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Abstract. Using the AMBER software package (Wei- 
ner and Kollman 1981) substantially modified for 
electrostatic contributions, the structural energies of 
the double-stranded oligonucleotides dA12" dT12 and 
d (GCTCGAAAAA)4 • d (TTTTTCGAGC)4 were 
minimized. Using various starting structures for the 
molecule dA~2" dT~2, one final structure is obtained 
which possesses the experimentally determined 
properties of poly(dA) - poly(dT). This structure is 
an A-form-B-form-hybrid structure similar to that 
of Arnott et al. (1983). The dA-strand is similar to an 
A-form while the dT-strand is similar to normal 
B-form. This structure and separately optimized 
B-form sequence stretches were used to construct 
the double-stranded fragment d(GCTCGAAAAA)4 
which again was optimized. This sequence, when 
imbedded in a DNA fragment as contiguous repeats, 
shows a gel migration anomaly which has been inter- 
preted as stable curvature of the DNA (Diekmann 
1986). The calculated structure of this sequence 
indeed has a curved helix axis and is discussed as a 
model for curved DNA. A theoretical formalism is 
presented which allows one to calculate the struc- 
tural parameters of any nucleic acid double helix in 
two different geometrical representations. This for- 
malism is used to determine the parameters of the 
base-pair orientations of the curved structure in 
terms of wedge as well as cylindrical parameters. In 
the structural model presented here, the curvature of 
the helix axis results from an alternation of two dif- 
ferent DNA structures in which the base-pairs 
possess different angles with the helix axis ('cylinder 
tilt'). Resulting from geometric restraints, a negative 
cylinder tilt angle correlates strongly with the clos- 
ing of the minor groove ('wedge roll'). The blocks 
with different structure are not exactly coincident 
with the dAs-blocks and the B-DNA stretches. 
Within the dA5 block, base-pair tilt and wedge roll 
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adopt large values which proceed into the 3' flank- 
ing B-DNA sequence by about one base-pair. These 
properties of the structure calculated here are 
discussed in terms of different models explaining 
DNA curvature. 

Key words: Molecular mechanics, symmetry con- 
straints, structure parameters of DNA, poly(dA) 
• poly(dT), DNA curvature 

I. Introduction 

Recent experimental evidence indicates that poly(dA) 
• poly(dT) has a B'-form structure different from 
normal B-DNA. In aqueous solutions, poly(dA) 
• poly(dT) has a helical repeat of 10.1 base-pairs per 
turn compared to 10.5 for normal B-DNA (Peck and 
Wang 1981; Rhodes and Klug 1981; Prunell et al. 
1984; Strauss et al. 1981)• Raman measurements in- 
dicate that at salt concentrations lower than 0.1 M 
NaC1 and below room temperature, poly(dA) 
-poly(dT) has a structure different from B-form 
(Thomas and Peticolas 1983; Jolles et al. 1985; War- 
tell and Harrell 1986). Under the same conditions, 
linear dichroism data suggest that poly(dA), poly(dT) 
has a large tilt angle and a large propeller twist 
(Edmondson and Johnson 1985). At higher salt con- 
centrations and elevated temperatures poly(dA) 
• poly(dT) might tend to adopt the B-form structure. 
This would explain that the classical B-form for 
poly(dA) • poly(dT) was found by a 500 MHz NMR 
study using one dimensional NOE (Sarma et al. 
1985) and a recent Raman study (Katahira et al. 
1986) which were performed at 30 °C and at salt 
concentrations higher than 0.1 M NaC1. Arnott et al. 
(1983) have suggested an A-form-B-form hybrid 
structure for poly(dA) 'poly(dT) ('heteronomous 
DNA') to explain X-ray diffraction data. They 
propose that the dA-strand adopts an A-like struc- 
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ture while the dT-strand has a structure similar to 
the B-form. Recent theoretical energy minimization 
studies (Rao and Kollman 1985) also suggest a 
hybrid structure; however, they propose that the dA- 
strand is in the B-form and the dT-strand is in the 
A-form. 

In addition, some unique features of poly(dA) 
• poly(dT) seem to be recognized by proteins• Im- 
munoglobulins raised in rabbits specifically bind 
poly(dA).poly(dT) (Diekmann and Zarling, sub- 
mitted) while normal B-DNA is not recognized. 
The restriction endonuclease Fok I cleaves poly(dA) 
• poly(dT) cloned into plasmids with a low rate and 
only up to about 20% compared to normal B-form 
DNA sequences (Diekmann and Robert-Nicoud, in 
preparation)• Also histone octamers do not bind to 
relatively long linear poly(dA) • poly(dT) polymers 
(Rhodes 1979; Simpson and Kunzler 1979) or to 
DNA molecules with sufficiently long tracts of 
poly(dA)-poly(dT) (Kunkel and Martinson 1981; 
Prunell 1982)• 

In this paper we present molecular mechanics 
calculations of the oligonucleotide (dA)12"(dT)12 
using the AMBER-software-package (Weiner and 
Kollman 1981) which was modified to account for 
the influence of counter-ions in the electrostatic 
contributions (Kitzing 1986)• Our results support the 
A-form-B-form hybrid structure suggested by Arnott 
et al. (1983) with only slight modifications• 

A restriction fragment of a minicircle of mito- 
chondrial DNA of Leishrnania tarantolae (kineto- 
plast DNA) exhibits unusually low electrophoretic 
mobility in acrylamide gels (Marini et al. 1982, 1983; 
Wu and Crothers 1984; Diekmann and Wang 1985) 
which is thought to result from a sequence-depen- 
dent curvature of the DNA fragment (Trifonov and 
Sussman 1980, for a review see Trifonov 1985 and 
Diekmann 1987b). The sequence responsible for this 
effect is a stretch of (C)AAAAA(T) repeated several 
times in phase with the helix turn (Wu and Crothers 
1984; Diekmann and Wang 1985)• The phasing re- 
quirement of this effect was rigorously tested by 
Hagerman (1985)• Circularization (Ulanovsky et al. 
1986) and electron microscopy (Griffith et al. 1986) 
experiments have shown that DNA fragments con- 
taining such sequences are indeed curved. Koo et al. 
(1986) and Diekmann (1986, 1987a) showed that the 
presence of dAn stretches with n_- > 4  repeated in 
phase with the helix turn is sufficient for strongly 
altered electrophoretic mobility of the DNA frag- 
ment while only a very small effect was observed for 
n < 4. This length dependence was interpreted by 
assuming that the dAn tracts with n>-4 adopt a 
W-form structure which apparently cannot be 
formed for n < 4 in the analyzed sequences (Diek- 
mann 1986)• 

