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Polarized Intercalation Site in Z-DNA
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(Received 13 December 1396)

Z-DNA can support an intercalation conformation
exhibiting the 5'-pu-p-py-3' sequence specificity in
contrast to the experimentally observed in B-DNA
intercalation X-ray crystallographic DNA: drug
models, however the binding site in Z-DNA is
determined by the alternating anti-syn backbone
rather than base sequence. Z-DNA also exhibits a
conformationally polarized intercalation site within
the dimer repeat unit that is consistent with the
neighbor exclusion principle. Additionally, Z-DNA
conformers exhibit (positive) winding of the dimer
repeat unit upon assumption of the intercalation
conformation.

Keywords: Z-DNA, intercalation, conformationally polarized

INTRODUCTION

Z-DNA exists as a left-handed helix with
Watson-Crick base pairing and is characterized
by alternating anti-syn glycosidic bonds. The
structure of Z-DNA was first obtained for (5'-G-
p-C-3) and analysis of the crystal structure
showed that the C base retained the normal anti
orientation while the G base had switched to the
syn orientation, resulting in an anti-syn dimer as
the repeat unit. The bases in the Z-DNA
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molecule are stacked perpendicular to the helix
axis, forming a structure that is more compact
than B-DNA with 12 bases per turn of the helix
[1, 2]. The exact physiological role of Z-DNA is
not known, however recent studies indicate that
it may play a role in the editing of RNA during
transcription [3].

Conversion of B-DNA to Z-DNA results from
the rotation of the base pairs by 180° around
their long axis (C1’ to C1’ of the base pair
deoxyribose sugars). In poly GC this is accom-
plished by the rotation of G around the
glycosidic bond, resulting in the syn conforma-
tion, while the entire base pair is rotated in the
case of C, allowing preservation of the anti
conformation [4, 5]. The ability of a particular
DNA to switch from the B- to the Z- conforma-
tion is dependent on its base sequence, with (5'-
G-p-C-3'),, being the most favorable sequence.
However a number of studies have shown that,
although alternating purine-p-pyrimidine se-
quences are most favorable, the base sequence
can vary as long as the anti-syn conformation is
conserved [1, 2, 4, 6—-8]. The equilibrium of the
B- to Z- transformation is dependent on ionic
strength, pH, temperature, pressure, the pre-
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sence of specific ligands, and supercoiling of the
DNA [1].

Prior to the introduction of the Z-DNA
structure, [4, 9, 10} some of the theoretical and
experimental research on DNA during the
1970s and into the 1980s focused on drug:
DNA complexes [11-46] Z-DNA is the only
DNA structure for which exact coordinates
exist in the absence of intercalants. Models of
other DNA variants such as A- and B-DNAs
arise from X-ray diffraction of fibrous speci-
mens, The intercalation models present X-ray
crystallographic data for samples consisting of
dimer duplex DNA and a drug, and provide
exact coordinates. The intercalation sites of
classical B-DNA: drug systems have generally
exhibited a pyrimidine-p-purine (5'-py-p-pu-3")
sequence [11-29].

In this investigation the sequence 5'-C-p-G-p-
C-p-G-3' served as the model sequence for Z-
DNA. Such a tetramer duplex sequence is the
minimum number of base pairs required to
characterize the conformational properties of an
intercalation site. For B-DNA such a sequence is
a fragment of a decamer while for Z-DNA, it is
a fragment of the dodecamer.

During the course of examining the conforma-
tional domains available to Z-DNA, [47] the base
pairs were permitted to assume their maximum
separation, which set the stage for elucidating
potential intercalation sites in Z-DNA. Since the
repeat unit of Z-DNA is a dimer duplex (5'-C-p-
G-3' 5-G-p-C-3'), a tetramer duplex segment
contains two distinctly different backbone para-
meter regions, one that is syn-anti (5'-G-p-C-3')
and the other with an anti-syn (5'-C-p-G-3')
conformation [1]. This feature potentially per-
mits Z-DNA to have two different intercalation
sites, the anti-syn site designated as site 1 (5'-C-p-
G-3'), between BP3 and BP4 in Figure 1, and the
syn-anti site designated as site 2 (5-G-p-C-3'),
between BP2 and BP3 in Figure 1. It should be
noted that the potential binding site between
BP1 and BP2 is identical to site 1, due to the
dimer repeat unit of Z-DNA. A search for the
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FIGURE 1 Schematic representation of a tetramer duplex
DNA. BP1 is base pair 1, and so on to BP4. The deoxyribo-
furanose sugars and associated phosphate groups of BP1 are
denoted by (5) and (6). Similar notation applies for the
backbone units of the other three base pairs. The intercalation
site (see text) resides between BP2 and BP3.

