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Abstract Weusethemodified self-consistent phonon ap-
proximation theory to calculate temperature dependent
interbase hydrogen bond disruption profiles for a number
of six base pair repeating sequence infinite B-DNA poly-
mers with various guanine-cytosine/adenine-thymine ra-
tios. For comparison we also include results we have ob-
tained in our earlier work on several B-DNA homopoly-
mers, copolymers and afour-base-pair repeating sequence
polymer. Our theory gives a statistical estimate of thermal
fluctuational disruption probability of individual hydrogen
bondsinindividual basepairsin DNA asafunction of tem-
perature. The calculated probabilities show no sequence
dependence at premelting temperatures, in agreement with
proton exchange measurements. These probabilities how-
ever become very sensitive to base sequence at tempera-
tures close to the observed melting temperatures. Multi-
phasic critical transitions are found in which a portion of
base pairsaredisrupted at temperaturesbelow thefinal dis-
ruption temperature. Thesetransitionsinclude localized as
well asnon-localized basepair opening. Thelocalizedtran-
sitionsinvolvedisruption of afew base-pairsat every other
location without large scal e base unstacking, and they may
not appear in the observed UV curves with current resolu-
tion. On the other hand the overall disruption behavior is
consistent with observations. The midpoint transition tem-
peratures are close to the observed melting temperatures
and these temperatures show the observed linear depen-
dence on guanine-cytosine content. Our calculations indi-
cate that our theory can be used effectively to calculate
H-bond disruption behavior of different DNA sequences.
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Introduction

Disruption of the interbase hydrogen bonds (H-bonds) in
DNA isessential inmany biological eventsrelatedto DNA.
An understanding of the effect of DNA sequence and tem-
perature on H-bond disruptionisthereforeimportant in the
study of the underlying mechanism of these biological pro-
cesses. Proton exchange experiments indicated that the
thermally induced disruption of individual H-bonds at pre-
melting temperatures is insensitive to the sequence of the
DNA (Gueron et al. 1987, 1990). In comparison strong se-
guence dependenceisfound in the melting of DNA (Lyub-
chenko et al. 1978; Wada et al. 1980; Wartel and Benight
1985). The denaturation of a random sequence DNA ap-
pears to be multiphasic. The regions rich in adenine-thy-
mine (AT) base pairsare found to melt first and the regions
rich in guanine-cytosine (GC) base pairs melt last. DNA
melting involves massive disruption of H-bonds and un-
stacking of the bases. This melting is monitored from the
change in UV absorption which arises from the unstack-
ing of the bases. While these experiments give agood in-
dication of sequence effects on massive H-bond disruption
at melting, the measured profileisindirectly related to the
H-bond behavior. In addition the limited resolution does
not allow the detection of small changes in base stacking
and hinders the ability of the experiment to find localized
disruption. It is the purpose of the present work to carry
out computer cal culationsto determine the H-bond disrup-
tion profilesof different DNA sequencesat melting aswel
as premelting temperatures.

The observed sequence dependent step-wise denatura-
tion has been successfully predicted by the nearest-neigh-
bor helix-coil transition theory which is based on the Ising
two-state model with specific parametersthat introduce se-
guence-specific effectsinto the melting of DNA (Crothers
1971; Fixman and Freire 1977; Lyubchenko et al. 1978;
Wartel and Benight 1985). The parameters arefitted to ob-
served melting behavior in some systems and then repro-
duce the complex melting profilesin others. In addition to
the dependenceonthefitted parameters, the helix-coil tran-
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sition theory gives no atomic-level information on the
melting process. In order to probe the H-bond disruption
profile it is necessary to use an atomic level microscopic
theory based on atom-atom interactions. One might think
that molecular dynamcis (MD) simulation could be used
for such apurpose. However its practical useislimited be-
cause simulationswith current computer capacity can only
run for a few nanoseconds for arelatively short DNA se-
guence with a dozen base pairs. The observed base pair
lifetime at room temperature is in the millisecond range
(Gueron et al. 1987, 1990). Thislifetime is expected to be
in the range of microseconds at temperatures closeto melt-
ing. Therefore MD simulation time is far too short to be
useful in the study of the dynamics of base pair dissocia-
tion.

We have recently developed a microscopic lattice dy-
namics — statistical mechanics approach, the cooperative
modified self-consistent phonon approximation (MSPA)
theory, to calculate the temperature profile of the disrup-
tion of interbase H-bonds in DNA polymers (Prohofsky
1995; Chen and Prohofsky 1993, 1994 a). The calculated
H-bond critical transition temperatures, at which large
scale H-bond disruption occurs, were found to correlate
very well with observed melting temperatures for various
DNA sequences. In our theory the fluctuational internal
motions of a complex anharmonic system such asDNA is
approximated by a self-consistently determined effective
phonon system (Werthamer 1970) according to the Bogo-
liubov variational theorem (Callen 1985). Our theory con-
centrates on the collective excitations around amean equi-
librium conformation and thus also avoids the difficult
ground state cal cul ation and problemsassoci ated with trap-
ping in local potential minima. The theory is valid up to
the onset of massive interbase H-bond disruption which
correlates with the melting of the DNA polymer.

