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485. Electrometric Titration of the Sodium Salts of Deoxyribonucleic
Acids. Part II1.*¥ The Effect of Sodium Chloride.

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

The dissociation curves at controlled electrolyte concentrations of herring-
sperm sodium deoxyribonucleate have been studied; cells without a liquid
junction were used in a non-continuous method which avoids hydrolysis. The
difference between the irreversible forward- and reversible back-titration
curves was fully present at ionic strengths from 0-02 to 0-50 and shows that in
solution the hydrogen bonding in the double-helical deoxyribonucleate
structure is unimpaired by such changes of ionic strength. Under these
experimental conditions, the two back-titration curves from pH 2-2 and 12
were exactly coincident, showing that hydrogen bonds involving titratable
groups can link only the 1:86 amino- and “NH-CO— systems of the bases.
The titration curves were displaced in a parallel manner with increasing salt
concentration and this can be interpreted as indicating an exchange on the
nucleate anion between sodium and hydrogen ions. The region of the back-
titration curves from pH 6 to 8:-5 is re-examined in view of the better values
now available for base compositions and pK,’ values of the amino-groups and
it is concluded that there are no secondary phosphoryl end groups in this
preparation which are detectable by titration methods. Evidence is pre-
sented that solutions of the deoxyribonucleate can be slowly hydrolysed by
alkali at pH 12 even at 25°. Improvements in the procedure for continuous
titration of nucleates have been tested.

THE study of sodium deoxyribonucleate has in recent years been greatly facilitated by the
elucidation by X-ray diffraction studies of its molecular structure in the moist solid state.!
It appears to consist of two intertwined helical polynucleotide chains inside which purine
and pyrimidine rings, one from each chain, are cross-linked by hydrogen bonds.2 The
bases which can be so linked in this structure are the pairs adenine-thymine and guanine-
cytosine. The hydrogen bonds, according to this model,? link the -NH-CO- groups at
the 1 : 6-positions of thymine or guanine with the -N.C(NH,)— groups at the 1 : 6-positions
of adenine or cytosine, respectively. The former groups (often referred to as the “ enolic

* Parts I, II, J., 1951, 3361, 3374.
1 Watson and Crick, Nature, 1953, 171, 737; Wilkins, Stokes, and Wilson, ¢bid., p. 738; Franklin

and Gosling, ibid., 1953, 172, 156.
2 Watson and Crick, ibid., 1953, 171, 964.
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hydroxyl ”’ groups) titrate at pH’s above 8 whereas the amino-groups of the latter system
titrate at pH'’s below 7. It is because of this important structural réle of hydrogen bonds
between dissociable groups that the titration curves of these substances can be informative
about their structure. Indeed the first evidence for the existence of hydrogen bonds of
the type described above came from titration studies 348 which showed that the curves
obtained when solutions of thymus deoxyribonucleate, initially at pH 6-5—7-0, were
first titrated to pH 2-5 and pH 12 differed markedly from those obtained on back-titration
with alkali and acid respectively.

In the original study by Gulland ef a3 the points on the back-titration curves after
acid treatment and after alkali treatment differed by about 0-1-—0-2 equiv. per 4 g.-atoms
of nucleate phosphorus and were regarded by them as coincident.* These authors titrated
solutions which were prepared after drying the moist, solid nucleate over phosphoric
oxide (110°; 30 min.) but subsequent work ® showed that the difference between the two
back-titration curves could not be ignored when the solutions titrated were prepared from
nucleate not previously dried in this way. This apparent difference in titration behaviour
between solutions prepared from dried and undried nucleate has also been obtained by
Jordan and his co-workers ¢ and has been tentatively explained 7 in terms of a slight pre-
hydrolysis of the nucleate during drying at 110°.  The occurrence of slow alkaline hydrolysis
of internucleotide linkages during the usual process of continuous titration above pH 10
has been suggested ® as one of the possible explanations of the incomplete coincidence of
the back-titration curves from pH 2-2 and from pH 12. In a continuous titration, neither
the time at both extremes of pH nor the concentration of electrolytes is precisely controlled,
especially if a liquid junction and salt bridge are employed. One of the aims of the investig-
ation here reported was to titrate herring-sperm sodium deoxyribonucleate in such a way
that these two variables were respectively minimal and constant, in order to allow a more
precise test of the coincidence of the two back-titration curves. If the curves proved to be
exactly coincident, this would exclude various suggested 9 labile linkages involving the
amino- and ~NH-CO- groups and confirm hydrogen bonds between them as the only
possibility.

