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Structure of d(CACGTG), a Z-DNA hexamer containing AT base pairs
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ABSTRACT

The left-handed Z-DNA conformation has been observed 1in
crystals made from the self-complementary DNA hexamer dJd(CACGTG).
This is the first time that a non disordered Z form 1is found in
the crystal structure of an alternating sequence containing AT
base pairs without methylated or brominated cytosines.The
structure has been determined and refined to an agreement factor
R:=22.97 using 746 reflections 1in the resolution shell 7 to 2.5
A. The overall shape of the molecule is very similar to the Z-
structure of the related hexamer d4(CG)s confirming the
rigidity of the Z form. No solvent molecules were detected 1in
the minor groove of the helix near the A bases. The disruption
of the spine of hydration in the AT step appears to be a general
fact in the Z form in contrast with the B form. The biological
relevance of the structure in relation to the CA genome repeats
1s discussed.

INTRODUCTION

The conversion of rigth-handed B-DNA to left-handed 2Z-DNA
was first detected by changes in the circular dichroism of poly
(dG-dC) in high salt solution (1), The atomic organization of
left-handed Z-DNA was first characterized in an X-ray
diffraction study of an hexamer DNA fragment d(CGCGCG) ).
After a decade the Dbiological role of the Z form remains
unknown. The fact that alternating d4(CG), sequences are
uncommon 1in biological systems adresses the intriguing question
of whether or not the cell ever uses this high energy form of
DNA. However other alternating sequences containing AT Dbase
pairs such as d4(CA), are widely found 1in eukaryotic genomes.
Indeed the Z conformation has Dbeen observed in a number of
polynucleotides with alternating purines and pyrimidines
containing AT Dbase pairs in their sequences da(CA/GT), (3),
d(ashtT), (4), ana A(AT)p using Ni2+ as
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counterion (5) . And also for a variety of deoxyoligonucleotides
(6,7). However when AT base pairs are introduced into the
sequence the B-Z conversion Dbecomes more difficult (8,9).
Prior to this work, Z-form structures had been reported in
crystals of oligomers containing AT Dbase pairs with either 5-
methylated or 5-brominated cytosines (10) that are KkKnown to
strongly stabilize the Z-DNA conformation (1) or in crystals
with pronounced disorder (i2) and containing cobalt hexamine
which is a strong Z-DNA enhancer (i3).Here we report the crystal
analysis of a DNA hexanucleotide pentaphosphate J(CACGTG) duplex
at 2.5A resolution which also has a Z conformation.

Comparison of the structure presented here with those
determined for the related hexamers d(CGCGCG)(2) and
A(CGCGCG)(9) , where D 1indicates 2-aminoadenine may contribute
to better understand the problem why AT base pairs form Z-DNA
less readily than GC base pairs.

EXPERIMENTAL
a)SYNTHESIS OF OLIGONUCLEOTIDES AND CRYSTALLIZATION

The oligonucleotide d(CACGTG) was synthesized Dby the
pPhosphotriester method 1in solution, from dimers with
triisopropylsulfonyl nitrotriazole as the coupling reagent (i4).
The purification was performed using Sephadex G-25 gel column
chromatography and preparative high-performance liquid
chromatography on reverse-phase Zorbax OMS(9.3-mm. column).

Crystals were grown using the vapor diffusion method with 2-
methyl-2,4-pentanediol (MPD) as a precipitating agent (Table I).
Two different cell dimensions were obtained depending on the
Presence or absence of spermine in the crystallization
solution. In both cases the crystals grew very slowly. Due to
the scarcity of crystals seeding was not tried. Both types of
crystals examined Dby still and precession X-ray diffraction
pPhotographs were found to have the same orthorrombic space group
P242424.

b) DATA COLLECTION

The crystals grown in the presence of spermine diffracted to
a higher resolution ana were used for data collection. These
crystals diffracted up to about 2A, though Dbeyond 2.5A the
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Table I
CRYSTALLIZATION

Crystal #1 Crystal #2

without spermine with spermine
2 mM DNA 3 mM DNA

23 mM Na Cacodylate pH6 30 mM Na Cacodylate pH7

35 mM Mg Clp, 4,8 mM Mg Clp,

3. 5/ MPD 25/ MPD
Reservoir: 70/ MPD Reservoir: 557 MPD

4 months Several months
Setting drop Hanging drop

CRYSTAL DATA

Payaq2y P2y2424

a - 16.1 a - 17.6

b - 29.7 L = 31.1

C = 41.6 C = 44 .4
Resolution: 2.% -3.0 A Resolution: 2.0 -2.5 A

intensity decreased very rapidly with resolution.

