors is difficult to grow in large amounts. Only
small amounts of the radioactive DNA can be obtained and
5338 NO. 24,
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the DNA is sometimes contaminated with host cell DNA. The
PERT has been used to quickly characterize this DNA (W,
Campbell, personal communication).

(f) The PERT has also been used to detect the presence of
small amounts of C-type viral RNA in the media of tissue
culture cells producing these viruses (E. Scolnick. personal
communication). The RNA from the cell media is isolated and
then reacted with radioactive viral DNA in the emulsion sys-
tem using conditions similar to those described in the text.

(g) As described earlier, the PERT has becn used to detect
the presence of herpes viral DNA in infected and transformed
cells (D. T. Kingsbury, personal communication). Radioactive
herpes I and I and cytomegalo virus DNA probes were reacted
with an excess of cell DNA in the phenol system.

Scope of Use of the PERT for Nucleic Acid Reassociation
Studies. The emulsion reassociation system will be useful in
virtually every phase of DNA:DNA reassociation. Following
is a list of many of the present uses of DNA:DNA reassociation
and a short discussion of how the PERT will apply to each
particular case. In many of these cases the PERT has already
been used successfully.

Straight DNA Reassociation Kinetic Analysis. The data
of Figures | and 2 and Tables VI, VIII, and IX show that a
variety of DNAs reassociate successfully in the emulsion sys-
tem. Bacterial (Figure 1, Tables V, VII) and viral DNAs
reassociate reproducibly and well. Nonrepeated DNA (Figure
2) as well as repeated DNA (Figure 2, Table IX) reassociate
well and can be analyzed with the emulsion system. Rat,
mouse, and cat DNAs have also reassociated readily with the
PERT, giving reassociation kinetic profiles similar to the
human profile seen in Figure 2. The cmulsion system has also
been used to reassociate Drosophila DNA (S. Stanfield, per-
sonal communication). A small amount of sonicated ra-
dicactive human, £. coli, Staphylococcus aureus. or herpes
simplex DNAs mixed with a large amount of sonicated human
DNA and reacted in the emulsion system. reassociated com-
pletely (data not shown). Bacterial and viral DNA can then
reassociate in the presence of a large amount of heterologous
DNA. The radioactive human DNA was present at such a low
concentration that little reassociation could occur between
radioactive nonrepeated complementary strands during the
course of the PERT reaction. The radioactive nonrepeated
strands could react only with an unlabeled complementary
strand. This demonstrated that radioactive and nonradioactive
DNASs sonicated separately and mixed to reassociate together
in the emulsion system.

The data of Tables VIII and 1X show various PERT rcas-
sociation reactions which vary in concentration by a factor of
10%. Earlier it was mentioned that the nonrepeated fraction of
human DNA was one-half reassociated at [4 h when reacted
in the emulsion system at a concentration of 0.5 ug/mL. This
DNA reassociated to greater than 90% in 100 h. This is es-
sentially complete reaction. Five tenth of a microgram of
human DNA is equivalent to about 107 diploid cells. It would
be a simple matter to modify the system so that the essentially
complete reassociation of DNA from 10% diploid cells could
be measured.

The ability to do reassociation kinetic profiles using very
small amounts of DNA is a very useful aspect of the PERT.
In many tissue culturc systems fewer cells will need to be grown
for nucleic acid hybridization analysis. In many instances
valuable animals need not be sacrificed in order to get sufficient
DNA to do complete reassociation kinetics since a tissue biopsy
will suffice. The PERT will be particularly useful in the bo-
tanical and insect arcas where large amounts of certain DNAs
can be obtained only at great expense. Thus, the PERT will be
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TABLE X: Nucleotide Sequence Homology Study.?

