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The acid denaturation of calf thymus deoxyribose-
nucleic acid (DNA) has been studied both by »H and
spectrophotometric titration in the temperature range
10 - 30°C and at ionic strengths 0.1 ¥ and 0.5 T. The
nunber of hydrogen ions bound by the DNA at any given
pH increased with incressing tenperature and decreased
with increasing ionic strength. The number bound at
any given pid wes greater after denaturation, 4 nodel
for acid denaturation is prowvosed. The site of proto-

nation of cytosine is discussed.
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1
INTRODUCTION

Since the genetic continuity of species has been
recognized, the method by which living organisms trans-
mit epecific characteristics to their vrogeny hos been
the object or much scientific investigation. Although
at present our knowledge of this subject is far from
complete, =wuch is now known about the mechanism of her=
edity. TF. Griffith (1) in 1928 carries out experiments
in which 2 nure strain of Pneumococcus of one type was

LA

caused to undergo a relatively large nercentage of

3
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transformations into a Pneumococcus of a second type by
being zllowed to grow in the presence of heat killed
cells of thet cecond type; these transformed organisms
reteined and transmitted tuneir newly accuired character-

istics. This gave rise to a new field of microbiology,

w

transformztion studies, and firmly estatlished the fact
that there exists in living cells some active zzent,
which under the proper conditions can induce specific
inheritable changes. Another stride toward undersianding
the mechanisn of heredity was made when, in 1944, Avery,

Hac Leod, and icCarty (2) published the resulis of = care-

fe3

ful investization, establishing unequivocally that the
active azent in transformation is deoxyribosenucleic
zcld, or DIA. They also reported that the transforming

egent could ve incctivated by heat, acid, or the action
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of certain enzymes. ALl such inactivations were termed
"denaturation." Since then, the physicochenical, as
well =28 biologlical, nroperties of DA have been studied
intensively. The major contribution to our understand-
ing of ITWA since 1944 was the determination of its
structure by Watson and Crick (3) in 1933, as two soly-
nucleotidé chains, aeld together by hydrogen bonds be=

reen the purine and pyrimidine rings, in the form of
a double helix about a common axis. Humerous workers
(4,5,6,7,8) have now v»roposed that those physicocheni-
cal treatments which cause “denaturation" of DNA irre=-
versibly change its structure and/or chemical composi-
tion. Thus it has been shown that acidification below
a critical pH, which devends on the experimental condi-
tions, results in a dramatic decrezse in viscosity and
redius of zyration, ané a uvniform increase in avcsorption
of vitraviolet lizht in the region 2200 X 3100 R.
Unon beck titrztion a hysteresis is observed. On the
basis of the Watson - Crick structure these cinonges are
internreted as indicating thet 2s the »H is lowered, the
DXA molecules become ionized, and when a critical degree
of ionization is exceeded, the structure changes Ifrom
its natural, active, helical fora to an inactive random=-
1y coiled fornm. There has been some disagreenent, how-
ever, avout the reversibility of acid denziuration (¢,10,

11,). It has been the object, therefore, of this inves=-
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tization to carry out pH titrstions of 1WA and to deter-
the dependence of the »H of denaturastion, znd the
pX 's of the titrable zroups upon tenperature and ionic
strength. The results of the titrations will be corre-
lated with spectrophotometric titrations cesrried out

by & co-worker. In addition, the site of binding of
hydrosen ions by cytosine will be discussed in relation

o0 the spectral changes it undergoes as o function of »HH.

ct

T

i PeRILLITTA

The sodlwan szlt of c2lf tiiyaus DA, which hod been
prevared vy a modified llirsky - Pollister procedure, was
obtained from utritional Biochemicals Corporation. The
DA was welghed exactly at room tenversture snd acmbient
numidity, and 2llowed to swell in = few nl. of standerd
socium chloride solution in 2 zero Jezree cold room with
occasional gentle stirrins to disperse the lump of noly-
ner. Care wes teken to svoid nhiigh shenr zradients in
this step. “hen this concentrate becsme homozensous it
w2s transferred to a volumetric flzsk znd diluted.
After stirring overnight in the cold, the solution was
diluted to the nerk end stored in the cold ryoom.

The concentretion of DNA solutions ves deternined

3

J paogpiorus aneclysle and spectroshaotonmetry. The

anount of conteninant ovrotein was deternined by the
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method of Lowry, et al (12), using bovine serum albunin
as a standard. The procedure follows:
Reagents

Reazent A:r 0.10 V F sodium hycdroxide containing 2
weizht percent sodium carbonate.

