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Defect-mediated hydrogen-bond melting in B-DNA polymers
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This paper explores the melting temperatures of the hydrogen bonds that hold together the two
strands of DNA. We choose as samples both homopolymers and copolymers of DNA. First, we in-

vestigate the melting temperatures of hydrogen bonds throughout the polymer via a mean-field ap-

proach. Then a defect is introduced by cutting the hydrogen bonds in one unit cell at room temper-
ature. We study the propagation of this defect to neighboring cells with rise in temperature. The
calculation is a modified self-consistent phonon approach. The agreement between the calculated
melting temperatures and observed melting temperatures is excellent for defected melting. The de-

fected melting is an approximation to initiation-site melting.

I. INTRODUCTION

Hydrogen bonds between complementary bases, along
with nonbonded interactions, hold the two strands of the
deoxyribonucleic acid (DNA) helix together. The base
paris could be adenine-thymine (A-T) or guanine-
cystosine (G-C). The melting of these hydrogen bonds is
a prerequisite for biologically significant transcription or
replication.

We study this melting of hydrogen bonds in two stages.
First, we explore how these bonds weaken and collapse as
the temperature rises; this we accomplish by a modified
mean-field self-consistent phonon approach (MSPA). '
While the MSPA provides melting temperatures, it forces
corresponding bonds in every unit cell of the polymer to
weaken simultaneously. A better simulation of the actual
process of melting is to introduce a defect in one unit cell
by setting some or all hydrogen-bond force constants to
zero at room temperature. Introducing a defect is the
second stage of our study. We then examine the reduc-
tion in the force constants of the hydrogen bonds in the
neighboring cells with the rise in temperature, thus ena-
bling the propagation of this defect.

The introduction of this defect is an attempt to mimic
actual melting, as it is known from critical-exponent
analysis that melting usually arises from an initiation site.
The initiation site arises from fluctuations not treated in
mean-field theories. A second reason for introducing a
defect is to have a crude approximation to the type of
melting that is needed in elongation of the open state in
biological processes. The melting of cells adjacent to the
defect is taken as the better melting temperature, since it
indicates the onset of growth of the initiation site.

Force constants of hydrogen bonds weaken with in-
creases in their stretch amplitudes. With rise in tempera-
ture, the stretch amplitudes increase, thereby reducing
the force constants. This enhances the stretches even
more, and we find ourselves iterating in a self-consistent
loop of stretch amplitudes and force constants. The tem-
perature at which there is breakdown of this self-
consistency, as reflected in a sudden divergence in stretch

amplitudes or sudden reduction in force constants, is tak-
en as the melting temperature of the hydrogen bonds.

Kim et a/. ' have explored melting in
poly(dG) poly(dC). Here, we first study the homopoly-
mer poly(dA) poly(dT). Sufficiently sharp ir modes are
experimentally observable in this homopolymer, and
melting experiments can be meaningfully related to those
observations. Then we explore poly(dA-dG) poly(dC-dT)
in great detail as an example of a more complicated sys-
tem. In two sections hereafter, we describe setting up the
self-consistent loop and its breakdown, first, for the
MSPA and then for defect-mediating melting. The defect
in poly(dA) poly(dT) consists of cutting all hydrogen
bonds in cell 0. For the copolymer poly(dA-
dG) poly(dC-dT), this study is extended over three kinds
of defects. First, only the A-T bonds in cell 0 are cut,
keeping the 6-C bonds intact. Then the hydrogen bonds
of 6-C in cell 0 are cut, keeping the A-T bonds intact.
Finally, we create a defect in which the hydrogen bonds
of both A-T and 6-C are cut in cell 0. We compare these
results with those of poly(dA-dC) poly(dG-dT). In this
paper we refer to the polymer poly(dA) poly(dT) as A-T,
poly(dG) poly(dC) as G-C, poly(dA-dG) poly(dC-dT) as
AGCT, and poly(dA-dC) poly(dG-dT) as ACGT.

II. THE LOOP IN THE MSPA

In our model all force constants in the DNA lattice ex-
cept for those of the hydrogen bonds are restricted to
their fitted harmonic potentials. The hydrogen bonds are
treated as asymmetric Morse potential wells, V, where

V= VOI l —exp[ —a (R —Ro)]) —
Vo .

