Journal of Biomolecrdar Structure &
Dynamics, [SSN 0739-1102

Volwme 26, Issue Number 4, (2009)
CAdenine Press (2009) 517

DNA Denaturation Under Freezing in Alkaline Medium
http://www jbsdonline. com

Abstract

Tt is generally accepted that LINA conserves its secondary structure after a freeze-thaw cy-
cle. A negligiblc amount of degradation occurs after this procedure. Degradation hecomes
appreciable only after multiple cycles of freezing and thawing. Inthis study, we have found
that a single freeze-thaw cycle in alkaline medium (pH = 10.8) gives rise © denaturaty
of calf thymus 1INA, although the melting temperature of intact DNA in the solutio
for the reeze-thaw experiments is higher than 60 °C. The degree of denaturation s
independent of the regime of f reczing. The melting curve obtained after DN
-2 °C and then thawed is almost the same as after a [reczing carried out in liquidg
(196 °C). However, incubation in the same solution at 0 °C for 24 houtsgwithou
ing does not give rise (o any denaturation. "T'he degree of denaturation r@y freezing
increases with pf (if pft = 10.8) and decreases with Na, (O, concentral fixed pH and
[Na“], although Na,C'O, decreascs the melting temperature of intactWNAY A preliminary
treatment of DNA with cisplatin or transplatin (0.01 Pt atoms peg @ eotide) gives rise toa
ful] recovery of the DNA secondary structure after [reezing affhthawinyg similar to what oc-
curs after heating 1DNA lo 100 °C and quick cooling. m dnisms that may cause

DNA denaturation during a freeze-thaw cycle in alka edium are discussed.

Introduction

'There are two ways that low tensperz 1 influence a solution of a biopolymer.
First, decreasing the temperaturé Gpolymer solution without freezing may
induce a “cold denaturation” tign of protein (1-5) or RNA (6). Second, freez-
ing of water that acco i&/cobling can also change the structure of a protein

(7, 8) or RNA (9.

As was shown long ago, multiple frecze-thaw cycles give rise to DNA degradation
without denaturation (10-14). Degradation is generally negligible after a single
freeze-thaw cycle even if samples are frozen in liquid nitrogen (-196 °C). How-
ever, after 38 cycles, therc is a threefold decrease in the molecular weight of the
phage T2 DNA (11). DNA breaks are thought to arise at cracks of the ice, which
are formed during freezing.

In this study, we have found that freezing and thawing of a calf thymus DNA so-
lution in alkaline medium (pH = 10.8) give nise lo denaturation, even though the
DNA’s melting temperature is higher than 60 o in the solutions used for these stud-
jes. ‘The degree of denaturation increased with pH and decreased with the buffer ca-
pacity of the DNA solution. The structure of DNA after freezing was similar to that
obtained after heating at 95 or 100 °C (Figure 1, denatured DNA-1). Subsequent
thawing gives rise (o the structure fonned by the heating followed by guick cooling
(Figure 1, denatured DNA-2). Cooling prevents renaturation (strand association).

1t is known that cisplatin binding to DNA makes heat denaturation reversible (15)
due o the formation of interstrand crosslinks that account for 6% of cisplatin ad-
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Figure 2: Recovery of the donble helix after full melt-

ing for DNA with interstrand crosslinks.

<

ducts (16, 17) (Figure 2). This was demonstrated for neutral medium (15). In this
work, we have demonstrated the same full recovery after denaturation caused by
heating-cooling in alkaline medium or freezing-thawing in the same medium for
DNA preliminarily treated with cisplatin or transplatin at r = 0.01 (r is the number
of Pt atoms per nucleotide).

