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Interaction of DNA fragments with counterions in aqueous solution 
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Monte Carlo simulation of the hydration of metal ion--DMP- and metal ion-- 
9-methylguanine complexes was performed. A comparative analysis of the results for  Na + 
and K + ions was carried out. The main stages of dissociation were revealed. The energy 
effects of dissociation were evaluated. 

Key words: computer simulation, DNA, ions, solutions, hydration, dissociation, Monte 
Carlo method. 

The interact ion of  D N A  with ions is one of  the most 
impor tant  factors de termining  the local structure and 
general  conformat ion  o f  the D N A  double helix both in 
solut ion and in vivo. 1.2 Detai led information on the 
distribution o f  the ions surrounding polynucleot ides  is 
required to understand the mechanisms of  this interac- 
tion. However ,  ne i ther  exper imenta l  nor theoret ical  
methods  allow one to carry out  systematic studies in this 
field. Thus,  the major  part o f  exper imental  data on 
complexa t ion  of  nucle ic  acids in solutions is related to 
the ions o f  transi t ion and alkal ine-ear th metals  i -3 ,  leav- 
ing in the shadow Na ~" and K ~- ions, which are the most 
abundant  in living organisms. Despite a certain progress 
in studying the models  ignoring the molecu la r  discrete-  
ness o f  aqueous  med ium (the polyelectrolyte  theory4), 
the problem of  s imulat ion of  large ion -molecu la r  sys- 
tems still persists. Therefore ,  various approaches  using, 
effective "potentials  o f  mean  force "5 to take into account  
the interact ions of  solvent molecules  are often employed  
in the c o m p u t e r  s imulat ion of  macromolecules .  How-  
ever, calculat ions o f  realistic "potentials of  mean  force" 
describing the dissociat ion of  a pair o f  ions, one o f  
which has an angular  potent ial  componen t ,  require pre- 
cise knowledge of  the dissociat ion trajectory. 

A ca t i on - -d ime thy l  phosphate  ( D M P - )  pair is a 
convenient  model  for studying the interactions between 
counter ions  and the sugar-phosphate  backbone of  nucleic 
acids. The  "potential  o f  mean  force" o f  such a system 
(for Na  + ion) was calculated 6,7 for two idealized trajec- 
tories: along the bisectrix of  the O ( 1 ) - - - P - - O ( 2 ) -  angle 
and along the line prolonging the P O -  bond. Therefore  
it is necessary to know the real dissociation mechan i sm 
of  this ionic pair. The  aim of  this work was to find a 
possible trajectory o f  the mot ion  of  Na § or K + ions in 
the vicinity of  D M P -  or  nitrogen base (9-methylguanine)  
and evaluate  the energy effects of  dissociation. 

Procedure for Calculations 

The molecular geometry, atomic charges, and potential 
function coefficients (PFC) were described in Re['. 8. The 

Monte Carlo simulation of the hydration was performed at 
300 K using the standard procedure described previously 9 
(using the Metropolis algorithm in the NVT ensemble). To 
enstire the observed density of each system, the unit cell 
volume was calculated as the sum of" the partial volumes of all-- 
its components at a given temperature and at a pressure of 
t arm. The values of partial volumes for water molecule, Na + 
and K + ions, and DMP-  anion used in the calculations were 
30 A 3, -11 A 3, 5 A 3, and 100 A 3, respectively. $ 

A system containing the DMP-  anion, a counterion, and 
400 water molecules was simulated using a cubic unit cell with 
an edge of 22.95 A (22.96 A) for Na + (K +) (see Fig. 2 in 
Ref. 9). The DMP- anion was located at the cube center, so 
that the O(1)-PO(2)- plane is parallel to the opposite faces of 
the or,be. The maximum change in any ion coordinate per step 
of the Monte Carlo procedure of  0_065 A corresponded to a 
probability to jump to a new position of 48% (for comparison, 
we will point out that the maximum displacement of  water 
molecule is 0.122 A). 

A system containing the base (9-methylguanine),  a 
counterion, and 400 water molecules was simulated using a 
cubic unit cell with an edge of 23.0 15 A. (23.0t7 A) for Na § 
(K+). The base molecule was located at the cube center so that 
its plane is parallel to the opposite faces of the cube. The Zaxis 
was perpendicular to the plane of the base molecule and the X 
axis was parallel to the long axis o f  the base molecule (the 
C(8)--N(1) direction for purines). 

