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The Watson-Crick type of base pairing is considered to be mandatory for the formation of duplex DNA. 
However, conformational calculations carried out in our laboratory, have shown that some combinations 
of backbone torsion angles and sugar pucker lead to duplexes with Hoogsteen type of base pairing also. 
Here we present the results of energy calculations performed on A-T containing doublet sequences in the 
D-form with both Hoogsteen and Watson-Crick type of base pairing and the 3 viable models for the A-T 

containing polynucleotide duplex poIy[d(A-T)]. 

Base-base interaction Watson-Crick basepar Hoogsteen basepairs Poiy [d(A - T)] 

1. INTRODUCTION 

It has been generally accepted that the 
Watson-Crick type of base pairing [1,2] is man- 
datory for the formation of the double helical 
structure of DNA. However, conformational 
calculations carried out in our laboratory [3] have 
shown that not all allowed combinations of the 
backbone torsion angles and sugar pucker lead to 
duplexes with Watson-Crick type of base pairing; 
a few lead to base pairs of the Hoogsteen type. 
This different type of hydrogen bonding scheme 
was first observed by Hoogsteen [4] in single 
crystals having pairing of adenine with thymine. 
Further X-ray studies [5-71 have shown that base 
pairing in crystals containing adenine with thymine 
or uracil have four types of hydrogen bonding 
schemes: Watson-Crick; Hoogsteen; reverse 
Watson-Crick; and reverse Hoogsteen. Hoogsteen 
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pairing has been implicated [8] in the fiber-type 
molecular structure of thymidylyl 3 ’ ,5 ’ -deoxy- 
adenosine. The fiber pattern obtained by them is 
consistent with a 7 residues/turn left-handed 
Hoogsteen paired structure with parallel chains. 
Single crystal studies on adenosyl 3 ’ ,5 ’ -uridine 
phosphate (ApU) [5} and [5 ’ -P-adenylyl-(3 ’ -5 ’ )- 
thymidylyl - (3 ’ - 5 ‘),-adenylyl- (3 ‘- 5 ‘) thymidine] 
(~~T~~T) [9] however, have shown that 
these compounds form mini double helices with 
Watson-Crick base pairing. It is not surprising that 
adenine and thymine containing structures show 
both kinds of pairing (Watson-Crick [5,9] and 
Hoogsteen [8]), since both these bases retain the 
same tautomeric forms for the two types of pair- 
ing. This is in contrast to the case of guanine and 
cytosine where the bases necessarily differ in their 
tautomeric forms, so as to give rise to the two types 
of structures. In addition, the 3 hydrogen-bonded 
Watson-Crick paired G-C is more stable than the 
corresponding two hydrogen-bonds Hoogsteen 
pair. 

A 7-fold left-handed double helical model for 
the D-conformation based on Hoogsteen type of 
pairing for DNA containing A-T and I-C base 
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pairs has been proposed [lo]. However, improved 
fiber patterns confirmed the fact that for 
poly[d(A-T)] [ 1 l] as well as poly[d(I-C)] [12], the 
D-form is most stable and there are 8 
residues/turn, both right-handed and left-handed 
structures being possible. 

We report here the results of the energy calcula- 
tions for A-T cont~ning doublets in the &fold D- 
form with both types of base pairing, and for the 
3 types of stacking arrangements, viz., right- 
handed Watson-Crick, left-handed Watson-Crick 
and left-handed Hoogsteen models, with anti- 
parallel arrangement of the chains. All the 3 base 
arr~gements lead to viable models for the D-form 
of poly[d(A-T)]. Details of the results for the 
other ~ol~orphous forms and their implications 
will be described elsewhere. 

2. METHODOLOGY BASE-BASE 
INTERACTIONS 

In the base-base interactions, both base pairing 
and base stacking play a dominant role. Calcula- 
tions performed in our laboratory [13] have shown 
that the energy contribution from the backbone is 
small and is similar for the different allowed 
backbone conformations. Hence, the essential dif- 
ference comes from base stacking and base pair- 
ing. The. methodology for the computation of the 
base-base interactions has been reported [ 14,15 1. 
Interaction energy for doublets containing A-T in 
the D-form were computed as a function of the 
base p~arn~e~ (D, & and Sv) 1161. The ranges of 
the base parameters for the D-form with mono- 
nucleotide as a repeat, which give rise to right and 
left double helical structures are shown in table 1. 

