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The rate of renaturation of fully denatured DNA is kinetically a second-order 
reaction. The reaction rate increases as the temperature decreases below T,t, 
reaching a broad flat maximum from 15 to 30°C below T, and then decreases 
with a further decrease in temperature. Let N be the complexity of the DNA or 
the number of base-pairs iu non-repeating sequences per virus or cell for the 
given DNA, and L the average number of nuoleotides per single strand of the 
denatured DNA preparation. Then, the second-order renaturation rate constants 
for all DNA’s are given approximately by k2 = 3 x IO6 Loss/N 1. mole-l sea-l 
at (T,- .26)% aud at ma+] = 1-O mole 1.-l in aqueous solution. The reaction 
rate increases slightly with the GC content of the DNA. The reaction rate at the 
temperature maximum (T,- 25)“C is inversely proportional to solvent viscosity, 
when the viscosity is changed by the addition of components which either have 
a small (sucrose, glycerol, ethylene glyool) or a large (NaClOJ effect on T,. It is 
proposed that the mechanism of the raaotion involves the joining of short, homo- 
logous sites on the two strands followed by a fast, reversible zippering reaction 
with forward rate constant kf. A computer analysis for this model explains the 
temperature and the GC dependence. To explain the viscosity dependence it is 
proposed that kf is inversely proportional to viscosity ; that is, the zippering rem- 
tion is hydrodynamically limited. Any simple theory predicts k2 N L/N; the ob- 
served LO.6 length dependence is attributed to an excluded volume or sterio 
hindrance effect, that is, to restricted interpenetration of the two complementary 
denatured DNA coils. 

1. Introduction 

Complete denaturation of DNA by heat, alkali or denaturing chemicals leads to the 
separation of the complementary strands. Renaturation is then the process by which 
the separated strands come back together in register. (One also speaks of renaturation 
of partially denatured DNA, in which complementary single-stranded loops or ends, 
attached to a native double-stranded molecule, remate. This process, the kinetics of 
which has been studied by Crothers (1964), is not of primary interest here,) The 
subject of the kinetics of renaturation has been extensively reviewed by Marmur, 
Rownd & Sohildkraut (1963). The important facts, known at that time, are as follows. 

(a) The renaturation reaction is approximately second order in DNA phosphate 
concentration. 

(b) The maximum rate of renaturation occurs at a temperature of 20 to 30°C 
below the melting temperature (T,) of the DNA. 

t Abbreviation used: T,, femperature for 50% denaturation. 
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(c) For a given DNA at a fixed DNA phosphate concentration, a decrease in the 
molecular weight results in a decrease in the rate of renaturation. 

(d) The rate of renaturation of DNA’s of simpler organisms, such as viruses, is 
faster than the rate of renaturation of DNA’s of more complex organisms, such as 
bacteria. 

(e) The rate of renaturation is very dependent on ionic strength below O-4 -M for an 
electrolyte such as NaCl and is almost independent of salt concentration above this 
ionic strength. 

Since the publication of this review, more data about the same subjects have been 
presented by Subirana & Doty (1966), Subirana (1966) and Thrower & Peacocke 
1966). The new 6nding in these papers is that the rate of renaturation of DNA 
depends on solvent viscosity. 

Nygaard AZ Hall (1964) have studied the kinetics of formation of DNA-RNA 
hybrids. They show quantitatively that the statements in paragraphs (a), (b) and (e) 
hold for this reaction too. 

A group of workers at the Carnegie Institution of Washington (Bolton et al., 1965; 
Britten & Kohne, 1966; Waring & Britten, 1966) have quantitatively elaborated 
point (d) and have shown that the second-order rate constant for denaturation is 
inversely proportional to the complexity of t,he DNA. (The rather obvious quantitative 
definition of complexity is given immediately below.) These authors degraded all 
DNA’s used for comparison to the same single-strand molecular weight prior to 
renaturation. 

In this study, we shall concentrate on the effect of DNA length, DNA complexity 
and solvent viscosity on the rate of renaturation, and we shall present a mechanism 
which is consistent with all our results. We shall discuss some other variables of 
renaturation in less detail. Our results confirm and extend those obtained by the 
earlier workers. For a more detailed discussion of experimental methods, results and 
interpretation, see Wetmur (1967). 

2. General Aspects of the Theory 

In this section, we consider those theoretical predictions concerning the second- 
order rate constant which follow directly from the nature of DNA as a polymer 
primarily containing non-repeating sequences and from the fact t.hat the reaction 
obeys second-order kinetics. 

Under conditions in which the reaction is observed to follow second-order kinetics, 
the rate-limiting event must be a nucleation event, that is, the formation of one or a 
few correct base pairs at some in-register point along the two strands. The subsequent 
zippering reaction in which the rest of the base pairs sequentially form must be fast, 
otherwise the over-all rate of formation of base pairs, as measured by optical absor- 
bance, would be kinetically first-order. 

We assume that there are a large number of nucleation sites along a strand, more 
or less homogeneously distributed, and equally accessible for reaction. Let /3 represent 
the average density of nucleation sites, for example, O-25 or one per four nucleotides. 
(As discussed later, we believe /3 is actually about 1 or O-5, but that is not relevant 
here.) 

We define the complexity, N, as the total number of DNA base pairs in non-repeating 
sequences in a virus, bacterium or mammalian cell. In the case of a virus or bacterium, 
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for which there appear to be very few repeating sequences, the complexity is the 
number of base pairs in the viral or bacterial chromosome. 

Let L be the average number of bases per single-stranded DNA molecule. Let P be 
the denatured DNA phosphate concentration. Then jlP/BN is the concentration of 
any one unique nucleation site. (There are /3N distinct sites all told.) Let kN represent 
the average rate constant for nucleation at such a site. The rate of nucleation at any 
one site is then k,(f?P/2N)2. The rate of nucleation at all sites ia k,(pP/2N)2fiN. 
Following a nucleation, L base pairs are formed if the DNA strands are exactly 
complementary. Therefore, the rate of base pair formation is 

v = kNfi3(L/4N)P2. (1) 

We calculate the experimental second-order rate constant, k,, from the observed rate 
of base pair formation as 

Therefore 

v = k, P2/4. (2) 

k, = /13k,(L/N). (3) 

Equation (3) relates the elementary rate constant k* to the experimental rate 
constant k,. We expect k, to be a function of ionic strength, temperature, possibly of 
base composition, and possibly of length L; however, it should not be a function of 
N. Thus, equation (3) contains the prediction, which has already been made by pre- 
vious workers, that the observed rate is inversely proportional to N. 

