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calculations on the temperature dependence of a phase change: Application to the B
to Z conformation change in DNA
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The temperature and salt concentration dependence of the B to Z conformation phase change
observed in some DNA polymers is calculated using the modified self-consistent phonon approxi-
mation theory. The principal modification from more standard self-consistent phonon theory is the
incorporation of thermal expansion in the initial determination of the effective force constant. It is
this modification that has allowed application of the method to melting temperatures and led to the
theory of DNA melting. The temperature dependence of the B to Z transition is shown to depend
entirely on the incorporation of the thermal expansion into the theory. The excellent agreement be-
tween the predictions of the modified theory with observation indicates the importance of including

thermal expansion effects.

PACS number(s): 87.10.+e, 63.20.Dj, 63.70.+h, 87.15.By

I. INTRODUCTION

Calculations of the dynamics of the DNA double helix
which involve base pair separation require methods that
can deal with very large systems that are very nonlinear.
The minimum unit cell for a double helix contains 41
atoms which means that the minimum secular determi-
nant is 123 x 123 which is fairly large. Any problem that
involves bond separation is necessarily highly nonlinear.
The usual approach for such a combined problem is to
do simulations. Molecular dynamics simulations on rea-
sonable size sections of the DNA helix run for simulated
times of tens of picoseconds. It is known from experimen-
tal observations of the spin exchange of protons involved
in interbase H bonding that the time scale for base pair
opening is milliseconds [1,2]. Simulations would have to
be carried out for some 108 to 10!° times longer to in-
vestigate problems which involve base pair opening. It is
unlikely that simulations relevant to this problem will be
possible in the near future.

The problem of large size and large nonlinearity has
been explored by the use of an effective phonon theory
for the DNA double helix [3,4]. The approach works be-
cause the self-consistent phonon approximation (SCPA)
theory [5] essentially separates the two elements of the
problem. The nonlinearities are incorporated into an ef-
fective linear force constant leaving a linear problem to
be solved. The large size is then solved by linear har-
monic lattice theory which can deal with large systems
by simple matrix diagonalization procedures. The diag-
onalization leads to a normal mode spectrum which can
give information on displacement amplitude with the ad-
dition of statistical values for mode occupation values.
The two elements of the problem are then justified by
forcing self-consistency by self-consistent phonon theory.
We have found that one needs a modified version we call
modified self-consistent phonon approximation (MSPA),
which incorporates thermal expansion directly into the
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determination of the self-consistent force constants to
give reasonable results in applying self-consistent phonon
theory to the high temperature regime needed for bond
disruption studies. The theory has been very success-
ful in calculating the probability of H-bond disruption,
the entire base pair separation, and even the cooperative
melting of the double helix [6-8]. MSPA is used as a sta-
tistical approach and is applicable to the long time scale
events such as base pair separation.

This paper investigates a phenomenon that depends
critically on the details of the nonlinearities in the sys-
tem studied and therefore can be used as an example
of just how well the MSPA model incorporates thermal
expansion and the associated nonlinearities in such an
application. The transition studied is the phase change
from the B conformation to the Z conformation of cer-
tain polymer DNA helices. The change is quite profound
as the B conformation is a right handed helix and the Z
conformation is left handed. The conformation change is
primarily driven by a change in the salt concentration in
the medium surrounding the helix; the very high salt ver-
sion is the Z form and at physiological salt concentration
the helix is in the standard B form.

Base pair opening enters into the problem as one of the
scenarios for the transition path involves base pair sepa-
ration. In addition to changing the handedness of the he-
lix the conformation change also requires that each base
pair turn over, i.e., the top of the base pair has to rotate
to become the bottom. Since the base pairs are wide
compared to the spacing between them there is steric
hindrance to such a rotation. An assumed path then is
that the base pair separates and the separate bases leave
the stack. Outside of the stack rotation of the bases is
unhindered and the rotation can easily occur. The ro-
tated bases then reform somehow and restack in the al-
tered conformation. The required base pair separation is
known to occur with reasonable probability and is stud-
ied by analyzing the spin exchange of the protons in the
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interbase H bonding [2,9].

