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Structure and dynamics of an undecamer DNA duplex containing a single �-anomeric

deoxyadenosine residue placed in opposition to a thymidine unit have been studied using

simulation of molecular dynamics in aqueous solution. Despite several noticeable devia-

tions from the B-DNA duplex structure caused by the anomerisation, such as: West type

puckering of the �-anomeric sugar, disrupted base stacking pattern and unstable duplex

bending, the formation of a non-classical �-dA–T pair was observed. A novel way of visual

presentation of trajectory data allowing high throughput screening of the conformational

parameters is presented.

Nearly all nucleosides found in nature, in partic-

ular those constituting nucleic acids, are �-ano-

mers, i.e. the heterocyclic base is located at the

C5� side of the (deoxy)ribose ring (see Fig. 1).

Only a few cases of �-anomeric nucleoside deriv-

atives are known and they are consituents of a

number of cofactors and similar small molecules

found in bacteria, the most notable being vitamin

B12 [1]. No such nucleosides have been identified

in natural nucleic acids. Despite this, the question

of the influence of an �-anomeric residue on the

local and overall nucleic acid duplex structure is

of practical importance, for instance when de-

signing novel fluorescent probes, e.g. �-1,N
6
-

ethenodeoxyadenosine [2]. Moreover, knowing

the answer to this question could help us under-

stand the structural phenomena underlying ge-

netic processes and also the reasons why nature

uses only �-anomers to build nucleic acids.

�-Deoxyoligonucleotides are capable of forming

duplexes, which has already been proved using

Dreiding models in the seventies [3] and later,

also experimentally [4]. It was found that

�-deoxyribonucleotide tracts form typical Wat-
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son–Crick base pairs within antiparallel duplexes

(consisting of two �-oligodeoxynucleotides) or

parallel duplexes (�-oligodeoxynucleotides with

�-oligodeoxynucleotides). �-Oligodeoxynucleotide

segments form such parallel duplexes also when

inserted into regular antiparallel DNA duplexes

and linked by 3�–3� and 5�–5� phosphodiester

bonds [5, 6]. Parallel heteroduplexes of this type

are resistant to cleavage by cell nucleases [7] and

they block the activity of reverse transcriptase [8].

These properties focused the interest on

�-anomeric oligonucleotides as potential

antisense antiviral chemotherapeutics [9, 10].

Analogous pairing properties with natural DNA

are shown by �-oligoribonucleotides [11]. Oligo-

mers composed of �-deoxynucleotides can also

form triplexes with all-� B-DNA [12].

The question of the possible influence of a single

�-nucleotide inserted into a regular oligo-

nucleotide strand has not been exhaustively stud-

ied so far. Only two papers related to this problem

have been published until now. The properties of

9 bp DNA duplexes, where an �-deoxyadenosine

residue was placed in the middle base pair were

studied by ultraviolet and circular dichroism spec-

tral analysis [13]. Such a modification can be in-

duced by free hydroxyl radicals in DNA under an-

aerobic conditions, e.g. due to ionising radiation,

and it blocks DNA synthesis. The paper also pres-

ents the results of in vacuo molecular mechanics

(geometry optimisation) experiments which sug-

gest that the influence of such a modification on

the global duplex structure is negligible, and for-

mation of an �-dA–T pair was postulated. Unfor-

tunately, this study did not include a molecular

dynamics simulation experiment which could help

evaluate the actual conformational stability of the

model. In another paper, the molecular dynamics

of four DNA triplexes is presented, each one con-

taining a modified nucleoside: �- or �-anomer of

2-aminopyridine deoxyriboside in one of the

strands [14]. Also in this case no important struc-

tural deviations were identified, the simulation re-

sults analysis, however, was limited to an image

of the modified region of the molecule showing hy-

drogen bonds. Some degree of conformational in-

stability of triplexes containing the �-anomeric

residue could also be deduced from the r.m.s.d.

analysis of atomic positions.

Recently, we reported on the structural proper-

ties of DNA duplexes modified with a single

�-1,N
6
-ethenodeoxyadenosine residue using

methods of time-resolved fluorescence and ther-

modynamics [2]. Both methods suggested a much

lower degree of destabilisation of such duplexes

than expected. As it was impossible to obtain good

crystals of such DNA duplexes, we employed the

method of molecular dynamics simulation to gain

a better insight into the conformational dynamics

of those molecules. Surprisingly, the formation of

an �-�dA–dG base pair was observed.

