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THE pH-DEPENDENT STRUCTURE OF CALF THYMUS DNA STUDIED BY RAMAN

SPECTROSCOPY
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The pH-dependent structure of calf thymus DNA is analyzed using Raman spectroscopy. The Raman spectra in the acidic
region demonstrate that denaturation occurs in several steps. The binding of H¥ to adenine and cytosine residues is
accompanied by a decrease in the percentage of DNA in the B-conformation and a concurrent increase in a conformation most
probably related to the C-form. The denaturation of DNA is observed at pH 3.3 and parallels the protonation of guanine
bases. The Raman spectra of calf thymus DNA in the basic region (above pH 10) show that guanine residues are deprotonated
at a lower pH value than are thymine residues. In addition, Raman spectra in the basic region detect conformational changes of
the phosphate backbone different from those found in the acidic region.

1. Introduction

Our group [1-4] and others [4-12] have used
Raman spectroscopy to study the molecular vibra-
tions of polynucleotides in order to obtain detailed
structural information. Since H™* behaves as an
electrophile, studies of structure as a function of
PH provide data to aid the interpretation of elec-
trophilic attack on nucleic acids. We have previ-
ously demonstrated that Raman difference spec-
troscopy is an important probe of metal electro-
phile binding to nucleic acids [1-3]. Therefore,
Raman and Raman difference spectroscopy can be
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used to monitor several different features associ-
ated with DNA structure that include protonation
and deprotonation sites, base stacking, and back-
bone conformation {5-7,9,10,12].

In other investigations, Erfurth and Peticolas [6]
and Rimai et al. [5] have fcllowed the thermal
denaturation of DNA with Raman spectroscopy.
Raman spectroscopy, however, is not limited to
the investigation of denaturation, but can also
monitor premelting effects in double-stranded
DNAs [6], double-stranded RNAs [4] and single-
stranded RNAs [11]. Additionally, comparison of
X-ray diffraction patterns and Raman spectra of
DNA fibers have given fingerprint spectra for
different DNA backbone conformations [7].
Therefore, the appearance of a characterized DNA
form can be tracked by Raman spectroscopy.

This report examines the pH-dependent struc-
ture of DNA between pH 2.35 and 11.87. Our
detailed analysis of the pH-dependent structure of
DNA by Raman spectroscopy complements and
extends studies that used other techniques [8,13-
19).
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2. Experimental
2.1. Sanzple preparation

The nucleotide and DNA model solutions were
prepared using 5’-ribonucleotides obtained from
either Sigma Chemical Co., St. Louis, MO, or PL
Biochemicals, Milwaukee, WI. The individual
nucleotide solutions were 25 and 50 mM in
nucleotide and 100 mM in NaClO,, or 4mM
sodium cacodylate (NaAs(CH;),0,). The DNA
model solution was prepared by dissolving the
four 5-ribonucleotides (20 mM G, 20 mM C, 30
mM A, 30 mM U) in 50 mM NaNO,; [3].

Calf thymus DNA (PL Biochemicals, Milwau-
kee, WI) was purified by phenol extraction fol-
lowed by ethanol precipitation. The DNA was
dissolved in 4 mM sodium cacodylate (pH 7.9).
The determination of the pH dependence of the
Raman band of cacodylate at approx. 600 cm™!
against the 932 cm™! band of perchlorate per-
mitted the use of the cacodylate band as a
frequency standard. For each experiment, the pH
was adjusted by using either HCl or NaOH solu-
tions. The pH was measured with a Radiometer
PHM 64 pH meter and a combination electrode.
The concentration of the DNA stock solution was
121 mM as determined by ultraviolet spec-
troscopy at 260 nm, a, = 6600 cm’/mol P [20].
Nucleotide solutions were filtered through 0.22 pm
Millipore filters to remcove particulates that would
cause Tyndall scattering.

