
Denaturation and 

Renaturation of 

Deoxyribonucleic Acid’” 
J . MARMUR, R . ROWND, AND 

C . L . SCHILDKRAUT 
Graduate Department of Biochem- 
istry. Brandeis University; Depart- 
ment of Chemistry. Harvard Univer- 
sity; and Department of Biochem- 
istry. Stanford University 

1 . Properties of the Native and Denatured States of DNA . . 232 
I1 . Early Denaturation Studies on DNA . . . . . . .  235 

I11 . Denaturation and Evidence for Strand Separation . . . .  240 
A . Semiconservative Replication . . . . . . . .  240 
B . Hydrodynamic Evidence . . . . . . . . .  242 
C . Biological Experiments . . . . . . . . . .  247 
D . Studies with Synthetic Polynucleotides . . . . . .  252 
E . Studies with Bacteriophage Alpha . . . . . . .  252 
F . The Mechanism of Denaturation . . . . . . .  252 

257 
A . Methodology . . . . . . . . . . . .  257 
B . Conditions Affecting Denaturation and Renaturation . . 264 
C . Renaturation Factors . . . . . . . . . .  269 

V . Mechanism of Renaturation . . . . . . . . .  271 
A . Helix Formation with Synthetic Polynucleotides . . . .  271 
B . Kinetics of Renaturation of DNA . . . . . . .  272 
C . Partially Renatured States . . . . . . . . .  277 

278 
A . Requirements . . . . . . . . . . . .  278 
B . Nature of the Hybrid . . . . . . . . . .  281 
C . DNA-RNA Hybrids . . . . . . . . . .  286 

VII . Applications of Renaturation . . . . . . . . .  288 
A . Genetic and Taxonomic Relationships . . . . . .  288 
B . Fractionation. Isolation, and Identification of 

Specific Nucleic Acids . . . . . . . . . .  289 

IV . General Aspects of Denaturation and Renaturation . . . .  

VI . Hybrid Formation . . . . . . . . . . . .  

Publication Number 192 from the Graduate Department of Biochemistry, 
Brandeis University. Waltham. Maasachusetts . 

*In discussing the denaturation and renaturation of nucleic acids, particular 
emphasis has been placed on the biological implications . I n  many ems, only the 
more recent publications have been cited, since they include the earlier observations 
and references, and no attempt has been made to be exhaustive with respect to  the 
literature . 

231 



232 J. MARMUR, R. ROWND, AND C. L. SCHILDKRAUT 

C. Reactions of Denatured DNA . . . . . . . .  290 
VIII.Summary . . . . . . . . . . . . . .  291 

References . . . . . . . . . . . . .  293 

1. Properties of the Native and Denatured States of DNA 
Detailed diffraction data from crystalline fibers of DNA (Wilkins 

et at., 1953) have helped greatly in elucidating its structure as well as in 
the building of the Watson-Crick (1953a) model. The double-stranded 
model accounts very well for the observed properties of native DNA. 
The two antiparallel chains are interwoven in a double helix of planar 
stacked bases about a common axis. X-ray diffraction analyses of DNA 
isolated from a wide variety of sources exhibit similar patterns (Hamil- 
ton et al., 1959; Wilkins, 1961). Luzzati et al. (1961, 1962) have found, 
using small-angle-scattering X-rays, that the mass per unit length of 
DNA of bacterial and animal origin in solution agrees well with the 
Watson-Crick structure. 

The molecular weight of DNA in vivo remains uncertain. This arises 
from its ease of shear degradation (Davison, 1959) during extraction and 
purification as well as from the difficulty in assessing its size by the 
methods which are currently available. Chromatographic, autoradio- 
graphic (Davison et al., 1961; Rubenstein e t  aZ., 1961; Cairns, 1961; 
1962a,b), and electronmicrographic (Beer, 1961 ; Bendet et at., 1962) 
techniques have proven to be extremely useful in estimating the molecu- 
lar size of DNA to be greater than 10' where other techniques such as 
light scattering have been found wanting (Butler e t  al., 1959b). The fact 
that the genetic units of Escherichia coli (Jacob and Wollman, 1958) 
as well as bacteriophage T2 (Streisinger and Bruce, 1960) are situated 
on single linkage groups is suggestive evidence that the chromosome 
consistg of a continuous physical entity. This is supported by the work of 
Kleinschmidt et al. (1961) and Kleinschmidt (1962) with Micrmoccus 
Zysodeilcticus and Bacillus megaterium and of Cairns (1961 ; 1962a) who 
has carefully isolated T2 bacteriophage DNA with average lengths of 
49 p. as well as E.  coZi DNA with some molecules up to 400p  in length. 
If the latter molecules are double-stranded, their lengths correspond to  
a molecular weight of lo*. Cairns (1962b) has also shown that X bac- 
teriophage DNA, when carefully isolated, has a length ranging up to 
23p. However, since even the most highly purified DNA preparations 
still possess approximately 0.1425% by weight of either proteins, pep- 
tides, or amino acids (Borenfreund et al., 1961; Van Vunakis, personal 
communication), i t  still remains to be shown that the large DNA 
molecules are not held together by non-DNA links (see, for example, 
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Kirby, 1957; Sadron, 1961; Welsh, 1962). (See also Bendich and Rosen- 
kranz, this volume.) 

The native DNA molecule in solution is relatively insensitive to  
changes in shape when exposed to wide ranges of ionic strength, and thus 
does not behave as a typical polyelectrolyte. Its hydrodynamic con- 
figuration is neither a rod nor a typical randomly coiled polymer but 
can be described qualitatively as “a highly extended, stiff coil of moder- 
ate permeability” (Eigner and Doty, 1963). Essentially the same con- 
clusion, namely, that DNA (in physiological salt solution) is a “worm- 
like chain” (Doty, 1957), has been arrived a t  by Hearst and Stockmayer 
from their analyses (1962). Supporting this view of DNA is its high 
viscosity compared with other typical polymers with the same degree 
of polymerization (Flory, 1953) as well as the large extension of the 
native molecule in space (Doty, 1957). 

The relationship between sedimentation coefficient (so) and intrinsic 
viscosity [ q ]  for a large number of DNA samples from various 8ource8 
has been examined by Eigner and Doty (1963). The values for so and 
[ q ] ,  when plotted for a series of DNA samples varying in source, base 
composition, compositional heterogeneity, and the presence or absence of 
hydroxymethylcytosine and glucose, all fall on a curve relating the two 
parameters as a continuous function. This indicates that DNA’s in solu- 
tion in the native state, isolated from various sources, are homogeneous 
in configuration and supports the concept of a common (two-stranded) 
structure for all. This relationship between so and [ q ]  can be altered by 
denaturation of the DNA or by what is believed to  be the intercalation 
of dye molecules, which impose a high rigidity and viscosity on the 
DNA molecule (Lerman, 1961). 

Although the native DNA preparations from bacterial and animal 
sources listed by Cavalieri et al. (1961) have not been fully character- 
ized, i t  appears that the behavior of their higher molecular weight prep- 
arations in solution is somewhat different from those studied in other 
laboratories. This is apparent when one compares the radii of gyration 
of the DNA by light scattering (which exhibit anomalous, low values) 
with those listed by Steiner and Beers (1961, p. 203). This might be 
explained by the aggregation of the DNA molecules in their preparations 
and might help rationalize the persistence of DNA structures which be- 
have as though they were four-stranded. 

The denaturation of DNA is brought about by the collapse of its 
one-dimensional, uniquely ordered secondary structure. I n  this review, 
partially denatured molecules are considered to be collapsed DNA 
structures having both helical and nonhelical regions ranging between the 
native and single-stranded configurations. The collapsed molecules can 
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be derived either from native molecules that have not separated com- 
pletely or from the partial renaturation of separated, complementary 
strands. Aggregation refers to the intermolecular interaction of the non- 
complementary strands over short, intermittent helical regions. Complete 
denaturation should yield the two complementary strands of the Watson- 
Crick double helix (equivalent to irreversible denaturation in the earlier 
literature). When DNA exposed to elevated temperatures a t  high ionic 
strengths is rapidly cooled, denaturation takes place in a cooperative 
manner (Schildkraut et al., 1961a; Freifelder and Davison, 1962a). When 
the heating is carried out a t  lower ionic strengths, disruption of the 
double helical structure takes place over a broader temperature range, 
is less cooperative, and is believed to lead to the formation of partially 
denatured molecules in a metastable state (Dove and Davidson, 1962a; 
Rownd et aZ., 1963c). Degradation refers to the breakage of covalent 
bonds, usually the backbone phosphate ester linkages (as would occur 
in shear degradation) or glycosyl bonds (during heating, acidification, 
or exposure to various chemicals). Denaturation and degradation (Doty 
st d., 1958) can essentially occur independently of one another. 

Denatured DNA behaves as a flexible, loosely coiled polyelectrolyte 
chain, very much dependent in it9 hydrodynamic properties on the ionic 
environment (May, 1962). In this respect, i t  is very similar qualitatively 
in many ways to RNA, the single-stranded synthetic polynucleotides 
(Steiner and Beers, 1961) , and the noncircular form of single-stranded 
+X174 DNA (Sinsheimer, 1959; Eigner and Doty, 1963). 

The secondary structure of denatured DNA is dependent not only 
on ionic strength but also on the base composition. High guanine plus 
cytosine (G + C) results in a higher extent of intruchain base pairing 
(Eigner and Doty, 1963) in a manner similar to that proposed for RNA 
(Fresco and Alberta, 1960; Fresco et  ul., 1960). Regions of the DNA 
molecule are folded back on themselves to form double helices and are 
joined by unorganired polynucleotide chains. Those nucleotides that do 
not pair could be “looped out” of the helical structure as in the synthetic 
polynucleotide interactions. The quantitative differences that do exist 
between denatured DNA and RNA (greater tendency on the part of 
DNA to aggregate and to be influenced by changes in counter-ion con- 
centration) can be accounted for by the fact that RNA has a more stable 
and ordered secondary structure, which most likely arises from the helical 
regions being longer and containing fewer defects (Doty et  al., 1959a; 
Timasheff et al., 1961; Steiner and Beers, 1961; Fresco et al., 1961; 
Spencer et al., 1962; Eigner and Doty, 1963) than denatured DNA. 

The term “renaturation” in the case of DNA is used to signify the 
reunion of the specific complementary strands leading to the formation 
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of molecules with native-like properties. Intramolecular renaturation 
can proceed from collapsed DNA moIecuIes of any source that are 
held together by residual base pairs or cross-links when the DNA is 
exposed to appropriate conditions (Cavalieri and Rosenberg, 1957; 
Geiduschek, 1958; Doty e t  al., 1959b). It can also take place from sep- 
arated complementary strands, in which case i t  has the properties of 
an intermolecular process (Schildkraut e t  al., 1961a; Geiduschek, 1962). 
Renaturation of DNA can be followed in a number of ways discussed in 
this review. 

The term renaturation has also been employed to  indicate the inter- 
action between strands of DNA and RNA, arising from the presence of 
complementary base sequences in the two nucleic acids, to form RNA: 
DNA hybrids. Renaturation will take place most readily between such 
polynucleotides as poly A and poly U where the requirements for 
sequence complementarity are most readily met. 

II. Early Denaturation Studies on DNA 
The proposal by Watson and Crick (1953a) of the two-strand helical 

structure for DNA not only provided a structural model that explained 
many of its observed chemical and physical properties but also sug- 
gested a mechanism for self-duplication or replication. The union of 
the two constituent strands of the DNA double helix is not mediated 
by covalent linkages, but rather by complementary base pair inter- 
actions. Hence, it was plausible to propose a template mechanism for 
replication whereby each strand, by unwinding, could serve as a template 
for the assembly and subsequent polymerization of the complementary 
nucleotides. Thus, by a mechanism involving unwinding or strand sepa- 
ration of its DNA, the genetic information of an organism encoded in the 
sequence of bases could be passed on to its progeny. 

This mechanism is certainly aesthetically pleasing on the biological 
level, but contains difficulties when visualized in molecular terms. Not 
only is i t  necessary to account for the rather large energy requirement. 
to unwind the two strands of large DNA molecules through a large num- 
ber of turns, but i t  is also difficult to imagine the separated strands 
within the cell other than in a state of hopeless entanglement. However, 
more recent theoretical considerations have indicated that the energy 
requirement can be satisfied if the synthesis of the new material goes 
on simultaneously with the separation of the two strands of the old 
(Levinthal and Crane, 1956; Levinthal, 1960). The entanglement prob- 
lem seems to suggest that not all of the DNA in the cell exists in the 
single-stranded state a t  any one time (Watson and Crick, 1953b; Paigen, 
1962). The demonstration of strand separation in solution lends consid- 
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erable support to the replication scheme proposed by Watson and Crick 
(1953b) and raises the hope that the structure and function of DNA 
may be reconciled. 

The obvious importance of understanding the changes in the physico- 
chemical properties of DNA when exposed to denaturing conditions has 
prompted many workers in the field to.use a variety of physicochemical 
as well as biological techniques to study the denaturation reaction. Space 
does not allow an intensive survey of the early literature on this subject. 
These results have been amply discussed in a number of other reviews 
(Shooter, 1957; Peacocke, 1960; Drysdale and Peacocke, 1961 ; Doty, 
1955, 1957, 1959-1960; Sinsheimer, 1962; Zimm and Kallenbach, 1962 ; 
Cavalieri and Rosenberg, 1962a,b) as well as in several books (Jordan, 
1960; Steiner and Beers, 1961). 

The denaturation of DNA has been studied by a wide variety of 
experimental techniques based, for the most part, on its optical, hydro- 
dynamic, electrometric, and biological properties (see Section IV,A) . 
The concept of denaturation that emerged from the large body of 
experimental data accumulated over the first decade of intensive study 
(the period 1947-1957) was the collapse of the DNA molecule with no 
concomitant change in its molecular weight (Sturtevant et al., 1958; 
Peacocke, 1960). The contraction of the molecule from the loss of its 
secondary structure was attributed to the irreversible rupture of the 
numerous hydrogen bonds between the complementary base pairs of the 
polynucleotide chains making up the twin helix. However, the failure to  
observe a halving of the molecular weight upon denaturation argued 
against the complete separation of the strands although i t  was generally 
conceded from the concomitant viscosity changes that the majority of 
the native hydrogen bonds had been disrupted. 

The first observations on the denatured state of highly polymerized 
DNA were made by Gulland e t  at. (1947) who studied the titration 
curve of the native structure. When DNA has been treated previ- 
ously either by acid or by alkali, i t  no longer gives rise to its character- 
istic initial titration curve. This “hysteresis” effect was the first indica- 
tion that groups involved in hydrogen bonding, and hence not accessible 
to protonation, are released upon denaturation. Moreover, i t  was also 
shown that treatment with acid or with alkali results in a decrease in 
viscosity and a loss of streaming birefringence, which occurs over a 
relatively narrow pH range. It could thus be inferred that hydrogen 
bonds are involved in the maintenance of the rigid secondary structure 
of DNA. 

In  the following decade, these initial observations were amply con- 
firmed and extended by many workers who used a variety of physico- 
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chemical and biological techniques to characterize the denaturation of 
DNA. Thomas (1954) showed that the hypochromicity of, the native 
structure can be reduced under denaturing conditions. This result was 
interpreted in terms of the breakdown of the uniquely ordered secondary 
structure of DNA. Reichmann et  al. (1953) examined the effects of 
exposure to acid pH on the molecular weight and shape of DNA. They 
concluded that, although the molecule is extensively collapsed under 
these conditions, there is no apparent change in its light-scattering 
molecular weight. Most surprising, in view of later investigations, was 
the observation that the radius of gyration (a  measure of chain exten- 
sion) and the viscosity return to the native values upon reneutralization 
of the solution. This suggested that the DNA had been reversibly 
denatured since it assumed the highly asymmetric native configuration 
when the denaturing conditions were removed. The failure of many 
investigators to observe a drop in the molecular weight of DNA (see 
Steiner and Beers, 1961) a t  low pH values before reneutralization might 
be explained by the presence of resistant nuclei holding the strands 
together. It is difficult to  interpret any drop in the light-scattering 
molecular weight under these conditions, since i t  is necessary to distin- 
guish i t  from the acidic degradation that occurs during the course of the 
measurements. 

The titration studies by Cavalieri and Rosenberg (1956,1957) and by 
Cox and Peacocke (l957,1958a,b) showed that denaturation by acid or by 
alkali occurs during the steep portion of the forward titration curve. It 
was also shown that i t  is possible to dissociate reversibly the first 10-2076 
of the hydrogen bonds a t  the start of the denaturation process. Denatura- 
tion results in the reduction of the asymmetry of the DNA molecule, but 
this occurs a t  constant molecular weight (Cavalieri and Rosenberg, 
1956). These studies did not establish whether denaturation resulted 
from an irreversible collapse of the molecule to form a partially de- 
natured structure or whether a molecular species is denatured only after 
the complete disruption of the double helical structure (strand separa- 
tion) occurs. For reasons to be discussed in the following section on the 
mechanism of denaturation, i t  seems that the latter is the more highly 
preferred means. 

Most of the earlier studies on the denaturation of DNA added little 
precise knowledge to the conformation of the denatured state in solution. 
Most often only one physical method was employed to characterize the 
denatured state, or the denaturing conditions employed often led to 
either severely degraded or aggregated DNA samples. It could be estab- 
lished only that exposure of solutions of DNA to denaturing conditions 
effected considerable alteration in its secondary structure. More exact 
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information was obtained, however, when several phyaicochemical meth- 
ods were employed simultaneously to characterize the denatured state, 
thereby permitting a more rigorous structural assignment. It then became 
possible to follow tin a more systematic fashion the combined effects 
resulting from the denaturation process. 

The first comprehensive study of the effects of denaturation on the 
macromolecular properties of DNA was undertaken by Doty and his 
collaborators (Doty and Bunce, 1952; Reichmann et al., 1953; Thomas 
and Doty, 1956; Doty, 1956; Rice and Doty, 1957; Doty and Rice, 
1955; Ehrlich and Doty, 1958; Doty et al., 1959a). They employed a 
number of optical and hydrodynamic techniques to  characterize DNA 
denatured under mild conditions by exposure to acid, to alkali, and to  
elevated temperature. Intrinsic viscosity measurements confirmed the 
observation of Zamenhof et a2. (1953, 1954) of a precipitous and par- 
allel fall in both the viscosity and transforming activity of Hermoph- 
ilus injluenzae DNA in the vicinity of 80°C. The sharpness of the transi- 
tion suggested a configurational change with the characteristics of the 
melting of a periodic intramolecular structure (Doty, 1957; Bresler, 
1958). The interpretation of this apparent phase transition in molecular 
terms, however, depended on whether any molecular weight change had 
occurred during the heating procedure. The molecular weights of the 
heated samples were determined by light scattering. This method was 
considered valuable in the macromolecular characterization of the 
DNA polymer for two reasons. Not only does it provide a technique 
for the absolute determination of the molecular weight, but also, unlike 
any other physical method, i t  provides a measure of the dimensions of a 
macromolecular particle without any assumptions regarding its general 
form or shape. Light-scattering measurements of denatured DNA sam- 
ples by Doty and co-workers, as well as by others, showed that the 
molecular weight had not increased or decreased, but, rather, remained 
unchanged. The radius of gyration of the denatured DNA, however, 
had decreased by a factor of three, corresponding to  a decrease in the 
effective hydrodynamic volume by a factor of 27. The light-scattering 
results thus confirmed the viscosity measurements that showed an ex- 
tensive collapse of the DNA secondary structure but a t  constant molecu- 
lar weight. A further consequence of these studies was an anomaly in the 
sedimentation coefficient of denatured DNA. When a polymer has de- 
creased in effective hydrodynamic volume, but not in its molecular 
weight, the sedimentation coefficient should correspondingly increase 
because of a reduction of the frictional coefficient. The sedimentation 
coefficient of denatured DNA did not differ from that of the native state 
(in approximately 0.2 M Na+) , although there was a broadening of the 
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sedimenting boundary (Shooter et al., 1956; Rice and Doty, 1957; 
Ehrlich and Doty, 1958; Sturtevant et al., 1958; Inman and Jordan, 
1960). 

