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Abstract 

The X-ray diffraction pattern of the crystals of 
the non-selfcomplementary hexadeoxyribonucleotide 
d(CGCACG)-d(CGTGCG) can be indexed in four 
different space groups: (i) P65 and P2~, with cell 
parameters a = 17.75 (1), b = 17.76 (1), c = 
42.77 (3) A, a = 9 0 ,  /3=90,  y = 1 2 0  °, and (ii) 
P2~2~2~ and C2, with cellparameters a = 17.75 (1),b 
= 30.74 (2), c = 42.77 (3) A, a = 90,/3 = 90, y = 90.  
While the Rmerg e for the equivalent reflections in the 
different space groups indicates that P21 is the cor- 
rect choice in the present case, it is demonstrated 
that the near degeneracy of the space groups arises 
out of the fact that the DNA molecule is nearly 
cylindrical. A perfect cylinder would show perfect 
degeneracy. 

Introduction 

Over the past one and a half decades, crystallogra- 
phy of short mainly selfcomplementary DNA 
fragments has shown that DNA helices 4-12 base 
pairs long pack in a few recurrent motifs in the 
crystals of oligodeoxyribonucleotides (Dock-Bregeon 
& Moras, 1992). The selection of motifs appears to 
be chiefly based on the helix type (i.e. A-, B- or 
Z-type DNA). A-type oligomers pack such that the 
terminal base pair of one helix stacks on the fiat 
minor groove of a neighbouring helix (Wang, Fujii, 
van Boom & Rich, 1982; Frederick et al., 1989; Jain 
& Sundaralingam, 1989; Eisenstein, Frolow, 
Shakked & Rabinovich, 1990). B-type helices pack in 
three different ways - with groove-groove contacts 
as in the structure of d(CGCGAATTCGCG) 
(Wing et al., 1980), with groove-backbone con- 
tacts as in the non-selfcomplementary duplex 
d(ACCGGCGCCACA).d(TGTGGCGCCGGT) 
(Timsit, Westhof, Fuchs & Moras, 1989) and with 
backbone-backbone contacts as in the decamer 
d(CCAAGATTGG) (Priv~ et al., 1987). In all three 
patterns, the oligomers pack end-to-end to form 
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infinite fibre-like DNA chains. The packing of 
Z-DNA oligomers (Wang et al., 1979; Brennan & 
Sundaralingam, 1985; Brennan, Westhof & 
Sundaralingam, 1986) is very similar to that of the 
B-DNA decamers in that the molecules stack to form 
continuous helices with backbone-backbone con- 
tacts. These patterns, in general, do not appear in 
crystals of complexes of the oligomers with inter- 
calating drugs or other such ligands. 

Preferences in the mode of interhelical interactions 
appear to lead to space-group preferences. A-type 
helices crystallize either in hexagonal space groups 
P6~ or P6~22 or in tetragonal space groups P432~2 or 
P43. There is also one instance reported of A-type 
packing in the space group P2~2~21 (Wang et al., 
1982). B-type helices crystallize in space groups 
P2~212~, R3, P3221 or C2. Z-DNA helices have been 
reported so far in space group P212121 except in the 
case of the tetramer d(CGCG) in C2221 (Drew, 
Takano, Tanaka, Itakura & Dickerson, 1980) and of 
the disordered structures of the octamers 
d(CGCGCGCG) and d(CGCATGCG), and the 
decamer d(CGTACGTACG), all the three of which 
crystallize in P65 (Fujii et al., 1985; Brennan & 
Sundaralingam, 1985). 

Crystals of Z-DNA hexamers are the best ordered, 
as indicated by the resolution of the X-ray data, 
which is seldom poorer than 1.5A for the 
d(CGCGCG) family sequences (Fujii et al., 1985). 
The presence of A.T base pairs unbalanced by other 
factors such as methylation of the cytosine bases 
(Fujii, Wang, van der Marel, van Boom & Rich, 
1982), and of rare bases such as Bru (Brown, Kneale, 
Hunter & Kennard, 1986), perturbs the packing and 
makes the resolution worse. 

As part of our studies on the factors influencing 
packing of molecules, and in order to elucidate the 
effect on the packing of A-T base pairs in Z-DNA 
duplexes and of non-selfcomplementarity of the two 
strands of the helix, we have grown and analysed 
crystals of the oligonucleotide d(CGCACG) 
duplexed with its complement d(CGTGCG). We 
report here an interesting space-group degeneracy in 
these crystals, arising out of the possibility of 
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describing, to a first approximation, the packing of 
DNA helices in terms of the packing of cylinders. 

