
PHYSICAL REVIEW E JUNE 1997VOLUME 55, NUMBER 6
Calculation of the binding affinity of the anticancer drug daunomycin to DNA
by a statistical mechanics approach
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Equilibrium binding constants of the anticancer drug daunomycin, bound to several GC containing poly-
meric DNAs ~G represent guanine and C cytosine!, are calculated by means of a microscopic statistical
mechanics approach and based on observed x-ray crystal structures. Our calculation shows base sequence
specificity of daunomycin in agreement with the observations. We find the drug binding constant to be
sensitive to the base composition of the host sequence. The binding stability decreases in the order of
CGTACG, CGATCG, and CGGCCG, which is consistent with observations~T represents thymine and A
adenine!. This binding specificity arises from sequence specific hydrogen bond and nonbonded interactions
between the drug and a host DNA. These interactions are affected by sequence specific structural features
exhibited from x-ray crystallography. The agreement between our calculations and experiments shows that our
method is of practical application in analyzing sequence specific binding stability of anticancer drugs.
@S1063-651X~97!01506-7#

PACS number~s!: 87.15.By, 87.15.Kg, 63.70.1h
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INTRODUCTION

Daunomycin is an anticancer drug used for the treatm
of such diseases as acute leukemia, hematologic malig
cies, and a variety of solid tumors@1,2#. The target of this
drug is DNA and it is known to inhibit both DNA replication
and transcription through binding and intercalation into DN
base pairs@3#. Because of its biological mode of action an
pharmacological application, the DNA binding properties
daunomycin have been a subject of intensive investigatio

A focus of recent investigation is on the base seque
specificity of daunomycin binding@4–10#. Such a study is
important in probing the mechanism of preferential bindi
of an anticancer drug to a particular DNA site. An unde
standing of this binding selectivity is of importance in faci
tating the design of new anticancer drugs. Several exp
mental studies have revealed that daunomycin binding
sensitive to base composition and sequence of the host D
While each experiment gives somewhat different seque
specificity duo to differences in experimental conditions,
following descending order in binding stability is common
found in these experiments: AC. AG . GC or GG@5,6,10#
~A represents adenine, G guanine, and C cytosine!. A de-
tailed analysis on these experiments suggested that the
mal daunomycin binding site may be a sequence contain
ATGC or ATCG base pairs@7# ~T represents thymine!. The
structural feature of the minor groove amino group of gu
nine and the difference in stacking patterns are attribute
the origin of the observed sequence specificity of dauno
cin binding @10#.

An earlier theoretical study by Chen, Gresh, and Pullm
on the interaction energies in several model daunomy
DNA systems showed that the observed base specificity
be explained by the intricate interplay between differe
551063-651X/97/55~6!/7390~6!/$10.00
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components of interactions between DNA and bindi
daunomycin@8#. Both hydrogen bonds~H bonds! and non-
bonded interactions were found to be the primary source
sequence specificity. However the structural models use
this study were constructed based on the assumption
they have the same internal geometry as in the obse
daunomycin-d~CGTACG! 2 structure. X-ray diffraction stud-
ies have shown an apparent sequence specific structura
ference in different daunomycin bound DNA crystals. In a
dition thermal effects are neglected in this study. It is n
clear how such neglect will affect the calculated bindi
specificity.

In another theoretical study carried out by Cieplaket al.,
free energy perturbation–molecular dynamics calculati
were carried out to compare daunomycin binding stability
CGTACG, CGCACG, and CATACG double helical hexam
ers@9#. The calculated free energy changes in these hexam
show daunomycin binding preference in qualitative agr
ment with relevant experimental data. However, it was
ported that the calculations for the second base-pair pe
bation is less decisive than other perturbation calculatio
As a result, this study was restricted to single base-pair p
turbations.

