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Conformational Study of the Dinucleotide dGpdCp-Tetrapeptide 
Ala4 Complex+ 
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ABSTRACT Conformational analysis of dinucleotide dGpdCp and tetrapeptide /3-alanine (Ala,), to the complex 
has been carried out with an empirical potential function by varying all the independent degrees of freedom 
of the nucleotide and peptide backbones. To understand the factors involved in the change of one conformation 
to another, we have estimated approximately the configurational entropies of the conformer and water molecules 
bound to it by using a potential surface analysis method. The total free energy changes for each conformational 
transition between dGpdCp, Al4, and their complex at room temperature were calculated and compared with 
each other. The free energy change of the free dGpdCp and Ala, to the free complex is -70.0 kcal/mol, in 
which the interaction energy change is -49.5 kcal/mol and the entropy change is 68.9 eu. Through the hydration, 
there have been large changes of free energies: -664.0 kcal/mol for dGpdCp, -72.0 kcal/mol for Ala,, and 
-682.3 kcal/mol for the complex. The entropy changes corresponding to them are -28.1, -48.3, and -178.5 
eu, respectively. The free energy change of the hydrated dGpdCp and Al4 to the hydrated complex is -16.2 
kcal/mol, in which the energy change is -26.1 kcal/mol and the entropy change is -33.2 eu. It is found that 
this entropy change is mainly caused by the conformational entropy change of dGpdCp and Ala, through 
the complex formation and that the major contribution to the total interaction energy is ascribed to the hydrogen 
bond between the conformer and water molecules bound to it, whereas the hydration effect of counterions 
and bound water molecules is proved to play an important role in determining the conformational stabilities 
of dGpdCp, Ala4, and their complex in the hydrated state. 

I. Introduction 
The recognition between nucleic acids and proteins is 

one of the most fundamental processes and plays a central 
role in molecular communication in all living 
Examples of such interactions include complexes between 
histone and DNA, between repressor and DNA, between 
restriction endonuclease and DNA, and between transfer 
RNA and cognate synthetase. 

The “structural recognition” between nucleic acids and 
proteins can be classified into two categories: nonspecific 
interaction and specific interaction. In the former case, 
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protein recognizes some common structural features of 
nucleic acids and in the latter case, protein recognizes a 
particular base sequence of nucleic acids. Although ample 
experimental results- and model approa~hesl+’~ are 
available for these interactions, we know very little about 
the detailed mechanism of such interactions at the atomic 
or structural level. Carter and KrautlO proposed a model 
for a double-stranded RNA (ds RNA) and an antiparallel 
two-stranded @-sheet (@-ribbon), in which the 2’-hydroxyl 
of the ribose in RNA forms a hydrogen bond to the free 
carbonyl oxygen of the peptide backbone and the free NH 
group forms two hydrogen bonds through a water molecule 
with the ring oxygen and the 2’-hydroxyl oxygen of the 
next nucleotide on the narrow groove of ds RNA. They 
also pointed out that there is no room in the antiparallel 
@-ribbon for residues other than those with very small 
side-chain groups since the narrow groove of ds RNA is 
too shallow and ruled out the possibility of a simiiar model 
for ds DNA because DNA lacks a 2’-hydroxyl group and 
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the anomeric effect of the polar P-0 bond and the virtual 
bond between lone-pair orbitals of phosphodiester oxygens 
were also ~ons ide red .~~  

Atomic partial charges used for the calculation of the 
electrostatic and polarization terms were obtained from 
the so-called  PI^ method",18 in which a set of parameters 
for Ir-charge of the phosphate group of DNA backbone was 
refiied. The results of ab initio calculation with including 
d orbitals for dimethyl phosphate2' were used for the re- 
finement of those parameters. In the case of the free 
(vacuum) state, a dielectric constant of 1.0 was used. For 
the hydrated state, a distance-dependent dielectric con- 
stant, e ( ~ ! ~ ) ,  was used. It was assumed that at the contact 
distance r,,, e(rij) = 1 and for some particular interaction 
distance reff, the dielectric constant e(rij) = eo, the effective 
bulk dielectric constant.18 In the region r,, < rG < r,, e(rij) 
was considered to be a function of rij in the form of 

4rij) = (eo - l)[(rij - rcon)/(reff - rcon)ln + 1 ( 2 )  

Boundary conditions such as e(3 A) = 1.0 and 47 A) = 4.0 
were taken from the work of Hopfingerla since there are 
no available experimental data for them. When n = 1, eq 
2 is identical with the equation of Hopfinger. n = 2 is 
optimally chosen to yield good results of hydration energies 
of K+ and Na+ in agreement with experimental data.28 
Potential parameters of hydrogen bond were obtained 
optimally fitted to the results of ab initio computations. 
The detailed formulation and potential parameters used 
here are presented e l s e ~ h e r e . ~ ' - ~ ~ p ~ ~  

B. Conformational Entropy. 1. Conformational 
Entropy of Biomolecules. Because of the large number 
of atoms present in many biomolecules of interest, the set 
of torsion angles is commonly chosen as the coordinate set 
to be included in evaluation of the configurational inte- 
gral.'"'' Although a normal-mode analysis or a molecular 
dynamics simulation of the local fluctuations on the tor- 
sional motions of biomolecules may be feasible in principle, 
it is not applicable in practice because of the magnitude 
of the system. Karplus et al.19 pointed out from the con- 
formational study of decaglycine that the only internal 
coordinates that may be safely neglected are the bond 
lengths and that all other degrees of freedom contribute 
significantly to the entropy; however, our choice of the 
torsion angles for the set of internal coordinates for the 
nucleotide-peptide complex may be valid since the con- 
formations of nucleotide and peptide are not changed 
significantly through the formation of the complex. If the 
joint probability distribution function for a set of torsion 
angles satisfies a normalized multivariate Gaussian dis- 
tribution function, the conformational entropy at the ith 
minimum is given by19 

(3) 

Here, n is the number of degrees of freedom in a set of 
torsion angles and di) is the determinant of the covariance 
matrix at the ith minimum. Hence the entroy difference 
associated with the conformational change of a biomolecule 
is given by 

(4) 

where di) and &) are the determinants of the covariance 
matrices a t  the ith and j th  minima, respectively. 

