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1. Introduction

In our programme to use X-ray crystallography to study the
effects of AT base pairs in Z-DNA, we have undertaken the
determination of the structures of a series of hexameric DNA
fragments with sequences based upon the ‘canonical’ Z-DNA
sequence d(CGCGCG), (Wang et al, 1981). Since this
sequence is self-complementary, the duplex has a dyad and
there are three ways in which an AT base pair could replace
one of the C-G base pairs. Depending on the position of this
replacement, the new sequences are termed HT1, HT3 and
HTS, referring to the first, third and fifth positions of thymine.
The different substitutions also result in a variation of the
extent of the G-C tract in the sequences. In the first sequence,
we have four consecutive G-C base pairs, in the second we
have three, while in the third there are five consecutive G-C
base pairs. We have earlier reported the crystal structures of
d(CGCGTG)-d(CACGCG) and d(CGTGCG)-d(CGCACG)
(i.e. HT5 and HT3, respectively; Sadasivan & Gautham, 1995).
HTS5 was a high-resolution structure and its conformational
parameters matched those of the Z-DNA model (Wang et al.,
1981) almost exactly. The structure of HT3 could be obtained
only at a lower resolution and its conformational parameters
deviated substantially from the model. We have now solved
the structure of the third sequence, HT1, in two different
crystal forms. These structures show that HT1, with a G-C
tract length of 5, is closely similar to the fibre model Z-helix.
Taken together with previous reports, both from our labora-
tory (Karthe & Gautham, 1998; Sadasivan & Gautham, 1995;
Thiyagarajan et al., 2002) as well as from others (Harper et al.,
© 2005 International Union of Crystallography 1998; Parkinson et al., 1995; Wang et al., 1984; Geierstanger et
Printed in Denmark — all rights reserved al., 1991; Coll et al., 1988), the observation of Wang et al.
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(1987) that the formation of Z-DNA is
dependent on the length of the alternating
C-G tract is supported. However, there are
a few exceptions to this hypothesis. For
example, the sequence (GCGCGC), crys-
tallized as A-form DNA (Mooers et al.,
1995) even though there were two conse-
cutive CpG steps. In another study, the
dinucleotide CpG assumed the Z confor-
mation and formed a pseudo-continuous
Z-type helix (Ramakrishnan & Viswamitra,
1988).

Packing interactions also influence the
Z-type structure. In the most commonly
observed packing mode in Z-DNA crystal
structures, the approximately cylindrical
hexamers are stacked one over the other
along the helical axis to form infinite
(a) columns, which are then bundled together
to form the crystal. The molecular structure
is rigid and all geometrical parameters have
values close to those found in the fibre
model. However, when the helix adopts a
different packing scheme, the structure
ceases to be rigid and shows a range of
variability (Malinina et al., 1998).

In an earlier paper based on the present
HT1 structures (Thiyagarajan et al., 2004),
we primarily discussed the role of cobalt
hexammine ions in bringing about a change
in the tautomeric state of the adenine base,
leading to a wobble base-pairing scheme for
the AT base pair. In the present paper, we
focus the discussion on the effects of
sequence and crystal packing on the struc-
(b) ture of HT1.

2. Materials and methods

We have already reported the crystal-
lization and structure solution of both
crystal forms of HT1 elsewhere (Thiyagar-
ajan et al, 2004). For completeness, we
briefly repeat these descriptions here.
Crystals were grown at room temperature
(293 K) by the hanging-drop vapour-
diffusion method in the presence of cobalt
hexammine chloride. Data collection was
carried out using a MAR Research
imaging-plate system with Cu Ko radiation
generated by a rotating-anode generator.
One data set was indexed in the ortho-
rhombic system. The space group is P2,2,2,
with unit-cell parameters a = 17.98,b=30.93,
Fi ¢ = 4463 A. There were 2562 unique
igure 1