An analysis that includes sequence specific structure, t
mal effects, and an unrestricted sequence can be made
sible by the use of the microscopic statistical mechanics
proach we have developed@11,12# combined with the use o
observed x-ray crystal or NMR structures. In the pres
work we carry out such a study to determine daunomy
binding specificity of several GC containing DNA sequenc
using their respective x-ray crystal structures. The equi
rium binding constant, which measures thermodynamic
bility of binding, of daunomycin bound to these DNA poly
mers are calculated and compared with observations.
7390 © 1997 The American Physical Society
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55 7391CALCULATION OF THE BINDING AFFINITY OF . . .
binding specificity revealed by these binding constants w
be analyzed. We will also examine the role of both H bon
and nonbonded interactions in daunomycin binding spec
ity. Such a study also serves as a test of the applicatabilit
our method in analysis of anticancer drug binding to rand
sequence DNA.

THEORETICAL METHOD AND COMPUTATION
PROCEDURES

The DNA polymers studied in the present work are P
d~CGTACG!•Poly d~CGTACG!, Poly d~CGATCG!•Poly
d~CGATCG! and Poly d~CGGCCG!•Poly d~CGGCCG!.
These DNA polymers are selected because of the availab
of relevant x-ray crystal structural data for daunomyc
bound complex. Each of these polymers is an infinitely lo
helix with a six base-pair repeating sequence. The coo
nates for daunomycin-bound duplexes are generated from
x-ray crystal structures of respective oligomers deposite
the Brookhaven protein data bank~PDB files pdb1d11.ent
pdb1d10.ent, pdb110d.ent! @13–15#. In these drug-bound
polymers one daunomycin is intercalated into the space
tween two base pairs in every CG step. Therefore, there
two drugs bound to every repeating sequence and the d
base-pair ratio is 3 base pairs~bp!/drug.

The equilibrium binding constant of daunomycin bou
to these DNA polymers are calculated by a microscopic
tistical mechanics method. In this approach the binding
bility is derived from an statistical analysis of drug dissoc
tion motions. The anharmonic motions of the drug leading
dissociation are modeled by a modified self-consistent h
monic theory@11,12#. The details of our method is describe
in our earlier papers. In the present paper only a brief su
mary is given.

The dissociation of daunomycin from DNA can be d
vided into two stages. The first is the disruption of H bon
which involves motions on a scale of;1/10 Å. The second
is the translational separation of the bulk drug from DN
which involves motions in the range of; Å. Because the
bulk of daunomycin is stacked between neighboring b
pairs, the second stage can also be called a drug-base
stacking process. These events can be assumed to be s
tically independent events. Hence, the dissociation proba
ity PD of daunomycin can be given by

PD5Pst)
i
Pi , ~1!

wherePst is the drug-base unstacking probability andPi is
the probability for the disruption of a drug-DNA H bond
There are usually several drug-DNA H bonds, the probabi
for the disruption of all these bonds is the product of t
Pi of each bond.

Equation~1! implies no explicit dependence of unstackin
probability on the H bond probability and vice versa. T
coupling between stacking interaction and H bond motio
however, is implicitly included in these probabilities. This
because these probabilities are calculated from the no
modes of the self-consistent harmonic equation which
volve the collective motions of both stacking and H bo
displacement. In our earlier work on the melting calculati
ll
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of DNA @20,21# the coupling between H bond and stackin
is also explicitly introduced in thermal expansion term
This, however, is negligible at premelting temperatures
cause of the small value of probabilities, and thus is
included in the present work.

Using the drug dissociation probabilityPD , the equilib-
rium binding constantKeq of the drug can be determine
from the fact that the sum of dissociation and associat
probability equals to one. We therefore obtain

Keq5
12PD

PD
. ~2!

Given initial microscopic structure and force fields, th
disruption probabilityPi of individual H bonds and dauno
mycin unstacking probabilityPst can be computed by the
procedures described below.

