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The reversible conformational change of DNAs and polydeoxyribonucleotides occurring before melting was followed by

circular dichroism. A8/AT, the rate of change of ellipticity 6 with temperature, was used mainly as a measure of this pre-
melting phenomenon. If sodium jons were replaced by tetramethylammonium ions A8/AT decreased for poly (dA) poly
(AT) and poly (dA.dT) poly (AT.dA), but incieased fny poly (dG.dC) poly (dC.dG). DNAs of different base composition
showed no more premelting (A6/AT ~ 0) even at low molarities of TMACI provided the Na/TMA ratio was very small. For
all cases studied the 8 values at 0°C and at a given ionic strength were smaller in NaCl than in TMACIL. When studying the
series of ammonium ions from NHJ to (C,Hg),N¥, the A8/AT values first decreased, going through zero with TMA® ions,
and then increased again. A tentative and qualitative explanation of our results can be given: (a) Hydration of the polymers
increases in presence of TMA ions and their average stability decreases; locally, however, (AT) pairs are preferentially stabil-
ized by TMA ions owing to a specific interaction at the level of O, of thymine. (b) In order to explain the different behavi-
ouz of (AT) polymers and DNA, it is assumed that only the B structure is able to accommodate TMA ions in the small

groove of the double stranded helix.

1. Introduction

Before its cooperative thermal denaturation the
DNA molecule experiences conformational changes
for which the word “premelting” was coined, since
they occur in a temperature range lying largely before
the melting temperature 7, . An extensive bibliogra-
phy of this phenomenon will be found in a compre-
hensive review recently published by Palecek [1]. As
pointed out in this review, there are as many explana-
tions of the premelting phenomenon as there are
methods used for its detection. One of the main diffi-
culties lies in the comparison of physical properties
which are not related to the same structural features
of the DNA molecule. There is, however, general agree-
ment about the following characteristics ::{ the process:

a) Premelting is a reversible and non-cooperative
process, affecting only double-stranded structures of
DNA and polydeoxyribonucleotides. It is definitely
distinct from melting [2—4].

b) The conformational change observed during pre-
melting cannot be simply related to a transition be-
tween any one of the main A, B, C or Dstructures [4—8].

c) As thoroughly documented and discussed in
Palecek’s review [1], premelting appears to be more
likely a local process affecting only a limited number
of base pairs. However, any explanation of premelting
in terms of localized defects (Joops, hair pins, single
strand breaks) seems io be ruled out.

The above statements can be considered as a “nega-
tive”” definition of premelting and do not offer any
explanation of the process even from a qualitative
point of view.

In the present study we have tried to present some
new experimental evidence by comparing CD premelt-
ing in NaCl and in alkylammonium salt, especially te-
tramethylammonium chloride (TMACI).

Tetraalkylammonium salts were shown to be pre-
ferentially bound to (AT) base pairs [9] and could
therefore be used as a probe of their conformational
change. On the other hand the thermal stability of
DNA is affected by high molarities of tetraalkylam-
monium ions, particularly tetramethylammonium
(TMA™*) and tetraethylammonium (TEAY) [10].

a) There is a general destabilizing effect dependent
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on the alkyl chain length. It is higher with TEAC] than
with TMACL

b) A differential effect on (AT) and (GC) pairs is
also present, since A7y, /dX g was reduced to zero in
3M TMACI or 2.4 M TEACI. This latter effect is likely
due to preferential binding to (AT) pairs, the corre-
sponding stabilization being a function of the size and
the charge of the cation. In this paper TMA™ will be
shown to be so far the only cation able to prevent any
premelting conformational change of the DNA.