Many studies indicate that the melting of infinite re-
peating sequence DNA polymer is a second order phase
transition (Poland and Scheraga 1966; Fisher 1966; Azbel
1974; Chen and Prohofsky 1994 b). As aresult the transi-
tion involving massive H-bond disruption in these DNAs
can be studied from calculations of dissociation from the
intact phase. We have applied the MSPA theory to calcu-
late both individual interbase H-bond disruption probabil -
ity and base pair opening probability (Chen et al. 1991)
which are compared to observed amino proton and imino
proton exchange (Gueron et al. 1987, 1990). The M SPA
theory has also been used to study the effect of the minor
groove spine of hydration on the proton exchange behav-
ior of B-DNA Poly(dA) - Poly(dT) (Chen and Prohofsky
1992). By the introduction of a near-neighbor cooperative
element the theory successfully predicted the sequence de-
pendent H-bond disruption critical transition consistent
with observed melting temperatures of B-DNA homopoly-
mers and copolymers (Chen and Prohofsky 1993, 1994 a).

Unlike random sequence DNA molecules, DNA homo-
polymers and copolymers do not exhibit multiphasic melt-
ing. Although our theory has been successful in predicting
sequence dependent H-bond di sruption of these homopoly-
mers and copolymers, the theory has not been tested on

moreirregular DNA sequences. Inthe present study we ex-
tend our calculation to determine the temperature profile
of H-bond disruption in a number of six-base-pair repeat-
ing sequence B-DNA polymers. We show that our cal cu-
lation predicts sequence dependent behavior in close cor-
relation with observed premelting and melting behavior of
random sequence DNAs. In addition we find more detailed
behavior, involving localized disruptions, than availablein
the observed melting curves with current resolution. Our
present study demonstratesthat the cooperative M SPA the-
ory asamicroscopic lattice dynamics— statistical mechan-
ical theory can be used to probe the onset of massive chem-
ical bond disruption aswell as premelting dynamicsin bi-
ological macromolecules.

Formulation of the long-time dynamics of thermal
fluctuational H-bond disruption

The problems investigated combine large systems with
long time scale dynamics. This combined burden requires
the development of more efficient methods. The principal
difference, between the M SPA calculation and a molecu-
lar dynamics (MD) calculation, that leadsto its greater ef-
ficiency inlong time scale phenomenaisthat in MSPA we
calculate stationary timeindependent solutions. Thisisthe
same as in simple harmonic normal mode calculations
where one also calculates stationary eigenvalues and ei-
genvectors. In a MD simulation one calculates a continu-
ing set of position and velocity parameters that, in princi-
pal, aredifferent at all pointsin time and that only inciden-
tally may repeat. It is this open endedness in time that ex-
pands the MD calculation for phenomena that occur on
long time scales. The stationary M SPA calculationis good
for al times, i. e. the calculation is the same size indepen-
dent of the time scale explored. MSPA differsfrom simple
harmonic calculationsin the way it handles nonlinearities.
For someof theinteractions, H-bond and non-bonded, sim-
ple harmonic interactions are replaced by effective force
constants that can change with the level of excitation. It
thus mimics a calculation where higher order nonlinear
terms have been incorporated or renormalized into the
effective first order term. It does this by self consistent
rather than renormalization calculation. The eigenvectors
and eigenvalues along with a model of the excitations of
each mode then give amean value for square displacement
for each degree of freedom in the original problem. The
MD simulation, on the other hand, gives a single trajec-
tory that is open ended in time and that will only give mean
values after averaging over many trajectories. Over long
time scales mean values contain the more useful informa-
tion as many trajectories are possible and the specific tra-
jectory chosen is undetermined. Over short time scalesin-
dividual trajectories may be significant but only if one
knows the starting microstate of the system. Such specific
trgjectory information isn't available in MSPA.

MSPA also has certain advantages in efficiency over
Monte Carlo (MC) calculations. In MC calculations one