2.2. Spectra

All Raman spectra were obtained using the
514.5 nm excitation line from a Coherent Radia-
tion CR52 argon ion laser. Argon plasma lines
were dispersed with a prisin monochromator. Laser
power at the sample was approx. 500 mW. The
Raman spectrometer system is based on a Spex
industries Model 1400 double-monochromator to
reject stray light and an RCA 31024 photomulti-
plier operated at 1700V in a Products for Re-
search housing cooled to —20°C. The spectrome-
ter data acquisition was controlled by a Data
General Nova II minicomputer. Spectral data were
recorded on fioppy disk and processed using Nova
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I1 software. Spectra presented in this report as
Raman spectra were formed by the subtraction of
solvent background. All spectra were collected in
1cm™! steps between 450 and 1850 cm™!. The
DNA spectra were stepped at 20-s intervals.
whereas nucleotide spectra were stepped at 10-s
intervals (acidic) or 2.55-s intervals (tasic). Fur-
ther information on the Raman instrument is pre-
sented in ref. [21].

3. Results and discussion

3.1. Acid region

Each nucleotide has one or more unique bands
which can be used to follow protonation. The
difference spectra for protonation are shown in
fig. 1 and catalogued in table 1 for 5-CMP, 5-AMP
and 5-GMP. The protonation sites are shown in
scheme 1. There are no changes in the ring vibra-
tions of 5-UMP or 5-dTMP between pH 7 and 1.
The features at about 970 cm™! in all the dif-
ference spectra in fig. 1 are the result of protona-
tion of the phosphate, pK, =5.92-6.3 [22]. The
distinguishing feature in the Raman difference
spectrum of N(3) protonation of the cytosine ring,
pK, =4.24 [22], is the intense positive band at
1255 em™ !, which is predominantly single bond in
character [23-25). The most prominent effects in-
dicating protonation at the N(1) of 5-AMP, pX_
=3.80 [22], are three negative features between
1300 and 1400 cm™ ! and two negative bands at
1479 and 1590 cm™! which are the result of ring
atom vibrations [23-25]. The most significant indi-
cations of 5-GMP protonation, pX, = 2.3 [22],
are four negative Raman difference spectrum
bands, two between 1300 and 1400 cm™! and two
at 1485 and 1578 cm™! [23-25].

We then analyzed the protonation of a model
system (spectra in fig. 2) with a base composition
similar to that of calf thymus DNA. Ribonucleo-
tides were substituted for deoxyribonucleotides,
since the sugar bands do not distinctly change the
spectrum of the base bands [32]. Also, 5-UMP
was used instead of 5-TMP (5-methyluridylic
acid), because the similar structure and pK, values
[22] result in similar protonation effects; the ring
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Fig. 1. Raman difference spectral protonation fingerprints for
25 mM solutions of 5-CMP, 5-AMP and 5-GMP. These
spectra were formed by subtraction of the spectrum at pH 7
from that at pH 1 of the same nucleotide. The spectra have
been subjected to two-cycle 17-point quartic smoothing. The
sharp derivative features of 5-CMP and 5-AMP at about 930
cm™! are the result of an unmatched perchiorate concentration.
Further experimental details are presented in the text. Frequen-
cies are given in table 1.

nitrogens in uracil and thymine are not further
protonated between pH 7 and 1. Fig. 3 shows the
profile of the percent protonated species as a
function of pH and also indicates the pH values at
which the Raman specira of the model system
were recorded.

The Raman difference spectra of the model
system follow the anticipated protonation order
based on pK, values of the individual nucleotides
(fig. 3) [22]. Also, most of the major base bands of
5-AMP and 5-GMP in the Raman difference
spectra show a decrease in intensity at pH 4.8 as a

W
]

Table 1
Raman frequences (cm™ ') for the pH-dependent Raman dif-
ference spectra of 53-CMP, 53-AMP and 5-GMP in acidic
solution
The data in this table are associated with fig. 1. The Raman

difference spectrum was formed by subtracting the spectrum at
pH 7 from that at pH L