This prompted us to return to the basic problem

concerning the influence of single �-anomeric

nucleoside residues on DNA structure. Our pre-

liminary in vacuo and early in aqua simulations

produced severely distorted molecules, but in the
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adenosine



case of duplexes containing �-anomeric residues

that distortion was much more expressed, severe

axis bending being the most striking feature. Al-

though a major part of those effects was certainly

due to the deficiencies of the early simulation pro-

tocols, we still presumed that some degree of axis

bending might result from the modification. To

test this hypothesis, we decided to employ the ad-

vanced parcticle-mesh Ewald in aqua molecular

dynamics simulation method. Here we present

our results of molecular dynamics experiments

performed on DNA duplexes of the sequence

d(CTCCTXTCCCT) :d(AGGGATAGGAG), where

X stands for �-deoxyadenosine or deoxyadenosine

(reference experiment). Two 1 ns long simula-

tions were conducted at 300 K for the �-anomeric

model and one for the reference molecule. The

structural properties of the DNA models are pre-

sented using a new approach which allows com-

pact visualisation of the variability of parameters

over the entire molecular dynamics trajectory.

MATERIALS AND METHODS

Calculations. The initial structures were built

as canonical B-DNA duplexes using the proce-

dures provided in the AMBER 4.1 package [15].

The �-dA residue was defined according to the

AMBER 4.1 model definition standards. Using

the Gaussian 94 [16] and Resp [17] programs we

have confirmed that �-anomerisation does not sig-

nificantly affect the distribution of charges in the

nucleoside. The differences in partial charges cal-

culated for the atoms of the anomerisation center

neighborhood in the �- and �-deoxyadenosine

never exceeded 0.03. Hence, given that the stan-

dard charge distribution available in the force

field was obtained with more precise algorithms,

we decided to use the latter set of charges for our

simulations.

To the model molecules were added 20 sodium

counterions (3.5 Å from the phosphate centres)

and they were solvated in a rectangular PBC box

with a 10 Å thick water layer in all dimensions

around the molecule (Edit module applied). The

box dimensions were thus 62.1 Å � 45.6 Å � 45.3

Å, and the number of water molecules in the sim-

ulated system was 3973. Simulations were carried

out using the Sander program (part of the

AMBER 4.1 package) run on a CRAY J-916 ma-

chine in the Poznañ Supercomputing and Net-

working Center. The protocol for the simulations

followed the procedure applied by Cheatham &

Kollman [18] and consisted of an equilibration

procedure (alternating energy minimisation and

short molecular dynamics runs with gradually re-

lieved constraints on the DNA molecule) and 1 ns

of unrestrained molecular dynamics at 300 K with

long-range electrostatic interactions treated using

the particle-mesh Ewald summation method. The

SHAKE algorithm for maintaining the X–H

atomic distances was used and the time-step for

the Newtonian equations integration was set to

2 fs.

Trajectory data analysis. The resultant trajec-

tories from all simulations were analysed and

visualised on an Iris Indigo
2

workstation using

the InsightII software (MSI), the CURVES 5.1

program [19] and our own procedures.

Base stacking. For the evaluation of the main-

taining of stacking interactions between neigh-

bour nucleobases in a strand, we used a parame-

ter proposed by us earlier [20] calculated using

the following formula:

S = D1 + D2 + D3 +

2 (|D1–D2|+|D2–D3|+|D1–D3|) – 15.2

including distances between the following atoms

of subsequent residues: D1 — N9 (purines) and

N1 (pyrimidines); D2 — N7 (purines) and C5 (py-

rimidines); D3 — C5 (purines) and N3 (pyrimi-

dines).

Values close to zero indicate that the bases are

aligned in accordance with the canonical B-DNA

conformation. Values higher than 3–5 Å are ob-

served when nucleobases lose their parallel align-

ment or stand aside, which results in the loss of

stacking interactions in the respective region of

the strand.

Duplex axis bending. There is no commonly

accepted parameter for nucleic acid duplex axis

bending, although several approaches have been

proposed [21, 22]. Our approach is based on the
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axis measurements performed by the CURVES

5.1 program [19]. The actual angle of local axis

bending was calculated (three subsequent points

of the axis taken into account at each step for the

angle definition) and the overall bending was rep-

resented in two ways: (1) as the axis end–cen-

tre–end angle and (2) as the relative shortening

(in percent, measured as 1 minus the ratio of axis

end–to–end distance to its path length). Since the

anomerisation severely distorts the local base

pair coordinates system implemented in CURVES

5.1, it was necessary to redefine it by changing

the names of the C4 and C8 atoms of the modified

residue and ignoring that residue in global axis

calculation.