Experimental 

The hexanucleotides were synthesized by the phos- 
phoramidite method on an Applied Biosystems 381 
DNA synthesizer. Well formed crystals were grown 
in about eight weeks at room temperature (296 K) by 
vapour diffusion from a hanging droplet containing 
1 mM DNA, 50 m M  sodium cacodylate at pH 6.8, 
and 10mM BaCI2 equilibrated against 25% 2- 
methyl-2,4-pentaz;ediol in the reservoir. A crystal of 
dimensions 0.5 × 0.2 × 0.2 mm was mounted in a 
glass capillary and used for the data collection. The 
crystal diffracted up to a nominal resolution of 
2.5 A. Lattice parameters were obtained from a least- 
squares fit of 20 reflections within the range 6 _< 0 _< 
13 ° . 

The X-ray diffraction pattern for these crystals 
could be indexed in four different ways, all of them 
compatible with nearly the same packing mode of 
the DNA helices. The data were collected over a 
complete hemisphere, -7<-h___7, -12_<k_<12,  
0 -  l <_ 17, in the larger of the two possible sets of 
cell parameters (see Table 1) on an Enraf-Nonius 
CAD-4 diffractometer with graphite-mono- 
chromated Cu Ka radiation (A = 1.5418 A) at 40 kV, 
32 mA rating. Three standard reflections were moni- 
tored every hour for crystal decay and showed no 
significant change in intensity over the period of data 
collection. Data were corrected for Lorentz and 
polarization factors. An empirical absorption correc- 
tion (North, Phillips & Mathews, 1968) was also 
applied with minimum and maximum correction fac- 
tors 0.75 and 1.0, respectively. 

Determination of the space group 

As indicated in Table 1, the X-ray data could be 
indexed in two sets of cell dimensions and in four 
different space groups. Set I is compatible with space 
group P65 (or P6,). However, the volume of the cell 
is insufficient to accommodate six hexamer duplexes. 
The space group P2, with c as the unique axis is also 
compatible with this set. The volume of the cell 
would allow the presence of two hexamer duplexes. 
Table 1 also gives a second set of possible cell 
parameters. The transformation of the reciprocal cell 
from set I to set II is given by the matrix 

2 . 

0 

Previous reports (Fujii et al., 1985; Kennard & 
Hunter, 1989) have shown that the family of Z-DNA 

Table 1. The two possible cells and four possible space 
groups 

Cell parameters Absences Space group Rm¢rgc 
(A, ~) 

Set 1 a = 17.75 
b = 17.76 P2, 0.059 
c = 4 2 . 7 7  0 0 l, l ~6n  
ot = 90 
/3= 90 P6~ 0.092 
y =  120 

Set 2 a = 17.75 
b =  30.74 h 0 0, h = 2 n +  1 
c = 4 2 . 7 7  0 k 0, k = 2 n +  1 
a = 9 0  0 0 1 ,  l = 2 n +  ! 
/ 3 = 9 0  h k l, 
y=90  h + k = 2 n +  1 

P2,2,2, 0.087 

C2 0.077 

hexamers whose 'native' sequence is d(CGCGCG) all 
crystallize in the orthorhombic space group P212,2, 
with cell dimensions very close to those given by set 
II. The X-ray pattern in the present example could 
also be indexed in the space group P2,2,2~. The 
diffraction data for the crystal collected for the 
hemisphere of reflections in the larger of the two 
possible cells show distinct C centring. The volume 
of the orthorhombic cell is insufficient to pack one 
hexamer duplex in the asymmetric unit if a space 
group with orthorhombic C-centred symmetry were 
to be chosen. A C-centred monoclinic cell, however, 
is a possibility and the X-ray data are consistent with 
the choice of the space group C2. 