Although the conformation change is primarily driven
by changes in salt concentration there is a small tem-
perature dependence to the transition over a small re-
gion of salt concentration [10]. It is this temperature
dependence which is critically determined by the differ-
ing nonlinearities in the different conformations. In this
paper we construct a theoretical calculation of the salt
and temperature dependence of the transition based on
MSPA and show that the temperature dependence arises
from the nonlinearities. The MSPA treatment works well
enough at incorporating nonlinearities to correctly pre-
dict the correct behavior of this subtle effect.

II. B TO Z TRANSITION PATHWAYS

Because of possible involvement of Z conformation seg-
ments in gene expression [11] and recombination [12,13],
Z-DNA and B-Z transitions have been the subjects of
intense investigations [14]. A fundamental and yet un-
solved problem is the determination of the pathway and
mechanism of the B-Z transition. At present there are
three different views regarding the mechanism of B-Z
transition. One as discussed above is that the transi-
tion involves base pair opening before rotation [15-19].
The second view is that the transition involves nondisrup-
tive transfiguration through a series of correlated internal
motions in the backbone and glycosyl bond to facilitate
base pair rotation without base pair breakage [20-23].
A third view is that the transition is through an inter-
mediate A-type conformation with no disruption of in-
terbase H bonds and without severe sterical interference
[24]. While several models of transition mechanism have
been proposed, experiments have yet to come up with a
conclusive answer.

In an earlier work we proposed a model of B-Z tran-
sition where the transition is facilitated by thermal fluc-
tuational base pair opening [25]. In our model the tran-
sition is characterized by domain formation and domain
growth rather than an instantaneous transition involving
all the segments of DNA. We assume the simultaneous
existence of a B domain and a Z domain separated by a
small region with conformation disrupted and unpaired
bases. We assume that disrupted pairs are necessary to
allow base flip over leading to domain conversion. We
further assume that the boundary is most likely to ad-
vance into the domain that presents the most fluctua-
tional base pair openings adjoining the boundary. We
calculated base pair opening probabilities of both B- and
Z-DNA copolymer Poly d(G-C)-Poly d(G-C) at various
salt concentrations and at room temperature. Our cal-
culated probabilities are in agreement with both low salt
B-DNA measurements and high salt Z-DNA measure-
ments [9]. The salt dependence of the calculated proba-
bilities shows a crossover at a salt concentration close to
the observed transition concentration.

The conversion between B and Z conformation re-
quires all bases to rotate 180° from the position they
had before conversion [16]. Such a base pair rotation has
many elements in common with the spin reversal tran-

sitions in magnetic systems. In the spin transition case
each spin must reverse its orientation and the transition is
characterized by domain formation and domain growth
rather than an instantaneous reversal involving all the
segments of the system [26]. The instantaneous transi-
tion requires an intermediate state of massive disruption
of the spin orientation. In domain growth transitions the
disruption of the spins is confined to a small region at
the domain boundaries. This reduction in the size of dis-
rupted region greatly reduces the energy associated with
the disrupted region. This transition is then character-
ized by the formation of a new domain and the advance of
the domain boundary into and through the old domain.

In reality the values of critical concentration and tem-
perature dependence predicted by our analysis cannot be
used to argue conclusively that B-Z conformation change
proceeds by base pair disruption. It has been recognized
for a long time that the solid liquid melting temperature
can be determined by the crossover temperature for the
solid vapor pressure curve and the liquid vapor pressure
curve. This fact does not imply that melting always takes
place via a vapor phase intermediary, only that it could.
The situation here is quite similar. The process could
occur through open base pairs. The critical values found
in this one path give information about the fundamental
stability of the two phases that is true even if some other
path is more efficient.