The elements of the covariance matrix are readily 
available from numerical simulations such as molecular 
dynamics or Monte Carlo simulations and from harmonic 
analysis results. However, these methods are not feasible 
in evaluating the elements for each conformation at the 
local energy minima of large biomolecules because of the 

Sq(i) = Y2nR + Y2R In [(2n)"&)] 

AS& - j )  = 1/R In (&/& 

the minor groove of ds DNA in the B form is narrower than 
that of ds RNA. Kim et a1.,12 however, proposed a model 
for structural recognition between ds DNA and an anti- 
parallel two-stranded 8-sheet @-ribbon), in which not only 
all the symmetry elements (two kind of pseudo twofold 
axes) of DNA and @ribbon coincide as in the model for 
ds RNA but also the channel formed between the 8-ribbon 
and the minor groove is large enough to allow the minor 
groove of ds DNA to be recognized by various amino acid 
side chains on the inner surface of the antiparallel 8-ribbon. 
The unique portion of the complex is pointed out to be 
composed of one nucleotide and two peptides, in which the 
3I-oxygens of the DNA backbone form hydrogen bonds to 
every alternating amido NH group of the peptide backbone 
and alternating carbonyl oxygens of the peptide backbone 
are involved in hydrogen bonds to the opposite strand of 
the antiparallel @-ribbon or with nearby water molecules 
or amino acid side chains. 

As a further step in understanding the mechanism of 
the structural recognition between DNA and protein as 
well as the participation of water molecules in this inter- 
action, a study has been undertaken for a model complex 
between a single-stranded dinucleotide dGpdCp and a 
singlestranded tetrapeptide @-alanine (Aid by calculating 
the conformational energy using an empirical potential 
function. To recognize the factors involved in the stability 
of a given conformation and in the change of one confor- 
mation to another, it is necessary to evaluate their con- 
figurational entropy. There has been considerable effort 
in developing methods for its evaluation.'&18 Recently, 
Karplus e t  al.lg proposed a method of calculation of con- 
figurational entropy using a normalized multivariate 
Gaussian distribution function. They expressed the con- 
figurational entropy for each conformation in terms of the 
covariance matrix obtained from the harmonic analysis 
results.20 However, it is not applicable to biomolecules 
such as DNAs or proteins since it is not easy to obtain their 
harmonic analysis results a t  the local minima. Hence an 
approximate method for the evaluation of the covariance 
matrix with the analysis of potential surface is proposed 
and extended to determine the configurational entropies 
of the biomolecule as well as the water molecules bound 
to it. 

11. Methods and Definitions 
A. Potential Functions and Parameters. Confor- 

mational energy calculations were carried out with the 
empirical potential energy functions and energy parame- 
ters described by Kang and Jhon.21-24Je The total con- 
formational energy E, is the sum of the electrostatic en- 
ergy Ed, polarization energy EPl, nonbonded energy Enb,  
and torsional energy E,. The hydrogen bond energy Ehb 
is also included explicitly in the total energy. The total 
energy is given by the expression 

E,, = C (Eel + E,  + E n b )  + C Etor C 
nb pairs torsions hb pairs 

(1) 

The nonbonded energy was approximated by using the 
familiar Lennard-Jones 6-12 potential, in which the dis- 
persion coefficient was calculated by using the London 
formula and the equilibrium distance was assigned to be 
a distance approximately 0.2 A greater than the sum of the 
van der Waals radii of the interacting atoms.% The atomic 
static polarizabilities used in the polarization and non- 
bonded terms were taken from the work of Kang and 
Jhon.26 The torsional potential was of the form of the 
usual periodic function, and especially, for the phosphate 
group of DNA backbone, two additional potentials due to 
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standard deviation of each external variable must be re- 
duced appropriately. 

The potential barriers of the external variables can be 
approximately classified into the three cases:3z the very 
high, low, and intermediate barriers. For very high bar- 
riers, the external motion is confined to small harmonic 
oscillation about the potential minimum. Then the ex- 
pression for the entropy of the one-dimensional harmonic 
oscillation is given b y 3  
sho,i = 

R(xi exp(-xJ/(l - exp(-xi))) - R In (1 - exp(-xJ) (9) 

where R is the gas constant and xi is a parameter given by 
xi = hvi/kT for the ith external variable. If the probability 
distribution function satisfies a normal distribution, the 
force constant can be expressed in terms of its standard 
deviation, and the parameter x i  becomes 

xi = h / ( 2 ~ ( p k T ) ' / ~ ~ i )  (10) 
where h is the Planck constant, k the Boltzmann constant, 
T the absolute temperature, p the molecular weight (or the 
moment of inertia) of water molecule, and cri the standard 
deviation of the ith variable. Since the one-dimensional 
configurational entropy is described by 

(11) 
the reduced standard deviation ui* for the ith variable can 
be calculated by equating eq 9 and 11. This approximation 
is applied to the evaluation of the reduced standard de- 
viations for the distance d,  the bond angles & and &, and 
the torsion angle dl, &, or 43 with the higher potential 
barrier (the definition of the geometrical variables is shown 
in Figure 1). In practical calculation, the boundary po- 
tential barrier between the harmonic oscillator and the 
hindered rotation was taken to be 12 kcal/mol. 

The torsional motion with the intermediate potential 
barrier are treated as a hindered rotation. The entropy 
of the hindered rotation is given by33 

(12) 

where Sei and Shpi are the one-dimensional configurational 
entropies for the free rotation and the hindered pertur- 
bation due to the potential barrier, respectively. By 
equating eq 11 and 12, one can obtain ui*. The simple 
expression for the entropy of the free rotation is given by"3 

Sfr,i = R(YZ In li + Yz In T - In n, - 0.522) (13) 

where li is the moment of inertia, T the absolute tem- 
perature, and n, the symmetry number. The entropy as- 
sociated with the hindered perturbation is written in terms 

Si = 1/2R + YZR in (27roi*) 

Sh,i = Sf,,i + Shp,i  - In 27r 

of ~i byz1 

4 

Sa 
Figure 1. Definition of external variables required to generate 
the geometry of water molecule, where S1, S2, and S3 are three 
atoms of the substrate. 

magnitude of the system. Thus, we propose in this work 
an approximate method to obtain the elements by using 
the potential energy surface. The principal assumption 
made in the method is that the local fluctuations of 
biomolecules depend on the torsional motions and that the 
probability distribution function for each torsion angle 
satisfies a normal distribution function. Hence the element 
of the covariance matrix a t  the ith minimum isB 

,,# = pkr( i )uk( i ) , l ( i )  (5) 
where and a?) are standard deviations of the kth and 
lth torsion angles, respectively, and pkl ( i )  is the correlation 
coefficient between them. If there are small fluctuations 
in the torsion angles about the energy minimum, each 
standard deviation can be easily calculated since the 
probability distribution function for each torsion angle 
satisfies a normal distribution function.B In addition, the 
joint probability distribution function for the kth and lth 
torsion angles satisfies a bivariate Gaussian distribution 
function, and the correlation coefficient can be ob- 
tained from the relationz9 

q k l l ( i )  = qkO( i )  + p k l ( i ) u k ( i )  (6) 

where q k / l ( i )  is the conditional mean of the kth torsion angle 
with the lth torsion angle ql(') = ql0(') + u ~ ( ~ )  at  the ith 
minimum and q k O ( i )  is the value of qkcn at  the energy 
minimum. 