Zeagent D: A 0.5 weight percent solution of copper
sulfete pentanydrate coutalnlnb one weight percent so-
¢ium or potassiun tartrate.

Reagent C: Folin Reagent, diluted with woter to
1.0V ¥ in aydrogen ion.

Trocecdure
To a sample conteining © - 100 wmiicrograms of pro-
tein in 0.2 Ml or less, add one ml. of a freshly made
ﬂlutior containing 50 ml. of resgzent A znd one wl. of
ceggent B Iix the solution well and let it stand for
Leﬁ ninutes at room temperature. Then add 0.10 ml. of
reagent C rapidly while stirring. After thairty minutes
the absorbtivity is deternined in a spectrophotometer.
Jor concentrations of & - 25 nicrograms ver ml., read-
inzs should bLe taken at 7500 2 For more concentrated
solutions, 5000 £ is more suitstle.

i

Rezsents

neegent srade chenlcaleg were used in a2ll preve

"L‘l

ro-
tions. A1l volumetric anparatus was calibrated prior to
use.

Approximately 0.1 VI (volume formal) carbonante free
sodium nydroxide stock solutions were prepared end stand-
srdized against sotassium hydrozen phthalate, with ohen-
olvhtinalein as an indicator. Approximetely 0.1 VTP hy-
drocnloric =zcid stock solutions were orepared and stand-
ardized zgainst the sodium hydroxide solution.

A1l scueous solutions were prepared with equili-

brium weter, containing sodium chloride to maintain a
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éesired ionic strength.
spparatus
e o—— ———— "
The titretion cell assembly, shown in Fig. Q, con-

sted of a 50 ml. bezke upported in a dewar flask by
a larce rubber ring, through wiich glass tubes passed to
allow flow of thernostat fluid. Teamperature of the so-
lution being titrated wes thus nainteined within #£0.2°C

of the desired walue. The titrant was delivered from a

5 ml. microburette by .means of a special cgnillary tip.
»H measurements were made with a Becknan ijodel G
pH meter, ecuipped with large external electrodes, and

were reproducible to within £0.01 units except near neu-
trality where the slopes of titration curves were very
large.

Viscosity measurements were made withh an Ubbelohde
type cavnillary viscomneter modified according to Schneider
(13). The instrument was constructed with three bulbs,
and a 150 ca. long canillary of radius 0.50 mm. wount in
a nelix. The meximum shear gracdients for the three bulbs
were snproximately 220, 150, and 90 sec. T,

All spectrophotometric measurements were mede with
& Ieckman llodel DU spectrovhotometer. TFor measurenents
in the vltraviolet region, a hydrozgen laxmp and guartz
cells were employed. Corex cells and a tungsten lamp

were used for measuremnents in the visible region.
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Procedure

tandard solutions of hydrochloric acid and sodium

[ €3]

hydroxide were prepared by diluting an alicuot of the

stancardized stock solution in a volumetric flssk. The

pil meter was allowed to equilibrate for about one hour,

23

and was then adjusted with Zezckaan pH7 bulffer solution =and

.

DHEE buffer solution. 4n 2liguot of eguilibrium water of
the desired ionic strength was pipetted into the titra-
tion cell and was titrated to approximately pH 2.5.

This blank was then renoved from the cell, which wes

)

cleaned and dried. An equal aliquot of DNA solution was
introduced into the cell, titrated to approximately the
seme pH, and then back titrated to neutrality. The ti-
trant was added slowly with stirring to avoid 1ocai high
concentrations of acid or base. After each titration
the pH meter was checked against the buffer solutions
again. If any drift was observed it was assumed to be
linear in time and appropriate corrections to observed
PH values were made. The viscosity and ultraviolet spec-
trum of the titrated solution was then measured.
Initially, titrations of DNA solutions approximate=-
ly 0.0001 ¥ in phosphorus were attempted. However, it
was found that the separation of the titration curve of
the blank from that of the DNA solution was of the same
order of magnitude as the uncertainty in a pH measure-

ment, #0.01 units. Furthermore, solutions 0.0l i or
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greater in phosphorus were found to be too viscous to
permit rapid mixing of solution and titrant. Solutions
about 0.001 I in phosphorus allowed rapid nmixing, and
gave a separation of forward and back titration curves
sufficient to determine the change in the number of hy-
drogen ions bound to within_{ 10%. All experiments were

done on solutions of this concentration.