In practice, one usually measures the rate of renaturation for molecules which have 
been sufficiently sheared (N&L) so that the strands of average length L are not 
exactly complementary, but have been, in effect, cut at random. It is fairly easy to 
show (Wetmur, 1967, pp. 91 to 94) that the predicted ratio for the initial rate of 
renaturation for randomly cut strands to the initial rate for perfectly matched 
strands is 

[@n2) +L2]/L3=2/3+l/3L”02/3. (4) 

3. Experimental Procedure 
(a) Materials 

T4 bacteriophage were a gift of Professor W. Dreyer and also were grown as described 
by Steinberg & Edgar (1962). The phage were purified by differential centrifugation. T7 
phage were prepared as described by Davison & Freifelder (1962a). Nl phage, grown on 
Micrococcwr Zysodeikticuo by the method of Scaletti & Naylor (1969), were a gift of Professor 
J. V. Scaletti. T7 and Nl phage were further purified by banding in CsCl of density 159 
plus 0.01 aa-MgClz, 0.01 ~Tris-OH plus HCl, pH 7.8 (Vinograd & Hearst, 1962). 

T4, T7 and Nl DNA’s were prepared by the phenol extraction procedure of Mandell 
t Hershey (1960) followed by repeated ether extractions (Davison & Freifelder, 19623) 
until no phenol remained. T7 and Nl DNA’s prepared in this way were analyzed by alka- 
line band velocity sedimentation (Studier, 1965) and were found to contain fewer than 
20% single-strand breaks. 

Esc&&hia coli DNA was purchased from General Biochemicals, Inc. The DNA was 
dissolved and deproteinized by adding aqueous salt solution and chloroform and rocking 
the mixture in the cold for 5 days. The aqueous phase was cleared by low-speed centri 
fugation. 
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Rat ascites tumor DNA was a gift from Mr C. S. Lee. It had been prepared from purified 
nuclei by a procedure involving deproteinization with chloroform-isoamyl alcohol, 
ethanol precipitation, RNase treatment, phenol extraction and ethanol precipitation. 
SV40 DNA was a gift of Mr W. R. Bauer. 

Most of the DNA solutions were dialyzed in the cold against 0.875 M-NaCl, 0.01 M- 

NasEDTA plus HCl, pH 7.8, and then exhaustively against 0875 M-NaCl plus 0.0002 M- 

EDTA, O-005 m-Tris-OH plus HCl, pH 7.8, or plus 0.0002 M-EDTA, 0.01 M-phosphate, 
pH 6.8 to 7.0. The solutions used for renaturation studies at salt compositions other than 
1.0 M-sodium ion were dialyzed against the appropriate salt concentrations with one of the 
above buffers. DNA solutions were stored at - 20°C. 

(b) Sedimentation velocities 
The molecular weight of denatured DNA was determined from the alkaline sedimentation 

co-efficient, Sp,: ‘,“. Band velocity sedimentation (Vinograd, Bruner, Kent & Weigle, 1963) 
was generally used. 50 ml. of Azeo = 0.2 DNA were used in 3Omm path-length cells 
containing 3.0 M-CsCl-0.1 M-NaCH, density 1.37, as the bulk solution. The correlation 
between alkaline sedimentation velocity and molecular weight has been determined by 
Studier (1965) and by Abelson & Thomas (1966). 

(c) DNA degradation 
DNA samples were degraded by prolonged exposure to high temperatures followed by 

alkali treatment, by shear in a capillary or by sonication. In all cases, symmetrical bands 
were seen in alkaline band-velocity sedimentation. 

The procedure of heating to 100°C in 1.0 M-NaCI, pH 6.8, followed by alkaline treat- 
ment was used to produce single-stranded DNA’s with alkaline sedimentation coefficients 
from 12 to 25 s (L = 0.24 to 1.5 x 104). Passage of a DNA solution in a 25-ml. syringe 
through a no. 27 gauge syringe needle with maximum pressure applied by hand quite 
reproducibly produced DNA’s with alkaline sedimentation velocities of 20 f 1.5 s. 
Sonication at various power levels with a Branson Sonic Power model Sl25 Sonifler was 
useful for preparing DNA’s with sedimentation coefficients in alkali from 4 to 8 s (Wetmur, 
1967, pp. 90 to 91.) 

(d) Apparatus 
A temperature jump system was constructed to permit heating of DNA in a spectro- 

photometer cell to the desired renaturation temperature in a period of a few seconds. 
Electrolytic heating at 30 kc/see was employed for the fast heating and to maintain the 
solution at the renaturation temperature. The sealed cell also contained a thermistor for 
following the temperature of the solution. A polyethylene-coated magnetic stirring bar 
was contained in the cell. Solutions were continuously stirred to ensure temperature 
uniformity. The absorbance was followed with a Gary 14 spectrophotometer (Wetmur, 
1967, pp. 11 to 17). 

All DNA solutions were saturated with helium before use. 
A Gilford model 2000 multiple-sample absorbance recorder was used for following 

slower renaturation reactions. Native DNA samples were heated at #‘C/mm until the 
range of melting was passed and were cooled as quickly as possible to the renaturation 
temperature. The renaturation reaction was followed while the DNA samples were main- 
tained at the renaturation temperature. 

(e) Denaturation of DNA 
The method for denaturation by heat is described above. This method could not be 

used for highly polymerized DNA’s, as degradation was found to occur. Alkaline de- 
naturation was used in conjunction with the temperature jump system. To 8 parts of 
DNA solution at room temperature was added one part of 1.0 M-NaOH. After 15 min, 
the solution was cooled to 0°C and 1 part of cold 2.0 hf-NaH,P04 was added to neutralize 
the solution of denatured DNA. This denatured DNA solution was used within 1 hr. 

(f) Renaturatim of DNA 
The rate of renaturation of DNA was followed by the absorbance change at the maxi- 

mum of the DNA absorption spectrum, usually at a temperature about 25°C below the 
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melting temperature of the DNA. A melting curve was obtained after every renaturation 
reaction to determine the maximum absorbance of denatured DNA. 

(g) Solvent viscosities 

Viscosities were measured in an Ostwald type viscometer in a thermostatically control- 
led water bath. 

(h) Electron microscopy 
Electron micrographs were prepared as previously described (Wetmur, Davidson & 

Scaletti, 1966). 

4. Results 

(a) The second-order renaturation reaction 

Let A, be the absorbance of native DNA at the maximum of the ultraviolet 
spectrum. Let -4, be the absorbance of denatured DNA at a temperature above the 
melting temperature. Within an experimental error of 5% we find that the hyper- 
chromicity factor is given by 

A,-A,=0.36 A,. 

Let PT be the total DNS phosphate concentration. We take 

PT = 1.47 x 10e4 A, mole 1-l. (‘3) 

If A is the absorbance when P is the concentration of denatured bases in solution, 
then 

P= 
A-A, 

&--A, 
PT. 

If the renaturat.ion reaction obeys second-order kinetics, we define k, so that 

(since P/2 is the concentration of denatured bases belonging to one strand). 

&--A, WT 
A-A, 

=++1, 

or, using the hyperchromicity factor, 

1 
-= 
A-A, 

2-04x 1O-4 k,t + o&. 
m 

Either equation (9) or (10) may be used to determine the experimental second-order 
renaturation rate constant, k,. 

