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A B S T R A C T 

T h i s p a p e r p r e s e n t s an o p t i m i z e d protocol f o r in vacuo m o l e c u l a r d y n a m i c s s t u d i e s of s h o r t D N A 
d u p l e x e s c o n t a i n i n g m o d i f i e d n u c l e o s i d e s . T h e e x a m p l e s tudied i s an 11 b a s e pair D N A d u p l e x m o d i f i e d 
wi th l , N 6 - e t h e n o d e o x y a d e n o s i n e ( d ε A ) located o p p o s i t e d e o x y g u a n o s i n e . A c o m p l e x m o l e c u l a r 

d y n a m i c s t r a j e c t o r y w a s s u b j e c t e d t o stat ist ical c lus ter a n a l y s i s . G r o u p s (c lus ter s ) o f s imi la r 

c o n f o r m a t i o n s , w h i c h can be s tat i s t ica l ly ident i f i ed a f ter e n e r g y minimizat ion o f the t r a j e c t o r y resul t s , 

h a v e been a n a l y z e d wi th part icular r e g a r d to the es t imat ion o f intr insic s tabi l i ty o f the d u p l e x ( h y d r o g e n 

b o n d i n g and b a s e s tack ing) . T h e m o d i f i e d r e s i d u e w a s f o u n d t o f o r m t w o h y d r o g e n b o n d s wi th in the 

d ε A / d G b a s e pair, w h i c h s t a b i l i z e the d u p l e x , t h u s a l l o w i n g its c o n f o r m a t i o n t o remain c l o s e t o r e g u l a r 

B - D N A . 

INTRODUCTION 

During last f e w decades, X-ray crystallography and NMR spectrometry have 

been the principal methods for the evaluation of structural details of the nucleic acids 

and their interactions with proteins and small ligands [1], Nevertheless, it has been 

generally accepted that for the study of most conformational equilibria in macro-

molecules and their complexes other methods ought to be applied, among them 

computer simulation of molecular dynamics, which a l lows probing of conformational 

transitions. Combined results of all those methods should provide a stereodynamic 

picture of molecules in question. 

Our laboratory is engaged in structural research of DNA and RNA molecules 

containing modif ied residues. One of the objects currently studied is a f luorescent 

1,N 6 -ethenodeoxyadenosine (dεA) nucleoside which might serve as a conformational 

probe to study dynamic properties of nucleic acids. On the other hand this 

nucleosidic f luorophore is of importance from the biological point of v iew. 

1,N 6 -ethenodeoxyadenosine has been proved to be formed by chemical mutagenesis 

when deoxy-adenosine contained in DNA is exposed to vinyl chloride or its direct 

metabolite chloracetaldehyde [2], Considerable data have been collected with regard 

to possible biological consequences of this transition and numerous papers on 

* A u t h o r to w h o m c o r r e s p o n d e n c e s h o u l d be a d d r e s s e d . 
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chemistry of related nucleosides, coenzymes and polynucleot ides have been 

published [3], Only recently, structural data on short DNA d u p l e x e s w e r e presented 

with an analys i s of their NMR spectra [4] as wel l as an X-ray crys ta l lography 

analys i s [5]. In both cases formation of non-classical base pair between 

1,N 6 -ethenoadenine and guanine w a s observed. 

Therefore, in addition to our thermodynamic and t ime-resolved spectrof luori-

metry studies [6], we decided to invest igate molecular dynamics of DNA d u p l e x e s 

modi f ied with d ε A . 

Recently, a physical rationale behind the application of the molecular dynamics 

s imulat ions us ing the force f ie ld concept has been explained in the prev ious issue of 

this journal [7], T h e r e f o r e n o w we w o u l d like to present our current protocol f o r 

computer s imulat ions of in vacuo molecular dynamics of complex b iomolecular 

s y s t e m s [8,9] on the e x a m p l e of one helix turn of DNA d u p l e x e s modi f ied with 

1,N 6 -ethenodeoxyadenosine. 

To evaluate the inf luence of the modification with the dεA res idue on the 

overal l and local structure of the duplex, sixteen double-stranded B-l ike DNA 

molecules of the f o l l o w i n g sequences : 
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w e r e studied us ing simulation of molecular dynamics . The d u p l e x e s d i f f e r e d in the 

nucleos ide opposite dεA (X = d A , dC, dG or T) and the initial orientation ( s y n / a n t i ) 

of the N-glycos idic bond in the nucleosides of the d ε A / X pair. Addit ional ly, 

a s imilar unmodi f ied sequence: 

has been included as reference. 