Least-squares superposition diagrams of (a) OrthHT1 and (b) HexHT1 (thick lines) with fibre- reflections to a resolution of 1.71 A, with an
model Z-type hexamer (faint lines) and (c) of OrthHT1 (thick lines) with HexHT1 (faint lines). overall Rperoe of 5.7% and a completeness
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of 93.9%. The second crystal was indexed in the hexagonal
space group P6s, with unit-cell parameters a = b = 35.59,
¢ =44.52 A. In this data set there were a total of 2686 unique
reflections, with an overall Ry, of 15% and 99% data
completeness to 2.0 A resolution. The structures were solved
by molecular replacement using AMoRe (Navaza, 1994) from
the CCP4 suite (Collaborative Computational Project,
Number 4, 1994). The starting model was based on the coor-
dinates of the fibre model Z-DNA (Wang et al., 1981), with
AT replacing one of the terminal C-G base pairs.

Using the orthorhombic data set, the structure was refined
using REFMACS (Murshudov et al., 1997) from the CCP4
suite (Collaborative Computational Project, Number 4, 1994)
to a final R factor of 20.8% (R = 24%). In the hexagonal
crystal, the asymmetric unit contains two hexameric duplexes,
one of which is disordered; its helix axis coincides with the
crystallographic sixfold screw axis. The refinement converged
to an R factor of 27.3%, with a free R value of 35%. In the rest
of the paper, the orthorhombic structure is called OrthHT1,
and has the following numbering scheme.

5" Tl p GZ p C3 p G4 p Cd p G6 3"
3" Al12 p Cl1l p G10 p C9 p G8 p C7 57

In the hexagonal structure, the fully ordered hexamer is
referred to as HexHT1. An arbitrary hexamer is chosen to
represent the other disordered helix and is called DinuHT1.
The numbering scheme for HexHT1 is the same as above. The
dinucleotide residues have the following numbering scheme.

5/ p T13 p G14 3’

3 p G16 p T1l5 5’

G14 and G16 will be addressed as Al4 and A16, respec-
tively, whenever these purines are considered to represent
adenine bases. A similar numbering scheme is adopted for
other hexameric sequences taken for comparison. Confor-
mational and helical parameter calculations were carried out
using the programs FREEHELIX98 (Dickerson, 1998) and
CURVES (Lavery & Sklenar, 1988). Fig. 2 was plotted using
PyMol (DeLano, 1998). The coordinates and structure factors
have been deposited in the NDB (codes ZDO0013 and
ZD0014).

3. Results and discussion
3.1. Molecular structure

The duplex sequence d(TGCGCG)-d(CGCGCA) has an
AT base pair at the terminus followed by five consecutive G-C
base pairs. Although these hexamers crystallize in two
different space groups and show variations in crystal packing,
in all three independent hexamers the molecular structure is
very close to the ‘canonical’ Z-DNA helix (Wang et al., 1981).
This lends support to the hypothesis (Sadasivan & Gautham,
1995) that a stretch of four consecutive G-C base pairs (i.e. two
consecutive CpG steps) is necessary and sufficient to nucleate

the canonical Z-type DNA. This is despite the variations in
base pairing in OrthHT1 that arise owing to the binding of
cobalt hexammine (Thiyagarajan et al., 2004).

Fig. 1 shows the least-squares superposition of the three
hexamers reported in this paper on each other as well as on
the fibre model Z-DNA. The root-mean-square deviations in
the positions of the common atoms after the superposition are
given in supplementary tables." The r.m.s.d. values between
the fibre model and the present structures are 1.1 and 0.6 A for
OrthHT1 and HexHT]1, respectively. Thus, the structure of
HT1 in both crystal forms is similar to the fibre model. The
most noticeable change from the fibre model is the Zy-type
backbone structure at residues C5 and C9 in OrthHT1. In
other words, the backbone conformation is gauche®, trans
about ¢ and « at these two residues compared with gauche™,
trans in the fibre model. The Z;; conformation was first noticed
in the crystal structure of d(CGCGCG), (Wang et al., 1979), in
which only residue C5 had this conformation. However, from
other studies (Harper et al., 1998) it became apparent that the
Z-helix could accommodate either Z; or Zy; without any clear
sequence specificity. For example, in the structure of
d(TGCGCA), (Harper et al., 1998; Thiyagarajan et al., 2002),
the backbone has the Z;; conformation at residues C3, C9 and
C11. This sequence was also crystallized in presence of cobalt
hexammine chloride, although the presence of the ion is not
correlated with the Zy; structure, except for its binding to the
phosphate group of residue C3. In OrthHT1, the Z;; confor-
mations at C9 and C5 may be related to cobalt hexammine
interactions. The phosphate group of C9 interacts with the
amine group of the ion directly, while the phosphate group of
C5 is bound to a hexammine ion through two water molecules
(see Fig. 2). The ion also interacts with the N7 atom of a
symmetry-related base G8 through another water molecule.