The kinetoplast sequences containing repeated 
stretches of dA4-6 have a helical repeat of 10.4 base- 
pairs per turn (Diekmann and Wang 1985), in be- 
tween the values for poly(dA) • poly(dT) and B-form 
DNA. In addition, the kinetoplast DNA fragment 
injected into rabbits, gave rise to immunoglobulins 
which specifically recognize poly(dA).poly(dT) 
(Diekmann and Zarling, submitted). These results 
also support the contention that the short tracts 
of dAn with n >_- 4 adopt a B'-form structure, pos- 
sibly the structure of poly(dA)-poly(dT). The 
structure alternation between B- and B'-form DNA 
might be the origin of DNA curvature (Wu and 
Crothers 1984; Levene and Crothers 1983; Diekmann 
1986; Koo et al. 1986)• 

In this paper a model of a curved DNA fragment 
is constructed by joining short tracts of dA5 in a 
B'-form structure calculated for poly(dA) • poly(dT) 
with the sequence d (GCTCG) in normal B-form. 
The oligonucleotides d (GCTCGAAAAA) and 
d(TTTTTCGAGC) had been synthesized and 
cloned• DNA fragments containing several repeats of 
this sequence display abnormal gel electrophoretic 
mobility (Diekmann 1986). The calculated A-form- 
B-form hybrid structure of the dA5 tracts is found to 
have a considerable base-pair cylinder tilt. These 
blocks, when joined to the B-form (which is roughly 
without tilt) give rise to an effective curvature of the 
helix axis. However, the structure junctions do not 
coincide with the sequence blocks; the structure 
junctions are shifted in the 3' direction with respect 
to the dAs-block. 

II. Molecular mechanics calculations 

For the molecular mechanics calculations the basic 
AMBER-software package (Weiner and Kollman 
1981) was used. A new optimization algorithm was 
introduced (Kitzing 1986)• The electrostatic inter- 
action is considered differently in the new program. 
In addition, molecular symmetries can now be con- 
strained to reduce some optimization problems (see 
below)• 

In the original AMBER program the electrostatic 
interaction was introduced by a Coulomb potential. 
The dielectric constant was considered as either con- 
stant or proportional to the atomic distance• To in- 
clude salt effects, here the electrostatic interaction is 
calculated by a Debye-Hfickel potential• A given 
atom of the molecule is assumed to be surrounded 
either by other atoms of the same molecule or by 
solvent (water) molecules• The 'effective electrostatic 
diameter' of an atom is set to a certain value o- (see 
below)• In the case of ions in aqueous solution, it is 
the diameter of the ion plus the first hydration shell• 
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Within this shell a Coulomb potential with a dielec- 
tric constant e-- 4 is used. Between atoms with a dis- 
tance larger then a, a Debye-Hiickel potential is as- 
sumed with a dielectric constant of 80. The Debye- 
Hiickel potential is introduced to take into account 
electrostatic long-range screening effects. This ap- 
proach seems to be more appropriate than using a 
dielectric constant proportional to the distance of the 
respective atoms (Weiner and Kollman 1981; 
Warshel and Levitt 1976). 

Debye-Htickel-Potential: 

EilD = Qi QI/(eR,j) " e('t('~-R'))/( 1 + 2 a ) ,  (1.1) 

where a is the effective diameter of the hydrated 
counter-ions and e (= 80) is the dielectric constant. 

Debye-Hiickel screening parameter: 

2 = ( 4 n / ( e k B T )  (Ol" q~+ 02" q~))l/2, 

where Qa is the ion number density in solution 
(a e { 1,2}), qa is the charge of ion type a, ke is Boltz- 
mann's constant and T the absolute temperature. 

The calculations were performed at rather low 
ion concentrations (100raM). Considering the elec- 
trostatic interactions in a more complex way to ac- 
count for the electrostatic effects at high ionic 
strengths (Soumpasis 1984; Kitzing 1986), the DNA 
B-Z structure transition at about 3 M NaC1 could be 
correctly calculated (Klement etal. 1985). When 
these more complex electrostatic potentials were 
used in our calculations at low ion concentrations, 
only a negligible difference for the structural energy 
was obtained. Therefore, these complex potentials 
were not introduced here. 

During the optimization, the following values 
were used: following Soumpasis (1984) a = 4.5 A, for 
the salt concentration in solution, ~1 = ~2 = 0.1 Mol/1, 
monovalent ions with ql =+1.0,  q2 = -  1.0, and 
T = 300 K. 

For the potentials of the non-bonded interactions 
(Weiner et al. 1984) distances are defined ('cut-offs') 
up to which these interactions are taken into account. 
In this paper the following cut-off radii were used: 
For hydrogen bonding Rhb=4.5A, for van-der- 
Waals interactions Rvdw = 10 A, and for electrostatic 
interactions Rel= 25A (Brooks et al. 1983; Levitt 
1983; Remerie et al. 1985; Singh et al. 1985; Kitzing 
1986). 

Since the optimization procedure requires a 
smooth and continuously differentiable potential, all 
boundaries between different potential types and 
cut-offs are convoluted with a fifth order polynomial 
(Kitzing 1986). The Coulomb and the Debye- 
H/ickel potential is smoothly connected in the inter- 
val a = 4.5 A < r < 6.8 A. The smooth cut-off for the 
hydrogen bond interaction was placed in the interval 

3.5 A < r < Rhb = 4.5 A, for the van-der-Waals inter- 
action at 7 .5A< r <  Rva,~ = 10.0A and for the elec- 
trostatic interaction at 20.0 A < r < Re1 = 25.0 A. 

Due to the existence of local minima, the struc- 
ture of large RNA and DNA molecules tend to loose 
the helical symmetry of the start coordinates during 
optimization. Constraining helical symmetries by 
means of a penalty function E, with the appropriate 
parameters for rise and angle per base-pair reduces 
this effect. At the last stage of optimization the con- 
straints are omitted which leads to the final molec- 
ular structure with only slightly shifted minima due 
to end effects. We always found that the practice of 
first constraining helical symmetries leads to lower 
final molecular energies than having calculated 
without these constraints. 

If the atom pair i and j with the coordinates x, 
and xj is supposed to satisfy a specific symmetry, 
then the symmetry constraining potential is given by: 

- '  k s l x , - T x j + r , I  (1.2) Es - 7 

using [cos  sin  0] 
T= sin~ cos~ 0 

0 0 1 

for the rotation around the z-axis, rt = (0, 0, zt) gives 
the translation along the z-axis. 

During the calculation all vectors (coordinates, 
gradients, and search direction) are stored with 
single precision, although all calculations are done 
with double precision (Kitzing 1986). An optimiza- 
tion as assumed to have converged, if the norm of the 
gradient divided by V3n is less then 0.05 kcal/ 
(Mol A) where n is the number of atoms in the mole- 
cule. The Shanno method of conjugated gradients 
(Shanno 1978) is used for optimization. All calcula- 
tions were performed using the facilities (SPERRY 
1108) of the Gesellschaft fiir wissenschaftliche Daten- 
verarbeitung, G6ttingen. 

