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953. Electrometric Titration of the Sodium Salts of Deoxy-
ribonucleic Acids. Part V.* The Effect of Temperature.

By R. A. Cox and A. R. PEACOCKE.

The dissociation curves in 0-05M-sodium chloride of herring-sperm sodium
deoxyribonucleate have been studied at different temperatures by use of a
continuous titration method. The reversible dissociation curves of sodium
nucleate completely denatured by prior acid treatment varied with temper-
ature and approximate values of the apparent heats of dissociation for the
different titratable groups were deduced. The acid denaturation of sodium
nucleate, as shown by the relative dispositions of the forward- and back-
titration curves, depends on temperature and evidence is presented that
sodium nucleate is only partly denatured by titration with acid to pH 2-6
at 0-4°. The reversible dissociation curve at 0-4° of the undenatured
double-helical structure has been computed.

THE titration curves of sodium deoxyribonucleate are anomalous, the forward-titration
curve being irreversible and different from the reversible back-titration curve. The
initial forward-titration with acid or alkali from pH 7 causes a permanent and irreversible
rupture of hydrogen bonds, or *“ denaturation,” through ionisation of the groups involved
in them, whereas the subsequent back-titration from pH 2-5 or 12 causes reversible changes
only in the state of ionisation of the molecule.! Hitherto the titrations have been carried
out at 25° but curves obtained at other temperatures should be helpful in two respects:
first, the displacement of the reversible back-titration curves with temperature should
yield 2 the apparent heats of dissociation as a function of pH and thereby indicate the
PH ranges in which the various groups dissociate; and secondly, the effect of temperature
on the irreversible forward-titration curves might help to elucidate the mechanism of
denaturation of the nucleate by acid. The titration behaviour of herring-sperm sodium
deoxyribonucleate at 0-4°, 25°, and 35° is described and analysed here chiefly with the
first aim. Its significance with respect to denaturation will be examined subsequently
(a preliminary account has been given 3).

EXPERIMENTAL

The sample of herring-sperm sodium deoxyribonucleate was that described in preceding
Parts.»* Solutions of the nucleate (0-141 mg. of phosphorus/ml., about 0-2%,) in sodium
chloride (0-05M) were titrated at the appropriate temperature with acid to a pH just below 3
and then back-titrated with alkali. The results at 25° have been reported.! The method of
continuous titration in a cell with liquid junction and glass electrode was employed with the
procedure and precautions already described.! The temperature was controlled by a water-
bath maintained at 0-4° 4+ 0-2°, 25° + 0-05°, or 35° 4 0-05°. Solutions of hydrochloric acid
(0-1M), potassium hydrogen phthalate (0-05M), and sodium borate decahydrate (0-05M) were
used to calibrate the glass electrode system and were assigned respectively the pH values ® of
1-08;, 4-01, and 9-39 at 0-4° and 1-08,, 4:02;, and 9-10 at 35°.

Results.—The titration behaviour at 0-4° is shown in Fig. 1, where curve I is the irreversible
forward-titration curve and II the corresponding reversible back-titration curve from the
end-point of I. Compared with the reversible back-titration curve at 25° curve II was
displaced to much lower pH values than expected from the low values of the heats of dissociation
subsequently deduced (see p. 4727). This, and the relatively small difference between curves I

* Part IV, J., 1956, 2646.
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and II, suggested that II was not the reversible dissociation curve at 0-4° of completely
denatured nucleate but that some hydrogen bonds had re-formed when the charge on the
amino-groups (pK,’ <7) was removed during back-titration. Confirmation of this was
obtained in two ways. (i) The nucleate solution at pH 6—7 obtained by a complete titration
cycle at 0-4° to and from pH 2-6 was submitted to a further titration cycle to and from pH 2:7
at 25° (Fig. 2). In this second, 25° cycle the forward- and back-titration curves differed (V,

Fic. 1. Titration curves of sodium deoxy-
vibonucleate at 0-4° in 0-05M-sodium
chlovide.