Since the expected halving of the molecular weight as a consequence 
of strand separation was not observed, the following conclusions can now 
be drawn from the early studies on the denaturation of DNA. Denatur- 
ing conditions result in the irreversible rupture of a substantial fraction 
of the hydrogen bonds between complementary base paire, which leads 
to a collapse of the rigid secondary structure of the native molecule. 
However, either not every base pair is dissociated, thus preventing 
the complete separation of the polynucleotide chains, or the potential 
base pairing capacity between the two chains is sufficiently great so 
that the separating strands entangle to form aggregates and give rise to 
double the mass of the individual strands. Since the expected increase in 
the sedimentation coefficient upon denaturation is not observed, i t  ap- 
pears, moreover, as if the collapsed molecules display atypical polymer 
behavior. This latter possibility became untenable in the light of later 
results on the hydrodynamic behavior of RNA and the synthetic 
polyribonucleotides (Boedtker, 1959, 1960; Hall and Doty, 1958, 1959; 
Fresco and Doty, 1957; Fresco and Klemperer, 1959; Haselkorn, 1959). 
Although this group of polymers differs from DNA because of the pres- 
ence of a hydroxyl group a t  the 2 position of the sugar moiety, this dif- 
ference should not give rise to any appreciable variation in their general 
hydrodynamic behavior. It was found that these close analogs of the 
DNA single strand exhibited the behavior of randomly coiled polymers. 

The very fact that denatured DNA exhibits anomalous hydrodynamic 
behavior leads one to suspect that  uncontrolled variables were still 
operative in the earlier characterizations of the denatured state of DNA. 
Since i t  now appears certain that the polynucleotide chains are separable, 
i t  seems possible that these same variables were responsible for the 
failure to observe a halving of the molecular weight. In  retrospect, it 
seems that in some experiments the strands did separate upon denatura- 
tion, but that short, unorganized base pair interactions led to an associa- 
tion of the separated chains, which was promoted by the high ionic 
strength and DNA concentration as well as by the method of cooling. 
When DNA that has gone through one cycle of denaturation is taken 
through a second heating cycle, i t  is obvious from the broad nature of the 
absorbance-temperature curve that the reformed regions being melted 
out consist of short, imperfect helices. The extent of these base pair 
interactions that are melted out in subsequent thermal exposures is ap- 
proximately 70-80%, estimated from absorbance measurements (Doty 
et al., 1959a). Although attempts were made to exclude aggregation as 
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the basis of the failure to observe a halving of the molecular weight by 
light scattering (Rice and Doty, 1957; Geiduschek, 1958), this may not 
have been excluded. The earlier studies on denaturation were carried 
out with DNA from animal sources; this is very heterogeneous in com- 
position. The separated strands would be less likely to renature but more 
likely to aggregate since the likelihood of two noncomplementary strands 
finding short regions that can pair would be much higher than for DNA 
from viral or bacterial sources. The more recent demonstrations of a 
halving of the molecular weight of homogeneous DNA after denaturation 
under conditions that minimize or exclude aggregation would seem to 
settle the issue. Hence, in the early denaturation studies, it appears that 
nonspecific aggregation led fortuitously to a molecular weight value of 
the denatured DNA approximately double that expected for the sepa- 
rated single strands. 

111. Denaturation and Evidence for Strand Separation 

A. Serniconservative Replication 
The demonstration of the separation of the DNA subunits during 

replication and under denaturing conditions came from the experiment 
of Meselson and Stahl (1958). I n  their investigation of the mode of 
replication of DNA, cells of E.  coli B were grown on a medium contain- 
ing N16 as the sole nitrogen source, then transferred to one containing 
N14. Aliquota of the cells were removed a t  various times after the media 
shift; these were lysed and centrifuged in a CsCl density gradient in 
order to analyze the amounts of N15, N", and hybrid DNA. The first 
new species of DNA synthesized one generation after the media shift was 
N14-N15 DNA, which was found to band in CsCl exactly midway between 
the fully labeled (N16) and the unlabeled (N") DNA species. At the 
second generation of growth, two DNA species were present; one con- 
sisted of half-labeled molecules and the other completely unlabeled. 
These results demonstrate that the replication of DNA in E .  coli most 
likely proceeds by a semiconservative mechanism (Delbruck and Stent, 
1957) in which only one half of the parental structure is passed on to the 
daughter molecules. The later experiments of Rolfe (1962), who degraded 
the half-labeled or biological hybrid DNA with ultrasonic waves, showed 
that the subunits were arranged side by side, rather than end to end. 

When the E.  coli biological hybrid DNA was heated at 100°C for 30 
minutes a t  a low concentration of the nucleic acid in approximately 
5.7 M CsCl, i t  was found that two DNA species, equal in amount, banded 
a t  different positions in the density gradient. Furthermore, the mean 
band width of the denatured DNA increased, indicating a lowering of 
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the molecular weight induced by the denaturation (Meselson et  al., 
1957). In  a reconstruction experiment i t  was found that an equal weight 
mixture of N14- and NX5-labeled DNA, after denaturation, bands in the 
same position in the density gradient as the separated strands discussed 
above. 

In  experiments with biological hybrid E .  coli DNA (in this case 
half-labeled with bromouracil) , Shooter and Baldwin (1962) observed 
that the alkaline denaturation of bromouracil-containing DNA occurs 
a t  a Iower alkaline pH than that for thymine-containing DNA. By 
carefully controlling the pH in the denaturation of hybrid bromouracil- 
containing DNA, i t  was found that the two denatured species banding in 
CsCl represented the dissociation of hybrid molecules of the Watson- 
Crick type where one strand is labeled with bromouracil and the other 
unlabeled, excluding a four-stranded (“biunial”) structure in which two 
strands are labeled and two unlabeled (Cavalieri and Rosenberg, 196217). 

The combined implications of these experiments are extensive. They 
clearly and simply demonstrate the semiconservative replication of 
DNA in microorganisms and the experiments also show that under 
appropriate conditions (replication as well as denaturation) i t  is possible 
to demonstrate the separation of the DNA subunits. It should be 
emphasized that the denaturing conditions differed in an important way 
from those previously reported. The concentration of the DNA during 
denaturation was a t  least 40-fold less than that employed in the earlier 
investigations. The DNA concentrations used in the earlier light-scatter- 
ing studies ranged from 40 to 100 pg/ml (Rice and Doty, 1957; Geidus- 
chek, 1958; Geiduschek and Holtzer, 1958) ; Meselson and Stahl 
(personal communication) used only 1-2 pg/ml. Hence, intermolecular 
aggregation of denatured DNA, which is a function of the DNA concen- 
tration, ionic strength, and rate of cooling after denaturation (Eigner, 
1960; Eigner and Doty, 1963), occurred to a lesser extent, if a t  all. More- 
over, the differential sedimenting forces in the ultracentrifuge, because 
of the density differences, may have effected the separation of a few 
residual bonds that would otherwise have held the chains together. This 
latter explanation appears not to be likely (Rownd, 1963; Rownd and 
Doty, 1963) and will be discussed in the section on renaturation. 

The extension of the heavy isotope labeling technique to the study of 
DNA replication in Chlamydomonus (Sueoka, 1960) as well as the use 
of 5-bromouracil to follow the replication of mammalian cell DNA in 
tissue culture (Djordjevic and Szybalski, 1960; Chun and Littlefield, 
1961 ; Simon, 1961) have shown, in all cases where such experiments are 
possible, that DNA replication takes place in a manner similar to that 
observed by Meselson and Stahl (1958) for E.  coli. It has not been 
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rigorously demonstrated in many of the cases that denaturation of the 
biological hybrid DNA results in the separation of the component sub- 
units. It has been shown, however, as in the case of E. coli and employ- 
ing the technique of CsCl density gradient centrifugation, that denatura- 
tion of biological hybrid DNA isolated from B. subtilis also results in 
the separation of the subunits (Rownd and Green, unpublished), 

Another approach to answering the question whether replication of 
DNA involves strand separation has been that of Cairns (196213). His 
conclusion that the strands of X bacteriophage DNA do separate is based 
partly on the observation by Meselson and Weigle (1961) that the DNA 
from this bacteriophage forms hybrids on replication and partly on his 
own data that X DNA is two-stranded, using autoradiography to calcu- 
late the ratio of the total length to the total mass. The argument used by 
Cairns is based on the assumption that the DNA isolated from X repre- 
sents its native length. It would be of interest to see whether the exposure 
of biological hybrid X DNA to denaturing conditions also results in the 
separation of the strands. 

B. Hydrodynamic Evidence 
With the demonstration by Meselson and Stahl (1958) that the 

molecules of E. coli DNA can be dissociated into two equal subunits 
under denaturing conditions, and, moreover, that the separated subunits 
corresponded to those conserved during replication, experiments were 
designed to demonstrate the halving of the molecular weight by other 
techniques. Since the earlier light-scattering molecular weight determina- 
tions had not demonstrated the separation of the polynucleotide chains, 
other physical methods were employed and the denaturing conditions 
modified to minimize the aggregation of the separated single strands. 
This was accomplished by inhibiting the reformation of the short helical 
regions after the reversal of the denaturing conditions. 

It should be pointed out that Alexander and Stacey (1955a,b) had 
reported a halving of the molecular weight as measured by light scatter- 
ing. They reported that a reduction to  one half of the original molecular 
weight could be brought about by (1) exposure to pH 2.2 followed by 
reneutralization and (2) exposure to 4M urea at room temperature. 
Their interpretations were criticized by Doty and Rice (1955; Rice and 
Doty, 1957), who showed that chemical degradation occurred a t  this low 
pH (Thomas and Doty, 1956) and that light scattering measurements 
in a three-component system could not properly be interpreted in terms 
of the molecular weight. In  addition, 4 M  urea would not be expected 
to denature DNA a t  room temperature (Rice and Doty, 1957; Ts’o et d. 
1962a). In any event, the results and conclusions of Alexander and 
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Stacey were equivocal and did not provide evidence for strand separation. 
In  order to demonstrate the halving of the molecular weight under 

denaturing conditions by hydrodynamic methods, i t  was necessary to 
standardize an approach whereby the complicating features of aggrega- 
tion and depolymerization could be understood and eliminated as far as 
possible, When light scattering has been used to determine molecular 
weights after denaturation, spurious results have been obtained due to 
aggregation of the denatured DNA. Since the light scattering technique 
is valid within a certain molecular weight range it can be used to cali- 
brate secondary methods such as sedimentation and viscosity. Eigner 
(1960) and Eigner and Doty (1963) have used light scattering measure- 
ments in combination with viscosity and sedimentation measurements 
to evaluate j3 of native DNA. The validity of the original sedimentation 
and viscosity molecular weight equations is restricted to the validity of 
the light scattering measurements as far as the absolute values of the 
molecular weights are concerned. Eigner's experience has shown that 
changes in molecular weight upon denaturation are more easily assessed 
by sedimentation-viscosity measurements. 

Eigner (1960) showed that significant aggregation occurs upon cooling 
denatured DNA in solutions of moderate ionic strength (+0.2 M Na') . 
Hence, to avoid the complicating effects of interchain aggregation, a low 
ionic strength solvent was selected (~0.01 M Na') ; aggregation is 
minimized under these conditions since electrostatic repulsion of the 
charged phosphates of the polynucleotide chains prevents close inter- 
chain association. These results indicate a rather highly swollen chain 
configuration for denatured DNA a t  low ionic strength, in agreement 
with earlier observations (Ehrlich and Doty, 1958). For a given chain 
length, the molecular dimensions correspond to those expected for a 
typical polyelectrolyte. Since heating DNA a t  elevated temperatures for 
extended periods causes hydrolytic degradation of phosphate ester bonds 
(Doty et al., 1960; Eigner et al., 1961; Fiers and Sinsheimer, 1962) , 
backbone scission must be considered in the evaluation of the molecular 
weight determined by sedimentation-viscosity measurements. Since ther- 
mal denaturation occurs a t  decreased temperatures as the ionic strength 
of the solvent is lowered (Thomas, 1954; Rice and Doty, 1957; Doty 
et  al., 1959a; Marmur and Doty, 1959, 1962) , chemical degradation, an 
undesirable side effect, is minimized under the conditions selected by 
Eigner and Doty (1963). 

These authors then followed the effects of heating E.  coli and Diplo- 
coccus pneumoniae DNA a t  a temperature 15" higher than the mid- 
point of the absorbance-temperature transition profile (the Tm) . The 
effects of depolymerization were eliminated by extrapolation to zero 
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time of heating, The so and [ q ]  were measured after the heated and 
rapidly cooled solutions were returned to room temperature. Since the 
ionic strength of the solvent was sufficiently low, aggregation did not 
occur after the DNA solutions were cooled. The extrapolation to zero 
time of heating showed that the molecular weights had decreased by 
factors of a t  least two as the result of the thermal denaturation. Thus, 
with aggregation eliminated and thermal depolymerization taken into 
account, strand separation must have occurred in the early stages of the 
exposure to the elevated temperature. 

The data of Eigner (1960; Eigner and Doty, 1963) also explain the 
earlier discrepancies between the molecular weight and the sedimentation 
coefficient that suggested anomalous hydrodynamic behavior for de- 
natured DNA. The constant value of the molecular weight as measured 
by light scattering is most readily described as arising from the aggrega- 
tion of the separated chains to form a product of twice the mass of the 
individual strands. This is most likely because of the high concentrations 
of DNA employed in the light scattering determinations and the lack of 
control of the rate of cooling after thermal denaturation and/or the high 
ionic strength of the solution in which the denatured DNA is dissolved, 
each or all of which would favor aggregation (Eigner and Doty, 1963). 
When aggregation is minimized by lowering the DNA concentration and 
the ionic strength of the solvent, normal coiled polymer hydrodynamic 
behavior is found for denatured DNA. 

Although i t  has now been well established that the molecular weight 
of the DNA isolated from bacterial sources is halved when exposed to  
denaturing conditions (Doty et al., 1960; Eigner, 1960; Eigner and Doty, 
1963) and, moreover, that the subunits that are separated are those 
conserved during replication in vivo (Meselson and Stahl, 1958), some 
recent evidence suggests that the subunits do not represent the DNA 
single strands (Cavalieri and Rosenberg, 1961 ; Cavalieri et al., 1962). 
Their conclusions are that rapidly dividing cells (e.g., E.  coli in its loga- 
rithmic phase of growth) have their DNA in a four-strand state 
consisting of two Watson-Crick double helices lying side by side, held 
together by “biunial” bonds (see the discussion by Luzzati in this 
volume). It is the disruption of these bonds that results in the drop in 
molecular weight, whereas the complementary strands of either Watson- 
Crick double helix cannot completely separate although their registration 
can be disrupted, leading to a collapsed structure. Cavalieri and Rosen- 
berg (1961) conclude, however, that DNA extracted from nondividing 
or “resting” cells, e.g., calf thymus, is double-stranded, according to the 
Watson-Crick model. Although biunial bonds as described by Cavalieri 
are still ill-defined, recent studies on the separation of the subunits of the 
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biological hybrid DNA of E.  coli have shown that the subunits separate 
under conditions known to rupture the complementary base pairs of the 
DNA molecule (Schildkraut e t  al., 1961a; Freifelder and Davison, 1962; 
Shooter and Baldwin, 1962). 

It is now fairly well documented that the DNA isolated from the 
E.  coli bacteriophages T2, T3, T4, and A are double-helical molecules of 
the structure proposed by Watson and Crick. The evidence, based on the 
mass per unit length (reviewed in Section IV,A), suggests that the DNA 
structure is a continuous molecule consisting of a single Watson-Crick 
type of structure. The separation of the polynucleotide chains of one 
of these molecules would be established if i t  could be demonstrated that 
the molecular weight is halved under denaturing conditions. The problem 
of aggregation is especially acute with molecules of such large physical 
size. Therefore, special precautions must be taken to insure that aggrega- 
tion of the denatured DNA is completely eliminated. The elimination of 
aggregation can be accomplished by denaturing in the presence of form- 
aldehyde, which reacts rapidly with the amino groups exposed by the 
dissociation of the interchain hydrogen bonds (Grossman e t  al., 1961 ; 
Haselkorn and Doty, 1961; Thomas and Berns, 1961). The reaction is 
generally followed by changes in ultraviolet absorbance. That  intrachain 
hydrogen bonding is also blocked by the formaldehyde treatment is evi- 
dent from the fact that, upon cooling the denatured sample to room tem- 
perature, very little of the native hypochromicity is regained, 

Thomas and Berns (1961) have studied the denaturation of un- 
broken T2 and T 4  DNA molecules by CsCl density gradient centrifuga- 
tion in the presence of formaldehyde. The unbroken molecules were de- 
natured by three methods in the presence of 1% formaldehyde. The 
molecular weight of denatured whole molecules was found to  be one 
half of that of the native molecule, irrespective of the mode of denatura- 
tion. Thus, denaturation of the T2 or T4 DNA molecule, known to 
possess a double-strand structure on the basis of mass per unit length 
considerations, resulted in a halving of the molecular weight. This could 
only be accomplished by the separation of the polynucleotide chains 
under the denaturing conditions employed, These experiments further 
showed that there are no preformed breaks in the single polynucleotide 
chains. If a few single-chain breaks were produced by occasional en- 
eymatic scission by an endonuclease, the molecular weight of the de- 
natured product would be more than halved. The studies of Thomas 
and Berns (1961) argue against the possibility that the denatured T2 
or T4 DNA consists of double helices as suggested by Cavalieri and 
co-workers. 