2. Experimental
2.1. Materials

Purified calf thymus DNA (CT DNA) and E. coli
DNA (EC DNA) were prepared according to the meth-
od of Kay et al. [11]. These preparations had a protein
content of less than 0.5%, as determined by amino
acid analysis, and a sedimentation coefficient of about
20S in 0.1M NaCl. M. Lysodeikticus DNA (ML DNA)
was purchased from Miles, and polydeoxyribonucleo-
tides: poly (dA.dT) poly (dT.dA), poly (dA). poly
(dT), poly (dG.4C) poly (dC.dG) from P.L. Biochemi-
cals Inc. Analytical reagents were obtained from
Merck. Tetramethylammonium chloride (TMACI) was
found te contain traces of Ca** and Mg*+ by atomic
absorption spectroscopy, which were removed by
chromatography of a 1M TMACI solution through a
column of Dowex A-1 chelating-resin (Chelex). Con-
stant ionic strength buffer (citrate-phosphate buffer)
was prepared at different pH according to the proce-
dure of Elving et al. [12]. All samples of DNA were
solubilized in 1 mM phosphate buffer (pH 7), 0.2 mM
EDTA, and then exhaustively dialyzed against the ap-
propriate solvent containing in each case 0.2 mM
EDTA to remove divalent ions. In some cases, non-
buffered solutions of TMACI were used in order to
minimize the concentration of Na¥ ions.

2.2. Spectroscopy

DNA concentrations were determined from ab-
sorbance A,¢q per nucleotide residue of 6600 M—1
cm—1 for EC DNA and CT DNA, and 7800 M—1cm—1
for ML DNA. The 4,¢q used for polydeoxyribonu-
cleotides were taken from Allen et al. [13].

Absorbance melting curves were recorded with a
sysiemn described in a preceding paper [14]. The de-
gree of denaturation of {A + T) and (G + C) base pairs
as a function of temperature was determined by mul-
tiple wavelength analysis [15].

Circular dichroism spectra were recorded with a
Roussel-Jouan 185 dichrograph equiped with a 150W
Xenon lamp or with a Roussel-Jouan DC 111 dichro-
graph. The CD signal at a given wavelength versus tem-
perature was registered as previously described [16].
The results are presented in terms of molar ellipticities
in degree - cm? - decimole—3, based on the molar
nucleotide concentration. In each case, absorbance and
CD melting curves were recorded on the same sample
of DNA in order to control the hyperchromicity and
the T, of the sample. On the premelting range, quasi
linear variations of CD signal with temperature at a
given wavelength A, were represented by the average
slope A@, /AT in degree cm? dmole—1°C—1.

3. Results
3.1. Behaviour in NaCl

Many data have already been published [1—-4,7,17",

18] and our resulis are in agreement with previous ex-
periments. They are briefly summarized in table 1.
The highest slope, Af, /AT, is found with (AT) rich
polymers. However, at a low molarity, poly (dG.dC)
poly (dC.AdG) presents also an important premelting
effect.

3.2. Behaviour in TMACI

Absorbance melting curves. At a given value of the
ionic strength the 7, of DNA is lower in TMACI than
in NaCl even at low molarities (iable 2B). The destiabil-
ization is about 10°C in the range of ionic strength of
0.01M to 1M. Wken TMA™ is not the unique cation,
the T3, takes an intermediate value between that meas-
ured in NaCl solutions and in TMACI solutions. These
resulis are comnsistent with the existence of a competi-
tion between TMA™ and other cations such as Na*.

The melting parameters of polynucleotides and
DNAs of various sources in 0.1 MNaCl and 0.1 M
TMACI are compared in table 2A. The richter the
DNA is in (AT) pairs, the less is its T}, affected. It
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Table 1

CD premelting parameters of DNA from different sources and deoxypolynucleotides in sodium salt

Deoxypolynucleotide BAT) Ions strength®) Ty, ab) Bis"c A8, /AT
o) O (nm)

Poly (dA) poly (dT) 100 0.1 65=0.5 282 5400+ 200 167

Poly (dA.dT) poly (dT.dA) 100 0.1 57 - 262 7900 — 100

CT DNA 58 0.1 83 -— 280 8100 -— 32

ECDNA 50 0.1 875 280 8250 — 13

ML DNA 28 0.1 97 — 280 9300 — 11

Poly (dG.d4C) poly (dC.dG) 0 0.003 85 — 280 6700 — 46

2) Solvent was NaCl 0.1 M, phosphate buffer 0.001 M pH 7, EDTA 0.0002 M.

recorded.

should be pointed out that poly (dA.dT) poly (dT.dA)
represents the only case of a higher 7, in 0.1 M
TMACI than in 0.1 M NaCl.

