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Biofisica. — Density Gradient Studies of the Alkaline Denatur- 
ation of D N A n . Nota di M ario A geno 0 , E lisabetta  D orè (*‘} e 
C lara F rontali r>, presentata ^  dal Corrisp. M. A geno .

R iassunto. — L a cinetica della denaturazione alcalina del DNA di alcuni batteri e 
fagi è sta ta  studiata per mezzo dell’ultracentrifuga analitica in gradiente di densità. I risul
ta ti m ostrano che la denaturazione che si ottiene portando tem poraneam ente il pH  della 
soluzione ad un valore estremo (pH 12,4) è un processo catastrofico nel senso che per brevi 
esposizioni al pH  elevato, tali da causare solo una parziale denaturazione, non si trovano 
molecole parzialm ente denaturate, m a piuttosto una frazione delle molecole già com pletam ente 
denaturata  e una frazione ancora nello stato nativo.

Questi risultati abbassano drasticam ente il tempo che generalm ente si ritiene sia neces
sario per separare m aterialm ente le due eliche del DNA ed aum entano le note difficoltà per 
la comprensione della m eccanica del processo.

In  a preceding paper [1] the kinetics of the alkaline d e n a tu ra tic i of DNA 
was studied, m easuring the hyperchrom ic effect by m eans of a differential 
autom atic device, w ith which rap id  m ixing of two solutions and the almost 
instantaneous adjustm ent of pH  to a predeterm ined value was possible. The 
m ain result was th a t when an extrem e value of pH (pH 12.4) was suddenly 
attained, the hyperchrom ic effect always reached its m axim um  value in less 
th an  one hundred th  of a second. A n in terpretation  of this can be th a t almost 
all the hydrogen-bonds between com plem entary bases in DNA have been 
broken. T he fusion of the bonds, however, is a reversible one at the beginning 
of the process. If  the pH  is brought back to a norm al value (pH 7.0) after 
an in terval of the order of one second, for instance, no residual hyperchrom ic 
effect can be m easured and the DNA rem ains in a state th a t cannot be d istin
guished from  the native state. As time goes on, an increasing residual hyper
chromic effect appears. In  the case of T2 DNA, the effect reaches its m axim um  
in about eighteen seconds and the DNA is then  com pletely denatured.

These facts can be easily explained if we take into consideration the clas
sical W atson-Crick m odel for DNA [3]. The high pH causes the hydrogen- 
bonds to break, but cannot separate the com plem entary bases, because the 
two strands of the molecule are intertw ined. Thus, at the beginning the fusion 
is reversible. A fterw ards, however, the two strands, no longer held together 
by the hydrogen-bonds, tw ist around each other and gradually  separate and 
the hyperchrom ic effect becomes irreversible.

(i*) This work is a p art of the research program  in progress a t the Physics L aboratory 
of the Istitu to  Superiore di Sanità w ith the support of the Consiglio Nazionale delle Ricerche. 

(**) L aboratori di Fisica, Istituto Superiore di Sanità, Roma.
(***) N ella seduta del 16 aprile 1966.
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But this is not the only w ay in which our results can be interpreted. Thus, 
we considered it worth-while to verify directly  th a t in the interval of tim e in 
which the residual hyperchrom ic effect is increasing, all the DNA molecules 
of the solution are partia lly  denatured. In  effect it m ust be rem em bered th a t 
the DNA molecule of phage T  2 is composed of about two hundred pairs of 
nucleotides. If  it takes the two strands about tw enty  seconds to separate, 
they  m ust tu rn  at 1000 r.p .s., which is the m axim um  speed of a Spinco u ltra-

centrifuge! Before try ing  to explain the difficulties involved, from  the point 
of view of classical mechanics, it seemed to us advisable to m ake sure th a t 
this was really  so.