must sample a large number of points in the phase space
of the large system to build up mean values of the system.
MSPA also samples phase space in the determination of
the effective force constants, but it does so using a partic-
ular density matrix that allows closed form integration in-
stead of amore open summation. The density matrix isthat
of the effective harmonic system and its spatial part is a
simple Gaussian distribution in displacement from an equi -
librium distance. The Gaussian is characterized by only
two parameters, the location of the centroid and the mean
square fluctuation which determinesthewidth of the Gaus-
sian. It isonly these two parameters that have to be deter-
mined self-consistently and given these the integration to
determine mean values is very efficient. The self-consis-
tent centroid determination allows for thermal expansion
of the distance between particular atoms and both the lo-
cation of the centroid and the mean fluctuation are ampli-
tude dependent, in contrast to the case of simple harmonic
calculations. MSPA uses avariational procedure to deter-
mine the best solution which is quasi-harmonic, i. e. abest
fit spatial density matrix that is basically Gaussian in the
displacements of all pairs of atoms. The point then to be
tested is how good is such aform of spatial density matrix
for the problemsinvestigated. To the extent that the system
studiedisquasi-harmonic, M SPA isavery efficient method
of theoretical investigation that worksfor long time scales.
Because M SPA uses an effective force constant it also
hassimilaritiesto Brownian Motion Dynamics(BMD) cal -
culations. In BMD an effective potential is determined
based on energy minimization of other degrees of freedom
for aspecific trajectory of the degree of freedom being in-
vestigated. True minimization is only an appropriate ap-
proximation at T=0. MSPA incorporates the statistical
fluctuations of all degrees of freedom, including the one
being investigated, in the determination of the effective
force constant. It also doesn't preselect a particular mode
or trgjectory for investigation. The eigenvalues and eigen-
vectors of an entire set of degrees of freedom are treated
on an equal footing and self-consistent special degrees of
freedom appear rather than being selected beforehand.
The question remains as to whether macromolecular
systems are well approximated by a quasi-harmonic the-
ory. The answer to thisis best determined by how well the
approach, and in particular, how well a Gaussian spatial
density matrix predicts experimental observations. The
most obvious agreement is that Raman and infrared ab-
sorption measurements on most macromolecules do show
resonant rather than relaxational modes. That is the most
direct evidence that the systems are quasi-harmonic. This
istruein DNA for the H-bond breathing modes that seem
to be clustered in aband near 85 cm™. Furthermore M SPA
calculations do reproduce these frequencies and their tem-
perature dependence for those modes that have been
thoroughly studied. A more stringent test of the method is
not whether the frequencies are in agreement but whether
the resulting Gaussian density matrix is a good represen-
tation of the fluctuations of the system. The mean values
of the square fluctuations, like the mode frequencies, are
easy to fit with refined force constants. A more demand-
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ing test that gets to the heart of the use of a Gaussian is
whether the predicted Gaussian tails of the effective den-
sity matrix give the correct probability of large displace-
ment. The probability of bond disruption (to be discussed
below) is a sensitive measure of the size of thislarge dis-
placement probability. The agreement of the open bond
probability with observation both in the premelting region
and in a cooperative version of the theory in predicting
melting temperatures for DNA indicates that the tails (the
most variable part of the Gaussian) of the systems studied
are quite quasi-harmonic. The indications are that M SPA
allowscalculation of avery good approximation to the spa-
tial part of the density matrix of macromolecules. Thisin
turn allows the calculation of the mean value of a great
many variables of the systems.

The principal drawback of MSPA compared to MD or
molecular mechanics (MM) calculationsisthat it requires
aninitial conformation for the system to be studied. There
are associated methods that are mostly undevel oped as yet
that can explore changesin conformation but they are most
likely less efficient than MD or MM calculations. The ef-
ficient use of MSPA isin long time dynamics of systems
whose conformation is known. The lack of specific trajec-
tory information is not a problem as the stochastic nature
of dynamics of molecules makes this information mean-
inglessfor long time scales. Mean behavior isthe only use-
ful information for large systems over long times. The cal-
culations to date have not involved very complex models
of the H-bond interactions. In particular the Morse poten-
tialsused are spherically symmetric potentialsand only the
distance between end atoms of the H-bond is of impor-
tance. This model works very well but the approach can
easily be modified to include angular dependence of the
H-bond interaction.

For calculationson DNA theactual particleinteractions
are similar to those used in simulation except that we pre-
fer to use Morse potentialsfor H-bonded interactions. This
givesasimpler intuitive insight into the parametersin the
problem as the Morse potential has three parameters that
separately can be thought of as the depth of the potential,
the width of the potential, and the location of the potential
minimum. All these parameters are fit for each H-bond
based on three experimental observations. the ionization
energy of the bond, the effective force constant as found
from refining Raman and infrared data, and the x-ray de-
termined inter atom distances. All of these determinations
are made at room temperature and therefore are not fit to
any data on the bond disruption or melting behavior. The
calculation of the H-bond critical transition temperature at
the observed melting temperature does not then arise be-
cause of fitted parameters in the way that it doesin helix-
coil transition theory but does represent a result arising
from simpleinteratom potential s derived from asourcein-
dependent of bond disruption. The effective force con-
stants used in the theory are then determined from these
interatom potentials. The variation of these effectiveforce
constants are self-consistently determined such that the
free energy of the effective system approaches that of the
original system. Therefore the correlation between the ef-
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fective and the true system is on the thermodynamic level.
A statistical mechanical approach can then be used to deter-
mine thermal fluctuational chemical bond disruption prob-
ability aswell as interatomic vibrational motion at temper-
atures from the premelting region to the onset of massive
interbase H-bond disruption or the melting of the system.

Calculation method

According to the Bogoliubov variational theorem the free
energy of an anharmonic system, such asaDNA polymer,
described by aHamiltonian H can be approximated by so-
lution of an effective system described by a Hamiltonian
Hes (Callen 1985). Thefreeenergy F of theoriginal system
isrelated to the free energy F of the effective system by
the following inequality:

F<Fg+ H—Heg Ly (1)

where [J . .[J denotes an average taken in the ensembl e de-
fined by H. By choosing an appropriate solvable system
H s and then minimizing theright band side of theinequal -
ity through parameter adjustments, one can obtain the best
approximation of the desired free energy F.