III. INCORPORATION OF SALT EFFECT AND
THERMAL EXPANSION IN INTERBASE
H-BOND STABILITY

The mean length of a thermally equilibrated intact H
bond in a large system depends on two factors. One
is static forces exerted on the bond that determine the
positions of the interatomic potential minima. The sec-
ond factor is dynamic, i.e., due to the effects of thermal
motion in an asymmetric potential (thermal expansion).
For a salt dependent theory of interbase H-bond stabil-
ity in DNA both factors are present and synergistically
interact.

The phosphate groups in DNA are charged and these
charged groups generate repulsive forces that are bal-
anced by other forces in the system. In particular the
cross strand phosphate-phosphate repulsive force gener-
ates a tension across the interbase H bonds. This ten-
sion together with the tension generated from other non-
bonded forces must be compensated for by the generation
of a compensating stress in the interbase H bonds so that
the interbase H bonds are stabilized at a particular po-
sition. The compensating stress arises from an induced
strain in the interbase H-bond lengths. Since the charges
in the phosphate groups are screened by counterions
in the surrounding solvent, the strength of phosphate-
phosphate repulsive force changes at varying salt con-
centrations. Therefore the equilibrium bond length of an
interbase H bond is dependent on salt concentration.

In general the mean bond length Ri™ of an intact H
bond can be given by

R:“t = r? + dr? + d'riT (1)
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where 7 is the potential minimum, and dric and driT
are salt induced strain and thermal expansion, respec-
tively. The detailed description of dr{ and dr} together
with the formulation of our salt dependent MSPA the-
ory, including formulation of the salt screened phosphate-
phosphate repulsive force by Soumpasis’ potential of
mean force (SPMF) approach [27], has been presented
elsewhere [28]. In the present work the same formula is
employed. Interested readers are directed to Ref. [28].
Thermal fluctuational base pair opening probabilities
as well as individual interbase H-bond disruption proba-
bilities are dependent on the mean bond length of the H
bonds involved. As a result the thermal stability of these
interbase H bonds are dependent on salt concentration
and thermal expansion. The salt dependence can be an-
alyzed within the framework of the MSPA theory [25,28]
in that the stress induced strain in the interbase H bonds
can be calculated by a simple consideration of balance
of forces across the interbase H bonds. The calculated
strain or the change of bond length can then be incorpo-
rated into the MSPA self-consistent formalism and this
MSPA theory then becomes a salt dependent theory.

IV. RESULTS AND DISCUSSIONS
A. Determination of nominal salt concentrations

In the salt dependent MSPA theory a nominal salt con-
centration is defined as the concentration at which the
interbase H bonds in a particular DNA structure can be
regarded as unstrained. That is to say at this salt con-
centration the equilibrium bond length of an interbase H
bond can be determined by that particular H-bond po-
tential and no further static force correction is necessary
in the calculation. The change in the bond length at a
different salt concentration is then determined by the dif-
ferences in the cross strand static forces with respect to
the forces at the nominal salt concentration. In MSPA
we use a Morse potential as the potential for an inter-
base H bond. This potential is an effective potential for
the bond end atoms. Our Morse parameters were deter-
mined using experimental data obtained from B-DNA
samples. They were fitted assuming that the H bonds
were in equilibrium at the x-ray determined positions
at room temperature. The nominal salt concentration
should then correspond to the conditions under which
the experiments were carried out. The exact value of
this nominal salt can be determined as that concentra-
tion at which the salt shielded Coulomb strains across
the H bonds from the phosphate groups are exactly can-
celed by other cross H-bond nonbonded interactions and
the H-bond reaction forces at the x-ray determined con-
figuration at room temperature. Our calculations give a
value of 0.05M NaCl for both AT and GC base pairs in
B conformation in agreement with the range of salt con-
centrations reported for the samples used in the x-ray
analysis and the Raman and ir analyses.