In order to obtain results of the necessary precision, the points on the dissociation
curves were obtained by a method 1° involving E.M.F. measurements on individual mixtures
in a cell without liquid junction. This allowed exact control of the time each mixture was
held at the extremes of pH, especially pH 12, and also enabled titration curves to be
obtained at various ionic strengths without the usual difficulties of comparison which
arise from the inclusion in the measured pH’s of an unknown variable liquid-junction
potential effect. This technique also enabled a study to be made of the alkaline hydrolysis
of the nucleate which is relevant to the possible existence of triesterified phosphoric acid
residues (branching points) in nucleic acids.!® A knowledge of such errors is particularly
important in trying to determine the proportion of secondary phosphoryl end groups from
titration curves.!l Finally, the effect of changes in ionic strength on the titration curves
of nucleic acids may be compared with their effects on the titration curves of proteins and
of synthetic polybasic acids. Such comparisons should be helpful in formulating suitable
models for the electrostatic behaviour of the nucleic acid molecule.

The Titration Curves.—The titration curves of herring-sperm sodium deoxyribonucleate

* Here, and ‘in what follows, ‘“acid treatment’ and * alkali treatment’’ refer, unless otherwise
stated, to titration at 26° with acid to about pH 2:2 and with alkali to pH 12, respectively,
immediately followed by back-titration with alkali or acid.

3 (a) Gulland, Jordan, and Taylor, J., 1947, 1131; (b) Cosgrove and Jordan, j., 1949, 1413.

4 Signer and Schwander, Helv. Chim. Acta, 1949, 32, 853.

5 Lee and Peacocke, J., 1951, 3361.

¢ Garner, Jordan, and Matty, quoted by Jordan in *‘ The Nucleic Acids,” ed. Chargaff and Davidson,
Academic Press Inc., New York, 1955, p. 477.

7 Peacocke, Biochim. Biophys. Acta, 1954, 14, 157.

8 Euler and Fono, Arkiv Kemi, Mineralog., Geol., 1948, 25, No. 3; Little and Butler, J. Biol. Chem.,
1951, 188, 695.

® Cavalieri and Angelos, J. Amer. Chem. Soc., 1950, 72, 4686.

10 T ee and Peacocke, Research, 1953, 8, 15s.

i1 Peacocke, Proc. Intern. Symp. Macromol. Chem., Milan-Turin (Sept. 1964), Ricerca sci., 1955, 26.
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(at constant concentration) were obtained at 25°, while the ionic strength () due to all
ions other than those from the nucleate was kept constant. In practice this meant
that, below pH 7, the sum {(NaCl] 4 [HCI]} and, above pH 7, the sum {[NaCl] 4+
[NaOH]J} were kept constant for each titration curve at the values of 0-02, 0-05, 015, and
0-50, severally. Even in the most acidic and most alkaline solutions the ionic strength
was almost entirely due to the sodium chloride, whereas the contribution to the ionic
strength of the sodium ions from the nucleate was only of the order of 0-005. The total
concentration of sodium ions was exactly constant for a given curve in alkaline solution
but, owing to the nature of the mixtures, it varied by up to 0-007M in acidic solutions.
The curves obtained at the various non-nucleate ionic strengths (u) are given in Figs. 1—4.

At ionic strengths of 0-02 and 0-05 (Figs. 1 and 2) the forward-titration curves with
alkali to pH 12 (I) and with acid to pH 2-2 (III) were both different from that obtained (IT)
on back-titration from these extremes of pH. Points which represented the result of
back-titration with alkali from pH 2-2 or with acid from pH 12 both lay on the same curve
(IT) to a high degree of precision. The reversibility of the dissociations represented by
curve (II) was demonstrated by back-titration of mixtures with alkali from pH 22 to
pH 12 followed by a second back-titration with acid or wice versa. The resulting points
also fell accurately on line II. At these ionic strengths it appeared to matter little in the
acid branches of the titration curves whether or not sodium chloride was added to an
individual titration mixture before or after the addition of acid. Fig. 2 also shows the
back-titration curve of acid-treated nucleate obtained by several independent continuous
titrations of single nucleate solutions containing sodium chloride (0-05M), a glass electrode
and a cell with liquid junction being used. The pH scale of this curve differs from that
employed for the rest of the diagram so that it is slightly displaced along the pH axis
(and in opposite senses above and below pH 7). However it lies exactly parallel to the
more accurate curve II and this shows that, apart from the difficulties inherent in
this method at alkaline pH’s, continuous curves can be obtained reproducibly with the
correct shape and curvature. The different relative sign of the displacement above and
below pH 7 is probably related to a change in the liquid-junction potential in the glass
electrode—calomel electrode system in passing from acid to alkaline solution.