Unlike OrthHT1, HexHT1 has a pure Z; conformation at all
purine—pyrimidine steps. HTS also showed Z; conformation at
all bases. It is notable that even at the C5 phosphate position,
where the crystal structure of d(CG); showed Z;; conforma-
tion (Wang et al., 1979), HexHT1 shows Z; conformation.
DinuHT1 has unconventional backbone conformations such
as gauche™, gauche® or gauche™, trans. However, this helix is
disordered and has a discontinuous backbone. The confor-
mations seen are therefore averages of different possibilities
and we will not discuss these further.

Base-geometry parameters of the helices and the backbone
torsion angles of the bases are given in the supplementary
tables.! As expected for Z-DNA, the helices have dinucleotide
repeats with an average twist of —61.3° per dinucleotide in
case of OrthHT1, —60.7° for HexHT1 and an ideal —60.0° for
DinuHT1 (owing to its placement on a sixfold screw axis). In
OrthHT1 the pyrimidine—purine steps have an average twist of
—11.3°, while the two purine—pyrimidine steps have an
average twist of —50.0°. In HexHT1 the average twist values
are —12.4 and —48.3° at the two types of base step, respec-

! Supplementary material has been deposited in the TUCr electronic archive
(Reference: DZ5045). Services for accessing these data are described at the
back of the journal.
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Table 1
Interhelical contacts in the two structures.
Distance Distance Distance Distance
Space group Atom A) Atom A) Atom (A) Atom (A) Atom Remarks
P2,2,2, O2P (C9) 272 [Co(NH;)e]** (N2) Zy; conformation
03 (A12) 294 O2P (G2) Mode 1 packing
03’ (G6) 2.74 O1P (C9) Mode 1 packing
N7 (G2) 3.09 024 2.69 O2P (C11)
03’ (G6) 2.84 025 2.86 05 (T1)
O2P (G10) 2.92 027 2.44 O1P (C5)
O2P (C3) 297 051 2.83 O2P (G8)
O1P (C5) 2.88 047 3.23 N7 (G8)
05 (T1) 2.72 019 3.09 040 2.83 N2 (G6)
O2P (C5) 241 034 3.00 018 3.08 [Co(NH;)e]** (N2) Zy conformation
O1P (G4) 291 044 3.11 045 3.16 N4 (C3)
O2P (C5) 241 034 3.00 018 241 056 2.68 N4 (C9)
N4 (C11) 2.98 046 2.51 017 3.06 043 291 06 (G2)
P6s 03 (G6)  2.98 O2P (A12)
04’ (T14) 237 020 2.90 O2P (G4)
O2P (G10) 2.90 020 3.09 022 3.05 O2P (T14)

tively. In DinuHT1 the values are —11.5 and —48.5°. The base-
step rise at all the steps in all three helices is similar to the
values seen in other crystal structures of Z-type helices (Ho &
Mooers, 1997).