intercalation sites permitted by the Z-DNA
repeat unit reveals that the binding site is
conformationally polarized, i.e., only one of the
two possible domains can separate enough to
allow intercalation. The maximum separation of
the base pairs in this domain is 7.0 A

This study utilized a desktop computer [48, 49]
using a Fortran compiler [50] to run the General-
ized Algorithm to Generate Nucleic Acid Struc-
tures (GAGNAS) [34]. Graphics utilized a
desktop computer version of Disspla [51] made
available on a beta test basis. GAGNAS searches
through a number of incremented, defined
helical parameters designating the orientation
between two adjacent base pairs within a dimer
duplex seeking the closure of the sugar-phos-
phate backbone with experimentally acceptable
bond angles and bond lengths. Experimental
structural data as well as GAGNAS energy
calculations of the resulting dimer duplexes
serve as the criteria for selection of the segments
that are chained to construct a DNA. The dimer
duplexes are then chained together to form a
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DNA polymer of any desired length that can
then be subjected to a number of changes
corresponding to modifications of the DNA.
This work examines the conformationally
allowed range of Z-DNA structures permitting
intercalation. Such an approach examines Z-
DNA in a mathematical sense. Though solvent
effects are generally considered, the question of a
given conformation available to the Z-DNA is a
mathematical matter dependent upon the ability
to complete the backbone for a given set of helical
parameters defining the DNA. Thus Z-DNA
conformation can be examined in a purely
mathematical sense as it pertains to appropriate
bond angles, bond lengths, glycosyl torsion
angles, sugar ring pucker conformation and
helical parameters. Although the effect of salt
concentration was not taken into account in the
calculations, it has previously been shown that
with GAGNAS the addition of a counter charge
of +1 to the PO*" group on the phosphate
backbone results in a change in the total energy
of the structure, but the relative energy-depen-
dence of the parameters remains unchanged [29].

PARAMETERS SEARCHED

The helical values of the DNA search ranged as
follows [52]: a,, —10° to —60° by —5°; AZ, 340A
to 7.6 A by 02 A; oy, 0° and —8° AY=0.04; AX,
—-3.0A to 5.0 Aby +1.0 A; x¢, —20.0° to —70.0° by
—5.0°% xc, 20.0° to 90.0° by 5.0° with the sugar
pucker of the G base set to Cl'-exo (C1X) and
that of the C base set to C2'-endo (C2N).

ENERGY FUNCTIONS AND
CONVENTIONS

The energy functions consist of the classical 6 -
12 potential with Suter modification, [53] terms
accounting for gauche-gauche effects, lone-pair
electron repulsions of the phosphate oxygens,
hydrogen bonding, and solvent effects all

described elsewhere [32, 40]. Figure 1 schemati-
cally illustrates the convention followed to
designate the DNA structure in the GAGNAS.
The base pairs, numbered BP1 to BP4 comprise a
tetramer duplex. Each of the associated sugar-
phosphate fragments appear designated as
numbers within parentheses. Direction of each
backbone appears marked by the 5" and 3’ ends.
Thus BP1 consists of two paired bases and the
associated sugar-phosphate units (5) and (6),
with similar notations used for BP2 through BP4.
Phosphodiester linkages between nucleotide
units exist between (5) to (7), (8) to (6), and so on.

Figure 2 shows a nucleotide fragment illus-
trating the definitions of the dihedral torsion
angles applicable to the sugar-phosphate back-
bone and the glycosyl torsions. The sugar
conformation, generally referred to as pucker,
follows the convention set forth by Sundaraling-
ham [54].

Figure 3 shows a B-DNA tetramer duplex.
Figure 4 shows a model of the tetramer duplex
DNA fragment that serves as the native Z-DNA
structure for this study. A tetramer duplex is the
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FIGURE 2 Schematic structure of a nucleotide fragment
denoting the glycosyl and backbone torsion (dihedral)
angles. Torsions are defined as follows: glycosyl torsion,
Xpu: C4-N9-C1'-C2'; xpy: C2-N1-C1'-C2’; w: O3'-P-05'-C5'; ¢:
P-O5'-C5'-C4'; . O5'-C5'-C4'-C3; /: C5'-C4/-C3-03' (sugar
pucker); ¢': C4'-C3'-03'-P; ': C3-03'-P-05'.
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FIGURE 3 Stereo view of the B-DNA tetramer duplex consisting of four monomer repeat units. This is a fragment excised
from a longer polymer unit. Viewpoint is into the major groove of the tetramer unit. The hydrogens are omitted for clarity.