Three dimensional X-ray diffraction data were collected at
room temperature (20:C) in an oscillation Huber camera with
30mA, 40Kv, 200pym focal cup 60 mm specimen to film distance
using Cu-a radiation from an Elliot GX6 rotating anode
generator.

Each photograph was taken by rotating the crystal 8 around
the a axis and required a exposure of about 10 hours. 14 film
pacKks (A&B) films) with 1+ overlap between contiguous regions
were obtained from a single crystal 0.6x0.4x¥0.1 mm. in size.
Radiation dammage increased slowly, being gquite apparent in the
final photographs. The films were evaluated with the PURDUE
system (15).
¢) STRUCTURE SOLUTION AND REFINEMENT

The cell dimensions and the spot distribution 1in the (hol)

reciprocal plane, visualized with a +twenty degree (p=204)
precession photograph, in particular the presence of a very
strong (0,0,12) reflection are similar +to those observed 1in
other orthorrombic single crystals of Z-DNA hexamer duplexess
2,9). Therefore coordinates from the magnesium form of the
d(CDCGTG) Z-DNA structure were used as an 1initial model. Cycles
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of Hendrickson-Konnert refinement (16) alternating with visual
inspection of (2F,-Fc) maps were carried out 1in order to
obtain the refined structure presented in this work. Coordinates
will be deposited in the Brookhaven Data Bank.

In the last cycle the r.m.s. of the shifts was 0.009A for
coordinates and 0.39A2 for temperature factors. The standard
R-factor was 22.9/ and the weighted Ry factor was 24.4% for
746 structure factor observations with intensities greater than
2.50(I) in the resolution shell 7.0-2.5A. The r.m.s. for Dbond
distances in the final model is 0.029A, the value of sigma used

during the refinement was 0.027A.

At this stage of refinement 30 solvent molecules have been
included in the model. This number is smaller than the number
of solvent molecules in other Z-DNA structures, probably due to
the lower resolution attained 1in this study (2.5A).

Only one tentative metal ion was assigned, the position of
its strong electron density peakK Dbeing close (<1.5A) to the
hydrated magnesium atom located in the Z-DNA crystal of
d(CDCGTG), where it Dbridges the wide grooves of two
symmetrically related molecules at the level of the Gi0O base for
the reference molecule (9). Solvent molecules with low B factors
might indicate the presence of hydrated metal ions or clusters
of water molecules. However since individual atoms could not be
resolved, the corresponding electron density peaks were treated
as single solvent molecules. Spermine molecules were not

located.

RESULTS

The d(CACGTG) molecule has an overall Z-DNA conformation
very similar to that of the related sequences dJd(CGCGCG) @)
d4(CDCGTG) (9) and d(m®CGTAmMSCG) (10), with an r.m.s. for
the common non-hydrogen atoms of 0.8A, 0.6A and 1.1A
respectively. As shown 1in fig.4, the two strands of the duplex
form an antiparallel left-handed helix with Watson-Crick base
pairing; the purine residues adopt the "syn" conformation while
the pyrimidine residues adopt the "anti" conformation. Symmetry
related molecules stack end-on-end along the c-axis. The
deoxyribose rings of the purine nucleotides with a "syn"
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Figd. A (stereo) skeletal drawing, made with ORTEP (25) of the
A(CACGTG) structure with two symmetry-related molecules stacked end-
on-end along the c¢rystallographic c¢-axis, The two molecules
approximately complete a full turn of Z-DNA. The presence of two AT
base pairs does not modify the global shape of the Z structure
although it has a strong effect in 1its stability.