At ionic strengths of 0-15 and 0-50 (Figs. 3 and 4) curves I and II were similarly disposed
with respect to each other, but a more complex pattern occurred in the acid region. When
sufficient acid was added to nucleate solutions in the absence of sodium chloride in order
to lower the pH to 2-2 and was then followed by the addition of alkali (for back-titration)
and sodium chloride, the resulting solutions yielded points (open circles) on the curve (II)
corresponding to back-titration from pH 12. Only in this way could there be measured
the effect of sodium chloride on the back-titration curve of a nucleate devoid of hydrogen
bonds after acid treatment. For when salt was added first, the forward-titration curve
II1 was obtained with acid and on back-titration with alkali gave curve IV. Precipitation
intervened at higher pH values in these larger sodium chloride concentrations so that the
forward-titration had to stop before all the relevant amino-groups were ionised and before
all hydrogen bonds had been ruptured—as proved by the continuation of IV (not shown
in Fig. 4) into the alkaline region, where it lies between I and II and by a comparison of
IV with II. The displacement of the titration curves to lower pH values with increasing
sodium chloride concentration (Figs. 5 and 6) also enhanced this effect. No such complic-
ation occurred with the forward-titration to pH 12 since there was no question then of
precipitation and complete rupture of all the hydrogen bonds could be attained even more
readily when salt was present. As at the lower ionic strengths, curve II could be demon-
strated to represent a reversible dissociation process. At all ionic strengths from 0-02 to
0-50 variation of the concentration of the sodium nucleate within the limits 0-07—0-21
mg. of phosphorus per ml. did not affect the positions of the titration curves.

The reversible titration curves (II, Figs. 1—4) of the nucleate containing no hydrogen
bonds were displaced to lower pH values with increasing ionic strength (Fig. 5). This
displacement was parallel with respect to pH and was almost the same for the acid (pH < 6)
and alkaline (pH > 9) branches except that in the latter the displacement reached a
limiting4 value between p = 0-15 and 0-50 since the curves at these two ionic strengths

o
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Fig. 1. Titration curves of sodium
deoxyribonucleate, at 25°, p = 0-02.

Acid treatment.

Salt added at pH 6—7 before acid/
alkali :

Forward-titration with acid to pH
22 . . . . . . . . D
Back-titration with alkali from pH
22 . . . . . . . .0
Acid [alkali added before salt :
Forward-titration with acid to pH
Back-titration with alkali from pH
2-2 .« <. < . 0
Alkali treatment.

Salt present, order of addition found
not to Be important.

Forward-titration with alkali to pH

Back-titration with acid from pH

2 . . .. ®
Coincident O and @ points repre-
sented by . .. @

g

Reversibility test: Acid added to pH
2-2, followed by alkali and then
acid; or alkali to pH 12, followed
by acid and then alkali . . X

Broken lines are forward-titration
curves from pH 6—7; solid lines
are back-titration curves.

PH, scale, see Experimental section.

F1G. 2. Titration curves of sodium
deoxyribonucleate, at 25°, p = 0-05.

As for Fig. 1.

Back titration curve with
alkali from pH 2:5 at p = 0-05
obtained by the continuous titra-
tion method, with a glass electrode
in a cell with liquid junction (pH
scale for this curve, see Experi-
mental section).

Fic. 3. Titration curves of sodium
deoxyribonucleate, at 25°, u = 0-15.

As for Fig. 1.

Fic. 4. Titration curves of sodium
deoxyribonucleate, at 25°, u = 0-50.

As for Fig. 1.