For a stable conformation of a bipolymer chain with 
small conformational fluctuations in the torsion angles 
about the energy minimum, Scheraga et al." expressed the 
conformational entropy as -'/zR In F, where F is the de- 
terminant of the matrix of second derivatives at the energy 
minimum. Hence the conformational entropy change from 
the ith minimum to the j th  one becomes 

(7) 

where Fc" and @) are the determinants of the matrices of 
second derivatives a t  the ith and j th  energy minima, re- 
spectively. However, eq 7 is identical with eq 4 since l/dn 
= F")/RT, which is derived in Appendix A. Our method 
may be an alternative to the method to evaluate the sec- 
ond-derivative matrix of the potential energy surface. 

2. Configurational Entropy of Bound Water Mol- 
ecules. The Coordinates of a water molecule bound to the 
biomolecule can be expressed with six external variables 
(one distance, two bond angles, and three torsion angles) 
if the coordinates of the three atoms to which a rigid water 
molecule is attached are kn~wn.~O?~l  In Figure 1, the ex- 
ternal variables are defined. If it is assumed that the joint 
probability distribution function for the external variables 
of a water molecule follows the multivariate Gaussian 
distribution func t i~n , '~  the configurational entropy of a 
water molecule is approximately given by 

S, = YznR + YZR In [(2?r)"u,*] (8) 

where n is the external degrees of freedom of the water 
molecule and u,* is the determinant of the reduced co- 
variance matrix of the water molecule. To make the de- 
terminant of the covariance matrix dimensionless, the 

AS(i - j) = 1/2R In (p)/fl)) 

b 
Shp,i = R[  s, t z  exp(-tz) dt/Lbexp(-t2) dt + 

In ( Jbexp(-tz) dt) + In (81/2n,~i)] (14) 

where 
b = 7 r / ( 2 1 / 2 n , ~ i )  (15) 

The detailed derivation of eq 14 is given in Appendix B 
and the integrations in eq 14 are performed numerically. 
This approximation is applied to the evaluation of the 
reduced standard deviations for the torsion angles 4q, &, 
and 43 with the intermediate potential barriers. For the 
case of the low potential barrier Vi < RT/2, an additional 
approximation is also considered in Appendix B. 

C. Model Compounds. As a model compound of the 
DNA-protein complex, the complex of a single-stranded 
dinucleotide dGpdCp and a single-stranded tetrapeptide 
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the  system^,^,^^ and then the total interaction energies of 
the conformers were minimized by varying all the torsion 
angles once more. The numbers of water molecules bound 
to each nucleotide and peptide were initially decided from 
the results of infrared spectra of Falk et and from the 
theoretical study of Scheraga et al.,38 respectively. This 
procedure was repeated until the difference of each torsion 
angle between the previous and later iterations remains 
within lo. Each water molecule bound to the system was 
optimized by varying the six external variables defined in 
Figure 1 by the Fletcher p r o ~ e d u r e , ~ ~  in which the opti- 
mization step lengths were 0.01 A for distance and 2O for 
all the angles. the maximum number of iterations was 60 
cycles and a convergence criterion was 0.005 kcal/mol. In 
addition, Na+ counterions placed along the phosphate 
anion axis of the nucleotide backbone were allowed to 
move during the energy minimization. 

The total entropy change of each conformer through the 
hydration was estimated as the sum 

ASbt = AS,,, + AS, (17) 
where ASm, is the conformational entropy change of the 
conformer given by eq 4 and AS, is the configurational 
entropy change of water molecules bound to the conformer. 
It is assumed that AS, is the difference between the en- 
tropy of liquid water a t  room temperature and the con- 
figurational entropy of the optimized water molecules. 
Hence AS, is given by 

AS, = S,, - nSWo (18) 
where S,, is the sum of the configurational entropy S, 
given by eq 8, n the number of bound water molecules, and 
SWo the entropy of liquid water a t  room temperature (Le., 
16.72 eu at 298.15 K).% The Helmholtz free energy change 
AA at  each energy minimum is given by AA = a,, - 
TAS,, a t  a temperature T. Since these calculations were 
carried out at constant pressure and volume, the Gibbs free 
energy change AG is approximately equal to AA. 

111. Results and  Discussion 
A. Minimum-Energy Conformations. The optimized 

torsion angles for the model compounds of dGpdCp, Ala,, 
and their complex are listed in Table I. The notation for 
torsion angles of dGpdCp and Ala4 is illustrated in Figure 
2. Three kinds of torsion angles for each model compound 
are compared with each other: the first column corre- 
sponds to the calculated results with a dielectric constant 
t = 1.0, the second to those of the hydrated compound with 
a distance-dependent dielectric constant described pre- 
viously, and the third to the available experimental values. 
From the calculated results it is found that the stereo- 
chemistry of dGpdCp, Ala,, or their complex with con- 
sidering the hydration effect is more close to that of 
crystallographic results. 

B. Dinucleotide dGpdCp. To investigate the relative 
stability of dGpdCp during the formation of the complex, 
it is necessary to calculate the internal conformational 
energy of dGpdCp itself as well as the configurational 
entropy of dGpdCp and water molecules bound to it. Since 
the water molecules in the first hydration shell are mainly 
responsible for the hydration structure of s0lute,4O9~~ only 
the directly bound water molecules to dinucleotide 
dGpdCp were considered in the calculation, whereas 23 
water molecules were optimized around dGpdCp, which 
is in good agreement with the e ~ p e r i m e n t a l ~ ~  and theo- 
r e t i~a l ,~  results. Four water molecules are bound to each 
Na+ counterion placed at  the phosphate anions, five to 
guanine base, and three to cytosine base. The remaining 
water molecules are attached to the sugar and backbone 

\ 

0- TCB 
CH3 ‘w 

Figure 2. Nomenclature of torsion angles and atoms for nu- 
cleotide and peptide backbones. 