Freifelder and Davison ( 1962a,b) have also studied the denaturation 
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of DNA using formaldehyde to prevent the reformation of base pairs 
after cooling the solution. Although much of their work is more appropri- 
ately discussed below in the section on the mechanism of denaturation, 
there are several points that are pertinent to the present problem of 
whether denaturing conditions result in the complete separation of the 
DNA strands. By exposure of solutions of DNA to increasing tempera- 
tures, the dissociation of the interstrand hydrogen bonds is seen to occur 
over a narrow, but measurable, temperature range. Although it had been 
thought that the denaturation reaction was an all-or-none phenomenon 
(Rice and Doty, 1957; Doty, 1959-1960), it now appears that the weaker 
base-paired regions within individual molecules [ i.e. , those regions with 
a lower G + C contentand hence a lower thermal stability-than other 
regions within the same molecule (Marmqr and Doty, 1959)], melt out 
at  temperatures insuf3cient to denature the entire molecule. Since the 
other regions of the molecule are still intact, the base sequences remain 
potentially in register. If the denaturing conditions are then removed, 
the disrupted hydrogen bonds can subsequently reform. If, however, the 
partially disrupted molecule a t  the elevated temperature has reacted 
with formaldehyde, the complementary base interactions of the dis- 
sociated regions are removed. Since the strands have not separated 
because of the residual helical regions, the molecular weight of the par- 
tially disrupted molecule should not have changed. Those regions of the 
molecule prevented from reforming the rigid nativelike helical structure, 
however, will add flexibility to the molecule, which will assume a more 
compact shape in solution. Thus, the frictional coe5cient should decrease 
and, since the molecular weight of the polymer remains unchanged, the 
sedimentation coefficient should correspondingly increase. It would be 
expected to rise to a maximum as more and more flexible regions are 
introduced into the molecule. However, when strand separation occurs, 
the molecular weight should fall to one half of its original value and this 
should be reflected in an abrupt drop in the sedimentation coefficient. In 
their study of the reaction of formaldehyde with T7 DNA, Freifelder 
and Davison (1963) found that, when all of the interstrand base pairs 
had been disrupted by thermal treatment and reaction with formalde- 
hyde, the sedimentation coe5cient fell precipitously over a very narrow 
temperature range. In a similar study on E. coli biological hybrid DNA, 
Freifelder and Daviaon (1962) found that not all the base pairs are 
equally sensitive to disruption and that the polynucleotide chains sepa- 
rate only after the last few residual bonds holding the two strands to- 
gether are dissociated. 

Kit (1960) has found that the thermal degradation of denatured 
DNA a t  95OC was kinetically similar to that of RNA and hence reflected 
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the depolymerization of a single polynucleotide chain. Since these meas- 
uremenb were made a t  an elevated temperature, a t  which intramolecular 
hydrogen bonds are dissociated, the complications from intramolecular 
aggregation were eliminated. Bernardi (personal communication) has 
shown that the degradation of denatured DNA under controlled condi- 
tions a t  elevated temperatures can be explained by the scission of single- 
stranded chains. This is a t  variance with the interpretation of the ele- 
vated temperature DNA degradation described by Applequist (1961). 

C. Biological Experiments 
The denaturation, as  well as the renaturation, of DNA can be fol- 

lowed readily by either of two biological methods currently in use. First, 
when bacterial-transforming DNA is exposed to elevated temperatures 
for brief periods of time, most of its biological activity is lost over a 
relatively narrow temperature range. Infectious bacteriophage X DNA 
(Kaiser and Hogness, 1960) also loses a substantial fraction of its bio- 
logical activity a t  elevated temperatures. Second, the immunological 
reactivity of DNA is increased upon denaturation (Levine e t  al., 1960). 
With each of these methods, the abrupt changes in the biological proper- 
ties of DNA parallel the collapse of the native secondary structure. 

The thermal denaturation of DNA, as  measured by the loss of its 
ability to participate in bacterial transformation, has been investigated 
in great detail (Zamenhof e t  al., 1953; Lerman and Tolmach, 1959; Doty 
e t  al., 1959b; Marmur and Lane, 1960; Ginoza and Zimm, 1961; Roger 
and Hotchkiss, 1961; Guild, 1961; Rownd e t  al., 1961, 1963~) .  Thermal 
denaturation has proved to be very useful, as the denaturing conditions 
can be carefully controlled and then rapidly removed by quenching in ice 
water; moreover, in the time required to produce thermal denaturation 
of the DNA molecule, undesirable chemical degradation is minimized. 
The general features of thermal inactivation are as follows: Solutions 
of transforming DNA are exposed to elevated temperatures for brief time 
periods (usually 10-30 minutes), the samples are rapidly cooled in ice 
water, and the per cent inactivation as a function of temperature is then 
determined by assay in a transformation experiment, Over a temperature 
range of only a few degrees, there occurs a precipitous fall in biological 
activity to a level which is just a few per cent of that of the native DNA 
(Roger and Hotchkiss, 1961; Marmur and Lane, 1960; Ginoza and Zimm, 
1961; Herriott, 1961a,b). When multiply marked DNA is used in this 
type of experiment, i t  is found that  the unlinked genetic markers are 
inactivated a t  distinct temperaturea above the critical denaturation tem- 
perature (Marmur and Lane, 1960; Doty e t  al., 1959b; Ginoza and 
Zimm, 1961; Roger and Hotchkiss, 1961 ; Guild, 1962; Opara-Kubinska 
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and Ssybalski, 1962) ; linked markers are inactivated simultaneously 
(Roger and Hotchkiss, 1961). This was interpreted previously to mean 
that the thermal stability of a given marker is related to the base com- 
position of the DNA segment regulating that particular marker; thus, 
those markers having a higher average G + C content would be more 
resistant to thermal denaturation (Doty e t  al., 1959b; Marmur and Lane, 
1960; Ginosa and Zimm, 1961). More recent studies, in which the 
average base compositions of the individual, genetically marked mole- 
cules were determined from their buoyant densities in CsCl (Rolfe and 
Ephrussi-Taylor, 1961), indicate that this is probably not the case 
(Guild, 1962; Opara-Kubinska and Ssybalski, 1962), but rather that the 
critical inactivation temperature is determined by the distribution of the 
G + C sequences in the genetically marked molecule (see Section II1,F). 

Prolonged exposure of transforming DNA to elevated temperatures 
may produce inactivation of its biological activity by mechanisms other 
than the breakdown of its secondary structure. These changes occur even 
a t  subcritical temperatures, i.e., below the temperature causing denatura- 
tion, where the molecule has not been altered detectably in its physical 
properties. The rate constants for inactivation depend on whether the 
inactivation occurs just slightly above or below the melting temperature 
(Ginosa and Zimm, 1961; Roger and Hotchkiss, 1961). This type of 
inactivation appears to arise from chemical alterations in the DNA 
molecule such as depurination (Ginosa and Zimm, 1961; Roger and 
Hotchkiss, 1961; Greer and Zamenhof, 1962; Fiers and Sinsheimer, 1962) 
and/or backbone scission of either the single-stranded or less likely, the 
double-stranded helical polynucleotide chains (Eigner et al., 1961) rather 
than from denaturation. Such inactivation would be expected to be 
related to the size of the genetic marker or that region of the molecule 
within which damage would prevent genetic exchange of the particular 
marker in question. This is the conclusion arrived a t  by Lacks and 
Hotchkiss (1960) and by Roger and Hotchkiss (1961), who found 
different orders of inactivation for a series of genetic markers when the 
DNA was inactivated either a t  subcritical temperatures or by heating 
to temperatures sufficient to cause the collapse of the secondary structure 
of the molecule. Hence, the two types of inactivation must proceed by 
different mechanisms. 

The biological activity of native DNA may be reduced by means of 
denaturation other than thermal exposure. Acid or base denaturation 
(Marmur and Lane, unpublished) as well as denaturation by organic 
solvents, such as formamide (Marmur and Ts’o, 19611, result in a 
substantial reduction of the biological activity of transforming DNA. 

No matter what the denaturing conditions employed, i t  has always 
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been found that a small residual biological activity is associated with 
denatured transforming DNA (Marmur and Lane, 1960; Ginoza and 
Zimm, 1961 ; Roger and Hotchkiss, 1961 ; Herriott, 1961a,b). The origin 
of this residual activity has been a subject of considerable interest, par- 
ticularly in the case of thermal denaturation. Marmur and Lane (1960) 
and Marmur et al. (1962) considered that the origin of the residual ac- 
tivity might arise from a small fraction of single strands that specifically 
paired to form an active renatured molecule. It is also possible that  a 
heat-resistant fraction of molecules is not denatured by the thermal 
treatment, or that denatured or single-stranded DNA possesses intrinsic 
biological activity. The presence of a heat-resistant fraction seems un- 
likely since transforming DNA which has been heated to 12OOC in an 
autoclave still possesses the same residual activity (Marmur and Lane, 
1960; Herriott, 1961b); this temperature is sufficiently high to melt 
even the synthetic poly (dG): (dC). The occurrence of a small amount 
of renaturation seems untenable in view of the findings of Ginoza and 
Zimm (1961) that the level of the residual activity is independent of the 
DNA concentration a t  denaturation over a hundred-fold range; since 
renaturation involves the complementary reunion of two separated 
strands (Marmur and Lane, 1960; Doty et al., 1960; Marmur and Doty, 
1962), i t  should depend on the square of the concentration. Ginoza and 
Zimm (1961) presented evidence suggesting that the residual activity 
is an intrinsic property of denatured DNA. The experiments of Roger 
and Hotchkiss (1961) provide strong evidence that the residual activity 
of D. pneumoniae DNA, heated above the critical temperature, arises 
from denatured molecules. The concentration-response curve of heated 
DNA displays a lower saturation level than that of native DNA and is 
thus highly suggestive that the biological activity is associated with 
collapsed molecules. Also, the residual activity was independent of the 
ionic strength a t  which the DNA was denatured, eliminating the possi- 
bility that the biological activity comes from renatured molecules. Their 
specific reformation is dependent upon ionic strength (Marmur and 
Lane, 1960). 

Independent studies by Guild (1961) with D. pneumoniae-transform- 
ing DNA and by Rownd et  al. (1961) with H. influenzae DNA show 
that the residual activity .bands in the denatured DNA region in the CsCl 
density gradient. This led to the conclusion that the observed residual 
biological activity can indeed be associated with denatured DNA. 
Hence, the single or collapsed double strands must be absorbed and 
integrated by competent transforming cells in both transforming sys- 
tems. Lerman and Tolmach (1959) had previously reported a poor 
uptake of denatured Ps2-labeled D. pneumoniae DNA by transformable 



250 J .  MARMUR, R. ROWND, AND C. L. SCHILDKRAUT 

cells. Since the uptake of denatured DNA by bacterial cells is impaired, 
i t  would seem that the denatured DNA, on the basis of PWabeled DNA 
taken up, is just as efficient, if not better, than the native structure in 
carrying out the steps of the transformation between irreversible DNA 
uptake and the process leading to  integration and expression. 

Barnhart and Herriott (1962) used a highly purified preparation of 
the E .  coli phosphodiesterase (Lehman, 1960) to study the nature of the 
residual transforming activity of denatured H .  influenzae DNA. This 
enzyme acts specifically on denatured DNA, initiating sequential hy- 
drolysis of nucleotides from the 3’-hydroxyl end of the DNA mole- 
cule. Although most of the denatured DNA was digested by the enzyme 
as measured by the release of P32-labeled nucleotides, the residual 
specific transforming activities of several genetic markers remained 
essentially the same. Preparative CsCl density gradient centrifugation 
showed that the undigested, biologically active DNA had a higher 
buoyant density than native DNA and, therefore, retained its denatured 
physical properties (Herriott, personal communication). Hence, i t  seems 
likely that the remaining biologically-active fragments have a high 
degree of intrastrand hydrogen bonding or possess some discontinuity 
that makes the active region resistant to  enzymatic digestion (Fiers and 
Sinsheimer, 1962). 

A study of the biological properties of denatured B.  subtilis DNA has 
shown that, in this transformation system, the origin of the residual 
activity of denatured DNA is different than that found in the D. pneu- 
m m i a e  and Hemophilus transformation systems (Rownd et  al., 1963b). 
Studies with this system have an added advantage, since biological 
hybrid DNA consisting of heavy and light complementary strands can 
be more readily prepared and, hence, it can be demonstrated unequivo- 
cally that the denat;red product is single-stranded. When B. subtilis 
DNA is thermally denatured and then fractionated by preparative CsCl 
density gradient centrifugation, the residual transforming activity is 
found to band in a broad density range between native and denatured 
DNA. The DNA banding in the denatured region is biologically inactive. 
If biological hybrid B. subtilis DNA is thermally denatured and then 
fractionated with respect to buoyant density, the residual activity ap- 
pears in that region of the density gradient corresponding only to the 
buoyant density expected for native and partially denatured hybrid 
molecules. The DNA banding in the regions expected for denatured 
labeled and unlabeled DNA is biologically inactive. These observa- 
tions indicate that the residual biological activity of denatured B. sub- 
tilis DNA resides in those molecules whose strands have collapsed 
but not completely separated. The activity does not come from a heat- 
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resistant fraction as reheating the biologically active DNA after frac- 
tionation decreases its activity to only a few per cent of its original 
value. Since this partially denatured, collapsed species would be expected 
to possess specific biological activities less than that of native DNA, 
this fraction that did not separate after heating should be greater in 
concentration than expected from its biological activity. This is in 
agreement with the physical evidence (discussed below) , which indicates 
that approximately 10% of the strands do not completely separate when 
DNA is thermally denatured. 

Although the B. subtilis DNA found in the denatured band is bio- 
logically inactive, its activity may be restored to a few per cent of that 
of the native DNA by annealing a t  an elevated temperature for a very 
short time interval (only 3&60 seconds). This reactivation (different 
from the renaturation of complementary strands) of the biologically 
inactive B. subtilis DNA is concentration-independent and thus appears 
to result from an intramolecular rearrangement of single strands. The 
simplest interpretation of these results is that short, imperfect helical 
regions are formed when the thermally denatured product is rapidly 
cooled, resulting in biologically inactive molecules. Brief exposure 
to elevated temperatures, however, melts out the weaker short helical 
regions, thus allowing the single strands to explore more stable con- 
formations that then satisfy the requirements for activity in bacterial 
transformation. The specific activity of the denatured sample so treated 
can be still further increased twentyfold by the usual renaturation 
procedure. These results raise the question of the importance of intra- 
molecular hydrogen bonding in the determination and stabilization of 
single-strand conformations in denatured DNA, a question which is as 
yet poorly understood. 

Recent experiments with an endonuclease isolated from brain tissue 
that acts only on denatured DNA (Healy e t  al., 1963) show that 
the residual transforming activity of unfractionated, thermally denatured 
B. subCilis DNA is rapidly destroyed (Marmur and Cahoon, unpublished 
results). After the action of the enByme, approximately 1% of the de- 
natured specific activity remains. This is in agreement with the results of 
Rownd et al. (1963b) on the existence of partially denatured, but bio- 
logically active, DNA molecules in thermally denatured B. subtilis DNA; 
these species would be expected to be subject to endonucleolytic attack. 
Recent work by Rownd and Lanyi (unpublished results) shows that i t  is 
also possible to isolate H. influenzae DNA molecules containing both 
native and denatured regions ; these partially denatured molecules have 
specific biological activities that depend on the extent of helicity and lie 
between those of native and denatured DNA. 
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D. Studies with Synthetic Polynucleotides 

The feeling that the long, intertwined chains of the DNA double helix 
could not readily unwind and separate is not supported by the studies 
with enzymatically synthesized polyribonucleotides. Fresco and Straus 
(1962) have reviewed the studies carried out with the homopolymers as 
well as with homopolymer-copolymer pairs and point out that the inter- 
acting strands can explore one another to fulfill their complete hydro- 
gen-bonding capacities and, furthermore, are separable under denaturing 
conditions. Thus these studies provide models for investigating both 
strand separation and renaturation. 

E. Studies with Bacteriophage Alpha 

The DNA from bacteriophage alpha (host: Bacillus tibehus) offers 
a unique advantage for strand separation studies because its comple- 
mentary strands have different buoyant densities in CsCl and can thus 
be readily identified (Cordes e t  al., 1961). By fractionating the denatured 
DNA on a methylated bovine serum albumin column (Mandell and 
Hershey, 1961 ; Cordes et al., 1962), Cordes (unpublished results) has 
shown that the base composition, although complementary in the un- 
fractionated native or denatured state, displays a bias such that A and T, 
and to a lesser extent G and C, are unequal in each of the complementary 
strands. This is similar to the single strand of +X174 DNA (Sinsheimer, 
1959; Daems e t  al., 1962). However, a very interesting result is that the 
per cent of A (or of T )  of one of the bacteriophage alpha DNA strands 
is equal t o  the complementary base of the other strand. The same is true 
for the case of G and C. This can only be the case if the separated units 
contain an odd number of strands (probably one) and this finding pro- 
vides strong evidence that the strands can indeed be separated, 

F. The Mechanism of Denaturation 

With the accumulation of evidence that the denaturation of DNA 
leads to the separation of the polynucleotide chains, it is of considerable 
interest to inquire into the mechanisms involved in this process. Granted 
that the end result of the denaturation reaction is the dissociation of 
essentially all the interchain base pairs, several important questions still 
remain to  be answered. First, are forces other than hydrogen bonding 
involved in the stabilization of the helix in the native state? Second, 
what fraction of the base pairs must be broken to cause denaturation of 
the DNA molecule? This second question may be phrased in another 
way: Is it possible to break a substantial fraction of the base pairs of 
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the native structure and still obtain reformation when the denaturing 
conditions are removed? This, of course, is tantamount to asking whether 
the denaturation of DNA is an all-or-none phenomenon. Finally, if the 
majority, but not all, of the hydrogen bonds are broken under certain 
denaturing conditions, is i t  possible to “freeze” in metastable, partially 
denatured states possessing varying proportions of helix and random coil 
within the same DNA molecule? 

1. FORCES INVOLVED IN HELIX STABILITY 

Until recently i t  was thought that hydrogen bonds supply the main 
forces responsible for holding together the strands of the DNA double 
helix. This seemed reasonable because the hydrogen bonds, which dic- 
tate the specificity of base pairing in DNA, were considered to be an 
important factor in the secondary structure of proteins. For example, 
urea, an agent that causes changes in the conformational properties of 
polypeptides and proteins, aids in the denaturation of DNA (Rice and 
Doty, 1957) and i t  seemed likely that i t  acted by disrupting the hydro- 
gen-bonded base pairs. It was also found that DNA containing more GC 
than AT base pairs exhibited higher thermal stability (Marmur and 
Doty, 1959, 1962). Since i t  was suggested (Pauling and Corey, 1956) 
that the GC base pair could form three hydrogen bonds and the AT pair 
only two, i t  seemed to account reasonably well for the observed results 
in terms of hydrogen bonding. The strongest evidence to  date of the 
involvement of hydrogen bonds in maintaining helix stability comes from 
the experiments on synthetic polynucleotides by Szer and Shugar (1961). 
They found that, in contrast to poly U, poly methyl U exhibits no sec- 
ondary structure nor will the latter polymer form any complexes with 
poly A. Thus, by blocking the formation of one hydrogen bond in one 
of the aromatic rings, interstrand hydrogen bond interactions are pre- 
vented. Other than the possibility that the introduction of the methyl 
group causes structural distortions due to  steric hindrance, i t  is difficult 
to explain Szer and Shugar’s results in terms except by hydrogen bonding. 