Note.—The size of the symbols in these and Figs. 6 and 7 do not represent experimental error.
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were very close.* There was a slight deviation from this parallel arrangement close to
the isoelectric point and this can be seen most clearly around pH 3-8 at y = 0-50 (Fig. 5)
when the isoelectric point was relatively high. The forward-titration curves were also
displaced in a parallel manner with increasing . and there was a marked difference between
the displacement of the acid and alkaline branches (Fig. 6).

Since a known controlled chloride concentration was necessary for measurements
with the cell without liquid junction, titration curves at very low electrolyte concentrations
were obtained with the glass—calomel electrode cell. Fig. 7 shows the forward and back

20T Fig.5
<
.0+
§ 7
F1G. 5. Reversible back-titration cuyves X
of sodium deoxyribonucleate at 0.0
various .
Curves at p = 0-02, 0-05, 0-15, 0-50,
reading from right to left. ror
B
S 20
X
Fic. 6. Forward-titration curves of jg

sodium deoxyribonucleate at various p.

Curves at p = 0-02, 0-05, 0-15, 0-50,

reading from right to left. 10

Alkals

00

Fig. 7. Titration curves of sodium
deoxyribonucleate at low p.

All curves obtained by continuous
method with glass electrode and
in a cell with liguid junction.

I, II Forward- and back-titration
curves, to and from pH 2-5,
p = 0-05.

ITI, IV Forward- (Q) and back-
titration curves (@), to and
from pH 2-5, with no salt
added, p < 0-007.

V (x) Reversible  titration curve 70
with acid of deoxyribonucle-

10

Acid
N
[

£guivalents bound per 4P g.— atoms

Alkals

ate previously acid-treated \s
(to pH 2-2) neutralised and G 20
dialysed. <
PH scale, see Experimental section. 30 1
2 /7 /2
/]
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continuous titration curves of the nucleate without added sodium chloride (III, IV) and
the reversible “ back -titration curve (V) of a sample of the nucleate which had previously
been acidified to pH 2-2, neutralised to pH 7, and dialysed to remove the small amount
of salt resulting from this procedure. A small amount of electrolyte (u > 0-007M) is
inevitably present in the titration represented by IV and even less in that represented by V.
The forward- and back-titration curves (I, II) obtained by continuous titration in the
presence of 0-05M-sodium chloride are also given for comparison. It is clear that, although
the precise ionic strengths along IV and V are not known, the reversible back-titration

* The portion of the curves between pH 6 and 9 on Figs. 1—5 is conjectural since stable E.M.F.
readings cannot be obtained with the hydrogen electrode in this range.
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curves were very sensitive to small changes in p when this was low and that the
displacement was still approximately parallel.

In cases where precipitation did not intervene (i.e., u < 0-05) the meeting point of the
forward-titration curve with acid and the back-titration curve with alkali represented the
minimum amount of acid that had to be bound to ensure the irreversible rupture of all
hydrogenbonds. This quantity decreases as the sodium chloride concentration was lowered,
having the values 2-3, 19, and 1-5 equivs./4 P g.-atoms for the curves at p = 0-05 (I,
I11, Fig. 2), p = 0-02 (II, III, Fig. 1), and p == 0-007 (III, IV, Fig. 7) respectively.

Alkaline Hydrolysis at 25°.—The pH of a solution of sodium nucleate (final p. = 0-02)
was adjusted to 12 by the addition of alkali and, after varying intervals, sufficient acid
was added to lower the pH to about 4—5 or 10. The usual E.M.F. readings on these and
the appropriate blank solutions then gave the equivalents of alkali that had disappeared
from the solution by combination with the dissociable groups of the nucleic acid and by
being used up in any hydrolytic reaction. The former could be obtained at any particular
final pH from curve II of Fig. 1, hence the amount used up in combination with groups
released by any hydrolysis could be computed with a maximum error of about 4-0-03 per
4 P g.-atoms. An increasing uptake of alkali due to this latter cause was detected when
the final pH was about 10 but not when it was about 4 or 5 (Table 1). This implies that
alkali at pH 12 did slowly hydrolyse the nucleate at 25° and that it released groups which
titrated somewhere between pH 5 and 10.