Visualisation of trajectory data. Here we pro-

pose a novel way of presenting trajectory data al-

lowing high throughput screening of the

conformational parameters prior to their detailed

analysis. We display the data in a form resem-

bling electrophoresis gel patterns, as the parame-

ter value is represented in the grey scale and par-

ticular “lanes” represent its values for the resi-

dues (or base pairs) within the nucleic acid strand

(or duplex). This approach allows quick identifica-

tion of those areas within the strand (duplex), as

well as periods within the simulation history,

where an irregularity might occur. The customary

presentation of numerous graphs, on the other

hand, forces the reader to examine them very

carefully to extract and identify this sort of infor-

mation.

RESULTS AND DISCUSSION

Detailed conformational analysis of the three

1 ns trajectories allows us to evaluate several in-

teresting features of the DNA molecules studied.

In a canonical B-DNA structure, the pseudo-

rotation angle (used to evaluate the sugar pucker-

ing) ranges between 120–180� and such values

were generally maintained by the greater part of

the modelled molecule. The pseudorotation angle

of the deoxyribose ring of the �-anomerised

nucleoside had a tendency to adopt values from
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Figure 2. Diagram of pseudorotation parameter calculated for trajectories No. 1 and No. 2 for both modified

and unmodified strands.

Parameter values are represented by the gray scale level; values exceeding maximum shown in white and below minimum

in black.



the “West” range of the pseudorotation circle (e.g.

O4�-exo or C1�-endo conformations). In simulation

No. 2 this is particularly well visible (see Fig. 2)

and C1�-endo sugar puckering is observed very of-
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Figure 3. Diagram of stacking parameter (as defined in Fig. 2) calculated for trajectories No. 1 and No. 2 for

both modified and unmodified strands.

Figure 4. Typical conformations of the modified region in the last 200 ps of simulation No. 1 (left) and No. 2

(right).



ten. An average value of –50� was found for the

pseudorotation angle for the final 200 ps of that

simulation. As the “West” values are out of the

standard linear pseudorotation angle scale

(–60�–240�) used in Fig. 2, the colours represent-

ing them are either black (below range) or white

(above range) and the point of discontinuity

(black to white change) is at 270� (= –90�). A simi-

lar effect of unusual pseudorotation angle values

was found for the �-�dA residue [2]. The nucleo-

sides located in the neighbourhood of the modifi-

cation appear to be more destabilised and more

often change their conformation to C3�-endo (i.e.

puckering typical for RNA residues) than residues

located farther from the �-anomer site (see

Fig. 2).

The �-anomerisation causes a significant diffi-

culty to the residue involved to adapt to the regu-

lar, base stacked alignment. This concerns the

stacking of the modified residue with both its

neighbours, although in simulation No. 2 we could

observe that stacking with the 3�-neighbouring

thymine was favoured (see Fig. 3), despite the fact

that the thymine stacking properties are generally

known to be low.
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Figure 5. Diagram of local duplex bending

calculated as defined in Methods for trajec-

tories No. 1 and No. 2.

The single lane represents the end–to–end axis

angle.

Figure 6. Graphs of

global duplex ben-

ding calculated as

defined in Methods

for trajectory No. 1

and No. 2.



For the unmodified reference molecule, no sig-

nificant destabilisation of deoxyribose puckering

or base stacking was observed.

Interestingly, the two simulations of the

�-anomer-modified model brought significantly

different results in regard to the alignment of the

bases in the modified pair. In simulation No. 1,

the bases tended to mimic the classical Wat-

son–Crick pair normally formed by standard

�-anomeric residues and two stable hydrogen

bonds were observed. On the other hand, in simu-

lation No. 2 the alignment of both bases involved

did not allow for any effective hydrogen bonding,

only in some periods of simulation one hydrogen

bond was formed. We have identified typical con-

formations of the central region of the simulated

model. For simulation No. 1, one general align-

ment of the bases was found (see Fig. 4, left) while

in simulation No. 2 at least two typical conforma-

tions could be identified (Fig. 4, right).

In the unmodified duplex all base pairs were sta-

ble, except for the terminal dA–T pair which
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Figure 7. Images (snapshots) of typical global duplex conformations selected from the last 200 ps of simula-

tion No. 1 (top) and No. 2 (bottom).