Table 1 

Ranges of the base parameters for D-DNA giving rise to 
right and left double helical structures in the allowed 

sugarphosphate conformations 

Right Left 

-~ o(A) -4.0 to - 1.5 -4.0 to - 1.5 
& (deg.) -12 to -24 i-8 to -4 
By (deg.1 -6 to +6 -6 to +6 

3. RESULTS AND DISCUSSION 

Table 2 shows the interaction energy for the li 
xl. and the 1; @t sequences in the D-form for the 
3 models: left-handed Hoogsteen; left-h~ded 
Watson-Crick; and right-handed Watson-Crick 
type in the helical arrangement. Values of the 
rni~~urn interaction energy are in kcall2 mol base 
pair as a function of (D, &). i& values are also in- 
dicated. Crosses in the boxes indicate that for par- 
ticular (D, Bx), irrespective of the By value, stacking 
arrangement is not possible. From our calcula- 
tions, it is seen that the &‘A $? sequence prefers left 
stacking, especially for the Hoogsteen base-paired 
structures. On the other hand, the l$ xt sequence 
favours the right stacking ~r~gement. 

3.1. Poly[d(A-T)/ in the D-form 
The relevance of these results to the polymer 

structure of poly[d(A-T)] was then investigated. A 
detailed analysis was performed using the data in 
[17]. For this purpose, 3 types of models [right- 
handed Watson-Crick R(W.C.), left-handed Wat- 
son-crick L(W.C.) and left-handed Hoogsteen 
L(H.)] paired structures with anti-parallel chain ar- 
r~gements were generated using linked atom least 
squares (LALS) procedure [18]. Table 3 shows the 
conformations parameters (backbone torsion 
angles and glycosidic torsion) obtained for the 3 
models of poly[d(A-T)] in the D-form which are 
stereochemically satisfactory and are in general 
agreement with the X-ray data. As shown in [19]* 
the backbone torsion angles are similar. Only the 
glycosidic torsion (m for the left-Hyde Wat- 
son-crick structure is 60” less than the right- 
handed Watson-Crick structure. 

The essential difference between an anti-parallel 
Watson-Crick structure and an anti-parallel Hoog- 
Steen paired structure is that the glycosidic torsion 
(X) for both purine and py~~dine bases is iden- 
tical in the former but Xpurine = 180 + Xpyrimidine 
in the latter. Model building studies [20] have 
shown that for a right-handed structure, an anti- 
glycosidic torsion is favourable as compared to a 
low anti-glycosidic torsion for the left-handed 
structure. 

The base parameters for the 3 models have also 
been indicated in table 3, These parameters are dif- 
ferent from the parameters corresponding to 
minimum energy values given in table 2. This dif- 
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ference is due to the fact that the best ‘R’ factor is 
achieved for the base parameters given in table 3 
and not the parameters corresponding to minimum 
energy values of table 2. 

The interaction energy values for the 3 models 
are comparable and the values are &(~.c.)=-20 
kcal/mol, EL~.c.) = -23 kcal/mol and EI,~.) 
c: -22 kcab’mol, respectively. 

The crystallographic ‘R’ factors obtained from 
the three models are also comparable (table 3) in- 
dicating that ah three models agree equally well 

with the X-ray data. From the limited data 
available, further refinement is not possible to 
discriminate between the 3 models. 

The stacking ~r~gements of the tF Xt and the 
1: & sequences in the D-form of poly[d(A-T)] 
have been obtained. Fig. 1 shows the 1T” ft se- 
quence stacking arrangements for the 3 models. 
Although there are considerable differences in the 
stacking arrangements for the 14 It (fig. 1) and the 
3-x $t (not shown) sequences, as mentioned earlier, 
all the models are energetically equally favourable 
and their ‘R’ factors are comparable. 

Table 2 

Interaction energy E in kcaU2 mol base pair for the IT A A Tt and the lx & sequences in the D-form for the 
Ieft-Hyde Hoogsteen L(K), left-handy Watson-Crick L(W.C.) and the right-Hyde Watson-Cock 

R(W.C.) paired structures 

(a) Interaction energy for the l$ It sequence for L(H.) and L(W.C.) 

-4.0 -3.5 - 3.0 -2.5 - 2.0 -1.5 

8.0 

4.0 

0.0 

- 4.0 

L(H.) - 33.0” - 33.0” - 33.09 - 33.2’ - 33.3* 

L(W.C.) - 39.6& - 40.6” -41.7a -43.0= - 44.5 
L(H.) -35.0a - 35.0” -3S.P -35.1 - 35.P 

L(W.C.) -41.2a - 42.2’ -43,1a -44.3 -45.6 
L(H.) - 36.2 - 36.6 - 37.0 - 37.2 -37.1 

L(W.C.) -43.1 -44.7 -45.7 - 46.6 - 47.2 
LtH.) X - 35.5b -40.2 -40.5 -40.3 

L(W.C.) -46.8 -48.0 - 49.0 - 49.4 - 50.2 

Emta L(H.) = -40.5 kcal/2 mol; Emin L(W.C.) = -50.6 kcal/2 mol. 