Residuals obtained by merging equivalents in the 
monoclinic, orthorhombic and hexagonal systems 
(after making appropriate geometrical transform- 
ations) are also given in Table 1. Fig. 1 is a plot of 
Rmerg e in shells of sin0/A as a function of resolution. 
Only data with I > l~r(/) were used in these calcula- 
tions. Overall and at low resolution the data clearly 
indicate P2, to be the correct choice. Throughout the 
resolution range, hexagonal P65 has the worst of the 
residuals. The two other possible space groups 
P2,2,2, and C2 also have higher Rmerg e values, 
especially in the low-resolution shells. The correct 
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Fig. 1. The Rrncrge for equivalent reflections as a function of 
resolution. Rm~,,c=(ZliFI-(F)I)/(ZFI),  where (F) is aver- 
age over multiple observations of the symmetry-related reflec- 
tions. 
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space group is thus P2~ (c axis unique) with a - -  
17.75 (1), b = 17.76 (1), c -- 42.77 (3) ,~, 2' = 
120.05 (3) °. The solution of the structure, described 
below, and its partial refinement in P2,, confirmed 
the choice of the cell and space group. 

Structure solution and molecular packing 

All four space groups indicated by the diffraction 
pattern could be explained on the basis of a single 
packing mode. The hexagonal cell indicated by the 
first set of cell parameters would accommodate a 
model for packing in which Z-type hexamers are 
located exactly one above the other to form a conti- 
nuous helix with its axis coincident with the crystal- 
lographic c axis and possessing the 65 symmetry that 
is present in Z-DNA. The unit cell would then 
contain two hexameric units. The space group P65 
can be ascribed to the crystal only approximately due 
to the absence of the phosphate group between the 
two hexamers and the presence of an A-T base pair 
where C.G would be required for the perfect 
symmetry. An implication diagram (Buerger, 1946) 
calculated in the space group P65 nevertheless 
showed the approximation to be remarkably good, 
since the helices could be easily indentified in this 
projection. 

The two hexamers in the unit cell could stack 
along the c axis in one of the two ways shown in Fig. 
2. Both these models would lead to an approximate 
65 symmetry. Pattern (i) would also be in exact 
consonance with space group P21, with the duplex in 
the asymmetric unit related to the adjacent one along 
the c axis by an exact 21 screw. 

Orthorhombic P212~21 is another space group in 
which the diffraction pattern can be indexed and 
which is compatible with the same packing mode 
(Fig. 3). The difference between the packing of the 
helices in space group P21 and in space group 
P2.2,21 lies in the relative directions of the axes of 
neighbouring helical columns. In P21 all columns 
would be aligned in parallel, i.e. with the A.T base 
pair occurring at the fourth and tenth position of 
each 12-mer. In P2~2~2, the columns of helices 
marked A (Fig. 3) would have the A.T base pairs at 
the fourth and tenth position of the 12-mer, whilst in 

the columns marked B, the helices run in the oppo- 
site direction with the A.T base pairs at the third and 
the ninth positions. Thus, the columns A would be 
anti-parallel to the columns B. An additional 
difference arises out of alignment of the helices along 
the c axis. If the hexamers are aligned as shown in 
Fig. 4(a), with the terminal base pairs in all the 
columns in the same ab plane, both P2~ and P21212 I 
are possible. If however they are arranged as shown 
in Fig. 4(b), only the space group P212~2~ is possible. 
This is the situation, for example, in the structure of 
d (CGCGCG) (Wang et al., 1979). The present pack- 
ing mode is also consistent with the C-centred mono- 
clinic cell, provided the stacking of the two duplexes 
along the c axis is as shown in pattern (ii) (Fig. 2) 
with hexamers packed in alignment as illustrated in 
Fig. 4(a). 

Fig. 3. The two possible unit cells (view down the c axis). 

IIII 
A B A 

(a) 

PaLLo  li) 61210 I C7 G .CIlO lie7 

C, C, Patt n (iilG  I0  I C5 C3G2CI 
c axis 

Fig. 2. The two possible modes of stacking of the hexamer 
duplexes. 

A B A 

(b) 

Fig. 4. (a), (b) Schematic illustrations of the alignment of the 
helices compatible with the different possible space groups (view 
perpendicular to the ¢ axis). 
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Thus, the space-group degeneracy is explained by 
the packing pattern. Since the symmetry of the 
reciprocal lattice clearly indicated P2~ as the correct 
choice, a model of the structure in this space group 
was constructed from the coordinates of d(pCpG) 
(Wang et al., 1981) and positioned in the cell after 
taking into consideration the packing principles 
described above. The orientation of the molecule 
around the z axis remained to be determined. The 
model was rotated in 5 ° steps about the z axis and 
the R factor for the data in the 12-8 A resolution 
shell was calculated each time. The position with the 
lowest R factor was then subjected to rigid-body 
refinement using CORELS  (Sussman, Holbrook, 
Church & Kim, 1977). Subsequent refinement was 
carried out using N U C L S Q  (Westhof, Dumas & 
Moras, 1985). All computations were made on a 
MicroVax II computer system. The R factor is 0.25 
for 491 [with Fo > _ 2tr(Fo)] reflections up to 2.5 ,~ 
resolution. The correlation coefficient* is 0.90. 

