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Kinetics of Renaturation of Denatured DNA. 11. 
Products of the Reaction 
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synopsis 
The structure of renatured T4 DNA has been studied by CsCl density-gradient cen- 

trifugation. It has, been found that the products of the reaction differ, depending on 
the method used for denaturation of the DNA. If denaturation is carried out without 
taking precautions to prevent chain degradation, for example, by heat, the DNA formed 
by renmturation shows approximately 70% recovery of the native structure as judged 
by its density., With long times of annealing, the DNA can recover the native density. 
This behavior is also observed with bacterial DNA samples. On the other hand, if pre- 
cautions are taken to prevent chain degradation during denaturation, two products 
appear as a result of renaturation. One of them is undistinguishable from native T4 
DNA, whereas the second one consists of highly aggregated DNA which shows only a 
partial recovery of the native structure. With long timea of annealing, this second species 
recovers the native density but retains its highly aggregated nature. At higher ionic 
strengths, renaturation follows a different pattern and a single product is formed. The 
relevance of all these observations to the kinetic anomalies reported in the previous 
communication is discussed. 

INTRODUCTION 
In order to clarify the mechanism of renaturation of denatured DNA, the 

kinetics of the reaction have been studied as described in the previous 
communication.l It has been concluded that the process can be well 
represented by an irreversible second-order reaction. However, after long 
times of reaction, as well as in solvents of high ionic strength, complications 
arise which make the reaction deviate from such a simple pattern. 

The work presented in this paper is aimed at  the detailed study of the 
molecular species formed in the course of renaturation in order to clarify 
those deviations. The method of study used is density gradient centrifuga- 
tion,2 specially suited for our purposes, since it permits separation of native 
and denatured DNA, which have different densities. This work comple- 
ments the results obtained with spectrophotometric technique, which only 
give information on the average extent of renaturation in the reaction 
mixture. 

The DNA employed in this study has been isolated from bacteriophage 
* Present address: Centro de Gen6tica Animal y Humana Facultad de Ciencias, 

Universidad de Barcelona, Barcelona, Spain. 
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T4. This DNA has been chosen because of its homogeneity and because 
the experiments described here are meaningful with regard to the problem of 
a circularly permuted base sequence.g 

EXPERIMENTAL PROCEDURE 
The details have been described in the preceding paper.' In the experi- 

ments described here, the same stock solutions of denatured DNA were used 
and aliquots of them were diluted at the proper conditions and annealed in 
glass vials in a thermostat at the reported temperature *0.loC. The vials 
were quickly cooled in ice water after the required time of annealing. The 
T2 DNA was kindly supplied by Mr. R. Sternglanz and Dr. B. Alberts. 
Unfortunately it was not possible to follow the reaction at concentrations 
lower than 2 pg./ml. because of the considerable losses of DNA due to 
a d ~ r p t i o n , ~  which are higher at low concentrations, especially for partially 
denatured species. 

It should be noted that density-gradient centrifugation can be safely used 
as an analytical tool in the experiments reported in this paper. When 
denatured DNA is stored in concentrated CsCl neither its density nor its 
optical density shows any significant change. The reactions which take 
place in this solvent appear only when the DNA is transferred into another 
solvent of lower ionic strength, as discussed in the previous communication. 

RESULTS 

Renaturation of Degraded, Denatured DNA 
When DNA which has been denatured without taking precautions to 

prevent degradation is subjected to renaturation, the renatured material 
usually shows an incomplete recovery of the properties of native DNA, as 
judged either by its hypochromicity6 or by its density in a CsCl density 
gradient .6 

A typical result obtained with a sample of denatured T4 bacteriophage 
DNA is shown in Figure 1, where it is easy to see the formation of a re- 
natured band at the expense of the denatured band. Similar results are 
obtained at lower concentration, although in this case the time scale should 
be proportionally expanded. This sample of DNA had a sedimentation 
constant S Z O , ~  = 15 in 0.015M citrate, indicating that it was considerably 
degraded. 