I, X Forward-titration with acid from
pH 6-1. 1I, @ Back-titration with
alkali from pH 2-6. III, O Titration
with acid at 0-4° of a sodium nucleate
sample - which had previously been
titrated at 25° from neutrality to pH
2-75 and back to pH 7. IV, ———
Computed reversible forward-titration
curve of sodium nucleate in the double-
helical configuration.

Equivs. of acid bound per 4¢-atoms of phosphorus

Fi1G. 2. Titration curves at 25° in 0-05M-sodiwm chlovide of sodiuwm deoxyrvibonucleate previously
titvated at 0-4°.
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V, X Forward-titration with acid to pH 2:75 of a nucleate sample which had been titrated at 0-4° from
neutrality to pH 2-4 and back.
VI, O Back-titration from pH 2-75 on completion of V. VI is also the usual back-titration curve at
25° of completely denatured nucleate.
VII, — — — — Forward-titration curve with acid of nucleate not previously titrated at 0-4°.

Lower portion. Difference curves; A = Alkali bound along V or VII minus alkali bound along curve
VI, ordinate scale on lower right. P’, ¢/, and R’ in the lower figure correspond to P, Q and R,
respectively, on the titration curves.

VI, Fig. 2). From the position of V relative to VI and to VII, the forward-titration curve at
25° of a completely hydrogen-bonded nucleate, it was deduced by the method previously
described ¢ that this material still retained 609, of its original hydrogen bonds after having
undergone the titration cycle at 0-4°. This is also illustrated by the lower comparison curves
of Fig. 2 in which the ratio Q’R’/P’R’ was 0-6 at all pH values. (ii) The reversible dissociation
curve at 0-4° of a completely denatured nucleate (III, Fig. 1) was obtained by first removing all
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hydrogen bonds by a full titration cycle (to and from pH 2:75) at 25° and then repeating this
at 0-4°, when forward- and back-titration both yielded the reversible curve III. The difference
between II and III confirmed that II, which was also reversible, was the dissociation curve of a
nucleate in which 609, of the original hydrogen bonds could re-form during back-titration from
pH 2-6. Apparently at 0-4° there was an upper limit of 409, to the extent of permanent
denaturation which ionisation of the amino-groups (pK,’ <7) could cause.

Fi1G. 3. Reversible titration curves of denatured sodium deoxyribonucleate in 0-05M-sodium chloride at
varvious temperatures.
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. . . . Titration with acid at 0-4° of a solution of nucleate which has previously undergone a complete
titration cycle at 25°.

Back-titration with alkali from pH 2-5, at 25°.

———— Back-titration with alkali from pH 2-6, at 35°. [Each curve is the mean of several titrations.
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Fic. 4. Forward-titration curves of sodium deoxy-
ribonucleate in 0-06M-sodium chlovide at various
temperatures.

X Forward-titration with acid from pH 6-0 at 0-4°.
O Forward-titration with acid from pH 5-75 at 25-0°.
@® Forward-titration with acid from pH 5-6 at 35-0°.
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Equivs. of acid bound per 4g-atoms of phosphorus

At 35° the curve obtained on back-titration from pH 2-6 was only slightly displaced from
that at 25° (Fig. 3). The displacement was of the order expected from the apparent heats of
dissociation deduced ® for the similar dissociating groups in ribonucleic acids, and contrasted
with that observed on lowering the temperature to 0-4°, as discussed above. At 35° the
reversible back-titration curve clearly corresponded to a nucleate in the same denatured state