RESULTS AND DISCUSSION

Results

Titrations were carried out at 10, 20, and 300C,
and at ionic strengths of 0.1 and 0.5. Attenpts to ti-
trate at 0°C were thwarted, since it was impossible to
equilibrate the pH meter. This was probably due to very
high impedance of the glass electrode at this temperature.

The total number of hydrogen ions bound by the DKA
at a given pH was determined graphically from the titra-
tion curves by subtracting the number of moles of hydro=-
gen ilon added per ml. (total volume) to the blank from
the number of moles added to the DNA solution. This me-
thod gave accurate results except at the lowest pH values
where slopes of the titration curves were nearly zero,
making graphic measurements very difficult.

In addition to the author's pH titrations, another

graduate student, ir. W.T, Dove, carried out
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spectrophotometric titrations of solutions at the same
temperatures and ionic strengths. The four nucleosides
of DNA, which are present in calf thymus in approximate-~
1y equal amounts, are cytidine, adenosine, guanosine,
and thymidine, and have pKa's of 4.22, 3.45, 1.6, and
€< O respectively, in the free forms. 1In the range of
pH's of these titrations only the cytosine and adenine
residues of the DNA are expected to bind hydrogen ion,
and indeed it was observed that the solutions bound two
hydrogen ions per four nucleosides at low pH. The ul=-
traviolet avsorption spectra of the nucleosides as a
function of pH are well known (14). The spectrum of
adenosine is essentially unchanged upon binding hydrogen
ion, whereas that of cytidine shows a decrease in ab=-
sorption at 2500 & and an increase at 2800 R with an
isosbestic point at 2650 X. It is assumed that the
spectra of the nucleosides in DNA are the same as in the
free forms. (See Appendix Fig. I) Therefore spectro-
photometric titrations determined the amount of hydrogen
ion bound by the cytosine residues, while the pH titra-
tions determined the total amount bound by the DNA mole-

cules.
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Table I
The physicochemical properties of the solutions
investigated are swmmarized. Ifolar absorptivities
and intrinsic viscosities are given for the solutions
before and after titration, where available.
Figs. 1 - 3
Plots of the moles of hydrogen ion bound per four
gram atomic weights of phosphorus in the DNA solution

vs. pH. under various conditions:

Fizure Temperature of Ionic Strength
Ixperiment (°C) of Experiment
1 10 0.1F (XNaCl)
2 20 0.1F (aCl)
3 22.5 0.57 (NacCl)
Fig. 4

Plot of the moles of hydrogen ion bound per four
gram atomic weights of phosphorus in the DNA solution,
titrated twice. Conditions: 2000,}1 = 0.1F (WaCl).

Fig. ©

Plot of moles of hydrogen ion bound per four gram
atomic weights of phosphorus in the DNA solution vs.
temperature. Only the forward titrations were plotted.

Pig. 6

Plot of moles of hydrogen ion bound per four gram

atomic weights of phosphorus in the DNA solution vs. io=-

nic strength. Only the forward titrations were plotted.



T°0 - G 08 - of'9 9'T 0" 0¢ cl-a
1°0 - G 0Q - of' 9 91 0" 02 21-a
G
nu T°0 - G'69 - 61°9 Gt 0°0¢ a-a
G
°0 1°c G'69 96°9 619 G'1 002 8-d
G
T°0 Gl G* 69 - 6T°9 ) 0" 0T 9-da
G'0 - - - - LT G'ze L-a
Teutd TeTaTul Teutd TeT3tTul 0TX)
mmuam\wmﬂoev
ya3uaass ("wd/Tp) - -0T%) y&alse 3e _msaosgmosm Jo (Do) 2dxd Jo
oTuocT KATSOO8TA OTSUTJIAUT £1TATAQI08QY JIBTON UOTARBIZUSOUOYD adnaeaaduwa], uoTanTog

I 3TVl




12
Figure |

T | | T T T T 1
w =
To 3l
et
~F
1 1 L | 1 1 1 L
Moles H Bound per 4 MolesP
Figure 2
T I T T ] | T T
\ A
L \
ok
) 1 ] ] 1 ! 1 I
| 2

Moles H*Bound per 4 Moles P



13
Figure 3

T T T | — T T !