It is interesting to observe that the renatured band which forms in the 
first hours represents a DNA with approximately 70y0 of native structure &s 

judged from its density. When this DNA is renatured for a long time it is 
then possible to recover its native density, as can be seen in Figure 1. 
However its molecular weight is extremely high, as judged by the small 
width of the band, as well as by the rate at which it is formed in the CsCl 
gradient. This result gives support to the hypothesis6 that the renatured 
DNA formed in the first hours contains unpaired regions at the ends of the 
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Fig. 1. Renaturation of degraded denatured T4 bacteriophage DNA. A solution of 
DNA a t  low ionic strength (10-*M in Na+) was heated for 10 min. a t  100OC. and 
quenched in ice. The required amount of salt was added in the cold in order to obtain a 
solution 0.15M in NaCl and 0.015M in Na citrate. The sample was then heated at  56%. 
at a DNA concentration of 10 pg./ml. and aliquota were removed after various times. 
Shown above are the microdensitometer tmcings obtained after equilibration in a. CsCl 
density gradient formed by centtifugation a t  44770 rev/&. The band at the far left 
is the standard DNA which was present in each case to provide a reference density. 

molecules produced by the unequal length of the two denatured strands 
which have foimed a renatured molecule. In this sense, the heterogeneity in 
density found in renatured DNA by Rownd et al.' is most likely due to the 
different amounts of native and denatured structures present in the indi- 
vidual molecules. Upon further annealing, the denatured regions remain- 
ing in the renatured molecules can interact with corresponding regions in 
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other molecules. If enough time is allowed, all the denatured regions will 
disappear, and nativelike molecules formed by many denatured strands 
adequately paired will result. This product should have a branched 
nature, which has been actually seen in the electron microscope.8 

Renatnration of Formamide-Denatured DNA 
In the process of thermal denaturation, the length of the denatured 

molecules is usually reduced because of the effects of thermal degradation. 
The effect is more noticeable in samples of very high molecular weight. 

20' 
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Fig. 2. Denaturation of formamide-denatured T4 bacteriophage DNA. The DNA 
was denatured by dialysis against formamide as described in the text. Renaturation was 
carried at  58°C. in a solvent 0.15M in NaCl and 0.015M in Na citrate at  a DNA concen- 
trcrtibn of 10 pg./ml. Aliquots were removed after various times and equilibrated in a 
CsCl density gradient; the tracings obtained after centrifugation are shown in the figure. 
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The pattern of renaturation discussed in the previous section is consistent 
with these properties of the thermally denatured DNA. 

If the DNA is treated with a mild denaturing agent such as f~rmamide,~ it 
is to be expected that the denatured molecules will be undegraded if there 
are no pre-existing single strand breaks in the T4 molecules as suggested by 
Thomas et a1.l0 In  this way a homogeneous population of denatured mole- 
cules will result; all the molecules will have the same length. The base 
sequence will also be the same, although its order could vary from molecule 
to molecule if the bases are circularly permutated. This problem is dis- 
cussed in detail in a following paper." 

The results of renaturation experiments with formamide-denatured DNA 
are presented in Figure 2. It is clear that the process follows a complex 
pattern. Although approximately 50% of the renatured DNA is undis- 
tinguishable from the native, the rest of it has a density which corresponds 
to a DNA which has approximately 65% native structure (Fig. 2, frame 5). 
The following remarks are pertinent to the kinetic results shown in Figure 2. 

(1) The denatured DNA used in this experiment contains approximately 
15% of native DNA (Fig. 2, frame 1). This native DNA is resistant to 
formamide denaturation, and its nature will be discussed in another com- 
munication.' However, its presence is an advantage, since it provides an 
intrinsic density standard and shows that the renatured DNA which bands 
at  the lightest density has exactly the same density as native DNA. Re- 
sults analogous to the ones shown in Figure 2 are obtained when the DNA is 
originally 100% denatured by using the technique described by Subirana.' 

(2) During the first 10 min. of renaturation only a small amount of re- 
natured DNA appears in the band of native density. Only after 20 min. 
does a marked increase take place at this position. On the other hand, the 
amount of DNA present at  intermediate densities is larger after 10 min. 
than a t  5 min. or 20 min. These results show that some of the molecules 
present at  intermediate densities react further to end up in the band of 
native density. In other words, the transition from the denatured to the 
native density takes a short, but finite time and it is possible to isolate 
molecules which are in intermediate states of renaturation. These inter- 
mediate states have been discussed in detail by Rownd.12 
(3) It could be argued that the two strands of the molecules which appear 

a t  the native position at  the end of the experiment had never been separated 
by the process of formamide denaturation. This possibility can be tested 
by dialyzing the denatured DNA into a low ionic strength solvent at  room 
temperature.' If molecules which have stable nuclei are present, they 
should renature under these conditions. When this experiment is per- 
formed, no renaturation is observed, indicating that the process of fonna- 
mide denaturation has effectively separated the complementary strands of 
denatured DNA. 