@-alanine (a) was taken, where each end of the complex 
was terminated with hydrogen atom. Although it was 
found that there are two ways in which the anntiparallel 
@-ribbon can be fitted into the narrow groove of ds DNA 
parallel or antiparallel to each other,12 the antiparallel type 
was ruled out and only the parallel type of the complex 
was considered in this work since the latter has more fa- 
vorable stereochemistry under the constraint of keeping 
DNA as close to the B form as possible and since the total 
interaction energy of the antiparallel type was found to 
have a very large positive value.2l To consider simply the 
effects of the side chain of the peptide backbone in the 
formation of the complex, @-alanine was chosen. In ad- 
dition, for the hydrated dGpdCp, Na+ counterions were 
placed along the phosphate anion axis of the nucleotide 
backbone. The notation for torsion angles of the model 
compound is illustrated in Figure 2. 

D. Procedures of Computation. The total confor- 
mational energy change for each given conformation of 
dGpdCp, A b ,  or their complex was calculated as the sum 

Mtot = m m n  + mint (16) 
where a,,, is the internal conformational energy change 
of dGpdCp or Ala,, and mi, is the intermolecular in- 
teraction energy. 

The torsion angles of the backbones of dGpdCp and Ala, 
were allowed to move during minimization by using a 
quasi-Newton method developed by Fletcher3, with a 
convergence criterion of 0.005 kcal/mol and with a step 
length of 2O for all the torsion angles. The number of 
iterations was limited to 100 cycles. In order to generate 
the coordinates of the complex, 14 and 12 independent 
torsion angles are needed for dinucleotide and tetrapeptide, 
respectively. However, they were reduced to 7 (a, @, y, 6, 

the energy minimization. For example, a torsion angle 
(C6,-C4A&-03,) of a sugar S’ follows that of a sugar S, t, 
etc. (see Figure 2 for the notation of torsion angles and 
atoms). Crystallographic results of DNA3S and protein36 
and a refined model of their complex12 were used as the 
preliminary geometries of minimization. The starting 
points for minimization of the total energy of each con- 
formation were then determined by the refinement of those 
geometries varying each torsion angle of the backbones one 
after another. In the case of the complex, the geometry 
of the hydrogen bond was initially taken from that of the 
model building12 and then the torsion angles of each con- 
former were allowed to move during the energy mini- 
mization. 

For the hydrated systems, the hydration schemes were 
obtained by the optimization of water molecules bound to 

e, 5; and x) and 6 h, h, ul, 42, $2, and u2) variables during 
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Table I 
Backbone Torsion Angles in Degrees in an Asymmetric Unit 

Ala., dGpdCp complex angle 
Peptide 

$ 1  -150.3' -144.1 -138.6' -158.9' -160.0b -152.6e 

w I  -179.0 -173.5 -178.5 -182.4 -185.5 -175.5 
@L -149.2 -142.6 -138.6 -142.0 -142.0 -144.3 

$ 1  157.3 162.8 134.7 142.6 142.2 130.5 

$ 2  157.5 145.7 134.7 179.5 181.6 181.5 
w L  -180.0 -178.0 -178.5 170.0 168.6 175.8 

Nucleotide 
oi -94.6a -91.6b -95.2d -97.4 -94.4 -85.0 
P -57.1 -56.1 -46.9 -48.9 -47.9 -47.3 
Y -149.5 -148.5 -146.0 -149.5 -148.5 -143.3 
6 40.4 38.4 36.4 29.0 29.0 17.3 
E 149.5 146.5 156.4 149.8 149.8 152.7 
i- 163.7 163.7 155.0 169.9 169.9 165.0 
X 79.5 80.5 82.3 74.6 76.6 85.3 

' Calculated values with a dielectric constant E = 1. Calculated values with a distance-dependent dielectric constant due 
to  the hydration. 
data from ref 12. 

Table I1 
Optimum Geometry, Interaction Energy, and Configurational Entropy of  Water Molecules Bound t o  Dinucleotide dGpdCp ' 

optimum geometry 

X-ray crystallographic data from ref 36. X-ray crystallographic data from ref 35. e Model building 

water ref atoms b 
molecule SI S, S, d 6 ,  0 ,  $ 1  4% $3 AE s w  AA 

w1 Na(P')OL(P')OR(P') 3.05 76 27 261 133  220 -12.25 10.71 -15.44 
w 2  Na(P')OL(P')OR(P:) 2.77 145  155  27 116 161  -12.67 16.67 -17.64 
W3 Na(P')OL(P')OR(P, ) 2.81 62 48  190  207 130  -8.21 16.99 -13.28 
W4 Na(P')OL(P')O,(P ) 2.95 92 26 94 276 157 -10.38 15.93 -15.13 
W5 O,t(S')C,,(S')C,,(S') 2.00 129  176 203 223 1 4  -15.67 21.96 -22.22 
W6 0 I ,( S')C4t(S')C3t(S') 2.05 93  178  103 272 272 -14.78 23.99 -21.93 
W7 O,,(P')P'(P')O,,(P') 1.95 100 1 6 1  139  99 194  -14.07 16.67 -19.04 
W8 OR(P')P'(P')O,,(P') 1.48 208 178 214 214 206 -24.88 10.36 -27.97 
W9 N,(G) C,(G) N,(G) 1.97 98 186  166 190  0 -8.64 19.65 -14.50 
W10 O,(G)C,(G)C,(G) 1.72 126  175  191  344 168 -10.31 20.86 -16.53 
W 1 1  H,(G) N,(G) C,(G) 2.47 176 23 242 161  145  -10.13 9.39 -12.93 