Hydrogen bond disruption probability

H bond disruption probability can be derived from a s
tistical mechanics calculation of microscopic bond fluctu
tional motions. Given the initial coordinates and force co
stants one can solve the equation of bond motion from
following effective Hamiltonian:

H05 (
atoms

P2

2m
1 (

bonds

1

2
Kr~r2r eq!

21 (
angles

1

2
Ku~u2ueq!

2

1 (
dihedrals

1

2
KF~F2Feq!

21 (
H bonds

1

2
Ki~r i2^r i&!2

1 (
nonbond

1

2
KNB~r i j2^r i j &)

21Veq . ~3!

This effective Hamiltonian is self-consistently adjusted to t
real system by the minimization of the Bogoliubov free e
ergy expansionF5F01^H2H0&, whereH is the Hamil-
tonian of the original system, andF and F0 are the free
energy of the original and effective system, respective
Veq is the static part of the Hamiltonian, i.e., the potentials
equilibrium positions.Kr andKu are covalent bond stretc
and angle bending force constants. These force constant
refined from observed vibrational spectra@16,17#. Since the
changes in dihedral angles are small for motions leading t
bond disruption,KF can be given by the second derivative
the relevant potential fromAMBER ~a software package fo
the simulation of DNA, proteins, and organic molecule!
@9,18#. The nonbonded force constantKNB is from a simple
empirical algorithm@19#. The H bond force constantKi is
given by @20,21#

Ki5~12Pi !

E
r c

`

dr
d2Vi~r !

dr2
e2~r2^r i &!2/2^ui

2&

E
r c

`

dr e2~r2^r i &!2/2^ui
2&

, ~4!

where r c is the innerbound cutoff determined from
Vi(r c)52uVi(r i

0)u (r 0
i is the potential minimum position!.

Our analysis indicates that the calculations are not sens
to the exact choice of the cutoff. The scaling fact
(12Pi) is introduced to take into effect of disrupted bon
in a statistical description of the force constant andPi is the
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7392 55Y. Z. CHEN AND YONG-LI ZHANG
disruption probability of the bond given below.^r i& is deter-
mined by an empirical thermal expansion and by appro
ately choosing the potential minimum such that^r i& agrees
with the x-ray observed length at room temperature@20,21#.
^ui

2& is the mean square vibrational amplitude of the bo
derived based on a self-consistent harmonic appro
@20,21#

^ui
2&5(

l
sil
2 \

2Mv l
cothF \v l

2kBT
G , ~5!

wherev l and l is the frequency and the index of the norm
modes, respectively.T is the temperature,kB Boltzmann’s
constant, and\ Planck’s constant divided by 2p.

The self-consistent harmonic approach also gives ris
statistical probability distribution functions of finding a pa
ticular H bond with a particular length. From these distrib
tion functions one can determine the probability of finding
H bond fluctuating beyond a certain breakdown point, i
the disruption probability of this H bond. This probability
given by

Pi5E
Lmax

`

dr e2~r2^r i &!2/2^ui
2&, ~6!

where Lmax is the maximum stretch length~breakdown
point! which can be found in our previous publication@20#.

The newly calculated force constants are then substitu
into Eq. ~3! to start another round of calculation. Such
process continues until every output force constant matc
the input force constant, judged by the conditi
DKi /Ki,0.01. The self-consistent solution corresponds t
minimized Bogoliubov free energy expansion.

Drug-DNA unstacking probability

As pointed out in our earlier work@11#, daunomycin-base
unstacking probability can be calculated by assuming t
after the disruption of drug-DNA H bonds, the drug can o
cillate along the orientation of the ring system of the aglyc
chromophore group in a composite drug-DNA interacti
potential well. Such an oscillating motion can then be d
scribed by an effective one dimensional effective harmo
Hamiltonian

H05
P2

2M
1
1

2
Kst~R2^R&!2, ~7!
i-
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whereM is the total mass and̂R& is the equilibrium posi-
tion of the drug given below.Kst is the effective force
constant determined by minimizing the Bogoliubov fr
energy expansionF5F01^H2H0&. F0 is the free energy
of the effective harmonic system in Eq.~7!: F0
52kBTln@exp(2H0 /kBT)#. T is the temperature andkB is
Boltzmann’s constant.