III. Results and discussion 

I lL I. Calculation of a structural model for dA12" dT12 

The structural energy of slightly more than one heli- 
cal turn of the homopolymer (dA)," (dT)n, n = 12, 
was minimized. Longer sequence stretches would 
lead to extremely long computation times while the 
structure of shorter sequences might be influenced 
too strongly by end effects. Most of the published 
double helical DNA structures with given coordi- 
nates were used as start values to optimize the struc- 
ture of the sequence (dA)12" (dT)12: A-DNA and 
B-DNA (Arnott and Hukins 1972), heteronomous 
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DNA (Arnott et al. 1983), and right- and left-handed 
B-DNA proposed by Sasisekharan et al. (1983). In 
addition, two-modified versions of B-DNA (Arnott 
and Hukins 1972) with an additional tilt o f - 2 0  ° 
and + 20 ° were used. 

The resulting optimized structure is expected to 
have not only a low structural energy (see Table 1) 
but also to display the experimentally known proper- 
ties of poly(dA) • poly(dT). Helical repeat measure- 
ments of poly(dA) • poly(dT) in solution (Peck and 
Wang 1981; Strauss et al. 1981) as well as bound on a 
surface (Rhodes and Klug 1981) determined the 
twist angle per base-pair to be about 36 o. Measuring 
the linear dichroism, Edmondson and Johnson (1985) 
found that poly(dA) • poly(dT) has a large tilt angle 
and propeller twist. Raman spectra (Thomas and 
Peticolas 1983; Jolles et al. 1985; Wartell and Harrell 
1986) suggest that poly(dA) • poly(dT) has a W-form 
structure different from B-DNA. Analysing fibre 
diffraction data Arnott etal. (1983) suggested a 
hybrid structure for poly(dA).poly(dT) with the 
dA-strand in an A-form and the dT-strand in a 

B-form. Antibodies raised against poly(dA) • poly(dT) 
recognize the poly(dA)-strand of that double helix 
(Diekmann and Zarling, submitted). This indicates 
that the poly(dA)-strand might have a structure 
different from normal B-DNA. 

Only one of the seven optimized structures is in 
agreement with all of the known structural features 
determined experimentally (see Table 2). The start 
coordinates given by Arnott et al. (1983) yield an 
A-form-B-form hybrid structure with a rise of 3.4 A, 
a helical twist angle of 36.1 ° per base-pair, and with 
a propeller twist angle of + 15.0 o. The cylinder tilt 
angle equals - 7  ° . The wedge roll is about -4 .5  ° 
(the base-pairs close towards the minor groove) and 
has the opposite sign as that for standard A-DNA 
(see for example Arnott and Hukins 1972). The exact 
definitions of the cylinder and the wedge double 
helical parameters are given in the Appendix. 

This value of wedge roll can be understood in 
terms of the structure of adenine. The amino-group 
at the C6 of adenine is close to the global helix axis. 
These groups on neighbouring adenines repel each 

Table 1. The different components of the energies (in kcal/Mol) of the studied structures ofdAl2 • dT12 

[ Etot E b Eang Edl h Evd w E d Ehb E14vd w El4el rms 

A I -932 .3  10.63 230.3 335.5 -427.1  167.3 - 11.83 118.3 - 1,355 0.048 
B1 I -931 .4  8.25 211.7 400.1 -408 .6  99.1 - 11.77 123.8 - 1,354 0.057 
AB I - 932.5 8.66 221.3 366.2 - 401.6 120.7 - 11.99 117.2 - 1,353 0.035 
B2 I - 948.4 8.18 217.2 400.5 - 433.8 98.5 - 11.26 124.4 - 1,352 0.037 
C I - 990.4 8.33 269.1 313.5 - 419.4 38.5 - 12.03 147.0 - 1,335 0.036 
B3 f - 938.6 8.34 218.0 398.6 - 424.6 101.6 - 10.85 123.5 - 1,353 0.037 
B4 I - 927.4 8.44 209.7 404.3 - 405.9 98.4 - 11.97 123.4 - 1,354 0.034 

The different structures are named by their start coordinates: 

A: A-DNA (Arnott and Hukins 1972) 
Bj: B-DNA (Arnott and Hukins 1972) 
AB: 
B2: 
C: 

g 3: 
B4: 

heteronomous DNA (Arnott et al. !983) 
right handed B-DNA (Sasisekharan et al. 1983) 
left handed B-DNA (Sasisekharan etal. 1983), as proposed by Premilat and Albiser (1984), the left handed form of 
B-DNA is called 'C-DNA'.  
B-DNA (Arnott and Hukins 1972) with an additional cylinder tilt - 2 0  ° 
B-DNA (Arnott and Hukins 1972) with an additional cylinder tilt + 20 ° 

The total energy Eto t is the sum of the different energy terms: bond energy Eb, bond angle energy Eang , torsion energy Edih, 
van-der-Waals energy Evaw, electrostatic energy Eel, hydrogen bond energy Ebb, the van-der-Waals energy El4vd w and the electro- 
static energy Elgel between the first and the fourth atom in dihedral angles. The last term, rms, gives the standard deviation of the 
gradient from zero at the end of the optimization (in kcal/(MolA)). At this last stage of optimization no constraints were imposed 
on the structures. 

Table 2. Some structural properties of the studied sequence dA12 • dTl2 

Hel. twist Prop. twist Cyl. tilt Cyl. roll Wedge tilt Wedge roll 
[o] [o1 [o1 [o1 [o1 [o] 

A-DNA 32.0 1.0 9.0 - 3 . 0  1.5 5.5 
B-DNA's >40.0 22.0 - 1 0 . 0 t o 4 . 0  - 5 . 0 t o 5 . 0  - 4 . 0 t o 3 . 0  - 1 0 . 0 t o 3 . 0  
C-DNA - 4 1 . 0  - 1 4 . 0  - 2 . 0  0.5 - 0 . 5  - 1 . 0  
AB-DNA 36.1 15.0 - 7 . 0  - 1 . 5  1.0 - 4 . 5  

For the definitions of the parameters see the Appendix 
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Fig. 1. The optimized structure of dA12 • dT12. The dA-strand 
adopts the Cy-endo, the dT-strand the C2,-endo sugar pucker. 
The cylinder tilt angle is - 7 ° equivalent to a wedge roll angle 
of -4.5 ° (for the definitions of wedge and cylinder param- 
eters see Appendix) 

other. In addition and in contrast to guanine, the C2 
atom of adenine has no bulky group. Consequently, 
the adenines can slant into this 'niche' and close 
towards the minor groove. The base-pairs open with 
about 1 ° towards the thymidines (wedge tilt angle). 
The distance between the long base-pair-axis and 
cylinder twist axis is 1.6A. The base-pairs are 
moved with about 0.4A in the direction of  the 
thymidines. Thus the adenines lie more in the centre 
of  the helix while the thymidines lie more outside. 
The ribose of the dA-strand has C3,-endo while the 
dT-strand has C2,-endo sugar pucker. The resulting 
structure is similar to that suggested by Arnott et al. 
(1983). It is in agreement with the immunological 
data of Diekmann and Zarling (submitted). The 
structure is displayed in Fig. 1. Its coordinates can 
be obtained from the authors. 