conformation are C3-endo, while the pyrimidine nucleotides in
the "anti” conformation have a C2-endo sugar puckering as
observed previously for Z-DNA structures (2,9) (table II).
Only the sugar conformational parameters from nucleotide A2
appears to depart significatively from those observed in other Z
DNA conformations such as d(CDCGTG) with an amplitude and phase
of 16 and 70+ respectively. This might be related to
peculiarities in the stacking of the A2/C3 step (see below) or
also to subtle differences in crystal packing interactions. The
closest interaction Dbetween molecules related Dby translations
along the a axis occurs between the phosphodiester chains of
nucleotides A2 and Tyy. Some main c¢hain torsion angles
(table III) are unusual for Z-DNA conformations. No restraints
were applied during refinement and due to the low ratio between
reflections and parameters it 1is difficult to estabklish how
meaningful these differences might be.
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Table I1I
SUGAR CONFORMATIONS
Residue Phase (P) Amplitude (Ty) * Conformation
Ct 202 63 C2’-endo
A2 32 3 C3’-endo
c3 145 32 Cc2’ -endo
G4 28 32 C3’ -endo
TS 143 39 C2’-endo
G6 173 25 Ca2’-endo
C7 168 37 C2’-endo
A8 15 24 C3’-endo
Cc9 149 36 C2’-endo
Gi0 16 22 C3’ -endo
Tit 149 46 C2’-endo
Gia2 154 43 C2’-endo

¥ P and Ty are the deoxyrribose ring conformational parameters
defined by Altona and Sundaraligam (26).

Stacking interactions of succesive base pairs 1in the
molecule viewed down the helix axis (fig.2) show minimal
differences when compared with the native d(CG)z structure.
It can e seen that there is a small amount of stacking bhetween
pyrimidines of oppeosite strands i1n the "anti-P-syn" sequences
and moderate stacking between adjacent prurines and pyrimidines
along the same strand 1in the "syn-P- anti” sequences. The
absence of the N2 amine group in adenine decreases the amount of
stacking 1n the A&/C9 pairs (fi1g.2E) with respect to both +the

Table III
MAIN CHAIN TORSIONAL ANGLES*
Strand 1
Alpha Beta Gamma Delta Epsilon Zeta
- - -47 -179 -41 52
-29 150 122 127 -11 95
-7 34 178 132 -48 ~171
27 -172 147 87 -55 11
-10% 110 42 135 -33 40
21 157 98 126 - -
Strand 2
- - 9 149 -23 59
-16 -179 114 97 -90 13
80 -162 49 136 -33 -174
-30 166 174 104 -83 i8
55 -137 63 126 -74 -14
-3 156 24 138 - -

o $
¥ Main chain: P —— 05: Cso —L Cq_l _— C31 £ 030 J— P
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Fig.2. SkKeletal drawings illustrating the overlap of successive base
pairs 1in the molecule as viewed down the helix axis. The molecule
contains nucleotides 1 to 6 in one chain and 7 to 12 in the other, in
such a way that Ci is paired to Gi12, A2 to Tii and so on. The base
Pair with solid bonds stacks above the base pair drawn with empty
bonds. The solid dot represents the position of the helix axis.
Sequences with an "anti-P-syn" (a-c) and with a "syn-P-anti* (d-1)
conformation are shown.Figure (f) corresponds to the step between two
symmetrical-related molecules.
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A(CDCGTG) and d(CGCGCG) structures. Instead the smaller stackKing
surface of an adenine with respect 1o a guanine 1 compensated
in the A2/C3 step by a displacement ¢of the A2 in such a way that
the 21x membered ring «f the adenine lies over the cytosine ring
(Fig. 2D). This 1s related to a different orientation of the (3
rhoesphate group clese toe the ZII confermation, whereas in both
(CECGCE) and  CDCGCGE) 1t 18 1n Z7. However there are no
significant differences hetween the propeller twiszt <f the AT
base pairs and the GC Dbase pairs, as was also the case for
d(CGCGCG) and d(CDCGCG).

Though the solvent structure 1n this work has been only
rartially determined, it 13 clear, by examining the electron
density maps, that no cordered solvent melecules are located 1n
the narrow groove near the A bases. By contrast the N2 amino
groups from guanines have a well defined hydrogen Ionded water
that bridges the adjacent phosphate.lsotropic tempearature
factors of atoms 1in AT nucelotides are similar to those in GC
residues, indicating that, whitin the c¢rystal the mobility of
the conformation does not relate with the seguence.