During the past few years, i t  has been found that many substances that 
are not considered to be hydrogen bond-breaking agents can provoke the 
denaturation of DNA and bring about strand separation. The evidence 
for these conclusions has emerged from studies on the stability of the 
DNA secondary structure in various organic solvents (Helmkamp and 
Ts’o, 1961; Herskovits e t  at., 1961; Geiduschek and Herskovits, 1961) 
and also in concentrated solutions of 1: 1 electrolytes (Emanuel, 1960; 
Hamaguchi and Geiduschek, 1962). It has been shown, too, that some of 
the usual protein denaturing agents are relatively ineffective in denatur- 
ing DNA (Rice and Doty, 1957; Gordon and Jencks, 1963; Levine et d., 
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1963). Consideration of the relative destabilizing effects of various 
organic solvents on DNA showed that these effects did not parallel their 
hydrogen-bonding capacities (Helmkamp and Ts’o, 1961 ; Herskovits 
et al., 1961; Geiduschek and Herskovits, 1961; Levine et d., 1963) but 
rather the converse was found. It was also found that purine and pyrimi- 
dine bases can serve as destabilizing agents and hence lower the tem- 
perature of thermal denaturation by several degrees (Ts’o et d., 1962a). 
Other findings indicate that increasing the number of alkyl substituents 
on amides, ureas, carbamates, and alcohols enhanced their denaturing 
effectiveness toward DNA (Levine et aZ., 1963). Anions such as 
CI,CCOO-, CF,COO-, CNS-, and C10,- lower the T, of DNA by as 
much as 60’ a t  neutral pH (Hamaguchi and Geiduschek, 1962). 

Harnaguchi and Geiduschek (1962) were also able to use these 
anions to vary the contributions of the AT and GC pairs toward helix 
stability. This is seen by the variation in the slope of the line obtained 
in a plot of the T,, versus G +  C content for DNA in various salt 
solutions. The slope may be vaned in both directions from that originally 
reported by Marmur and Doty (1959, 1962) for the saline-citrate solvent. 
This suggested to these authors that the differences in the stabilities of 
AT- and GC-rich DNA helices do not arise exclusively from hydrogen 
bond contributions. They then were able to  make some correlation 
between the effects of these salts on the structure of DNA and their 
effects on the structure of water and on the water solubility of non- 
electrolytes and concluded that the denaturation of DNA arises from 
the effect of these electrolytes on the structure of water. They referred 
to these substances as hydrophobic bond-breaking agents. A thermody- 
namic treatment of how such agents may affect the structure of water 
has been presented recently by NQmethy and Scheraga (1962). The sta- 
tistical mechanical treatment of denaturation implies that forces other 
than hydrogen bonding are involved in maintaining the stability of the 
DNA helix (Gibbs and DiMarzio, 1959; Zimm, 1960). 

Hydrophobic bonding is rather a vague term implying that, in the 
case of DNA for example, the bases attract each other more than they 
do the water molecules that normally surround them when the DNA 
molecule is in the denatured state. DeVoe and Tinoco (1962) calculated 
what they consider to be the main base-base attractive forces in DNA. 
These may be called hydrophobic bonds, although they did not use this 
term. They found that dipole-dipole, dipole-induced-dipole, and London 
force interactions among the bases in the helix are large and make the 
free energy of the helix depend on base composition and Sequence. The 
helix stability is calculated to be proportional to the G + C content. 
Finally, they suggest that the base sequence arrangements in native 
DNA may be influenced by the free energy. 
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The calculations of DeVoe and Tinoco indicate that the hydrogen 
bond energy of the bases probably does not contribute very much toward 
holding the strands of the double helix together although they may insure 
specific base pairing. The authors do not calculate the energy involved 
in the release of water molecules normally bound to the bases when the 
DNA chain is in the single-stranded state. The recent work of Nemethy 
and Scheraga (1962) may aid in the calculation of these water energy 
terms. Although the studies of DeVoe and Tinoco may undergo some 
modification, they do seem to provide a rational explanation for the 
effects of the denaturing agents on DNA mentioned previously in this 
section. In addition, they show how to calculate the effect of different 
base sequencee on helix stability. The fact that poly d(A,B), (B = 
bromouridylate) has a higher T, than poly d(A-T) under certain con- 
ditions can be explained by the polarizability of 5-bromouracil being 
higher than that of thymine, This work represents an important initial 
step in the calculation of what may be the major force holding the 
helices together. 

2. REVERSIBLE AND I m I B L H :  DENATURATION 
The denaturation of DNA may be followed by a variety of physical- 

chemical, as well as biological, techniques. However, before the results 
obtained by these various methods can be compared strictly, i t  is im- 
portant to establish whether each of these assay systems reflects the 
same changes in the secondary structure of the DNA molecule. Moreover, 
it is necessary to establish that physical or biological measurements 
made on DNA after the removal of the denaturing conditions reflect the 
same state of the molecule that existed in the presence of the denaturing 
conditions. If the changes produced in the physical state of the DNA 
molecule by thermal denaturation are largely reversible after cooling the 
solution from the elevated temperature, then the measurements made after 
cooling will not truly reflect the equilibrium state a t  the elevated 
temperature. 

Viscosity, light-scattering, or sedimentation measurements are more 
conveniently made a t  room temperature than a t  the ambient tempera- 
ture. Hence, the effects of exposure of solutions of DNA to elevated 
temperatures using these assay systems are assessed only after the 
sample has been cooled and the denaturing conditions have been 
removed. Biological measurements can, of course, be made only under 
the rather rigorously defined conditions of transformation, enzymatic, or 
immunological experiments. Optical measurements, on the other hand, 
are conveniently carried out at the elevated temperature since spectro- 
photometers or polarimeters may easily be equipped with thermal spacers 
for heating the cell compartment (Doty et  al., 1959a; Marmur and Doty, 
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1959; Szybalski and Mennigmann, 1962; Ts’o et aZ., 1962a). Hence, in 
this latter case, the physical measurement actually reflects the equilib- 
rium state of the molecule a t  the elevated temperature. 

Geiduschek (1962) has carried out a systematic study on the factors 
affecting the irreversible denaturation of DNA. The experimental ap- 
proach has been to use changes in the absorbance of denatured DNA a t  
the ambient temperature and 25°C using heat as the denaturing agent. 
When DNA is exposed to continuously increasing temperatures, a sharp 
increase in its absorbance is noted a t  an elevated temperature reflecting 
the disruption of the helical structure of the nucleic acid. The ambient 
temperature denaturation curve, however, is different from the curve 
obtained if the heated DNA solution is rapidly cooled, re-equilibrated to 
25”C, and its absorbance plotted as a function of the temperature 
to which the DNA was exposed before it was cooled. The midpoint of the 
ambient temperature denaturation curve ( Fm,J is several degrees lower 
than the midpoint of the ultraviolet absorbance-temperature profile 
measured at  25°C (Tm,25)  (Doty e t  al., 1959a; Geiduschek, 1962). The 
denaturation of DNA recorded a t  the ambient temperature is a measure 
of the disruption of the helical structure without necessarily involving the 
separation of the polynucleotide strands. Geiduschek (1962) found that 
T2 DNA can be heated a t  a temperature that causes a 37% increase in 
absorbance a t  the ambient temperature, but rapid cooling, followed by 
absorbance measurements a t  25”C, indicates that very little, if any, 
denaturation has taken place. That this reversible denaturation involves 
the recovery of helical order is indicated by the absence of viscosity 
changes (Geiduschek and Herskovits, 1961). A similar result, namely, 
that partial denaturation can be reversed, has been described by Schild- 
kraut et al. (1961a) using E .  coli biological hybrid DNA. They found 
that, to obtain strand separation by heating and fast cooling, the solution 
of DNA must be heated several degrees above the Tm,a. Freifelder and 
Davison (1962) have related strand separation in E .  coli biological 
hybrid DNA to the extent of thermally induced hyperchromic change; 
they found that full hyperchromic change was a necessary, but not a 
sufficient, condition for strand separation and concluded that the strands 
may be prevented from separating by just a few residual base pairs 
within a DNA-molecule. 

Geiduschek (1962) has proposed that the difference ( A T )  between 
the T,,,,,, and the T,,,#,, can be explained by invoking the presence of 
thermally resistant G + C rich “nuclei,” which can hold the base se- 
quences of collapsed DNA molecules in register until the temperature is 
reduced, whereupon the molecules, independent of source, can renature. 
The temperature-absorbance curve of DNA re-equilibrated to 25OC 
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would reflect the existence of those denatured molecules that suffered 
strand separation after melting out the last base pair (Freifelder and 
Davison, 1962) or, to a smaller extent, those DNA molecules that are 
collapsed and in a partially denatured, metastable state. The presence 
of the G-C rich nuclei would explain why: (1) the AT is greater for 
higher molecular weight DNA, since larger molecules would have a 
higher probability of possessing a greater number of more stable nuclei; 
(2) AT is greater the lower the G + C content of the DNA, since the 
incremental stability of the nuclei would be more apparent with DNA 
of low average G + C content; and (3) there is very little or no 
correlation between the buoyant density of transforming DNA markers 
and their inactivation (denaturation) temperatures (Guild, 1962 ; Opara- 
Kubinska and Szybalski, 1962). The buoyant density of purified DNA 
is a measure only of the average base composition, whereas the inactiva- 
tion temperature reflects in addition the presence of G + C rich nuclei. 
The existence of such nuclei could also be invoked to explain the partial 
denaturation of DNA by acid and by heat (Cavalieri and Rosenberg, 
1957; Geiduschek and Holtzer, 1958). 

The results of Doty e t  al. (1959a), Schildkraut et al. (1961a), and 
Geiduschek (1962) make i t  necessary to re-evaluate the concept of 
“all-or-none” denaturation. It would seem obvious that DNA molecules 
can be partially denatured when they are kept in the presence of the 
denaturing conditions such as elevated temperature (or when heated and 
cooled in the presence of reagents that prevent the reformation of base 
pairs) (Beer and Thomas, 1961). 

Rownd (1963) has investigated the effects of rapidly cooling T4 
DNA in low ionic strength solvents following denaturation, since it 
might be expected that metastable partially denatured states could be 
stabilized by such treatment (Dove and Davidson, 1962a,b). A distribu- 
tion of partially denatured molecules having densities ranging from that 
of the completely denatured to that of the native DNA can be demon- 
strated by preparative CsCl density gradient centrifugation. The effects 
of partial denaturation on the biological properties of H .  inflwnzae- 
transforming DNA have shown an exponential dependence of the re- 
maining biological activity on the per cent helix of the partially de- 
natured molecule (Rownd e t  al., 1963). 

IV. General Aspects of Denaturation and Renaturation 

A. Methodology 
Essentially similar methods can be employed for studying both the 

denaturation and renaturation of DNA. Whereas some methods are more 
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readily adapted to laboratories specialieing in certain techniques, it is 
desirable to employ several different approaches so as not to be misled 
by such artifacts as aggregation and nonspecific base pair interactions. 
Both these troublesome aspects are encouraged by denaturation a t  high 
ionic strengths and high DNA concentration as well as by a slow reversal 
of the denaturing treatment (such as cooling after thermal denaturation). 
This makes i t  difficult to ascertain the efficacy of certain methods that 
have been employed in the past where these variables have not been 
controlled. 

Biological, physical, and chemical methods have been used to study 
the denaturation, and sometimes the renaturation, of DNA. The follow- 
ing three methods belong to the first category. 

1. TRANSFORMATION 

renaturation is discussed in Section 11. 
The use of bacterial transformation in studying denaturation and 

2. IMMUNOLOGY 

Since denatured DNA can react more effectively than native DNA 
in complement fixation with anti-DNA antibodies, this technique has 
been used as a means of studying the denaturation and renaturation of 
DNA (Levine et al., 1960, 1963). The antisera to DNA that have been 
used are those produced in rabbits in response to injections with dis- 
rupted T-even E. coti bacteriophages as well as serum from patients with 
systemic lupus erythematosus (Stollar and Levine, 1961). Whereas the 
former antibodies react specifically with the glucosylated hydroxy- 
methylcytosine residues of T-even bacteriophage DNA, antisera from 
different lupus erythematosus patients react with all denatured DNA 
sampIes but vary in their complement fixing ability with DNA from 
different sources (Stollar et al., 1962). The different reactivities moat 
likely arise from the ability of these sera to react with specific exposed 
DNA nucleotide sequences in denatured DNA (Stollar et al., 1962). 

3. ENZYMOLOGY 
The phosphodiesterase from E. coli (Lehman, 1960) that acts exo- 

nucleolytically on denatured DNA makes i t  possible to use this enzyme 
to study the denaturation and renaturation of DNA (Dolbeare and 
Grossman, 1962). Another enzyme, isolated from brain tissue (Healy 
et al., 1963) and acting endonucleolytically primarily on denatured DNA, 
has been useful in studying the thermal transitions of DNA. Thus, 
while the residual transforming activity of denatured B. subtilis DNA 
is rapidly and almost completely destroyed by this enzyme, renatured 
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DNA is acted upon only very slightly and native DNA hardly a t  all. 
Both enzymes have proven to be very useful in eliminating denatured 
DNA in the presence of native DNA and also in the digestion of the 
unpaired regions of renatured DNA (Schildkraut et al., 1961a; Dolbeare 
and Grossman, unpublished results). By employing Pa2-labeled DNA 
and enzymes that specifically digest denatured regions, this method offers 
the greatest potential in studying limited renaturation. 

The physical methods listed below have been used to study the 
denaturation of DNA and can also be adapted to follow it9 renaturation. 

4. DENSITY GBADIENT CENTRIFUGATION 

By far the most useful and versatile method a t  the present time for 
studying the transitions of the secondary structure of DNA is the tech- 
nique of density gradient centrifugation (Meselson et al., 1957) .8 The 
buoyant densities of native and denatured DNA in CsCl are linearly 
related to  the mole per cent G + C, the denatured state (for DNA pos- 
sessing 4040% G + C) being 0.015 gm/ml more dense than native DNA 
(Sueoka et al., 1959). Small amounts of DNA, even in the unpurified 
state, can be used for the determination of buoyant density before and 
after denaturation and to give an accurate picture of its secondary struc- 
ture. Thus, the exposure of bacteriophage 9x174 DNA to denaturing or 
renaturing conditions does not alter its density (Schildkraut et al., 
1961a)) a finding consistent with the proposal that the DNA isolated 
from this bacteriophage is single-stranded (Sinsheimer, 1959; Fiers and 
Sinsheimer, 1962). A modification has recently been introduced that 
magnifies the buoyant density difference between native and denatured 
DNA (Vinograd et  al., 1962). Native bacteriophage T4 DNA has the 
same density at  or below pH 10.5 in CsCl solution. Denaturation causes 
T4 DNA to increase in buoyant density a t  pH 9.5, and at  pH 10.5 its 
density is 0.44 gm/cc denser than native DNA. The extent of the density 
shift in alkaline solutions is related to the mole per cent G + C. 

Preparative CsCl density gradient centrifugation has been found to 
be very useful in the separation and isolation of native from denatured 
DNA as well as from molecules displaying the density characteristics 
of the partially renatured state (Rownd et  al., 1961; 1963). The banding 
of DNA in the CsCl gradient not only gives its buoyant density, but also, 
from the variance of the gaussian distribution of the DNA molecules at 
equilibrium, it is possible to calculate the molecular weight (Meselson 
et d., 1957; Sueoka, 1960; Hearst and Vinograd, 1962). The calculations, 

'An excellent review on density gradient centrifugation harr been written by 
Vinograd and Hearst (1962). 
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however, are complicated by the density heterogeneity of the population 
of DNA molecules. Eigner and Doty (1963) have shown that molecular 
weights for denatured DNA obtained from CsCl band widths agree with 
those values obtained by other methods. 

5. LIGHT SCATTERING 

Although light scattering would be the most definitive method of 
studying the molecular weight and shape changes on denaturation and 
renaturation of DNA, its use is limited by the large amounts and high 
concentrations of purified DNA required (and thus subject to the hazards 
of aggregation) and its inapplicability for general and routine use. 
Earlier light-scattering results on the denaturation of DNA have been 
reviewed by Geiduschek and Holtzer (1958). In  recent years, the method 
has been used most extensively by Cavalieri and co-workers (Cavalieri 
and Rosenberg, 1962a,b) in their studies of the thermal denaturation of 
DNA from various sources and to follow the drop in molecular weight 
after DNase and X-ray treatments. 

According to Cavalieri and co-workers (Cavalieri and Rosenberg, 
1962b), the biunial DNA molecules isolated from rapidly growing cells 
are reduced in molecular weight by a factor of two on denaturation, not 
by a separation of the two strands of the Watson-Crick type, but rather 
by the separation of two double helices. The evidence relies mainly on 
the kinetics of the enzymatic and X-ray degradation of DNA (Cavalieri 
and Rosenberg, 1961, 1962b). Since neither agent is known to act in a 
random manner (DoskoEil and Sorm, 1961; Vanecko and Laskowski, 
1962; Guda et al., 1962), there may be complications involved in the 
use of kinetics of the light-scattering molecular weight decay to deter- 
mine the number of strands per DNA molecule (Luaaati et al., 1962). 
Also, in these experiments, samples to be treated with DNase I1 were 
denatured before the enzyme was added. Since recooling at  high concen- 
trations of DNA causes extensive aggregation, i t  would tend to compli- 
sate the interpretations of the ensuing kinetic experiments. 

Luzaati and co-workers (see the article by Luzzati in this volume) 
developed a method of measuring the mass per unit length of rodlike 
structures from the absolute intensity of the small-angle scattering of 
X-rays from dilute solutions. Their results show that the mass per unit 
length of DNA isolated from animal tissues as well as bacteria (Luzzati 
et al., 1962) is in good agreement with the Watson-Crick model (see 
also article by Bendich and Rosenkranz in this volume). 

6. SPECTROPHOTOMETRY 

The spectrophotometric method of studying the denaturation and 
renaturation of DNA is the most readily employed and is accessible to  
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most laboratories. The increase in the ultraviolet absorbance (hyper- 
chromic change) on denaturation results in little or no shift in wave 
length of the absorption maximum and only small changes in the shape 
of the absorption curves (discussed by Zimm and Kallenbach, 1962). The 
sharpness in the helix-to-random-coil transition has been interpreted as 
indicative of a cooperative phase transition (Peacocke, 1960; Gibbs and 
DiMarzio, 1959). The hyperchromic change from the native to the 
denatured state as well as from the completely denatured state to 
nucleotides probably comes from the disruption of the characteristic 
stacking of the bases maintained in native DNA as a resuIt of hydrogen 
bond and/or neighboring base interactions (Bolton and Weiss, 1962 ; 
Michelson, 1962; Rhodes, 1961; Kasha e t  al., 1961; Zimm and Kallen- 
bach, 1962). Assuming the change in ultraviolet absorbance to be linearly 
related to the helix content, hyperchromicity would appear to  be a valid 
measure of the extent of disruption if the helical regions contain a t  
least seven or eight residues (Tinoco, 1960, 1961). 

Little is known about the changes that occur in the DNA structure 
when it is exposed to temperatures below the onset of hyperchromicity. 
It is possible that the methods now available (such as ultraviolet ab- 
sorbance) are not delicate enough to  detect any changes that might occur 
a t  such a level and that could result in disruption to  the extent of several 
per cent DNA. 

The T,,, depends somewhat on the wavelength employed, since the 
presence of the more thermally resistant G + C base pairs, which raise 
the melting point, have a different absorption spectrum than the A + T 
pairs (Felsenfeld and von Hippel, 1962). 