Max % of 125]
self- E. coli
Total 1241 total unlabeled reaction DNA
Type of E. coli Salmonella DNA Hours of 125} absorbed
reaction DNA Cyf (mols L™ Cot (mols L) reacted DNA to hydroxylapatite
(a) PERT 1.7 % 1077 7X 1073 0.1 <1% 259
1.25 M NaClO, 3.5X 1077 1.5X 1072 0.2 <1% 33.5
0.1 M PB 5.1 X 1077 22X 1072 0.3 <1% 38.8
9.8% phenol 7X 1077 29 %1072 0.4 <1% 42.3
(b) same as a 1.7 X 1077 7% 1073 0.1 <1% 33.2
6 X 1077 2.6 X107 0.35 <1% 46.5
6 X 1077 2.6 X 1072 0.35 <1% 447
1 X 1076 42X 10°2 0.6 ~1% S0
(c)0.48 M PB,70°C 6.8 X 1076 30.8 4 <1% 40.3

@ PERT reaction mixes contained 6 ug/mL of Salmonella DNA plus 1.6 X 1074 ug/mL of '>*I-labeled E. colif DNA. The 0.48 M PB aqueous
reaction contained 600 ug/mL of unlabeled Sa/monella DNA plus 1.6 X 1074 ug/mL of 25I-labeled E. coli DNA. The '25I-labeled E. coli
DNA reassociated to 97% when reacted with excess unlabeled E. coli DNA. One percent of heat denatured single-strand '*%1-labeled E. coli
DNA bound to hydroxylapatite when passed over a 60 °C column in 0.14 M PB, 0.2% NaDodSO,.

very useful in situations where only small tissue samples can
be obtained from patients, experimental organisms, or tissue
culture. Methods for the rapid, complete isolation of DNA
from small amounts of tissue (Britten et al., 1974) and for in
vitro labeling of DN A with radioactive iodine (Commerford,
1971; Tareba and McCarthy, 1973) make it possible to exploit
the full potential of the PERT.

Sensitivity of Detection of DNA by DNA Reassociation
with the PERT. The potential sensitivity of DNA detection
by reassociation depends largely on the complexity of the
DNA, the specific radioactivity which can be attained for the
DNA, and the basic rate of DNA reassociation. The smaller
the genome size, the less DNA it takes to get reassociation.
Thus a greater sensitivity of detection can be attained with a
less complex DN A. It is possible to routinely produce DNAs
with a specific radioactivity in the range of 107 to 108 cpm/ug.
It is relatively easy then to detect the presence of 6 X 1076 ug
(360 cpm) of DNA with a specific radioactivity of 6 X 107
cpm/ug. This is an amount of DNA equivalent to that present
in one diploid cell. The bulk of the mammalian repeated DNA
has a complexity of roughly 107 daltons. Under standard
agueous conditions giving close to maximum rates of reasso-
ciation (0.48 M PB, 66 °C), 6 X 107 ug of radioactive human
DNA in 0.1 mL would require about 104 h to reach one-half
reassociation of repeated DNA. Radioactive human DNA,
reacted in the emulsion system at the same concentration of
6 X 107° ug per 0.1 mL, would require roughly 2 h for one
haif-reaction of the repeat fraction. This was calculated by
using the rate factor increase seen in Figure 2 and corrected
to the 0.48 M PB, 66 °C aqueous condition. The corrected rate
increase value is about 4500. Table IX shows the results of the
experiment described above. The repeated DNA half-time of
reassociation is 2~4 h, close to the predicted time for reaction.
The same concentration of radioactive human DNA in | mL
of 0.48 M PB showed little reaction of the repeat DNA even
after 73 h of incubation.

The above observation gives an indication of the greatly
increased sensitivity of DNA detection by reassociation made
possible by the PERT. It also demonstrates that very small
amounts of DNA will react rapidly in the phenol system. The
experiment in Table IX detects by reassociation of the repeated
DNA an amount of DNA equivalent to that contained in one
diploid cell. In this case the specific radioactivity of the DNA
(6 X 107 cpm/ug) limits the sensitivity of the detection. Since
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the half-time of reassociation was only about 3-4 h, a tenfold
greater sensitivity could easily be attained with higher specific
radioactivity DNA. The number of E. coli bacteria or SV-40
viruses equivalent to 6 X 1076 ug of DNA is about 1400 and
2 X 108, respectively. These numbers represent the number of
these organisms which could be detected by DNA reassocia-
tion, assuming the DNA has an appropriate specific radioac-
tivity.