MolesH* Bound per 4 Moles P

Figure 4

1 ! 1 | | I 1 T

Ist Titration

- —~—=2nd Titration

1 1 1 1 1 1 L

| 2
Moles HY Bound per 4 Moles P



2

l

H" Bound per 4 P

2

_ H*Bound per 4 P

14
Figure 5

pPH 3.0

Temperature (°C)

Figure 6
T T
= ‘~pH3.0
‘PH 3.5
; pH 4.0
1 , PH 4.5
0.1 0.5

lonic Strength




15

The effect of temperature is seen from Fig. 5. As
temperature of the solution titrated increases, the num-
ber of hydrogen lons bound at a given pH and ionic
strength increases.

The effect of ionic strength is seen from Fig. 6.
At a given pH and temperature, the number of hydrogen
ions bound increases as the ionic strength decreases.

Fig. 4 displays the results of titrating a DNA so=-
lution to beyond denaturation, back titrating to neutral-
ity, and then repeating the procedure. It can be seen
that the first titration resulted in a complete and ir-
reversible change since subsequent titration curves were
collinear with that of the back titration. The appar-
ently anomalous behavior in the low pH range may be due
to the weaknesses of the graphic method mentioned before.

Correlation of the spectrophotometric and pH titra-
tions (see appendix, Table I) indicates that within the
accuracy of the method, the pKé's of the adenine and cy-
tosine residues are the same in DNA, in agreement with
the findings of Cox and Peacocke (15). Furthermore, it
was found that the number of moles of hydrogen ion bound
at the point of 50% denaturstion, as determined by the
hyperchromic effect (Appendix, Fig. II), is independent
of temperature, being about two per four moles of phos-

phorus in the solution.
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Discussion

On the basis of the Watson-Crick structure and the
results obtained here, the following model for acid de-~
naturation is proposed.

As the pH of 2 solution of DNA molecules is lowered,
beth adenine and cytosine begin to bind hydrogen ions.
The complementary hydrogen bonding of the Watson-Crick
structure requires that every link between the two
chains of & molecule contain one of these two bases.

From the spectrophotometric data (Appendix, Table I) the
binding of hydrogen ilons continues upon decreasing the
pH further, to a point at which more than half (at 10°C,
80%) of the cytosine and adenine residues have hydrogen
ions bound to then without any detectable change in the
structure of the molecules. Since the hydrogen bonds are
responsible for the stability of the double helix, it may
be inferred that the binding of hydrogen ions to this ex-
tent does not alter the pattern of hydrogen bonds. Fin-
ally, at a degree of binding which is independent of
temperature, the secondary structure begins to be lost,
i.e. denaturation begins. However, even when the binding
is complete, only 50% denaturation, as indicated by the
hyperchromic effect (See Appendix), has occurred. This
suggests that it may be necessary for the guanine part-
ners of some of the cytosine resicues to bind hydrogen

ions in order to effect complete denaturation. At this
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point the DNA molecules are collapsed randomly coiled
polynucleotide chains. VWhereas the native structure was
an extended rodlike one, with the negatively charged
phosphate groups relatively far apart, the collapsed
structure is more compact, witnh the phosphate groups
closer together. This lowers the Ka's of the cytosine
and adenine residues by an electrostatic effect described
in the next ?aragraph. On back titrating, therefore,
more hydrogen ions are bound at any given pH.

The effect of ionic strength is that predicted by
thermodynamics and polyelectrolyte theory. The classi-
cal thermodynamic constant for a reaction like the bind-

ing of hydrogen ions is given by

K = e_AF-/R.r

If we consider a polyion such as a DNA molecule in solu=-
tion, the free energy change in such a reaction has two
distinct parts. There is a free energy change associa=-
ted with the formation of a chemical bond,AF, and cor-
respondingly there is an "intrinsic" thermodynsmic con=-
stant, X , associated with that. But there is also a
free energy change associzted with bringing a charged
ion up to the polyion,AE , wnich is given by

AR, = ZLe w
where Z is the number of charges on the ion, e is a unit

of charge, and;pjf;the electrostatic potential at the
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surface of the polyion. (An increase in@” upon denatur-
ation accounts for the lowering of the Ka's mentioned

above.) The classical expression for a polyion is there-

fore
= BETARNL,

o ‘
pK' =04343(af +AF—;%2T

or

but the first term in this expression is just pK.

In solution the polyion or DNA molecule is surrounded by
a cloud of counterions, which reduces the effective sur-
face potential. As the ionic strength is increased the
cloud of counterions increases, reducing the effective
potential ';[/ , andAE. Thus increased ionic strength re-
duces Kl.

The effect of temperature on the number of hydrogen
ions bound at a given pH is related to the enthalpy
change on binding, by the classical eAﬁie ssion

(3 An K/a ___) A
and suggests that the ODMHof binding nydrogen ion is pos=
itive. The accuracy of the data does not justify a more
quantitative conclusion.