The renaturation of denatured DNA can be properly followed spec- 
trophotometrically only a t  temperatures a t  which short, imperfect inter- 
and intramolecular helical regions have been melted out (Marmur and 
Doty, 1961; Cavalieri et al., 1962). By exposing denatured DNA to 
constant temperatures below the T ,  renaturation can be followed by 
the hypochromic changes and plotted as a function of time. Renaturation 
can also be shown to take place when homogeneous denatured samples 
of DNA (isolated from bacteriophage and bacteria but not from higher 
plants and animals) are exposed to a slow rate of temperature increase 
from room temperature. The initial rise in the temperature (resulting in 
hyperchromicity) melts the weak, short sequences, allowing the com- 
plementary strands to  renature (Doty et  al., 1960). Renaturation cannot 
be used to describe all the hypochromic changes that occur when de- 
natured DNA is returned to room temperature, since much of the 
absorbance change could arise from the reformation of short sequences 
(intra-and interstrand) of base pairs and possibly other factors. 

Szybalski and Mennigmann (1962) have described the construction 
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of an automatic recording thermospectrophotometer for determining the 
melting temperatures of nucleic acids. 

7. SEDIMENTATION AND VISCOSITY 

The denaturation of DNA can be followed by the changes in the 
Sedimentation coefficient and viscosity, the measurements being carried 
out preferably a t  ionic strengths favoring the greater difference between 
the helical and random coil configurations (Doty et al., 1959a; Eigner, 
1960; Eigner and Doty, 1963). Renaturation results in a partial restora- 
tion of the viscosity and a change in the sedimentation coefficient to  
values similar to those of native DNA. By denaturing DNA in the pres- 
ence of formaldehyde a t  slightly elevated temperatures, Freifelder and 
Davison (1962b) followed the increase in the sedimentation coefficient as 
a function of time at a constant temperature. After the maximum in- 
crease is attained, further increase in temperature results in a sharp drop 
in the sedimentation coefficient from the melting out of the last base 
pairs, resulting in a separation of the DNA into two units and most 
likely representing a single-stranded species. The combination of sedi- 
mentation and viscosity data has also proved useful in assigning molec- 
ular weights to DNA samples in their native, denatured, and renatured 
states (Eigner and Doty, 1963). 

8. OPTICAL ROTATION 

The studies of Levedahl (1959), Fresco (1961), and Ts’o et d. 
(1962a,b) show that the helical form of polynucleotides is associated 
with a large positive contribution to its optical rotation. They also found 
that the change in the optical rotation of DNA exposed to increasing 
temperatures qualitatively parallels the observed increase in absorbance. 
Helmkamp and Ts’o (1962) find that rotation is more sensitive than 
hypochromicity to the length of the helical regions and is strongly de- 
pendent on secondary structure. The combined studies of optical rotation 
and absorbance strengthen the contention that there is a conformational 
change during denaturation of DNA from the helical to the random coil 
form during the sharp change in either parameter (Doty et al., 1959a; 
Fresco, 1961; Fresco et al., 1961). The optical rotatory properties of 
DNA are especially useful in studies of the changes in secondary struc- 
ture by reagents that absorb very strongIy in the ultraviolet. 

9. ELECTRON MICBOSCOPY 

Whereas the electron microscope photographs of native and re- 
natured DNA samples are essentially similar, displaying typical rod- 
shaped particles, denatured DNA appears as flattened patches or “pud- 



DENATURATION AND RENATUEATION OF DNA 263 

dles” (Hall and Litt, 1958a; Doty et al., 1960). Electron micrographs 
of DNA partially denatured in the presence of formaldehyde to prevent 
the renaturation of the localized regions exhibit both native- and de- 
natured-like regions aIternating along the same molecule (Beer and 
Thomas, 1961). The cross section of native DNA rods in the electron 
microscope is about 20 A, in good agreement with the dimensions derived 
from the X-ray diffraction patterns of the Watson-Crick double helical 
structure (Hall and Litt, 1958b; Hall and Cavalieri, 1961; Beer and 
Zobel, 1961; Daems et al., 1962). However, in the preparations of DNA 
from D. pneumoniae examined by Hall and Cavalieri, about 10% of 
the molecules were branched, each arm of the Y having the same 
diameter as the trunk. Estimating the weight average molecular weight 
from light scattering and the average length from the electron micro- 
scope photographs on the same preparations, they concluded that the 
DNA (molecular weight 1.6 X lo6) isolated from this organism has 
3.6 strands per molecule on the average. This would represent two double 
helices lying side by side. It remains to be proven conclusively whether 
these DNA structures exist in vivo in rapidly dividing cells or are formed 
as a result of the DNA isolation and/or preparation for light scattering 
and electron microscope observations. Using a different source, Beer 
(1961, personal communication) calculated the total length of whole 
molecules of T2 bacteriophage DNA appearing in the electron micro- 
scope. He  found that the average length is approximately 50p, which 
agrees well with that estimated by Cairns (1962a) from radioautography 
of tritium-labeled T2 DNA and the length expected for a single Watson- 
Crick double helix. Bendet et al. (1962) obtained a mean average length 
of 14.0 A 0.6 p for bacteriophage T3 DNA, which agrees well with that 
calculated (12.9 p )  from the nucleic acid content, assuming that all the 
isolated DNA is one double-stranded piece. 

10. COLUMN CHROMATOGRAPHY 

This method offers the greatest potential aid for large-scale prepara- 
tive separation and identification of the native, denatured, and partially 
renatured states of DNA. Sueoka and Cheng (1962) have carried out 
experiments using a chromatographic column consisting of methylated 
bovine serum albumin and kieselguhr, slightly modified from that de- 
scribed by Mandell and Hershey (1960). Native DNA is eluted a t  lower 
ionic strengths (depending on the base composition) than denatured 
DNA. Sueoka and Cheng have used this column successfully for the 
fractionation, in the native state or after subjection to denaturing condi- 
tions, of the two species of DNA present in the marine crab, Cancer 
borealis. Cordes et al. (1962) have used the same column to fractionate 
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the complementary strands of denatured bacteriophage alpha DNA. 
Smith et al. (1960) made use of a cationic starch column to fractionate 
nucleic acids. 

11. CHEMICAL METHODS 

Formaldehyde reacts more readily with denatured than native DNA 
(Haselkorn, 1959; Grossman et al., 1961; Berns and Thomas, 1961). It 
has been useful in detecting and confirming the single-strand character 
of +X174 bacteriophage DNA (Sinsheimer, 1959) and of the DNA asso- 
ciated with yeast lactic dehydrogenase (Mahler and da Silva Pereira, 
1962). The use of acridine orange for detecting denatured DNA might 
prove to be useful. This is based on the observations of Mayor and 
Hill (1961) that bacteriophage +X174 particles stain bright red whereas 
T2 bacteriophage stain yellow-green (Anderson et d., 1959). Stone and 
Bradley (1961) have attempted to characterize spectroscopically the 
interaction of acridine orange with DNA in the native and denatured 
states. 

Other methods, some quite specialized, which have been shown to 
distinguish native from denatured DNA and to detect denaturation 
include oscillographic polarography (PaleEek, 1961), calorimetry (Sturte- 
vant et al., 1958), electrophoresis (Matsubara and. Takagi, 1962) , pre- 
cipitation with divalent ions (Stevens and Duggan, 1957; Sinsheimer, 
1959; Mahler and da Silva Pereira, 1962; Aldridge, 1962), infrared 
spectrophotometry (Kyogoku et al., 1961), flow dichroism (Cavalieri 
et al., 1956a), and conductometric titrations (Felsenfeld, 1962). 

6. Conditions Affecting Denaturation and Renaturation 
Although renaturation is affected considerably by the source of DNA, 

be it microorganisms or higher plants and animals, denaturation is in 
general unaffected, depending mainly on the base composition. "he opti- 
mal renaturation temperature is G + C dependent. Also, renaturation 
depends to a greater extent upon the molecular weight of the DNA than 
does denaturation (Marmur and Doty, 1962). 

In the past several years i t  has become apparent that several im- 
portant factors must be considered in a study of the denaturation and 
renaturation of DNA. One is aggregation, which is encouraged by high 
DNA concentrations (greater than 10-20 pg/ml of bacteriophage DNA 
or 20-40 pg/ml bacterial DNA) and high ionic strength solvents during 
the annealing process. Aggregates can be recognised by their high so and 
especially [?I values (Eigner, 1960; Eigner and Doty, 1963) and by the 
formation of complexes of intermediate density between renatured DNA 
samples that display no sequence homologies (Schildkraut et aZ., 1961a). 
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Although the denaturation of DNA is related to its average base 
composition, the separation of the DNA strands a t  various stages in the 
denaturation process depends on the melting out of the most resistant 
(Le., G + C rich) regions or "nuclei." The presence of such nuclei can 
allow partially denatured DNA to renature when i t  is brought back to 
room temperature. 

Some factors that affect denaturation of DNA are considered below. 

1. IONIC STRENGTH 

The stability of synthetic polynucleotides and of the DNA structure 
necessitates that a large proportion of the charged phosphate groups be 
neutralized or screened (Cavalieri e t  al., 1956b; Felsenfeld, 1962) and 
is thus very much dependent upon ionic strength (Marmur and Doty, 
1962). The T, is very nearly a linear function of the logarithm of the 
ionic concentration (Ts'o et  al., 1962a; Dove and Davidson, 1962a; 
Inman and Baldwin, 1962). Zimmer and Venner (1962) have shown 
that the T, is also related, inversely, to  the ionic radius nf the cation 
in the suspending medium. Although increasing the ionic strength in- 
creases the thermal stability of DNA, the effect tends to level off a t  high 
ionic strengths. With large anions a t  high concentration (e.g., 7.2 M 
NaClO,), the T, is approximately 40°C lower than in 0 .2M NaCl 
(Hamaguchi and Geiduschek, 1962; Geiduschek, 1962). DNA is unstable 
a t  room temperature a t  ion concentrations less than 10-4M. Some 
divalent ions (Mg", Ba++, Mn", Cow, Ni++, Zn++) increase the T, of 
calf thymus DNA (Eichhorn, 1962), whereas others decrease its melting 
temperature (Cut+, Cd", Pb"). The former act by neutralizing the 
charged phosphate groups and the latter divalent ions are believed to 
displace the H-bonds by their coordination to electron donor groups on 
the nucleotide bases. 

2. PH 

The stability of DNA is dependent upon the pH, denaturing outside 
the pH range of 2.7-12 a t  room temperature (Gulland e t  al., 1947; Doty, 
1957; Bunville and Geiduschek, 1960; Zimmer and Venner, 1962; Dove 
and Davidson, 1962a). The pH a t  which DNA is denatured depends 
upon the temperature, ionic strength, and base composition (Cox and 
Peacocke, 1957a,b; Bunville and Geiduschek, 1960; Marmur e t  al., 1961a). 
Low temperatures and high G + C favor resistance of DNA to acid 
denaturation, but denaturation by high pH, while G + C dependent, is 
not much affected by thermal exposures below room temperature (Dove 
and Davidson, 1962a). At values between 5.5 and 8.5, the T, of DNA 
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is not much affected by change of pH (Ts'o et al., 1962a; Zimmer and 
Venner, 1962; Marmur, Rownd, and Doty, unpublished results). 

3. BASE COMPOSITION 

The presence of many G + C base pairs increases the thermal stabil- 
ity of DNA a t  neutral pH, but not a t  pH 3 (Zimmer and Venner, 1962; 
Cox, Marmur and Doty, unpublished results). In  0.15 M NaCl plus 
0.015 M Na citrate a t  neutral pH the T,,, increases 0.41' per mole per 
cent G + C (Marmur and Doty, 1959, 1962), 0.56" in 7.2 M NaCIOd, 
0.35" in 51% methanol containing lo-* M NaCl and M Tris (Geidua- 
chek, 1962) , and 0.52' in 0.1 M NaC10, a t  pH 7 (Dove and Davidson, 
1962a). The T,,, for poly d (A-T) is lower than that for the extrapolated 
value from the analysis of the naturally occurring DNA's and could 
arise from the diminished nearest-neighbor base-base interactions because 
of the alternating A and T residues (DeVoe and Tinoco, 1962). The 
differences in the melting temperatures (AT), measured both a t  the 
ambient (T,,,,J and room temperature (Tm,2a) depend on the molecular 
weight of DNA, its base composition, and probably also the distribu- 
tion of the bases (Geiduschek, 1962). The distribution of the base pairs 
along the DNA molecule, although very important, is difficult to deter- 
mine or evaluate quantitatively. The existence of inhomogeneities in 
base distributions along the DNA molecule is indicated by the chemical 
analyses of the pyrimidine sequences (Shapiro and Chargaff , 1960; 
Burton, 1960; Petersen, 1961), and by statistical analysis (Simha and 
Zimmerman, 1962). In their analyses of the pyrimidine fragments of 
DNA, Burton and Peterson (personal communication) have found up to 
four cytosine residues in a row. If such a grouping is adjacent to one or 
more guanine residues, the resulting sequence (Ralph et al., 1962; Fresco, 
personal communication) would provide a thermally resistant nucleus 
that would require very high temperatures for complete strand separa- 
tion. The T,,, of the poly d(A-B) copolymer (B = bromouridylate) at 
low ionic strengths is higher than that of poly d (A-T) , but the difference 
is minimized a t  high ionic strengths (Inman and Baldwin, 1962). The 
substitution of the thymine residues by bromouracil or iodouracit in- 
creases the T,,, of DNA (Kit and HSU, 1961; Szybalski, 1962; Szybalski 
and Mennigmann, 1962) and lowers the pH of the helix to random coil 
transition in the alkaline region (Shooter and Baldwin, 1962). The 
melting temperature of high molecular weight RNA varying in G + C 
between 44 and 61% has also been shown (Spirin, 1961, 1962) to bear 
a linear relation to  the occurrence of these two bases. Pullman and 
Pullman (1959) , from molecular orbital calculations, concluded that 
the GC pair is both a better electron donor and electron acceptor than 
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the AT pair. They believe that the former base pair exhibits a greater 
resonance energy stabilization from hydrogen bonding and could thus, 
in part, account for the increased helix stability from high proportions 
of GC. 

4. MOLECULAR WEIGHT 

Whereas the melting temperature of DNA measured a t  the ambient 
temperature ( Tm,J would appear to be independent of the molecular 
weight of DNA (Marmur and Doty, 1961), i t  is size-dependent when 
measured after the heated DNA solutions are rapidly chilled and re- 
turned to room temperature (Tm,25) (Geiduschek, 1962). This could be 
attributed to the inhomogeneities in base sequences, so that larger 
molecules are more likely to possess thermally resistant G + C rich 
“nuclei” that would more readily allow their reversible denaturation 
than smaller DNA molecules. 

5. DENATURING AGENTS 

Many organic molecules lower the denaturation temperature of DNA. 
The effects of formaldehyde in lowering T ,  and preventing renaturation 
have already been noted (Stollar and Grossman, 1962; Haselkorn and 
Doty, 1961 ; Berns and Thomas, 1961 ; Thomas and Berns, 1962). Urea, 
guanidinium chloride, salicylate, formamide, dimethylformamide, sul- 
foxide, aromatic compounds, some mutagenic agents, nucleosides, and a 
variety of alcohols lower the denaturation temperature of DNA in vary- 
ing degrees (Rice and Doty, 1957; Marmur and Ts’o, 1961; Helmkanip 
and Ts’o, 1961; Ts’o e t  al., 1962a,b; Belman e t  al., 1962; Hamaguchi 
and Geiduschek, 1962). Formamide a t  high concentrations can denature 
DNA a t  room temperature or 37OC without causing backbone scission 
(Ts’o e t  al., 1962b) and thus is very useful for denaturing DNA without 
the introduction of undesirable side effects. Ts’o e t  al. (1962b) have 
also shown that nucleic acid polymers in formamide solution appear 
devoid of all secondary structure when measured by optical rotation 
studies. Some divalent metal ions can also lower the T ,  of DNA 
(Eichhorn, 1962). Concentrated solutions of certain anions (trichlorace- 
tate, perchlorate, thiocyanate) are effective in lowering the T,,, of DNA; 
this is considered to arise from an effect on the structure of water 
(Hamaguchi and Geiduschek, 1962). The most extensive study to date 
on the denaturation of DNA by organic compounds is that of Levine 
e t  al. (1963). From their results, they concluded that, contrary to expec- 
tations, amides, ureas, carbamates, and alcohols act as denaturing agents 
not because of their hydrogen-bonding capacity, but rather because they 
stabilize denatured DNA relative to native DNA. This is accomplished 
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by decreasing the ion-solvating power and increasing the hydrophobic 
character of the solvent. They point out that the forces involved in the 
denaturation of DNA are not necessarily the same as those that are 
important in maintaining the native structure of the DNA molecule. 
Thus, they consider that the decrease in the T,,, of DNA in the presence 
of organic denaturing agents cannot be used as evidence for the existence 
of hydrophobic interactions in maintaining helix stability. 

6. PHYSICAL AND CHEMICAL AGENTS 

Exposure of DNA to ultraviolet light, X-rays, and the photodynamic 
action of dyes lowers the T,,, of DNA (Marmur et al., 1961a; Belman 
et al., 1962; Simon and Van Vunakis, 1962; Freifelder et at., 1961). The 
lowering of the denaturation temperature is explicable in terms of a 
weakening of the DNA double helical structure as a result of some chem- 
ical damage inflicted on the molecule, with concomitant localized de- 
naturations along the DNA helix. Hydroxylamine also lowers the T,, 
probably by destruction of the cytosine residues (Bendich, personal 
communication). 

7. DIAMINES AND POLYAMINES 
Some diamines and polyamines increase the T ,  of DNA, the increase 

depending on the chain length of the polyamine (Mahler et al., 1961), 
the ionic strength (Tabor, 1962), and the base composition of the DNA. 
Mahler and Mehrota (1962) and Mandel (1962a) found that the degree 
of thermal stabilization is linearly related to the A + T content and 
extrapolates linearly to very little if any stabilieation at zero A + T. 
Tabor (1961, 1962) found that spermine protected B.  subtilis-transform- 
ing DNA as well as other DNA's from thermal denaturation. These 
results should caution investigators working with the thermal resistance 
of DNA to make sure that their DNA preparations are free of poly- 
amines, which exist in high concentrations in some cells (Tabor et al., 
1961). Added polyamines can be removed by dialysis (Mandel, 1962a). 
The action of spermine on DNA involves its interaction with the phos- 
phate groups, neutralizing their charge. The same can be said about the 
action of divalent ions such as Mg", Mn++, etc. (Felsenfeld, 1962). 

8. CROSS-LINKING 

The introduction of cross-links by means of chemical or physical 
means will still allow the DNA double helix to be disrupted, but the 
DNA will return to a renatured configuration when the denaturing agent 
is removed (Marmur and Grossman, 1961; Marmur et al., 1961a; Geidus- 
chek, 1961, 1962). Cross-linking agents used include ultraviolet light, 
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nitrous acid, and bifunctional alkylating agents. It is very likely that 
other physical and chemical agents will also cross-link DNA, and also 
that some naturally occurring DNA's will possess covalent cross-links. 

C. Renaturation Factors 
Experiments on conditions affecting the renaturation of DNA are 

limited. The factors affecting DNA renaturation are outlined briefly, 
and the reader is referred to the details that are described in the papers 
by Marmur and Doty (1961), Schildkraut et al. (1961b), Geiduschek 
(1961), Cavalieri et al. (1962), and Subirana e t  al. (1963). 