In OrthHT1, the terminal T1pG2 base step has a high
negative tilt (—5.1°) compared with C1pG2 of d(CG); (0.9°).
There is a similar change in the value of inclination at the
terminal base pair. However, this behaviour is apparently not
directly related to the A-T base pair, since in HTS and HT3 the
pattern is quite different. It may instead be attributed to the
interaction of cobalt hexammine with the helix (Thiyagarajan
et al., 2004). The terminal base pairs in OrthHT1 as well as
HexHT1, T1-A12 and G6-C7, show high propeller twists (9.2

Figure 2

Water network in OrthHAG6 structure. The spine of hydration in shown as blue spheres. The
arrows point to the discontinuity in the spine. However, this is not related to the presence of
the AT base pair. Interhelical contacts mediated through water are shown as red dotted lines.
Cyan dotted lines indicate interactions of the cobalt hexammine ion with the phosphate groups
(which have a Z;; conformation). Blue dotted lines depict contacts arising from mode 1

packing.

and 5.7° in OrthHT1, and 5.5 and 5.7° in HexHT1, respec-
tively) compared with those (—0.2 and 2.4°) in the crystal
structure of d(CG)s. This could be attributed to the cross-
strand hydrogen bond between the helices stacked one over
the other.

Other major differences between HexHT1 and OrthHT1
are the following. (i) A high negative tilt of —4.6° at C11pA12
step compared with the positive value in OrthHT1. (ii) The
high roll angle (10.7°) at the G10pC11 step. Such a high value
for roll was also seen in HT3 at the A10pC11 base step. (iii)
The higher twist of —14.6° at the C11pA12 step. Among the
structures discussed here, HTS has such a higher twist of about
—14° at the C11pG12 base step, while other sequences have

values less than —12° at this terminal step.

3.2. Crystal packing

In general, there are two kinds of packing
modes common to Z-DNA crystal structures
in orthorhombic system. The difference
between the two modes is in the interhelical
interaction. Mode 1, previously termed the
‘magnesium form’ (Gessner et al., 1989), is
seen in crystals grown in the the presence of
magnesium. However, later experiments
showed that the presence of magnesium is
not essential for mode 1 packing. Mode 2,
previously called the ‘spermine form’
(Egli et al, 1991), was adopted when
Z-DNA was crystallized in presence of
spermine alone. Again, later structures
showed that Z-DNA can adopt mode 2
packing even in the presence of magnesium
(Moore et al., 1995). The two modes are
characterized by specific interhelical inter-
actions observed in the crystal packing
(Harper et al., 1998; Kumar & Weber, 1993;
Egli et al, 1991). The present crystal
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structure did not have magnesium in the crystallization drop
and may therefore be expected to adopt mode 2 packing.
However, similar to the HTS structure, OrthHT1 adopts mode
1 packing, adding to existing examples showing that the
presence of magnesium is not critical for such packing. A
characteristic feature of mode 1 packing is that the O3’ atom
of residue 6 interacts with the phosphate group of residue 9
and the O3’ atom of residue 12 interacts with the phosphate
group of residue 2, which is seen in the present structure (see
Fig. 2). The distances between the atoms involved in these
interactions are listed in Table 1.
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Figure 3

Probably the strongest packing interactions in both the
crystal forms are those mediated by the hexammine ion. These
have been described in detail elsewhere (Thiyagarajan et al.,
2004). Apart from these, there are several other interhelical
interactions mediated by water molecules. For instance, in
OrthHT1 the phosphate group of GS8 interacts with the
phosphate group of C3 of a symmetry-related hexamer
through a water molecule (Fig. 2). Similarly, the C5 phosphate
group interacts with N7 of G8 of the symmetry-related
hexamer (Fig. 2). The other interhelical interactions mediated
by water are listed in Table 1.
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Schematic diagram representing the ion binding in (a) the orthorhombic structure and (b) the hexagonal structure. The cylinders represent Z-DNA
hexamers, while the stars are the cobalt hexammine ions. Note that in the hexagonal structure the ion and one set of hexamers are disordered.
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The base stacking in the helices does not show significant
difference compared with other Z-DNA structures, except at
the virtual step between one hexamer and the next. The twist
at the virtual GpT step is —61.1°, higher than in any of the
previous Z-DNA crystal structures. This may have arisen
owing to the high shear at the terminal T1-A12 base pair. We
note that the ApT virtual step between symmetry-related
helices in the structure of HAT61 has a twist of only —45.6°.

