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Abstract

Ž . Ž .The effect of hydrostatic pressure upon the DNA duplex, poly dA poly dT , and its component single strands,
Ž . Ž . Ž .poly dA and poly dT has been studied by fourier-transform infrared spectroscopy FT-IR . The spectral data

Ž .indicate that at 288C and pressures up to 12 kbar 1200 MPa all three polymers retain the B conformation. Pressure
causes the band at 967 cmy1, arising from water]deoxyribose interactions, to shift to higher frequencies, a result
consistent with increased hydration at elevated pressures. A larger pressure-induced frequency shift in this band is
observed in the single stranded polymers than in the double stranded molecule, suggesting that the effect of pressure
on the hydration of single strands may be greater than upon a double stranded complex. A pressure-dependent
hypochromicity in the bands attributed to base stacking indicates that pressure facilitates the base stacking in the
three polymers, in agreement with previous assessments of the importance of stacking in the stabilization of DNA
secondary structure at ambient and high pressures. Q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Elucidation of the mechanistic details of the
formation and denaturation of nucleic acid he-
lices is of fundamental and practical importance.
Recently, we investigated the effect of hydrostatic
pressure upon the kinetics of these processes for

U Corresponding author. Tel.: q1 416 9787332; fax: q1 416
9788511; e-mail: macgreg@phm.utoronto.ca

DNA duplexes and triplexes as a means of probing
the role of water]DNA interactions in the

w xstabilization of these complexes 1,2 . Our results
show that duplex and triplex molecules exhibit
similar trends, i.e. hyperbaric pressure causes the
rate of helix formation to increase and the rate of
denaturation to decrease. Measurements of the
effect of pressure on the helix]coil equilibrium
have shown that the helix]coil transition temper-

Ž .ature T , and thus the stability of DNA in-m
w xcreases with pressure 1]14 . In our interpreta-
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tion of these results, we have proposed that high
pressure increases base stacking and decreases
the extent of charge neutralization by cations.
The loss of base stacking is expected to con-
tribute a positive volume change to the overall
process while an increase in the linear charge
density of DNA due to decreased counter-ion
interaction should contribute a negative molar
volume change. However, whatever the origin of
the volume changes accompanying DNA denatu-
ration, the net effect is small, the total volume
change of a helix]coil transition being on the
order of q3 mlrmol.

Formation of the activated states leading to
either a helix or a denatured coil also involves
changes in base stacking and ionic interactions
and when the molar volume of the activated state
differs from that of the initial state, then the
kinetics will be sensitive to pressure. The compar-
atively large effect of pressure on the rate con-
stant for helix denaturation may be due to the
formation of a partially open state prior to com-
plete strand separation. In this state the base
stacking is presumably disrupted; however, the
extent of disruption is insufficient to allow water
in between the bases. Formation of such a par-
tially open state would be consistent with the
large positive activation energy we observe for
helix denaturation.

To assist us in the interpretation of our kinetics
and equilibrium data in terms of structural
changes, we have undertaken an investigation of
the influence of hydrostatic pressure on the in-
frared spectra of double and single stranded DNA.
Because many of the chemical groups that give
rise to the infrared absorption bands of nucleic
acids at atmospheric pressure have been assigned
w x15]18 infrared spectroscopy is a powerful tool
for studying conformational changes of nucleic
acids in vivo and in vitro. In contrast to other
spectroscopic regions, there are two experimental
methods available to study vibrational transitions,
infrared absorption spectroscopy and Raman
spectroscopy. The origin of the signal differs for
these two techniques and they yield similar, al-
though not identical data.

We present here the first report of the effect of
hydrostatic pressure upon the fourier transform

Ž .infrared FT-IR spectrum of DNA. The present
study was undertaken to probe the conformatio-
nal changes that may occur in the double and
single stranded forms at high pressure. The sys-

Ž . Ž .tem we have chosen is poly dA poly dT and its
Ž . Ž .component single strands, poly dA and poly dT .

The physical properties of the homopolymer
Ž . Ž .poly dA poly dT have been studied intensively

because of its unusual structure and distinctive
w xphysical properties 11,19]25 . In addition, our

kinetics studies thus far have focused on the
interactions between homopurine and ho-
mopyrimidine oligonucleotides. For practical rea-
sons we could not employ the same oligonu-
cleotides we used in the kinetics experiments. The
other homopurine]homopyrimidine polymer,

Ž . Ž .poly dG poly dC can form non-duplex structures
Ž .and poly dG can self-associate thus making this

system unacceptable for our present purposes.
Therefore, although none of our kinetics studies

Ž . Ž .have focused on the poly dA poly dT system, it
appeared to be a reasonable compromise in terms
of practical considerations and in terms of the
ability to use the findings in the interpretation of
the kinetics results.