8 Vandendriessche, Compt. rend. Trav. Lab. Carlsberg, 19561, 27, No. 15, 341.
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as that during the back-titration at 25°, since a rise in temperature of 10° should have made
denaturation by ionisation easier: the displacement at 35° was therefore the usual effect of
temperature on a reversible equilibrium. The forward titration curves at 0-4°, 25°, and 35°
are compared in Fig. 4. In the first stages of ionisation from pH 3-75 to 6 there was little
temperature effect, so that the heats of dissociation of the hydrogen-bonded groups in this first
stage, and the temperature coefficient of denaturation, must both have been small (or exactly
compensatory). But after 0-8 equivalent of acid per 4 g.-atoms of phosphorus had combined,
the curves for the different temperatures diverged and for a given value of the protonic charge
the number of groups released from hydrogen bonds increased with temperature. This was
shown by the steeper approach at 35° than at 25° of the forward- to the back-titration curve.
At 25° the forward- and back-titration curves met and denaturation was complete when
2-12 equivalents of acid per 4 g.-atoms of phosphorus had combined; but at 35° this occurred
when only 1.86 equivalents had combined, and this was less than the total number (1-97 per
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Fi1G. 5. Dependence of the apparent heat of o
dissociation (AH’Y of sodium deoxyribo- { /L
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4 g.-atoms of phosphorus) of hydrogen-bonded cytosine and adenine amino-groups originally
present. Apparently at 35° complete ionisation of all the hydrogen-bonded groups was not
necessary for complete denaturation by acid. This must have been an effect of temperature
changes on denaturation by ionisation and not a direct effect on the intact hydrogen-bonded
structure since, at pH 6—7, heating caused no denaturation ¢ in 1 hr. unless the temperature
exceeded 75°.

Heats of Dissociation.—The displacement with temperature of the curves (Fig. 3) represent-
ing the reversible dissociation of completely denatured nucleate yields 2 the apparent heats of
dissociation, AH’, of the various groups since

AH’ = —2-303RT* [2(pH)/oT]y . . . . . . . (1)

where [8(pH) /8T ]y represents the rate of change of pH with temperature at a constant value of
h,_ the number of equivalents of acid bound. Values of AH’ were calculated from the curves in
Fig. 3 for the temperature changes 0-4—25° and 0-4—35° by using the approximation

AH’ = —2303RT,\T,{(pH, — pH)/(T, — T} - . - - - (2

where subscripts 1 and 2 refer to two different temperatures (T, > T,). The AH’ values for
the non-hydrogen-bonded nucleate are shown in Fig. 5 as a function of 2. The values of AH’
deduced from Fig. 3 for the various pH ranges, and hence for the various chemical groups, are
summarised in the Table.

DiscussioN
It has been demonstrated that curve II (Fig. 1) obtained at 0-4°, after forward-titration
at 0-4° to pH 2-6, represents the reversible dissociation curve of a nucleate in which 409,
of the hydrogen bonds have been permanently ruptured but in which 609, can re-form
during back-titration, as shown by its subsequent behaviour at 25° (Fig. 2). These
observations can be interpreted in terms of the double-helical model as follows. Only
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those regions of the nucleate molecule which, in spite of the ionisation of the amino-groups
and disappearance of the hydrogen bonds, retain their double-helical configuration would
be expected to be able to re-form complementary hydrogen bonds when the amino-groups
are discharged during back-titration. In contrast, amino-groups in disordered regions
which have lost the double-helical configuration would not be able to re-form the
complementary hydrogen bonds on back-titration.

On this basis, curve II (Fig. 1) can be interpreted as the composite reversible dissoci-
ation curve at 0-4° of two types of region in the nucleate ions: intact double-helical regions
containing 609, of the bases, and denatured, presumably disordered, regions containing
409, of the bases. This implies the existence of a reversible dissociation curve for a double-
helical structure; along this curve the double-helical form would be approximately
retained as the amino-groups ionised and complementary hydrogen bonds would re-form
when the pH rose. At 25° and 35° little indication of the existence of this curve is
obtained since denaturation follows quickly upon ionisation as soon as the pH is lowered.
At any given pH let p, ¢ represent the equivalents of acid bound (per 4 g.-atoms of
phosphorus) along the reversible dissociation curves at 0-4° of the double-helical and of the
completely denatured forms, respectively. Then the equivalents, », of acid bound
reversibly (per 4 g.-atoms of phosphorus) by a nucleate containing 609, of its nucleotides
in double-helical regions and 409, in denatured ones is given by » = 0-6p + 0-4g. The
quantities 7, ¢ are given as functions of pH by curves II and III (Fig. 1), respectively, so #
can be deduced and is plotted as curve IV (Fig. 1). Presumably, if titrations could be
made at sufficiently low temperatures, curve IV might be directly observed on titration
with acid, no “ anomaly * would be obtained, and no denaturation would be caused by
ionisation. The helical structure would, as it were, be ““ frozen ”’ into stability even when
all the groups involved in hydrogen bonds were ionised.*