The ultimate stability of DNA in the phenol reaction is
unknown. The phenol emulsion will prevent the growth of
microorganisms and destroy any enzyme activity. By taking
precautions to prevent oxidation of the phenol, it may be pos-
sible to shake DNA for thousands of hours at room tempera-
ture. If this is so, it will greatly increase the potential sensitivity
of detection by reassociation.

DNA Relationship Studies. Table IX presents the PERT
kinetics of reaction of human repeated DNA and Figure 3a
illustrates the thermal stability profile of reassociated human
repeated DNA. It is clear that imperfectly complementary
DNA molecules can reassociate in the emulsion system to form
stable double-strand DNA molecules. These molecules have
a thermal stability lower than expected for perfectly base pair
matched molecules. This observation shows that the PERT can
be used to measure the nucleotide sequence similarities of
DNAs from different species.

DNA relationship studies between !2%I-labeled E. coli DNA
and unlabeled Salmonella typhimurium DNA are present in
Table X. The fraction of E. coli DN A which reassociates with
Salmonella typhimurium DNA is about the same in the
phenol emulsion system (42-50%) as in the aqueous reaction
system (40-50%). Further, the T ;s of the E. coli:Salmonella
typhimurium hybrids formed in the aqueous (7, = 78.8 °C)
and emulsion system (7T, = 79.6 °C) are similar. Both the
aqueous and PERT reactions were driven to a Cp¢ 30-60 times
the Cot /2 of the Salmonella DNA, which at this point will be
90-95% reacted.

The study of nucleotide sequence relationships between
species is an area where it often has been difficult, if not im-
possible, to obtain sufficient quantities of DNA for analysis.
In the standard aqueous system, large amounts of DNA (tenths
of milligrams) are usually needed to observe the reassociation
of the nonrepeated DNA of most higher organisms. The PERT
is combination with in vitro radioactive labeling of nucleic acids
will greatly expand the number of species which can be ana-
1977 5339
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lyzed for nucleotide sequence homologies. This will be par-
ticularly important in the case of plants and insects.

Detection of Viral Sequences in Cell DNA. The PERT will
be very helpful in detecting the presence of viral-like nucleotide
sequences in cell DNA. When mixed together and reacted in
the emulsion system, radioactive viral DNA reassociates with
unlabeled viral-like sequences present in cell DNA. Reverse
transcriptase synthesized Moloney virus [JH]DNA reacts well
with Moloney virus transformed cell DNA (data not shown).
Radioactive DNAs from herpes simplex I and II and cyto-
megalo virus reacts completely with DNA from cells infected
with the respective virus (personal communication, Dr.
Kingsbury).

The emulsion system will greatly increase the potential
sensitivity of viral detection and will greatly expand the number
of instances where detection of viruses in cells by reassociation
is possible. The feasibility and sensitivity of a viral detection
test depends upon: (a) the genome size of the virus; (b) the
amount of cell DNA available; (c) the specific activity of the
viral DNA; (d) the basic rate of reassociation of DNA in the
system being used; (e) the amount of time which the DNA will
remain intact under the reassociation incubation conditions.
The increased rate of reassociation obtainable with the emul-
sion system will allow a great increase in the sensitivity of de-
tection of viral sequences. Even DNA sequences present in the
cell DNA at a frequency much less than one copy per cell can
be made to reassociate in a reasonable time before the DNA
breaks down. Much less DNA is needed to perform a routine
viral detection when the PERT is used in combination with the
very high specific radioactivity viral DNAs which can be
produced. With this combination certain large viruses (herpes
simplex I and II, cytomegalo, Epstein Barr, Pox viruses) should
be detected at a sensitivity of 0.5 copy per cell using only 2-3
ug of cell DNA. This amount of DNA is the equivalent of 2-3
X 107 cells or roughly 2-4 mg of tissue.