-CMP 5-AMP 5-GMP
Peaks

- - 577
618 - -
- - 666

- 719 -
743 - -
-~ - 806
1081 1072 1064
- 1154 -

- 1197 1189
1253 ~ -
- 1281 -

- - 1295

- 1322 -

- 1356 1348
1391 - -
-~ 1408 -

- -~ 1410
1444 - -
- 1511 -
1544 -~ -
- 1558 1556

- 1613 1611
1694 - -

Vallevs

596 - -
- -~ 681

- 730 -
778 - -
977 976 975
1212 - -
1285 1305 -
- 1337 320

- 1377 i365

- 1481 1485
1327 - -
- 1579 1574

result of a decrease in the phosphate charge from
—2 to — 1 which facilitates base stacking and the
associated Raman hypochromism [26-28]. The fact
that base stacking is not observed for 5-UMP is
not surprising because even in poly(U) only
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Fig.2. Raman difference spectra of the 100 mM total phos-
phate calf thymus DNA model system in the acidic region.
Referenced against 50 mM NaClO,. The top spectrum is the
Raman spectrum of the model system at pH 7.0. The Raman
Jdifference spectra were formed by subtracting the spectrum at
pH 7.0 from those at lower pH. Spectra were subjected to
two-cycle 25-point quadratic smoothing. Further details are
available in the text.
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Fig. 3. Percent species distribution for protonation in the acidic
range for 5-CMP, 5-AMP and 5-GMP. These curves were
constructed from data in ref. [22]. The vertical lines represent
the pH values where model system spectra were obtained.

minimal base stacking is noted [27,29].

The spectra of calf thymus DNA between pH
10.5 and 5.0 are essentially identical. The spectra
in fig. 4 show protonation when bands in the pH
5.54 and 4.09 spectra are compared to those at
1252 and 1300 cm™!. The Raman difference spec-
tra in fig. 5 show a doublet with one peak at 1259
cm™! and less intense negative features at 1300,
1338, 1373, 1486 and 1574 cm™! which indicate
protonation of cytosine and adenine residues be-
tween pH 5.54 and 4.09. Cytosine protonation is
suggested by the relative intensity plot of the 1252
em™! band in fig. 6a. The plots in fig. 6b and c
show that H* binds to adenine as reflected in the
1335, 1373 and 1476 cm™! intensity changes be-
tween pH 5.0 and 4.0. The intensity decrease of
the 1476 cm™! band below pH 3 in fig. 6c is the
result of H™ binding to the N(7) of guanine
residues.

The midpoint of the intensity versus pH curves
(defined as an apparent pH_ ) suggests an order to
the protonation. Apparent pH_ values were used,
since in several cases the limiting values of relative
intensity were not attained. Table4 shows that
adenine and cytosine residues are protonated first,
followed by guanine residues below pH 3. More-
over, the Raman difference spectra demonstrate
that HY binds to the same sites as in the mono-
nucleotides.

Raman spectroscopy can monitor base stacking
phenomena in addition to base protonation [4~12].
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The base unstacking of adenine residues begins in
the region where adenine protonation occurs as
indicated by the band intensity changes at 721
cm™! (fig. 6b). The intensity of the bands at 1335
and 1373 cm™! does not increase above pH 3.5.
The reasons for the initial decrease, followed by
the increase in intensity for the 1335 and 1373
cm™ ! bands, is that those bands are diagonostic of
protonation and base stacking. H* binding to the
N(1) of adenine results in a decrease in the in-
tensity of the bands at 1335 and 1373 cm™ ! (vide
supra, fig.1). Raman hypochromism, however,
causes the intensity of the 1335 and 1373 cm™!
bands to increase [28). The 721 cm™! band in-
tensity is not affected by protonation [25], but is
nypochromic {27,281, therefore, only an increase in
the band intensity is observed. Base stacking in
cytosine residues can be tracked by examining the
783 cm™! band in fig. 6a which does not vary in
intensity on protonation of the monomer system

N
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{24]. The pH_, value of 3.3 == 0.1 for bands at 721,
747 and 783 cm™! suggsts a loss of base stacking
for adenine, thymine and cytosine residues, respec-
tively. The reduction in base stacking reflects the
denaturation point of the double-stranded DNA.
The increases in intensity over a broad pH range
(=2 pH units) imply an unstacking of the bases
which resembles the premelting effects which are
observed in the analysis of the thermal denatura-
tion of DNA [5,6].