W13 N,(G)C,(G)N,(G)  1.93 111 183  169  282 180 -7.98 10.59 -11.14 
W 14  Na(P)OL(P)OR (P ) 3.03 79 26 259 9 1  240 -15.55 9.07 -18.25 
W15 Na(P)OL(p)OR(p) 2.76 133  109 16  100 222 -8.67 16.02 -13.45 
W16 Na(P)OL(P)OR(P) 2.81 62  47 171  203 111 -11.68 12.47 -15.40 
W17 Na(P)OL(P)OR(P) 3.13 81 23 91  193  125  -16.26 12.27 -19.92 
"18 O,,(S)C.,,(S)C,,(S) 2.16 84 146  92 314 357 -20.76 18.06 -26.14 
w19 O,!(P)P(P)O,,(P) 1.95 107 165  134 104 204 -12.76 20.12 -18.76 
w20 OL(P)P(P)O,t(P) 1.51 127 181 316 27 209 -15.69 12.16 -19.32 
w 2 1 H 4 (C )N 4(C IC ,(C 1 2.39 160  34 193  170 177 -8.46 14.24 -12.71 
w22 H,4C)N4(C)C4(C) 2.23 163  40 1 170 221 -5.87 14.88 -10.31 
w 2 3  N ,(C)C4(C )C AC 1 2.06 141  186 145 6 179 -7.98 13.09 -11.88 

W12 H,,(G) N,(G) C,(G) 2.20 121 48 267 206 204 -6.42 9.76 -9.33 

' Definition of reference atoms and geometry is given in Figure 1; A E ,  S,, and AA are interaction ener y (kcal/mol), 
Each atom is configurational entropy (eu), and Helmholtz free energy (kcal/mol) at room temperature, respectively. 

designated with parentheses to which it belongs. 

of the nucleotide. The optimized structure of the hydratad 
dGpdCp is shown in Figure 3. It is found that there are 
a few hydrogen bonds between the bound water molecules: 
Wl-W7, W2-W8, Wll-W23, W12-Wl8, and W17-W15. 
The average distance between Na+ counterion and water 
molecules coordinated to it is 2.49 A, which is in good 
agreement with the average cation-oxygen bond lengths 
observed in crystals containing polycoordinated sodium 
c a t i ~ n . ~ + ~ ~  

The optimized geometry, interaction energy, configu- 
rational entropy, and free energy of each water molecule 
bound to dGpdCp are shown in Table 11. The interaction 
energies of water molecules bound to Na+ counterions lie 
within -8.2 to -16.3 kcal/mol, those to phosphate and 
sugar groups are -12.8 to -24.9 kcal/mol, and those to 
bases amount to -5.9 to -10.3 kcal/mol. The configura- 
tional entropies of water molecules are 9.1-17.0,10.4-24.0, 
and 9.4-20.9 eu for those groups, respectively. Hence it 
is found from the comparison of free energies with each 

other that the water molecules are more strongly bound 
to phosphate and sugar groups than the other water 
molecules and their values lie within -18.8 to -28.0 
kcal/mol. The free energies of water molecules on Na+ 
counterions and baees are -13.3 to -19.9 and -9.3 to -16.5 
kcal/mol, respectively. 

The interaction energies for the hydrated dGpdCp are 
summarized in Table 111. The internal conformational 
energy change of dGpdCp through the hydration is about 
-19.4 kcal/mol, to which the electrostatic energy is the 
major contribution of energy. The total value of inter- 
molecular interaction energy is -653.0 kcal/mol, to which 
the polarization and hydrogen bond energies contribute 
dominantly. Hence it is clear that the total energy change 
of dGpdCp due to the hydration amounts -672.4 kcal/mol 
and that the hydration effect including counterions exerts 
an important effect upon the relative stability of dGpdCp. 
The configurational entropy change of dGpdCp through 
the hydration of 10.5 eu (see Table IV), which is due to 
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Figure 3. Structure of the hydrated dGpdCp along the helical 
axis. For clarityl hydrogen atom are not shown. Hydrogen bonds 
and coordination of water molecules to counterion are shown in 
broken lines. Each atom ia designated as follows: (e) carbon; (01 
oxygen; (0) nitrogen; (0) phosphorus; (e) sodium. 

Table I11 
Interaction Energies of Hydrated Dinucleotide dGpdCp 

and Tetrapeptide Ala, (kcal/mol)a 
components 

of 
Ala, interaction dGpdCp 

energies - 

A E ~ ~  -26.08 -5.88 -4.51 180.89 
A E ~ ~ ~  7.72 -146.56 0.09 -13.41 
AEnb -1.37 43.34 -0.32 -3.92 

AEhb -543.92 -264.89 
AEtot  -19.38 -653.02 -3.03 -83.83 

AEtor 0.35 1.71 

Values in the first and second columns are the internal 
conformational energy changes and the intramolecular 
interaction energies of dGpdCp and Ala, through the 
hydration, respectively. 

Table IV 
Conformational Entropy Change of dGpdCp, Ala,, and 

Their Complex (eu)a 

state dGpdCp Ala4 
free complex 30.60 38.28 
hydrated 10.48 -6.58 
hydrated complex -1.84 -41.26 

a Values of conformational entropy changes of 
dGpdCp and Ala, are the relative values to  those of the 
isolated dGpdCp and Ala, in the free state, respectively. 

the increase of correlation coefficients between phos- 
phate-backbone torsion angles of dGpdCp even though 
there is the reduction of standard deviation for each torsion 

A 

1 4  

Figure 4. Structure of the hydrated Ala, along the z axis of 
rectangular coordinates. 

angle through the hydration. 
By using the values in Table I1 and the experimental 

dahs the total entropy change of water molecules at room 
temperature can be approximately calculated as -38.6 eu. 
Hence the total entropy change and the total free energy 
change through the hydration of dGpdCp are about -28.1 
eu and -664.0 kcal/mol, respectively, and the relative 
contribution of entropy to free energy change amounts to 
about 1.3%. 
C. Tetrapeptide Ala,. For tetrapeptide 8-alanine in 

the free and hydrated states the internal conformational 
energy and the configurational entropy were also calcu- 
lated. For the hydrated Ala,, nine water molecules were 
optimized around the conformer. Their geometries, in- 
teraction energies, and configurational entropies are listed 
in Table V. In Figure 4, the optimum structure of Ala, 
and water molecules directly bound to it is shown. It is 
clear that each water molecule is attached to each amino 
or carbonyl group and there is one water molecule hy- 
drogen bonded to an adjacent water molecule. 