The reversible dissociations occurring along the curves III and IV can be represented
as follows:

Curve III
{Denatured chain}~NHg* + H,0 == {Denatured chain}-NH, - - - (H,0) + H* . (3)

Curve IV
{Helix}"NH,* + X—{Helix} === {Helix}NH, - - - X—{Helix} + H* . (4)

—NH,* and ~NH, are the charged and uncharged forms of the amino-groups capable of
being hydrogen-bonded (adenine and cytosine 6-amino-groups ?* and, possibly,” the
guanine 2-amino-group), X is the system to which these groups are hydrogen-bonded in
the double helix (the 1 : 6 -NH-CO- systems of thymine and guanine according to the
X-ray 7 and titration evidence,! and possibly the cytosine 2-oxo-group %), H,O is a solvent
water molecule, the terms enclosed in braces represent the corresponding polynucleotide
chains and the dotted lines are hydrogen bonds of the specific double-helical type 7 in
eqn. (4) and of a non-specific type involving solvent in eqn. (3). Let the apparent acidic dis-
sociation constants and apparent standard free energies of dissociation of the amino-groups
which correspond to curves III and IV be denoted by Kur', Kiv' and by AG®, AGr°,
where AG° = —RT In K’ = 04343 RT.pK’, with the appropriate subscripts. Then
AGm® — AG® = 04343RT (pK i’ — pKiv') = 0-4343RT (pHyrr — pHiv)s, where the last
term refers to the pH displacement between curves III and IV at constant 4.1

* In recent experiments at —0-4° the reversible dissociation curve of the double-helix in 0-05M-NaCl
has been obtained and proved to be identical with curve IV (A. R. Peacocke and B. N. Preston, unpub-
lished work, 1957; A. R. Peacocke, Symp. on Phosphoric Esters, Chem. Soc. Anniv. Meeting, Cambridge,
1957, Special Publication, in the press).

+ Since comparison is made at constant % and only the differences in pK,’ and AG® between curves

IIT and IV are employed, these equations, and what follows, apply to all the amino-groups dissociating
at the particular % value.

? (@) Watson and Crick, Nature, 1953, 171, 737; Peacocke, Ricerca sci., 1955, 25, 812; (b) Pauling
and Corey, Arch. Biochem. Biophys., 1956, 65, 164.



[1957] Sodium Salts of Deoxyribonucleic Acids. Part V. 4729

It is clear from Fig. 1 that Kiy' > Km’ but the interpretation below pH 3-75 is
complicated by the presence in both III and IV of the dissociation of the 2-amino-group of
guanine which, contrary to earlier ideas,’ may be hydrogen-bonded in the helical form.?
At pH values above 3-75 (AGm® — AGry®) has values of 4200 to 4480 cal. per mole of
hydrogen ions. This difference in the free energy of dissociation in the double-helical and
denatured configurations can be regarded as the sum of two terms:

(i) A term which represents the differences in the non-electrostatic parts of the free
energies of dissociation of the hydrogen ions in the two configurations. The most
important contributor to this term would be the difference of free energy between the
hydrogen bonds on the 6-amino-groups when they are linked to the 1 : 6 -NH-CO~ systems
in the double-helix and when they are linked to solvent molecules in the denatured form.

(i) An electrostatic term representing the effects in 0-05M-sodium chloride of different
electrostatic potentials at the dissociating groups in the two configurations. The
magnitude of this term in 0-05M-sodium chloride can be estimated by comparing the
displacements of the reversible back-titration curves (denatured form) and of the reversible
portions, at low %, of the forward-titration curves (double-helical form) for a change in
sodium chloride concentration from 0-05M to 0-50M, when electrostatic effects are almost
completely suppressed. The two displacements differed by 0-2 pH unit which corre-
sponds to a contribution to (AG® — AGry°) of the order of 50 cal. per mole (these figures
were derived from 25° curves but should give a reasonable estimate for the relative displace-
ments at 0-4° since the AH’ values are all small).