The other six structures differ in the helical twist 
angle from experimental data (see Table 2). The dif- 
ference between the wedge twist and the cylinder 
twist angle is small in general (about 0.1 °). There- 
fore, only one value for the twist angle is given in 
Table 2. In contrast to Haran et al. (1984) and Tung 
and Harvey (1986), using the molecular mechanics 
parameters of Weiner et al. (1984) for the energy 
function our calculations yield the correct sign and a 
reasonable value for the propeller twist. Although 
the standard conformational angles (compare 
IUPAC-IUB Notat ion 1983) differ up to 20 °, the 
overall difference between 'heteronomous'  D N A  
proposed by Arnott et al. (1983) and the optimized 
A-form-B-form DNA presented here is small. The 

Table3. The minimal rms-deviations between the studied 
structures of dAl2 • dT~,, 

I A Bl AB B2 C B3 B4 

A ] 1.45 5.13 4.37 6.62 9.69 5.97 5.15 
B 1 [ 2.62 2.65 1.98 8.62 1.10 0.57 
AB ] 1.21 3.53 8.70 3.20 2.67 
B2 I 3.23 8.58 1.30 2.03 
C I 2.56 8.57 8.63 
B3 I 2.98 1.22 
B4 I 2.63 

Table 3 displays the minimal rms-deviation (in A) between 
the studied structures of the sequence dAlz'dT12. For the 
names of the structures see the legend of Table 1. 

In the diagonal the deviations between the start and the 
optimized structures are given. The off-diagonal numbers are 
the deviations between the different optimized structures. The 
large values of the C-DNA with respect to the values of the 
other structures result from the left handedness of this helix 

rms-deviation between the start and the optimized 
coordinates (1.21A) is lowest for this DNA-type 
compared to the other structures (see Table 3). 

In contrast to our result, Rao and Kollman (1985) 
suggested a hybrid structure for poly(dA) • poly(dT) 
with the dA-strand in a B-form and the dT-strand in 
an A-form. Using the AMBER program they opti- 
mized dA6" dT6 in standard B-DNA but forcing the 
sugar puckering to flip from Cz-endo to C3,-endo by 
means of a constraining potential. They calculated 
the total energy of  (dA)6" (dT)6 in different struc- 
tures; in standard B-DNA with all adenine riboses 
having C3,-endo or, alternatively, with all thymine 
riboses having C3,-endo (the respective opposite 
strands remained with Cz-endo sugar pucker). The 
model with dT in C3,-endo and dA in Cz-endo was 
found to have the lowest total energy. These struc- 
tures with different sugar puckering in the two 
strands hardly differ from the starting B-DNA struc- 
ture with respect to base stacking and overall shape. 
This might be due to the use of locally converging 
optimization methods: the strong base stacking forces 
keep the structure rigid. While the ribose and back- 
bone structure is optimized, in most cases the re- 
orientation of the stacking pattern will be prevented. 
Thus, it might be possible that these calculated 
structures are not in the global energy minimum. 

111.2. Construction and calculation 
of a structural model for 
d(GCTCGAAAAA)4" d(TTTTTCGAGC)4 

The large number of degrees of  freedom of a long 
DNA molecule makes it difficult to optimize its 
structure by simply starting with standard B-DNA 
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coordinates (e.g. Arnott and Hukins 1972) and using 
a standard optimization algorithm (i.e. conjugated 
gradients). Of the many different modes of deforma- 
tion those with high force constants (for example 
bond stretching) are far better optimized than modes 
with very low force constants (for example bending 
of the helix axis)• By starting with a structure which 
requires the reorientation of large parts of the mole- 
cule, only local distortions of the structure are pro- 
duced having an unfavourable energy minimum. 
Thus, the structure of interest, d [(GCTCGAAAAA)4] 
• d[(TTTTTCGAGC)4] was constructed from three 
sequence elements with shorter periodicity, each of 
them optimized independently as a first stage of 
optimization. 

The sequence, (dA)5" (dT)5, was given the 
optimized W-form structure of dA]2"  dT~2 pre- 
sented above. The B-DNA part of the structure 
is obtained from the double-stranded sequence 
d[C(GAGCTC)4G]. It contains the stretches 
dGCTCG and dCGAGC. The third sequence ele- 
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ment was designed to display the junction be- 
tween B-DNA and the B'-DNA: d[A(GCGAA)4G] 
• d[C(TTCGC)4T]. These two last sequences are 
chosen such that the structural distortions due to 
different properties of the sequence elements are 
nearly compensated within one turn of the helix. 
Thus, during the optimization process only local 
reorientations of atoms are required. Because of the 
sequence symmetry, in both cases the global helix 
axis is nearly straight. The calculation of the junction 
structure was started using optimized standard 
B-DNA coordinates (Arnott and Hukins 1972) in 
ideal helix geometry for the dGCs, and B'-DNA 
coordinates of the hybrid structure presented above 
for the dAA. dTT parts of the helix. 

To get a reasonable starting structure for the 
sequence with mixed DNA blocks, the stacking of 
the bases and the orientation of the phosphate 
groups were monitored by means of an interactive 
program. During the optimization, helical constraints 
(described in Methods) of 20 kcalmol- lA -2 were 
used to force the molecule d[C(GAGCTC)4G] to 
have 20.4 A total rise and 216 ° total twist per 6 base- 
pairs and d[A(GCGAA)4G], d[C(TTCGC)4T] to 
have 17 • and 180 ° per 5 base-pairs (corresponding 
to mean values of 3.4 A and 36 ° for the rise and twist 
per base-pair, respectively). 

The starting structure of the sequence 
d (GCTCGAAAAA)2 • d (TTTTTCGAGC)2 was 
built from the corresponding parts of the three 
sequences d [C(GAGCTC)4G] (1), d [A(GCGAA)4G] 
• d[C(TTCGC)4T] (2) and dAl2" dT12 (3) in the fol- 
lowing way: 

GCTCGAAAAAGCTCGAAAAA 
1 1 1 1 1  1 1 1 1 1  

22  22  22  
3 3 3 3 3  3 3 3 3 3  

• TTTTTCGAGCTTTTTCGAGC 
1 1 1 1 1  1 1 1 1 1  

22 22 22 
33333  33333  

The numbers typed under the sequence indicate 
which of the three basic sequences were used for the 
construction. The parts were linked by maximum 
overlap of the respective purines which mainly 
determine the stacking interaction of DNA mole- 
cules (Bubienko et al. 1983). After removing doubly 
occurring atoms, this structure was optimized first 
with a constraint on every atom position; all atoms 
were bound to their start position by a harmonic 
potential. This fixes the overall geometry but allows 
a partial relaxation of distorted bond distances and 
bond angles. Finally, these constraints were removed 
and the structure was further optimized until 
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convergence. This procedure yields a structure 
which was used to construct d[(GCTCGAAAAA)4] 
• d [(TTTTTCGAGC)4] by simply tripling the middle 
part d (AAAAAGCTCG) of d [(GCTCGAAAAA)2]. 
This sequence again was optimized. The result is 
displayed in Fig. 4a. The riboses of the dA-strand 
and the dT-strand still have C3,-endo and Cz-endo 
sugar pucker, respectively, The coordinates can be 
obtained from the authors. 