Since our results suggest that it is possible to
bind hydrogen ions to DNA molecules without disrupting
the hydrogen bonding, the site of bvinding is a critical

point in the validity of the model described.
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Cytidine in neutral solution exists as a resonance
hybrid of structures I - IV, below. The largest contri-
bution to the hybrid is from I, with only small contribu-
ticns from II, III, and IV, due to the fact that they re-
quire a formal separation of charge in the molecule.

Upon binding hydrogen ion the absorption maximum in-
creases in intensity and shifts to longer wavelengths.
Such behaviour is characteristic of increased resonance
in the molecule. Rinding by a ring nitrogen cannot ac-
count for this change in spectrum because it would not
alter resonance to such an extent. Binding by the amino
group would lead to a structure having less resonance
possibilities than the neutral form, and would thus be
expected to shift the absorption maximum to shorter wave-
lengths, contrary to what is observed. These structures
are V, VI, and VII below. If the hydrogen ion goes onto
the oxygen, the compound would then be a resonance hybrid
of structures VIII - XI below. In this case there are
four equally contributing structures, which allow distri-
bution of the positive charge over four centers, and in
which there are no formal separations of charge. Only
binding by the oxyzen leads to structures having greater
resonance than the neutral form, therefore, and we can
conclude that this is what happens. Examination of the
Watson-Crick hydrogen bond patterns indicates that bind-

ing at this site does not alter the hydrogen bonding.
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VII

Vi

XI

IX.

VIII

Ribose

R
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APPENDIX

SPECTROPHOTOMETRIC STUDY OF THE PROTONATION
OF UNDENATURED DNA

William F. Dove, Frederic A. Wallace, and Norman Davidson

Gates and Crellin Laboratories of Chemistry*
California Institute of Technology
Pasadena, California

Received November 16, 1959

The denaturation of DNA by controlled treatment with mild acid
generally resembles the heat denaturation and results in the destruction
of the characteristic two—-stranded helical structure. This is shown by
the marked decrease in viscosity, by the hyperchromic effect, and by the »
increased availability of the bases for acidic and basic titration (for reviews
see Peacocke; 1957; Sturtevant, et al., 1958). Light scattering indicates
no significant decrease in molecular weight for thymus DNA (see, however,
Cavalieri, Et_a._l_. » 1959). However, at 0° C, calf thymus and herring sperm
DNA can be brought to a pH of 2.6 with the extent of protonation being ca.
two protons per four P, without denaturation, as evidenced by the reversi-
bility of the titration curves and the unchanged and high intrinsic viscosity
after reneutralization (Peacocke and Preston, 1958; Geiduschek, 1958;
Cavalieri and Rosenberg, 1957).

We have made a spectrophotometric study of the acidification of calf
thymus DNA over the range of temperatures, 0°-30°, and ionic strengths,
0.1-0.5 I\_/I {NaCl), in order to obtain further information about the sites of
protonation and the effects of protonation on the ordered structure of native

DNA.

*Contribution No. 2524

3i2
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Fig. I displays the essential results. As the pH is lowered,
resulting as we shall see in the protonation of DNA, the absorbance
at 257 mp falls whereas that at 280 mp increases. As more acid is
added, a point is reached where the light absorption at all wave lengths
rises rapidly with decreasing pH and the ratio €,50/€,45 continues to
increase,

It should be recalled that of the three basic nucleosides, cytidine
(pPK3=4.2) shows a decrease in €;57 and an increase in €,30 with proton—
ation, with an isosbestic point at 265 mpu. The spectrum of adenosine
(pK5=3. é) is little affected by protonation, whereas the weakest base,

guanosine (pKa=l, 6), shows significant changes only below 260 mu and

above 280 my,

€ x10°3 [Icm-t(moler)™']

€265 mp
€°265mu

Hyperchromicity [

Intrinsic viscosity [dl g"]

]

1 | 1 1 1 i l 1
250 260 270 280 6.0 5.0 4.0 3.5 3.0 2.5 20
A(mpu) pH

Fig, I.  Absorption spectra of DNA at 0, 0(* 0,2)°C in 0.1 M NacCl.
A, original DNA, pH 6; B, pH 2.80; C,pH 2.42; D, pH 2.25; E,
reneutralized, pH 8.

Fig. II. Hyperchromicity vs. pH on forward and back titrations at
0° (A) and 30° (B).
Fig, III. Intrinsic viscosity in acidic and reneutralized form vs. pH.