Materialy and Methods

Ultra pure calf thymus DNA that we pr
0.1%, molecul&r mass ~30 MDaj). T

was used (protein < 0.1%, RNA <
s of this DNA have been previously
NA at a concentration of 1.2 mg/ml

was incubated with cisplatin o
NaClO, (pH 6.5). Ptnucieopde
was added to DNA from
time of incubation at room ature. The mixturc was incubated for 48 hours at
37 °C in the dark. Irtvddemonstrated that under these conditions cisplatin reacted
with DINA quantit %l 9-21). Platination was stopped by addition of 0.I1M
NaCl and frecvi °C (22-24). Platinated DNA can be kept at this tempera-
) ithout a change in melting properties.

=t

latinated DNA were diluted to 0.04 mg/ml for denaturation ex-
- beating or freezing and further melting experiments. Heat denatur-

& carried out in 0.1 M NaCl, 5 10° M EDTA, 1mM Na,CO, at pI17 or 10.8
0-minute incubation at 95 or 100 °C (Figure 1, denatured D\IA 1) pH was

(bﬁjusted by addition of NaOH or HC] and measured at 25 °C. The incubation was

O
N

ollowed by quick cooling in ice (Figure |, denatured DNA-2). After cooling, melt-
ing curves of the DNA were measured immediately. Here and below the concentra-
tion of Na,CO, added fo the DNA solution is given. Depending on pH, the anion
C0,? partially transforms into HCO, and H,CO,. The dependence of the relaive
concentrations of the threc components on pl1 was described earlier (25).

Freczng of DNA was carried out at -2 °C, -18 °C, and -196 °C in 0.1 M NaCl, 5 105
M EDTA at various pH (10.5 to 11.5) and concentrations of [\32C() (0, 103, 510
M). 'The time of incubation after freezing was varied from 5 minutes to 48 hours.
Thawing was carried out at 25 °C just before melting, Melting studies were carricd
out in the solutions used for freezing. Frecring and melting of platinated DNA was
carried out in 0.1 M NaCl, 5 10°M EDTA, pH 10.8 (without Na,CO,).

DNA melting curves were determined by measuring the optical density (D) at 260
nm as a function of temperature (7} using a SF-26 spectrophotometer (LOMO,
Russia). DNA denaturation after freezing and thawing, or after heating at 95 °C or
100 °C and quick cooling was characterized using the equation 8(T)=AX(T)/ D (18)
where AD(T)=D(T)-D (18) is an increase in optical density of DNA solution at the
temperature 7" with respect to the optical density of DNA solution at 7518 °CC.

Results

Mclting curves of DNA were determined from optical density vs. temperature
profiles and represented by O(T)=AD(T)/D (18). Curve 1in Figure 3 was obtained



immediately after dilution of intact DNA in alkaline solution used for freezing 3
(0.1 M NaCl, 510° M EDTA, 1mM M Na,CO,. pH 10.8) and curve 2 was ob-
tained after a 24 hour incubation at 25 °C. 'The same melting curve was obtained
after incubation for 24 hours at 0 °C (without freezing). Comparison of curves 1
and 2 demonstrates that the solution uscd for freezing-thawing experiments does
not damage DNA incubated for 24 hours at 0 °C and 235 °C. The slight stabili-
zation revealed after incubation (compare curves 1 and 2) is caused by a smalt
decrease in pH during incubation.

Running Title Needed
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DNA distortion after heat denaturation is reflected by the appearance of the low ™
temperature part of the meliing curve and a decrease in the saturation value of the 9. 0.2
function OC=AD(1)/ 1 (18} reached at high temperature when DINA s fully melted a

{6,...). DNA was denatured in the solution used for freezing or in the same solution
adjusted to pH 7 instead of pH 10.8, To produce control melting curves for various
degrees of denaturation, calf thymus DNA at pH 7 and pH 10.8 was heated at 95 and
100 °C for 10 minutes and then quickly cooled in ice. Then melting curves were
recorded in the solution nsed for freezing.
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Melting curves of intact DNA (1. 2) and
heating followed by quick cooling (dena-