DiscussioN

(a) Hydrogen Bonding.—The present titration studies show that when the ionic strength
is maintained constant and the time the nucleate is kept at extreme pH’s is reduced to a
minimum, the back-titration curves after mild acid- and alkali-treatment are exactly
coincident at all the ionic strengths studied (Figs. 1—4). The difference between these two
back-titration curves observed % 5 ¢ in continuous titrations must therefore arise from causes
specific to that method and will be discussed below. It follows from this exact coincidence
of the back-titration curves that the forward-titration with acid of the amino-groups
effects exactly the same changes in the nucleate as the forward-titration with alkali of the
—NH~-CO- systems. During both these forward-titrations from neutrality the groups

TABLE 1. Alkali bound by sodium deoxyribonucleate (concn. = 0-141 mg. P[ml.) due to
hydrolysis at pH 12 and 25°.

Time of treat- E.M.F. of final Equivs. Equivs. of alkali bound/4 P g.-atoms
ment with mixture of acid Final By DNA at By groups released
alkali (min.) (Epxa) (mv) added pH Total ¢ = 0-5 min.* by hydrolysis

0-5 922-0 18-76 10-32 0-30 0-30 0-0

67 920-0 — 10-29 0-33 0-24 0-09

102 912-5 — 10-13 0-36 0-26 0-10

170 914-0 — 10-20 0-34 0-26 0-08

822 897-5 —_— 9-90 0-41 0-16 0-25
0-5 579-0 29-86 4-11 1-23 1-23 0-0
780 583-2 — 4-11 1-23 1-23 0-0
0-5 640-3 27-41 510 0-52 0-52 0-0
1020 641-7 — 510 0-52 0-52 0-0

* From Curve II, Fig. 1.

become ionised and the hydrogen bonds in which they were involved disappear. This
rupture of hydrogen bonds appears to be irreversible when a sufficient number of adjacent
bonds have been broken to cause irreversible changes in the configuration of the polynu-
cleotide chains.* The exactness of the coincidence of the two back-titration curves after this

* The processes occurring along the forward-titration curve have been studied by graded titration
to and from various pH's and by other methods.?

12 Cox and Peacocke, Proc. Intern. Symp. Macromol. Chem., Israel (April, 1956), J. Polymer Sci.,
in the press.
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process means that hydrogen bonds involving groups titratable between pH 2-5 and 12 must
link only the amino-groups (pK," <7) with the ~NH-CO- groups of guanine and thymine
(pK, >7). Any other bonds 8? in the original deoxyribonucleate which involve these groups
are thereby excluded. This is in accordance with the double-helical hydrogen-bonded struc-
ture postulated for the moist solid state .2 and indicates strongly that this structure exists
also in solution. Changes in ionic strength over a wide range do not decrease the extent
of hydrogen bonding as shown by the persisting large difference between curves I and II at
all the ionic strengths of Figs. 1—4. Clearly, changes in viscosity observed on the addition
of sodium chloride cannot be directly attributed to rupture of hydrogen bonds.

As the pH decreases in the forward-titration, the amino-groups must titrate in the
order cytosine, adenine, and guanine, judging from their known pK,’ values. According
to the double-helical structure the 2-amino-group of guanine is not hydrogen-bonded and
this is not inconsistent with the observations. The minimum number of groups that have
to be ionised before all the hydrogen bonds are irreversibly ruptured (*‘ denaturation ™)
decreases as p. decreases from 0-05 and eventually falls to a value, 1-5, lower than the total
number of adenine and cytosine amino-groups present (2-0/4 P atoms). It is clearly not
always necessary to ionise all the amino-groups involved in hydrogen bonds in order to
denature the whole molecule. Ionisation of the amino-groups and the usual thermal
effects must therefore be regarded as jointly operative in denaturation.’? As p decreases
from 0-05, less ionisation appears to be necessary to achieve complete denaturation and
similar “ protective *’ effects of salt have been reported.’® They may arise from an
increased accessibility of the inside of the double helix or from a weakening of the phos-
phoester linkages 13 when the helical structure is expanded by the increased repulsion
between primary phosphate charges at the lower p.

When p increases to values above 0-05, the shift of the titration curves and earlier
precipitation can make it impossible to attain the minimum amount of ionisation necessary
for complete rupture of all hydrogen bonds by acid (e.g., III, IV, Figs. 3, 4). Such effects
should be taken into account when, for example, the effect of acid treatment of sodium
deoxyribonucleate on its light-scattering behaviour is being studied. In such investig-
ations, in order to obtain the completely acid-denatured nucleate, the acid (and any
neutralising alkali) must be added before the addition of the sodium chloride necessary
for the light-scattering measurements, if this exceeds 0-05M. Some of the discrepancies
in the results of various light-scattering studies 14 can be attributed to this cause.