Periodic boundary conditions were imposed on the sys- 
tems; the minimum image prescription was used for energy 
calculations. Ion--ion interactions between neighboring cells 
were ignored�9 

Results and Discussion 

Counterion-DMP- pair. T h e  init ial  pos i t ion  of  
counter ion corresponded to the g loba l  m i n i m u m  for the 
i o n - - D M P -  pair in vacuum.  8 T h e  first 50 thousand of  
Monte  Carlo trials (calculated p e r  one  water  molecule)  
were performed for a system w i t h  fixed geomet ry  of  the 
i o n - - D M P  - pair and then exc l t tded  from the averaging. 
Thereafter ,  the mot ion  o f  the ion was allowed. The  
generat ion of  the Markovian c h a i n  was te rmina ted  when 
the distance between the p h o s p h o r u s  a tom and the 
counter ion reached 10.5 ~,. F o r  K § such a "dissocia- 
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tion" occurs relatively "fast" (150--200 thousand trials 
for one water molecule or one ion). At the same time, a 
3 to 4 times larger number  of trials is required for Na*. 
To make sure that the rest, Its obtained are reliable, this 
procedure was repeated several times (each t ime new 
initial configurat ion of water molecules was used). 

To trace the pathway of  the ion dissociation, the 
space of  the uni t  cell was divided into cells of  volume 
0 . 5 x 0 . 5 x l . 5  .~3 ( the Z axis is o r thogona l  to the 
O ( l ) - P O ( 2 ) -  plane and the X axis coincides with the 
bisectrix of the O ( I ) - - - P - - O ( 2 ) - a n g l e )  using a three- 
d imensional  network. In this case the PO 2- group is 
centrally located in the central Z-layer. The probability 
of finding the ion in a cell was calculated as the ratio 
N,/N, where N i is the n u m b e r  of Monte  Carlo configu- 
rations in which the ion is in the given cell i and N is the 
total number  of  configurat ions in the given Markovian 
chain. As follows from comparat ive analysis of probabil- 
ity distr ibution maps, the pathways of iou dissociation 
have many c o m m o n  characteristics. Thus, after the be- 
g inniug of its mot ion  from the initial position, the ion 

gradually (after dozens of thousands of trials) deviates 
from the O ( I ) - P O ( 2 ) -  plane by 1.5 .a. and shifts by 
about 1 ~. along the Y axis breaking the van der Waals 
contact  with one of the anionic  O -  atoms. This is a 
rather stable configurat ion,  since 100 or 150 thousand 
trials are required to either con t inue  dissociation or to 
"jump" to a,mther O -  atom (the latter is more probable 
for Na+). The succeeding part of  the dissociation path- 
way runs inside a slightly bent  tube (1.5 ,~ and up to 
2.5 ,~ in diameter  tbr Na + aqd K +, respectively) passing 
parallel to the bisectrix of the O ( I ) - - - P - - O ( 2 ) -  angle. It 
is possible to reveal two trap areas in the vicinity of each 
anionic  oxygen atom where the ion spends the most 
t ime before being dissociated. The first trap corresponds 
to the van der Waals contact  with one  of the anionic  O -  
atoms. The second trap, which is characterized by a 
larger volume and lower probabili ty density to find the 
ion in a separate cell (for Na +, it is nearly halved as 
compared to that of  K+), is at a distance of 4.5 A from 
anionic  O -  atom, which can be interpreted as contact  of 
the ion with the O -  atom media ted  by a water molecule 

-4080 

-4100 

-4120 

-4140 

-4160 

-4180 
2 

E~otal/kcal tool -I 

. ,  j , . , .  

~ . ' 1 "  '~ " G i r 
, , ,  b t , ' ,  ' 

1 I L t i f ~ 1 I f q i J 1 I 1 1 ] 

4 6 8 l 0 R ip/A 

Ei,~/kcal mot -1 

-40 

-80  

-120 

-160 

-200 

c 

f I ( [ I [ i 1 J [ I I I [ I I I I 

4 6 8 10 

EIDM p/kcal mol -I 
0 

b 

-40  " ' "  

-80  

-120 f 

-160 '  ' ~ ' ' ' t ' J ' ~ ' r , , , J 
2 4 6 8 10 

E,  DMp/kca[ mol -! 