If no previous denaturation occurred, 8, of a DNA sample 15 from 0.37 t0 0.39
(Figure 3, curves 1 and 2). For all denatured samples (curves 3-6), a low te
perature increase in 6(T) appears between 18 and 60 °C. Heating a sample :
°C (pH 7) results in a denatured DNA with 0, =018 (curve 3). Denat a
increases at pH=10.8 (0, =0.12, curve 4). A further decrease in 6,
when DNA is heated at l()() °C (0,,,~0.1 and 0.08 for samples at pH 7 a

d in alkaline medium (0.1 M NaCl, 8.001 M
CO;, 510° M EDTA, pH 10.8.). Heat denaturation
was cafried out in the same solution at pH 7 or 1(L8. 1,
freshly prepared DNA solution; 2, 24 h incubation at
Cor 25°C. Heating for 10 minutes at 3, 95°C, pH 7. 4,
95°C, pH 10.8; 8, 100°C, pH T7: 6, 100 °C, pHl 10.8.

respectively, curves 5, 6). %
The degree of denaturation (8 ) after freeze-thaw procedure for NA solu-

tion was evaluated vsing Eq.{1]: Q
5 eden e ad‘ @
where 0 1s measured afler freezing and thaw mg,& andbt, are respectively O of

mtact DI\.A and DNA heated at 100 °C (and % )ic,d) in the same solution.

Thus, extended incubation at O° C or 25 M Na(l, 5103 M EDTA, ImM
Na,CO,, pIl 10.8 does not glve m tion (8, = 0) (Figure 3, curve 2 and
Figure 4, curve 1). Tlowever, A in the sarne solution at temperatures
of -2°C, -18° C, or -196° C A denaturation. Melting curves that dem-
onstrate DNA duldiurdl um;, and thawing at these temperatures are
represented by curve 3 in Rgure 4 After freczing and thawing, 8 = 0.2 about
two times lower than before this procedure. The low temperature part of curve 3 15
very similar to the sample denatured by heating {curve 2). From the compariscn of
curves 2 and 3, it follows that the denaturation caused by freezing is not complete
in this solution (6, = 0.6). Itis approximately the same as for the sample in the pH
7 solution that is heated to 95° C and quickly cooled (8, = 0.7).
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The degree of denaturation is only slightly dependent on the temperavure of freez-
ing if the time of incubation in the frozen statc is longer than 30 minutes. Melting
curve 3 in Figure 4 docs not change if the freeze-thaw procedure is followed by 8.0

- ba‘j ,lz_gu(jf 124}‘ ;‘_ as b 2o adaaaad 1 La s Y q Py I.,
mehbation a o = oA 20 30 40 50 60 70 80

. . v g ; . . Figure 4: Mclting cusves for control DNA (1), DNA
Quick- liuid nitrogen gave alnost the same res ; (reczin & & :
ck-freezing in lig o ults as stow [reczing at denatured by heating at 100° C and guick cooling (pH

-2°C. Melting a DNA sample at plI 7 after freezing and thawing it in an alkaline g, (2), DNA subjected to freezing at -2, -18. -196° C

medium afso revealed denaturation (results not shown), and thawing at 25¢ C (3). 1INA heating at 100° C, freez-
ing and meling were carried out in (.1 M NaCl, 0.001

The influcnce of Na,CO, on intact DNA and on the denaturation cffect of freezing M N2(0; 510° MEDTA, pH 108,

at pH 10.8 is exhibited in Figure 5. The degree of denaturation is much higher

without Na,CO; (8, = (1.86) than when its concentration is 1 mM (0 im = 0.0). I
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Figure 5: DNA melting curves before (A), and after
(B) freezing (-18° C) and thawing (+25° ) of DNA
solation in 0.1 M NaCl, 510° M EDTA, pIl 10.8 at
Na,CO, concentrations 0 mM; 1 mM; 5 mM. Coin-
ciding melting curves obtained after heating at 100° C
and quick cooling at these Na,CO, concentrations are
shown for comparison (B).
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Figure 7: Influence of freezing on platinated [INA.
Melting curves were tegistered in 0.1 M Na(ll, 5107
M EDTA, pH 10.8 before (1-4) and after (11-4f) free:z-
mg. (1) Noeisphuin (r = 0). (2-4) 48 k incubation in
0.01M NaClG, (pH 6.3) at various cisplatin concentra-
tions before freezing (7 = cisplatin/ Py, (2) r = 0.001; (3)
r=001; {d})r=0.05