In the calculation of the Z-form DNA polymers we use
the same Morse parameters as those of the B-form GC

pairs we used earlier. Because of significant structural
differences in the backbones the cross strand SPMF force,
the solvent averaged cross strand phosphate-phosphate
repulsive force, in a Z-form DNA differs significantly
from that in a B-form DNA. Therefore one expects the
nominal salt concentration of a Z-form DNA to be dif-
ferent than the nominal salt concentration of a B-form
DNA. For the Z-form Poly d(G-C)-Poly d(G-C) we calcu-
late the value of its nominal salt concentration by the use
of the same formula as that used for B-form DNA poly-
mers. Our calculation gives a value of ~ 0.25M NaCl for
both fiber and crystal coordinates. This value is differ-
ent from the value of 0.05M NaCl for the B-form DNA
polymers. The difference arises because the phosphate-
phosphate repulsion is stronger as the charges are closer
in Z-DNA than that in B-DNA. As a result additional
counterions are needed to shield the phosphate repulsion
in Z-DNA polymers. It is interesting to note that our
calculated Z-DNA nominal salt is actually close to the
salt concentrations used in both fiber [29] and crystal [16]
studies from which our coordinates for Z-form Poly(dG-
dC)-Poly(dG-dC) are obtained.

B. Temperature dependence of the base pair
opening probability

We carry out a calculation to calculate base pair open-
ing probability P°P of the fiber B-form, fiber Z-form,
and crystal Z-form Poly d(G-C)-Poly d(G-C). The fiber
coordinates can be found from Ref. [31] and the crys-
tal coordinates can be found from Ref. [30]. The cal-
culated P°P’s of the three structures at different NaCl
concentrations and at several temperatures are given in
Figs. 1 and 2. We find that our calculated P°P’s of
both the B-structure at lower salt concentration and the
two Z-structures at high salt concentrations are in fair
agreement with available experimental estimates. For ex-
ample the P°P for the B-form Poly d(G-C)-Poly d(G-C)
at 0.1M NaCl is 4.65 x 107® at 308 K. This is in fair
agreement with the observed value of 2.5 x 10 for the
base pairs in a B-DNA oligomer d(CG);2 from imino
proton exchange measurement at the same salt concen-
tration and same temperature [9]. At 4M NaCl the cal-
culated P°P of the Z-form Poly d(G-C)-Poly d(G-C) is
1.61 x 10~ for the fiber coordinates and 7.78 x 10~ for
the crystal coordinates at 308 K. These are within a fac-
tor of 3 of the estimate of 5 x 10~7 for the base pairs in
the Z-form d(CG); from imino proton exchange mea-
surement at that salt concentration and temperature [9].

From Figs. 1 and 2 one finds that at low salt concen-
trations our calculated P°P’s of the two Z structures are
higher than that of the B structure. At high salt con-
centrations the P°P’s of both Z structures are lower than
that of the B structure. The cross over salt concentra-
tion Cg_z for the curves is also close to the observed
B-Z transition concentrations. For example at 293 K
our calculated Cpg_z is 2.54M NaCl for the fiber struc-
ture and 1.44M NaCl for the crystal structure. These
are compared to the observed value of 2.28 M NaCl for
a 100 bp oligo(dC-dG) from a uv measurement at 295



49 NONLINEAR EFFECTS AND THERMAL EXPANSION AS ... 3447

1073 . . . . .

pa m——y

1074

—rorT
s

_.

o
&

——

poP

1076

1077}

4.0 50 6.6C

-8 ) L
10 0.0 1.0 2.0

3.0
C (M)

FIG. 1. Comparison of base pair opening probability P°P of
fiber Z and fiber B DNA Poly d(G-C)-Poly d(G-C) at various
NaCl concentrations and at several temperatures. The solid
lines are for the Z structure and the dashed lines are for the
B structure. The uppermost solid (dashed) line corresponds
to the calculation at 353 K, the second solid (dashed) line at
333 K, the third solid (dashed) line at 313 K, the fourth solid
(dashed) line at 293 K, and the lowest solid (dashed) line at
273 K.