1. CONCENTRATION 

The concentration dependence of the renaturation of D .  pneumoniae- 
transforming DNA is one of the most important facts favoring the 
hypothesis of strand separation and reformation (Doty et al., 1960). 
Second-order kinetics have been obtained with H .  influenzae-transform- 
ing DNA by measuring the restoration of biological activity (Lanyi, 
1963; Herriott, personal communication). The concentration-independent 
renaturation results of Cavalieri et al. (1962), who used several different 
DNA samples of bacterial origin, are difficult to reconcile with the above 
observations. Since aggregation is encouraged a t  high concentrations of 
DNA, these should be avoided. The aggregated molecules can specifically 
be removed, e.g., by use of the E.  coli phosphodiesterase (Lehman, 1960). 

2. SOURCE 
Since renaturation depends upon the concentration of specific com- 

plementary strands, the process would be expected to  depend on the 
homogeneity of the DNA preparation. The optimal homogeneity is at- 
tained with DNA isolated from a bacteriophage possessing one molecule 
per bacteriophage particle. Thus, DNA from bacteriophages renatures 
extremely well, DNA from bacterial sources reasonably well, and DNA 
from higher plants and animals hardly a t  all (Marmur and Doty, 1961) 
[because of its heterogeneity (Bendich et al., 1956; Sueoka, 1961)] un- 
less first fractionated (Rownd, unpublished results). The ease of re- 
naturation can be used as a measure of DNA homogeneity. With this 
criterion, DNA from Mycqplasma (PPLO) would be considered to be 
about as homogeneous as bacteriophage DNA (Marmur and Doty, 
1961). 

3. TEMPERATURE 

The optimum temperature for the renaturation of bacterial DNA in 
0.4M Na+ is approximately 25' below its T,. Studies on the T-even 
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bacteriophage DNA indicate that 55" is the optimal renaturation tem- 
perature (in 0.5M NaC1) (Murakami and Levine, personal communi- 
cation). The optimum renaturation temperature for the formation of 
hybrid molecules between DNA and RNA is the result of two competing 
interactions-the renaturation of DNA strands as well as the formation 
of the hybrid DNA-RNA molecules. In order to favor the latter process, 
a temperature causing minimal renaturation of the DNA must be 
selected. Bauta and Hall (1962) renatured T4  messenger RNA with T4 
DNA linked to cellulose in 0.4M Na+ a t  55°C. Yankofsky and Spiegel- 
man (1962), in some of their experiments, used lower temperatures to 
hybridize ribosomal RNA from E. coli with DNA from the same 
organism. 

4. MOLECULAR WEIGHT 

The renaturation of DNA appears to  be dependent upon molecular 
weight when measured both by the recovery of transforming activity 
and by apectrophotometric methods (Marmur and Doty, 1961 ; Geidus- 
chek, 1962). This is in accord with the nucleation hypothesis, since it 
would be expected that, for higher molecular weight DNA, fewer nuclei 
are required to renature a given amount of DNA. 

5. IONIC STRENGTH 

The ionic strength dependence was determined in the earlier studies 
of DNA renaturation when denatured DNA was annealed by allowing 
it to be slowly cooled in a large water bath. With the restoration of 
transforming activity as a measure of renaturation, it was found that 
the biological activity of D.  pneumoniae DNA increased linearly with 
ionic strength until 0.4 M Na+ was reached and then leveled off (Marmur 
and Lane, 1960). To obtain the maximum amount of renaturation, de- 
natured DNA should be annealed at  the optimum ionic strength (0.4 M 
Na+) and temperature (65 i- 5°C for bacterial samples, 10°C lower for 
bacteriophage DNA) for 3-4 hours and the DNA concentration should 
be kept low (4 f 1 pg/ml for bacteriophage DNA and 6 2 pg/ml for 
bacterial DNA) to minimize aggregation. These conditions give optimal 
renaturation of T-even bacteriophage DNA as well as DNA with trans- 
forming activity isolated from D .  pneumoniae, H .  influenzae, and B. 
subtilis. Some aggregation most likely takes place during any renatura- 
tion; this can be eliminated or reduced to a great extent by enzymes that 
digest denatured DNA specifically or by exposing renatured DNA to 
temperatures a t  or near the T, in solvents of low ionic strength. The 
latter method has been found by Rownd (unpublished results) to melt 
out the more thermally sensitive, aggregated molecules. Rownd (unpub- 
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lished) has shown that the rate of renaturation at constant temperature 
is greatly increased at ionic strengths greater than 0.4M Na+, using the 
technique of CsCl density gradient centrifugation to follow conforma- 
tional changes. 

V. Mechanism of Renatumtion 
The more recent studies on the mechanism of denaturation have 

given considerable insight into the reformation of specific base pairs 
between complementary polynucleotide chains when residual interactions 
maintain the base sequences of the two chains in register. It is of con- 
siderable interest to determine the mechanism by which separated single 
strands may interact with their complementary mates to form renatured 
molecules with the restoration of many of the properties of native DNA. 

A. Helix Formation with Synthetic Polynucleotides 
It has now been established that the synthetic polynucleotides can 

react under appropriate conditions to form double- and triple-stranded 
helices, the former group being similar in important respects in structure 
and physical properties to that of naturally occurring DNA (Warner, 
1956, 1957; Rich and Davies, 1956; Felsenfeld and Rich, 1957; Fresco 
and Doty, 1957; Rich, 1958; Fresco and Alberts, 1960; Fresco and Straus, 
1962; Steiner and Kitzinger, 1962). The synthetic ribo- and deoxyribo- 
polynucleotides will interact to form “hybrid” helices (Rich, 1960; 
Schildkraut et  aZ., 1961b) analogous to those obsewed between DNA 
and messenger RNA (Hall and Spiegelman, 1961; Gros et  al., 1961a,b). 
Under physiological conditions these polynucleotide homopolymers be- 
have as randomly coiled, single polymer chains and, hence, are close 
analogs of the DNA single strand; however, they differ in an important 
way from the latter since, being homopolymers, they do not have the 
complexity of base sequences along the chain. 

Rich and his collaborators (1956) measured the stoichiometry of the 
interaction between poly A and poly U and found that two- (A + U) or 
three-stranded (A + 2U) helices could be formed depending on the na- 
ture of the solvent. Hence, the interaction of these two polymers may be 
taken as a prototype for the renaturation reaction of DNA, with the 
important reservation that any contact between the two interacting 
polymer chains automatically results in complementarity of base 
sequence. Ross and Sturtevant (1960) have studied the kinetics of helix 
formation between poly A and poly U. Since the reaction is too rapid 
for study by the usual spectrophotometric methods, they employed the 
stop-flow technique (Chance, 1953). They found that the reaction 
initially is second-order, but deviates in the later stages toward first- 
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order kinetics. The initial rate is first-order with respect to each of the 
polymer components and is strongly dependent on the ionic strength of 
the solvent, as would be expected for polyelectrolytes carrying charges 
of the same sign. Thus, a t  the start of the reaction it appears that the 
nucleation of the helix is the rate-controlling step. Since this involves 
two kinetic units, the initial rate would be second-order. However, the 
later stages of the reaction result from the rearrangev 2 of mismatched 
regions between the two polymer chains by a process of annealing. Since 
the annealing procedure would not be expected to follow any simple rate 
law, i t  gives rise to the complex kinetics observed during the later stages 
of the reaction. It should be noted that Rich (1959) had studied the 
interaction of poly A and poly I to form a double-stranded helical struc- 
ture and concluded from his kinetic data that the reaction followed first- 
order kinetics. Ross and Sturtevant (1960) pointed out, however, that 
with conventional spectrophotometric methods i t  is not possible to follow 
the first 40% of the reaction. Some of the reactions examined by Ross 
and Sturtevant could be interpreted as following fint-order kinetics if 
the first half of the reaction were omitted. Thus, the annealing process 
can be complex even for such relatively simple molecules as homo- 
polymers. 

The enthalpy of reaction of poly A and poly U to  form the poly 
(A + U) helix has been found by Steiner and Kitzinger (1962) to be a 
well-defined quantity ( -AH of about 6000 calories per mole of uracil) 
that is independent of the molecular weight of the interacting species 
over a wide range of sines. 

B. Kinetics of Renaturation of DNA 
Although the renaturation of DNA is somewhat analogous to  the 

interaction between the synthetic polynucleotides discussed above, there 
are a number of complicating features that make it fundamentally dif- 
ferent. Whereas the synthetic polynucleotides used in the kinetic studies 
were homopolymers , DNA molecules contain highly complex and specific 
base sequences along the polynucleotide chain. Moreover, the DNA mole- 
cules from bacterial and higher sources show considerable intermolecular 
heterogeneity. Thus, the complexity of base sequence of the single poly- 
nucleotide chains imposes the restriction that not every interaction 
between the single strands in solution will be fruitful as a nucleation step 
in helix formation. Even relatively homogeneous DNA such as that 
isolated from viral sources would be expected to have abortive nucleation 
steps, since only the pairing of specific regions between complementary 
chains would result in a nucleus sufficiently stable for subsequent growth 
of the helix. Unstable nuclei resulting from insufficient sequence com- 
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plementarity between the interacting chains would only exist as transient 
states during the renaturation reaction; these would be replaced by other 
nuclei with greater stability becsuse of the increased number of bases 
in register. 

Once a successful nucleation step occurs, furthei helix formation can 
proceed. Although the unwinding of the two strands in denaturation 
occurs rather rapidly-in a matter of minutes at temperatures just 
a few degrees above the T,,,,,,-it is not yet clear how long the reverse 
process requires during the renaturation reaction. For example, intrachain 
base pair formation may occur and impede the formation of the double- 
stranded helix in this region (Stollar and Grossman, 1962; Rownd et al., 
1963b), or mismatched regions may occur further along the two chains 
and require annealing before exact registration can proceed. Since 
theoretical considerations (Flory, 1961 ; Saunders and Ross, 1960) as 
well as experimental observations (Marmur and Doty, 1961 ; Cavalieri 
et al., 1962) show that an annealing reaction, such as renaturation, 
should occur at a maximal rate a t  temperatures 10-2OoC below the 
helix-coil transition temperature, most of the random intrachain base 
pairs would not be stable a t  this elevated temperature. However, i t  would 
be expected that only the most stable of the intrachain base interactions 
would seriously impede the formation of helix after the nucleation step. 

The over-all kinetics of renaturation would thus depend on whether 
the nucleation or the “zippering up” stage of the reaction is slower and, 
hence, rate-determining. If the nucleation step is rate-determining, then 
the over-all kinetics of renaturation should be second order. If, however, 
nucleation is rapid and the subsequent growth of helical regions rate- 
limiting, then complex kinetics would be expected, since the growth of 
helical regions in the annealing process would not be expected to follow 
any simple rate law. 

The kinetics of renaturation of bacteriophage and bacterial DNA 
have been studied by the differences in the optical, hydrodynamic, and 
biological properties of denatured and renatured DNA. 

1. SPECTROPHOTOMETRY 

Since the denaturation of DNA is accompanied by a hyperchromic 
shift because of the disruption of its ordered secondary structure, re- 
naturation or the restoration of the native properties can be followed 
conveniently by measuring the changes in hypochromicity a t  an ele- 
vated temperature. Marmur and Doty (1961) showed qualitatively that 
the kinetics of renaturation of DNA depend in an important way on the 
source of the DNA. DNA from viral sources renatures more rapidly 
and to a much greater extent than bacterial DNA. The DNA isolated 
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from mammalian sources did not renature at all after several hours of 
annealing. It was concluded that the rate of renaturation depends on 
the concentration of complementary strands. This is consistent with the 
hypothesis that the separated single strands renature only with comple- 
mentary strands, although not necessarily with their original mates. 

The kinetics of renaturation have been studied in a more quantitative 
fashion by Cavalieri et al. (1962) with bacterial DNA and by Subirana 
et al. (1963) with both viral and bacterial DNA. The resulta of these 
independent studies are in apparent conflict. Cavalieri and co-workers 
showed that renaturation in 1.0M NaCl is essentially first-order at 
60°C, whereas a t  70°C and 80°C there is a second-order component of 
increasing magnitude. They state that renaturation a t  85°C proceeds 
mainly by a bimolecular mechanism ; however, i t  was not demonstrated 
how the molecularity of the reaction was determined from the data. They 
concluded from their observations that renaturation does not involve the 
reaction of kinetically separate strands and suggested that renaturation 
results in the “zippering up” of collapsed and disordered, but not sep- 
arated, double-stranded denatured molecules (Cavalieri and Rosenberg, 
1961). They attributed the bimolecular kinetics to the interaction 
between the ends of two double-stranded molecules; this they state 
would explain the observations of density hybrids (Schildkraut et d., 
1961) and genetic hybrids (Herriott, 1961a,b) formed by heating and 
annealing DNA. 

Subirana et al. (1963), on the other hand, found that renaturation fol- 
lows second-order kinetics with bacteriophage T4 (56°C) or bacterial 
(68’C) DNA a t  low concentrations (less than 10 pg/ml) in 0.15 M NaCl 
plus 0.015 M Na citrate, where the complicating features of aggregation 
are minimized. At higher DNA concentrations, as well as in 1.OM NaCI, 
the first part of the reaction follows second-order kinetics whereas in 
the later stages a different second-order reaction occurs which may arise 
from further interaction between renatured species to form aggregated- 
renatured DNA. Thus, these kinetic studies are consistent with the view 
that the renaturation of DNA involves the specific interaction of sep- 
arated single strands. At a given concentration viral DNA renatures 
much more rapidly than bacterial DNA, indicating that‘the rate of 
renaturation depends on the homogeneity of the DNA preparation or, 
in other words, on the concentration of complementary strands, rather 
than on the total DNA concentration. This heIps to explain why such 
heterogeneous DNA as that isolated from higher plants and animals 
does not renature. However, once a cross-link is introduced between the 
complementary strands, renaturation is possible (Geiduschek, 1961). 
The dependence of the rate of renaturation on the relative homogeneity 
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of the DNA sample is certainly consistent with the hypothesis of strand 
separation and specific recombination between complementary mates, but 
i t  is difficult to reconcile this behavior with the model of Cavalieri e t  al. 
(1962) in which the strands are postulated never to have been separated 

2. DENSITY GRADIENT 

Since the renaturation of DNA results in a decrease in its buoyant 
density to a value approaching that of the native sample, the kinetics 
of renaturation can be followed by density gradient studies as well. 
When solutions of denatured DNA are annealed for various time inter- 
vals, it is found that the relative proportions of the denatured and 
renatured bands in the CsCl density gradient vary as a function of the 
time of annealing. At shorter annealing times, the bulk of the DNA 
remains in the denatured band whereas a t  longer times renatured DNA 
is found to be the predominant species. It should be noted that the 
renatured band does not consist of DNA molecules all renatured to the 
same extent; rather, partially renatured states of buoyant density inter- 
mediate between denatured and renatured DNA are found (Rownd e t  al., 
1961, 1963) and are discussed in further detail below. Because of the 
existence of these metastable states, only semiquantitative information 
is obtainable from density gradient experiments. However, the informa- 
tion obtained from studies on the buoyant density properties of renatured 
DNA confirms the evidence for renaturation based upon spectrophoto- 
metric measuremenb. Thus, viral DNA under optimal renaturation con- 
ditions is found to shift in buoyant density toward that of the native 
DNA very rapidly, whereas bacterial DNA renatures more slowly. The 
buoyant density of mammalian DNA has not been found to  shift to any 
appreciable extent. If calf thymus DNA is first fractionated by CsCl 
preparative density gradient centrifugation, which reduces the heter- 
ogeneity of the renaturing samples, then by following the change in the 
buoyant density, the DNA is found to  renature (Rownd, unpubl.). Such 
behavior is consistent with the earlier hypothesis that mammalian DNA 
does not renature because of its heterogeneity. These results refute the 
notion (Cavalieri et al., 1962) that there is something special about the 
base sequences of animal DNA that interferes with its capacity to 
renature. 

When biological hybrid DNA is denatured, the complementary strands 
of each hybrid molecule band a t  different positions in the density gradient 
because of the difference in their isotope content. Thus, single strands 
may be fractionated by the use of preparative density gradient cen- 
trifugation. If the fractionated single strands (both the heavy and light 
bands will possess equal quantities of the complementary single strands) 
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are annealed under conditions appropriate for renaturation, i t  is found 
that there is a density shift in renaturation as a function of time toward 
that of native DNA (Rownd, 1963). The kinetics of renaturation of the 
single strands, followed by the buoyant density measurements, are iden- 
tical to those found when a homogeneously labeled DNA preparation 
is used. 

Degradation by ultrasonic waves of the in vitro hybrid formed by 
heating and annealing a mixture of heavy isotope labeled and unlabeled 
DNA has suggested that this hybrid consists mainly of a homogeneous 
structure and that the heavy labeled and light components of the hybrid 
are side-to-side [as in the case of in vivo hybrids (Rolfe, 1962)] rather 
than end-to-end structures (Rownd, 1963; Kozinski and Beer, 1962). 
More conclusive experiments have been cairied out with biological hybrid 
DNA isolated from E.  coli and B. subtilis to show that denaturation 
and renaturation proceed by a mechanism of strand separation and re- 
combination. When biological hybrid DNA is heated and annealed, and 
then centrifuged in CsCl, both the renatured heavy and renatured light 
DNA components can be readily recognized by the bands that they form 
in the gradient. Both bands can form only if the biological hybrid is first 
dissociated upon heating and the complementary strands with similar 
labels then recombined to form either the renatured heavy or light DNA. 
A hybrid density band resulting from the renaturation of strands that  
have different labels also appears, as well as the unrenatured heavy and 
light components (Rownd, 1963; Rownd and Doty, 1963). In  addition 
to the five bands discussed above, a sixth band also appears in the density 
gradient when biological hybrid DNA is heated and annealed. This DNA 
component has the buoyant density of the original native biological 
hybrid DNA and is present to the extent of about 10% of the total DNA. 
Since two strands must be property matched in length in order to give 
rise to a renatured species of native buoyant density, i t  seems likely that  
the sixth band has its origin in biological hybrid DNA molecules whose 
strands have not completely separated under the conditions of thermal 
denaturation. However, this band of native biological hybrid density is 
not observed when the DNA is heated a t  100°C for 10 minutes and then 
quickly cooled. The molecules giving rise to this band must therefore be 
spread out over a broad density range because of the existence of different 
proportions of denatured and nativelike regions. This interpretation is in 
apparent agreement with the observations of Rownd et al. (1963b) on 
the density distribution of the residual transforming activity of de- 
natured B.  subtilis biological hybrid DNA. The kinetics of renaturation 
of biological hybrid DNA (Rownd, 1963; Rownd and Doty, 1963) is 
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essentially the same as that observed by Schildkraut et al. (1961a), who 
used heavy and light DNA as the starting materials. 

