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SEZIONE II
(Fisica, chimica, geologia, paleontologia e mineralogia)

Biofisica. — The Process o f Proton Capture in  the A lk a li D éna­
turation o f D N A 0 . Nota di E l i s a b e t t a  D o r e 00 e C la r a  F r o n ­
t a l i  ( \  presentata (*‘*> dal Corrisp. M. A g e n o .

R iassunto. — È stato messo in evidenza in precedenti lavori come il processo di dena- 
turazione alcalina comporti la deprotonazione della molecola di DNA, e come questo mecca­
nismo permetta di spiegare diverse caratteristiche della transizione alcalina.

Nel presente lavoro la deprotonazione viene messa direttamente in evidenza tramite 
l’abbassamento di pH che si verifica in una soluzione alcalina quando vi si immetta una quan­
tità nota di DNA. Queste misure hanno richiesto la messa a punto di una tecnica molto accu­
rata ed hanno consentito di ricavare una valutazione del numero di OH~ legati (ovvero di 
H+ strappati) per ponte idrogeno presente nella molecola di DNA, in un intervallo di pH 
che copre la regione di transizione. I risultati mostrano un effetto cooperativo di deproto­
nazione, in corrispondenza della transizione alcalina. Vengono discusse possibili cause di 
errore ed eventuali effetti concomitanti.

In  a series of papers [1-3]' dealing with the m echanism  of alkali dénatu ­
ration of DNA, we have considered the capture of the protons linking com­
plem entary  bases as a m ain feature of alkali dénaturation, determ ining its 
very beginning, and lim iting its rate (at least in the lower lim it of the transi­
tion region). This process is expected to take place when a DNA molecule 
is introduced into a solution in which a large excess of OH ions is present.

We have also discussed [4] the basic difference between the alkaline 
and therm al m elting processes, which is revealed through the study  of the 
absorption spectra of m elted DNA both at a high tem perature and an ele­
vated pH . In  effect, the difference between those two spectra can be ascribed 
to the process of “ deprotonation ” , which though effective in the case of alkali, 
is com pletely absent in the case of heat dénaturation.

To further check our previous conclusions we then tried to dem onstrate 
directly  the deprotonation process, by m easuring the drop in pH  of an NaOH 
solution, due to addition of a given am ount of DNA. The proton capture 
in effect is accom panied by the disappearence of an equivalent num ber ofO H ~ 
ions, w ith the form ation of w ater molecules. (The excess negative charge 
then rem ains inside the double stranded structure, and causes its unwinding).

'(*) This work is a part of the research program in progress at the Physics Laboratory 
of the Istituto Superiore di Sanità with the support of the Consiglio Nazionale delle Ricerche.

(**) Laboratori di Fisica, Istituto Superiore di Sanità, Roma.
(***) Nella seduta del 20 aprìje 1968.
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In  order to m easure the drop in pH  below the value of the corresponding 
blank, it is advisable to raise the concentration of DNA as m uch as possible; 
however the necessity of uniform  distribution of the macromolecules, and 
of relatively  large volumes of solution ( ^ 3 0  ml) to obtain good pH  m easure­
m ents in practice lim it the concentration to about 100 [xg/ml.

U nder these conditions the difference in pH  with respect to the correspond­
ing blank tu rned  out to be ra ther small, being of the order of a few hun­
dredths of one pH  un it in the transition region (between pH  11.7 and 12.0). 
Therefore a very sensitive instrum ent such as the B eckm ann Research p H -  
M eter, accurate to 0.001 pH  was needed. W hen using such an instrum ent,

the precision lim it is no longer determ ined by  the reading error; b u t ra ther 
by the difficulty of exactly  repeating the m anual procedures of dilution and 
mixing, both for the b lank and the sample. In  order to m inim ize these errors 
we used M arburg m icropipettes in the dilutions, and carefully checked the 
m ixing tim e which tu rned  out to be a ra ther critical factor. M ixing was per­
form ed in a closed vessel, by  means of a m agnetic stirrer, at a constant low 
velocity; the presence of a small am ount of air not free from  CO2, was however 
difficult to avoid w ithout resorting to over-com plicated systems. In  practice 
we were satisfied when m anual operations allowed the pH  value of the blank 
to be reproduced to w ithin 0.01 pH  units.
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We also found it necessary to standardize the pH -m eter, w ith the Beck­
m ann precision buffers, before every reading. T he electrodes used were a 
s tandard  calomel reference electrode, and a special E2 glass electrode suited 
for m easurem ents in the high pH  region.