The interaction energies of water molecules bound to 
NH groups lie within -11.0 to -14.6 kcal/mol and those 
to carbonyl groups within -6.6 to -9.0 kcal/mol. The larger 
value of those to NH group is due to the interaction with 
adjacent carbonyl group. Eepecially, water molecule W3 
has the largest interaction energy through the hydrogen 
bond to an adjacent water molecule W2. The configura- 
tional entropies of water molecules bound to NH group 
lie within 4.2-10.2 eu and those to carbonyl group within 
14.5-19.9 eu. It is found that the free energies of water 
molecules on Ala, are within -12.5 to -16.1 kcal/mol and 
that water molecules are attached to amido group stronger 

Table V 
Optimum Geometry, Interaction Energy, and Conformational Entropy of Water Molecules Bound to Tetrapeptide Ala, 

water 
molecule 

optimum geometry ref atoms 
SI s 2  s, d 61 6 2  9, @Z @3 AE AA 

w1 
w 2  
w3 
w4 
w5 
W6 
w7 
W8 
w9 

HI  N, Cy 2.42 164 26 182 185 197 
0,  CI, N& 1.77 136 177 21 357 181 
H, N, C, 2.35 153 36 141 178 164 
0, C, ,N,  1.77 140 178 22 350 182 
H,,N,  H, 2.21 158 40 146 171 224 
H, N, Cf 2.46 164 27 229 188 225 

H, N, Cy 2.36 164 33 182 191 212 
0, C, ,N,  1.76 115 177 323 13 170 

0, C, tN,  1.79 139 182 321 294 178 

-11.59 
-8.75 
-14.63 
-9.04 
-10.96 
-12.05 
-7.07 
-12.14 
-6.61 

8.54 
19.08 
4.87 
14.46 
10.23 
4.20 
18.58 
8.96 
19.82 

-14.14 
-14.44 
-16.08 
-13.35 
-14.01 
-13.30 
-12.61 
-14.81 
-12.52 

a Refer to footnotes in Table 11, 
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Table VI 
Interaction Energies of Complex between Dinucleotide dGpdCp and Tetrapeptide Ala, (kcal/mol) a 

free complex hydrated complex components of 
interaction energies 

AEC.1 2.14 1.53 -12.35 -22.81 -2.58 100.48 

AEab -4.58 0.27 0.87 -3.30 0.38 47.13 
AEtor 3.48 4.32 2.84 5.18 

* E ,  0 1 0.18 -0.60 -19.05 8.08 -0.16 -175.54 

-25.66 -744.04 
AEto t 1.22 5.52 -56.19 -15.19 2.22 -771.97 

a Values in the first and the second columns correspond to the internal conformational energy changes of dGpdCp and 
Ala, relative to the isolated dGpdCp and Ala, in the free state, respectively; values in the third column correspond to the 
intramolecular interaction energy of complex between dGpdCp and Ala,. 

than to carbonyl groups by about 2-3 kcal/mol. 
The optimized geometries of Ala, in the free and hy- 

drated states are compared with the experimental valueM 
in Table I. The structure of hydrated Ala, is known to be 
closer to that of experimental results. The interaction 
energy changes for Ala, through the hydration are also 
summarized in Table 111. It is seen that the internal 
conformational energy change of Ala4 is -3.0 kcal/mol and 
that the intermolecular interaction energy of the hydrated 
Ala, is -83.4 kcal/mol. The total energy change of Alal 
through the hydration is thus -86.4 kcal/mol, in which the 
interaction energy between p-alanine and water molecules 
bound to it is the decisive factor. There is a decrease of 
configurational entropy about 6.6 eu for Ala4 through the 
hydration (see Table IV). The entropy change of water 
molecules amounts to -41.7 eu. Thus, total entropy change 
due to the hydration is approximately -48.3 eu and the 
total free energy change at  room temperature is about 
-72.0 kcal/mol. This value corresponds to about one-ninth 
of that for the hydrated dGpdCp. 

D. Complex of dGpdCp and Alal. To understand the 
factors involved in stabilizing the dGpdCp-Ala, complex, 
the studies of the formation of the complex are carried out 
by considering the hydration effect. 

The optimized geometry of the complex is listed in Table 
I. The hydrogen bond lengths of the complex are 3.13 and 
3.17 A for the free complex and 3.05 and 3.17 A for the 
hydrated complex. There is no large structural difference 
between the two complexes, but the stereochemistry of the 
hydrated complex is closer to that of the model building 
study. The major differences between the isolated 
dGpdCp and the complex are in conformational angles p 
and 6 of the nucleotide backbone, but those between Ala, 
and the complex are in all the torsion angles. 

In case of the free complex, the optimized structure is 
shown in Figure 5 and the interaction energy changes are 
summarized in Table VI. The internal conformational 
energy changes are 1.2 and 5.5 kcal/mol for dGpdCp and 
Ala., due to the formation of the complex from the isolated 
dGpdCp and Ala,, respectively. Although there is a de- 
crease of internal energy through the formation of the 
complex, the total interaction energy change is -49.5 
kcal/mol, in which the interaction energy between dGpdCp 
and Ala, is -56.2 kcal/mol. It is clear from analyzing the 
interaction energy that the major contribution to the 
relative stability of the complex comes from the hydrogen 
bond and the minor contribution is the nonbonded in- 
teraction. There is a confiiational entropy change of 68.9 
eu upon the complex formation (refer to the values of 
configurational entropy changes of conformers shown in 
Table IV), which is caused by the increase of correlation 
coefficients between backbone torsion angles of dGpdCp 
and Ala, while there is the reduction of mean fluctuation 
for each torsion angle through the formation of the com- 
plex. Hence the configurational free energy change of the 

P- 
Figure 5. Structure of the free complex between dGpdCp and 
Ala, along the helical axis of dGpdCp. Hydrogen bonds are shown 
in broken lines. 

I 
Figure 6. Structure of the hydrated complex between dGpdCp 
and Ala, along the helical axis of dGpdCp. Hydrogen bonds and 
coordination of water molecules to counterion are shown in broken 
lines. The other notation refers to the caption of Figure 3. 

complex from the free dGpdCp and Ala4 is -70.0 kcal/mol 
and the contribution of configurational entropy to it cor- 
responds to about -20 kcal/mol. 