A, 0° at pH indicated; B, 0°, reneutralized from indicated pH; C, 30°,
at pH indicated; D, 30°, reneutralized from indicated pH.

313
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The general increase in absorption in the more acid solutions is
a hyperchromic effect, indicating denaturation, and is well known from
previous studies of the acid and heat denaturation. The changes in
spectra before denaturation, i.e., below pH 2,59 at 0° and pH 3.32 at
30°, are like the spectral changes on protonation of cytidine, Since
cytidine and adenosine are stronger bases than guanosine, we attribute
these changes to the protonation of cytosine in the DNA. We believe
that the site of this protonation is the carbonyl oxygen of cytosine and that
protonation here need not disrupt the Watson—Crick pattern of hydrogen
bonds. Briefly, the principal evidence for this hypothesis is the shift in
spectrum of cytidine towards the red on protonation. Protonation of a
sigma electron pair on the N-l ring nitrogen would have relatively little
effect on the spectrum; protonation of the amino group would suppress
the resonance of this group with the ring and shift the spectrum toward
shorter wave lengths; whereas protonation of the carbonyl oxygen would
increase the amount of resonance in the ring and cause the observed
spectral effects. The spectra of most model compounds confirm the
above statements. There are however some anomalies and exceptions,
and we regard our hypothesis as being probable, but not certain,

By assuming that the shapes of the absorption curves of the bases
are the same in native DNA as for the free bases, we calculate from the
€ 230/ €265 ratios, plus the fact that thymus DNA contains 25 mol %
cytosine, that at pH 2.7 at 0° C (p=0.1 M) about 90% of the cytosine is
protonated. At this point, according to pH~titrations, there are about
1.7 H+ per 4P atoms (in general agreement with the Peacocke and Preston
titrations). The intrinsic viscosity of the reneutralized material is the
same as that of the starting material in agreement with Geiduschek, and
Cavalieri and Rosenberg. It is noteworthy that the isosbestic point for
protonation of the undenatured material shifts from 265 mp at 30° to

274 mp at 0°.

314
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The general hypochromic effect in na.tive'DNA is not understood,
but it appears to be due to the compact packing of the bases. The spectra
then indicate that this compact packing is not destroyed by protonation
up to the denaturation point.

We are tempted td conclude that at 0° the molecule is stable with
one proton on each adenine and one on each cytosine, but that denaturation
occurs when protons are added to the guanine partners of some of the
cytosines.

The pH of denaturation behaves in the expected way as a function
of temperature and ionic strength (Table I). The optical changes on
denaturation (Fig. II) agree with those reported previously (Lawley, 1956)

and indicate a partial recovery of order on reneutralizing the denatured

material.
Table I
Denaturation pH

T 0°Cc o0°cC 10° 20° 30° 30°

B 0.1 0.5 0.1 0.1 0.1 ~ 0.5
pHiy 2.59  2.44 2,73 3,13 3,32 2.92
% CyHT 90 83 90 80 75 -
ut/ap - - 1.6 1.5 1.3 -
PHao 2.25 2.1 2.57 2,79 3,07  2.69
% CyH' 95 91 89 87 87 -
u'/4p - - 2.0 2.0 1.9 -

PH;q is pH of incipient denaturation; pHs, is pH for
50% denaturation; % CyH+ is % cytosine protonated

at these points.

By controlling the changes in either pH or temperature, it is
possible to produce partial denaturation. This is clear evidence for

heterogeneity of calf thymus DNA in agreement with the observations on

315
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its heat denaturation and density~gradient centrifugation {Doty, et al.,1959).
The table shows that the effect of ionic strength is principally an

effect on the titration curves. The higher the ionic strength, the lower

the proton affinity of the bases because of the neutralization of the negative

charge on the peripheral phosphate groups by the ionic medium. At an

equal degree of protonation the sensitivity to denaturation is about the

same at high salt and low salt, indicating that the external salt does not

greatly affect the repulsions between positively charged base groups.

Calf thymus DNA, prepared by a modified Mirsky—Pollister
procedure, was supplied by the Nutritional Biochemicals Corporation:
phosphorus 7. 3% of bottle weight, protein, 1~3%; €,40=6.58 x 10%¢ em”
(mole P)—l; M1 =73d1g_l. Sedimentation patterns of the acid-denatured,
reneutralized material indicated a small amount of hydrolysis to
fragments of lower molecular weight, but no significant formation of
nucleotides.,
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