The stationary condition]F/]D50 (D5^u2&) then gives

Kst5~12Pst!

E
um

`

du e2u2/2D
d2

du2
Vst~^R&1u!

E
um

`

du e2u2/2D

, ~8!

where Vst is the drug-DNA stacking potential andum is
the inner bound of the hard core of the potential chosen
23 Å. 12Pst is used to scale the force constant to take in
consideration the effect of dissociated drugs in a statist
description of the force constant of drug motions. The me
square vibrational displacementD can be given from anothe
Stationary condition]F/]Kst50, which gives

D5
\

2Mv
cothF \v

2kBT
G , ~9!

where\ is the Plank’s constant divided by 2p andv is the
frequency obtained from

Mv25Kst . ~10!

The mean position̂R& of the drug is determined by th
classical condition that at the classical turnaround point
the energy of oscillator is stored in potential energy

Vst~^R&1m!5Vst~^R&2m!. ~11!

As in our earlier studies we definem as the full width at half
maximum of the distribution function exp(2u2/2D) which
givesm52A2D ln2. Finally thePst can be determined by
the distribution function exp(2u22/2D) as

Pst5E
Lmax

`

du exp„2~u2^R&!2/2D…, ~12!

whereLmax is the maximum displacement before dissoc
tion. It is chosen as the first inflection point of the potenti
sed for
om
TABLE I. Comparison between calculated and observed equilibrium daunomycin binding constantKeq in
several host DNA polymers. Only those with similar base sequence and base-pair–drug ratio are u
comparison. Calculated and observedKeq is at 293 K and 298 K, respectively. Observed values are fr
Remetaet al. @10#

Host DNA polymer Base pair–drug ratio Keq Method

Poly d~CGTACG!•Poly d~CGTACG! 3.0 6.943107 theor.
Poly d~AC!• Poly d~GT! 3.0 7.993107 expt.
Poly d~CGATCG!•Poly d~CGATCG! 3.0 2.343107 theor.
Poly d~AG!•Poly d~CT! 3.5 1.393107 expt.
Poly d~CGGCCG!•Poly d~CGGCCG! 3.0 8.603106 theor.
Poly~dG!•Poly~dC! 3.5 1.013107 expt.
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55 7393CALCULATION OF THE BINDING AFFINITY OF . . .
The newly calculated stacking force constantKst is sub-
stituted into Eq.~7! to start another round of calculation
Such a process continues until the inputKst matches the
outputKst . The self-consistent solution corresponds to
minimized Bogoliubov free energy expansion.

RESULTS AND DISCUSSIONS

Daunomycin binding specificity

The calculated equilibrium binding constantKeq of
daunomycin bound to Poly d~CGTACG!•Poly d~CGTACG!,
Poly d~CGATCG!•Poly d~CGATCG!, and Poly d~CG-
GCCG!•Poly d~CGGCCG! is given in Table I. Hereafter
these polymers will be named CGTACG, CGATCG, a
CGGCCG polymer, respectively. These host DNA polym
are considered because of the availability of th
daunomycin-bound structure. All these daunomycin-bou
DNAs have a base-pair–drug ratio of 3 bp/drug. For co
parison the observedKeq for host DNA duplexes with se
quence and base-pair–drug ratio close to these t
duplexes are included. Our calculatedKeqs are in fair agree-
ment with observations. For instance, the calculatedKeq
for the CGTACG polymer is 6.943107. The observed value
for the DNA polymer with closest sequence is 7.993107 for
Poly d~AC!•Poly d~GT! at 3 bp/drug@10#. Our calculated
Keq for the CGATCG polymer is 2.353107 which is com-
pared to observed value of 1.393107 for Poly d~AG!•Poly
d~TC! at 3.5 bp/drug@10#. The calculatedKeq for the CG-
GCCG polymer is 8.63106 which is also close to the ob
served value of 1.013107 for Poly~dG!•Poly~dC! at 3.5 bp/
drug @10#.