(4) After 1 hr. of reaction, when all the denatured DNA has disappeared 
from the system, no further increase in amount of DNA in the band or 
native density can be detected. At the same time, the band of intermediate 
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Fig. 3. Sedimentation of native and denatured T4 DNA. Shown are microdensitom- 
eter tracings of ultraviolet photographs of samples centrifuged at  29,500 rpm with 0.15M 
NaCl plus 0.015M Na citrate as a solvent. The ordinate corresponds to the transparency 
of the solution, whereas the abscissa gives the distance from the center of rotation. The 
vertical lines at  the right and the left ends of the @ure correspond to the meniscus and the 
bottom of the cell respectively. The duration of centrifugation after attaining the r e  
quired speed was 20 min. The concentration of DNA was ca. 10 &ml. in both cases, 
so that the microdensitometer tracings for the two samples were the same at the beginning 
of centrifugation (not shown in the figure). 

density becomes very sharp, and with longer time for reaction it slowly 
moves towards the native density. After 10 hr. of reaction, its density 
becomes indistinguishable from the native density; at thie point all the 
renatured DNA has the same density as native DNA. However only about 
50% of it bands in the CsCl gradient at the same rate as native DNA; the 
other 50% consists of very high molecular weight molecules which band 
within the first 2 hr. of centrifugation. From the experiments discussed in 
the next section it will become clear that this latter component comes from 
the intermediate band already present after 50 min. and which has shifted 
slowly in density. 

(6) It was possible to test whether the renatured molecules had the same 
sedimentation coefficient as native molecules. This was done in a Spinco 
ultracentrifuge, Model E, using SSC (0.15M NaC1, 0.015M Na citrate) as a 
soLvent and sedimenting the solution a t  29,500 rpm in a plastic cell (Kel-F) a t  
a DNA contentration of approximately 10 pg./ml. The tracings obtained 
from the ultraviolet photographs are shown in Figure 3. A reasonably 
sharp boundary with the same sedimentation constant as native DNA is 
formed in the renatured sample, showing that its molecular weight does not 
differ significantly from the one of native DNA. A very heterogeneous 
fartaedimenting compouent is also present (practically all OF it has already 
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Fig. 4. Influence of various conditions on the renaturation of formamide-denatured T4 
bacteriophage DNA. The DNA was denatured by dialysis against formamide as de- 
scribed in the text. Renaturation was carried out at 56°C. at the conditions noted on the 
figure. Shown are the microdensitometer tracings of samples equilibrated in a CsCl den- 
sity gradient formed by centrifugation at 44,770 rpm. 

sedimented in the figure) corresponding to the renatured molecules of inter- 
mediate density in Figure 2. With longer times of renaturation the 
heterogeneous component shows a somewhat faster rate of sedimentation. 

(6) The process of renaturation which has been described does not change 
appreciably with .moderate changes in the conditions of renaturation. In 
Figure 4 one can see that the reaction follows the same pattern in 1.9 X 
SSC or at lower concentrations in SSC, if the time scale is respectively 
expanded or reduced. However in the latter case there are relatively less 
molecules in the intermediate band. Similar results are obtained if the 
renaturation  is^ performed in SSC at a different temperature (SSOC.) or at  
4°C. in mixtures of 50% fonnamide and 50% SSC (also a renaturing sol- 
vent). In this case the process is one hundred times slower than the one 
shown in Figure 2. A sample of DNA from T2 phage behaved in a similar 
way. 

On the other hand, in 5 X SSC the pattern of renaturation is different, as 
can be seen from the fourth frame in Figure 4; no renatured DNA of native 
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density has been formed (the small amount present is due to the native 
DNA originally present). After longer times of annealing, this band of 
intermediatk density slowly moves towards the native position; after 20 hr. 
its density indicates about 35% native structure. At the same time the 
rate of band formation in the CsCl gradient increases considerably, indi- 
cating that multiple interactions are taking place. The fact that no mole- 
cules of native density are formed in this solvent indicates that strong 
kinetic barriers exist which hinder the completion of renaturation after 
nucleation between two complementary denatured strands has taken place. 
At the same time this process facilitates multiple interactions between 
complementary strands, hindering the formation of nativelike molecules. 
The nature of the kinetic barriers mentioned above has been discussed by 
Rownd12 and in the pieceding communication.' 