Raman spectra can also follow changes in the
phosphate which are sensitive to variation in the
backbone conformation {7,9]. The Raman spectra
in fig. 4 indicate that the 835 cm™! band, reflecting
the B-conformation of DNA, virtually disappears
in the pH 4.09 spectrum. The Raman spectra in
fig. 4 suggest that the decrease in intensity at 835
cm™}, characteristic of DNA in the B-
conformation, may be coupled with an increase in
intensity at 879 cm™ .. The increase in intensity of
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Fig. 4. pH-dependent Raman spectra of 12.1 mM total phos-
phate calf thymus DNA below pH 7.0. The spectra were
formed by subtraction of a 4 mM sodium cacodylate solution
(pH 7.42) from the spectra at lower pH. Spectra were subjected
to one-cycle 25-point quartic smoothing with a cubic polynomi-
nal background subtraction. Further experimental details ap-
pear in the text. Freguencies are given in table 2.

Fig. 5. pH-dependent of 12.1 mM Raman difference spectra of
12.1 mM calf thymus DNA in the acidic region. Spectra were
formed by subtraction of the Raman spectrum at pH 5.54 from
those at Jower pH. The spectra were subjected to two-cycle
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25-point quartic smoothing. Further experimental details ap-~
pear in the text. Frequencies are given in table 3.
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Table 2

Raman frequencies (cm™ ') Raman for the pH-dependent spec-
tra of calf thymus DNA

The data in this table are associated with figs. 4 and 8. Raman

difference spectra were formed by subtracting the solvent spec-
trum at pH 5.54 from the spectrum of interest.

pH
2.35 554 11.87

- 467 w -
493 m - -

- - 504 m

- — 534 m

- 555w 553 m
566 w — -

- - 639

655 m - -

- 689 676 m
721 m 726 m 723 m
747 m 747 m -
783 vs 782 vs 782 vs
879 m - -

- 893 m -

- 922 m -

1012 m 1012 m 10i0 m

- - 1066 m
1089 s 1089 s 1086 s
1140 w 1140 w 1134 w
1182 w — -
1244 vs — 1241 s

- 1252 s -
1259 vs - -

- 1300 s 1301 vs

- 1335 -
1327 s - -

- - 1350 vs
1373 vs 1373 vs 1374 vs
1409 vs - -

- 1417 m 1417 m
1484 vs 1468 vs -

- - 1476 vs
1508 m - 1503 m
1558 m - -

- 1574 s 1576 s
1603 w - —
1658 s 1659 m 1652 s

the latter band appear to correspond to a C-type
conformation of DNA, since the C-form DNA has
bands between 865 and 890 cm™! [7]). The forma-
tion of the C-type DNA may be the result of an
overall decrease in the charge of the polynucleo-

L J T T T T
a 747 cm!
200 = 783 cm!
® 1252cm-!
150
@
=
=4
IS
~
3 100}
050
r— T T T T T T
=721 cm-?
200~ A 1335 ot =
®i373cm
150
(2]
@
o -
—
~
= 100
o050
.
c [] T 1 [ T [ 1 1
200~ 1476 cm! 4
150}
@
@
< L
—
~
»+ 100}
050 —
3 1 s ] —_— 1 1 L] 1 1
300 500 700 S00 1100
pH