Na,CQO, concentration increases to 5 mM, then a frecse-thaw cycle in the pH 10.8
solution does nol causc any denaturation (6, = 0) (Figure 5B). Thus, Na,CO,
protects DNA against denaturation caused by freezing-thawing. Two observations
refating to this protective cffcet are worth noting: (i) As was shown earlier (25) and
as shown in I'igure 5A, addition of Na,CQ, lowers the melting temperature of the
double helix in alkaline medium at fixed pH; and (i) Na,CO, does not protect DNA
against denaturation caused by heating at 100° C (Figure 5B, dashed line). These
results imply that Na,CO, influences the degree of denaturation caused by freezing
in a way opposite to its influence on heat denaturation.

As follows from Figure 0B, freezing in 5 mM Na,CO, can also give rise to dena-
turation but at higher plf. There is a small but reproducible decrease in melting
temperature after freezing and thawing at pH 11, although 8, is close 10 zero. At
pH 11.25, a prominent denaturation arises (6, ~ 0.85). Full denaturation occurs
in a solution at pH 11.5 (0, is close to unity). This melting curve (pH 11.5) cor-
responds to heating a DNA sample at 100° C and quick cooling in ice.

5 mM Na,CO,

203t intact DNA

=02+

%B.l r
BoF Figure 6: IDNA meiting curves before (A)
20 and after (B) freczing.  1DNA freezing and

B further melting was carried out in 0.1 M

_0.3DNA after freezih i Na‘;‘.i, 0.005 M Na,CO,, 510° M EDTA at
s : various pH valaes shown in the figure.
=0zt 10.8
= 11.25
R L A
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To c& { denaturation 1s caused by freezing and thawing in high pll solu-
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cthave studied the inflnence of cisplatin on the properties of DNA subjected
:C¥ing in alkaline medium, and compared the impact of this crosslinker with
ififluence on DNA heated and quickly cooled in ice. It is known that platination
es rise to recovery of the DNA structure after heat denaturation in neutral me-
dium (15). Our previous work (24) indicaled that treating DNA with cisplatin de-
creased its melting temperature to a muoch greater extent if melting was conducted
in alkaline medium. Nevertheless platination gives rise to full recovery of the DNA
structurc after heat denaturation in alkaline medium (the results are not shown}.

‘The influence of the freezing-thawing procedurce on denaturation curves of intact
and platinated PNA is shown in Figure 7. To increase the degree of denatur-
ation after freezing-thawing, the procedure was carried out without Na,CO, (in
6.1 M Na(l, 510° M EDTA, pH 10.8). In this soluion, unplatinated DNA is
almost fully depatured after {reeving and thawing (€, = 0.806) (Figure 7, curve

den
1f). Atthe cisplatin/ nucleotide molar ratio r = 0.001, an increase in 6, occurs,
although the degree of denaturation is still ligh (curve 2f, 0, = 0.62). For r

= 0.01 and 0.05, freezing does not change melting curves [curves 3 and 3f (r =
0.01), 4 and 4 (r = 0.05)]. Treatment with transplatin gives the same protection
against both freezing and heating at 100° C.

Discussion

Structural distortions of biopol ymers upon cooling can be caused by a structural fail-
ure arisen from water freesing that accompanies cooling (7-9) and by denaturation
induced by the decrease in temperature itsel{ and its impact on the enthalpy and en-
tropy of the transition (1-6). A decrease in temperature denatures proteins (1-4) and
ribozymes {(RNA) (6). Freczng and thawing can give rise to protein denaturation (7),



DNA degradation without denaturation (10-14), and a change in RNA structure (9). 5
In the last case, intramolecular interactions are changed by intermolecular ones.