In this paper we would like to present the protocol of molecular d y n a m i c s 

s imulat ions applied to all the a b o v e seventeen DNA molecules as wel l as the protocol 

of subsequent ana lys i s of the dynamics tra jectory. The procedure includes statistical 

c luster ana lys i s of the resultant structures and wil l be e x e m p l i f i e d by a DNA duplex 

containing the syn-dεA/ant i-dG nucleoside pair, i.e. the case we have studied most 

thoroughly. 

METHODS 

The s imulat ions w e r e per formed us ing the Discover 2.9.5 program which is part 

o f the InsightII s o f t w a r e package (Biosym T e c h n o l o g i e s / M o l e c u l a r Simulat ions). 

The A m b e r 4.0 force f ie ld [10], des igned for nucleic acids and proteins w a s applied. 

A l l calculat ions w e r e carried out on a Cray Y M P - 2 EL machine at the Poznań 
Supercomput ing and N e t w o r k i n g Center. 



The initial structures w e r e built as canonical B-DNA duplexes us ing the 

Biopolymer module of InsightII. As the s imulations w e r e performed in vacuo, 

i.e. without expl ici t solvent molecules, the partial charges on the PC 6

– o x y g e n s w e r e 

increased to -0.32 and a distance-dependent dielectric constant (ε = 1 /4r) w a s used to 

mimic the presence of solvent in the calculation. No c u t o f f s for nonbond interactions 

w e r e introduced. 

The 1,N 6 -ethenodeoxyadenosine has been constructed from the d e o x y a d e n o s i n e 

unit. The partial charges for the atoms in the modi f ied res idue have been calculated 

us ing the DMol program (Biosym T e c h n o l o g i e s / M o l e c u l a r Simulat ions) f o r 

a 1,N 6 -etheno-9-methyladenine model. The methyl group w a s applied as a substi tute 

of the d e o x y r i b o s e moiety in order to decrease the deserved CPU time. The modi f ied 

res idue w a s inserted into the duplex using the Biopolymer module. The f i g u r e 1 

s h o w s the structural parameters of the ε A d e unit as calculated us ing DMol. The 

Fig. 1. l . N 6 - e t h e n o - 9 - m e t h y l a d e n i n e calculated with DMol. 

All structures w e r e energy minimized using 100 steps of steepest descent 

algorithm f o l l o w e d by 5 0 0 0 steps of con jugate gradients. The dynamics s imulation 

protocol consisted of t w o stages . During the f irst stage, distance restraints w e r e 

imposed on Watson-Crick hydrogen bonds in two base pairs at each terminus. The 
2 for each distance. The restrained MD stage 

consisted of 5 ps initialization (the atom velocit ies w e r e ass igned f rom a M a x w e l l -

Boltzman random distribution in ve loci t ies at 3 0 0 K) and 95 ps s imulation at 3 0 0 K . 

The time step of 1.0 fs w a s used. The subsequent unrestrained stage comprised 100 

ps simulation at 3 0 0 K and w a s f o l l o w e d by 5000 steps of con jugate gradients energy 

minimization. 

This protocol is the optimized version of several protocols we have tested and it 

w a s routinely applied in our s imulat ions. We have a l so tried other periods of initiali-

zation as wel l as iterated initializations. Surpris ingly, we have found that the protocol 
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restraints va lue w a s 2 0 k c a l / m o l * 

regular numbers s h o w bond lengths in the molecule (in ) and the numbers in italics 

represent the partial charges on the atoms. 



stage, the molecular system showed much more tendency to retain its stability than it 
could be observed when protocols without any initial restraints were applied. 

The resultant structures were visualized in InsightII at a Silicon Graphics Iris 
Indigo2 workstation and analysed using the Analysis module of InsightII, the Curves 
program [11] and our own procedures described below. The latter included statistical 
cluster analysis of energy minimized structures extracted from the trajectories, as 
well as evaluation of the stacking interactions most relevant to analysis of t ime-
resolved spectrofluorimetry data. 

In order to identify possible alternative conformations of selected duplexes, with 
special regard to their middle, modified regions, 101 structures from the dynamics 
trajectory (i.e. 2 ps snapshots) have been energy minimized for further statistical and 
conformational analysis. The minimization procedure consisted of 5000 steps of 
conjugate gradients algorithm. 

Statistical cluster analysis of the minimized set has been performed in order to 
find groups (clusters) of similar conformers. The criterion applied to measure the 
similarity of two conformers was the RMS deviation of atomic positions of the sixth 
(modif ied) nucleotide pair of molecules. This procedure included calculation of the 
RMSD parameter for all the pairs within the set and further creation of the "lineage 
tree" of the structures according to the Unweighted Pair Group Method using arith-
metic Averages ( U P G M A ) given in [12]. 