2. Experimental procedures

2.1. Materials

We purchased the lyophilized synthetic po-
Ž . Ž . Ž . Ž .lymers, poly dA , poly dT and poly dA poly dT ,

from Pharmacia Biotech and used them without
further purification. All other chemicals were
reagent grade or better. The buffer solution con-
sisted of 20 mM Tris]HCl, pH 8.8, 20 mM NaCl
and 0.1 mM EDTA. The concentrations of sam-
ple solutions are based on the information proved
by the supplier.

2.2. Fourier transform infrared spectroscopy at high
pressure

ŽSmall amounts of the DNA solution con-
.centration ;10% wrv and a small amount of

powdered a-quartz were placed in a 0.37-mm
diameter hole in a 0.23-mm thick stainless steel
gasket mounted on a diamond anvil cell similar to
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w xthe original design of Mao and Bell 26 . FT-IR
spectra at various pressures between ambient and

Ž .approximately 12 kbar 1200 MPa were acquired
with a Digilab FTS-60 fourier-transform spec-
trometer equipped with a liquid nitrogen-cooled
mercury]cadmium]telluride detector. For each
spectrum, 512 scans were recorded at a spectral
resolution of 4 cmy1. The pressure within the
diamond anvil cell was determined by monitoring
the infrared absorption band of a-quartz at 695

y1 w xcm as described by Wong et al. 27 . Data
analysis was performed with software developed
at the University of Ottawa.

3. Results

The conformation adopted by DNA in solution
is dependent on parameters such as the ionic
strength and base pair sequence. The range of
different conformations available to DNA is quite
broad and can involve changes as profound as
reversal of the helical sense; however, there are
many more subtle structural changes that occur
as well. Among the important determinants of
DNA conformational polymorphism are the ori-
entation of the deoxyribose sugar and base with
respect to the helix axis and the relative orienta-
tion of these two groups with respect to each

w xother 22 . The two double stranded conforma-
tions that occur under what can be broadly de-
fined as standard conditions are called the A and
B conformations. These two conformations ex-
hibit characteristic differences in the disposition
of the sugar and base. The A family of DNA
structure occur under conditions of low water
activity and the sugarrglycosidic bond is de-
scribed as being in the C39 endoranti conforma-

Ž .tion an N-type sugar . The B DNA structures
Ž .exhibit C29 endoranti geometry an S-type sugar .

The distinctive absorption of IR radiation by
N- and S-type sugars is a useful marker to charac-
terize sugar geometries and backbone conforma-

w xtions of nucleic acids 28]32 . These bands are
general and independent of base composition or
sequence. Spectra of structures containing N-type
sugars present a strong absorption band in the
vicinity of 865 cmy1 while absorption at approxi-
mately 840 cmy1 is observed for sugars in the S

Ž .Fig. 1. Fourier-transform infrared spectra of poly dA at 288C.
The pressure of the spectra are 0.8, 1.0, 2.0, 3.0, 3.5, 4.5, 5.2,
6.5, 9.0, 10.5, 11.0, and 12.2 kbar.

w xconformation 33 . The IR spectra of the three
y1 Ž .polymers in the 800]900 cm region Figs. 1]3

exhibit strong absorption at 840 cmy1 at pres-
sures up to 12 kbar, indicating that the sugars
remain in the S conformation.

3.1. Deoxyribose geometry

In the spectral region between 900 and 1000
y1 Ž .cm Figs. 1]3 all three polymers absorb at

approximately 967 cmy1 reflecting standard B-
form conformation deoxyribose intra-ring vibra-

w xtions 17,34 . The position of this band is sensitive

Ž .Fig. 2. Fourier-transform infrared spectra of poly dT at 288C.
The spectra were recorded at the following pressures: 1.2, 1.5,
2.7, 3.4, 4.5, 5.3, 6.0, 6.8, 8.5, 10.0, 10.9 and 12.9 kbar.
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Ž . Ž .Fig. 3. Fourier-transform infrared spectra of poly dA poly dT
at 288C. The spectra were recorded at 0.9, 1.5, 1.8, 2.2, 3.2, 3.8,
5.5, 6.1, 7.7, 8.2, 8.5, 10.3, 10.7 and 12.3 kbar.

to the extent of hydration of deoxyribose. As
shown in Fig. 4, the band at 967 cmy1 shifts to
higher frequencies for all three polymers. The
two single stranded polymers exhibit a somewhat
greater shift than the double stranded polymer.

Ž . Ž .This suggests that the poly dA and poly dT may
experience a larger pressure-induced change in

Ž . Ž .hydration than the duplex, poly dA ?poly dT .
Further evidence that the deoxyribose sugars
maintain their B conformation at high pressure is
provided by the absence of absorption at 1188

y1 Ž .cm Figs. 1]3 . This strong, characteristic tran-
sition arises from vibrations of deoxyribose in
DNA in the A conformation and is not observed

w xin any of the spectra reported here 35 .