W e thus planned a very simple experim ent which consisted of exam ining 
in the analytical u ltracentrifuge in a CsCl density gradient the state of a solu
tion of DNA, which had  been kept for a few seconds (between zero and about 
th irty  seconds) at an extrem e pH  (pH 12.4). F irst, it was experim entally 
verified that!from  the instan t in which the pH was suddenly restored to 7, the 
hyperchrom ic effect did not vary  any more. Thus, we could be sure th a t 
the state of the DNA molecules in the solution would not change in the tim e 
necessary for the form ation of the density  gradient. In  effect we had to m ake
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sure th a t during this tim e a partia lly  denatured molecule, kept at pH  7, 
would not rewind, thus re turn ing  to a state sim ilar to the native one, or th a t 
it would not continue to unwind, until, in the end, its two strands were com
pletely separated.

As is well-known, native and denatured DNA form two distinct bands 
in a CsCl density  gradient, the single strands having a buoyant density  consi
derably  higher th an  th a t of the double stranded  molecules. A  partia lly  dena-

---' 1-------- 1— i--------L________________
1 7 0 0  1.710 1.720

p(g/cm*)
Fig. 2.

tu red  molecule, m ust, therefore, have a value which is interm ediate between 
th a t of the native and th a t of the com pletely denatured DNA, and its equili
brium  position in the density  grad ien t m ust be interm ediate between the 
two bands in question. As an example, we show in F igure 1 the U V  optical 
density  pattern  of a CsCl density  g rad ien t of a m ixture of a native DNA and 
of the same DNA, after complete denaturation. T he two gaussian bands are 
evident and are not overlapping.

T he behaviour of the partia lly  denatured molecules of DNA in a CsCl 
density  grad ien t is shown in Fig. 2. Here, a solution of DNA of phage a 
(active on B. megatherium) , after complete denaturation  at pH 12.4, was 
kept for three hours at pH  10.8 and then  exam ined in the ultracentrifuge. 
The two strands of the oc DNA have different buoyant densities [4] and the
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band of the denatured DNA is represented by two partia lly  overlapping 
gaussians (fig. 2 a). Being kept at pH  10.8 causes a partia l renaturation. 
M any pairs of com plem entary strands join together and a num ber of bonds 
between them  are restored. Thus, we observe (fig. 2 b) in th eU V  optical density 
pattern  a continuous d istribution of DNA molecules, from  the native to the 
lighter of the two bands of the denatured DNA.

It is then obvious w hat should be expected from  our experim ent. A ccord
ing to the W atson-Crick model, the unw inding tim e of the two strands of the 
molecule m ust be the tim e required  for the increase in the irreversibility  of 
the hyperchrom ic effect. A ll the molecules begin to unw ind at about the 
same instan t when the pH  is suddenly  raised to 12.4 and all m ust reach the 
to tally  denatured state at alm ost the same tim e (when the irreversibility  of 
the hyperchrom ic effect is complete).

Thus, if the DNA solution is kept at pH 12.4 only for an interval of 
t seconds, and we repeat the experim ent for different values of t , between 
zero an th irty  seconds, for instance, we should observe in the U V  optical 
density pattern  of the CsCl density  gradient, only one gaussian band. This 
band should m ove g radually  from  the density of the native DNA ( t  =  o) 
to the density  of the denatured  DNA. (A more complex situation would be 
observed, however in the case of a DNA like th a t of a, whose two strands 
have different buoyant densities in CsCl solutions. W e lim it ourselves to the 
more general simple case).

T he experim ent was repeated m any times w ith three different DNAs, 
one bacterial DNA (E. coli) and two phage DNAs (T 2 and a) and the results 
each tim e were com pletely different from  those we expected on the basis of 
the W atson-Crick model.

O ur observations can be sum m arized in the following way:
(1) we have never observed any  variation in the density of the native 

DNA band for any  value of t . Its intensity  decreases as t increases, until 
the band disappears com pletely. O nly in the case of T  2, which is the heaviest 
of the three DNAs exam ined, the band, from  the beginning becomes a little 
skew on the righ t side, bu t the position of its m axim um  rem ains unaltered.