Several structure parameters of this molecule 
scatter around mean values with no obvious se- 
quence dependence, for example the rise per base- 
pair in cylinder parametrisation (3.3A with ex- 
tremes at 3.0A and 3.5A) and the cylinder twist 
angle (see Fig. 2 a). In contrast, the propeller twist 
angle adopts large positive values for the dA5 block 
(with the exception for the last dA). For the B-form 
sequence stretches it scatters around zero values (see 
Fig. 2 b). Figure 3 a and b display the roll and tilt 
angles of the molecule in wedge angle and cylinder 
symmetry representation. Note that the roll and tilt 
exchange their contribution when changing from 
wedge to cylinder parameters. As an empirical esti- 
mate for larger values their relation is given by: 

7~ ~-J/2 0~w, ~ ~- - V 2  7., .  

Thus, base-pairs with a large wedge roll have a large 
tilt with respect to a local cylinder twist axis and vice 
versa. Because of the different sequences and the 
special properties of the B'-form DNA, only those 
wedge roll angles can be compared with crystal data 
of Fratini et al. (1982) which are in B-DNA like 
conformations. As with the models of Dickerson 
(1983) and Tung and Harvey (1986), the angles of 
the sequence analyzed here are in rough agreement 
with the crystal data. 

Figure 3b displays the cylinder tilt and roll 
angles of the molecule. The figure indicates that the 
cylinder tilt angle adopts roughly only two different 
states. For 5 base-pairs the tilt is slightly positive 
while for the next 5 base-pairs it is ca. - 1 5  °. Thus, 
this molecule consists of alternating blocks having 
nearly zero and highly negative tilt, respectively. 
Since cylinder tilt is related to wedge roll (see 
above), in the wedge representation this alternation 
of blocks with large wedge roll and tilt is also found 
(see Fig. 3a). These structure blocks have their 
origin in the sequence variation but, surprisingly, 
these blocks of large cylinder tilt and wedge roll do 
not precisely coincide with the dA5 sequences• The 
tilt blocks are shifted from 5' to 3' relative to the 
sequence elements (B-DNA and B'-DNA) of the 
first strand. The cylinder tilt (wedge roll) is built-up 
within the dA5 block although already the first dA 
in this block adopts the W-form structure as in- 
dicated by the propeller twist (see Fig. 2b). The 
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Fig. 3. a The wedge tilt angle % and the wedge roll angle 7w of 
the sequence indicated, b The cylinder tilt angle ~c and the 
cylinder roll angle 7c of the sequence indicated. The blocks of 
highly negative cylinder tilt are shifted approximately one 
base-pair in the 3'-direction of the first strand with respect to 
the sequence blocks 

shift into the W-form DNA block is found to be 
larger than the shift into the 3' following B-DNA 
block. In general, this shift implies an anisotropic 
sequence-directed structure influence which is not in 
agreement with a simple nearest neighbour model on 
base-pair structure (Trifonov 1985, see below). The 
shift might not be related only to the B'-form DNA 
structure but to DNA structure in general and could 
be a purine stacking effect. The structure shift is 
expected to be sequence dependent. Such a sequence 
dependence would easily explain the small but 
observable effect of the dAs-3'-neighbouring base- 
pair on the gel migration anomaly (Koo et al. 1986). 

Figure 4a shows a stereo picture of the whole 
molecule. The long base-pair and the cylinder twist 
axes are displayed separately (Fig. 4b). Additional- 
ly, groups of 5 cylinder twist axes are connected to 
blocks representing adjacent base-pairs with similar 
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/ , / /  

Fig. 4. a The optimized structure of d [(GCTCGAAAAA)4 ] - d [(TTTTTCGAGC)4]. b The long base-pair axes a and the cylinder 
twist axes t c (short arrows) of the molecule d [(5'-GCTCGAAAAA-3')4]. d [(5'-TTTTTCGAGC-Y)4] (first strand * second strand). 
The t c vectors show into the 3' direction of the first strand, the vectors a from the first to the second strand. Groups of nearly 
parallel vectors t c are indicated by long arrows 

cylinder twist axes. Figure 4 b shows that the cylinder 
twist axes within each group are fairly parallel. 

For a circularized DNA fragment Drew and 
Travers (1985) found that minor grooves of (dA+ dT) 
rich sequences face to the inside of the curvature 
while the minor grooves of (dG + dC) rich sequences 
face to the outside. This can be rationalized by the 
sequence dependent structure parameters obtained 
from our calculation. The base planes of dAA and 
dTT dinucleotides close towards the minor groove 
whereas dG/dC rich sequences slightly open. For 
the curved molecule calculated here we find that the 
minor groove of the sequence blocks with large 
cylinder tilt angles is placed at the inside of the 
curvature. Of the dA5 • dTs sequences mainly the dT 
bases are inside. Thus, the properties of this struc- 
ture are in agreement with the results of Drew and 
Travers (1985). 

A DNA double helix with alternating structures 
was discussed earlier by Selsing et al. (1979) in a 
different context. They suggested that due to envi- 
ronmental changes or bent into a circle the DNA 
locally flipps into an A-form structure. The bent 
DNA then consists of straight stretches in standard 
B-DNA (nearly without tilt) alternating with stan- 

dard A-DNA (with large positive tilt) with localized 
bending angles at the junctions of the structures. 

HL3.  Interpretation o f  the structure in terms 
o f  models o f  curved D N A  

Several models have been proposed to explain the 
large sequence-directed DNA curvature discussed 
here. Models attributing the curvature only to the 
purine-pyrimidine sequence (Hagerman 1984: 
Zhurkin 1985) contradict experimental results (Diek- 
mann 1986; Hagermann 1985, 1986; Koo et al. 
1986). Two other models are able to explain the 
available experimental data; the 'nearest neighbour 
model' and the 'distal interaction model'. 