Both the free energies and Hamiltonians have two com-
ponents, one static and one dynamic. The dynamic compo-
nent is the internal thermal fluctuational vibrational ener-
gies and it can be approximated by a phonon Hamiltonian
H, asdescribed bel ow. The static component isthetotal po-
tential at equilibriumpositions. ThereforeH =Hg +V(r ).

Many experiments have shown the vibrational nature of
the internal collective excitations and chemical bond mo-
tions in DNA (Urabe and Tominaga 1981; Urabe et al.
1985; Powell etal. 1987; Weidlich and Lindsay 1988;
Weidlich et al. 1990; Edwards and Liu 1991). In particu-
lar vibrational modes associated with base pair disruption
melting have been observed (Urabe and Tominaga 1981,
Urabe et al. 1985) and calculated (Zhuang et al. 1992;
Chen and Prohofsky 1995). It is therefore reasonable to
choose a phonon Hamiltonian as the dynamic component
for the effective system for DNA and use the lattice dy-
namics methodology to study the dynamics of bond dis-
ruption. Thisparticular Bogoliubov approximationisvalid
up to the onset of massive bond disruptionand itisstrongly
supported by the good agreement between calculated and
observed premelting bond disruption probabilities and the
melting temperatures for a number of DNA polymers as
shown in our earlier studies (Chen and Prohofsky 1993,
1994 @) and in thiswork.

The dynamic component of the effective Hamiltonian
of a repeating sequence is given by the following lattice
dynamics phonon Hamiltonian:

_< Ly o2 1 2
Ho=Y =M, U3 + EGhmik Smi
0 r% 2 i Yni %nzmg 2(pn m,],kSn m,j,k

where n and mare the indices of unit cells (aunit cell con-
tains a single repeating sequence), i is the index of the
atomsin aunit cell, j isthe index for internal coordinates

(2)

and k specifiesthetypes of harmonic motion (valence bond
stretch, angle bending, torsion, out of plane bending, H-
bonding and motionsinduced by the nonbonded atom-atom
van der Waals and Coulomb interactions). u,; is the dis-
placement of the ith atom in the nth unit cell in Cartesian
coordinates, s, n,; « istheinternal displacement coordinate
and @, ,; « isthe effectiveinternal force constant for apar-
ticular bond motion. The force constantsinclude a standard
valence force field, hydrogen bond force constants and a
nonbonded force field including van der Waals and Cou-
lomb interactions. The valence and long range nonbonded
force constants are dependent on the separation of unitsand
these force constants at room temperature are fitted to ob-
served spectra and acoustic modes. The detailed descrip-
tion of the force fields for the atomsin DNA can be found
in our earlier publications (Chen and Prohofsky 1995).

In the current work we study idealized repeating se-
guence B-DNA systems with infinite length and perfect
helical symmetry. The helical symmetry inherent in the
system can be used to reduce the spatial dimension in the
calculation (Chen and Prohofsky 1995). The reduction in
spatial dimension introduces a parameter 6, the phase dif-
ference between adjacent unit cells, into the equations of
motion. The equation of motioninmatrix formisgiven by:

- B(6) Du(0) B(6) - 3 ()71 0, (6) =0 ©
where @,(0) istheforce constant matrix, B,(6) isthetrans-
formation matrix (B-matrix) that transforms the Cartesian
displacement coordinates into internal displacement coor-
dinates, and w,(6) and q,(6) are the eigenfrequency and
eigenvector matrix for the Ath normal mode band respec-
tively. From the solution of this equation one can calculate
mean vibrational amplitude and bond length for each indi-
vidual bond as well as other thermodynamic observables.

The force constant of interbase H-bonds, and of other
bondsthat changewith temperatureetc., can be determined
self-consistently by minimization of the right hand side of
the inequality givenin Egn. [1]:

dZV(r)

p=(1-P)C Idrexp{(r—nruz/m 0———
2

T'min

(4)

where C™= [ dr exp{—(r— @02 2}, (3°[is the
I'min

mean bond vibrational square amplitude, [Bis the mean
bond length, V(r) is the potential, r ., is the hardcore in-
nerbound for the potential, P is the bond disruption prob-
ability and the factor 1-P isintroduced to incorporate the
cooperative effect of disrupted bonds and transform the
theory into a mean-field theory capable of showing coop-
erative transitions.

According to the Bogoliubov theorem the disruption
probability of achemical bond can be determined from the
probability density of the effective system
p(r)=exp{—(r — B0%2 3°} as:

P=C }o p(r)dr

| mex

©)



where L™ is the maximum stretch length before disrup-
tion which is determined from the analysis of the mean
bond energy of the effective system (Chen et al. 1991). We
have found that the observed DNA base pair opening prob-
ability PP correlates very well with the calculated prob-
ability for the disruption of al interbase H-bondsin abase
pair. Individual H-bond disruption can be regarded as an
independent event. Therefore P°P can be given asthe prod-
uct of the Psfor all the interbase H-bondsin the base pair:

PP = M = (6)

interbase H-bonds
The nearest neighbor cooperativity isintroduced in our
theory by scaling the cross-strand base stacking (van der
Waals) force constants ¢ and the equilibrium length of
interbase H-bonds [ n the following way (Chen and Pro-
hofsky 1994 a):

¢ - G- e

&0 (1-P“)x*+P“0

(1)
(7)

where | and I" are index of the base pair and its neigh-
bor respectively, P*°=(P5P,%° PV is a base pair
unconstrained probability and L= L™+ 2p . 2320
istheaverage open bond atom-atom separation.