Here, R is the length of the hydrogen bond, and a, Vo,
and Ro are constant. (See Table I.) The Morse constants
are determined for A-T and 6-C and assumed the same
for ACGT and AGCT. The effective force constant P, of
the ith hydrogen bond, weighted over stretches s, in the
well, is
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TABLE I. Hydrogen-bond constants.

Base
pair

A-T
A-T
G-C
G-C
G-C

Bond

N(1) . H—N(3)
N(6)—H - O(4)
N(1)—H N(3)
O(6) . H—N(4)
N(2)—H . . O(2)

R 293 rc

(A)

2.9002
2.8801
2.8694
2.8065
2.8092

k
(mdyn/A)

0.115
0.116
0.157
0.243
0.235

~0
(mdyn A)

0.0168
0.0193
0.0183
0.0256
0.0250

a
0

(1/A)

2.517
2.732
2.349
2.875
2.781

Ro
(A)

2.761
2.694
2.805
2.694
2.705

—s,'/2D, d P'
c8; e

dS

—s, /2D,

(3)

This effective force constant is initially set equal to the
harmonic force constant found from the Lippincott-
Schroeder model. Here, D, is the weighted mean-square
stretch amplitude of the ith hydrogen bond:

D, =(ss, ),

B =209.2, and C =3.7. e, is the dielectric constant asso-
ciated with atom i. A unit cell of a copolymer has two
base pairs in it, while the comparing unit cell of the
homopolymer has only one base pair. Hence the dielec-
tric constant associated with atom i is taken as 1.0 inside
the unit cell of a copolymer, and this value of the dielec-
tric constant is raised to its long-range value outside the
unit cell. For homopolymers, this value is taken to vary
linearly with distance. ' Also, for homopolymers, f, has
a slightly different form:

D, = —g f d8 —[coth[Pco (8)/2]]s~(8)s,"(8),1 ~ 1

0 2', (8) j
27le, ej

y'e, +E,r, ',

423
8

[F—co I]g(8)=0, (5)

where F is the matrix of force constants in internal coor-
dinates. This matrix includes nonbonded force constants
and implicitly includes hydrophobic interactions that
help hold the DNA helix together. The force constants
are determined as the second derivative of the potential
energy at the energy minimum. The minima are deter-
mined by the inclusion of all hydrophobic interactions.
The force constants are fitted to experimental observa-
tions. The nonbonded interactions are of the form

2ge;e

Qe, Qe, r, ', .

423 2
—cr

8
Ij

0
where f,, is the force constant (in units of mdyn/A) of
the nonbonded stretch coordinate and r, the distance in
angstroms between atoms i and j. Here atoms i and j are
in adjacent base pairs. The coordinates are from Arnott
et al. ' We have chosen charges from Miller. " The
nonbonded interactions emerging from these charges
were fitted by us to experimentally observed neutron-
scattering data, forming the basis of our choice of dielec-
tric constants. This fitting has since worked consistently
well for all copolymers in reproducing melting tempera-
tures.

is the charge on atom i, g =2.31, 3 = 1.85,

(4)

where si(8) is the component of the eigenvector of the ith
hydrogen-bond stretch of band j at angle 8. j and 0 refer
to the dispersion curve of the lattice, j being the band of
eigenfrequencies co and L9 being the equivalent of the
momentum in the first Brillouin zone.

The eigenvalues and eigenfrequencies of the lattice at
room temperature are found from the secular equation'

g(co, 8)=[~ I —F(8)]

Then Eq. (8) reduces to

[I—g(~', 8 ) C'" ]g( 8)=0 . (10)

Hence, the new eigenfrequencies are determined by

[I—gC [=0.
However, C is of dimension n, where n is the number of'

hydrogen bonds in a unit cell. Thus, I—gC is of very
small order. The new eigenvectors s, (8) are determined
by a simple perturbation approximation:

where g=2.31, and A has been adjusted to a value of
0.12 to fit far-infrared-absorption data for a homopoly-
mer. ' These two slightly different forms of f, are found
to be essential to reproduce spectroscopic data from the
dispersion curves. The slight variations in the form of f„
for homopolymers and copolymers arises from the fact
that we have used the standard form of nonbonded in-
teractions from the literature' for copolyrners. In the
case of homopolymers, however, better experimental data
are available, which enables a more precise fitting.