In addition to the fair agreement between calculated
observed binding constants, our calculation also predicts
quence dependent binding specificity in agreement with
servations and other theoretical analysis. From Table I

TABLE II. Helical parameters for daunomycin-DNA complexe
studied in this work.

Sequence Base pair Helical twist angle Rise
~deg! ~Å!

CGTACG C1-G12 34.95 5.277
G2-C11 30.85 3.362
T3-A10 34.48 3.695
A4-T9 30.85 3.362
C5-G8 34.95 5.277
G6-C7

CGATCG C1-G12 35.36 5.142
G2-C11 31.56 3.545
A3-T10 31.99 3.365
T4-A9 31.56 3.545
C5-G8 35.36 5.142
G6-C7

CGGCCG C1-G12 37.50 5.492
G2-C11 28.69 3.501
G3-C10 34.49 3.020
C4-G9 28.69 3.501
C5-G8 37.50 5.492
G6-C7
e
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ee
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find that the strength of daunomycin binding descends in
order of CGTACG. CGATCG. CGGCCG. This order is
equivalent to GT. GA . GG or AC. AG . GG. The
observed order is AC. AG . GG in a recent study by
Remetaet al. @10#. Although earlier expermental studies giv
a somewhat different binding specificity duo to differenc
in sample conditions, a commonly found order is AC. AG
. GC @5,6#. Therefore, our calculation is consistent with th
binding specificity probed by these experiments. In the th
GC containing DNA sequences studied, we predict that C
TACG is the preferential binding sequence for daunomyc
Such a prediction is consistent with an earlier study wh
suggested that the optimal daunomycin binding site is
ATGC or ATCG sequence@7#.

Our predicted sequence preference is slightly differ
from molecular mechanics study of Chen, Gresh, and P
man @8#. In that study an order of CGATCG. CGTACG
. TATATA . CGCGCG. TACGTA is given. Our cal-
culation predicts that CGTACG. CGATCG. This discrep-
ancy arises most likely from the use of different structu
models. In the study of Chen, Gresh, and Pullman
daunomycin-bound DNA sequences are assumed to hav
same conformation as that of the daunomycin-DNA d~CG-
TACG! 2 complex determined by x-ray crystallography.
contrast we use x-ray crystal structure for every sequen
From Table II we find that the helical parameters
daunomycin-bound DNA are different from sequence to
quence. Although the difference is relatively small betwe
the CGTACG and CGATCG sequence, our analysis in
cates that it is sufficient to affect specific H bonds and n
bonded interactions between daunomycin and host DNA
quence, which in turn affects the binding preference.

Apart from this difference, the same trend of binding pre
erence is predicted by both Refs.@8# and @9# and our group,
although different approaches ranging from molecular m
chanics and statistical mechanics are used. Experiments
shown that, except for pure AT or AU sequences~U repre-
sents uracil!, daunomycin binding is predominantly enthalp
driven @10,22#. Therefore it is not surprising that a simila
binding preference can be obtained from molecular mech
ics and statistical mechanics calculations. It is pointed
that the entropic effect, as well as sequence specific st
tural features, does affect the binding stability to a cert
extent. These effects need to be considered to quantitati
determine the binding preference.

Origin of sequence dependent binding preference

Chen, Gresh, and Pullman have shown that both dr
DNA H bonds and nonbonded interactions play an import

TABLE III. All drug-DNA H-bond disruption probability
PH5) iPi , drug unstacking probabilityPst , drug dissociation
probabilityPD , and equilibrium drug binding constantKeq in sev-
eral daunomycin-bound DNA polymers at 293 K.