The effective system formulated is valid up to the on-
set of massiveinterbase H-bond disruption. At the point of
massive disruption @ -~ 0 and PP -, 1. For systems with
mono-step disruption, the onset temperature of massive
H-bond disruption T, is defined as the temperature at
which PP = 1/2in conformity with the convention of DNA
melting. For systems with multi-step disruption the onset
temperature of massive H-bond disruption T, isdefined as
the midpoint between first significant disruption and final
disruption.

Thecalculationiscarried out such that, given theinitial
force constants and the microscopic structure, the equation
of motion of the effective system is solved. The solutions
of this equation can then be used to calculate thermody-
namic observables and new force constants using the for-
mulas outlined above. The newly calculated force con-
stants are then used as input to start another round of cal-
culation. Thisiteration process continues until self-consis-
tency, i. e. al the input force constants match output force
constants. The solution at self-consistency corresponds to
free energy minimization. The calculation was performed
on an IBM RS6000 570 server. The equations of motion
of the effective system are solved by the use of the IMSL
Hermitian complex diagonalizationssubroutine DEV CHF.

Results and discussion

In this work we consider five six-base-pair repeating
sequence B-DNA polymers with different GC contents.
These6-polymersare: Poly d(GTATAT) - Poly d(ATATAC),
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Fig. 1 Base pair opening probability PP as a function of tempera-
ture for the base pairs in Poly d(GTATAT) - Poly d(ATATAC). The
nomenclatures for the bases are G1-T2-A3-T4-A5-T6 on one strand
and A7-T8-A9-T10-A11-C12 on the opposite strand. The solid line
isfor the G1-C12 pair, the chain-dotted linesfor T2-A11 and T6-A7
pairs, the dashed lines for A3-T10 and A5-T8 pairs and the dotted
line for T4-A9 pair

Poly d(GTATAC) - Poly d(GTATAC), Poly d(GTATGC) -
Poly d(GCATAC), Poly d(GCTAGC) - Poly d(GCTAGC)
and Poly d(GCGAGC) - Poly d(GCTCGC). For compari-
son we also include results for several B-DNA homopoly-
mers and copolymers (Chen and Prohofsky 1994 a) and a
B-DNA 4-polymer (Chen and Prohofsky 1996) that we
have studied in earlier work. A well organized spine of hy-
dration has been found to exist in the minor groove of the
B-DNA homopolymer Poly d(A) - Poly d(T) (Chuprina
et a. 1991). We therefore included this spine of hydration
inour calculation for thispolymer. Our earlier study (Chen
and Prohofsky 1992 b, 1993) indicates that this hydration
spine is most likely responsible for the observed anoma-
lous premelting and melting behavior of this homopoly-
mer. The coordinates of all these DNA polymers are
generated from the standard B-DNA structure obtained
from fiber X-ray diffraction studies (Chandrasekaran and
Arnott 1989). Our calculation corresponds to a nominal
salt concentration of ~0.05 M NaCl (Chen and Prohofsky
1992h).

Sequence effect on premelting base pair opening
probability

Our calculated base pair opening probability (P°°) as a
function of temperature for the five 6-polymers are shown
in Fig. 1 through Fig. 5 respectively. The P° for the ho-
mopolymers, copolymers and the 4-polymer obtained in
our earlier work are shown in Fig. 6 and Fig. 7. Figure 6
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Fig. 2 Base pair opening probability P° as a function of tempera-
ture for the base pairsin Poly d(GTATAC) - Poly d(GTATAC). The
nomenclatures for the bases are G1-T2-A3-T4-A5-C6 on one strand
and G7-T8-A9-T10-A11-C12 on the opposite strand. The solid lines
are for G1-C12 and C6-G7 pairs, the dashed lines for T2-A11 and
A5-T8 pairs and the dotted lines for A3-T10 and T4-A9 pairs
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Fig. 3 Base pair opening probability P°° as a function of tempera-
ture for the base pairsin Poly d(GTATGC) - Poly d(GCATAC). The
nomenclatures for the bases are G1-T2-A3-T4-G5-C6 on one strand
and G7-C8-A9-T10-A11-C12 on the opposite strand. The solid line
isfor the C6-G7 pair, the chain-dotted lines for G1-C12 and G5-C8
pairs, the dashed lines for T2-A11 and T4-A9 pairs and the dotted
lineisfor the A3-T10 pair

&
EE
Loy

P
- —_ —_
0 =] ]
' ] ]
= w ra
T T AT | T RN AT
' [:‘:-
' =
n
n
]
a1
]
.,
- ~

aco 2

T T 1
] Mo wiid Akl

T K]