3.2. Phosphate stretching ¨ibrations

In Figs. 1]3, the IR bands at approximately
1090 and 1230 cmy1 arise from the symmetric
and antisymmetric phosphate stretching vibra-
tions, respectively. These bands have been used
as markers for DNA backbone conformations.
The antisymmetric phosphate stretching mode is
generally the more sensitive to backbone confor-

w xmational change 26,36]39 . This band occurs near
1226 cmy1 for B-family helices and at 1241 cmy1

for helices in the A conformation. We observed

Ž . Ž . Ž . Ž . Ž .Fig. 4. The pressure-induced frequency shift of the hydration-sensitive deoxyibose band: o , poly dT ; e , poly dA ; v ,
Ž . Ž .poly dA poly dT .
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Ž . Ž . ŽFig. 5. The spectral region of poly dA poly dT for the indi-
.vidual spectra, the pressures are the same as those in Fig. 3

Ž . Žand poly dA for the individual spectra, the pressures are the
.same as those in Fig. 1 for in-plane adenine ring vibrations.

By analogy with the behaviour of the Raman band at this
frequency, the peak at 1301 cmy1 is expected to become
sharper and less intense with increased base stacking.

absorption at or near 1226 cmy1 in Figs. 1]3 in
all spectra further confirming that the B confor-
mation is conserved at pressures up to 12 kbar.

3.3. Adenine

The intensity of the absorption bands of nu-
cleic acids often decrease as a consequence of a
structural transition from a random coil to an
ordered helical form. This is known as
hypochromicity and it arises from a mutual can-
cellation of transition moments of bases in the
ordered structure. A hypochromic effect in the
Raman bands of adenine in-plane ring vibrations
at 730 cmy1 and 1301 cmy1 upon helix formation

w xhas been reported 15]17 . These two bands are
also characteristic of adenine in IR spectra of

w xDNA 46 . In our analysis, we have made the
assumption that they will also display stacking-de-
pendent hypochromicity and that they are useful
indicators of adenine stacking in polynucleotides.

Ž . Ž . ŽFig. 6. The spectral region of poly dA poly dT for the indi-
.vidual spectra, the pressures are the same as those in Fig. 3

Ž . Žand poly dT for the individual spectra, the pressures are the
.same as those in Fig. 2 sensitive to deformation of thymine.

The band at 1281 cmy1 is consistent with the B conformation;
this band appears at 1273 cmy1 in the A conformation.

No pressure-induced hypochromicity of the band
y1 Ž . Ž . Ž .at ;730 cm for poly dA or poly dA poly dT

in Figs. 1 and 3 is evident. However, the 1301-
cmy1 band exhibits a qualitative reduction of the

Ž .intensity and a change in the peak shape Fig. 5 .
We attribute this observation to a pressure-in-
duced increase in base stacking.

3.4. Thymine

The conformation-sensitive mode involving the
N1]C6]H and C5]C6]H deformations of

y1 Ž .thymine appear at 1281 cm for poly dT and
Ž . Ž . Ž .poly dA poly dT Fig. 6 . This is consistent with a

B conformation as this band appears at 1273
y1 w xcm in the A conformation 28 . The relative

intensity of the bands also decreases with increas-
ing pressure.

4. Discussion

The frequencies, bandwidths, intensities and
shapes of vibrational bands reflect the structural
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and dynamic properties of molecules. Infrared
spectroscopy provides a useful method to investi-
gate molecular structure and dynamics under a
wide range of experimental conditions. One of
the most successful exploitations of this technique
is in the study of the effect of hydrostatic pres-
sure on the conformational stability of proteins

Žand lipid membranes for a general review, the
w x.reader is referred to the chapters in Wong 18 .

The data presented here are the first measure-
ments of the effect of high pressure on nucleic
acids using IR spectroscopy.

Our previous studies on the influence of high
pressure on the thermodynamics and kinetics of
nucleic acids at high pressures have revealed that
duplex and triplex structures are stabilized by

w xpressure 11]14 . We have also shown that, with
increasing pressure, the rate of helix formation
increases and the rate of helix denaturation de-

w xcreases 1,2 . The thermodynamic and kinetics
results were obtained by measuring changes in
the UV absorption resulting from the helix]coil
transition. We found no evidence of large-scale
structural changes in the duplex form caused by
pressure; however, in this spectral region, it is not
possible to address the possibility of less dramatic
conformational changes, such as a transition
between the B and A forms.

Analysis of spectral parameters at elevated
pressure is complicated due to experimental ef-
fects. In the diamond anvil cell, there is often a
general intensity decrease with increasing pres-
sure due to the reduction of the sample thickness.