Duplex axis displayed as thick line.



broke in the later part of the unrestrained MD

simulation. A similar base pair disruption took

place in the last part of simulation No. 1 for the

modified model.

Surprisingly, no major bending or kinking could

be identified in any of the simulated model du-

plexes. Still, the duplex axis course was found to

be less stable in the �-anomerised model than in

the reference molecule (see Figs. 5 and 6).

Typical global conformations of the modified du-

plex selected from both simulations are presented

in Fig. 7. In simulation No. 1, very unstable values

of the helical parameters tilt, roll and twist were

observed. As indicated, no duplex axis bending

could be identified.

The observations presented above clearly sug-

gest that an �-anomeric residue inserted into a

DNA duplex has a destabilising effect mostly on

its nearest neighbours, particularly in respect to

sugar puckering and base stacking. Any bending

tendency, if it occurs, is not well expressed. It

might be, perhaps, deduced from the observed

competition between effective base stacking of the

modified residue and its stable alignment within

the pair. It can be indicated that, in particular, the

effective hydrogen bonding in the �-dA–T system

able to mimic the classical dA–T pair, forces the

modified residue to adopt a conformation which

weakens its stacking capability. This is in contrast

to the classical all-� DNA duplex structure where

both types of interactions (stacking and hydrogen

bonding) cooperate in stabilising its conforma-

tion. Nevertheless, the experiment confirms the

possibility of base pair formation in the �-dA–T

system using the same hydrogen bonding atoms

as in the canonical pair. This adaptive ability of

the duplex structure modified with an �-anomeric

residue might account for the generally low effi-

ciency of �-anomer based antiviral chemothera-

peutics [9]. On the other hand, such molecules, al-

though not very severely distorted, might still be

too strongly destabilised to take part in genetic

processes effectively. This feature could have dis-

abled their usage in natural processes at a very

early stage of the evolution of life, thus leaving

the nucleic acids world uniformly �-anomeric.

R E F E R E N C E S

1. Post, M.L., Birnbaum, G.I., Huber, C.P. & Shugar,

D. (1977) �-Nucleosides in biological systems. Crys-

tal structure and conformation of �-cytidine.

Biochim. Biophys. Acta 479, 133–142.

2. Bielecki, L., Skalski, B., Zagorowska, I., Verrall,

R.E. & Adamiak, R.W. (2000) Fluorescent �-ano-

meric 1,N(6)ethenodeoxyadenosine in DNA du-

plexes. The �-�dA/dA pair. Nucleosides, Nucleotides

& Nucleic Acids 19, 1735–1750.

3. Séquin, U. (1973) Nucleosides and Nucleotides.

Part 5. The stereochemistry of oligonucleotides

consisting of 2�-deoxy-�-D-riboses, a study with

DREIDING stereomodels. Experientia 29, 1059–

1062.

4. Morvan, F., Rayner, B., Imbach, J.-L., Lee, M.,

Hartley, J.A., Chang, D.-K. & Lown, J.W. (1987)

�-DNA-V. Parallel annealing, handedness and con-

formation of the duplex of the unnatural alpha-

hexadeoxyribonucleotide �-[d(CpApTpGpCpG)]

with its �-complement �-[d(GpTpApCpGpC)] de-

duced from high field
1
H-NMR. Nucleic Acids Res.

15, 3421–3437.

5. Aramini, J.A., van de Sande, J.H. & Germann,

M.W. (1996) Structure of a DNA duplex that con-

tains �-anomeric nucleosides and 3�–3� and 5�–5�

phosphodiester linkages: Coexistence of parallel

and antiparallel DNA. Biochemistry 35, 9355–

9365.

6. Aramini, J.A., Kalisch, B.W., Pon, R.T., van de

Sande, J.H. & Germann, M.W. (1997) Spectro-

scopic, thermodynamic studies of DNA duplexes

containing �-anomeric C, A and G nucleotides and

polarity reversals: Coexistence of localized parallel

and antiparallel DNA. Biochemistry 36, 9715–

9725.

7. Gagnor, C., Rayner, B., Leonetti, J.-P., Imbach,

J.-L. & Lebleu, B. (1989) �-DNA IX: Parallel anneal-

ing of alpha-anomeric oligodeoxyribonucleotides to

natural mRNA is required for interference in

RNase H mediated hydrolysis and reverse tran-

scription. Nucleic Acids Res. 17, 5107–5114.