In the other crystal form, i.e. the P65 structure, there are two
kinds of interhelical interactions: the interactions between
HexHT1 helices and those between HexHT1 and DinuHT1.
HexHT1 helices show interactions between the O3’ atom of
G6 and the phosphate group of A12. There are also a few
water-mediated interactions between the helices of HexHT1
and DinuHT1. Table 1 again lists some of the interactions
between these helices. In HexHT1, the twist at the virtual step
GpT step has a surprisingly low value of —19.9°. DinuHT1 has
a discontinuous backbone and therefore no single virtual step
can be identified. In general, the packing of OrthHT1 is closer
to that seen in d(CGCGCG), (Wang et al, 1979) than in
HexHT1. However, as far as the molecular structures are
concerned, it is HexHT1 that is closer to d(CG); than
OrthHT1.

As mentioned above, the interactions made by the cobalt
hexammine ion in both crystal structures are chiefly respon-
sible for the two different crystal forms. In OrthHT1, there is
one ion per hexamer, making an extensive network of contacts
with neighbouring helices. The ion is at the centre of the
interactions between three symmetry-related helices, as shown
schematically in Fig. 3(a). In the hexagonal crystal form there
is only a quarter of an ion per hexamer, reflecting the lower
concentration of cobalt hexamine in the crystallization solu-
tion. The ion position is disordered, leading to disorder in the
position of the neighbouring helix. Thus, alternate columns of
helices are disordered along the a and b axes (Fig. 3b).

3.3. Solvent interactions

OrthHT1 shows a very strong water network stabilizing the
structure as well as the crystal packing (Fig. 2). Some common
features of Z-DNA structures, namely the spine of hydration
and the water molecules bound to the backbone phosphates
stabilizing the structure, are present in OrthHT1. In general,
the O2 of pyrimidines are hydrated in Z-DNA and these water
molecules form the spine of hydration. Each water molecule
constituting the spine bridges the O2 atoms of pyrimidines of
the base pairs above and below it (Gessner et al., 1994). In the
present structure, this spine of hydration is present between all
the base pairs except between C1-G12 and G2-C11. This may
be a consequence of the interaction of the C1-G12 base pair
with the cobalt hexammine ion, leading to a wobble-type G-C
base pair (Thiyagarajan et al., 2004). N4 of C1 interacts with
the cobalt hexammine ion, leading to a high shear of —1.14 A
at this base pair, in contrast to the 0.2 A shear at other base
pairs. This might have altered the interaction between the base
pairs C1-G12 and G2-Cl1, leading to a break in the spine

(Fig. 2).

Other probable hydration regions in Z-DNA are N7 and O6
of the guanine bases. In the present structure, all the pyrimi-
dine bases except C5 have at least one water molecule within
3.1 A of O2. The N2 amine of all the guanine bases is also
hydrated. In OrthHT1, the N7 and O6 atoms of two of the five
guanine bases are bound to the cobalt hexammine ion and not
to water. In the other three guanines, O6 of G2 and N7 of G8
have one water molecule within 3.2 A, while G10 does not
show any hydration. The adenine (A12) base also has strong
interactions with the ion and does not show any hydration at
N6 and N7. In the hexagonal crystal not all regions of the
Fourier map could be interpreted. No clear density corre-
sponding to the spine of hydration was visible. A few water
molecules bound to the backbone phosphate groups were
identified. O4’ of T14 is bridged to the phosphate group of G4
through one water molecule, while the phosphate group of
T14 interacts with that of G4 through two water molecules.

4. Summary

The structures lend additional support to the hypothesis that
two consecutive CpG steps are necessary to nucleate and form
a regular Z-DNA helix. The packing of HT1 in orthorhombic
form is closer to that seen in d(CG); than its hexagonal
counterpart, although as far as the molecular structures are
concerned it is the hexagonal structure that is closer to d(CG);
than the orthorhombic structure.
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