Fig. 4 Base pair opening probability P°° as a function of tempera-
ture for the base pairsin Poly d(GCTAGC) - Poly d(GCTAGC). The
nomenclatures for the bases are G1-C2-T3-A4-G5-C6 on one strand
and G7-C8-T9-A10-G11-C12 on the opposite strand. The solid lines
are for the G1-C12 and C6-G7 pairs, the dashed lines for C2-G11
and G5-C8 pairs and the dotted lines for T3-A10 and A4-T9 pairs
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Fig. 5 Base pair opening probability P°° as a function of tempera-
turefor the base pairsin Poly d(GCGAGC) - Poly d(GCTCGC). The
nomenclaturesfor the bases are G1-C2-G3-A4-G5-C6 on one strand
and G7-C8-T9-C10-G11-C12 on the opposite strand. The solid lines
arefor G1-C12, C2-G11 and C6-G7 pairs. The dashed lineisfor G3-
C10, the dotted lineisfor A4-T9 and the chain-dotted lineisfor the
G5-C8 pair
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Fig. 6 The base pair opening probability P°° as a function of tem-
perature for the base pairs in the B-DNA mono-base-pair polymers
studied in our earlier work. The dotted lineisfor the PP of AT pairs
in Poly d(AT) - Poly d(AT), the dashed line is for the P°° of the AT
pair in Poly d(A) - Poly d(T) with the hydration spine, the chain-dot-
ted line is for the P°? of the GC pair in Poly d(G) - Poly d(C), and
thesolidlineisfor the P°° of the GC pairsin Poly d(GC) - Poly d(GC)

contains P°Ps for the mono-base pair type polymers and
Fig. 7 contains P°Psfor the polymerswith amixture of AT
and GC pairs. From these figures we find that, except for
the homopolymer Poly d(A) - Poly d(T), the P for both
the AT and GC pairsin these polymersisinsensitiveto the
sequenceat premelting temperatures. At room temperature
thecal culated PPsfor the AT pairsareof theorder of ~10~2.,
These P°Psfollow roughly aspecificlogarithm dependence
with temperature at temperatures below 320 K. Abovethat
temperature these P°P begin to show apparent sequence de-
pendence. The calculated PP for Poly d(A) - Poly d(T) is
~107° at room temperature. We have shown (Chen and Pro-
hofsky 1992a, 1993) that the significant difference
between the PP in this homopolymer and that of the AT
pairsin other polymers arises because of the stabilizing ef-
fect from the spine of hydration attached to the minor
groove of Poly d(A) - Poly d(T).

The PP for the GC pairs in these DNA polymers also
show sequence insensitivity at premelting temperatures.
From Fig. 1 to Fig. 7 we find that the calculated P°"s for
all the GC pairs are ~107°. These P°s again roughly fol-
low a specific logarithm dependence with increasing tem-
perature at temperatures below 340 K. At temperatures
above 340 K these P°s begin to show sequence depen-
dence.

The predicted sequence insensitivity and the calculated
valueof PPsat premelting temperatures arein good agree-
ment with experiments. Imino proton exchange studies
(Gueron et al. 1987, 1990) have shown that the lifetime
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Fig. 7 The base pair opening probability P°° as a function of tem-
perature for the base pairs in the B-DNA GC-AT polymers studied
in our earlier work. The two solid lines and the two dotted lines are
for the P°P of the respective GC and AT pairsin Poly d(CGTA) - Po-
ly d(TACG). The dashed line and chain-dotted lineis the P°P for the
respective AT and GC pair in Poly d(TG) - Poly d(CA)

and opening probability of abase pair isdetermined mainly
by the nature of that base pair. These quantitiesare not sen-
sitive to the nature of neighboring base pairs. Two differ-
ent values of P°° have been observed for AT (or AU) pairs
in diffeent systems, one of the order of 10~ (McGhee and
Hippel 1977; Gueron et a. 1987, 1990) and the other of
the order of 10> (Gueron et al. 1987, 1990). Our calcu-
lated P°P for the AT pairs without the hydration spineisin
agreement with the former and our calculated PP for the
AT pairs with the spine is close to the latter. We have
pointed out in our earlier study (Chen and Prohofsky
1992 a, 1993) that the AT pairs with an observed probabil-
ity of 107 are likely to have a spine of hydration in their
minor groove. The stabilizing effect of thishydration spine
contributes to the lower probability. On the other hand
those AT pairs whose observed probability is of the order
of 103 aremost likely without the hydration spine attached
to their minor groove.

Sequence dependent profiles of H-bond disruption
critical transition

While insensitive to the neighboring sequence at premelt-
ing temperatures, the calculated base pair opening prob-
abilities are found to be very sensitive to the sequence at
temperatures near the observed melting temperatures as
shown in Fig. 1 through Fig. 7. We find from Fig. 6 and
Fig. 7that thereexistsasinglecritical temperaturefor each
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homopolymer, copolymer and 4-polymer studied at which
the PP increases dramatically from below 107 to 1. This
dramatic increase indicates the onset of massive interbase
H-bond disruption and the critical temperature correlates
with the melting temperature of the polymer. Although the
P°P of an AT pair in both Poly d(TG) - Poly d(CA) and Poly
d(CGTA) - Poly d(TACG) is significantly different from
that of the GC pair, the critical transition is monophasic.
Thisis consistent with the observed melting behavior. UV
melting measurement on alternating AT-GC sequence
B-DNA copolymers showed that the transition is mono-
phasic (Wells et al. 1970). Although we have not found a
report on the experimental study of the melting of Poly
d(CGTA) - Poly d(TACG), nonetheless we can compare
our calculation with observed melting profiles of a num-
ber of 3-polymers (Wells et al. 1970). Experiments on
the 3-polymers Poly d(TTC) - Poly d(GAA), Poly d(TAC)
- Poly d(GTA), Poly d(TTG) - Poly d(GAA) and Poly
d(ATC) - Poly d(GAT) showed that the melting of these
polymers is monophasic.