Having incorporated the appropriate force constants in

F, the diagonalization in Eq. (5) yields the eigenfrequen-
cies and eigenvectors at room temperature.

When the temperature is raised, the new eigenvectors
and eigenfrequencies are calculated as follows. If
C, =P,

—
P, is the change in the force constant of the ith

hydrogen bond, then Eq. (5) is modified to

[F—co I+C ]g(8)=0 .

The superscript m on C refers to mean-field melting.
Instead of solving this equation to get new eigenfrequen-
cies and eigenvectors, we use a Green's function g(co, 8)
as
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TABLE II. Melting temperatures (in K).

Polymer

A-T
G-C'

ACGT
AGCT

Mean
field

350
380
385
355

Defect, A-T cut
in cell 0

310

355
345

Defect, G-C cut
in cell 0

350
350
345

Defect, all bonds cut
in cell 0

350
350

Expt.

326
360
350
343

'References 2 and 3.

(12)

Using the new frequencies in Eq. (11), we recalculate the
force constant P, in Eq. (2) and calculate the difference in

C, =P, —
P, . This is the difference in the values of the

force constant of each hydrogen bond between the
present and previous iterations. If this difference con-
sistently decreases for successive iterations at a given
temperature, then C; is convergent. If, after a few itera-
tions, C, increases for any hydrogen bond, its behavior is
divergent.

Starting from 300 K, we perform iterations and exam-
ine convergence in intervals of 5 or 10 K. We iterate at
each temperature tested until

Cm
I

We watch for the instability b, /Ao) 1.0, where ho is

from the previous iteration. The temperature at which
this instability manifests itself is taken as the melting
temperature of the hydrogen bonds. We note that this is
the temperature at which the instability sets in for all unit
cells of the polymer simultaneously. Column 2 in Table
II lists the mean-field melting temperatures of all four po-
lymers.

The choice of the position coordinates used, the values
of the Morse-potential parameters and the form of the
long-range nonbonded interactions are most important.
Arnott et al. have two versions of 8-DNA polymer coor-
dinates obtained in different refinements, which we shall
refer to here as refinements 1 (Ref. 10) and 2 (Ref. 14).
The two refinements, differing in the explicit treatment of
the hydrogen atoms, yield base pairs whose hydrogen-

& (0.01)" . (13) 0.24
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FIG. 1. Mean-field melting of hydrogen bonds in A-T. The
lines refer to the same bonds as in Fig. 2.

0.00 1 I

300 320 340 360 380 320 340 360 380
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FIG. 2. Mean-field melting of hydrogen bonds in AGCT.
The two bonds to the left are of the base pair A-T, while the
three bonds to the right are of the base pair G-C. The solid line
is the N(1)—H . N(3) bond on both sides. The long-dashed
line is the N(6)—H . . O(4) bond on the A-T side and
O(6) . . - H—N(4) on the G-C side. The short-dashed line on the
G-C side is the N(2)—H O(2) bond. The first and second
halves of the temperature axis denote the same range of temper-
ature.
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bond lengths are different. Coordinates drawn from
refinement 2 create rather long hydrogen bonds. Since
we use the Lippincott-Schroeder model to calculate
hydrogen-bond force constants, our calculated force con-
stants are inversely proportional to the lengths of the hy-
drogen bonds. The strength of these force constants
affect the melting temperature. Earlier we had performed
mean-field melting calculations with coordinates from
refinement 2. ' Those coordinates created hydrogen
bonds with very weak force constants in A-T (0.053 as
compared to 0.116 in refinement 1). Subsequent calcula-
tions revealed that these coordinates created anomalies
wherever hydrogen bonds were specifically relevant. It
was therefore found essential to explore melting in coor-
dinates drawn from refinement 1.

The previous paper also had the disadvantage of only
the 13 lowest bands being accurately treated, the remain-
ing 233 bands of the dispersion curve having been con-
sidered in the Einstein approximation. It was subse-
quently found that frequencies around 90 cm ' (bands
25 —30) contributed substantially to hydrogen-bond
stretches. Here, 27 bands are treated exactly.

The crucial difference, however, is in the choice of the
Morse-potential parameters and here a significant point is

0.24

to be made. There are two principal methods of choosing
the Morse-potential parameters. The first rests on the
constancy of force constants and the second on the con-
stancy of potentials of corresponding hydrogen bonds in
homopolymers and copolymers.