Finally it 1is interesting to note that this hexamer adopts
the Z form in crystals in spite of having 33/ AT pairs and only
one CG sequence. Wang et al (7) have proposed that longer CG
sequences are required for Z DNA formation, but our results show
that other factors have to be taken into account. In particular
racking 1interactions in the c¢rystal may Dbe of importance, an
hexamer appears to be particularly suited to give the Z form.

DISCUSSION

The structure of d(CACGTG) shows that this sequence, under
the crystallization conditions, 1is able +to form a Z-DNA
structure. Whereas the oligonucleotide d(CGCGCG) crystallizes
easily as Z-DNA, d(CACGTG) needs a higher precipitant (MPD)
concentration and a much longer c¢rystal growth period. The
A(CACGTG) crystals thus obtaineda diffract only to 2.5A
resolution whereas the d(CGCGCG) crystals diffract to about 1A,
indicating a higher order in the crystal lattice.Though 1is not
pPossible to directly relate quality of crystals with stability
of the structures obtained it is interesting that the crystal of
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the hexamer dJd(CDCGTG) has an intermediate behavior between the
d(CGCGCQG) and d(CACGTG) crystals diffracting to 1.3A. In
solution studies (14) the B to Z transition was not observed for
the Jd(CACGTG) hexamer even at high ionic strength (unpublished
observations).

The lower stability of the Z conformation when AT base pailrs
are introduced 1in an alternating sequence can be partially
explained by the disruption of the spine of hydration in the
minor groove in the region close to the adenines. In particular
wang et al (10) first pointed out that the water molecule that
bridges the N2 amino group of the guanines and the nearby
phosphate group and stabilizes the syn conformation of the
purines was not observed 1n the corresponding region of the
adenines. This 1is confirmed in our structure and strengthens
the 1dea that the N2 amino group of purine plays a significant
role in organizing the solvent 1in the groove. In sharp contrast,
in B-DNA a well defined spine of hydration in the minor groove
has been reported involving hydrogen bonds with N3 of adenine.

N3, from both adenine 2 and 8, secluded at the bottom of the
groove, appear 1inacessible for cation coordination. Thus, also
the electronic properties of Dbases (adenine and guanine 1in
particular) may have a significant reole in determining the
relative stability of AT versus GC pairs (10) in the B to Z-DNA
transition.

Another factor of instability might be the poorer stacking
interaction in the ApC steps due to the absence of the N2 amino
group and thus the smaller stacking surface of the adenines
compared with the guanines. It 1is unclear why this 1is
compensated in one of the two ApC steps with a ZII backbone
conformation and a better A/C overlap but not on the other ApC
step.

One can summarize the ability to form Z-DNA of the three
hexamers compared as follows:

d(CGGCGCG) > d(CDCGTG) > A(CACGTG)

The structure of the 4&(CACGTG) molecule shows very small
changes in comparison with Dboth d(CGCGCG) and d(CDCGTG). For
instance there are no significant differences in the width of
the minor groove. The low flexibility atributed to the backbone
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structure of the Z-DNA (2) agrees with these results. Even 1n
the hexamers d(CGCGTG) (17) and d(CGCGFQ) (18), F 1ndicates
flour deoxyuridine where wobble base pairing 1is present, the 2Z
backbone remains almost 1dentical to the original d(CG)3
structure. Packing 1interactions should not be ignored
considering that all these hexamers crystallize in the same Kind
of orthorrombic lattice. However other 2Z molecules crystallized
in different lattices show the same bYasic structure. On the
other hand B-DNA appears to be a more flexible structure very
dependent on the base sequence. In that case different groove
width have Deen cobserved 1in the CG streches and 1in the AT
streches (19,21)or even with a high propeller twist 1n the A
tracks (22,23).

Basically 1t seems that the introduction of AT base pairs in
an alternating purine/pyrimidine sequences does not change
substantially the Z form but it affects drastically 1ts
stability. The conformational properties of these sequences
should be related to the functional role, recently suggested by
direct studies and by the conservation of poly (GT) tracts in
certain locations letween evolutlonarily diverse specles (24).
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