ŽA small shift to higher frequencies F 0.3
y1 .cm rkbar because of the decrease in the atomic

interaction distances is also common. However,
with these caveats, the data presented here yield
several interesting results.

We have acquired FT-IR spectra for
Ž . Ž .poly dA poly dT and its component single

Ž . Ž .strands, poly dA and poly dT at pressures up to
Ž .12 kbar water freezes at higher pressures . The

positions of the bands arising from the phosphate
and deoxyribose vibrations are consistent with the
molecules remaining in the B form under these
conditions. The resistance of these polymers to-
ward pressure-induced conformational changes
may arise due to a combination of structural

stability and hydration effects. The duplex po-
Ž . Ž .lymer, poly dA poly dT exhibits many unusual

physical properties. For example, it is structurally
rigid because of the system of bifurcated hydro-
gen bonds between adjacent base pairs. The base
pairs also exhibit an unusually high degree of

w xpropeller twist 23 . The extent to which the data
we report here can be extrapolated to DNA po-
lymers with other sequences is a matter of conjec-
ture; however, the data are consistent with our
previous studies on the influence of hydrostatic
pressure on the stability and kinetics of DNA
helices.

Although the single stranded polymers,
Ž . Ž .poly dA and poly dT , are less conformationally

constrained than the duplex, their sugar confor-
mations in solution maintain the conformation
observed in the duplex right-handed B conforma-

w xtion 40,41 . The sugar conformation of these
molecules is unaltered at high pressure despite
their greater flexibility.

One of our motivations for carrying out this
study was to assist in the interpretation of our
data on the influence of hydrostatic pressure on
the stability and kinetics of DNA helices. We
have shown previously that the activation volume
of the DNA helix formation is negative, the molar
volume of the transition state is smaller than that

w xof the two interacting single strands 1,2 . Experi-
mentally, the negative activation volume is mani-
fested by an acceleration of the rate of helix
formation at high pressure. The smaller volume
of the transition state may be a result of hydra-
tion effects, electrostriction effects or conforma-
tional changes. Estimations of the role of hydra-
tion in the stabilization of DNA have shown that
hydration decreases the electrostatic repulsion
between adjacent, negatively charged phosphates,
increases the attraction between base and phos-
phate residues and has a marked influence on the

w xstacking of neighbouring bases 42 . These changes
are consistent with the results of spectroscopic
and kinetic studies carried out at high pressure.

The absence of significant changes in the fre-
quencies of the bands arising from backbone vi-
brations implies that, to a first approximation, the
backbone conformations of the three DNA po-
lymers do not change with increasing pressure. At
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high pressure the polymers will adopt the confor-
mation with the greatest extent of hydration. Se-

w xmenov et al. 34 have shown that shifts in the
band at 967 cmy1 to higher frequencies corre-

w xlates with increasing DNA hydration 34 . Pres-
sure causes this band to shift to higher frequen-
cies with the single stranded polymers exhibiting
a larger shift than the duplex polymer. This
observation together with the absence of any large
pressure-induced changes in the backbone con-
formation underscore the importance of hydra-
tion in the structure of right-handed B helices,

The stabilization of ordered structures by high
pressure is also reflected in the adenine and
thymine vibrational bands. Hypochromicity and
frequency shifts in the in-plane base ring modes
are useful for investigating base stacking and

w xhelix formation in nucleic acids 16,34 . In spectra
of the single and double stranded polymers we
have shown that the base stacking markers for

Ž y1 . Ž y1 .adenine 1301 cm and thymine 1281 cm
become sharper and less intense with increasing
pressure. Both of these changes are indicative of
increased base stacking. Studies with model com-
pounds in aqueous solutions have shown that
stacking of aromatic compounds proceeds with a
negative volume change, and thus is favoured by

w xelevated pressure 43 . We propose that the nega-
tive activation volume of helix formation observed
in previous studies may be related to this effect:
high pressure decreases the extent of random coil
in the single stranded forms shifting the coil¡
helix equilibrium of the individual single strands
toward the helix state. This accelerates the nucle-
ation and helix propagation step of the reaction
leading to double stranded helix formation by
forcing the single stranded sections of the nascent
helix to adopt a conformation resembling a dou-
ble stranded helix. This idea appears to be consis-
tent with the results of Vesnaver and Breslauer
w x44 from their investigation of the contribution of
single stranded structure to the energetics of du-
plex formation at atmospheric pressure. They de-
monstrated that single strands could exhibit intra-
molecular interactions that enthalpically poise
them for duplex formation. Prior to association at
258C, the two complementary single strands al-
ready possess more than 40% of the total en-

thalpy that stabilizes the final duplex state. Ku-
w xmar 45 has put forward a proposal that relates

the stability of polymeric nucleic acid duplexes to
the internal pressure of solutions, the lack of
significant structural changes at elevated hydro-
static pressures appears to be consistent with this
hypothesis.
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