The first method, followed in the previous paper, as-
sumes that the harmonic force constants of hydrogen
bonds in the homopolymers A-T and G-C will also be the
harmonic force constants of A-T and G-C bonds in the
copolymers. Then the Morse parameters have to be re-
calculated for each copolymer to ensure this constancy of
force constants. The melting temperatures calculated for
the copolymers through such a procedure reproduce the
correct order only when the form of the long-range non-
bonded force constants are altered so as to suit each poly-
mer.

The second method, followed in this paper, is to ensure
that the potentials of A-T and G-C bonds are retained for
corresponding bonds in the copolymers. For AGCT and
ACGT they reproduce the correct order in melting tem-
peratures with no parameters adjusted and no variation
in the long-range force-constant model. We calculate a
mean-field melting temperature of 355 K for AGCT and,
upon inverting G-C to C-G, creating ACGT, the mean-
field temperature is raised to 385 K. Figures 1, 2, and 3
display the mean-field melting of hydrogen bonds in AT,
AGCT, and ACGT, respectively.

0.2 I— III. THE SEI.F-CONSISTENT LOOP
IN DEFECT-MEDIATED MELTING

O.I8—

O. I 5—
o+

C

O. I2

U

0.09—

0.06—

1

1

Here we set to zero the force constants of some or all
hydrogen bonds in a given unit cell called cell 0. We
specifically examine the change in force constants of the
remaining hydrogen bonds, if any, in cell 0, and of the
hydrogen bonds in the adjoining cells, called cell +1 and
cell —1. The temperature at which there is a breakdown
in the force constants of cells +1 is taken as the melting
temperature, as it indicates the onset of growth of the ini-
tiation site.

When hydrogen bonds are cut in cell 0, in addition to
in-band normal modes of the lattice there now arise local-
ized modes. If D, is the mean-square stretch amplitude
from the in-band modes and D; that from the localized
modes, D, for hydrogen bonds in either cell +1, 0, or —1

is

0.03— D, =D, +D (14)

0.00 I I I

300.0 322.5 345.0 3675 390 0 322.5 345 0 367.0 390.0

TEMPERATURE (K )

FIG. 3. Mean-field melting of hydrogen bonds in ACGT.
The two bonds to the left are of the base pair A-T, while the
three bonds to the right are of the base pair C-G. The solid line
is the N(1) . . H—N(3) bond on both sides. The long-dashed
line is the N(6)—H . O(4) bond on the A-T side and N{2)—
H. . . O{2) on the C-G side. The short-dashed line on the C-G
side is the O(6) - H—N{4) bond. The first and second halves
of the temperature axis denote the same range of temperature.

iF —co I+Ci =0 .

If G is [cu I —F—C] ', then

(15)

D; = —f dcocoth /3 ImG, (co ), —
iT 2

(16)

D,: is calculated as follows. In cutting hydrogen bonds in
cell 0, the force constants of hydrogen bonds in cells +1
and —1 are perturbed. If C is the diagonal Green-
function source matrix, where C, is the change in force
constants of hydrogen bonds in cell +1, 0, or —1, the
secular equation [Eq. (5)] is modified to
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where j indicates integration over co for all bands of the

perfect helix, and ImG, . denotes the imaginary part of 6, .
6 can be shown to be

G=(I—gC) 'g,

where g= [co I—F] '. Details of the calculation of g are
found in Kim et al. D;, the localized-mode contribu-
tion to D;, is now calculated.

The localized-mode eigenfunctions q„ for coordinates
directly affected by the cut, are given by

[1—g„C„]q,=0,

where a refers to coordinates affected by hydrogen bonds
severed in cell 0. Eigenfunctions of coordinates not
directly affected by the defect are given by

9b gba Caa ~a

coth(Pa) q/2 )
DL —y (s, )(s; )

L 2cog
(20)

From the localized-mode eigenfunctions, we can project
s;, which is the localized stretch component of the ith
hydrogen bond from the kth band. The localized-mode
eigenfunctions are specifically normalized from con-
siderations of energy. ' The frequencies of the localized
modes, ~&, are obtained as zeros of the determinant

I
1 —g..c..I,

IV. RESULTS AND DISCUSSION

Figure 4 shows the defect-mediated hydrogen-bond
melting in cells +1 of A-T when the hydrogen bonds
were cut in cell 0. We notice that the instability in cell 0
spreads to both cell + 1 and cell —1 without any marked
preference of direction. For this polymer the mean-field
melting temperature was 350 K and the defect-mediated
melting temperature was 310 K. The experimentally ob-
served melting temperature is 326 K.