K [17]. At 298 K the calculated cross over concentra-
tion is 2.57M NaCl for the fiber structure and 1.46M
NaCl for the crystal structure. These are compared to
the observed values of 2.56 M NaCl from a uv measure-
ment [17,32] and 1.67M NaCl from a circular dichroism
(CD) measurement [17,32] for Poly d(G-C)-Poly d(G-C)
at the same temperature.

We point out that although the P°P of a base pair
in both the B and Z form Poly d(G-C)-Poly d(G-C) is
small, the observed lifetimes of these GC pairs are well
within the range of observed B-Z transition relaxation
times. For example, the lifetime of a B-DNA GC pair is
in the range of 10 milliseconds [2] and that of a Z-DNA
GC pair is in the range of a few tenths of a second [9]. In
comparison the observed relaxation times of B-Z tran-
sition are in the range from tens to hundreds of seconds
per base pair [14,15,19]. The B-Z transition relaxation
time is a measure of the time scale associated with the
transition. This comparison indicates that thermal fluc-
tuational base pair opening is fast enough to facilitate
B-Z transition.

Our calculated Cp_z’s show a temperature depen-
dence in agreement with observations. Experimental
measurement has shown [10] that in a certain range of
NaCl concentration there exists a temperature such that
Poly d(G-C)-Poly d(G — C) adopts the Z form below the
temperature and it adopts the B form above the temper-
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FIG. 2. Comparison of base pair opening probability P°P of
crystal Z and fiber B DNA Poly d(G-C)-Poly d(G-C) at var-
ious NaCl concentrations and at several temperatures. The
solid lines are for the Z structure and the dashed lines are
for the B structure. The uppermost solid (dashed) line corre-
sponds to the calculation at 353 K, the second solid (dashed)
line at 333 K, the third solid (dashed) line at 313 K, the fourth
solid (dashed) line at 293 K, and the lowest solid (dashed) line
at 273 K.

ature. This temperature increases as the salt concentra-
tion increases. The range of NaCl concentration where
this phenomenon can be observed at experimentally ac-
cessible temperatures is narrow. It is between 2.3M and
2.5M [Na*]. Below and above these limits only B and Z
forms are observed, respectively. A similar behavior was
observed in high concentrations of KCl and CsCl. From
Fig. 3 we find that our calculated Cg_z’s of both fiber
and crystal structures show the same behavior. The cal-
culated Cp_ z of the fiber structure increases from 2.49M
NaCl at 273 K to 2.78 M NaCl at 333 K. It decreases
slightly as temperature further increases. It reduces to
2.76 M NaCl at 353 K. The increment between the calcu-
lated C'p_z at high temperature and that at the freezing
temperature is ~ 0.29M NaCl which is close to the ob-
served increment of 0.2M NaCl in Poly d(G-C)-Poly d(G-
C) [10]. Assuming that the transition occurs from fiber
form B-DNA to fiber form Z-DNA and vice versa the
predicted critical salt concentration and its temperature
dependent behavior is close to observation. The Cp_z
of the crystal structure also increases from 1.36 M NaCl
at 273 K to 1.63M NaCl at 333 K. As the temperature
further increases the Cp_z again decreases slightly. It
is reduced to 1.61M NaCl at 353 K. The largest incre-
ment between the calculated Cg_z at high temperature
and that at the freezing temperature is ~ 0.27M NaCl
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FIG. 3. Calculated cross over concentration Cg_z of
Poly d(G-C)-Poly d(G-C) as a function of temperature.

which is again in fair agreement with experimental mea-
surements.

C. Effect of normal mode frequency, cross strand
SPMF force, and thermal expansion on the B-Z
cross over concentration

The effect of temperature on base pair opening proba-
bility and the cross over concentration is determined by
three factors. One is the temperature induced changes in
the normal mode frequencies of the system. The normal
mode frequencies determine the vibrational free energy
of the system. The temperature induced changes in the
frequencies of the normal modes, however, have a rather
limited effect on the temperature dependence of the mean
vibrational amplitudes and thermal expansion of the in-
terbase H bonds. Since P°P is determined by mean vi-
brational amplitudes and thermal expansion of the bond,
one expects the effect associated with the change in the
normal mode frequencies is negligible.