--40 ! 

-80  ~- 

-120 

-160 

-200 ' ' ' ' ' J ' 6 ' ' ' 8 ' ' ' ' ' ' R iP/h 2 4 10 & p/A 

&p/h 

Fig. 1. Dependences of tile total potential energy E[ota I of tile water--counterion--DlVlP- system (a) and contributions of ion-- 
DMP- EiDMP (b), water--ion Eiw (e), and water--DMP- Ev..DMp interactions (,4) on the distance Rip between the phosphort,s atom 
and the ion. Solid and dotted line correspond to the data for N'~'- and K +, respectively. 
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(actually, there are several water molecules distributed 
along the line linking the ion and the O -  atom). Never- 
theless no specific features of  the dependences of  energy 
characteristics of the system on the ion--phosphorus 
distance were found (see Fig. I and Ref. 7). 

The dependences of the total potential energy of the 
system in question Etot.~ ~ (as well as those of its contribu- 
tions EiDMP, EwDMP , and Eiw) on the ion--phosphorus 
distance are shown in Fig. 1. It is noteworthy that at an 
ion--phosphorus distance of  9.5 ~. the contributions from 
w a t e r - - D M P -  (F-~DMP) and water--ion (Ei,~) interactions 
reach values corresponding to hydration of an individual 
D M P -  ion or cation (see Ref. 8) and remain constant at 
longer distances. The standard deviation of  instantaneous 
Etota , values (the energy of  one molecular configuration) is 
32--35 kcal tool - j  and can be directly associated with 
thermal fluctuations, so the corresponding heat capacity 
C, is 20--23 cal (mol deg) -1 (the experimental value for 
bulk water is 21 cal (tool deg)-l) .  I~ Nevertheless, the 
standard deviatiou of Etot~ l values obtained by averaging 
over microintervals Rip (0.05 .~,) and shown in Fig. I is 
only 10 kcal tool -1. This makes it possible to establish 
that the total energy of  aqueous system with dissociated 
complex Etot~ I is nearly 25 kcal mol -I  lower than that of 
associated pair. 

Ion--base  pairs in aqueous solution. The molecule of 
9-methylguanine was chosen for studying the ion--base 
pair dissociation, since it forms the most stable complex 
with the ion in vacuum (the more favorable positions for 
binding with l -methylcytos ine  are inaccessible in the 
DNA double helix). The initial position of the ion 
co r re sponded  to the  global  m in imum for the  
9-methylguanine-- ion  pair in vacuum s (the "bridge"' 
between the N(7) and 0(6)  atoms) (see Fig. 5 in Ref. 8). 
The first 50 thousand Monte Carlo trials (calculated per 
one water molecule) were performed for a system with 
fixed geometry of the ion--base pair and then excluded 
from the averaging. Thereafter,  the motion of  the ion 
was allowed. The generation of  the Markovian chain was 
terminated when the distance between the N(7) atom 
and the counterion reached 10.5 ~.. 

The pathway of  ion dissociation was found using the 
same approach as that used in the case of  the ion--  
D M P -  complex. The base molecule was centrally lo- 
cated in the central Z-layer. After beginning the motion 
from the initial position, the ion gradually deviates from 
the plane of  the base molecules by 1.5 /k, breaking the 
van der Waals contact with the 0(6)  atom (a peak of the 
radial distribution function is observed; the distances 
between the ion and the 0 (6)  atom reach 3.6 ~). The 
duration of  contact  with the N(7) atom is, on the 
average, I00 (for Na +) or 50 (for K +) thousand trials for 
the ion and each water molecule. After breaking the 
contact with the N(7) atom, the ion usually moves 
toward the 0 (6 )  atom and comes into contact  with this 
atom. The mean "lifetime" of this state corresponds to 
10 to 20 thousand trials. Alter two or three such jumps 
the ion moves away to the secoud, blurred area of 

relative stability at a distance o f  4.5 A from the N(7) 
and 0(6)  atoms within the l imits  from 2 to 4 A out of 
tile plane of the base molecnle .  Here tile ion moves 
randomly along the C(8 ) - -N( I )  edge of  9-methylguanine. 
To leave this area, 100 000 ( for  K +) or 200 000 (for 
Na +) trials are required for iola and each water mol- 
ecule. 