Figure 5 depicts the defect-mediated hydrogen-bond
melting in cells 0 and +1 of AGCT when A-T hydrogen
bonds are cut in cell 0. At the top of the figure is cell
+1; cell 0 is in the middle and cell —1 is at the bottom.
The left half of the plot contains the A-T hydrogen bonds
and the right half contains the G-C hydrogen bonds. The
first and second halves of the temperature axis denote the
same range of temperature. We notice that the instability
in the G-C bonds demonstrates a mild preference for
propagation along the direction cell 0 ~ cell + 1. This is
seen in the fact that the drop in the force constants is
sharper in cell +1 than in cell —1, at the melting tem-
perature. The drop in cell +1 initiates the breakdown of
all the hydrogen bonds. This preference is even more dis-
tinct in Fig. 6, where the defect in cell 0 comes from cut-
ting the G-C bonds, having retained the A-T bonds in-
tact. The A-T bonds in all three cells, however, collapse
due to the large local modes caused by the defect. For
both of these cases the defect-mediated melting tempera-
ture is 345 K, which compares well with the experimen-

The localized-mode eigenfunctions are calculated at room
temperature and assumed to be constant at higher tem-
peratures. Also, the stretch contribution from the modes
in the Einstein approximation is directly carried over
from the mean-field calculation and assumed to be con-
stant at all temperatures. Having found D, =D,' +D, ,
we recalculate the force constants of hydrogen bonds in
cells + 1, 0, and —1 from Eq. (2). We commence the
iteration at each temperature, with D, calculated from
the eigenvectors and eigenfrequencies obtained as con-
sistent solutions of the preceding MSPA calculation at
that temperature.

If P, are the initial force constants of hydrogen bonds
at room temperature and P; their values after iteration,
consider

0.24

0.21—

0.18—

0.15—

C

0.12 ~

U

0.09—
C;=P; —P;, i =1,2, . . . , 3n (21)

where n is the number of hydrogen bonds in one unit cell.
The diagonal matrix C, with diagonal elements C, , is
used in place of C, in Eqs. (15) and (16), and we iterate in
a loop of mean-square stretches and hydrogen-bond force
constants of cells +1, 0, and —1. At each temperature
we iterate until we are assured of convergence in the
value of the hydrogen-bond force constants. The temper-
ature at which the force constants reduce distinctly in ei-
ther cell +1 or —1 is considered the melting tempera-
ture, for then the instability has begun to grow to the sur-
rounding cells.

0.06—

0.03—

000[ I I I, I l

295 310 325 340 355 310 325 340 355

TEMPERATURE (K )

FIG. 4. Hydrogen-bond force constants in cell +1 and cell
—1 of A-T as a function of temperature when hydrogen bonds
in cell 0 are cut. The lines refer to the same bonds as in Fig. 2.
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U

0.24

O. I 2—
O. I2 =

0.00
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TEMPERATURE (K)

FIG. 5. Force constants in cells 0 and 1+1 of AGCT as a
function of temperature when A-T hydrogen bonds in cell 0 are
cut. The lines refer to the same bonds as in Fig.
the figure is depicted melting of hydroge n bonds in cell +1; in
the middle is cell 0 and at the bottom is cell —1. The left of the

right half of the plot. The first and second halves of the temper-
ature axis denote the same range of temperature.

I0.00

TEMPERATURE ( K )

FIG. 7. Variation of hydrogen-bond force constants with
temperature in ce s an11 +1 and —1 of AGCT when hydrogen

th A-T and G-C are cut in cell 0. The lines refer to
the same bonds as in Fig. 2. We track the melting o y rogen
bonds in cells +1.

0.24

O. I2—

024

Dc'

0 I2-
o
E

4

0,24

O. I2—

0.00
300 3 I 5 330 345 360 3 I 5 330 345 360

TEMPERATURE ( K )

FIG. 6. Variation of hydrogen-bond force constants in cells
+ 1, 0, and —1 of AGCT with temperature when G-C hydrogen
bonds are cut in ce ~ e in110. Th lines refer to the same bonds as in

Fig 2 The instability in cell 0 has a strong preference for prop-s ~

agating in the direction of cell + 1.

tally observed melting temperature off 343 K. The mean-
field melting temperature is 355 K.