From Fig. 1 to Fig. 5 we find that the disruption pro-
files of the 6-polymers show very interesting features. Ex-
cept for Poly d(GCGAGC) - Paly d(GCGAGC), the prob-
ability curves indicate massive AT pair disruption at cer-
taintemperatures substantially below thefinal GC pair dis-
ruption temperature. Thisisconsistent with observed melt-
ing behavior inrandom sequence DNA swhich showed that
AT rich regions melt first (Lyubchenko et al. 1978; Wada
et al. 1980; Wartel and Benight 1985). To better probe the
multiphasic behavior of these 6-polymersweplotinFig. 8
the average base pair opening probability [P°Pof these
polymers along with that of the GC-AT mixing copolym-
ers and the 4-polymer. In Fig. 8 the solid-lines correspond
to the P°Pof those polymers exhibiting multiphasic dis-
ruption behavior and the dotted lines correspond to the
[P°PLbf those polymersthat do not exhibit multiphasic be-
havior. One can see from Fig. 8 that the average probabil -
ity curvesfor thefour 6-polymersexhibit multiphasic tran-
sitionsreminiscent of the observed UV multiphasic curves.

Several different types of critical disruption transitions
are found in the AT-GC mixed polymers shown in Fig. 8.
The types of transition include triphasic, biphasic and
monophasic. Triphasic transitions are found in both Poly
d(GTATAC) - Poly d(GTATAC) and Poly d(GTATGC)
- Poly d(GTATGC). As shown in Fig. 2 and Fig. 3 the
first phase corresponds to the disruption of the interbase
H-bonds in middle AT pair(s) in these polymers, the sec-
ond phase the disruption of the interbase H-bonds in the
AT pairs adjacent the GC pairs, and thefinal phasethe dis-
ruption of the interbase H-bondsin the GC pairs. Biphasic
transitions are found in both Poly d(GTATAT) - Poly
d(ATATAC) and Poly d(GCTAGC) - Poly d(GCTAGC). As
shown in Fig. 1 and Fig. 4 the first phase is again related
tothedisruption of theinterbase H-bondsinthe middle AT
base pairs and the final phase the disruption of interbase
H-bonds in the remaining base pairs. The melting transi-
tionsin Poly d(GCGAGC) - Poly d(GCGAGC) aswell as
in the copolymer Poly d(TG) - Poly d(CA) and 4-polymer
Poly d(CGTA) - Poly d(TACG) are monophasic.
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Fig. 8 Average base pair opening probability [(P°°[las a function of
temperature for the DNA polymers with AT-GC mixtures studied in
the present work and in our earlier work. The solid linesarefor DNA
polymers exhibiting multiphasic melting transition and the dashed
lines are for those with monophasic transition. The upper solid line
isfor Poly d(GTATAT) - Poly d(ATATAC), the second solid line for
Poly d(GTATAC) - Poly d(GTATAC), - - - - - the third solid line for
Poly d(GTATGC) - Poly d(GCATAC) and the lower solid lineis for
Poly d(GCTAGC) - Poly d(GCTAGC). - - - -- - - The upper dashed
lineisfor Poly d(CGTA) - Poly d(TACG), the middle dashed lineis
for Poly d(TG) - Poly d(CA) and the lower dashed line is for Poly
d(GCGAGC) - Poly d(GCTCGC)

Some of our calculated critical transitions are localized
disruptions involving base pairs at every other location.
These transitions do not cause appreciable base unstack-
ing and they are difficult to detect in the UV absorbance
curves with current resolution. The UV absorbence arises
fromthe 7e 1#* electronictransitioninthebases. Anincrease
in the absorbance reflects a change in base stacking. The
limit in resolution hinders the ability of melting experi-
mentsto detect |ocalized disruptionsthat do not cause sub-
stantial base unstacking. Therefore our theory predicts
more detailed disruption behavior than can be detected
from current experimental methods. It would be interest-
ing to seeif novel experimental methods can be devel oped
to detect localized transitions near melting and to test our
predictions.