(2) For the sm allest valued of t , a new band  begins to form, w ith a 
density equal to th a t of denatured  DNA. This band also does not change its 
position in the gradient, bu t its in tensity  gradually  increases w ith t , until 
it becomes the only band  w hich can be seen in the U V  optical density  pattern .

(3) No consistent am ount of DNA is observable, in our patterns, bet
ween the two extrem e densities of the native and of the denatured DNA, in 
the case of E . colt, and of phage oc DNA. In  the case of phage T2 DNA on 
the contrary, the U V  optical density  pattern , analyzed into gaussian compo
nents, can be in terpreted  by saying that a th ird  interm ediate w eak gaussian 
band is fornied. This band, however, once formed, never changes its intensity  
or position, until it com pletely disappears. Furtherm ore, it appears before 
the denatured band  becomes observable, and disappears after the native band 
has com pletely disappeared.



544 Lincei -  Rend. Sc. fìs. mat. e nat. -  Voi. XL -  aprile 1966

These results are illustrated in figs. 3-7. Some of the photographs obtained 
in the ultr§centrifuge are shown in fig. 3, where a) refers to a DNA, denatured 
w ith t =  o and b) to T  2 DNA denatured w ith t =  10 s. It should be noted 
th a t the m ixing procedure necessary to ad just the pH  to the required value 
was standardized so th a t it took one second to bring the pH from  7.0 to 12.4 
and one second to bring it back to 7.0.

Fig. 3.

Figs. 4 and 5 represent two typical density patterns obtained in different 
experim ents w ith T  2 DNA and a DNA. Fig. 4 represents the pattern  given 
by a DNA denatured w ith t ■= o, i.e. in a to tal tim e of 2 s. Fig. 5 gives the

Distance from axis of rotation (cm)

Fig. 4.
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profile for T  2 DNA denatured w ith t =  15 s, i.e. a total denaturation time 
equal to 17 s. The graphs in figs. 6 and 7 show how the percentage of denatured 
DNA (m easured by evaluating the areas of the gaussian bands) depend on 
the to tal denaturation tim e in the case of E . coli and a DNA respectively.

O bviously we consider our results correct but we cannot completely 
exclude th a t a series of strange cases m ay have influenced our experim ents. 
They were, however, repeated m any  times under somewhat different condi
tions and with different samples of DNA and the reported characteristics

Distance Prom axis oP rotation (cm)

Fig. 5 -

were always observed. O ther experim ents were done in order to control the 
results and other tecniques were used. Some of these are still in progress. 
These will be described in a subsequent paper.

We shall now try  to draw  some conclusions from the results of the expe
rim ent described, which should be necessarily valid if the experim ent itself 
is reliable, as we are convinced. T he m ain observation is th a t the separation 
of the two strands does not begin at the same instant for all the molecules in 
the solution and takes a m uch shorter tim e than  th a t required by the hyper- 
chromic effect to become to tally  irreversible. Thus our kinetic results of the 
hyperchrom ic effect should be in terpreted  in the sense that, the fraction th a t 
is irreversible is not a m easure of the m ean degree of partia l denaturation 
of each DNA molecule in the solution, but represents the fraction of molecules 
th a t are denatured.

We are thus led to conclusion that, when all the hydrogen-bonds between 
the com plem entary base pairs are broken, the two strands are prevented from
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separating im m ediately only by som ething th a t can collapse rapidly, but 
which does not, in general, collapse im m ediately. W e can easily im agine 
some “ hard  ” bonds distributed along the strands th a t do not significantly 
contribute to the hyperchrom ic effect, but it seems very difficult to explain 
the experim ental result considering th a t the two strands are intertw ined.
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Thus, the difficulties presented by the W atson-Crick model for the DNA 
molecule are in no w ay reduced.

W e wish the express our g ra titude to the technicians of our L aboratories 
M r. A. Araco, M r. M. Araco, M r. A. Flam ini, M r. G. N otargiacom o, M r. A. 
Rosati and M r. P. Sa vini for invaluable help in preparing and perform ing the 
m easurem ents.
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