The quantity A, may be measured or may be obtained from A, and the hyper- 
ohromicity equation 

A, = A&.36. (11) 

Thus, it is only necessary to know the absorbance of denatured DNA at a temperature 
well above the melting temperature, A,, and the absorbance, A, as a function of 
time to determine the rate constant, k,. 
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There is a small error in our method of analyzing the data, because there is a small 
increase in the amount of secondary structure for denatured DNA in going from the 
temperature 10 or 15°C above I’,,, where d, is measured to t.he temperature about 
25°C below Tm where the renaturation rates are measured. The absorbance of the 
denatured DNA decreases by 5 to 6% for this temperature change, causing an error 
of about 20% in Ic,. We have chosen not to attempt to make this correction, because, 
at least for the faster reactions studied, it was not possible, with our apparatus, to 
measure the true A, of the denatured DNA at the renaturation temperature. 

A sample result using the temperature jump apparatus is shown in Fig. 1. The rate 

f (mln) 

FIG. 1. A renaturation experiment with the temperature jump apparatus. 

The absorbance at 260 rnp of a solution of T4 DNA as a function of time was measured. A, = 
1.02. The alkali-denatured DNA was rapidly heated from 0 to (T,-25%) and kept at 67% while 
the DNA renatured. The temperature was then slowly raised to lOO’C, the DNA melted, the 
temperature was lowered as rapidly as possible to (T,-25%) and maintained constant. The 
DNA again renatured with the same rate. 

FIQ. 2. A second-order rate plot for the data of Fig. 1. 

The slope of the plot is 1.18 x 1O-2 see-I. Thus, kz = 157 1. mole-l set-I. 

plot for this result is shown in Fig. 2. The straight line plot in Fig. 2 sho\\x that up to 
about 75% renaturation, the reaction obeys second-order kinetics. Generally speaking, 
a more critical test for second-order kinetics is to see if the calculated second-order rate 
constant is independent of the initial reactant concent,ration. Data illustrating this 
point over a 20-fold initial concentration range for a T4 DNA sample and an E. coli 
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TABLE 1 

Renuturntion rate constant as a function of initial DNA concentration? 

T4 DNA E.coZi DNA 

p&G ka (M-I s~c-~) p&a ka (M-I see-l) 

1.76 x 10-d 107 6.1 x 10-4 6.0 
9.1 x 10-s 110 2.56 x IO-’ 4.4 
4.6 x 10-S 119 1.64 x lo-’ 6.1 

2.28 x 10-c 126 6-8x 10-6 4.6 
3.4 x 10-s 6.6 

t Reaction in 1.0 M-N&+ at (Z’,,,-26)°C. 
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DNA sample are shown in Table 1. Our conclusion is that, within experimental error, 
the reaction conforms to second-order kinetics. 

The restoration of transforming activity, physico-chemical and immunological 
properties of native DNA upon renaturation has been demonstrrtted (Marmur & 
Lane, 1960; Doty, Marmur, Eigner & Schildkraut, 1960; Levine, Murakami, T7an 
Vunakis & Grossman, 1960). Electron micrographs of renatured T2 DNA (Thomas & 
Ms,cHattie, 1964) show a long native structure with no branch points. A carefully 
prepared unsheared T7 DNA sample was denatured by alkali. The alkaline sedimenta- 
tion pattern showed a peak with S “2:: ‘i = 35 s with about 30% trailing material. It 
was renatured to about 80% of complete reaction at A, = 1.0 in 1-O M-N~+ at 
(T,-25)“C. An electron micrograph contained a. number of long native molecules, 
with the contour length expected for T7 DNA, some denatured DNA, and some shorter 
native pieces. No unusual structures were observed. Thus, this observation confirms 
the expected formation of native molecules on renaturation. 

(b) Effect of temperature on the rate of renatura.tion 

The effect of temperature on the renaturation rate has been studied by Marmur & 
Doty (1961), Ross & Sturtevant (1962), Britten & Kohne (1966), Nygaard & Hall 
(1964) and others. The subject has been reviewed by Marmur et al. (1963). Theoretical 
treatments have been given by several authors (Saunders & Ross, 1960; Flory, 1961; 
Kallenbach, Crothers & Mortimer, 1963). All experiments show a bell-shaped depen- 
dence of rate on temperature with a region of maximum renaturation rate around 
(T,,, -25)“C. 

Data from experiments performed with a particular sheared sample of T4 DNA 
and a particular sheared sample of E. wli DNA are presented in Table 2. 

The bell-shaped dependence of rate on temperature and the broad, flat maximum 
from about 16 to 32°C below T, are confirmed by these data. Thus, if one chooses to 
work near this maximum, there is some latitude in the choice of temperature. 

(c) Effect of single-stranded length (molecular weight) 

If equation (3) is correct and if, as seems intuitively reasonable, the nucleation rate 
constant kN is independent of molecular length, the empirical second-order rate con- 
stant k, for a preparation of DNA from a given organism (fixed N) degraded to differ- 
ent lengths L should be proportional to L. The experiments reported in this section 
show that, in fact, k, N L”.50. 
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TABLE 2 

Temperature effects on renaturation rates 

Tm - Trt 14 16 18 22 24.5 27 32 37.5 
k2 (XI-~ sea-I) 95 107 109 114 111 111 114 71 

Tm--Tr# 6 11 15 16 20.5 21 25 
k2 (ad-l sea-I) 1.4 3.0 4.6 5.0 5.7 5.3 5.5 

t T4 DNA, T, = 92°C (1.0 M-Na+). 
$ E. co&i DNA, T,,, = 93% (1.0 M-Na+). 

Samples of varying molecular weight for T4 DNA and T7 DNA were prepared by 
hydrolysis, shear, or sonication. An average molecular weight for each sample was 
determined by alkaline sedimentation. A plot of log A’$,~~~~ versus log,&, is displayed 
in Fig. 3. 

log,ok, (57 DNA) 

log,& CT4 DNA) 

FIQ. 3. Correlation between renaturation rate constant (at [Na+] = 1.0 M and (T,-25)‘C and 
alkaline sedimentation coefficients. 

(0) P,=2.1x10-4 P; (0) P,=2*1x10-6 M. The points for T4 DNA at k, = 190, 110 and 39 
were measured at both (T, -25)‘C and (T, - 19)‘C. The samples of T4 DNA with 8;: ‘,” = 30, 
28.5, 23.7 and 15.5 s were obtained by thermal hydrolysis for 5, 5, 10 and 20 miu ai lOO”C, 
respectively. The samples with S = 20.5 s and B = 20 s were obtained by passage through a syringe 
needle, and the samples with S 5 8.0 s were prepared by sonioation. Similarly, the T7 samples 
with S = 20.5 and 19 s were prepared by shearing in a syringe needle, the sample with S = 14.2 s 
was prepared by hydrolysis for 60 min, and the smaller molecular weight samples by sonic&ion. 
Thus, the observed correlation is independent of exact renaturation temperature and of method 
of degradation. (a) the T7 sample with S = 34.7 8 displaced by n log ka = 0.18 unit. 