-33.3a 

- 46.4 
- 34.8 

- 47.2b 
- 36.8 

- 48Sb 
- 39.7 

- SO.Sb 

Energy values obtained are due to the bond polarizability method [15]. BY values for the interaction energies 
and 0 unless otherwise specified: %$ = - 3; “8, = + 3; and ‘B, = + 6. The mi~mum interaction energy 

values have also been indicated 

(b) Interaction energy for the f” It sequence for the R(W.C.) 

-24.0 
- 20.0 
- 16.0 
- 12.0 

-4.0 

- 37.4b 
-37.1b 
- 37.3b 
-38.1b 

-3.5 - 3.0 -2.5 -2.0 

-39.lb - 41.6’ - 44.0b - 47.0b 
- 38.7b -40.6b -43.0b - 45.Bb 
- 38.8b - 40.5b - 42.4b - 44.6b 
- 39.4b - 40.8b - 42.4b -44.1 

Emin R(W.C.) = -50.0 kcaI/2 mol 
(continued) 

- 1.5 

- 50.0b 
- 48.4b 
-47.1 
- 46.5 

287 



Volume 159, number 1,2 BEBS LETTERS August 1983 

Table 2 (continued) 
(c) Interaction energy for the 1 $t sequence for the L(H.) and L(W.C.) 

-4.0 -3.5 - 3.0 -2.5 -2.0 - 1.5 

8.0 

4.0 

0.0 

-4.0 

L(I-L) -45.P -46.1” - 47.48 - 48.5’ - 49.@ 

L(W.C.) - 40.08 - 40.0” - 40.4 -41.5 - 42.7 
L(H.) -48.7a - 49.6’ - 50.4’ -51.2 -5l.P 

L(W.C.) -43.1= -42.4a -42.5 -43.0 -43.7 
L&I.) -48.4 - 50.0 -51.6 - 53.0 - 54.9” 

L(W.C.) -47.6a -46.0a -45.3 -45.1 -45.1 
L(H.) - 53.6 -55.0 - 56.1 -57.1 - 58.0 

L(W.C.) -51.3 -50.1 - 49.0 -47.8 - 47.0 

Emin L(H.) = -58.2 k&‘2 mol; Emin L(W.C.) = -51.3 kcal/2 mol. 

-51,o 

- 44.2b 
- 52.7 

-44.gb 
- 55.2 

- 45.gb 
- 58.2 

- 47.3b 

(d) Interaction energy for the lf $t sequence for the R(W.C.) 

- 4.0 -3.5 - 3.0 -2.5 -2.0 - 1.5 

-24.0 
- 20.0 
- 16.0 
- 12.0 

-37.1b - 38.3b - 39.8b - 42.0b - 44.2b - 46.0 
- 37.ob - 37.gb - 39.3b -41.0b -43.lb -45.4 
-37.lb - 38.0b - 39.0b - 40.5b -42.3 -44.7 
- 38.0b - 38.ab - 39.3b -40.5 - 42.3 -44.2 

Emi, R(W.C.) = -46.0 k&/2 mol 

Table 3 
Conformational parameters (backbone torsion angles 
and glycosidic torsion), base parameters and ‘R’ factor 
for the three models of the D-form of poly[d(A-T)la 

R(W.C.) L(W.C.) LPI.) 

p” 217 200 216 220 237 210 

sy 313 149 263 166 273 131 
; 148 56 159 30 132 31 

XT 63 14 1 
XA 63 14 181 
aA) -2.5 -2.5 -2.8 
Mdeg.) - 20.8 1.5 0.6 
Mdeg.) -0.5 0.0 0.3 
Rb 0.358 0.323 0.328 

‘Atomic coordinates for the models are available from 
the authors 
bConventional crystallographic residual ‘R’ 
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4. CONCLUSION 

1. 

2. 

3. 

4. 

The main conclusions of the present study are: 
Base-base interactions depend both on the 
helical parameters and on the base parameters. 
Hydrogen bonding is important in deciding not 
only the stacking pattern but also the pairing 
scheme. 
All the 3 models are energetically equally 
favourable and consistent with the X-ray data. 
The 11 $t sequence prefers the left stacking ar- 
rangement and the 19 It sequence prefers the 
right stacking arrangement. The significance of 
the preferences of these two sequences is being 
investigated in our laboratory. 
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