Fig. 6. Plots of relative intensity versus pH for calf thymus
DNA. The plots were constructed from spectra in figs. 4 and 8
by referencing against the 1089 cm ™! phosphate band. (a) 4,
747 cm™ ! (T); &, 783 cm~ ! (C): @, 1252 cm™ ! (C); (b) W,
721 cm™ ' (A); A, 1335cm™ ' (A, G); @, 1373 cm ™! (A, G): (©)
A, 1476 cm™! (G, A).
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Table 3

Raman frequencies for the pH-dependent Raman difference
spectra of calf thymus DNA

The data in this table are associated with figs. 5 and 9. The
Raman difference spectra were formed by subtracting the calf
thymos DNA spectrum at pH 5.54 from the spectrom of
irterest.

pH 235 pH 1178
Peaks
482 w -
507 w 508 m
565 w 558 w
- 600 m
— 645 w
656 m -
77T m -
730w -

- 765 m

783 w -
799 m

872 m -
- 904 w
946 m 946 w
1023 w 1023 w
1071 m 1068 w

- 1102 w

- 1133 w

— 1158 m
1181 s -

- 1203 vw
1241 vs 1249 m
1259 vs -

- 1267 m

- 1307 vs
1320s -
1355 s 1349 vs
1405 vs 1403 m

- 1449 w

- 1473 m
1505 w 1505 vw

- 1527 w
1556 s -

- 1590 vs
1607 w -
1653 m 1654 m
1685 m -

- 173¢m

Valleys
- 746 m
- 774 w
831 m -
1089 m -
1300 s -

Table 3 (continued)

1338 s 1333 s
1373 s 1374 s
- 1419 m
1486 vs 1490 s
1574 vs 1572 m
- 1675 m

tide chains; protonation permits closer approach
of the phosphates [31].

3.2. Basic region

The difference spectra for deprotonation of 5~
GMP and 5-TMP are shown in fig. 7 and cata-
logued in table5. The deprotonation sites are
shown in scheme 2. There are no changes in the
ring vibrations of 5-CMP and 5-AMP between
pH 7 and 12. The removal of an H* from 5-GMP,
pK, =9.38 [22], is best characterized by the bands
between 1300 and 1400 cm™! and the negative
features at 1489 and 1573 cm™'. The deprotona-
iion of 5-TMP, pK, = 10.0 [30], is most easily
distinguished by the negative features at 1378 and
1684 cm™!, which detect changes in ring nitrogen
and carbonyl vibrations, respectively [23).

The spectra in figs.8 and 9 are examples of
Raman and Raman difference spectra for calf
thymus DNA above pH 7. We analyzed the spec-
tra similarly to the method of the acidic region,
i.e., by separating deprotonation, base stacking
and backbone conformation. The Raman spectra
of calf thymus DNA between pH 7.0 and 11.0

Table 4

Apparent transition pH values (pH,,)) for calf thymus DNA
Data from fig. 6a—c were used to construct the table.

Band PH, pH,,> PH,3 pH_ .
(ecm™H
721 - 3.4 - 116
747 - 3.3 - 114
783 - 3.3 - 114
1252 - 3.4 - 11.2
1335 - 3.5 42 113
1373 - 3.2 4.1 112

1476 2.6 - 4.1 11.1
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Fig. 7. Raman difference fingerprint spectra for deprotonation
of 50 mM 5-TMP and 5-GMP. These spectra were formed by
subtraction of the spectrum at pH 8 from that at pH 12 of the
same nucleotide. The spectra have been subjected to two-cycle
17-point quartic smoothing. Further experimental details ap-
pear in the text. Frequencies are given in table 5.

showed little variation, as evidenced by the spectra
in fig. 8 and the plots in fig. 6a—c. At pH values of
approx. 11.0, however, intensity variations are ob-
served (fig. 6a—c). Bands at approx. 1252 (partial
thymine character) and 1476 cm™! (guanine char-

o o
CH,
HN, N,
. | — 1
i pK,=10.0 1
o 1?; o 1}:
R R
o o
N
HN,
b ' l N
N 9
H,N 131 1}:

Scheme 2.

acter) reflect H™ removal from ring nitrogens at
the N(3) of thymine and the N(1) of guanine. The
data from the plots in fig. 6a and c and the spectra
in fig. 8 suggest that guanine may be deprotonated
at slightly lower pH values than thymine.