Each of the straight lines drawn in Fig. 3 has a slope of 0.78; that is, we find 

hw%,1w3 = O-78 log,&, - 0.30, (T4 DNA) (12) 

logI,S;;,l; = 0.78 log,&, - 0.98. (T7 DNA) (13) 

We take as the correlation between Sit.li and molecular length the equation 

logl,S;;,l~ = O-39 log,,L - 0.23. (14) 

Equation (14) is an average of the results reported by Studier (1965) and by Abelson 
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$ Thomas (1966), who give coefficients for log,,L in equation (14) of O-40 and 0.38, 
respectively, and it is based on an average residue weight per sodium nucleotide unit 
of 331 for a conventional DNA. Note that the molecular weight L is expressed as the 
number of nucleotides per strand. 

Equation (14) with equations (12) and (13) gives 

k, - 1-2L”.50 1. mole-l see-I, (T4 DNA) (15) 

k, = 9-1L”.50 1. mole-l see-I, (T7 DNA) Of-3 

That is, the empirical second-order rate constant for renaturation of a DNA pre- 
paration obtained by shearing a given high molecular weight DNA sample is pro- 
portional to the square root of the single-strand molecular weight (or length). 

The points at S = 34.7 Y and 30.0 s for T7 DNA were from DNA’s obtained directly 
from the virus with no intentional single-strand breaks introduced. We believe the 
S = 34.7 s sample was largely intact single strands. If there were no single strand 
breaks in the T7 DNA, and since it is not circularly permuted (Richie, Thomas, 
MacHattie & Wensink, 1967), the rate constant should be greater by a factor of 312 
than for randomly broken samples (equation (4)). The value of log,,k, for a randomly 
broken sample with this sedimentation coefficient should be less by O-18; such a 
point is shown on the graph. 

The experimental data do not seem to support the (to us, very convincing) theoreti- 
cal conclusion in equation (4) ; it is possible of course that a combination of experimen- 
tal error and the existence of some single-stranded breaks is responsible for this dis- 
crepancy. In any case, if we suppose that the value of log k, for a randomly cut sample 
is less by 0.10 than the experimental point at S = 34.7 S, the slope in equation (13) 
would be 0*835, and the exponent in equation (16) would be O-47, which is not a 
significant change. 

The general relation between the empirical rate constant k, and the elementary 
rate constant for nucleation kN derived previously (equation (3)), k, = j13kN(L/N), 
in conjunction with equation (15) or (16) gives 

Ic, = aL-O’50. (17) 

(d) Effect of complexity on the rate of renaturation of DNA 

The effect of complexity on the rate of renaturation of DNA was first noted by 
Marmur & Doty (1961), who found that phage DNA renatured faster than bacterial 
DNA, which in turn renatured faster than mammalian DNA. In their work, the 
mammalian DNA (calf thymus) did not renature at all on their time scale. 

The argument culminating in equation (3) predicts that for DNA’s sheared to the 
same size, the rate constant for renaturation should be inversely proportional to 
complexity. Thus, we expect that the ratio of the coefficients in equations (15) and 
(16) should be the ratio of the molecular weights of whole T4 and T7 DNA’s, or 
130/25=5-2; the experimental ratio is 7.5. Bolton et al. (1965), Waring & Britten 
(1966), and Britten $ Kohne (1966) have shown this inverse proportionality to be 
true for a variety of DNA’s broken to the same size by shear in a French pressure 
device (McCarthy $ Bolton, 1964). 

The complexity expressed in molecular weight units, ND, that is, the number of 
daltons in the non-repeating DNA complement of a cell or virus, has been calculated 

24 
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from our kinetic data for a number of samples. The appropriate equation, which 
follows from the relations previously presented, is 

(for simplicity, we have assumed S rv L”.40, rather than L”.3g). The results are given 
in Table 3. 

TAESLE 3 

Complexity, ND, in molecular weight units for various organisms calculated 
from renduration kinetics data 

Rat ascites 
tumor 
E. coli 
E. coli 
E. coli 
T4 
T4 
T4 
T4 
Nl 
Nl 
Tl 
T7 
T7 
T7 
sv40 

9.4 

3.5 12.3 5.0 2.5 x lo9 
l-75 12.3 4.7 2.7 x lo9 
0.23 12.3 5.4 2.3 x log 
1.4 28.5 190 1.9 x 108 
1.4 8.0 39 1.9 x 108 
0.14 30 220 1.76 x 108 
0.14 7.7 34 1.7 x 108 
0.14 30 1490 2.6 x lo7 
0.14 7.9 330 2.2 x 107 
1.4 34.7 1790 2.6 x IO7 
1.4 5.15 150 2.7 x lo7 
0.14 30 1620 2.4 x lo7 
0.14 7.5 320 2.1 x 107 
0.16 6.6 1080 5.4 x 106 

6.8 0.0026 2.3 x lO= 

Average values of these kinetically calculated complexities are compared with 
available direct analytical data in Table 4. The GC contents of the DNA’s are also 
listed. 

Over a factor of IO6 in molecular weight (proportional to complexity), no error 
larger than a factor of 2 is observed in the number of daltons of DNA per cell cal- 
culated from kinetics data. 

It is evident from an inspection of Table 3 that the complexities calculated from 
kinetic data are not highly accurate; nevertheless, there seems to be a trend in Table 
4 that the GC-rich DNA’s renature a little faster than expected for their analytically 
determined complexity (with the low GC ascites tumor DNA an exception). We 
believe this is a real effect of base composition, as will be discussed later. 

The data for rat ascites tumor DNAdeserve a little more comment. The experimental 
data are presented in Fig. 4. There is a more rapidly renaturing component with a 
complexity of iVn% 1.0 x 10s da,ltons, that corresponds to about 5% of the total 
reacting material. The experimental technique would not have detected additional 
minor components, renaturing still more rapidly. The slow rate was followed for only 
8 to 9yo of t,he total possible reaction due to time limitations. Native DNA filaments 
were seen in an electron micrograph of the reaction product. 
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TABLET 

Comparison of kinetic and analytical complexities 

DNA 

T4 
Rat ascites 

tumor 
sv40 
T7 
E. coli 
Nl 

Analytical Kinetic 
complexity complexity 

1.3fO.l x 108 1.8 x 108 
2.5f0.5 x lO= 2.3 x 10la 

3.3hO.l x 10s 5.4 x 10s 
2.5&-0.1x 10’ 2.5 x 10’ 
2.5f0.5 x lOa 2.5 x lo8 
3.3f0.16 x 10’ 2.4 x lo7 

Ratio, kinetic/ 
analytical GC% 

1.4 34 
0.92 42 

1.6 41 
1.0 49 
1.0 50 
0.70 64 

The analytical molecular weights or complexities were obtained from the following sources: 
SV40 DNA: Crawford & Black, 1964; T7 DNA: Abelson & Thomas, 1966; Freifelder & Klein- 
Schmidt, 1965; E. ooli DNA: Cairns, 1963, Watson, 1965, p. 99; Nl DNA: Wetmur et al., 1966; 
T4 DNA: Rosenbloom & Cox, 1966; Abelson & Thomas, 1966; asoites tumor DNA: Watson, 1965, 
p. 415. The CC contents were obtained as follows: Rat ascites tumor DNA: C. S. Lee, personal 
communication; E. coli DNA, T4 DNA, and T7 DNA: Chargaff & Davidson, (1955aJ); SV40 
DNA: Crawford & Black, 1964; Nl DNA: Wetmur et al., 1966. 