In Figure 6, the structure of the hydrated complex is 
shown, in which the total 29 water molecules were optim- 
ized around the complex. The results of optimized geom- 
etry, interaction energy, and configurational entropy of 
each water molecule are also listed in Table VII. The 
major difference of hydration scheme between the complex 
and the isolated molecules comes from the complex for- 
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Table VI1 
Optimum Geometry, Interaction Energy, and Configurational Entropy of Water Molecules Bound to 

Comolex between Dinucleotide dGPdCo and Tetraoeptide AlaAa 
optimum geometry water ref atoms 

w1 
molecule S, S, S, d 61 82 $1  $2 @J3 AE s w  AA 

w 2  
w 3  
w 4  
w 5  
W6 
w 7  
W 8  
w 9  
w 1 0  
w11 
w12 
W13 
W14 
"15 
W16 
W17 
W18  
w19 
w 2 0  
w21  
w22 
W23 
W24 
W25 
W26 
W27 
W28 
W29 

a Refer to footnotes in Table 11. 

3.04 
2.90 
2.77 
3.11 
1.95 
1.91 
1.47 
1.46 
1.97 
1.77 
2.48 
2.05 
3.07 
2.86 
2.81 
3.04 
2.07 
1.46 
2.37 
2.26 
1.99 
2.38 
2.42 
1.76 
2.24 
1.76 
2.27 
2.24 
1.88 

75 
144  

57 
78 

134 
114 
170 
14 5 
100  
116  
175 
148 

79 
114  

62 
73 
89  

139 
158 
156 
140 
156 
162 
135 
157 
139  
157 
141 

97 

31 
102 

50 
1 6  

177 
183 
178 
177 
186 
173 

24 
47 
27 

109 
49 
31  

182 
177 

36 
39 

186 
36 
26 

181  
35  

175 
43  
41 

173 

mation, in which water molecules bound to the vicinity of 
oxygen atoms of nucleotide backbone and of amido or 
carbonyl group of @-alanine are squeezed out and the 3'- 
oxygens of the nucleotide backbone form the hydrogen 
bonds to every alternating amido NH group of the peptide 
backbone, whereas the major difference between the hy- 
drated complex and the hydrated dGpdCp and comes 
from the distribution change of water molecules bound to 
regions between dGpdCp and Ala,. There are three hy- 
drogen bonds between bound water molecules: W2-W7, 

Table VI contains the interaction energy of the hydrated 
complex between dGpdCp and Ala,. The internal con- 
formational energy changes of the complex through the 
hydration are -16.4 and -3.3 kcal/mol for dGpdCp and 
Ala,, respectively. Since the intermolecular interaction 
energies of the complexes in the free and hydrated states 
amount to -56.2 and -772.0 kcal/mol, respectively, the 
energy change of intermolecular interaction due to the 
hydration is -715.8 kcal/mol, to which the major contri- 
bution of energy comes from the hydrogen bond and po- 
larization energies. It is clear that Na+ counterion plays 
an important role in stabilizing the conformation of the 
hydrated complex as well as the hydrated dGpdCp. These 
results are in good agreement with the experimental results 
of Aslanian et al.& Although the interaction between 
dGpdCp and A14 is very essential in the formation of the 
complex, ita contribution to the total interaction is found 
to be of less consequence. The total interaction energy 
change of the complex through the hydration is thus -735.5 
kcal/mol. 

In Table IV, the configurational entropy changes of 
dGpdCp and Ala, in the hydrated complex'are shown and 
the values of those for dGpdCp and Ala, are -1.8 and -41.3 
eu, respectively. By using data in Table IV, ,the configu- 
rational entropy change of the complex through the hy- 

W11-W21, and W16-W14. 

268 
29 

194 
100 
208 
102 
276 
24 2 
170  
197 
246 
325 
2 64 

1 7  
167 

86 
140  
238 

95 
3 23 
147 
207 
213 

57 
166 

37 
86 

162  
297 

138 
125  
201 
291 
222 
300 
158 
182 
196 
345 
161 
173 

93 
110  
199 
187 
121  
1 8 1  
188 
170 

7 
152  
169 
3 08 
173  
3 34 
114  
167 

39 

247 
158 
123  
153  

14  
27 1 
213 
21 3 

0 
163  
145  
189 
24 0 
212 
108 
106 

1 
212 
233 
226 
178 
237 
190 
182 
1 6 1  
129 
223 
230 
177 

-6.45 
-13.85 

-8.83 
-16.26 
-14.04 
-12.78 
-23.44 
-20.55 

-7.71 
-10.98 
-11.01 
-12.12 
-22.61 
-10.14 
-11.56 
-16.22 
-14.45 
-23.43 
-10.45 

-5.66 
-6.86 

-10.64 
-12.50 

-7.96 
-11.69 

-7.23 
-10.15 
-10.16 

-7.50 

15.02 
16.31 
13.60 
10.59 
21.76 
15.43 
8.25 

13.56 
20.12 
16.91 

8.79 
16.77 

8.40 
16.89 
15.53 
12.33 
13.67 
12.66 
10.84 
15.72 
13.09 
14.59 
11.35 
19.18 
13.27 
19.31 
12.97 
14.65 
16.70 

-10.93 
-18.71 
-12.88 
-19.42 
-20.53 
-17.38 
-25.90 
-24.59 
-13.71 
-16.02 
-13.63 
-17.12 
-25.11 
-15.18 
-16.19 
-19.90 
-18.53 
-27.20 
-13.68 
-10.35 
-10.76 
-14.99 
-15.88 
-13.68 
-15.65 
-12.99 
-14.02 
-14.53 
-12.48 

dration can be estimated and amounts to -32.4 and -79.5 
eu for dGpdCp and a, respectively. The configurational 
entropy change of water molecules can be calculated by 
using eq 18, and its value corresponds to -66.5 eu. Thus 
the total free energy change of the free complex between 
dGpdCp and Ala, through the hydration at  room tem- 
perature is -682.3 kcal/mol and the entropic contribution 
to the total free energy is about 53 kcal/mol. 

Although there are extensive experimental results6 that 
the formation of the complex between DNA and protein 
is very favorable, there is no experimental evidence as yet 
to support the model implying the binding of a P-sheet 
polypeptide structure to the minor groove of DNA. To 
investigate this kind of interaction, the free energy change 
of the hydrated dGpdCp and Ala, to their hydrated com- 
plex is estimated. The interaction energy change through 
the formation of the hydrated complex from the hydrated 
dGpdCp and Ala4 is -26.1 kcal/mol, which can be calcu- 
lated by using the values in Tables I11 and VI. This value 
is about the same magnitude as that of the contribution 
of the dGpdCp-Ala, interaction to total interaction energy 
of the hydrated complex. 