This property of TMA* is well demonstirated in
fig. 1, which shows the separate melting curves of (AT)
and (GC) pairs of CT DNA in NaCl and TMACI sol-
vents, according to the method of Felsenfeld and
Sandeen [15]. As expected, there is a general decrease
of the 7, and a reversal of the thermal stability of
(AT) and (GC) pairs with respect to the same experi-
ment in the presence of NaCl, at least in the first half
of the absorbance melting curve. Again we notice that
the shift of T, is smaller for (AT) pairs than for (GC)
pairs. Consequently there is a narrowing of the breadth
of the helix-coil transition and the 7,;’s of (AT) and
(GC) pairs tend to be equal.

Circular dichroism. The CD behaviour of CT DNA in
TMACI at room temperature is also very peculiar, if

Table 2

b) Wavelength at which the CD melting curve was

compared to the CD spectra in NaCl. The variation of
the molar ellipticity at 280 nm versus the logarithm of
the ionic strength are plotted in fig. 2. Contrasting

with the strong effect of NaCl, high concentrations of
TMACI affect the positive CD band of DNA only
slightly. Fig. 3 shows the CD melting curves of CT DNA
at various concentrations of TMACI in the presence of
1 mM phosphate buffer (pH 7) and 0.2 mM EDTA. Un-
der these conditions we can observe that CD premelt-
ing disappears in the presence of 1 M TMACI. If the
phosphate buffer is actually omitted and thus the Na*
concentrzation minimized to that due to 0.2 mM EDTA,
any premelting disappears in the presence of 0.01 M
TMACI (data not shown).

A relation between the size of the ion and its effec-
tiveness in reducing d7, /dX s was suggested by
Melchior and Von Hippel [10], since there was a sud-
den loss of the effect when shifting from TEA™Y (tetra-
ethylammonium) to TPA* (tetrapolyammonium). It

Melting temperatures of DNAs and polynucleotides in NaCl and TMACI solutions

Table 2A — Ty values (°C) in 0.1M

Table 2B — Influence of ionic strength on

CT DNA melting
Deoxypolynucleotide %(AT) NaCl0.1 M3) TMACI 0.1 M2) AT
(NaCl- NaCl TMACI?)  TMACI®©)
TMACH
102M 65:0.5 62205 541 0.5
Poly (dA) poly (AT) 100 65x0.5 6405 1 -1
Poly (4A.4T) poly (AT.dA) 100 59 61 —2 107°M 83 77 71
CT DNA 58 83 77 6 1M 96 93.5 86
EC DNA 50 87.5 82 55
ML DNA 28 97 87 10
Poly (dG.dC) poly (dC.dG) 0 115b) 102 13

3) In the presence of phosphate buffer 1 mM, pH 7, EDTA 0.2 mM.
In this case heating of solutions is accompanied by a small pH change which does not affect the structure of DNA.

b) Extrapolated data. <) Non-buffered TMACI solutions.
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Fig. 1. Differentizl melting profiles of (AT) and (GC) base
pairs in NaCl and TMAC! for CT DNA: e (AT), o (GO) in
NaCl1 0.1 M, 1 mM phosphate buifer, pH 7, 0.2 mM EDTA.
a (AT), 2 (GOC) in TMAC1 0.1 M, 1 mM phosphate buffer, pH 7,
0.2mM EDTA.

was therefore interesting to investigate the CD behavi-
our of DNA in the presence of these ammonium salis
by using the same 1 M concentration in order to work
in a buffered solution with negligible interference of
Na¥ jons. The resulis are displayed in table 3: when
going from ammonium chioride (ACl) to tetraethyl-
ammonium chloride (TEACI) the 6 values (at 280nm
and 25°C) increased regularly from 4300 to 9200 de-
grees cm? dmole—'. On the other hand, the slope A8/
AT first decreased to a zero value in TMACI solution
and then increased again in TEACI solution.