FIGURE 4 Stereo view of the Z-DNA tetramer duplex consisting of two dimer duplex repeat units. Viewpoint is into what was
formerly the major groove of B-DNA. Hydrogens are omitted for clarity.

smallest fragment of Z-DNA containing both
potential intercalation sites. This fragment is an
excised piece of the dodecamer duplex Z-DNA
comprising one complete turn of the helix. This
convention originally applied to the B-DNA
variants of earlier studies[29, 31, 33, 34, 37 -42].
Parameters defining the native Z-DNA fragment
appear in Table L.

RESULTS

Figure 5 illustrates a classical intercalation site of
B-DNA, and the corresponding conformational
data appears in Table I. The salient feature to
note is the 5-py-p-pu-3' sequence, which ap-
pears in the X-ray crystallographic data of the
known drug: DNA complexes referenced above.

TABLE I Conformational values of DNAs discussed

XG Xc w

Glycosyl and Backbone Torsion Angles (°)!

B-DNA 130.9 130.9 -33.2
Z-DNA(CpG)* -50.0 840 330
Z-DNA (cgc;)‘* -50.0 84.0 —137.1
B-DNA (IC%) 130.0 78.6 ~134.1
Z-DNA (GpCIC)*  -53.0 50.0 -134.9
Z-DNA (CpGY ~53.0 50.0 91.5

¢ b o' ¢ w!
159.7 329 C2N —162.0 -131.5
-1242 -155.9 O4ND -100.6 120.0
157.5 50.0 C2N — 981 — 436
~117.4 145.2 C3N -177.6 -1037
- 968 37 C1X —-168.3 - 679
~1074 —162.9 C2N 178.8 174.8

! See Figure 2 and its caption for definitions.

2 The Helical parameters of this dimer component are: a,=—10.00°, AZ=3.80 A, AX=-3.00 A, a,=—8.0°. See Ref. 41 for definitions.
3 Z-DNA structures generally exhibit C1X or C3N conformations of this sugar ring. Other variants slightly different are supportive of Z-

conformation also [40]

* The helical parameters of this dimer component are: a,,=—49.39°, AZ=3.80 A, AX=—05 A, a,=—8.0°. See Ref. 41 for definitions.

5 IC: Intercalation Site

© The helical parameters of this dimer component are: a,=—10.3°, AZ=7.Q A, AX=00 :{\, a,=0.0°. See Ref. 41 for definitions.
7 The helical parameters of this dimer component are: a,=—18.8°, AZ=38 A, AX=-30 A, ,=0.0°. See Ref. 41 for definitions.
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FIGURES5 Stereo view of the B-DNA intercalation site viewed into the minor groove. Note the 5'-py-p-pu-3' sequence between

BP3 and BP2. Hydrogens are omitted for clarity.

In principle however, since the intercalation site
also arises from factors residing in the backbone
(dihedral angles) of the B-DNA, there is no
structural reason the binding site cannot contain
other sequences such as 5-py-p-py-3', 5-pu-p-
pu-3, 5-pu-p-py-3’. It is (only) specific drug:
DNA interactions that dictate sequence prefer-
ences of the bases at the intercalation site in B-
DNA as revealed by experimental data as cited
above.

The presence of a repeating dimer duplex in
Z-DNA provides two potential intercalation
sites, site 2 that has a 5-pu-p-py-3' (syn-anti
sequence and site 1 that has a 5-py-p-pu-3'
(anti-syn) sequence (Fig. 1). The base sequence at
site 2 (5'-pu-p-py-3') is different from that
observed the B-DNA intercalation site (which
has both bases in the anti configuration). Figure 6
illustrates a potential Z-DNA intercalation site.
The corresponding conformational data for this
site appear in Table I. The salient features of the
Z-DNA intercalation site are two in number: (1)
the Z-DNA intercalation site occurs at the syn-
anti site that has the 5'-pu-p-py-3' sequence not
observed in classical B-DNA intercalation sites,
(2) only one component of the Z-DNA dimer
duplex is able to extend its backbone enough to
accommodate an intercalant, i.e., it is conforma-
tionally polarized.