System PH Pst PD Keq

CGTACG 3.2731024 4.4031025 1.4431028 6.943107

CGATCG 7.3631024 5.8131025 4.2731028 2.343107

CGGCCG 3.9331024 2.9531024 1.1631027 8.603106
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7394 55Y. Z. CHEN AND YONG-LI ZHANG
role in the sequence dependent binding preference@8#. The
importance of nonbonded interactions was also revealed
the free energy perturbation–molecular dynamics study
Cierpiaket al. @9#. We have also studied the contribution
these interactions on binding stability. Table III gives o
calculated drug dissociation probabilityPD and its compo-
nents, unstacking probabilityPst , and all drug-DNA H bond
disruption probabilityPH5) iPi , as well as the equilibrium
binding constantKeq . These probabilities give good indica
tion of the contribution from H bond and nonbonded sta
ing interactions to the binding stability.

The Pst of the CGTACG polymer is similar in value to
that of CGATCG sequence. This results from a similar dru
DNA stacking interactions in these two sequences. Fr
Table II one can see that both helical twist angles and r
are very similar in these two sequences. On the other h
the PH of the CGTACG polymer is substantially smalle
than that of the CGATCG polymer. From Table IV we fin
that several drug-DNA H bonds in CGTACG are slight
more stable than those in CGATCG. These H bonds col
tively contributes to a more stable binding of daunomycin
the CGTACG polymer than to the CGATCG polymer.

The lower binding affinity in the CGGCCG polyme
arises primarily from nonbonded stacking interactions

TABLE IV. Disruption probabilityPi and bond lengtĥ r i& of
drug-DNA H bonds in several daunomycin-bound DNA polyme
at 293 K. Only the bonds related to daunomycin bound betw
C5—G8 and G6—C7 are included in this table.

System Bond Pi ^r i& ~Å!

CGTACG N2 G 8— O7 DM 13 0.1232 3.1760
O6 DM 13— O2 C 5 0.3221 3.3350
O9 DM 13— N3 G 8 0.0294 2.7490
O11 DM 13— N3 C 7 0.2808 3.3560
N3* DM 13 — O2 C 5 0.2568 3.2930

CGATCG N2 G 8— O7 DM 13 0.5531 3.2660
O6 DM 13— O2 C 5 0.4659 3.4570
O9 DM 13— N3 G 8 0.0282 2.7440
O11 DM 13— N3 C 7 0.3505 3.3340
N3* DM 13 — O4* C 5 0.1273 3.1780

CGGCCG N2 G 8— O7 DM 13 0.2575 3.3290
O6 DM 13— N9 G 6 0.1621 3.2670
O9 DM 13— N3 G 8 0.0238 2.8320
O11 DM 13— O2 C 7 0.3964 3.4040
f

ts
by
f

r

-

-
m
s
nd
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tween daunomycin and DNA. From Table III one can s
that thePH for the CGGCCG polymer is comparable to th
of CGTACG and larger than that of CGATCG. In contra
thePst of this sequence is an order of magnitude larger th
that in the other two sequences. This is due to a much we
drug-DNA stacking interaction in the CGGCCG polyme
From Table II one can see that the helical twist angle of
CG step in CGGCCG polymer is more than 2° larger th
that in a CGTACG or CGATCG polymer. Moreover, th
helical rise of this polymer is more than 0.2 Å larger th
that of the other two polymers. The substantially larger tw
angle and rise in the binding site naturally result in a wea
stacking interaction between daunomycin and DNA. The d
ference in these stacking interactions is significant to the
tent that theKeq of the CGGCCG polymer is an order o
magnitude larger than those of the two other polymers st
ied.

CONCLUSION

Sequence-dependent binding specificity of daunomy
arises from sequence specific drug-DNA hydrogen bond
nonbonded interactions. The thermodynamics of these in
actions can be studied by a microscopic statistical mecha
method we have developed. The equilibrium drug bind
constant in several GC containing host DNAs is calcula
by means of this approach and based on microscopic st
ture from x-ray crystallography. The fair agreement betwe
our calculation and observed sequence specificity of dau
mycin binding shows the potential application of our meth
in analysis of binding preference of anticancer drugs to DN
sites with random sequences.