Table 3 shows some additional properties:

a) The replacement of Na* ions by TMA? jons at a
given ionic strength (0.1 M) was found to induce an
increase of CD with (GC) polymers and a decrease
with (AT) polymers. -

b) Upon heating, AG/AT is greater in TMACI than
in NaCl for poly (dG.dC) poly (dC.dG), but much
lower for (AT) polymers.

c) From the values of 8,5 at 25°C and assuminga
constant rate of change A8/AT in the range 0—60°C,
it is easy to show that 8,gg values in TMACI at 0°C
are always higher than those in NACI at the same tem-
perature, but smaller than the final €55 values at the
end of the premeliing process in NaCl.
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Fig. 2. Jonic strength dependence of the molar ellipticity at 280 nm for CT DNA in: o NaCl, ® TMACL. Same conditions as in fig. 1.
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4. Discussion

It is not easy to correlate premelting with a given
structural modification of the double helix, since the
magnitude of the CD signal depends upon both thena-
ture and the relative geometry of the base pairs. In-
stead of looking for a precise relationship between el-
Lipticity and any geometrical parameter,letusasa
first approach, interpret premelting as simply reflect-
ing the change of stability of a double-stranded struc-
ture. In this regard, as was already pointed out [17,19],
there is a striking correlation of the heat of hydration
of the cation and the magnitude of the premelting as
expressed by AG/AT.

These resulis point to a possible role of water in
premelting. According to Manning [20] the change of
stability of DNA upon binding of different alkaline
cations cannot be explained in terms of any specific
site binding to phosphate groups, as was originally as-
sumed [19]. Actually this differential stabilization re-
flects the cation hydration. Water can be viewed of as
a destabilizer of the helical structure of DNA by com-
peting with base pairing for hydrogen binding. The
properties of water around the condensed counter-
jons (hydration shell) would thus affect helix hydra-
tion and modify its stability accordingly. In line with
this interpretation, the destabilizing effect of TMA™
jon would be due to its small hydration as compared
to that of alkaline ions. Premelting could be interpret-
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Fig. 3. Temperature dependence of the molar ellipticity at

280 i of CT DNA in different concentrations of TMAC] and
in the presence of 1 mM phosphate buffer pH 7, 0.2 mMEDTA:
A (0.01 M); B (0.1 M); B'(0.1 M unbuffered); C (1 M). For the
sake of clarity, CD melting profils have been arbitrarily {rans-
iated along the 8 axis. The scale on the ordinate represents a
26 value of 107 degree cm? dmole™.

Table 3
Effect of tetraalkylammonium salts on CD parameters of DNA’s and deoxypolynucleotides
Deoxypolynucleotide Solvent ) A (nm) eis"c 26,/aT
CT DNA TMACI 0.01 M 280 8600 =200 ©) 26
TMACIOIM 280 8400 12
TMACI 1M 280 8600 4]
TMACI 10 molal 280 8200 < 0
b) AC11M 280 4300 32
©) MACIIM 280 7600 13
G TEACIIM 280 9200 44
Poly (dA) poly (@T) TMACIO.IM 282 4200 83
Poly (4A.GT) poly (dT.44A) 262 7700 33
EC DNA 280 8700 4
ML DNA 280 2600 4
Poly (4G.4C) poly (JC.AG) 280 7600 65

2) i the presence of phosphate buffer I mM pH 7, EDTA 0.2 mM.

9 Tetraethylammonium chloride.

b} Ammonium chloride. ) Methylammonium chloride.