3. BIOLOGICAL TRANSFORMATION AND IMMUNOLOGY 

Lanyi (1963) has made a detailed study of the kinetics of renatura- 
tion of several genetic markers in H .  influenzae DNA. The restoration 
of biological activity follows second-order kinetics when the order of the 
reaction is calculated by both the initial velocity method and the recip- 
rocal plot method. Although it is not entirely clear to what extent the 
restoration of biological activity reflects changes in the molecular con- 
formation of DNA, i t  is interesting that the second-order rate constants 
obtained by both spectrophotometric and biological measurements in 
H .  infiuenzae DNA are in close agreement. 

The restoration of the native helical structure of T-even bacteriophage 
DNA may be followed by the decrease of the ability of renatured DNA 
to react with specific antibodies (Levine et al., 1960). As a function of 
the time of renaturation, the ability to fix complement levels off a t  a 
value about 30% of that of denatured DNA. This is consistent with the 
extent of renaturation as measured by physical techniques, and with the 
observation of denatured regions a t  the ends of renatured molecules as 
seen under the electron microscope (Doty et al., 1960). Dolbeare and 
Grossman (1962) have shown by preparative CsCl density gradient 
centrifugation studies that the residual immunological activity is actually 
associated with renatured molecules possessing unmatched denatured 
regions. 

C. Partially Renatured States 
If the rate of helix formation after the nucleation step in renatura- 

tion is sufficiently slow, i t  should be possible to “freeze in” metastable 
partially renatured states in which helix formation has not proceeded to 
completion (Dove and Davidson, 1962a,b). These states should be recog- 
nizable by a buoyant density in CsCl intermediate between that of 
denatured and maximally renatured DNA. Fractionation by CsCl density 
gradient centrifugation of DNA which has not been completely renatured 
should show a distribution of DNA densities ranging from the denatured 
to the maximally renatured density. This is the case with T4 DNA 
(Rownd, 1963), with H .  influenzae DNA (Rownd et  al., 1961, 1963), and 
with B. szLbtiZis DNA (Rownd, 1963). It appears that the zippering up of 
renatured molecules must be sufficiently slow so that molecules of low 
helical content have more than just a transient existence during the 
renaturation process. When these molecular species of low helical content 
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are removed from optimal renaturing conditions, they are prevented from 
renaturing to  completion. If, however, partially renatured states obtained 
by fractionation in CsCl are annealed further under optimal temperature 
conditions a t  concentrations sufEciently low to minimize intermolecular 
contacts, i t  is found, by the buoyant density criterion, that they renature 
further. It seems plausible that a t  high concentrations, where interstrand 
contacts are more frequent, the zippering up  of the renatured molecule 
could be rate-limiting and, hence, could result in complex renaturation 
kinetics. 

Rownd et  aE. (1961, 1963) isolated partially renatured states in 
H .  influenzae DNA and studied the effects of varying amounts of helix 
and coil on the biological activity of this DNA. The restoration of 
biological activity of single genetic markers is linearly dependent on the 
helical content of the renatured molecule, For two linked markers, how- 
ever, no significant increases in biological activity over that of denatured 
DNA were found until 5040% helix had been restored, as estimated 
from buoyant density measurements. This value of helix content is in 
excellent agreement with the known distance between the two linked 
genetic markers and suggests that the remaining steps of the transforma- 
tion process after uptake of the DNA are carried out most efficiently 
when both markers are in the helical conformation (Fox, 1962). 

VI. Hybrid Formation 

A. Requirements 
Aside from the environmental conditions suitable for renaturation 

(outlined in Section IV,B) , there are several requirements permitting 
strands originating from different DNA molecules to form hybrids with 
a nativelike structure, after denaturation and annealing (here referred 
to as “in vitro” hybrids). The main requirements are that  the over-all 
base compositions of the two interacting “parental” DNA samples be 
similar and that  the DNA originate from microorganisms that are 
genetically related (Marmur et d., 1961c, 1962). The similarity in base 
composition would seem to be a minimum requirement in order to  have 
the fairly extensive base sequence homologies needed to form the hybrid, 
nativelike molecules. It does not follow, of course, that any two heterol- 
ogous DNA samples with identical average base compositions will be 
able to form in uitro hybrids, 

The methods thus far developed to study the formation of hybrids 
have not yet been developed to such a degree that small changes in base 
composition or base sequences resulting from mutations can be detected. 
Thus, the DNA from various E.  coli strains (B, C, W, K-12, I, TAU-, 
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and 44B), which vary among themselves by a t  least several genetic 
traits, behave in an almost indistinguishable manner when examined for 
their ability to  form in vitro hybrids with heavy isotope-labeled E. coli 
B DNA (Schildkraut et ul., 1961a). 

It is not known a t  present how far the average DNA base composi- 
tion of the parental DNA samples can deviate and not affect, or to what 
extent it would affect, in vitro hybrid formation. Such studies may be 
possible with the DNA isolated from a group of related organisms such 
as those that belong to the Enterobacteriaceae (Marmur and Doty, 1962; 
Falkow et al., 1962b). These include some species related taxonomically 
and physiologically but with slightly different G + C compositions when 
analyzed by CsCl density gradient centrifugation (Schildkraut et al., 
1962a) and/or by their thermal denaturation temperature (Marmur and 
Doty, 1962; Mandel, 1962b). If these organisms have been derived from 
a common strain by mutation and selection, they may still possess exten- 
sive sequence homologies. The recent finding of Weed (1962) that some 
copper-induced mutants of B. subtilis have altered base compositions 
has opened up new possibilities for study of comparative base composi- 
tions and base sequence homologies. 

The requirements for in vitro DNA hybrid formation are that the 
bacteria be genetically related when tested by transformation or trans- 
duction or, in the case of the bacteriophages, by recombination (Marmur 
et al., 1962). However, microorganisms that can exchange genetic mate- 
rial by conjugation or F-duction only do not necessarily contain DNA 
molecules possessing extensive base sequence homologies permitting 
in vitro hybrid formation. In  fact, F-duction can take place between 
organisms having quite dissimilar DNA base compositions (e.g., E. coli 
and Serrutia marcescens) , suggesting that the transferred genetic mate- 
rial is not integrated with the host DNA but exists and reproduces in 
unison with it (Marmur et al., 1961b). 

The question can be asked whether transduction, transformation, or 
in vitro hybrid formation is the most stringent test for homology. Since 
the genetic exchange may probe the homologies of small parts of indi- 
vidual molecules and marker regions, i t  would be expected to require a 
greater base sequence compatibility than does in vitro hybrid formation, 
which tests the homologies of many DNA molecules. This has been 
shown to be the case in a study of the DNA from the Bacillaceae (Mar- 
mur et al., 1963). Transforming DNA’s from species related to B. subtilis 
with the same base composition yield higher proportions of hybrid with 
the DNA from the recipient organism than can be predicted from the 
transformation efficiencies. 

The observations of Schildkraut et al. (1961a) are consistent with 
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the hypothesis that  the strands that combine in renaturation are not the 
same strands that were united in the native DNA but rather may be 
complementary strands originating in different cells. The denaturation 
and renaturation of the DNA is accomplished by heating and annealing 
a solution of two homologous DNA samples, one of which carries a heavy 
isotope label. If the pairing of DNA strands depends only on the com- 
plementarity between them, one would expect that renaturation would 
lead to three bands in density gradient centrifugation; one heavy, one 
light, and one intermediate, corresponding in density to a hybrid com- 
posed of one normal and one heavy strand. Moreover, the amount of thc 
hybrid would be expected to be double that of either the heavy or 
light component, provided that equal amounts of the two DNA samples 
had been heated and annealed. 

Experiments have been carried out by Schildkraut et  al. (1961a) 
that support the hypothesis that the strands combining during renatura- 
tion are not the identical strands that were united in the native DNA, 
but rather are complementary strands originating from different cells. 
The use of N16 and deuterium-labeled DNA provides a distinctive 
density label that is readily resolved in the CsCl gradient from 
unlabeled DNA. If an equal weight mixture (5  pg/ml) each of native 
labeled and unlabeled bacterial DNA is thermally denatured and then 
annealed under optimal conditions, the interaction of the separated 
strands should result in renatured labeled, hybrid, and renatured un- 
labeled DNA in the proportions 1: 2: 1 as expected from the random 
recombination of the separated strands. If renaturation is not carried 
out to completion, the denatured forms of the labeled and unlabeled 
DNA will also appear in the density gradient pattern and give rise to  
five density species of DNA corresponding to the five-band pattern 
discussed above. Longer times of annealing lead to complete renatura- 
tion, so that the denatured bands are no longer apparent, but these 
conditions (even at low DNA concentrations) encourage the nonspecific 
aggregation of the DNA, resulting in a distortion of the proportions of 
the renatured species predicted from the model of random recomljination 
of separated strands. Incubation of such an apparently aggregated mix- 
ture with E. coli phosphodiesterase (Lehman, 1960) results in the elim- 
ination of these aggregates. This is shown by the restoration of the 
expected proportions of the three renatured species as well as by their 
slight decrease in density due to digestion of the unpaired regions. A 
further consequence of the enaymatic digestion is the elimination of the 
denatured species, resulting in three instead of five bands. Thus, the 
results obtained using labeled and unlabeled DNA, as well as biological 
hybrid DNA (Rownd, 1963), lead to the conclusion that the major 
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portion of the strands recombining during renaturation is not the original 
native complementary mates. 

B. Nature of the Hybrid 

1. PHYSICOCHEMICAL STUDIES 

A number of objections might be made that the hybrid does not 
consist of uniformly labeled strands united by complementary base 
pairing. First i t  might be argued that the DNA of intermediate density 
is an aggregate formed by physical entangling of light and heavy strands. 
However, a number of examples have been given by Schildkraut et al. 
(1961a) showing that molecules of different base composition, or even 
of the same composition but different genetic relatedness, would not form 
hybrids. It seems likely that physical aggregates can be produced and, 
when the concentration of DNA in the annealing mixture is raised ten- 
fold (to about 50-100 pg/ml), material of intermediate density can 
be produced from DNA samples with different base composition. When 
such material is treated with the E .  coli phosphodiesterase, how- 
ever, these aggregates disappear. Thus, aggregates formed by physical 
entanglement can be distinguished from true hybrid molecules. How- 
ever, the DNA of intermediate density might consist of a uniformly 
labeled double helix and a completely unlabeled double helix held to- 
gether by lateral bonds whose nature is as yet unknown (Cavalieri and 
Rosenberg, 1961). Or, it could be imagined that the hybrid consists of 
two double helical DNA molecules aggregated end to end. This latter 
possibility has been examined in the case of the in vivo hybrids of 
E .  coli DNA by Rolfe (1962). Following several sonically induced lesions, 
a molecule consisting of an unlabeled double strand connected end to end 
to a molecule having both strands labeled would produce two new bands 
in the CsCl gradient a t  positions corresponding to those normally found 
for the unlabeled and fully labeled components. This, however, was not 
found to be the case. Similarly, in vitro hybrid B. subtilis and E.  coli 
DNA have been prepared and fractionated by preparative CsCl density 
gradient centrifugation from bhe other DNA species formed simul- 
taneously during the annealing process. The isolated hybrid DNA was 
then fragmented by sonic degradation. Banding the sonicated in vitro- 
formed hybrids did not indicate the appearance of any significant amount 
of DNA possessing the densities of uniformly labeled or unlabeled DNA, 
thus eliminating the possibility of end-to-end aggregation (Rownd, 1963). 

The occurrence of a side-by-side aggregate appears to be unlikely 
from considerations of the strong species specificity of hybrid formation. 
This high degree of specificity was revealed by the lack of hybridization 
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in two systems. First, a hybrid could not be formed between the DNA 
of E.  coli and Salmonella typhimurium or S .  typhosa. These organisms 
are known to be genetically related (by conjugation) and they even have 
similar orders for the genes studied (Zinder, 1960). However, when spe- 
cific regions of the E.  coli chromosomes are transferred to S. typhosa by 
bacterial conjugation (Baron e t  al., 1960; Falkow e t  al., 1962a), the 
recombinant strains form in vitro hybrids with E. coli DNA, the extent 
of hybrid formation being in good agreement with the extent of genetic 
transfer as estimated from the mating kinetics (Rownd et al., 1962, 
1963a; Schildkraut and Marmur, unpublished results). Second, a hybrid 
cannot be formed between DNA from temperate bacteriophage X and 
unfractionated DNA from E. coli, even though Josse et al. (1961) showed 
that their nearest neighbor base frequencies are very similar. 

Further specificity has been demonstrated among the DNA of the 
bacteriophages of the T-series (Schildkraut et al., 1962b). Hybrids can 
be formed between pairs of T-even bacteriophage DNA molecules or 
between T3 and T7 DNA. No hybrids, however, could be formed between 
DNA from T-even and T-odd phages nor between these and E .  coli DNA. 

Closer examination of the T-even DNA hybrids has indicated that, 
even in this case, differences can be detected, therefore demonstrating 
a lack of complete homology (Rownd and Wierzchowski, unpublished 
results). T4 bacteriophage DNA labeled with N16 and deuterium was 
used to form hybrids with unlabeled DNA from T2, T4, and T6 bacterio- 
phages, by the method described by Schildkraut e t  al. (1962b). The 
hybrid DNA molecules were isolated by preparative CsCl density 
gradient centrifugation and the T, determined. Since T2, 7'4, and T6 
DNA have quite similar melting temperatures, this physical property 
can be used to determine the relative stability of hybrid DNA molecules 
among the bacteriophages of the T-even series, and thus estimate the 
extent of homology in the hybrid. It was found that the hybrid formed 
between the DNA of T4 and T4 had a higher degree of thermal stability 
than that formed between T4 and T2 or T6. 

The studies summarized above on the highly specific nature of hybrid 
formation indicate that if some unknown bonds are responsible for the 
molecules associating in &, side-by-side fashion during the annealing 
process, they are sequence specific. If these are some type of protein 
or hydrogen bonds they in turn must be regulated by the base sequence 
of the DNA molecule. It also appears that whenever the hydrogen bonds 
connecting the strands of the Watson-Crick double helix are broken, the 
hypothetical bonds also break. Instead of postulating a new type of 
linkage, it seems more reasonable to identify the subunits that separate 
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when the bonds between the single strands of the double helix are broken 
with the single strands themselves. 

In  our discussion of hybrid formation we should also mention the 
in vitro production of hybrid molecules by the DNA polymerase isolated 
from E .  coli. It would be predicted that after the primer DNA had been 
doubled by synthesis, most of the molecules. present would contain one 
new strand and one old. These hybrids should be easily observed in the 
CsCl density gradient if either the newly synthesized DNA or the primer 
DNA has been heavy labeled. The production of hybrids by both of these 
methods was achieved by Baldwin and co-workers using 6-bromouracil 
(B) as a label. Wake and Baldwin (1962) used poly d(A-T) as a primer 
for the synthesis of poly d(A-B) and vice versa. They showed that  
during synthesis hybrid molecules are initially formed but subsequently 
a product containing only newly synthesized DNA appears. If the 
reaction is stopped a t  the hybrid stage and the hybrid DNA is heated 
and banded in Cs,S04, bands appear a t  the positions of d(A-T) and 
d (A-B) polymers, indicating strand separation. The time of incubation 
a t  elevated temperatures required to  produce strand separation was 
longer for this enzymatically formed hybrid than for similar hybrids 
formed by heating and annealing of the hybrid DNA of E .  coli produced 
in vivo and studied by Schildkraut e t  nl.  (1961a). Inman and Baldwin 
(1962) have shown that hybrid molecules can be formed from these same 
alternating copolymers [d (A-T) and d(A-B) ] by slowly cooling a 
solution in high salt, where both polymers have nearly the same melting 
temperature. Very high concentrations are needed to form the hybrids, 
suggesting that a t  low concentrations the single strands fold back on 
themselves. 

2. BIOLOGICAL STUDIES 

The nature of hybrid DNA molecules can be approached in yet 
another way by studying the transforming activity of heterosygous 
molecules in which each of the complementary strands carry one of a 
pair of linked markers. Consider the case in which DNA is isolated from 
a cell carrying markers A and B that  show linkage when used to trans- 
form cells carrying the corresponding alleles a and b. Suppose now that 
the DNA isolated from a strain carrying only one of the two markers is 
denatured and annealed with the DNA from a strain carrying the other 
marker. Designating the “parental” DNA’s as 

a B  A 6  
and - 

a B  X-E 
- - 
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strand separation and renaturation would result in renatured molecules 
of the parental type as well as hybrid molecules (“heterozygous”) which 
can be designated as 

A b  
a B  

Such hybrid molecules might behave in transformation in one (or more) 
of a t  least three different ways: 

(a)  The hybrid molecule, after entering the transformable cell, might 
dissociate a t  cell division and segregate so that only one parental strand 
of DNA would appear in each cell. This would give rise to  mixed clones 
containing transformed cells carrying only one marker ( A  or B ) .  This 
would happen if both of the complementary strands are phenotypically 
competent. 

( b )  The hybrid (heterozygous) molecules may behave like native 
DNA molecules carrying the dominant markers A and B on both strands 
and give rise to linked transformants. It is possible that some discon- 
tinuity in the secondary structure between A and b or a and B (or on 
both strands) is a necessary prerequisite to display linkage. 

(c) If only one of the two strands is potentially capable of giving 
rise to  cells with a transformed trait, then the hybrid DNA molecule 
will give rise to clones containing only one of the two markers ( A  OT B ) .  

The results thus far obtained on the transforming activity of hetero- 
zygous DNA molecules are meager. Herriott (1961a,b) has shown that 
the hybrids give rise to double transformanta (case b above) in H .  
influenme, albeit about ten times lower than expected on the basis of 
their product resulting from a bimolecular reaction in the formation of 
the heterozygous DNA molecules. He finds that the yield of double 
transformants by the heterologous DNA depends on the genetic map 
distance between the linkage groups: the shorter the distance, the smaller 
the yield of double transformants. 

Different results (Marmur, Lane, and Doty, unpublished results) 
have been obtained with the linked markers of D.  pneumoniae. By heat- 
ing and annealing DNA carrying the erythromycin resistance marker 
ery-r2 with DNA carrying the marker ery-r3 [linked when present in 
the same cell (Ravin and Iyer, 1962)], the hybrid molecules give rise t o  
transformed clones carrying either the ery-r2 or ery-r3 markers, but not 
both (case c above). The heterozygous DNA molecules did not produce 
double transformants as in the case with Hemophilus. The results 
obtained with D .  pneumoniae are consistent with the idea that only one 
strand of the DNA double helix is active in the final expression of the 
marker in the transformed cell. Supporting this is the finding that when 

- - 
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genetically marked D.  pneumoniae DNA carrying the marker for strep- 
tomycin resistance is denatured and annealed with a large excess of 
unmarked, wild-type DNA, the number of transformants per unit weight 
of marked DNA annealed is no greater than when an equivalent con- 
centration of marked DNA goes through the same thermal process alone. 
A similar result has recently been reported by Suzuki et al. (1962). Were 
each strand capable of phenotypic expression with 100% efficiency, one 
might expect that each marked DNA molecule would give rise to two 
hybrid molecules and thus increase the yield of transformants by a 
factor of two. These results (Marmur, Lane, and Doty, unpublished) 
are contrary to those published earlier (Marmur and Lane, 1960) in 
which the effects of increasing the concentration by the unmarked DNA 
were erroneously neglected. 