0,395 / I / 1 / I , 

0,335 I I I I 1 1 I I 
0 8 16 24 32 40 48 56 64 

f (set x 10-31 

FICA 4. The second-order rate plot for the renaturation of rat ascites tumor DNA. 

The final rate constantthat presumed to represent non-repeated sequences of this DNA-is 
calculated to be 2.6 x 10s3 l./mole-sec. The rate constant for the rapidly renaturing component 
is calculated to be 6.4 I./mole-sec. 

(e) Effects of the solvent-pH, ionic strength ancl viscosity 

Experiments on the effect of pH are presented in Table 5. They show that as the 
pH becomes sufficiently alkaline to lower T,, due to partial titration of the thymine 
and guanine acidic protons in denatured DNA, the renaturation rate decreases even 
at constant T,-T,. An important practical fact is that within the pH range 5 to 9, 
the rate of renaturation in O-4 M-sodium ion is essentially independent of pH. 

The effect of ionic strength on the rate of renaturation of DNA has been studied 
by Marmur & Lane (1960) and Britten & Kohne (1966). Just as is the case with the 
melting temperature of DNA, above 0.4 M-sodium ion in a chloride system, there is 
only a small change with increasing salt concentration. There is a large effect of salt 
on melting temperature (Dove & Davidson, 1962) and on the rate of renaturation at 
lower salt concentrations. The effects are likely comparable in origin, reflecting 
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TABLE 5 

Effect of pH on the rate of renaturationt 

PHS (2, Tm--Tr k, Bufferg: 

68 9.85 48 20 14.9 carbonate 
81 9.15 52 29 48.8 borate 
88.5 7.94 65 23.5 68.6 Tris 
87 6.95 60 27 75.2 phosphate 
88 5.8 60 28 61.0 phosphate 
87.5 5.0 60 27.4 59.2 acetate 

j T4 DNA sheared to S:z ‘z = 20 s was used. The total sodium ion concentration was 0.40 M. 

$ pH measured at room temperature. Measurements before and after the renaturation experi- 
ments agreed. 

8 Carbonate, borate, Tris, phosphate and acetate buffers were used, respectively; in each case, 
the buffer contributed 0.1 M to the sodium ion concentration, except for the Tris-OH concentration 
which was 0.02 M. 

changes in the electrostatic interactions between the two strands of the DNA polymer 
in solution. 

Our results for the effect of salt concentration on the rate of renatnration of sheared 
T4 DNA at pH 7 (phosphat’e buffer) are listed in Table 6. They conform to the general 
trends described above. 

Subirana & Doty (1966) and Thrower & Peacocke (1966) found that the rate of 
renaturation decreased with increasing solvent viscosity. Since this result has 
important mechanistic implications, we have made a more extensive and quantitative 
study. The difficulty is that solvent components which change the viscosity of an 
aqueous solution usually have other “chemical” effects as well. For our problem, 
these other effects are expressed, at least to some extent, by a change in the T,,, of 
the DNA. It was therefore necessary to study the melting behavior of the DNA in 
the given solvent and to attempt to eliminate such other effects by working at 
T,,,-TT,z25”C. 

T4 DNA (mechanically sheared to S “2:: ‘i = 20 S) in 1-O nl-sodium ion in phosphate 
buffer, pH 7.0, was added to a sucrose 0; glycerol solution containing 1-O M-Nacl to 

TABLE 6 

Effect of ionic strength oiz the rate of renaturation of sheared 1’4 DNA 

W+l 
(M) (%, 

k 

1. mole-l see-l 

0.06 49 75.5 0.80 
o-10 49 79.5 4.4 
0.15 60 82 9.6 
0.25 61 85.8 30.2 
0.40 65 88.5 69.3 
0.70 61 90.8 97.0 
1.00 70 92 123 
1.5 70 93 147 
1.85 70 93.3 148 
3.2 70 91 212 
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adjust the concentration of sucrose or glycerol as desired. The quantity (T/T’)=~~ is the 
value of v/T for the actual solvent at the temperature of renaturation divided by 
7/l’ for an aqueous solution with the same salt concentration at the temperature 
specified in each table (and with T the absolute temperature). 

TABLE 7 
Effect of sucrose (or glycerol) on k, in l-0 ~-sodium ion 

(%) (2) Tm-Tr ka 

0% 92 67 25 110 1.0 110 
30% sucrose 87 62 25 37.4 2.54 95 
40% sucro*e 86 62 24 24.6 3.6 89 
53 y. sucrose 82 62 20 13.8 6.8 94 
36% glycerol 86 67 19 53.2 2.3 122 

t The quantity (v/T) is taken relative to the viscosity of the aqueous salt solution measured at 
67’C; T is the absolute temperature. 

Data on renakration rates and on melting behavior for sucrose and glycerol 
solutions of DNA are reported in Tables 7 and 8. 

The best fit for the results for AT, versus sucrose concentration is 1.67”C,/lO% 
sucrose added when [Na+] = 1.0 M. Within experimental error, the renaturation rate 
constant times (v/T),,, is seen to be constant. 

The same type of experiment was performed at a sodium ion concentration of 
0.4 M. The result,s appear in Table 8. This time, however, the decrease in T, on adding 
sucrose is only about 5/6’C/10y0 sucrose, or about one-half the effect seen in molar 
sodium ion. Thus, there is only a small change in Y6, in these experiments, and the 
product k,~lT is fairly constant for a sevenfold change in viscosity. 

The same type of experiment was performed in 0.4 M-sodium ion-ethylene glycol 
solutions. The results appear in Table 9. 