The parameter applied to estimate the 
intrinsic stability of duplexes was the 
consistency of stacking interactions 
between subsequent nucleobases. We 
propose this to be calculated according to 
the fol lowing formula: 

S = D1 + D2 + D3 + 2 ( | D 1 - D 2 | + |D 2 -D 3 | + 
+ | D 1 - D 3 | ) - 15.3 

D1 - distance between the N9 (purines) or 

N1 (pyrimidines) atoms 

D2 - distance between the N7 (purines) or 

C 5 (pyrimidines) atoms 

D3 - distance between the C5 (purines) or 

N 3 (pyrimidines) atoms 

These distances are exemplified on fig. 2 

on a trinucleotide motif. 
Fig. 2 . Distances: D 1 , D 2 , D 3 de f in ing the s tacking parameter . 
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with 5 ps initialization provided more reproducible results than that based on iterated 
0.1 ps initializations. The distance restraints stabilizing the hydrogen bonds in ter-
minal pairs were apparently necessary to help the structure equilibrate during the first 
dynamics period which lasted usually 10-80 ps. We found that the restraints value of 

20 kca l /mo l* 2 was optimal for stabilization of the structure. After the restrained 



This s tacking parameter is close to zero when the neighboring base planes are 

aligned paralelly in the helix and increases with the increase of the angle between the 

base planes or of the distance between them. During the dynamics, the s tacking 

interactions seem to be maintained as long as the parameter value is in range ± 3 . For 

greater values, the s tacking is no longer observed. 

RESULTS AND DISCUSSION 

G e n e r a l c o n f o r m a t i o n a l a n a l y s i s 

This analys i s w a s based on the f o l l o w i n g parameters: 

- hydrogen bonds geometry, 

- measure of the stacking interactions within the duplex (see above), 

- pseudorotation angles of the deoxyr ibose rings, 

- duplex helical parameters def ined according to the C U R V E S program (Lavery and 

Sklenar [11]). 

In most of the seventeen cases studied, the resultant structures appeared to be 

severely bent and/or kinked, usual ly at the site of modification. Within each d ε A / d X 

group of four structures, the arrangement fo l lowing the s y n - d ε A / a n t i - d X pattern w a s 

the most stable one in regard to general ly accepted criteria, such as maintenance of 

hydrogen bonds and formation of s tacking base-arrays. Structures characterized by 

the lowest va lues of root mean square (RMS) deviation of atomic posit ions during 

the simulation w e r e selected for further evaluation of conformational parameters. 

Hydrogen bonding 

From all the sixteen modif ied structures calculated, the syn-dεA/ant i-dG case 

appeared to be the most stable duplex and showed also the formation of t w o 

hydrogen bonds between the modif ied base and the guanine residue. This f inal ly 

conf irmed previous results of NMR [4] and X-ray [5] analyses. 

This case has been chosen for further detailed conformational analysis , 

per formed on t w o separate sets of conformations: the tra jectory of 401 0.5 ps 

snapshots f rom dynamics and a parallel set of 101 minimized structures derived from 

e v e r y fourth of them. The former set g i v e s us the insight into dynamic 

conformational changes within the molecule, whereas the latter one lets us identi fy 

def inite conformers which are likely to be stable. 

Base stacking 

In most cases studied, s tacking interactions w e r e lost in a middle region of the 

duplex. The loss of s tacking concerned not only the modif ied pair, but usual ly also 

the adjacent pairs and correlated with the occurrence of a kink of the molecule. In 

several cases a lso the bases in the terminal pairs showed a tendency to lose their 

s tacking with their neighbors. Only in the unmodified reference duplex and in the 

syn-dεA/ant i-dG case the s tacking w a s maintained during the entire simulation 

within the w h o l e molecule. 
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S u g a r p u c k e r i n g 

We found a general correlation between the degree of structural distort ions in 

the d u p l e x e s (axis kinking, los ing of s tacking or hydrogen bonding) and the tendency 

of d e o x y r i b o s e r ings to switch f rom the typical for DNA C2'-endo conformation to 

C3'-endo sugar puckering. The latter i s typical for RNA. This w a s o b s e r v e d usual ly 

in the terminal base pairs and the reg ions of kinking. In little distorted or undistorted 

d u p l e x e s most nucleos ides maintained their usual C2'-endo conformation. 