Representing the curved structure in terms of the 
wedge parameters, blocks with alternating large and 
small wedge roll angles are observed (see Fig. 3 a). 
Thus, the observed curvature can be correlated with 
the large wedge angle of the dAA dinucleotides. The 
'nearest neighbour model' explains DNA curvature 
by this large dAA/dTT wedge angle ('wedge 
model', Trifonov 1985). Following this model, 
wedge angles are assumed to be different for every 
dinucleotide and dependent only on nearest neigh- 
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bours, but otherwise sequence independent. The 
experimentally observed curvature is predicted to 
increase with the number of dAA dinucleotides until 
about dA6 (as found by Koo et al. 1986); the wedge 
angles of additional dAA dinucleotides would cancel 
each other since they are then on opposite sides of 
the helix. The very small (however, clearly detect- 
able) gel migration anomaly of dA3 compared to 
dA4 has been used as an argument against this 
model. However, the gel matrix might be relatively 
insensitive to small degrees of curvature. 

When base-pairs with large wedge roll angles are 
consecutively packed into a double helix, a structure 
with a large cylinder tilt angle will be obtained 
(Prunell etal. 1984). From the helical repeat of 
poly(dA) • poly(dT) (10.1 bp/turn compared to 
10.5 bp/turn for normal DNA) Prunell et al. (1984) 
calculated the wedge angle of dAA equal to 11 o in 
agreement with our data (see Fig. 3a). The tilted 
structure appears different than classical B-form 
DNA. Thus, the large wedge angle of the dAA 
dinucleotide is suggested to lead to a W-form struc- 
ture for longer stretches of dAs. This becomes 
obvious when the curved DNA structure is discussed 
in terms of the cylinder parameters. The dA5 block 
has a large cylinder tilt in contrast to the B-form 
DNA block with nearly no cylinder tilt (see Fig. 3 b). 
Thus, according to this view, curvature is due to the 
alternation of sequence blocks having structures with 
different cylinder tilt. While individual sequence 
stretches might be straight, the tilt angle at the junc- 
tion of the two structures deflects the DNA helix 
axis (the two block helix axes include a non-zero 
angle, 'junction bending model', Wu and Crothers 
1984; Levene and Crothers 1983). The two different 
geometrical descriptions of the local DNA structure 
lead to two different views explaining curvature. 
Since it is one and the same structure, the two views 
are equivalent. 

The view of the curved DNA in terms of alter- 
nating structures leads to the 'distal interaction 
model'. Following the distal interaction model, some 
wedge angles are assumed to be strongly sequence 
dependent; sequence interactions (for example from 
dA. dT base-pairs) more distant than the nearest 
dA neighbours are considered to have a strong in- 
fluence on the wedge angle of dAA tracts. Thus, the 
wedge angle of dAA dinucleotides in longer dA 
blocks would be clearly different from the wedge 
angle of a single dAA dinucleotide resulting in a 
W-form structure and leading to DNA curvature. 
The sequence dependence, or independence, of the 
angular structure of the dAA wedges might be used 
in the future to discriminate between the two 
models. The distal interaction model can explain all 
the available data (Diekmann 1986; Koo et al. 

1986; Hagerman 1985, 1986). The experimental 
finding that a strong gel migration anomaly is 
observed only for dAn sequences with n = 4, is an 
inherent property of this model. If not only nearest 
but also next to nearest neighbours influence the 
local structure, it would change for n>=4. The 
specific structure of longer runs of dAs is not ex- 
pected to form for n < 4. 

For the analyzed sequence we observe an addi- 
tional effect which distinguishes the nearest neigh- 
bour from the distal interaction model. The tilt of 
the base-pairs with respect to the cylinder twist axis 
and the large wedge roll angles do not coincide with 
the dA5 sequences; the structurally modified blocks 
are shifted in the 3' direction of the strand con- 
taining the dAs. Thus, the wedge angle of the first 
dAA dinucleotide in the dA stretch is clearly dif- 
ferent from the other dAA wedge angles in the same 
stretch. Since the nearest neighbour model assumes 
the wedge angles to be dependent only from next 
neighbours but otherwise sequence independent, the 
shift effect contradicts the nearest neighbour model. 

Hagerman (1986) found that the sequences 
d c G (6A4Y4c)n show a strong gel migration anomaly 
while d c G (GT4A4c)n do not. The data can be explained 
in terms of wedge angles, if additionally to the large 
wedge roll angle of the dAA dinucleotide a non- 
negligible wedge tilt angle is assumed (note that 
wedge roll and wedge tilt have different phasing 
properties). Indeed, Ulanovsky and Trifonov (1987) 
use the data of Hagerman (1986) to estimate the 
absolute value of the dAA wedge-tilt (8.4 °) and 
the wedge-roll (2.4 °) component. The total dAA 
wedge angle had been estimated from circulariza- 
tion experiments (Ulanovsky et al. 1986). According 
to the nearest neighbour model, with this set of 
angles also all other data on gel migration anomaly 
(Koo et al. 1986; Hagerman 1985; Diekmann 1986) 
can be explained (Trifonov, personal communica- 
tion). In the view of alternating structures, a cylinder 
roll together with the cylinder tilt has to be assumed 
to obtain the same structural properties as for the 
wedge considerations. 

Thus, we present two equivalent methods to ob- 
tain structural parameters for adjacent base-pairs in 
double helical nucleic acids from atomic coordi- 
nates, the wedge angle and the cylindrically sym- 
metrical representation. It is shown that because of 
geometrical restraints the cylinder tilt angle is 
strongly correlated to the wedge roll angle. Molec- 
ular mechanics calculations were used to build a 
model for dA12" dTl2 which displays the known 
experimental properties of poly(dA) • poly(dT). The 
structure obtained was combined with independently 
optimized B-DNA structures to construct and mini- 
mize the energy of a curved DNA molecule of the se- 
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quence d(GCTCGAAAAA)4,  d(TTTTTCGAGC)4 
which experimentally shows a strong gel migration 
anomaly. Two different models explaining DNA 
curvature, the 'nearest neighbour' and the 'distal 
interaction' model, are discussed in relation to the 
structure obtained. The strong negative cylinder tilt 
(wedge roll) induced by the dAs-sequences is shifted 
in 3'-direction resulting in a structural anisotropy, a 
non-coincidence of alternated DNA structure with 
sequence blocks. This shift contradicts the nearest 
neighbour model. 

Note added in proof: Recently, an X-ray fiber diffraction 
analysis of poly(dA), poly(dT) was published by Alexeev 
et al. (1987, Nature 325:821-823). In their structure the sugar 
puckers of both strands are close to C2,-endo. Their structure 
is only 'slightly' heteronomous. Other structural features seem 
to be similar to the structure calculated here. In both struc- 
tures the base-pairs fold into the minor groove. We consider 
base-pair stacking properties to be essential for the formation 
of the B'-form structure of poly(dA) - poly(dT). 
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Appendix 

Definitions o f  the structural parameters 
in cylindrical symmetry and by wedge angles 

In this section we introduce definitions for the sym- 
metry parameters describing the structure of double 
stranded nucleic acids. The definitions outlined by 
Arnott et al. (1969), Fratini et al. (1982) and Dicker- 
son (1983) are not sufficient to describe the struc- 
tural features of DNA. They have to be generalized 
to enable a complete description for double stranded 
structures including curved DNA. 