€) The incertitnde in & measurements is about the same in each case.
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2d as a conformational change toward a less stable
helical structure, triggered by a temperature induced
modification of the hydration shell of the counterdon.

Such a simple schenie has to be revised in view of
the resulis obtained with TMA™ jons, which, in com-
parison with Na™ jons, present two conflicting effects:
i) a destabilization of the helical structure due to the
snall hydration of TMA™ ions, which affects any base
2air, (ii) a specific stabilization of AT pairs which is
related to the preferential binding of TMA™ jons [9].
I, of thymine, which in crystalline ApU and TpT is
:oordinated to Na¥ ions [21,22], could be a good can-
lidate as a preferential binding site to TMA™ jons in
solution {23]. With DNA one would expect some bal-
mce between these two antagonistic effects at the
evel of (AT) and (GC) pairs. When using the AT}, re-
rorded in table 2, for (AT) and (GC) polymers, the
nelting behaviour of the three DNAs can indeed be sat-
sfactorily predicted on the basis of their (AT) content.

However, such a prediction cannot be made with 8
and Af /AT values which must strongly depend on
base sequence.

A relationship between CD values and the rotation
per residuz angle was already proposed [7,8,18], but
has not so far been correlated with any theoretical
study. However, winding or unwinding processes re-
flect the stability of the double stranded structure,
since the value of the winding angle depends on the
respective intensities of stacking forces between base
pairs and electrostatic repuision between phosphate
groups. Any decrease of stacking forces and/or increase
of phosphate repulsion destabilizes the molecule and
would generally trigger a decrease of the winding angle
and thus an increass of the positive ellipticity 0,g¢).

Such effecis are encountered upon decreasing the
ionic strength, raising the temperature, or upon inter-
action with small molecules. Of course, the reverse
process (increase of winding angle and decrease of
92g80) depends on the opposite effects: increased ionic
strength, lower temperature and interaction with posi-
tively charged molecules. If such a qualitative inter-
pretation of CD values is assumed, then premelting
can be considered as a reversible, partial unwinding of
the double helical struciure of the DNA. In TMACI,
the process still occurs with synthetic polydeoxyribo-
aucleotides, but with DNA it is absent. This striking
difference of behaviour can be tentatively explained
on a stiuctural basis.

Poly (dA) poly (AT) was shown to have a B'struc-
ture slightly different from the B form [24]. Poly
(dA.4Y) poly (dT.dA) can take either a B or a D struc-
ture [251 and even a C structure was recently postuiat-
ed (7) to be present ai low temperature, giving progres-
sively rise to a B form during premelting.

A common feature to all of these structures B, C
or D is the width of the small groove, the minimum
value of which is 1.02, 1.08 and 0.7 nm respectively,
which is smaller than the corresponding parameter (1.2
nm) in the B form. On the other hand, (AT) rich DNA
[26] as well as satellite DNA with repetitious base se-
quences [27] reveal only a classical B structure.

1f O, of thymine is a preferential binding site for
TMA™ ions, its accessibility depends strongly on the
size of the smali groove. Hindering of the rotational
movement of (AT) pairs would therefore be totally ef-
ficient to prevent premelting only in thecase of a B
structure, i.e. with DNA.

Finally two remarks can be made:

a) If the assumption made is valid, the recognition
process between (AT) pairs and TMA* ion appears to
be very sensitive to the local geometry of the nucleo-
tidic chain. Such a model would also be able to take
into account the role of the ionic radius in premelting
when going from ammonivm ion to tetraethylam-
monium jon. Further experiments are needed to check
this geometrical interpretation.

b) In any case the premelting of DNA is prevented
when a specific interaction occurs at the level of AT
pairs. The process can thus be viewed as a local effect
initiated in AT rich regions and then extending to the
rest of the molecule. Recent results of our labormatory
(to be published) on dye-DNA interaction are in
favour of this latter interpretation.
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