D u p l e x h e l i c a l p a r a m e t e r s 

A detailed analys i s of the d u p l e x e s studied has been per formed u s i n g the 

C U R V E S program written by L a v e r y and Sklenar [11]. The results of this ana lys i s 

exceed the s ize of this paper and wi l l be presented e l s e w h e r e [6]. 

C o n f o r m a t i o n a l a n a l y s i s o f the DNA d u p l e x c o n t a i n i n g the s y n - d ε A / a n t i - d G 

b a s e p a i r 

The " l ineage tree" of the 101 minimized structures, result ing f rom the statistical 

c luster ana lys i s is shown on f i g . 3. 

Fig. 3. The energy minimized structures statistically grouped in clusters. Three clusters which were most 
represented are distinguished by coloured strips under numbers responding to those structures. 

The colors used refer to the images of those conformations displayed on fig. 5. 
The green color marks all structures that do not belong to any of the three main clusters. 

The graph on the f i g . 4 s h o w s the va lues of three dis tances between atoms in 

dεA and dG w h e r e hydrogen bond formation is poss ib le . The thick lines re fer to the 

set of minimized structures w h e r e a s the thin lines concern the original d y n a m i c s 
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t ra jectory. 2.5 is considered as the limit of the presence of a hydrogen bond. 



Fig. 4. Hydrogen bonds during the dynamics simulation (thin lines) and after energy minimization (thick lines). 

It can be clearly seen that although during the dynamics these distances vary 
within a relatively broad range, after minimization they tend to converge to a small 
number of definite values. They represent mostly three alternative alignments of the 
middle region in the molecule, which can also be identified as clusters on the 
"lineage tree" (fig. 3). The distribution of the clusters is shown on the coloured strip 
along the x-axis. The black colour represents the prevailing cluster (black molecules 
on the fig. 5). 

Fig. 5 . P r e v a i l i n g c o n f o r m a t i o n s wi th in the e n e r g y m i n i m i z e d set . 
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Three conformers representing the most frequent clusters are shown on fig. 5. 
The images of the modified pair and the middle three nucleotide pairs are presented. 
The hydrogen bonds formed are shown in colors responding to the lines on the graph 
below. The graph depicts the distances between the respective atoms in the 101 
minimized structures which are also marked with the color of the cluster they belong 
to (on the strip below the graph). 

Nearly 60% of the minimized structures belong to one "black" cluster 
(represented by the left image on fig. 5). These conformers are characterized by 
helicoidal parameters very close to those in a canonical B-DNA helix. Two hydrogen 
bonds are formed. 

Interestingly, the structures derived from the first period of dynamics are far 
more diverse and show little tendency to converge to the clusters. This would suggest 
that the equilibration of the dynamical molecular system was not completed until ca. 
50 ps of the M D run. 

The graphs on the fig. 6 show the values of the stacking parameter for all the 
base steps in the duplex during the dynamics (red lines) and for the respective energy 
minimized structures (black lines). It can be clearly seen that this parameter is close 
to zero for nearly all minimized conformations and during the dynamics it varied 
within a relatively narrow range. Alterations to the eAde stacking are clearly visible 
but of small amplitude. This proves that the base stacking was well preserved in this 
modified DNA duplex. 

Fig. 6. Base stacking within the duplex. 

Also the conformation of the sugar rings in the duplex presented does not 

significantly differ from the B-DNA model (fig. 7). In most of the nucleosides the 
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canonical C2'-endo sugar pucker ing is preserved, both in the d y n a m i c s (red l ines) as 

in the minimized structures (black lines). 

Fig. 7. Pseudorotational angles (sugar puckering) in the duplex. 

The results of the conformational 

ana lys i s of this duplex prove that the syn-

oriented dεA residue may form a s table 

pair with d e o x y g u a n o s i n e , thus s tabi l iz ing 

the modi f ied duplex and a l l o w i n g it to 

maintain the shape c lose to regular, 

typical for the B-DNA helix. Al l the 

conformational parameters tested are 

comparab le with those of an unmodi f ied 

d u p l e x (data not shown). 

The overal l v i e w of an e x a m p l e 

c o n f o r m e r f rom the main cluster is shown 

on f i g . 8. The b a s e s are schematical ly 

represented by f i l led rectangles in order to 

emphas ize their s tacking al ignment. The 

regulari ty of the duplex can be clear ly 

observed . 

Fig. 8. Overall v iew of the duplex. The bases from 

the first (polypyrimidine) strand are shown in red 

and the purines from the second strand in blue. The 

ε A d e nucleobase is shown in green. 
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