F' 7 shows melting of hydrogen bonds in cells +1igure s
when the hydrogen bonds of both A-T and
severed in cell 0. The melting is not distinct and is at a
temperature of 350 K. The initiation site for melting,
however, is taken to be a single base pair. Recent calcu-
lations of Zhuang et al. ' indicate that the melting tem-
pera ure oet does not change for an initiation site up to five

11base pairs ong. e e1 Th d feet-mediated melting plots for a
5three de ects inf '

ACGT have been published elsewhere.
an-field andWe have summarized, in Table II, the mean-fie an

defect-mediated melting temperatures os of A-T, G-C,
d ACGT. For both copolyrners we have in-

cluded the melting temperatures for three kinds o e-
fects. Column 3 contains melting temperatures with a

f f A-T h drogen bonds cut in cell 0, column 4 con-
tains melting temperatures with a defect of G- on s
cut in cell 0, and column 5 has melting temperatures of
the defect with hydrogen bonds of both A-T and G-C cut
in cell 0. Column 6 compares these to the experimentally
observed melting temperatures, an the a reernent isg
remarkable.

dro en bondsThe localization of energy in the hydrogen on s
me fre uenciesvaries wiwith frequency and temperature. ome q

s than oth-contribute more to the hydrogen-bond stretches an
ers. The distribution of hydrogen-bond —stretch amp i-
tudes as a function of frequency varies with temperature.
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This should be observable as a shift in the frequency of
absorption corresponding to the modes with enhanced
hydrogen-bond stretches as the temperature increases.
The precise prediction of the shifts with temperature
would be the next step in these calculations.

ACKNOWLEDGMENTS

This work was supported in part by the U.S. National
Institutes of Health under Grant No. GM24443, and by
the U.S. OSce of Naval Research (ONR) under Grant
No. 00014-89-K-0115.

'V. V. Prabhu, L. Young, and E. W. Prohofsky, Phys. Rev. 8
39, 5436 (1989).

2Y. Kim, K. V. Devi-Prasad, and E. W. Prohofsky, Phys. Rev.
B 32, 5185 (1985).

Y. Kim and E. W. Prohofsky, Phys. Rev. B 33, 5676 (1986).
4J. W. Powell et al. , Phys. Rev. A 35, 3929 (1987).
5V. V. Prabhu, L. Young, and E. W. Prohofsky (unpublished).
R. Schroeder and D. Lippincott, J. Phys. Chem. 61, 921 (1957).

7K. C. Lu, E. W. Prohofsky, and L. L. Van Zandt, Biopolymers
16, 2491 (1977).

K. V. Devi-Prasad and E. W. Prohofsky, Biopolymers 23, 1795
(1984).

V. V. Prabhu, W. K. Schroll, L. L. Van Zandt, and E. W.
Prohofsky, Phys. Rev. Lett. 60, 1587 (1988).

' S. Arnott, P. J. Campbell Smith, and R. Chandrasekaran, in

Handbook of Biochemistry and Molecular Biology, 3rd ed. ,

edited by G. D. Fasman (Chemical Rubber Co., Cleveland,
1975), Vol. 2, p. 411.

"K.J. Miller, Biopolymers 18, 959 (1979).
' L. Young, V. V. Prabhu, and E. W. Prohofksy, Phys. Rev. A

39, 3173 (1989).
'3C. M. Venkatachalam and G. N. Ramachandratt, Conforma

tion ofBiopolymers lAcademic, New York, 1967j.
' R. Chandrasekaran and S. Arnott, in Landolt-Bornstein, Nu-

merical Data and Functional Relationships in Science and
Technology, edited by W. Saenger (Springer-Verlag, Berlin,
1989), Vol. VII/lb.

' B. F. Putnam, L. L. Van Zandt, E. W. Prohofsky, and W. N.
Mei, Biophys. J. 35, 271 (1981).

' W. Zhuang and E. W. Prohofsky (unpublished).
' O. Gotoh and Y. Tagashira, Biopolymers 20, 1033 (1981).