TABLE 8 

Effect of sucrose on k, in 0.4 H-eodiuna ion 

o/o Sucrose (%) $5) Tm--Tr ka (q/Tht 

0 88.5 65 23.5 70.6 0.85 60 
0 88.5 55 33.5 76.6 1.0 76.6 

20 87 55 32 45.6 1.67 76 
30 86.5 65 21.5 22-6 l-95 44 
35 85 55 30 28.0 2.74 77 
40 86 65 21 22.2 2.8 62 
45 85.5 55 30.5 20.8 4.15 86 
50 83-5 65 28.5 14.6 5-4 79 
58 84 55 29 11.2 7.7 86 

t Viscosity measured relative to that of the aqueous salt solution at 65%; T is the absolute 
temperature. 
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TABLE 9 

Effect of ethTy1en.e glycol on k, ou 0.4 M-sodium ion 

0 88.5 65 23.5 70.6 0.85 60 
0 88.5 55 33.5 76.6 I.0 76.6 

10 84.5 60 24.5 56 1.12 62.5 
20 82.5 60 22.5 50 1.38 69 
30 79.5 60 19.5 34 1.74 59 
40 74 55 19.0 32.4 2.5 81 
50 71 45 26.0 29 4.0 116 
60 67 45 22.0 14.9 57 85 
70 63 45 18.0 9 7.7 69 

t Viscosity taken relative to the viscosity of theaqueous salt solution at 55OC ; T is the absolute 
temperature. 

The dependence of T, on yh ethylene glycol in O-4 lu-sodium ion is 3~6”C/lOo/, 
ethylene glycol added. The dependence of T, on solvent is greater in the ethylene 
glycol experiment than in the sucrose-1.0 M-sodium ion experiment, which is, in turn, 
greater than in the sucrose-O.4 M-sodium ion experiment. In all cases, the renaturation 
rate constant is inversely proportional to r]lT. 

The effect of NaClO, on t,he rate of renaturation of sheared T4 DNA was investiga- 
ted. The use of chaotropic agents to lower the melting temperature of DNA has been 
described by Hamaguchi & Geiduschek (1962) and theoretically treated by Robinson 
& Grant (1966). From 1.0 to 6.4 M-sodium perchlorate, the melting temperature of 
sheared T4 DNA follows the relation 

T,(V) = 94.33 - 8.33 [NaClO,]. (19) 

The renaturation results appear in Table 10. Comparable results were obtained with 
E. coli DNA. In this case, there is a sevenfold change in the viscosity of the medium 

TABLE 10 

Effect of NaClO, on renaturation rates 

NaClO,t 
6-j (%) Tm--Tr kz (q/T),,, 

1.0 
2.2 
3.4 
4.0 
4.6 
5.2 
5-8 
6.4 

86 67 19 176 1.05 1.05 184 
77 60 17 109 l-4 1.43 156 
67 60 17 64 2-l 2.2 142 
62 40 22 54 2.8 3.05 166 
66.5 36 23.5 37.2 3.4 3.8 141 
51 26 25 24.4 4.5 5.1 135 
46.6 - - - - - - 
41 21 20 11.6 6.9 8.0 95 

t The buffer was 0.002 M-Tris-OH plus HCl. 
i Viscosities measured relative to water at 67’C. 
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and a 40°C change in T,. At a con&ant value of T,-T,, the product k,(q/T),,l is 
fairly constant, or possibly decreases by a factor which is a little less than two. 

5. Discussion 

(a) General 

Our results confirm and extend those obtained by previous investigators. (i) Under 
the conditions studied, the renaturation reaction obeys second-order kinetics. (ii) The 
reaction rate increases as the temperature decreases below T,, reaching a broad tlat 
maximum from about 15 to 30°C below T,,, and then it decreases with a further 
decrease in temperature. (iii) As the solvent, viscosity is changed by the addition of 
components which either have small (sucrose, glycerol, ethylene glycol) or large 
(NaClO,) effects on T,, so long as one is careful to work at about 25°C below T,, the 
reaction rate is inversely proportional t,o solvent viscosity (or to q/T). (iv) The second- 
order rate constant with concentrations expressed in total nucleotide units per unit 
volume for DNA samples with the same single-strand length but from different 
organisms is inversely proportional to the complexity of the DNA. (v) The rate 
constants for a DNA of a given complexity degraded to different single-strand 
molecular lengths L are proportional to L O 5. In fact, the data at (T,-25)‘C at 
neutral pH with [Na+] = 1-O M can be summarized by the equation 

k, = 3.5 x 105L0,5/N. (20) 

(vi) Statement (v) above should be slightly modified, in that for a given L and N, k, 
increases slightly with the GC content of the DNA. (vii) If the assumptions under. 
lying the derivation of equation (3) are correct, it follows from equation (20) and 
statement (iii) that 

Ic, - L-@5,,-1 (21) 

where k, is the elementary rate constant for the joining of a typical nucleation site 
on one strand with its complement. 

(We note in passing that Nygaard & Hall (1964) report for the renaturation of T4 
DNA with T4 RNA, k, =20 1. mole-l see-l, with conditions generally similar to 
those used here. The molecular weights were not measured. If we take N = 2 x 105, 
and estimate an average L of 2 x 104, equation (20) above predicts k, = 250 1. mole-l 
see-l.) 

The observed second-order kinetics (result i) imply that the rate of zippering or 
winding up of the helices is fast compared with the over-all reaction rate; this con- 
clusion is consistent with the rather short relaxation times observed for the first- 
order winding process (Crothers, 1964). The second-order kinetics imply either that 
the nucleation step is rate limiting or, as discussed in subsection (d) below, that there 
is in effect a pre-equilibrium involving the joining of the two strands at a nucleation 
site followed by a fast zippering reaction. 

Result (ii) will be discussed in detail in subsection (d) below. It is generally con- 
sistent with the not,ion that there is a nucleation step involving the formation of one 
or a few base pairs followed by the sequential reversible formation of adjacent base 
pairs (Saunders & Ross, 1960). Result (iii) implies that the rate-determining step is 
hydrodynamically limited. This will be discussed in subsections (b) and (d). Result 
(iv) is a logical necessity for any second-order mechanism and thus proves nothing 
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new. It may well be, however, that the main practical utility of the subject of 
renaturation kinetics is the capability it provides for measuring the complexity of the 
DNA of an organism and the frequency of repetition of certain sequences. We have 
already referred to the leading work of the Carnegie group in this field. 

(b) Rmmturation is not (I d@.mion-controlled reaction 

Equation (21) could be explained if the renatura.tion reaction were diffusion con- 
trolled; that is, if a successful nucleation occurred every time a nucleation sit’e on 
one molecule diffused to within an encounter diameter e of its complementary site 
on the other strand. If the relative diffusion of the two sites were controlled by trans- 
lational diffusion of the molecules as a whole, the nucleation rate constant would be 
given by 

kN = 4w(2D,)e, (22) 

where D, is the translational diffusion coefficient of each strand (so that the coefficient 
of relative diffusion is 20,) (Smoluchowski, 1917). Since, for a random coil, DT h 
TL-“.5v-1, this interpretation explains the length and viscosity dependence. We 
believe, however, that this interpretation is incorrect for several reasons. In the first 
place, Wang & Da,vidson (1966) have argued that’ segment diffusion will increase the 
rate of encounters above that due to translabional diffusion (equation (22) by a fact,or 
of about lo2 for molecules the size of T7. As we shall see, for reasonable values of e, 
equation (22) already predicts too high a rate. Furthermore, it is not known that t,he 
effective segment diffusion coefficient has the necessary L-o.5 dependence on length. 