(b) Conmtinuous Titration Curves—In a previous study % solutions of sodium deoxy-
ribonucleate were titrated continuously in cells with liquid junction and without addition
of sodium chloride to give the complete forward- and back-titration curves. Under these
conditions the back-titration curves were found to differ appreciably and this observation
has been confirmed by others.® The explanations originally advanced ? for this can now
be re-examined. (i) The sensitivity of the back-titration curves to salt is greatest at low
salt concentrations (Fig. 7), so that even slight diffusion from the salt bridge into the salt-
free solution could have a detectable effect. (i) The presence of hydrogen bonds broken
only by acid- or only by alkali-treatment was a possible explanation, but is now excluded
in view of the preceding discussion. (iii) Alkaline hydrolysis was considered to be the
most likely explanation of the difference, and Table 1 shows that under continuous-titration
conditions (25°, at pH 12 for up to 30 min. and at pH 10-5—12 for 1—2 hr.) alkaline
hydrolysis could account for up to 0-1 equivalent of alkali combined per 4 phosphorus
g--atoms along the back-titration curve after alkali treatment. The smaller difference
between the continuous back-titration curves when the nucleate had previously been dried
at 110° could then be understood in terms of a slight pre-hydrolysis, during drying, of the
bonds first attacked by alkali.? Even after allowance for the operation of factors (i) and
(iii) there still seems to be a residual difference in the continuous back-titration curves of
about 0-2—0-3 equivalent above pH 7. Separate experiments have now shown that even

13 (a) Thomas, Biochim. Biophys. Acta, 1954, 14, 231; (b) Doty, 3rd Intern. Congr. Biochem.,
Brussels, Aug. 1955; (¢) Sadron, as (b).

14 (a2) Reichman, Bunce, and Doty, J. Polymer Sci., 1953, 10, 109; (b) Horn, Leray, Pouyet, and
Sadron, 7bid., 1952, 9, 531; (c) Alexander and Stacey, Biochem. J., 1955, 60, 194.
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at 25° the attack of alkali on Pyrex glass during the time of a lengthy continuous forward-
and back-titration of a nucleate solution can be sufficiently great to account for this.

The above conclusions indicate that in order to obtain useful results from continuous
titrations of nucleates in cells with liquid junctions the following additional precautions
should be observed : control of ionic strength by the presence of salt, to prevent (i); and
avoidance of long periods of alkaline pH which cause (iii) and the attack on glass. In
practice, the first condition is fulfilled by the presence of 0-05M-salt when the sensitivity
to further additions of salt is small (Fig. 5) and when the addition of acid to pH 2-5 breaks
all hydrogen bonds, even though the salt is present (Fig. 2). The second condition is best
fulfilled by confining continuous titrations to forward-titration with acid followed by
back-titration with alkali, the latter being executed as quickly as possible once the pH
rises above 10-5. With these precautions, the standard deviation of the curves
(25°, . = 005; I, II, Fig. 7) was only 0-02—0-04 equivalent per 4 g.-atoms of phosphorus
at pH 3—11, and the mean curve was parallel to that obtained by the more rigorous non-
continuous technique (see Fig. 2). The continuous back-titration curves obtained by this
method after acid- and alkali-treatment were coincident below pH 7, but still differed in
the same direction as before % 6 above pH 7, chiefly owing to the effect of glass during alkali-
treatment. These results define the present range of usefulness for nucleates of the much
more convenient and economical continuous titration method, which, when a glass
electrode is used, also has the advantage of giving steady readings in the range pH 5—9.