The data of Figure 2 indicate that reproducible mammalian
DNA kinetic reassociation curves can be obtained with the
PERT. This makes it feasible to utilize the emulsion system
to determine the number of viral DNA copies per cell by
reassociation kinetic measurements, particularly when an in-
ternal standard of radioactive (labeled with a different isotope
than present in the radioactive viral DNA), nonrepeated cell
DNA is also included in the reaction mix. This marks the rate
of reassociation of cellular DNA sequences which are present
at a frequency of one copy per haploid cell. The reassociation
rate of the radioactive viral DNA can be referred to the non-
repeat DNA rate and the copies per cell of the viral DNA
calculated.

Discussion

The phenol emulsion has a twofold effect on the reassocia-
tion of single-stranded DNA. The emulsion allows DNA
reassociation to occur at or below room temperature while at
the same time very rapid reassociation is promoted. Phenol is
very effective at lowering the thermal stability (T',) of dou-
ble-strand DNA (Levine et al., 1963; Massie and Zimm, 1965;
Leng et al., 1974). Under standard aqueous conditions the
optimum rate of reassociation occurs about 20-30 °C below
the T, of the double-stranded DNA (Wetmur and Davidson,
1968). At 50 °C below the Ty, reassociation occurs very slowly
and at lower temperatures is completely inhibited. This inhi-
bition is presumably due to the increased intrastrand secondary
structure which occurs at lower temperatures. In the emulsion
system the phenol provides conditions under which the DN A
can reassociate. A simple explanation for this would be that
due to the denaturing properties of the phenol, certain areas
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in the emulsion are 20-30 °C below the T, of the DNA and
the DNA can and does reassociate in these areas,

The conditions in the emulsion mixture also permit the very
rapid reassociation of the DNA. The most plausible explana-
tion for this effect is that single-stranded DNA is somehow
concentrated by its interaction with the emulsion. The sin-
gle-stranded DNA may be concentrated at the phenol:aqueous
interface or by forming aggregates or semiprecipitates else-
where in the two-phase system. The rapid rate of reassociation
would then be at least partially due to the high DNA concen-
tration. The “‘volume exclusion principle” (Lerman, 1973) is
a possible mechanism for the increased reassociation rate seen
in the phenol emulsion. Wetmur (1975) describes conditions
for increasing the reassociation of DNA by about 70 times
(relative to 0.18 M Na™*, 60 °C) using this principle. The rate
increase is produced by adding neutral or anionic dextran
polymers to the DNA solution. These polymers make the ef-
fective solvent volume available to the single-stranded DNA
much smaller and thus increases the effective DNA concen-
tration, which results in an increase in reassociation rate.
Lerman (1973) has described a similar system which results
in very high local concentrations (230 mg/mL) of double-
stranded DNA. This volume exclusion principle will probably
be important in explaining the large increases in reassociation
rates seen with the PERT.

Below is the current “best guess” description of the events
occurring during the PERT reassociation. Conditions at certain
places in the phenol reaction mixture are such that the sin-
gle-stranded DINA forms a semiprecipitate or aggregate re-
sulting in localized regions of very high DNA concentration.
In other regions of the reaction mixture the DNA is soluble,
and when the aggregated single-stranded DNA enters these
regions, the DNA in the aggregate becomes solubilized. At a
time when the DNA is highly concentrated the conditions are
such that DNA reassociation can and does occur. The DNA
must undergo many aggregation:dispersion cycles before all
of the single-stranded DNA is reassociated. It seems likely that
the observed rate of reassociation seen in any specific phenol
emulsion system is limited by the rate of the aggregation:dis-
persion process possible in that system. We believe that the
highly chaotropic ions allow a faster aggregation:dispersion
process and thus increase the rate of reassociation. These
agents tend to disrupt hydrophobic bonds, and their primary
effect may be to increase the capacity of the aqueous phase to
disperse the aggregated single-stranded DNA. Chaotropic ions
are particularly effective in the PERT at high DNA concen-
trations (Table VIII), and a much smaller concentration effect
on the PERT reassociation rate is seen when using NaSCN
instead of PB. The concentratiion effect on the PERT reasso-
ciation rate is probably a consequence of a decreased capacity
to disperse aggregated DNA at higher DN A concentrations.
At high DNA concentrations the emulsion mixture is milky
white as compared with the light gray appearance of the same
emulsion mixture minus DNA. This suggests that much of the
DNA is in an aggregated or precipitated state. Earlier it was
mentioned that even at low DNA concentration, reassociation
occurs faster when the reaction mixture is shaken continuously.
A similar effect is seen at high DNA concentration (Table
VIII, item B). We interpret this to mean that the constant in-
termixing of the phenol:aqueous phases is important for fast
reassociation and that the agitation increases the rate of the
aggregation:dispersion process.