The differences between the results with Hemophilus and D .  pneu- 
moniae remain unexplained. DNA isolated from cells carrying both 
markers (ery-r2 and ery-r3) in the D .  pneumoniae studies shows ap- 
proximately the same degree of linkage as the two closest markers 
(streptomycin, S, and kanomycin, K )  used in the Hemophilus work. As 
has already been pointed out, the yield of double transformants depends 
on the genetic (and thus probably the physical) distance between the 
markers in the heterozygous DNA molecules. The yield of transformants 
to S and K resistance in Hmophilus by annealed hybrid molecules is 
very low. If all the pairs of linked markers can form heterozygous 
molecules to the same extent, i t  would be expected that the closer the 
linkage of the markers, the greater might be the probability of trans- 
formation by heterozygous DNA to yield linked transformants. However, 
the relative frequency of transformants by annealed heterozygous DNA 
is the inverse of that obtained with the unheated native DNA extracted 
from cells carrying both markers (D. Luazati et al., 1961). It is possible 
that the active heterozygous molecules that eventually result in double 
transformants arise from one single unbroken strand pairing with two 
segments (each carrying one of the dominant alleles) of the comple- 
mentary strand that has suffered a scission between the two markers in 
question: e.g., 

These structures, with a discontinuity in the primary structure of one 
strand, might be formed before (by renaturation) or after entry into the 
cell has occurred. Such a mechanism would predict that the shorter the 
distance between A and B, the less likely would be the possibility of 
obtaining heterozygous DNA molecules active in double transformation. 
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This is the case in Hernophilua. In  the case of D.  pneurnrmiee the yield 
of active heterozygous molecules might have been too low to be detected 
by the number of transformants assayed. 

C. DNA-RNA Hybrids 
It has been demonstrated that  hybrid formation by strand separation 

and recombination provides a means to test sequence homologies in 
bacterial and bacteriophage DNA samples. This technique also provides 
an experimental approach for examining one of the characteristic 
features expected of “messenger RNA,” the RNA that carries the genetic 
information for coding amino acid sequences in protein molecules. The 
DNA-DNA hybrids are formed only if the interacting samples are 
isolated from closely related species (Schildkraut e t  al., 1961a). The 
conditions (e.g., low DNA concentrations, optimum temperature, etc.) 
for the formation of these hybrids have been carefully selected to reduce 
nonspecific aggregation. In  the case of the formation of the mixed DNA- 
RNA hybrids, this has not always been taken into account. In  several 
instances, relatively high concentrations of DNA have been employed. 
Aggregation of the DNA during renaturation might readily occlude RNA 
and could be taken for the existence of base sequence homologies. Where 
homologies might exist, the extent of the related sequences is unknown. 
The application of enzymes that would specifically digest the unpaired 
regions would be extremely useful in selecting the regions which have 
paired specifically. 

The properties of messenger RNA have been discussed by Brenner 
e t  al. (1961) and Spiegelman (1962). If information is transferred from 
DNA to messenger RNA by complementary base pairing, then i t  would 
be expected that an RNA-DNA complex could be formed by heating and 
annealing a mixture of DNA and messenger RNA from the same 
organism. RNA has a buoyant density of about 2 gm/ml, while that of 
DNA is about 1.7 gm/ml. A double-stranded DNA-RNA hybrid molecule 
(1: 1) probably has the average density of 1.85 gm/ml, but it might band 
a t  any intermediate density, depending on the ratio of DNA/RNA in the 
hybrid. 

T o  examine the properties of such a hybrid, Schildkraut et al. (1961b) 
prepared a hybrid consisting of poly dG and poly rC. They did this by 
heating and quickly cooling a mixture of poly (rC) and (dG) : (dC). The 
hybrid banded in CsCl a t  a density intermediate between that  of 
poly (rC) and (dG) : (dC). Now that the density of poly dG in alkaline 
Cs,S04 and that expected in neutral CsCl have been calculated (Inman 
and Baldwin, personal communication), i t  is apparent that the density of 
the hybrid was approximately the average of that of poly (rC) and 
poly (dG). The poly (dC), which did not appear in the photographs of 
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Schildkraut et al. (1961b), has been shown by Inman and Baldwin 
(personal communication) to have a comparatively low density in 
Cs2S04, and would not be expected to band in the high-density CsCl 
solution used in the studies of the former authors. The (dG): (rC) com- 
plex had a T, that was 18°C higher than that of (dG) : (dC). In  addi- 
tion, the complex was resistant to both pancreatic ribonuclease and 
deoxyribonuclease for a period of up to 24 hours. A similar hybrid, 
between dT  oligonucleotides and poly rA, was obtained by Rich (1960), 
who studied its formation by ultraviolet absorbance measurements. 

Schildkraut et al. (1961b) have also heated and annealed a mixture 
of DNA from E.  coli and ribosomal RNA from various sources. E.  coli 
RNA produced a skewing of the DNA band in the direction of higher 
density. RNA from Pseudomoms aeruginosa, D .  pneumoniae, and Myco- 
bacterium phlei did not produce this effect. More recent studies from 
other laboratories have shown that modification of the band profile was 
probably produced by messenger RNA present in the ribosomal RNA 
fraction or by the microsomal RNA itself (Yankofsky and Spiegelman, 
1962). 

Hall and Spiegelman (1961) and Spiegelman (1962) have shown that  
the specific RNA produced after T2 infection forms a complex with 
denatured T2 DNA when the two are annealed. The complex bands in 
CsCl a t  the same position as denatured T2 DNA. When the T2-specific 
RNA is annealed with DNA from Ps. aeruginosa or T5 bacteriophage, 
no complex is formed. The authors estimated that the ratio of DNA to 
RNA in the complex was 5 to 1. 

Hayashi and Spiegelman (1961) and Spiegelman (1962) have formed 
what appears to be an RNA-DNA hybrid, using messenger RNA from 
uninfected cells. They transferred cells growing in a rich medium to a 
synthetic medium and showed that this led to a temporary cessation of 
ribosomal RNA synthesis. RNA produced after such a “step down” 
transfer is enriched with messenger RNA, identified by base ratio deter- 
minations. They then annealed total RNA isolated by the phenol method 
with homologous denatured DNA and found the labeled RNA in the 
high-density region of the DNA band. Nonhomologous DNA did not 
interact with the RNA. These observations are similar to those made by 
Schildkraut et al. (1961b). Spiegelman (1961) discusses evidence sup- 
porting the claim that the skewing of the DNA is caused by messenger 
RNA. 

The first example of an RNA-DNA complex that bands a t  a density 
considerably higher than that of the DNA was presented by Geiduschek 
et al. (1961). Weiss and Nakamoto (1961) studied some of the properties 
of RNA synthesized by the RNA polymerase that uses DNA as primer 
and were able to show that the average base composition and the 
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average nearest-neighbor frequency of the enzymatically synthesized 
RNA and the DNA primer are complementary. Geiduschek et al., (1961) 
showed that, on heating and annealing, a complex is formed between the 
synthesized RNA and the primer DNA, the density of this RNA-DBfA 
complex depending on the ratio of complementary RNA to DNA in the 
annealing mixture. When the ratio of moles of RNA-P to DNA-P was 
1:5, the complex was only slightly heavier than DNA. When apprcrfri- 
mately equal amounts of complementary RNA and DNA were annealed, 
the density of the complex was greatly increased. Since all of the DNA 
employed reacted with the newly synthesized RNA to form a DNA-RNA 
hybrid, the conclusion was drawn that both the DNA strands could act 
as templates for RNA synthesis in vitro. 

Many of the RNA-DNA complexes studied thus far are resistant 
to low levels of ribonuclease (see, for example, Gros et al., 1961a). 
The (dG): (dC) complex of Schildkraut e t  d. (1961b) is resistant t o  
both ribonuclease and deoxyribonuclease. Another distinguishing feature 
of this complex formed with homopolymers is that its T,,, was much 
higher than that of (dG): (dC). Schulman and Bonner (1962), however, 
reported a naturally occurring RNA-DNA complex isolated from Neuro- 
spora whose properties differ from those just discussed. The undegraded 
complex is susceptible to ribonuclease and its T,,, is lower than that of 
the DNA component. The authors suggest this complex may consist of a 
double strand of DNA with an RNA strand wrapped around it. Yankof- 
sky and Spiegelman (1962) used the resistance of the DNA-RNA hy- 
brids to ribonuclease to enrich and isolate the complex formed on arb 
nealing of DNA and ribosomal RNA. Nonspecific interactions between 
the two nucleic acids were digested readily by RNase and DNase. Similar 
studies have been carried out by Giacomoni and Spiegelman (1962) on 
the annealing of DNA with soluble RNA. 

DNA-RNA hybrids have been detected in vivo in higher plants and 
animals (Venkataraman and Coe, 1961; Bonner et al., 1961; Rho and 
Bonner, 1961) ; however, their structure has not been fully investigated. 
The use of the specific interaction between the two nucleic acids (Bautz 
and Hall, 1962) for the isolation of specific messenger RNA is outlined 
below. 

VII. Applications of Renaturation 

A. Genetic and Taxonomic Relationships 
It has recently been pointed out that there is a correlation between 

the genetic as well as taxonomic relatedness of microorganisms and the 
average base compositions of their DNA (Lee et al., 1956; Belozersky 
and Spirin, 1960; Lanni, 1960; Sueoka, 1961; Marmur et  al., 1961c, 
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1962). A more demanding criterion of the relatedness of microorganisms 
would be that their DNA bases have sequence homologies; a minimum 
requirement for an extensive homology between two DNA samples is 
that their base compositions be similar. Since DNA hybrid formation 
by denaturation and annealing requires extensive base sequence homolo- 
gies (Schildkrsut et al., 1961a), i t  can be used as a tool in studying, in 
vitro, the relationship between the organisms from which the DNA is 
isolated. Such a study was undertaken (Marmur et al., 1961c) and i t  
was shown that any two microorganisms that can exchange genetic 
markers by transformation or transduction possess DNA with similar 
base compositions and can form hybrids on denaturation and annealing. 
The same is true for the T-even E. coli bacteriophages which have been 
shown to be genetically related. However, when genetic exchanges can 
take place between organisms with different average base compositions 
(Serratia murcescens and E .  coli) by F-duction (Falkow et al., 1961) 
or by conjugation (Zinder, 1960; Baron et al., 1960) only (8. typhi- 
murium X E .  coli), then the DNA isolated from the parental strains do 
not form extensive in vitro hybrids. 

Since there is a close relationship between in vitro molecular hybrid 
formation, taxonomy, and genetic compatibility of microorganisms, we 
would expect organisms yielding DNA that can interact to form hybrid 
molecules to belong to the same taxonomic group and very likely to be 
genetically related. The most demanding test in the classification of 
higher organisms into species is that they be genetically related. Thus, 
when there is a difficulty in finding the proper conditions for routes of 
genetic transfer, the ability of the DNA from the parental organisms to 
form hybrids in vitro could be substituted as the genetic test. 

It should be pointed out that since unfractionated samples of DNA of 
higher plants and animals do not renature under conditions where 
microbial DNA does, the principles discussed above are applicable only 
to organisms having relatively homogeneous populations of DNA. It is 
possible, however, that if the DNA of higher species were first fraction- 
ated, then the more homogeneous DNA could be used in in vitro molecu- 
lar hybridization experiments with corresponding fractions of the DNA 
of a closely related species. The possibility also exists in studying the 
homology of the DNA of such tumor-inducing viruses as polyoma and 
Shope papilloma with fractionated DNA from the host cells. 

8. Fractionation, Isolation, and Identification of 
Specific Nucleic Acids 
The homologous base sequence relationship in nucleic acids has been 

extended to that existing between DNA and “messenger” RNA isolated 
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in vivo, naturally occurring DNA-RNA hybrids, and the RNA synthe- 
sized by the RNA polymerase using DNA as the primer. By heating 
and annealing the nucleic acids (and if nonspecific aggregation is elimi- 
nated), the RNA with a complementary base sequence to that of DNA 
can be recognized by examining the mixed hybrids formed. Thus, Hall 
and Spiegelman (1961) recognized the presence of in vivo synthesized 
messenger RNA as well as naturally occurring DNA-RNA hybrids. 
Geiduschek e t  al. (1961) showed that the RNA synthesized in vitro by 
the RNA polymerase isolated from M .  lysodeikticus contained molecular 
species that were complementary to either of the DNA strands used as 
the primer. It would seem possible that, by heating and annealing a 
mixture of DNA and RNA and adjusting conditions to favor the interac- 
tion of the two different nucleic acids rather than each type by itself, one 
could concentrate and isolate only those molecules of RNA and DNA 
exhibiting base sequence complementarity. 

Such an approach was utilized by Bautz and Hall (1962). Denatured 
T4 bacteriophage was first coupled (through the glucose residues) in or- 
der to immobilize it to form a column. T4 messenger RNA isolated from 
E .  coli after bacteriophage infection was then passed through the 
column and the complementary messenger RNA that specifically com- 
bined with, and was retained by, the denatured DNA could then be 
eluted by adjusting the ionic strength and/or raising the temperature. 
By using a column containing denatured DNA obtained from deletion 
mutants, i t  was possible to isolate from the total messenger RNA primed 
by wild-type bacteriophage that complementary RNA corresponding 
to the deletion. A modification of this technique which can employ any 
high molecular weight, denatured DNA in the column, has been intro- 
duced by Bolton and McCarthy (1962). It was found that when the 
DNA was embedded in agar, a column could be prepared that would 
specifically adsorb messenger RNA and that the latter could be specifi- 
cally eluted under proper conditions of temperature and ionic strength. 
Yankofsky and Spiegelman (1962) have made use of the homology 
requirements for the annealing of the two nucleic acids to  demonstrate 
that E.  coli ribosomal RNA can form specific hybrids with 0.1-0.2% of 
the host genome. They made use of the observation that specific hybrids, 
but not aggregates, are relatively insensitive to RNase and DNase. 

C. Reactions of Denatured DNA 
Since denaturation followed by annealing allows the DNA to be 

treated first in the denatured state, conditions are provided for reactions 
that proceed more readily with denatured DNA. It has been found 
recently (Horn and Herriott, 1962) that denatured H .  influenme DNA 
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treated with nitrous acid and then renatured will result in a high yield 
of mutants, whereas native DNA so treated yields few or none. Such 
experiments, employing partially denatured and denatured DNA have 
also been performed with the B.  subtilia-transforming system (Freese 
and Strack, 1962) using nitrous acid and hydroxylamine. 

Denaturation and renaturation have also been used to  show that 
certain enzymatic reactions proceed more readily with either the native 
or denatured state of DNA. Thus, Zimmerman e t  al. (1962) found that 
the enzymatic glucosidation of T-even bacteriophage DNA was ex- 
tremely slow and limited in extent when denatured DNA was the 
substrate. Renatured DNA behaved in a manner similar to that of 
native DNA. 

VIII. Summary 
The data that has been accumulated to date on the structure of 

native DNA is consistent with the double stranded model proposed by 
Watson and Crick. This does not imply that subtle differences do not 
exist in the secondary and tertiary structure of DNA preparations iso- 
lated from widely varying sources. A very pressing problem is the 
molecular state of the DNA molecule in vivo. An insight may come about 
as a result of two important recent developments in studying the proper- 
ties of DNA. These have been (1) the isolation of high molecular weight 
material from bacteriophages and bacteria by methods that avoid shear 
degradation and (2) the introduction of new techniques such as CsCl 
density gradient centrifugation and refinements of radioautography as 
well as electron microscopy. The latter two methods have proven to be 
extremely promising for ascertaining the molecular weight of large DNA 
molecules whose dimensions could not be accurately ascertained by 
previous physicochemical means. The immediate consequence of the 
isolation and characterization of large DNA molecules is to make i t  
possible to study the relationship between DNA structure and genetic 
linkage maps. By assaying the distribution of genetic units (employing 
transformation by bacterial or bacteriophage DNA) along the entire or 
sheared fragments of the DNA molecule, i t  is now possible to decide 
whether there is a colinearity between genetic sequences and DNA 
structure (Kaiser, 1962). It has also made i t  possible to calculate the 
length per unit mass of the entire DNA complement of several bacterio- 
phages. Not only has this data been consistent with the two-stranded 
model but i t  has been possible to conclude (Cairns, 1962b) that the 
strands of coliphage X DNA separate during replication. This is con- 
sistent with the previous physicochemical evidence that the semicon- 
served DNA subunits (which can dissociate under denaturing conditions) 
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are the single strands. The DNA strands can separate upon denaturation. 
The double-stranded synthetic polynucleotides readily do so, as  do the 
DNA molecules isolated from bacteriophage alpha (Cordes et al., 1962) 
as well as other DNA samples. Following through with this reasoning, 
one can accept the phenomenon of renaturation, which occurs under 
appropriate conditions, from the collapsed or single-stranded states of 
DNA. 

The main interest in the denaturation and renaturation of isolated, 
purified nucleic acids is in their applications. Renaturation of denatured 
DNA, isolated from closely related organisms, can be used to investigate 
their taxonomic and evolutionary relationships. Renaturation can also 
be employed to prepare hybrid molecules between closely related strains 
or species that differ in a few or many genetic markers and then used in 
conjunction with transformation experiments to ascertain the genetic 
and phenotypic potential of each of the strands of the renatured hybrid. 

Thus, renaturation cannot only be used to  detect base sequence 
homologies, but also makes i t  possible, by adding a nucleic acid 
“reactant,” to isolate from a population of molecules those showing com- 
plementarity to  it. This has made i t  feasible to prepare columns, as did 
Bautz and Hall (1962), consisting of an immobilized nucleic acid 
species that can fractionate structures with complementary sequences. 
Using the technique of preparative density gradient centrifugation, it 
should also be possible, for instance, to recover the DNA of a lysogenic 
bacteriophage from its bacterial host after heating and annealing with 
isotopically labeled DNA from independently isolated homologous 
bacteriophages. 

The renaturation of DNA and RNA makes it possible to examine 
how the two nucleic acids are related structurally as well as meta- 
bolically. For instance, i t  is not only potentially possible to answer the 
question as to which DNA strand codes for the various RNA species 
synthesized on a DNA template (Bautz and Hall, 1962), but also, once 
an RNA molecule forms hybrids by annealing with DNA, to isolate (by 
preparative CsCl density gradient centrifugation, for example) those 
DNA sequences that are homologous to the RNA. The chemical and 
enzymatic methods t,hat are thus far available for studying the se- 
quences of the bases in DNA and RNA are in the very early stages of 
development, but i t  would be of great interest to see whether the short 
sequences that can be assayed show a complementary relationship be- 
tween the two nucleic acids of the DNA-RNA hybrid region. 

The denaturation and renaturation of nucleic acids might provide 
some clues as to the behavior of these macromolecules in vivo. The 
replication of DNA, the mechanism of recombination, the interactions 
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of DNA and RNA, as well as the interplay of the various RNA species 
during protein synthesis, all might conceivably involve base pair inter- 
actions that mimic in many respects those observed in vitro (see, for 
example, the statistical thermodynamic treatment of denaturation and 
replication by Vol’kenshtein and Yel’yashevich, 1961). A clearer under- 
standing of denaturation and renaturation and the factors influencing 
these processes would contribute significantly to a rational approach in 
designing experiments for gaining an insight into the interactions of 
nucleic acids during the growth of cells and viruses. 
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