(c) Effect of Sodium Chloride.—The groups in the completely non-hydrogen-bonded
sodium nucleate dissociate freely and reversibly, and Figs. 5 and 7 therefore demonstrate
the effect on these free dissociations of increasing the non-nucleate ionic strength (u) which
in the present instance has the same numerical value as the concentration of sodium ions.
The back-titration curves are displaced in a parallel manner to lower pH values, except at
pH'’s approaching the isoelectric point appropriate to each . A similar parallel shift has
been reported for the effect of sodium chloride on the spectrophotometric titration curves
of thymus sodium deoxyribonucleate.15 If the effective charge on the nucleate anion were
compounded only of the charges on the dissociable groups then it would be expected that
the displacement of the curves caused by a given increase in . would be greater the more
alkali that was bound, as with globular proteins 18 and with polybasic acids.1? Thus the
total effective charge on the nucleate anion must include other factors besides the charge
on the dissociable groups. Evidence for the binding of other ions has been obtained by
Shack et al.18 who showed that at neutral pH thymus sodium deoxyribonucleate binds
about 2:3 + 0-3 g.-ions of sodium and 0-3 - 0-1 g.-ions of chloride per 4 P g.-atoms from
sodium chloride solutions stronger than 0-005M.

The curves obtained on titration of insoluble fibrous proteins, such as wool,1® with
hydrochloric acid and sodium hydroxide also undergo a parallel shift with increasing
sodium chloride concentration. It appears that as each hydrogen ion is bound a chloride
ion also enters the fibre 20 and that when a hydroxyl ion is bound (i.e., a hydrogen ion is
dissociated) a sodium ion enters as a result of the high potential acquired by the fibre as a
whole when the fractional charge due to the¢ dissociating groups is still relatively small.
When negative, this high potential prohibits the further dissociation of hydrogen ions unless
sodium ions enter at the same time. The various theoretical treatments of this system
differ according to whether the ions (Cl~ or Nat*) accompanying the hydrogen or hydroxyl
ions are regarded as bound to specific sites 20 or as simply dissolved in the imbibed water
within the fibre.2% The first hypothesis is probably more useful for the nucleate anion
which is known to bind sodium ions,'® presumably on the primary phosphoryl charges.

15 Shack and Thompsett, J. Biol. Chem., 1952, 197, 17.

18 (g) Cannan, Kibrick, and Palmer, Ann. New York Acad. Sci., 1941, 41, 243 ; (b) Tanford, J. Amer.
Chem. Soc., 1950, 72, 441; (c) Scatchard, Ann. New York Acad. Sci., 1949, 51, 660; (d) Cohn and Edsall,
‘ Proteins, Amino-acids and Peptides,” Reinhold Publ. Corp., New York, 1943, pp. 468 ef seq.

17 Katchalsky, Shavit, and Eisenberg, J. Polymer Sci., 1954, 13, 69.

18 Shack, Jenkins, and Thompsett, J. Biol. Chem., 1952, 198, 85.

19 Steinhardt and Harris, J. Res. Nat. Bur. Stand., 1940, 24, 335.

20 (g) Gilbert and Rideal, Proc. Roy. Soc., 1944, A, 182, 335; (b) Vickerstaft, * The Physical Chemistry
of Dyeing,”” Oliver and Boyd, London, 1954, pp. 351 ef seq.
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The titration curves of a cross-linked poly(methacrylic acid) ion exchange resin are also
displaced in a parallel manner with increasing salt concentration #! and in this case sodium
ions undoubtedly exchange with hydrogen ions (cf. the hydrogen-ion dissociation of some
polyelectrolyte gels 22). o )

Hence the parallel displacement of the nucleate titration curves with increasing concen-
tration of sodium chloride suggests that sodium ions enter the nucleate anion to replace
hydrogen ions that are dissociated. A similar conclusion 2has also been reached concerning
the effect of sodium chloride on the binding of a small organic cation, proflavine, by sodium
deoxyribonucleate. Application of a thermodynamic approach 2% to such exchange of
sodium and hydrogen ions by a molecule containing only one type of site binding each ion
leads to the following relation :

2
pH = — log [Na*] 4+ 2 Iog<1 _ci a) -+ 5303RT (Apyar — Apms) -« - (1)

where « is the degree of dissociation of the group binding hydrogen ions and Auya+, Aug+
are the changes in standard chemical potential of the two ions on being bound. At