At the present level of refinement, which is ade- 
quate to unambiguously establish the packing model 
though not the finer details of the molecular struc- 
ture, the overall conformation of the molecule 
appears to be closer to the Z-I type structure than to 
the Z-II type structure (Wang et al., 1981). The 
phosphate groups at the purine-pyrimidine steps, 
however, are further away from the helix axis than in 
Z-I. The helix is slightly compressed compared with 
that in both Z-I and Z-II structures. The chief 
feature of the packing of the helices in the crystal is 
that the terminal base pairs are all in the same ab 
plane, unlike in the structure of d(CGCGCG) (Wang 
et al., 1979) where, in alternate columns, the terminal 
base pairs are displaced by half the unit cell along 
the c axis. In the present structure there are many 
contacts between the backbone atoms of the 
molecules related by unit-cell translations. These 
interactions may be responsible for the stability of 
the packing. They occur between the backbone 
atoms belonging to residues C1 to C3 of one mol- 
ecule and those belonging to residues C11 to G12 of 
the molecule related by a translation along the x axis 
(see Fig. 2 for numbering). Along the y axis the 
contacts are between atoms of residue A4 and those 
of residues T9 to G10 of the translated molecule. The 
presence of the A.T base pair may thus serve to 
'lock' the packing of the helices into the observed 
pattern. 

Discussion 

Ignoring sequence effects, perfect DNA helices have 
four surfaces to offer for interaction with neighbour- 
ing helices in the condensed state: the major and 

* Correlation coefficient = [Y~(F,, - ( E , ) ) ( F , -  (F, ) ) I / [Z(F, , -  (F,,)) 2 
× ~-(r,- (r,.))21 ''2. 

Table 2. Possible interaction modes in DNA helices 
with an example given for  each mode observed in the 

crystals 

Major 
groove 

Minor 
groove 

Backbone 

Major 
groove 

Minor 
groove 

(l) 

Backbone End 

(2) (3) 

End 
(4) (5) 

m 
I 
m 

Rcfercnces: (I) Wing et al. (1980); (2) Timsit et al. (1989); (3) Priv6 
et al. (1987); (4) Wang et al. (1982); (5) Wang et al. (1979). 

minor grooves, the backbone and flat ends. Table 2 
lists the ten possible interacting pairs of surfaces. It 
also indicates which pairs have been observed in 
crystals. 

The helices in the present crystals are involved in 
backbone-backbone and end--end interactions with 
their neighbours. End-backbone or end-groove 
interactions found in A-DNA crystals are precluded 
in packing modes which produce infinite parallel 
columns. Apart from the Z-DNA hexamer family, 
decanucleotides of B-DNA also exhibit such a 
packing pattern (Prive et al., 1987). A small 
rearrangement of the packing in these would lead to 
the same type of degeneracy as observed in the 
present structure. 

While the packing of DNA hexamers in the 
present case exhibits near degeneracy, that of perfect 
cylinders (Fig. 5) has exact space-group degeneracy. 
If the cylinders pack as indicated in the figure, it is 
apparent that the X-ray pattern of such a 'crystal' 
can be indexed in space groups P6~ or P65 (with 
some disorder owing to the gap between the 
cylinders), P21, P21212~, C2 and C222~. The 'asym- 
metric unit' in each case would be different. It would 

Fig. 5. An idealization involving perfect cylinders of the packing 
hexamers in the structure. 
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be a third of the cylinder for P61, one half for C2221 
and one cylinder for P2~, P212121 and C2. The 
degeneracy would increase if the achiral space groups 
were considered which, however, is unnecessary in 
the context of DNA helices. Some of the degeneracy 
is trivial. For instance, any space group can be 
considered degenerate with triclinic P1. Similarly a 
crystal with P6~ symmetry can also be dealt with in 
the less symmetrical space group P21. However, the 
degeneracy exhibited by the packing of perfect 
cylinders is of a different type. For the arrangement 
shown in the Fig. 5, the crystallographic asymmetric 
unit is of the same size irrespective of whether space 
group P2~, P2~2.2~ or C2 is chosen. Hence, from a 
practical point of view, one may consider these space 
groups to be exactly degenerate. 
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