It was also mentioned earlier that large amounts of dou-
ble-stranded DNA or single-stranded RNA have little effect
on the reassociation rate of single-stranded DNA in the
emulsion system. The RNA:DNA reassociation reaction is also
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much slower than the DNA:DNA reaction in the emulsion
system. These effects are probably caused by the different
precipitation characteristics of double-stranded DNA, RNA,
and single-stranded DNA. In terms of the “best guess” model
presented above, the single-stranded DNA probably precipi-
tates under different conditions in the emulsion than the RNA
or DS DNA and therefore precipitates in a different region of
the emulsion than the RNA or double-stranded DNA.

The emulsion conditions may also increase the fraction of
successful collisions between complementary DNA strands.
A successful collision between two complementary DNA
strands is one which results in a stable double-stranded DNA
molecule. In the standard aqueous system not all collisions
between complementary strands result in a stable double-
stranded product. In the phenol emulsion the fraction of suc-
cessful collisions between complementary strands may be
greater than in the aqueous system.

Table IX presents the reassociation kinetics of human re-
peated DNA using an amount of DNA (6 X 10~6 ug in 0.1
mL) equivalent to that present in one human diploid cell. This
experiment provides an indication of the reassociation sensi-
tivity made possible by the PERT. In addition, it provides an
experimental base for considering the reassociation of DNA
within a single cell or nucleus. The concentration of DNA in
an average mammalian cell is, very roughly, 1 mg/mL. The
concentration of single-stranded DNA in a cell is much lower
since very little of the cell DNA is single-stranded at any one
time. The presence in the cell of a system which has reasso-
ciation enhancing properties similar to the phenol emulsion
system would provide an opportunity for any single-stranded
DNA to reassociate at physiological temperatures. Such
reassociation could be instrumental in promoting rearrange-
ment of nuclear or cytoplasmic DNA sequences within a cell,
as well as the integration of foreign genetic information (virus
or otherwise) into cellular DNA or vice versa. It is interesting
to speculate further that a variety of organic-salt systems may
be present in the cell which promote the concentration of a wide
range of biologically important molecules. DNA polymerase,
for example, needs the proper concentration of nucleotide
triphosphates in order to function properly. The right or-
ganic-salt system might act as a device to concentrate the
nucleotide substrate in a particular region of the cell. Such a
region with its high concentration of substrate might form the
classical precursor “pools” involved in intracellular biosyn-
thetic reactions. Such concentrating systems could also have
been important for accelerating prebiotic synthesis reac-
tions.

The ultimate limit of rate enhancement by the emulsion
technique is unknown. It seems unlikely that these initial
studies have resulted in the optimum possible rate enhance-
ment. Understanding the basic mechanism of rate enhance-
ment is necessary to design the optimum system. As part of this
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study the reasons for the inhibiting effect of high DNA con-
centrations must be determined in the hope that an emulsion
system can be designed which gives large rate increases at high
DNA concentration. It will also be important to study the
RNA:DNA and RNA:RNA reassociation in the phenol sys-
tem in order to obtain larger rate increases for these reac-
tions.
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