A (,°.7/a M )
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T T 1
FiG. 8. Relation between pH displacement of the
back-titration curves and p.
Ordinate : ApH = Average increase in pH along 0-8
the various back-titration curves rel-
ative to the p = 0-02 curve (II, Fig. 1).
Abscissa : Upper scale, A (log;qu) = logjop — 06}

log,, 0-02.
Lower scale, AB = Bu—Bu=g-02-

Definition of 8, see ref. 25, eqn. (9).
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constant «, a plot of (pH), against —log [Na*] should be linear with a slope of +1. The
same relation should hold even for titration curves in which the dissociation of various
groups overlap, as with the nucleic acids. Fig. 8 shows that for the herring-sperm deoxy-
ribonucleate this plot approximates to a straight line of slope +4-0-5 the only significant
deviation occurring with the alkaline branch when u is more than 0-15. With fibrous
proteins,’® a polymethacrylic ion-exchange resin,2! and myosin solutions # the corre-
sponding plots were lines of respective slopes of +-1, 41, and —0-5 (difference in sign
because vositively charged myosin being considered). The deviation of the slope of the
line in Fig. 8 from unity could be attributed to the binding of ions other than sodium
(e.g., chloride 8), which would modify the simplified derivation of eqn. (1).

An alternative approach to the salt effect is possible if one assumes that the sodium
ion is completely dissociated throughout and that increasing the sodium chloride concen-
tration merely causes greater shielding by the ionic atmosphere around the nucleate anion.
If the macro-ions are assumed to be spherical, this approach 1€ requires as result a linear
dependence of (pH), on pi, but the present data yield a curved plot even at low p. Hill
has recently 25 calculated the electrostatic free energy, in solution, of a long cylinder

21 Hale and Reichenberg, Discuss. Faraday Soc., 1949, 7, 82.

22 Katchalsky and Michaeli, quoted by Katchalsky, Progr. Biophys., 1954, 4, 1.

23 Peacocke and Skerrett, Tvans. Faraday Soc., 1956, 52, 261.

24 Mihalyi, Enzymologia, 195051, 14, 224.
25 Hill, Arch. Biochem. Biophys., 1955, 57, 229.
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uniformly charged on its surface, and application to his equation of the methods used for
the spherical case 18 finally yields for the dissociation of one type of group :

, 2 Ne2 \(Z
PH = pKy' + log(l - ac) - (2-303’R;D)(f) 2

where pK,’ = the apparent acidic dissociation constant of the groups when Z =0, « =
their degree of dissociation, Z = the total charge on the long cylinder of length L, and g
is a function of ionic strength and the radii of the cylindrical and small ions [ref. 25,
eqn. (9), quantity in square brackets]. Even if various dissociable groups are present
whose titration ranges overlap, the change (ApH), due to a change in salt concentration
at constant hydrogen ions bound should be given by :

(ApH)“=—<§§g§;——2TB)(%)AB - |

The function B has been calculated for the present conditions and is found at first to fall
very steeply with increasing salt concentration and then to change only very slowly above
p = 0-1. A plot (Fig. 8) of (ApH), against A, taking the u = 0-02 curve as the reference
line, is as linear as the logarithmic plot already described. However, this linearity may
be fortuitous since, over the range y = 0-02—0-50, B is very nearly a linear function of
log u. The strongest argument against this second approach is that equation (3) predicts
an increase in (ApH), as Z, the charge due to the dissociable groups, increases so that it
cannot explain the parallel displacement with salt in Figs. 5 and 6. The parallel dis-
placement could only be explained by (3), and by other equations similarly based on the
assumption of a screening effect of the salt, if the molecule extended as Z increased so
that Z/L remained approximately constant. During the back tititration of deoxy-
ribonucleate from pH 3-1 to pH 115, Z changes four-fold, but there is little evidence
about the dimensions of the molecule over this range, although some extension has been
reported.!% Precise dimensional information is therefore required in order to decide if
the effect of salt can be regarded as entirely due to its screening effects.

The experimentally observed displacements show that the overall negative charge
density and potential on the complex of nucleate anion + gegenions can remain fairly
constant over a wide range of pH, salt concentration, and charge on the polynucleotide
chains, but under extreme conditions it appears to alter, for example, when : (a) the
polynucleotide charge itself becomes small, as expressed in the deviation from parallelism
of the curve at 4 = 0-50 at low pH near the isoelectric point (Fig. 5), when the ion exchange
character of the nucleate anion must be breaking down; and (b) both the polynucleotide
charge becomes very negative and the salt concentration very high, as in the alkaline
branch of the back-titration curve at g > 0-15. Figs. 5 and 8 show that wit