Running Title Needed

In this study, we have found that DNA denatures when frozen in alkaline medium.
The properties of this denatured DNA are very similar to that which arises under
heating and quick cooling (Figure 1). Thercfore, a control denaturation was carried
oul by heating DNA to 95° C or 100° C and quick cooling in ice. Melting curves
of DNA previously denatured by heating (Figure 3) were recorded in the alkaline
medium used for {reezing and thawing experiments (0.1 M NaCl, 5-10° M EDTA,
1mM Na,CO,, pH 10.8), and in the same solution at pH 7.

As shown in Figure 3 (curve 2), a 24 hour incubation at 0° C or 25° C in the so-
lution used for freezing and thawing does not produce denaturation. However,
denaturation takes place when the DNA sample ts frozen in this solution (Figure
4, cmrve 3). The degree of denaturation is alinost the same for freezing at -2, -18
and -196° C (8,,, =~ 0.6). The melting curves of DNA subjected to freezing and
thawing in 0.1 M NaCl, 5 10°* M EDTA, lmM Na,CO,, pH 10.8 (Figure 4, curve
3) correspond to heating at 95° C for 10 minutes in 0.1M Na(l at pH 7 followed
by rapid cooling in ice (0,,, = 0.7} (Figure 3, curve 3). For freezing in the same
solution but without Na,(C0, (0.1 M NaCl, 5-10° M EDTA, pH 10.8) (Figurc 5
curve ), the degree of denaturation corresponds to 10 minutes heating at 1
followed by quick cooling (Figure 5B, dashed line).

1tis known that pH of solutions and pK of DNA nitrogen bases change with T
ature (26). )enaturation may be caused by a strong increase in pl tion and/
or decrease in pK of nitrogen bascs upon sample cooling. How '%memng
temperatire in media used is higher than 60°C at pH 10.8 (Fi gu@ crefore, a
change in these parameters on cooling must be substantial to naturation. To
prove that freezing (and not cooling) gives rise to denatugs e DNA solution
was incubated for 24 hours at 0° C without freezing, 2 @ _ {with freezng).
No denaturation was found without freezing, and ingelrves corresponding to
0 and 25° C coincide (Figare 3, curve 2). How , {Teezing at almost the same

temperature (-2° () gives rise to denatur. ti?a ure 4, curve 3). These results
P

demonstrate that freezing is the cause of denawdidiion. A 2° C reduction in lempera-

ture is not likely to produce a large ch or cold denaturation.

(Figure 5). The freeze-th 7! e produces much stronger denaturation with-
out Na,CO, than with 1 3,C0,. The eflfect of increasing Na,CO, concentra-
tion from 1 mM to 5 mM ore prominent: freezing a DNA solution with 5 mM
Na,CO, does not cause any denaturation. [t must be emphasized that Na,CO, itself
destabilizes DNA in alkaline medium {(20} and Figure 5A]. In addition, Na,CO,
does not decrease the degree of denaturation caused by heating and quick cooling
(Figurc 5B). These resulis mean that the protection provided by Na,(CO, against
denaturation under freezing is not caused by DINA stabilization.

The freeze induced dcnaturati% gly depends on the Na CO, concentration

Denaturation can occur in the presence ol 5 mM Na,CQ,, but only at higher pH
values (Figure 6B). At pH 11, [reezing gives rise to a small decrease in melting
temperature without an increase in 8, , which stays close to zero. A prominent
denaturation arises at pH 11.25. At pH 11.5, the degree of denaturation caused by
freezing corresponds to 100° € heating and quick cooling (compare with curves
5 and 6 in Figure 3).