The conformational entropy changes of the hydrated 
dGpdCp and Ala4 to the hydrated complex are -12.3 and 
-34.7 eu, respectively (see Table IV). The entropy change 
due to water molecules is 13.8 eu. Hence the total entropy 
change is -33.2 eu and the total free energy change at room 
temperature is -16.2 kcal/mol. It is clear that the for- 
mation of the complex with the hydration is favorable and 
the entropy change is mainly caused by the conformational 
entropy change of dGpdCp and Alal upon the complex 
formation. If the entropy change due to the structural 
change of water molecules outside the directly bound water 
molecules during the formation of the complex, more exact 
value of free energy change may be obtained. The overall 
free energy changes for the various conformational tran- 
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Appendix A. Derivation of l /u  = F/RT 
The ratio of statistical weight at q and qo, where q = (ql, 

q z  -9 Qn) and q o  = (q io ,  420, -9 QnO), is 
P(q)/P(qo) = exp(-(v(q) - V(qo))/RT) (A-1) 

For a stable conformation with small conformational 
fluctuations about the energy minimum 

V(q) = V(qo) + t / 2 ( ~  - qo)’F(q - qo) (A-2) 

Hence the ratio P(q)/P(qo) becomes 

P(q)/P(qo) = exp(-Y2(RT)-’(q - qo)’F(q - qo)) (A-3) 
If the probability distribution function P(q) is a normalized 
multivariate Gaussian distribution function, the ratio 

P(q)/P(qo) = exp(-Y2(q - qo)’u-’(q - qo)) (A-4) 
P(q)/P(qo) becomes 

From eq A-3 and A-4, we obtain the relation 

u-’ = (RT)-’F (A-5) 

AE = -672.40 

LS = - 28.08 

AA = -664.03 

bE = - 4 9 . 4 5  

AS = 68.88 

AA = -69.99 

A E  = -86 .41  

A S  = -48.28 

AR = -72.02 

A E  = - 7 3 5 . 4 9  

AS = -178.46 

AA = -6az.28 

AE = -26.13 

AS = -33 23 

CIA = -16 22 

Figure 7. Overall free energy changes among dinucleotide 
dGpdCp, tetrapeptide Ala,, and their complex in the free and 
hydrated s t a k ,  AE, AS, and PA are the changea of the interaction 
energy (kcal/mol), the conformational entropy (eu), and the 
Helmholtz free energy (kcal/mol) at room temperature, respec- 
tively. 

sitions among dGpdCp, Ala,, and their complex in the free 
and hydrated states are shown in Figure 7. 
IV. Conclusions 

The conformational analysis of dinucleotide dGpdCp 
and tetrapeptide @-alanine to their complex has been 
carried out by using an empirical potential function varying 
all the independent degrees of freedom of the nucleotide 
and peptide backbones. To recognize the factore involved 
in the stability of a given conformation and in the change 
of the conformation to another, an approximate method 
based on the small fluctuation of torsional motion is sug- 
gested to  estimate the confugurational entropy of the 
conformer and water molecules bound to it. 

For dinucleotide dGpdCp, tetrapeptide @-alanine, and 
their complex in the free and hydrated states, the inter- 
action energies and the configurational entropies are 
calculated. The conformational changes of dGpdCp and 
Ala, due to the complex formation are discussed with the 
total free energy change and with the distribution of water 
molecules around the conformers. It is found that the 
entropy change is mainly caused by the configurational 
entropy change of dGpdCp and Ala, upon the complex 
formation and that the interaction energy change comes 
from the interaction between dGpdCp and Ala, but the 
major contribution to the total interaction energy is the 
hydrogen bond energy due to the hydration. From ana- 
lyzing the structural data of torsion angles, it is clear that 
there are not large differences between the hydrated and 
free complex although the complex formation yields a 
somewhat large conformational change of the nucleotide 
and peptide backbones. However, the water structure 
induced in the vicinity of phosphate group of the nucleo- 
tide and of amido or carbonyl group of 8-alanine is sig- 
nificantly changed through the formation of hydrogen 
bond between nucleotide and peptide backbones. This 
result is in good agreement with experimental result. 

Although further study on the evaluation of entropy 
change due to the confiiational changea of biomolecules 
as well as water molecules outside the directly bound water 
molecules during the conformational change of biomolec- 
ules is needed, we obtained somewhat qualitative results 
upon the complex formation between dinucleotide 
dGpdCp and tetrapeptide Ala,. 
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or 
l / u  = F / R T  

where F and u are the determinants of matrices F and u, 
respectively. 

Appendix B. Derivation of Eq 14 

associated with a torsion angle 4 is given by 
The configurational integral for a hindered rotation 

Qhr = %*qfrqhp 03-1) 

where 

qfr = (81F21&T/h2)1/2 (B-2) 

and 

If the vibrational motion of a torsion angle is assumed 
to be governed by a harmonic motion, the potential 
function V, becomes 

(B-4) 

where f4  is a force constant of torsion angle 4. The con- 
figurational integral qhp becomes 

qhp = exp(-V:/RT)G(T) 03-5) 

v, = v: + t/2f,(4 - 4oo)2 

where 

G(T) = S 7 e x ~ ( - f t / 2 R T )  -* d$ (B-6) 

The function G(T) by the transformation of variable 
becomes 

b 
G(T) = 2 8 / 2 n , u 4 ~  exp(-t2) dt  (B-7) 

with 

t = (f,/2RT)1/2 03-8) 

f ,  = R T / U , ~  (B-9) 

and 
b = 7r/(21/2u,n,) (B-10) 

Hence the final expression for the entropy due to the 
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b 
Sh,, = R[ Jbt2 exp(-t2) d t / i  exp(-t2) dt  + 

In ( Jbexp(-t2) dt) + In (81/2qo,)] (B-11) 

For the case of V ,  < RT/2, the following approximation 
is adopted: 

G(T) = 21Tex~(-f42/2RT) 0 d4 xuexp(-P4) d9 
(B-12) 

with 
a = 4lufix - 40 (B-13) 

jiI = V:/a (B-14) 

where 4- and 4o are the values of 4 at the maximum and 
minimum energies, respectively. 

Hence the function G( !l') becomes 
G(T) = 2 0  - exp(-Pa))/P (B-15) 

and the entropy due to the hindered perturbation with the 
very low potential barrier can be approximately given by 
S, = 2RTF(a)/jiI + R In (2/jiI) + R In F(a)  (B-16) 

with 
F(a)  = 1 - exp(-jiIa) (B-17) 
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