The experim ental procedure was as follows. In  order to work at constant 
N a + concentration as in the previous experim ents [2, 3], we prepared the 
denaturing solution, for every pH  value, by  m ixing— at the tim e of the 
experim ents— stock solutions of NaCl 0.1M  and N aO H  0.1M  in suitable 
proportions to give the chosen pH . To 26 ml of this solution, 4 ml of either 
NaCl 0.1 M (for the blank), or of a concentrated 500 fjig/ml) D N A  solution 
(for the sample) were added and m ixed for 60 sec in a w ater bath  at 20°C. 
We m ade sure th a t the NaCl solution added had exactly  the sam e pH  (7.00) 
as the DNA solution. Since the pH  of distilled w ater is usually  low, a small 
addition of N aO H  to the 0.1 N NaCl solution was necessary. T he pH  readings 
began some m inutes after m ixing, to allow therm al equilibrium  at 20°C  to 
be attained (and deprotonation to be definitely complete); readings were 
taken  at intervals of 3-5 m in over a period of about 40 minutes; during this 
tim e the solution, not being buffered, showed a drift in pH . I t  was therefore 
necessary to perform  an extrapolation to zero time, in order to obtain a value 
not affected by  the am ount of CO2 present in the air. In  fig. 1 a typical set 
of m easurem ents (two blanks and one sample) is given. T he difference 
in pH  between blank  and sam ple can be easily converted into an evaluation 
of the num ber of O H ”  ions which have disappeared during the process of 
deprotonation of DNA.

On the other hand, the sam e solutions were used to read  the optical 
density  at 2600 Â  of the sam ple against the blank. This m easurem ent yielded 
the final concentration of DNA, or the num ber of nucleotide pairs per unit 
volume. T aking into account the base composition of the DN A  we used 
(DNA from  bacteriophage T  2) the average num ber, n, of hydrogen bridges 
per nucleotide pair can be calculated (n =  2.35, based on the assum ption 
th a t the GC pair possesses three H -bridges, and the A T pair only two). 
T he subsequent step is the calculation of the num ber of O H ”  ions which have 
disappeared per hydrogen bridge. The value so obtained, A O H ~/H -bridge, 
is given in fig. 2 against the pH  of the blank (i.e. the pH  the DNA is initially 
exposed to). In  practice, since the m easurem ents can be reproduced only 
to within, one hundred th  of a pH  unit and the effect to be m easured am ounts 
to only a few hundredths, we were forced to re-m easure both the blank and 
the sam ple several times, and to average out the resulting values of the p ara ­
m eter AOH” /H -bridge.

T he errors given in the g raph  of fig. 2 are standard  errors, calculated 
for eyery pH  value over a group of 4 -6  m easurem ents perform ed with DNA 
from  different preparations. I t  should be rem em bered th a t different preparations 
m ay contain different am ounts of im purities contributing to the effect of O H ” 
trapping. Protein im purities, e.g., can give such an effect. In  the procedure 
we followed the m easured effect was ascribed only to the addition of a given
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am ount of DNA, and we m ay therefore obtain values of the param eter 
A O H ~/H -bridge which are too high.

T he curve in fig. 2 is composed of two distinct parts. First, between 
pH  8.4 and 11.6, there is a slow, almost linear increase of the num ber of bound 
OH~ ions. This increase can be thought of as due to the titration  of the phos­
phate groups.

T here is one phosphate group per nucleotide, and therefore i/(^/2) =  
— 1/1,175 ~  ° -7S phosphate groups per H -bridge. The initial slow increase 
could therefore be expected to cease on reaching 0.85 O H ~/H -bridge. This 
is in contrast w ith the finding th a t the linear p art of the curve reaches a higher 
value (about 1 O H ~/H -bridge). T he small difference between the expected 
and obtained value m ay well be due to im purities.

The second p art of the curve corresponds to an ab rup t increase in the 
num ber of trapped  O H “  ions. Note th a t this happens just in the region of 
the alkaline transition, as is evident from  the com parison with the hyper- 
chromic effect, shown in the upper p art of fig. 2. There is little doubt th a t 
this increase corresponds to the capture of the protons linking the com plem ent­
ary  strands. T he curve shows th a t the deprotonation effect is co-operative; 
the same suggestion is to be found in the well known titration  curves of Gul- 
land, Jordan , T aylor [5].

As to the size of the jum p, it would be expected to be not less th an  0.5 
and not m ore th an  1 O H “ /H -bridge. The value which is found 1.6
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O H ~/H -bridge) appears to be too large. However ist m ust be rem em bered 
th a t the higher the pH , the sm aller the effect we m easure, so th a t in the final 
p lateau region the statistical errors are quite large. Furtherm ore, as a result 
of opening the double-standed structure, other hydrogen atoms in the mole­
cule which could be captured by the same m echanism  become suddenly 
accessible. Exam ples are the second hydrogen atom  attached to the NH2 
group of Adenine, G uanine and 5-H ydroxym ethylcytosine and the hydrogen 
atom  belonging to the hydroxyl group of the non glucosylated hydroxym e- 
thylcytosines. I f  all of these points were deprotonated sim ultaneously to 
dénaturation, a further contribution of about 1 O H “ /nucleotide, (i.e. ^ 0 . 8  
O H “ /H -bridge) would be present, and the size of the jum p would be in 
agreem ent w ith the expected increase.

T hanks are due to V ittorio Angelini and to Sergio Notargiacom o for 
technical assistance.
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