The second factor is the temperature dependent strain
in the interbase H bonds induced by the cross strand
solvent averaged phosphate-phosphate interactions. The
SPMF polyelectrolyte B-Z free energy difference shows
little temperature dependence in the region around cross
over concentration. This polyelectrolyte effect enters our
MSPA calculation in derivative form. In our calculation
this derivative has sizable but almost identical temper-
ature dependence for B and Z conformation. The tem-
perature dependence of the transition depends on differ-
ences in the individual temperature dependences and lit-
tle transition temperature dependence results. That this

is so can be seen in Fig. 4 where the force from SPMF
labeled 6f, is shown as a function of temperature for
several salt concentrations for both conformations. The
force 4 f,, is defined as the change of the SPMF force at
concentration C with respect to that at the nominal salt
concentration Co, i.e., § f, = fp(C) — fp(Co). This is the
force that enters into MSPA formalism.

The slope of the lines in Fig. 4 are nearly identical for
all cases. The change in the differences in §f, between
conformations is relatively unaffected by change in tem-
perature. There is some small systematic shift in slopes
between the conformations. The Z conformation force
decreases faster, i.e., goes to a larger negative value with
increasing T'. Since negative force compresses the helix,
larger negative force stabilizes the helix. The net effect
of temperature on the polyelectrolyte forces in the helix
is to shift to more stability for Z at higher temperature.
This effect is negligibly small at room temperature and
only becomes significant at very high temperatures.

The spacing between lines for different salt concentra-
tions is quite different for the two conformations. The
effect of changes in salt on the change in 4 f, is large and
therefore the Coulomb shielding effect is most important
to the conformation change at a given temperature.
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FIG. 4. Calculated cross strand SPMF force 0f, =
fp(C) — f(Co) of Poly d(G-C)-Poly d(G-C) as a function of
temperature and NaCl concentration. C is the NaCl concen-
tration and Cp is the nominal salt concentration. The force
is in units of mdyn/bp (1 mdyn=10"8 newton; bp stands for
base pair). The solid lines are for the fiber B structure and
the dashed lines are for the fiber Z structure. The uppermost
solid (dashed) line corresponds to calculation at C=2.0M
NaCl, the second at 2.2M NaCl, the third at 2.4M NaCl,
the fourth at 2.5M NaCl, the fifth at 2.6 M NaCl, the sixth at
2.8 M NacCl, and the lowest solid (dashed) line at 3.0M NaCl.
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At high salt concentrations where the cross over occurs
the net Coulomb forces become negligibly small and the
hard sphere interactions become dominant in SPMF. Our
calculation indicates that at concentrations higher than
2M NaCl for the fiber Z structure or 1M NaCl for the
crystal Z structure, the Z structure appears to be more
commensurate with the optimal positions for negative
ions in the salt structure. This can be seen by the smaller
value of SPMF force of the Z structures as shown in Fig.
5.

The third factor that can affect the temperature depen-
dent behavior of the P°P and cross over concentration is
the thermal expansion and its effect on nonlinearities in
the interbase H bonds. From the definition

PP = HAi/

Lmex

oo

dr exp[—(r — R;)?/2D;] , (2

one finds that P°P depends sensitively on the mean bond
length R; of the interbase H bonds. Here 7 is the index
of the interbase H bonds in a base pair and the prod-
uct runs over all the interbase H bonds in a base pair.
R;, D;, and L™®* are mean bond length, mean square
vibrational amplitude, and maximum stretch length of
an H bond, respectively. A; is a normalization factor.
In MSPA the R; of an interbase H bond is given by the
sum of the potential minimum r? and a thermal expan-
sion term. The thermal expansion term is determined by
the mean vibrational square amplitude D;. Therefore the

3.0 T T T T T

o (1072 mdyn/bp)