Nature of the Intermediate Species Formed on Renaturation 

As we have seen, the renaturation of undegraded denatured T4 DNA 
yields two different molecular species upon renaturation, one of native 
density and another one of approximately 65% native properties which 
slowly increases its nativelike characteristics upon long times of annealing. 
What is the molecular nature of this species? 

If the process of band formation in a CsCl gradient is followed, it is ob- 
served that the intermediate band forms soon after attaining the required 
speed of contrifugation. After 50 min. of annealing in SSC at 56°C. its rate 
of formation (which is equivalent to its sedimentation constant) is approxi- 
mately two and a half times the similar rate for denatured DNA. This rate 
of band formation increases with time of reaction until finally, when its 
density is equal to that of native DNA (after 10 hr. in SSC at 56'C.), it is 
about five times that for denatured DNA. This high rate of band forma- 
tion in the ultracentrifuge indicates that this DNA has a large sediment* 
tion constant, i.e., it has a very high molecular weight. This shows that the 
DNA of intermediate density formed involves many denatured strands. 
That this is actually so is confirmed by doing an analogous experiment with 
a mixture of light and heavy labeled DNA samples, which show different 
densities in the CsCl gradient. The result is shown in.Figure 5. When 
the samples are annealed separately the usual pattern is obtained, i.e., two 
bands of heavy and light renatured DNA appear, one of native density and 
another one about 0.005-0.006 density units heavier. On the other hand, 
when the two denatured DNAs are mixed before renaturation, a different 
pattern is observed. Two bands appear at  the native densities and another 
one with double amount of DNA as expected is formed at the average 
hybrid density.la A fourth band is formed at a density 0.004 units heavier 
than the hybrid value, but no similar bands are observed at  the equivalent 
positions near the native densities. This result indicates that many heavy 
and light denatured strands have interacted to form a partially renatured 
molecular species. If these partially renatured molecules were formed by 
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only two or three strands, discrete peaks would appear in the density 
gradient at  the positions corresponding to a heavy and a light strand, two 
heavy and one light, two light and one heavy, etc., and this result has not 
been observed. It should be mentioned that to obtain this result (four 
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Fig. 5. Renaturation of a mixture of heavy labeled and normal T2 DNA. The two 
DNAs were denatured by formamide and annealed separately and then mixed for cen- 
trifugation (frame 2). In the experiment shown in the lower frame aliquots of the 
same denatured DNAs were mixed before annealing. In both we8 the renaturation was 
done in SSC at 56°C. and the total DNA concentration was approximately 10 fig./ml. of 
DNA. The band a t  the right is the standard DNA which was present in each case to pro- 
vide a reference density. 
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renatured bands) it is critical to use a DNA which has been carefully de- 
natured. 

If enough time is allowed, these intermediate species further react to 
recover the native density. How does this process occur? From the last 
two frames of Figure 2, it is clear that the intermediate band moves as a 
whole towards lower densities as time goes on. The alternative possibility 
that molecules progressively leave the intermediate band to increase the 
amount of DNA in the native band is excluded. 

If the renaturation reaction is allowed to proceed at 10 pg./ml. for 50 min. 
(Fig. 2, frame 5) ,  then diluted 10-fold with the same solvent at the same 
temperature and the reaction stopped 100 min. after the dilution step, no 
further reaction is detected. On the other hand, when the reaction is 
allowed to proceed at  10 pg./ml., a measurable shift in density of the inter- 
mediate species is detected (Fig. 2, frame 6). This concentration depend- 
ence clearly shows that the further reaction of this intermediate species 
involves interactions of several molecules. It indicates that the process 
taking place here is similar to the one observed in the case of degraded 
denatured DNA; the denatured portions of the molecules interact with 
complementary regions in other molecules until no more denatured DNA is 
available. At the same time the molecular weight of this renatured DNA 
increases, yielding high molecular weight branched structures. 

DISCUSSION 

The results presented here explain the deviations from second-order 
behavior in the kinetics of renaturation of denatured DNA which were dis- 
cussed in the previous paper. It was observed that the second-order con- 
stant of the reaction diminished with increased concentrations, the effect 
being larger in 5 X SSC than in the lower ionic strength solvents. The 
second anomaly observed was that after a certain time, the reaction went 
further than that expected from its initial rate. This latter behavior can be 
understood from the results presented in Figure 2, where it is clear that the 
first part of the reaction which obeys second-order kinetics represents the 
formation of the two renatured bands, whereas the deviations observed 
after longer times represent the further reaction of the molecules present in 
the intermediate band to finally yield molecules of native properties. This 
further interaction involves several of the intermediate molecules, since it is 
a concentration dependent process as discussed above. 