The base-planes of purines and pyrimidines are 
defined by the atoms of the six membered rings, 
with the numbers 1 to 6 proposed by the IUPAC- 
IUB (1983) notation. Following Fratini et al. (1982) 
the vector connecting the atoms C8 of purines and 
C6 of pyrimidines are used to define the direction of 
the long base-pair axis. The 'ends' of a base-pair are 
defined by the projection of the Cv-atoms on the 
long base-pair-axis. Starting with the base at the 
5'-end of one strand, the long base-pair axis vector a 
points from the base of this strand to the comple- 
mentary counterpart of the opposite strand. The 

absolute values of the structural parameters (as well 
as the values of other parameters derived from 
them) do not depend on which strand is chosen to 
be the 'first'. 

The short base-pair-axis of a base-pair is de- 
fined to be orthogonal to the long base-pair-axis a 
and the base-pair plane normal vector b: 

c t= a x b .  (A1) 

(The following convention is used: The 't' transposes 
a column vector a into a row vector a' and vice 
versa. Thus, a t b is the scalar product between a and 
b. The cross product between two column vectors 
results in a row vector). 

The signs of b and c are chosen such that b 
points into the 3' direction of the first strand and c 
from the major into the minor groove. Because of 
these definitions a, b and c are unit vectors: 

l a [ = l b l = ] c ] = l  with ( a × b ) c = l .  (A2) 

Since for curved DNA the notion of a global 
helix axis is meaningless, we introduce definitions 
for the local helical axis depending only on co- 
ordinates of atoms of two adjacent base-pairs. 
Two types of definitions of the helix axis are dis- 
cussed. The first focuses on the angles between the 
planes of two neighbouring base-pairs. The helical 
twist axis, called 'local twist axis', is normal to the 
plane which bisects the two base-pair planes. If  the 
calculation starts from the opposite end of the 
double helix, by this definition only the sign of the 
local twist axis between two adjacent base-pair 
planes will change. The parameters obtained rela- 
tive to this axis are called 'wedge' parameters. The 
second definition uses the approximate local cylin- 
der symmetry of the double helix. The cylinder twist 
axis is defined such that base-pair plane 1 is trans- 
formed into base-pair plane 2 only by rotation 
around and translation along this axis. 

1. Wedge parameters 

The wedge twist axis tw shall be normal to the mean 
base-pair plane. (al + a2) and (cl + c2) span this 
mean plane, thus tw satisfys: 

0 = t~, (al + a2) and 0 = ttw (cl + c2). (A3) 

Therefore, the direction of the wedge twist axis can 
be calculated as 

ttw = ( ( c l+c2)x (a l+az ) ) / [ ( c l+cz )x (a l+a2) ] .  (A4) 

The wedge tilt angle ~w is twice the angle between 
the mean plane of base-pairs and the long base-pair- 
axis. 

sin (~w/2) = t~.a2 = - twt a l  . (A5) 



Similarly, the wedge roll angle 7w is given by: 

sin (yw/2) = t b e2  = - -  t t e l .  (A6) 

~w and ?w are positive if the two base-pairs open 
towards the opposite strand and towards the minor 
groove, respectively. This implies that c~,, changes its 
sign if the calculation of the parameters starts from 
the 'second' strand, whereas ?w does not. The rota- 
tion angle between two neighbouring base-pairs 
with respect to the wedge twist axis is described by 
the wedge twist angle COw. It is given by: 

COS (COn,) = ( a  1 x tw) (a2 x tw)t/(1 al x tw I [ a2 x tw 1). (A7) 

These definitions of base-pair wedge roll and 
wedge tilt are closely related to those of Fratini et al. 
(1982) and Dickerson (1983). However, in our pre- 
sentation the helix axis is calculated from the molec- 
ular coordinates and has not to be known a priori. 
:~w, ~,,., and cow are orthogonal to each other. Thus, in 
our definition the wedge roll and tilt angles are in- 
dependent of the twist angle in contrast to the 
definition of Fratini et al. (1982). 7F and C~F are the 
roll and tilt angles defined as proposed by Fratini 
et al. (1982). For a typical twist angle cow-- 36 o and 
roll angle 7F = 5 o (Fratini et al. 1982), the difference 
between the two tilt angles ~F and ~w is found to be 
ca. 2 °, the difference in roll angles is calculated to 
be only 1 o. Since the roll angles of both representa- 
tion are relatively large with smaller differences, 
they might be comparable; whereas, the tilt angles 
are smaller with larger differences and thus, might 
not be comparable in the two representations. 

The following six wedge parameters (Fig. 5a 
and b) uniquely describe the relative orientation of 
two base-pairs with respect to each other: 

- Wedge twist angle COw: the rotation of the second 
base-pair around the local twist axis with respect to 
the first, 
- wedge tilt angle ~w: the opening of the long axes 
towards the opposite strand, 
- wedge roll angle Yw: the opening of the short axes 
towards the minor groove, 
- wedge long axis distance Dw of the local twist axis 
from the long base-pair-axis, 
- wedge short axis distance Mw of the local twist 
axis from the short base-pair-axis, 
- wedge rise per base-pair Rw: the translation of the 
second base-pair in the direction of the local twist 
axis with respect to the first one. 

Although these six parameters describe the 
orientation of two base-pairs uniquely, the choice of 
these parameters themselves is not unique. One may 
prefer the parameter base sliding Sw (see also Tung 
and Harvey 1986) instead of the distance Dw be- 
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tween wedge twist axis tw and long base-pair-axis a: 

Sw/2 = (Dw- D*) sin (cow/2). (A8) 

D* has then to be defined as a standard distance I t '  

between long base-pair-axis and wedge twist axis. 