To make a sample calculation, we estimate the diffusion coefficient of a single 
strand of T7 DNA under renaturation conditions as 1.9 x lo-* cm2 see-I. (Studier 
(1965) gives an S in alkali of 37 s and an S of 85 s at neutral pH at high salt at 25°C. 
In the latter ca,se, the strand is compact because of random base pairing ; in the former 
case it should be rather extended because of the high negative-charge density. We 
therefore estimate at neutral pH at (T,-25)“C, where rendom base pairing is negli- 
gible, AS x 50 s, from which it follows t,hat D, = 1.9 x 10 -8 cm2 set- ‘.) For T7 whole 

strands (L= N), using equation (3), kN = 1800 ,L3-” 1. mole-l set-l. Then, from 
equation (22) 

e = 6x10-I2 p-” cm. (23) 

If /3 = 1, e = 6 x 10-l” cm, which is unreasonably small. If ,!3 = l/20 (1 nucleation 
site per 20 nucleotides), e = 5 x 10-s cm, which is reasonable. However, the computer 
calculations described in a later section suggest that almost every nucleotide can act 
as an initiation site; furthermore, as already discussed, consideration of segment 
diffusion will act to decrease the necessary p for a reasonable e still more. 

(c) The excluded voEunle t$ect 

A conclusion of the previous section is that the observed length dependence is not 
due to the fact that renaturation is a diffusion-controlled process. An alternat,ire 
hypothesis in accordance with equation (21) is t,hat the nucleation rate constant, kN 
for joining of short complementary segments on two long strands is, on the average, 
inversely proportional to the square root of t,he length of the attached strands. This 
hypothesis is discussed in subsection (d) below: as indicat,ed there, we believe that 
it is not physically reasonable. 

As an alt,ernative, we propose that the proportionality of k, to Lo.5 or the apparent 
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proportionality of k, to L-o’5 is due to an excluded volume or steric hindrance effect ; 
that is, the longer a DNA strand, the more difficult it is for a second strand to inter- 
penetrate and find complementary sites. 

We first estimate the random-coil parameters of denatured DNA. Let L = no. of 
nucleotides, d = average separation between nucleotides, n = no. of nucleotides per 
statistical segment. 

The root mean square radius for an ideal random coil is then Rc = (Ln,/6)0’5d. This 
can be related to the diffusion coeficient by the equation for non-free draining coils, 

From our previous estima,te of D, KG M 1~0x10-5forT7DNA.Wetaked=5x10-8 
cm (and L = 3.8 x IO* nucleotides), then the calculat#ed statistical segment length is 
n = 6 nucleotides. 

The volume of solution occupied by the coil is approximately 

471 Ln 1.5d3 
V”=;T yj- 

( 1 
. 

The actual physical volume of the nucleotide chain is Lv, where ZJ is the volume of a 
nucleotide. We take v = 3 x 1O-“2 cc. 

Now we calculate the probability that two segments can completely interpenetrate 
without physical overlap (Flory, 1953). The probablity that, one segment of t’he 
second strand can be inserted without overlap is (1 -LvlV’,). The probability that 
all L/n segments can be inserted is 

Lv L/n ( 1 l-7 . c 
(33) 

If (Lv/VJ(L/n)>l, the probability of non-overlap is small; that is, excluded volume 
effects are important. For the parameter values estimated above, t,his condition 
applies. Then, the fraction f of a second xtrand which can interpenetrate before 
excluded volume effects become important is given approximately by 

or 

(27) 

(28) 

Thus, the fractional part of the strand readily available for reaction with the other 
strand varies as .L-“‘5. We believe that, this is the cause of the proportionality of k, 
to Lo’5 (rather than to L, as would be the case according to equation (3) if all sites 
were equally available and if kN were independent of L). 

The excluded volume hypot,hesis invalidates the assumption which led to equation 
(3). Not all nucleation sites are equally available for reaction. The inverse proportion- 
ality of reaction rate with complexit,y iV at a given L is, of course, still valid. 

With the values of the parameters taken above, f= 1 occurs at L = 100; below 
this single strand length, k, should be proportional to L rather than L”‘5. 
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(d) Temperature, GC’ and viscosity effects 

If the excluded volume explanation of the length dependence is correct, we must 
still explain the viscosity, temperature and GC dependence. For this purpose, n-r 
shall elaborate the generally accepted view of renaturation as a reaction which takes 
place by the formation of one correct base pair followed by the sequential reversible 
formation of contiguous ba,se pairs. The simplest version of such a model was proposed 
by Saunders & Ross (1960), who showed that it explained the bell-shaped temperature 
dependence. It has been further discussed by Flory (1961), Ross & Sturtevant (1960, 
1962) and Kallenbach et a,Z. (1963). Our particular contribution has heen basically 
to st(udy the effects of random base sequences by computer calculations for a plausible 
model. 

In view of the obvious over-simplifications and limitations of our mock1 and of the 
existence of alternative possibilities which we have not investigated, we shall present 
here only the basic assumptions and the over-all conclusions. For further details, see 
Wet’mur (1967). 

k-l,, k 0.1 42 
A+A’Q--oZcq 

b-1, N 
-&=-==e& CN 

ko;, k,O k 21 h, N-l 

FIG. 5. Model for the mechanism of renaturation. 
C, is t,he species with i base pairs formed. It also represents the concentration of that particular 

species. A and A’ are the dissociated complementary strands, on their concentration. 

Our particular model is shown in Fig. 5. In this model, Ci represent)s the species 
with i adjacent base pairs formed; it also represents the concentration of this species. 
We assume that at equilibrium, the reaction goes almost completely to the right’. B 
steady-state ana,lysis when the system is not too close to equilibrium gives 

1 d,4 i kl-I,, 
---= 

A2 dt 
kN = i = 0 

A ’ 
(29) 

where A is the determinant of the k coefficients. The mathematical analJ.sis leading 
to equation (29) is discussed by Benson (1960). 

The equilibrium constant for forming the non-bonded &ate Co in which t,hc nucleat- 
ing base pairs are within an encounter dist,ance e of each other is 

k-1, 47T 
d = z e3 (ccjmolecule). 
kO.-1 

(30) 

By an argument given previously (Wang & Davidson, 1966), 

k,,-, = 3Dle2, !31) 
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where D is a diffusion coeficient. For all steps past t.he formation of C,, we take 

k i.i+ 1 
- = si+1, k * hi,, = kn 
i+ I.1 

where si + 1 is the equilibrium constant for the formation of an AT base pair or a GC 
base pair (whichever the i+l th base pair is) adjacent to an already formed base 
pair, and, k, is a universal forward rate constant for either an AT or a GC base pair. 