Since the strongest denaturing influence of freezing DNA occurred without Na-
,C0,, a 24 hour DNA incubation at 0° (. was repealed without it, i.e., in 0.1 M
NaCl, 5-10° M EDTA, pH 10.8. No cold denaturation was found (data not shown),
This confirms thal freeziig and not cooling causes the denaturation. In contrast to
Na,CO,, the role of NaCl in the freeze denaturation is not important. A decrease
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Figure 8: IDNA denaturation caused by freeze-thaw
procedure.

in NaC’l concentration from 0.1 M to 0.01 M only slightly influences the degree of
the denaturation (data not shown).

To confirm that a freeze-thaw procedure causes IDNA denaturation the same experi-
ments were repeated for DNA chemically modified with cisplatin and wransplatin,
It is known that both compounds canse DNA renaturation after complete heat de-
naturation (15) because they form interstrand crosshinks (Figure 2). However, only
6% of bound cisplatin forn interstrand crosslinks (16, 17). Other modifications are
mainly intrastrand crosslinks which account for ~¥)% of the modifications (27).
They destabilize the double helix. Therefore, cisplatin's overall effect is to decrease
a DNA’s melting temperature. In addition, the amount of destabilization caused
by a fixed amount of platination is larger in alkaline medium used in our study
(24). Nevertheless, at r = 0.001, the degree of denaturation after freezing slightly
decreases (compare cuives 1f and 2f in Figure 7). Atr = 0.01 and r = 0.053, the melt-
ing curves recorded hefore and after freezing arc almost the same. This means that
the distortions causcd by freezing disappear after thawing due to interstrand cross-
links formed by cisplatin (Figure 2). This i§ not a result of general stabilization by
cisplatin because it reduces the melting jemperature (Figure 7, curves 2-4). This
protective influcnce of platination o zen INA implies that freezing in alkaline
il tO (hat which arises by heating., The
denaturation caused by freezing s rsible in DNA with a sufficient number of
interstrand crosslinks. A v: L7 = 0.01 corresponds to one imerstrand crosslink
this study 1s 30 to 50 kb in length, thus there

are 40 to 60 interstrand cro per DNA molecule. 'This quantity is sufficient to
restore DINA struct cr f[reezing in alkaline medium. However, 4-6 interstrand
crosslinks per DN le al r = 0.001 is not sufficient for full renaturation upon
thawing although : al restoration is observed. Incomplete renaturation for r =

0.001 can arj single-strand breaks. Similar results were obtained for trans-
platin. ‘Lhe prowctive influence of cisplatin against freezing-thawing (as against
heating ghdemonstrates that this procedure causes DNA denaturation.

t the possible camses of DNA denatration upon freezing it in alkaline
tim? Lirst, it is known that the composition of a solution and its pH can be
ged by freezing (8, 28). However, we have demonstrated that {reezing does niot
hange pH at a “macrolevel” in the solutions used for our studies, and the pH value
is conserved after freezing 70-80% of the sotution and moving the ice away (data
not shown). Second, the structure of ice in alkaline medium strongly differs from
the structure at neutral pH (29-31). This may influence DNA in alkaline medium.
However, the structure of ice changes at a temperature much fowcr than that was
used in our study (29-31). Besides, this assumption does not explain a decrease
of denaturation at higher Na,CO, concentrations for the solution at a given pIL
The third, and most likely mechanism is based on observations that suggest strong
changes in pH can occur at the “microlevel” during the process of [reezing. At sub-
Zero lemperatures, pockets of unfrozen water can form within the ice that conlain
the macromolecules and ions that do not (it into the ice lattice (32). The increasc
in pH in these pockets due to concentration changes may cause the denaturation
observed in this work (Figure 8). Na,CO, is the main buffering component of solu-
tions used for freezing-thawing experiments. Na,CO, neither decreases the degree
of denaturation caused by heating and quick cooling (Figure 5B, dashed curve)
nor increases the melting temperature (Figure 5A). However, Na,CO, increases
the buffer capacity of the solution. This higher buffer capacity can be expected to
reduce the clevation of pH valuc in the liquid pockets during (reezing and make this
elevation insufficient for DNA denaturation under freezing.
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