Our calculated overall critical transition temperatures
TS for the polymers studied turn out to correlate fairly
well with the observed melting temperatures for DNA
polymers with similar GC content. The comparison is
shown in Table 1 and the experimental datain Table 1 are
from Wells et al. (1970) and from Inman and Baldwin
(1964). We have shown in our earlier study (Chen and Pro-
hofsky 1994a) that our calculated T,,s for B-DNA homo-
polymers and copolymers are in good agreement with ob-
served melting temperatures. Although we have not found
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Table1 Calculated midpoint

critical transition temperature GOC content Sample Transitiontype T, (K) TSP (K) Ref.
(T theory of the B-DNA poly- (%)
mers studied in this work and .
in our earlier work along with 0.0 Poly d(AT) - Poly d(AT) _ Monophas!c 330 327 W
observed melting temperature 0.0 Poly d(A) - Poly d(T)+spine Monophasic 338 335 [
(Tiﬁx"‘) for :ilrlni;]ardB-DNA 16.7 Poly d(GTATAT) - Poly d(ATATAC)  Biphasic 335
polymers. the data corre- . .
spond to a salt concentration of 33.3 Poly d(GTATAC) - Poly d(GTATAC) Triphasic 345
0.05 NaCl. | refers to Inman 333 Poly d(TTC) - Poly d(GAA) Monophasic 344 w
and Baldwin 1962. W refers to 333 Poly d(TAC) - Poly d(GTA) Monophasic 346 w
Wellset al. 1970 333 Poly d(TTG) - Poly d(GAA) Monophasic 349 w
' 333 Poly d(ATC) - Poly d(GAT) Monophasic 350 w
50.0 Poly d(GTATGC) - Poly d(GCATAC)  Triphasic 351
50.0 Poly d(TC) - Poly d(GA) Monophasic 354 350 w
50.0 Poly d(CGTA) - Poly d(TACG) Monophasic 355
50.0 Poly d(TG) - Poly d(CA) Monophasic 357 356 w
66.7 Poly d(GCTAGC) - Poly d(GCTAGC) Biphasic 359
83.3 Poly d(GCGAGC) - Poly d(GCTCGC) Monophasic 363
100.0 Poly d(G) - Poly d(C) Monophasic 365 367 I
100.0 Poly d(GC) - Poly d(GC) Monophasic 370 378 w
i 580 : linear-relationship has been observed in melting measure-
g, . ments of many DNA samples (Marmur and Doty 1962).
= L This correlation further demonstrates that the near-neigh-
E A0 . : bor cooperative effect in DNA is properly described in our
o i cooperative MSPA theory.
[ N E $ 1
E t
& =
2! . . -
= sy . Conclusion
1]
= 3 e ———— T The interbase H-bond disruption profiles of several six-
12 = AG =0 do 7o B2 30 10

ao 0
G5 content (96

Fig. 9 Calculated midpoint critical transitiontemperatures(circles)
and observed melting temperatures (pluses) for the DNA polymers
listed in Table 1 as afunction of Guanine-cytosine content

an observed melting temperature for the 4-polymer and the
6-polymers|listed in Table 2, nonethel ess we can compare
our calculated T, ,swith observed values of DNA polymers
with the same GC content. From Table 1 we find that the
T,, for Poly d(GTATAC) - Poly d(GTATAC) is 345K at
0.05 NaCl. The observed T,s for a number of 3-polymers
with the same GC content range from 344 K to 350 K at
the same salt concentration (Wells et a. 1970). The calcu-
lated T,,for Poly d(GTATGC) - Poly d(GCATAC) is351 K
at 0.05 NaCl. This value is compared to the observed T,
of 350 K for Poly d(TC) - Poly d(GA) and 356 K for Poly
d(TG) - Poly d(CA) at the same salt concentration.
Wehavenot found an experimental study for DNA poly-
mers with GC contents similar to Poly d(GTATAT) - Poly
d(ATATAC), Poly d(GCTAGC) - Poly d(GCTAGC) and
Poly d(GCGAGC) - Poly d(GCTCGC) to compare with.
However from Fig. 9 we find that our calculated T, for
these two 6-polymersalong with the T,, for other polymers
first nicely to alinear relationship with GC content. This

base-pair repeating sequence infinite B-DNA polymers
were calculated by the use of alattice dynamics — statisti-
cal mechanics method, the cooperative MSPA approach.
The calculated overall sequence-temperature behaviors at
both the premelting and melting temperatures are consis-
tent with observations. In addition our theory predictsmore
detailed critical disruption behavior than available from
melting experiments.

It should be emphasized that all the initial parameters
of the cooperative M SPA theory arefitted to observed spec-
traand chemical bond lengths at room temperature. Statis-
tical algorithms are then used to calculate the force con-
stants, the variation of these parameters and the thermal
fluctuational chemical bond disruption probabilities at
higher temperatures. The agreement with observed T, is
not aresult of fitting any parametersto the observed melt-
ing data. Since the melting of along DNA polymer is a
classical critical second order phase transition, the disrup-
tion probabilities as order parameters can be introduced
into the effectiveinteraction potentials. Thisthen givesthe
sequence dependent near-nei ghbor cooperative effect. Un-
likethe nearest-neighbor helix-transition theory no explicit
near-neighbor parameters are introduced in our theory to
fit the melting.

Because of the complexity of DNA, simulation can not
be used to deal with long time dynamics of bond disrup-
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tion base pair dissociation. As demonstrated in the present
work these dynamicscan beefficiently studied by the coop-
erative M SPA based on the lattice dynamics approach and
statistical mechanics algorithm. The fair agreement
between our calculated behavior and observations shows
the applicability of the cooperative MSPA theory in the
study of massive bond disruption aswell as premelting dy-
namics of DNA and other biological macromolecules.
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