The electrostatic contribution to (AGm® — AGyv°) is thus only of minor importance in
0-05M-sodium chloride, although at lower salt concentrations tentative calculations
indicate that (i) and (ii) may be of comparable magnitude and opposite in effect. Under
the conditions of this study, it therefore appears that (AGm® — AGry®) is determined
mainly by (i} and so by the differences in free energy of formation of the two types of
hydrogen bonds in eqns. (3) and (4). The observed value of 4200 to 4480 cal./mole for
this quantity is reasonable since the free energy of formation of a hydrogen bond is of the
order of only a few thousand calories. The positive sign indicates that the specific
hydrogen bonds [eqn. (4)] in the double-helical form are, not surprisingly, more stable
than those involving solvent molecules [eqn. (3)] in the denatured form.

It has been concluded,»4 and is assumed here, that the reversible back-titration curve
at 25° of denatured herring-sperm deoxyribonucleate in 0-05M-sodium chloride below
pH 8 can be accounted as the summation of the dissociations of primary phosphoryl
groups (pK, ~1—2), of guanine 2-amino-groups (pK, = 2'75),* of adenine 6-amino-
groups (pK, = 3-5),' and of cytosine (and 5-methylcytosine) 6-amino-groups (pK, =
5-0).>8 Spreading of the dissociation ranges by polyelectrolyte effects is small and there
is no need to postulate any significant quantities of secondary phosphoryl groups.!  Since
809, of a dissociation occurs in the range pH = pK,’ 4 1, then, on the basis of the pK,’
values quoted, the amino-groups of guanine and adenine should overlap at pH below 3-75
and of adenine and cytosine at pH 4-0-—4'5. At pH 3-75—4-0 only the adenine amino-
group should be titrated and at pH 45 to neutrality only the cytosine amino-
group. Hence, as described by Wyman 2 for protein dissociations, AH’ should vary with
pH where groups overlap, vsz., below 3-75 and at 4.0—4-5, but at pH 3-75—4-0 and above
45, AH’ should remain constant at the values characteristic of the 6-amino-groups of
adenine and cytosine. These pH ranges are only approximate since they have been
deduced from results at 25°.

* The pK,’ for the 2-amino-group of guanine has been obtained ? by comparison of the back-titration
curves of sodium deoxyribonucleate (kindly supplied by Dr. G. L. Brown of King’s College, London)

from Arbacia lixula sperm and from avian tubercle bacilli. These samples had very different guanine
contents ° (viz., 17 and 36 moles of guanine/100 moles of nucleotides respectively).
8 Hurlen, Laland, Cox, and Peacocke, Acfa Chem. Scand., 1956, 10, 793.
? Cox, Thesis, Birmingham, 1955.
10 Brown, M'Ewen, and Pratt, Nature, 1955, 176, 161.
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The AH’ values obtained from the reversible back-titration curves (Fig. 3) and from
Fig. 5 are listed in the Table. At pH 3-75—4-35 and possibly also at pH values above 5-5,
AH’ was constant within the allowed variation and this is in accord with the above
predictions. The actual AH’ values are of the same order as those deduced by
Vandendriessche 8 for ribonucleic acid, namely, about +0-9—1-4 kcal./mole at pH 5-5—
5-6 and --7-8—9-0 kcal./mole at pH 9-4—9-5, although his interpretation of the former as
characteristic of secondary phosphoryl groups cannot be accepted for his undegraded
sample, which contained only very few of these groups.

Interpretation of the variation of AH' with pH.

h range pH range (approx.) AH’ (kcal./mole) Groups assigned
. Guanine 2-amino
>14 <375 Varying { Adenine 6-amino
1-4—0-85 3-75—4-35 - 10 Adenine 6-amino
0-85—0-4 4-35—55 varying  { Ao
0-10—0-4 5-5—17-0 ca. + 20 Cytosine 6-amino
— 9-5—11-0 +60 { Guanineand thymine
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