Information on the final part of  dissociation pathway 
is less reliable since the process occurs at a rather high 
rate at this stage. To obtain a more  reliable information, 
a series of  numerical exper iments  should be performed. 
Each experiment requires several  weeks of round-the-  
clock operation oil a personal c o m p u t e r  equipped with a 
Pentium| processor. We have carried out three 
numerical experiments, one for N a  + ion and two for K ~ 
ion. tn two cases (in one, more t han  I million trials (for 
Na + ion and each water molecule) ,  in the other  300 
thousand trials (for K ~ ion)) the  dissociation motion of 
the ion occurred toward the C(8) atom while in the third 
case (500 thousand of trials (for K + ion)) the ion moved-  
toward the N(I )  atom. In the la t ter  case the deviation of 
the K + ion out of the plane of  the base molecule was 
6 A (in the former two cases it was within the limits 2 to 
4 A). Finally, owing to periodic boundary  conditions,  all 
three "trajectories" terminated with an accuracy of  ~2 
in the middle of  the segment (col l inear  to the long axis 
of  Watson--Cr ick  pair) l i nk ing  the C(8) atoms of 
9-methylguanine residues from adjacent cells. In this 
connection it should be noted tha t  the final position of  
an ion can be strongly dependen t  on the choice of 
geometric parameters of  the uni t  cell of  simulating 
system and PFC. 

The dependences of  the total energy Etota I (and those 
of the contributions from ion - -9 -me thy lguan ine  (Eig), 
water--9-methylguanine (Ewe), and ion- -wate r  (Eiw)) 
interactions on the distance RiN(7 ) between the ion and 
the N(7) atom of 9-methylguanine  are shown in Fig. 2. 
The Eig jump near 4.5 A is due to the strengthening of 
the ion interactions with the 0 ( 6 )  atom when the ion 
moves toward the N(I )  atom ( this  occurs when the ion 
"switches" the van der Waals con tac t  from the N(7) 
atom to the O(6) atom). At art ion- -N(7)  distance of 
8.5 A, the contributions from wate r - -9 -methy lguan ine  
and water-- ion interactions (F-,w~ and Eiw, respectively) 
reach the values corresponding to hydration of  indi- 
vidual 9-methylguanine molecu le  or cation and remain 
constant at longer distances. 

The total potential energy of the  dissociated complex 
(Etotat) is only 10 (for Na +) or 5 (for K +) kcal too l - '  
lower than that of the associate (see  Fig. 2). This gain is 
rather small compared to the s tandard  deviation of  Etota I 
values averaged over microintervals  RiN(7 ) of size 0.05 
(about 10 kcal mol- l ) .  Nevertheless,  this value can serve 
as an illustration of the dissociat ion tendences of an 
ion--base complex in water. 

The dissociation of metal i o n - - D M P -  and metal 
ion--9-methylguauine complexea  is a multistage process 
and has some features common to all the systems con- 
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Fig. 2. Dependences of the total potential energy Etot~ I of the 9-methylguanine--water--ion system (a) and contributions of ion-- 
methylguanine Eig (b), ion--water Eiw (c), and water--methylguanine Ewg interactions (d) on the distance RiN(7 ) between the N(7) 
atom and the ion. Solid and dashed line correspond to the data for Na + and K +, respectively. 

sidered. The evaluat ion o f  energy differences for the 
systems after and before dissociation showed that the 
energy effect for Na  + iota is 1.5 to 2 t imes higher  than 
that for K + ion. The  s imulat ion results show that ran- 
dom walks o f  Na  + ion in the  initial dissociation stage 
occur  in a much  smal ler  vo lume  than those in the latter 
stages. Tile delocal iza t ion degree of  K + ion on dissocia- 
t ion changes to a lesser extent.  This points to a consider-  
ably larger en t ropy  contr ibut ion  in the case o f  Na + iota. 
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