“- 0.0
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10 10 102 102 10" 10° 10!
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FIG. 5. Calculated cross strand SPMF force f, of
Poly d(G-C)-Poly d(G-C) as a function of NaCl concentra-
tion at room temperature (293 K). The force is in units of
mdyn/bp (1 mdyn=10"° newton). The solid line is for the
fiber Z structure, the long dashed line is for the crystal Z
structure, and the short dashed line is for the B structure.
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FIG. 6. Calculated mean interbase stretch square vibra-
tional amplitudes D* of individual band of normal modes of
B-form Poly d(G-C)-Poly d(G-C) as a function of the band
zone center frequency w»x. The solid lines correspond to calcu-
lation at 293 K and the dashed lines correspond to calculation
at 333 K. The lines are located at the respective zone center
frequencies of the bands.

temperature behavior of D; determines the temperature
behavior of thermal expansion and in turn determines
the temperature behavior of P°P.

Figures 6 and 7 show the calculated mean square vi-
brational amplitude D* from an individual normal mode
band (Ath band) as a function of zone center frequency
wy of that band. Here ) is the index of the normal mode
band. D* is the average of the D}’s of the interbase
H bonds. D is defined such that the sum of D} gives
the total D;: D; = 3, D}. In Figs. 6 and 7 the am-
plitudes D*’s are represented by solid (at 293 K) and
dashed (at 333 K) lines located at their respective zone
center frequencies of the bands. In this calculation the
SPMF induced strain in the interbase H bonds is ignored.
In an earlier work we have shown that the bulk of base
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FIG. 7. Calculated mean interbase stretch square vibra-
tional amplitudes D* of individual bands of normal modes of
fiber Z-form Poly d(G-C)-Poly d(G-C) as a function of the
band zone center frequency wy. The solid lines correspond
to calculation at 293 K and the dashed lines correspond to
calculation at 333 K. The lines are located at the respective
zone center frequencies of the bands.
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pair disruption motion comes from several vibrational
modes whose character is best described as basic breath-
ing motion across the interbase degrees of freedom [33].
The breathing modes can be identified as those modes
which contribute significantly to the interbase breathing
mean square amplitude. The breathing modes of the B
structure are distributed in a frequency range between
70 cm~! and 115 cm™!. The breathing modes of the
Z structure are distributed in a much narrower region
which is concentrated around 100 cm~!. The zone center
frequency of the breathing modes of both structures de-
creases slightly with temperature in a similar way. How-
ever, the amplitudes of the breathing modes of the two
structures show different behavior. We find that the D*
of the breathing modes of the Z structure increases with
temperature much more significantly than that of the
breathing modes of the B structure. There is a collapse of
character into H-bond breathing motion for these modes
and this amplifies the effect of their drops in frequency.
As a result the P°P of the Z structure increases faster
than that of the B structure. One then expects that the
difference in the effect of thermal expansion and associ-
ated nonlinearities of the two structures would cause the
cross over concentration shifting towards higher concen-
tration at increasing temperature. A similar behavior is
also found in the crystal Z structure calculation.

The opposing effects of thermal expansion and cross
strand SPMF force on the temperature dependence of

the cross over concentration interact, resulting in our
calculated behavior. At lower temperatures, where the
difference between the decreasing rate of SPMF force of
the B and Z structure is small, the effect of thermal ex-
pansion plays a dominant role in the determination of
temperature dependence of the cross over concentration.
As a result the cross over concentration shifts toward
higher concentration when temperature is increased. As
the temperature increases, the increases in both cross
over concentration and temperature result in a larger
and larger difference between the decreasing rate of the
SPMF force of the B and Z structure. At a sufficiently
high temperature the effect associated with the SPMF
force is expected to become so strong that it outweighs
the effect associated with the thermal expansion. As a
result the cross over concentration stops increasing and
even begins to decrease somewhat as shown in Fig. 3.
The overall net effect of thermal expansion and SPMF
force on the temperature dependence of the cross over
concentration is relatively small as seen both from our
calculation and from observations.
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