The bands at 721 and 783 cm™! are diagnostic
for base stacking in adenine and cytosine residues,
respectively (vide supra). The increase in intensity
observed in figs. 6a and b for those two bands was
consistent with base unstacking paralleling base
deprotonation. Therefore, the basic denaturation
of calf thymus DNA proceeds by initial guanine
deprotonation followed closely by thymine depro-
tonation and is coupled with a decrease in base
stacking.

The amount of DNA in the B-conformation
(fig-9) betwezn pH 11.00 and 11.87 is not known,
but there is a possibility that a significant per-
centage of the DNA is still in the B-form at pH
11.87. However, there seems to be some change in
the backbone conformation which we are not able
to discern readily.

4. Conclusions

The acid pH denaturation of calf thymus DNA
proceeded in at least two steps. The first step
involves the protonation of adenine and cytosine

CH,

+H"

dT™MP

N, 715\
— ; > -

pK,=%.38 3 9
H,N N II" GMP

R
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Table 5
Raman frequencies for the pH-dependent Raman difference
spectra of 5’-GMP and 5-TMP in basic solution

Data in this table are associated with fig. 7. The Raman dif-
ference spectra were formed by subtracting the spectrum at pH
8 from that at pH 12.

5'-GMP 5-TMP
Peaks
- 518
- 609
- 650
— 684
- 725
- 766
- 791
976 975
1037 -
1119 -
- 1137
1191 -
- 1264
- 1308
1304 —
1341 -
- 1360
1394 1402
1471 -~
1515 -
1593 -
- 1582
Valleys
- 497
- 670
- 749
- 782
- 1600
1174 -
- 1187
- 1212
1226 -
- 1241
1318 -
1374 1378
- 1420
1480 -
1573 -
- 1668
1673 -

residues (pH 4.1) and the formation of C-type
DNA. The second step is the actual denaturation
at pH 3.3. Below the denaturation pH the guanine

5 7CM-1
pH
514 S5NM

n 87

.48

n32

1099

10 s2

e

2066 1800 1600 1G00 1200 1000 BOO  &00 €00 200
FREQUENCY {CM-1)

Fig. 8. pH-dependent Raman spectra of 12.1 mM calf thymus
DNA above pH 7. These spectra were formed by the subtrac-
tion of the 4 mM sodium cadodylate (pH 7.42) spectrum from
those at higher pH. Spectra were subjected to one-cycle 25-point
quartic smoothing with a cubic polynomial background sub-
traction. Further experimental details appear in the text. Fre-
quencies are given in table 3.

residues are protonated. Therefore, although the
pH titration determined by ultraviolet spectros-
copy shows behavior similar to that of premelting,
the structural correlations are not as direcied com-
pared to those from Raman spectroscopy [19].
Raman spectroscopy indicates that several steps
are involved in acidic denaturation of DNA. The
reason that at least two steps are detected using
Raman spectroscopy is that Raman spectroscopy
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Fig. 9. pH-dependent Raman difference spectra of 12 mM calf
thymus IDNA. Spectra were formed by subtraction of the calf
thymus DNA spectrum at pH 5.54 from those at higher pH.
Spectra were subjected to two-cyle 25-point quartic smoothing,
Further experimental details appear in the text. Frequencies are
given in table 3.

is able to follow the binding of HY to bases, as
well as base stacking and conformation; whereas
ultraviolet spectroscopy provides more informa-
tion on base stacking than on base protonation
{191

The alkaline pH denaturation of calf thymus
DNA, in contrast to the acid denaturation, occurs
over a very narrow pH range. Deprotonation oc-
curs initially for guanine residues followed by
thymine. Although these two changes in base de-
protonation are coupled to a change in conforma-
tion, the B-conformation does not totally disap-
pear.
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