For the first step only, we assign a stacking interaction, so that 

k 01 - = us. 
k 10 

(33) 

The stacking factor 0, which is of the order of 10W3, is divided up between t,he forward 
and backward rate constants, so that 

k,, = u,k,, k,, = k&u,, qu,, = a. (34) 

Then, it follows from equation (29), that 

kN = &dW3kf 

&e3/W + t + bb (i + & + . . . + l 

(35) 

8ls.J . . . SN-1 

We assume u,, < 1, that is, that the dissociation of the first unstacked base pair is 
more rapid than t,he dissociation of the others. The factors s are slightly greater than 
unity. If the reaction is not diffusion controlled, the first term in the denominator 
must not be dominant. Then 

k NW 

(4~/3)e3kfu 

1. 1 1 * (36) 

ig+ 
of”“’ 

$82 . . . SN-1 

This result has the same structure as for the simple case treated by Saunders 8: Ross 
(1960). ,4s T + T,,,, the denominator approaches co, and kN --f 0. Close to T,,,, 
dkN/dT<O. If k, and u have positive temperature coefficients, then dkJdT>O at 
sufficiently low temperature. 

Numerical calculations were made, using the following plausible parameter values: 

sAT = 1.04 x 10m5 exp @OOO/RT); (37) 

sGo = 1.04x 10e5 exp (8935jRT); (33) 

U = 34 exp (-70OO/RT). (39) 

These equations give the correct T, values at [Na+] = 1.0 M, and a value u M 10e3 
at T = 373”K, the calculated melting temperature of a 50”/ GC DNA. 

Let 

k, = A exp ( -E,/RT). (40) 

Calculations were made for all 2% possible sequences of length 6, and for an average 8 
for the given base composition beyond i = 6. The rate constants were weighted assum- 
ing random probability of each sequence for a given base composition. Similar 
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results were obtained by considering all possible sequences of length 8, indicating 
t,hat beyond i = 6 it is satisfactory to use an average S. 

The results are: 
(i) The model, as for previous simpler models, predicts the observed bell-shaped 

temperature profile. The best detailed fit was obtained with IS, = 7500 cal. molt-l. 
(ii) From the calculations and equation (20) with L = N = 1, II’ = 353”K, that 

is, with complexity and excluded volume effects eliminated and at a typical 
renaturation temperature, 

k f z 3X10B see-l. (41) 

(iii) There is a slight GC effect-the relative rate constants for 34. 41, 50 and 64”j, 
GC are 0.69,0*81,0.98 and 1.27. This effect is in the direction and magnitude suggested 
by the experiments summarized in Table 4. 

Equation (36) shows that the theoretical react,ion rate is proportional to k,, the 
forward rat,e constant for the reversible zippering reaction. The driving force for this 
react’ion is t*he formation of an additional base pair per step, with an average free- 
energy increment at 2O’C below T,,, of approximately --R?’ In 2. 1 t is possible that 
this rate is hydrodynamically limitted due to the requirement that the remaining 
single-stranded random-coil regions, not vet base paired. must move through the 
solvent and rotate around the helix axis as the reaction takes place. Since the friction 
coefficient of the coils is aSpproximately proportional to L ‘.” this view would explain , 
the observed length and viscosity dependence of k, (equation (21)) without recourse 
to the steric hindrance hypothesis. 

We think this view is unlikely. We think it, more likely, for the 10 or 20 ba,se pairs 
needed to stabilize the helix under renaturation conditions, that the reaction takes 
place by stretching the coils without the requirement that their centers of gravity 
move through the solvent and rotate around the helix axis. The work required to 
stretch an average unextended random coil by an amount dh is 3 kT dhjh, (where h, is 
the root mean square end-to-end distance). For the coils of interest, A, z 10 5 cm. and. 
for one turn of the helix, dh z 10m6 cm. Thus, this work is small compared to kl’ and 
it should be possible bo form one or two turns of the helix by extending the coils. If 
this view is correct, the length dependence is to be explained by the steric hindrance 
hypothesis. We must still explain the viscosity dependence of k,. For this purpose, 
we submit the rather audacious proposal that k, is a rate constant for a diffusion- 
controlled process ; that is, that the rate-limiting phenomenon for this elementary 
reaction is the diffusion of the two unpaired bases adjacent to an already formed pair 
into the correct’ configuration for pairing. The calculated activation energy, E, = 7500 
cal./mole for this step canrlot be considered to be significantly different from the 
activation energy of 4000 to 5000 cal./mole for a diffusion process. With a typical 
diffusion coefficient of 5x 1O-6 cm2 set-l for a nucleoside, the mean time to diffuse 
5X 10-a cm is m 5 x lo-lo set, which is of the order of k,-l for the value of k, esti- 
mated above. 

There are many assumptions in our arguments. Nevertheless, n-e should like to 
conclude that the reaction is initiated by a nucleation step, which is not, hydro- 
dynamically limited, that the reversible propagation step with rat’e constant), k,, is 
hydrodynamically limited, and that the observed length dependence is an excluded 
volume or steric hindrance effect. 

Thus, with the resulm presented, it is possible to determine the complexity of a 
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DNA from its renaturation rate constant and alkaline sedimentation coefficient. A 
more exact result may be obtained if the base composition is known, though this 
effect is not large. The effects of solvent (pH, ionic strength, viscosity) and tempera- 
ture are presented to permit comparison of data taken under different conditions. The 
experimental results are explained in terms of a unified mechanism for the process of 
renaturation of DNA. 

(e) Effects of random, &correct base-pairing 

One other comment should be made. It is generally believed that at temperatures 
40 or 50°C below Tm, the renaturation rate is decreased due to the formation of short 
stretches of base pairs with accidental sequence complementarity. We believe that 
this is correct, but a detailed analysis, on the basis of our present knowledge of the 
statistical mechanics of base-pairing, indicates that such effects are unimportant at 
(T,,,--35)“C. When the effects do occur, at lower bemperature, they are mostly 
intramolecular, resulting in ring formation (Wetmur, 1967, pp. 70 to 77.) 

The theoretical analysis leading to equation (35) was significantly influenced by a 
lecture given by Dr Manfred Eigen at a Symposium on DNA Physical Chemistry in 
Madison, Wisconsin, in June, 1966. We are grateful to Professor J. Vinograd and Professor 
J. Bonner for the use of the analytical ultracentrifuges and to Professor J. Vinograd for 
the use of a Gilford melting apparatus. We are also grateful to Professor A. Hodge for 
the use of an electron microscope. This research was supported by grant GM10991 from 
the U.S. Public Health Service. One of us (J. G. W.) was a National Institutes of Health 
predoctoral trainee (GM1262). 

This is contribution no. 3536 from the Gates, Crellin and Church Laboratories of Chem- 
istry. 
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