The deviations observed with 5 X SSC as a solvent 8s well as the results 
obtained by Cavalieri et al.1' using 1M NaCl as a renaturing solvent can 
be well understood by considering that in this solvent the completion of 
renaturation after nucleation is a slow process and therefore deviations 
from second order towards first order behavior are to be expected. 

In  the case of the analogous reaction of polyriboadenylic acid (poly-A) 
with polyribouridylic acid (poly-U), deviations from the second-order 
plot are also observed'& towards first-order behavior. However, in this 
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case they occur under different experimental conditions, since the devia- 
tions are larger at  low polymer concentrations and low salt concentra- 
trations,16 indicating that the reason of this behavior rests on a different 
physical ground. Probably the first product of the reaction consists of 
double stranded molecules containing A-U pairs with free ends of poly-A 
and poly-U. In a later stage rearrangements of these molecules can take 
place to increase the amount of A-U pairs, thus producing the kinetic 
anomalies mentioned above. 

As was mentioned in the introduction, these experiments are also rel- 
evant to the problem of the arrangement of bases in the T4 DNA mole- 
cule. This problem will be considered in detail in a following communictl. 
tion," where the renaturation of unbroken DNA extracted from several 
bacteriophages will be discussed. It is worthwhile here to summarize 
the results obtained with regard to the mechanism of renaturation of form- 
amide denatured T4 DNA in SSC. As has been shown above the process 
of renaturation yields two different molecular species, both of them with 
the density of native DNA. The first one is indistinguishable from native 
DNA, whereas the second one is a high molecular weight species involving 
many polynucleotide chains. Both of these species can be isolated in 
intermediate states of renaturation, but the time required for them to go 
from the denatured to the native band is very different. In the first 
case the molecules need less than 10 min., whereas in the second case 10 
hr. of renaturation is necessary. 

The author is very grateful to Professor Paul Doty for his hospitality and for suggest- 
ing this problem. His encouragement and interest were essential during this work. 

Many helpful discussions with Dr. R. Rownd during the experimental work and the 
preparation of the manuscript are gratefully acknowledged. The assistance of Dr. D. 
Green in the preparation of DNA from bacteriophages waa extremely helpful. This re- 
search was supported by the National Institutes of Health (€ID 01229). 

References 
1. Subirana, J. A., Biopolymers, 4,171 (1966). 
2. Meselson, M., F. W. Stahl, and J. Vinograd, Proc. Natl. A d .  Sei., U. S., 43, 

3. Thomas, C. A., and I. Rubenstein, Biophys. J., 4,93 (1964); Cold Spring Harbor 

4. Subirana, J. A., Bimhirn. Biophys. A&, 103, 13 (1965). 
5. Marmur, J., and P. Doty, J. Mol. Biol., 3,585 (1961). 
6. Schildkraut, C., J. Marmur, and P. Doty, J. Mol. Bwl., 3, 595 (1961). 
7. Rownd, R., J. Lanyi, and P. Doty, Biochim. Biophys. Aeta, 53, 225 (1961). 
8. Korinaki, A., and M. Beer, Biophys. J., 2,  129 (1962). 
9. Marmur, J., and P. Ts'o, Bioehim. Biophys. Aeta, 51,32 (1961). 

581 (1957). 

Symp., 28,395 (1963). 

10. Berns, K. I., and C. A. Thomas, J. Mol. Bwl., 3,289 (1961). 
11. Subirana, J. A., paper presented at the XII Reunih Bienal di la Real Sociedad 

Espafiola de Fisica y Qutmica, Salamanca, June 1965; Anales de la Real Soeiedad 
Espofido de F h  y Qutmica, to be published. 

12. Rownd, R., Thesis, Harvard University, 1963. 
13. Schddkraut, C. L., K. L. Wierzchowski, J. Marmur, D. M. Green, and P. Doty, 

Virobgy, 18.43 (1962). 



200 J. A. SUBIRANA 

14. Cavalieri, L. F., T. Small, and N. Sarkar, Biophys. J., 2, 339 (1962). 
15. Rom, P. D., and J. M. Sturtevant, Proc. Nutl. Amd. Sci., U. S., 46,1360 (1960); 

16. Sturtevant, J. M., private communication. 
J .  Am. Chem. Soc., 84,4503 (1962). 

Received April 27, 1965 
Revised July 12, 1965 