2. Cylinder parameters 

The ideal cylindrical symmetry of the double helix 
is mainly used in fibre diffraction analysis (Arnott 
et al. 1969). Even the structure of a non-linear DNA 
molecule can locally be described by cylindrical 
symmetry. Therefore, we discuss such a local axis, 
here called cylinder twist axis. The cylinder tilt 
angle ~ is the angle between the plane normal to 
the cylinder twist axis t~ and the long base-pair- 
axis a. The cylinder roll angle, 7c, is the angle be- 
tween the plane normal to cylinder twist axis tc and 
the short base-pair-axis e: 

sin (c¢c) = - t'~ al = - t~ a2 (A9) 

sin (~c) = - t~ el = - t~ c2. (A 10) 

These angles should not be mistaken for tilt and roll 
angles according to the wedge angles. In an ideal 
cylindrically symmetrical DNA molecule the plane 
of the second base-pair can be obtained by rotation 
around and translation along a common axis. As a 
consequence, the orientation given by the cylinder 
roll and tilt angles with respect to the common axis 
must be the same for the two base-planes. This 
geometrical property is used to locally define the 
cylinder twist axis. From (A9) and (A10) we get: 

O=t~(al-a2) and O=t~(Cl-C2).  (All)  

Comparing (A1 t) with (A3) we see that the cylinder 
twist axis is normal to the difference of the direc- 
tions of the long and short axes, respectively, instead 
of their sums as in the case for the wedge twist axis. 
Thus, the direction of the cylinder twist axis can be 
calculated as with (A4) by changing the '+' into ' - '  
signs: 

t~=((c l -c2)x (a l -az ) ) / [ (c l -c2)x (a l -a2) l .  (A12) 

The remaining parameters, the cylinder twist angle 
coc, the long axis Dc between cylinder twist axis and 
the long base-pair-axis, the short axis distance M~ 
between cylinder twist axis and the short base-pair 
axis, and the cylinder rise per base-pair Rc are 
calculated in the same way as the respective wedge 
parameters by using the cylinder twist axis instead 
of the wedge twist axis. 

Thus, the following six cylinder parameters (Fig. 
5c and b) are the same as given by Arnott etal. 
(1969), if the cylinder twist axis coincides with the 
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a 

tc/w M7 

b 

2 

Fig. 5. a The wedge tilt angle ~w/2, the wedge roll angle 7w/2 
(i.e. the opening of the base-pair-planes towards the second 
strand and the minor groove, respectively), the wedge twist 
axis t w and the two long (al, a2) and two short (cl, c2) base- 
pair axes are shown for two symbolized neighbouring base- 
pairs. 
b The helical twist angle co (i. e. the rotation of the second base 
pair around the helical twist axis with respect to the first) 
is displayed as well as the long axis distances D and short 
axis distances M of the helical twist axis from the long 
(ai, a2) and short (cl, c2) base-pair axes, respectively. These 
definitions are identical in the wedge and cylinder parameter 
representation, however they refer to the cylinder (to) and 
wedge (tw) twist axis, respectively. 
c The cylinder tilt angle c~c, the cylinder roll angle 7c, the 
cylinder twist axis t c and the two long (al, a2) and two short 
(cl, c2) base-pair axes are displayed 

z-axis of their system. The possibility that the short 
base-pair-axis does not intersect the cylinder twist 
axis has been neglected in their approach. 

- cylinder twist angle co~: the rotation of the second 
base around the cylinder twist axis with respect to 
the first, 
- cylinder tilt angle e~: the angle between the plane 
orthogonal to the cylinder twist axis and the long 
base-pair-axis, 
- cylinder roll angle Vc: the angle between the plane 
orthogonal to the cylinder twist axis and the short 
base-pair-axis, 

- cylinder long axis distance Dc of the cylinder twist 
axis from the long base-pair-axis, 
- cylinder short axis distance Mc: the distance of 
the cylinder twist axis from the short base-pair-axis. 
- cylinder rise per base-pair Rc: the translation of 
the second base-pair in the direction of the cylinder 
twist axis with respect to the first. 

Both, wedge and cylinder descriptions only use 
two neighbouring base-pairs for the definition of the 
corresponding angles and distances. The wedge pa- 
rameters describe the orientation of the two base- 
pairs with respect to each other. The wedge roll and 
tilt are the angles between the planes of the base- 
pairs and a 'mean plane'. The wedge twist axis will 
only coincide with the global helix axis of an ideal 
cylindrically symmetric double helix., if  the wedge 
roll and tilt angles are zero. In contrast, the cylinder 
parameters reflect the cylindrical symmetry of the 
double helix. The cylinder twist axis will coincide 
with the global helix axis of an ideal cylinder sym- 
metrical double helix. The cylinder roll and tilt angles 
are defined with respect to the cylinder twist axis. 

Specific roll and tilt angles will influence the 
global structure of the helix. In the wedge represen- 
tation the angles between two consecutive wedge 
twist axes are approximately (see Fig. 5 a): 

~w12 ~ (~wl -b C~w2)/2 

i;wl2 ~ ()~wl + 7w2)/2 • (A13) 

ewe2 and 7w12 are the angles between two consecutive 
wedge twist axes with respect to the long and short 
base-pair-axes of  the common base-pair, respective- 
ly. For normal DNA, the wedge twist axes will be 
ordered in the form of a spiral. Alternatively, in the 
cylinder representation the angles between two con- 
secutive cylinder twist axes are approximately (see 
Fig. 5 b): 

~e12 ~ O~cl - -  ~e2 a n d  7c12 ~ 7el - ~c2. (A14) 

Consequently DNA (or RNA) stretches with nearly 
the same cylinder tilt and roll angles will have nearly 
parallel cylinder twist axes and are therefore called 
'straight'. If several consecutive cylinder twist axes 
are nearly parallel, they can be represented by a 
'block helix axis' (see Fig. 4 b). If the cylinder twist 
axes are nearly parallel for the whole molecule, the 
block helix axis is the 'global helix axis'. In general, 
such a global helix axis will not exist. Additionally, 
for special sequences the local or block helix axes 
might add up to a curved DNA trajectory. For such 
a discussion, the wedge twist axes are not con- 
venient. 

Here, roll and tilt angles are properties with 
respect to the local helix axis defined between two 
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n e i g h b o u r i n g  b a s e - p a i r s  and  thus,  are  a d d r e s s e d  to 
a d inuc leo t ide .  T h e  cy l inde r  roll  and  t i l t  angles  o f  a 
single b a s e - p a i r  can be  de f i ned  only  i f  a g loba l  he l ix  
axis is given. W h i l e  the  wedge  p a r a m e t e r s  d i s p l a y  
the  local  sequence  p rope r t i e s ,  the  cy l inde r  p a r a -  
meters  a l low a be t t e r  ins igh t  in to  the  g loba l  he l ica l  
p rope r t i e s  o f  the  sequence .  The  f o r m a l i s m  a p p l i e d  
here  for wedge  and cy l inde r  r ep re sen t a t i on  is o f  
genera l  nature .  I t  can  be  used  also i f  p a r a m e t e r s  are  
de f ined  d i f fe ren t ly  than  those  d iscussed  here.  T h e  
two geomet r i ca l  p a r a m e t r i z a t i o n s  desc r ibe  the  struc- 
ture  wi th  p a r a m e t e r s  o f  i n tu i t i ve  mean ing .  Ana lyz-  
ing the  s t ruc ture  in t e rms  o f  Euler  angles  w o u l d  not  
have  the  same  in tu i t ive  i n t e rp r e t a t i on ;  on the  o the r  
hand ,  this  p a r a m e t r i z a t i o n  m i g h t  be  he lp fu l  when  
the  s t ruc tura l  co r r e l a t i on  be tween  d i s t an t  ba se -pa i r s  
is s tudied.  
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