Our calculation is based on observed x-ray crystal str
tures. Effect associated with crystal packing may affect
calculated binding constant to a certain extent. But this eff
is likely to be small based on the agreement between
calculation and observations.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of the
C. Wong Education Foundation Hong Kong, the Nation
Science Foundation of P.R. China, and the Ministry of P
sonnel of P.R. China. We also thank the Computing Cen
of Academia Sinica for providing us with their comput
facilities.

n

o,

n.
@1# F. Arcamone, Med. Chem.17, 1 ~1980!.
@2# R.T. Dorr and D.S. Alberts, inCurrent Concepts in the Use o

Doxorubicin Chemotherapy, edited by S.E. Jones~Graphiche
Milani, Italy, 1979!, pp. 1–20.

@3# A DiMarco, F. Arcamone, and F. Zunino, inAntibiotics,
Mechanism of Action of Antimicrobial and Antitumor Agen,
edited by J. W. Corcoran, and F. E. Hahn~Springer-Verlag,
Berlin, 1975!, pp. 101–128.
@4# G.D. Parr and H. McNulty, J. Pharm. Pharmacol.31 ~suppl.!,
65 ~1979!.

@5# J.B. Chaires, Biochemistry22, 4204~1983!.
@6# L.E. Xodo, G. Manzini, J. Ruggiero, and F. Quadrifogli

Biopolymers27, 1839~1988!.
@7# J.B. Chaires, and J.E. Herrera, Biochemistry29, 6145~1990!.
@8# K.X. Chen, N. Gresh, and B. Pullman, J. Biomol. Struc. Dy

3, 445 ~1985!.



an

e

o-

er

n,

s

J.

s,

55 7395CALCULATION OF THE BINDING AFFINITY OF . . .
@9# P. Cieplak, S.N. Rao, P.D.J. Grootenhuis, and P.A. Kollm
Biopolymers29, 717 ~1990!.

@10# D.P. Remeta, C.P. Mudd, R.L. Berger, and K.J. Breslau
Biochemistry32, 5064~1993!.

@11# Y.Z. Chen and E.W. Prohofsky, Biophys. J.66, 820 ~1994!.
@12# Y.Z. Chen, and E.W. Prohofsky, Eur. Biophys. J.25, 9 ~1996!.
@13# A. H.-J. Wang, G. Ughetto, G.J. Quigley, and A. Rich, Bi

chemistry26, 1152~1987!.
@14# C.A. Frederick, L.D. Williams, G. Ughetto, and G.A. ven d

Marel, Biochemistry29, 2538~1990!.
@15# G.A. Leonard, T.W. Hambley, K. Mcauley-Hecht, T. Brow

and W.N. Hunter~unpublished!.
,

r,

@16# M. Tsuboi, S. Takahashi, and I. Harada, inPhysico-Chemical
Properties of Nucleic Acids, edited by J. Duchesne~Academic,
New York, 1973!, Vol. 2, pp. 91–145.

@17# K.C. Lu, E.W. Prohofsky, and L.L. Van Zandt, Biopolymer
16, 2491~1977!.

@18# S.J. Weiner, P.A. Kollman, D.T. Nguyen, and D.A. Case,
Comp. Chem.7, 230 ~1986!.

@19# V.V. Prabhu, L. Young, E.W. Prohofsky, and G.S. Edward
Phys. Rev. B39, 5436~1989!.

@20# Y.Z. Chen and E.W. Prohofsky, Biopolymers33, 797 ~1993!.
@21# Y.Z. Chen and E.W. Prohofsky, Phys. Rev. E49, 973 ~1993!.
@22# J.B. Chaires, Biopolymers24, 403 ~1985!.