8. Boiziau, C., Thuong, N.T. & Toulmé, J.-J. (1992)

Mechanisms of the inhibition of reverse transcrip-

tion by antisense oligonucleotides. Proc. Natl.

Acad. Sci. U.S.A. 89, 768–772.

110 £. Bielecki and R.W. Adamiak 2001



9. Périgaud, C., Gosselin, G. & Imbach, J.-L. (1992)

Nucleoside analogues as chemotherapeutic agents:

A review. Nucleosides & Nucleotides 11, 903–945.

10. Morvan, F., Porumb, H., Degols, G., Lefebvre, I.,

Pompon, A., Sproat, B.S., Rayner, B., Malvy, C.,

Lebleu, B. & Imbach, J.-L. (1993) Comparative eval-

uation of seven oligonucleotide analogues as poten-

tial antisense agents. J. Med. Chem. 36, 280–287.

11. Debart, F., Rayner, B., Degols, G. & Imbach, J.-L.

(1992) Synthesis and base-pairing properties of the

nuclease-resistant alpha-anomeric dodecaribo-

nucleotide �-[r(UCUUAACCCACA)]. Nucleic Acids

Res. 20, 1193–1200.

12. Noonberg, S.B., François, J.-C., Praseuth, D.,

Guieysse-Peugeot, A.-L., Lacoste, J., Garestier, T.

& Hélene, C. (1995) Triplex formation with �

anomers of purine-rich and pyrimidine-rich

oligodeoxynucleotides. Nucleic Acids Res. 23,

4042–4049.

13. Ide, H., Shimizu, H., Kimura, Y., Sakamoto, S.,

Makino, K., Glackin, M., Wallace, S.S., Nakamuta,

H., Sasaki, M. & Sugimoto, N. (1995) Influence of

�-deoxyadenosine on the stability and structure of

DNA. Thermodynamic and molecular mechanics

studies. Biochemistry 34, 6947–6955.

14. Bates, P.J, Laughton, C.A., Jenkins, T.C., Capaldi,

D.C., Roselt, P.D., Reese, C.B. & Neidle, S. (1996)

Efficient triple helix formation by oligodeoxy-

ribonucleotides containing �- or �-2-amino-5-(2-

deoxy-D-ribofuranosyl)pyridine residues. Nucleic

Acids Res. 24, 4176–4184.

15. Pearlman, D.A., Case, D.A., Caldwell, J.W., Ross,

W.S., Cheatham, T.E., Ferguson, D.M., Seibel,

G.L., Singh, U.C., Weiner, P. & Kollman, P.A.

(1995) AMBER Version 4.1. University of Califor-

nia.

16. Gaussian 94, Revision C.3. Gaussian Inc., Pitts-

burgh 1995.

17. Bayly, C.I., Cieplak, P., Cornell, W.D. & Kollman,

P.A. (1993) A well-behaved electrostatic potential

based method using charge restraints for determin-

ing atom-centered charges: The RESP model. J.

Phys. Chem. 97, 10269–10280.

18. Cheatham, T.E. & Kollman, P.A. (1997) Molecular

dynamics simulations highlight the structural dif-

ferences among DNA:DNA, RNA:RNA and

DNA:RNA hybrid duplexes. J. Am. Chem. Soc.

119, 4805–4825.

19. Lavery, R. & Sklenar, H. (1988) The definition of

generalized helicoidal parameters and of axis cur-

vature for irregular nucleic acids. J. Biomol. Struc.

Dyn. 6, 63–91.

20. Bielecki, L., Kulinski, T. & Adamiak, R.W. (1999)

Structure and dynamics of adenosine loops in RNA

bulge duplexes. RNA hydration at the bulge site; in

RNA Biochemistry and Biotechnology (Barci-

szewski, J. & Clark, B.F.C., eds.) pp. 73–87, NATO

ASI Series, Kluwer Academic Publishers.

21. Young, M.A., Ravishanker, G., Beveridge, D.L. &

Berman, H.M. (1995) Analysis of local helix bend-

ing in crystal structures of DNA oligonucleotides

and DNA-protein complexes. Biophys. J. 68,

2454–2468.

22. Dickerson, R.E. (1998) DNA bending: The preva-

lence of kinkiness and the virtues of normality. Nu-

cleic Acids Res. 26, 1906–1926.

Vol. 48 Structure and dynamics of DNA containing single �-dA 111