In the case of Z-DNA the alternating anti-syn
conformation determines the intercalation site.

Additionally, the sugar puckers play a role on Z-
conformation as noted in ongoing theoretical
studies of Z-DNA conformational domains [47].
Thus the sugar pucker sequence appears equally
important with the anti-syn conformational
properties of Z-DNA as judged by experimental
{4, 9, 10] and theoretical studies [47].

DISCUSSION

Table I compares the torsion angle regions of the
Z-DNA conformers and the B-DNA conformers.
One of the arguments for the relative instability
of Z-DNA compared to B-DNA is the closer
approach of the phosphate groups of the sugar-
phosphate backbone [55]. Two backbone torsion
angles differ significantly between the B-and Z-
intercalative conformers. The % angle shifts from
the t” region to the g* region and for w’, the shift
is from ¢~ to g~. These changes have the effect of
slightly increasing the phosphorus-phosphorus
atom distances at the intercalation site for the Z-
conformer compared to the B-conformer inter-
calation structures. This effect is quantified in
Table IIl and shown in Figure 7.

The intercalation conformation of Z-DNA
identified in this study has the sequence 5'-pu-
P-pPy-3, the opposite as observed experimentally
in the B-DNA conformer. Intercalation at the
anti-syn (5'-py-p-pu-3’) site in Z-DNA is not
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FIGURE 6 Stereo view of the Z-DNA intercalation site viewed into the formerly major groove. Note the 5'-pu-p-py-3’ sequence
between BP3 and BP2, shifted from the B-DNA version of Figures 3 and 5. Hydrogens are omitted for clarity.

TABLE I Comparison of Z-DNA and B-DNA conformers

XG Xc w ¢ ¥ ¥’ ¢’ w'

Glycosyl and Backbone Torsion Angles Conformation Region'
B-DNA anti anti g t g C2N t t~
Z-DNA (CpG) syn anti g t t O4NP? £ #
Z-DNA (GpQ) syn anti t t g C2N t g
B-DNA (1C? anti anti £ t t C3N t t
Z-DNA (GpCiIC) syn anti t t g C1X t g

ISee Figure and its caption for definitions. 0°<g"<90°; ~90°<g~<0°; 90°<t*<180°; —180°<t™<—90°.
*Experimental Z-DNA structures exhibit C1X or C3N conformations of this sugar ring. Other variants slightly different are supportive of

Z-conformation also [40].
31C: Intercalation Site.

tenable for conformational reasons. Extension of
the backbone along the helical axis to separate
the base pairs is limited to a value much less
than 6.8 A, a value minimally required to
accommodate a planar aromatic ring system
between the adjacent base pairs at the intercala-
tion site.

The data of Table II suggest backbone con-
straints coupled with glycosyl conformation
play an important role in determining the
intercalation site. In order to assume an inter-
calation conformation, extension of the sugar-
phosphate backbone must occur. The first
consideration is to recognize that in going from
B- to Z-DNA, the base pairs are 180° aligned
from what they are in B-DNA. If one looks at
Figure 3 and draws a line between the 5-P and
the 3'-P, this line represents a virtual bond about

which the sugar unit must be rotated to assume
the Z-DNA orientation. This requires rotation
around the glycosidic bond at site 2 (5'-G-p-C-
3'), resulting in a syn conformation, while at site
1 (5-C-p-G-3') rotation of the entire base pair is
required, which results in retention of the anti
conformation but a drastic change in the
conformation of the deoxyribose-phosphate
backbone [2, 4]. Table II shows that the backbone
torsion angles affected most by the conversion
from B- to Z-DNA are w, 9, and w’. These torsion
angles also differ between the two sites of Z-
DNA, resulting in a greater extension of the
backbone torsions at site 1 in native Z-DNA.
Thus for site 1, the 5'-C-p-G-3' (anti-syn) site, any
further extension leads to failure of closure of
the backbone using GAGNAS, that is, the back-
bone will have disallowed bond angles and
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FIGURE 7 Stereo view of the comparison of the phosphorous atom plots of (a) B-DNA (IC), (b) Z-DNA, and (c) Z-DNA (IC).

See Discussion.

bond lengths, [29] which indicates that further
extension of the backbone is not possible in this
Z-DNA site. The backbone of native Z-DNA at
site 2 is not fully extended, which allows this site
to accommodate intercalation. This change in the
backbone torsion angles in the Z-conformer also
changes the sense of extension of the backbone
torsions required for assumption of an intercala-
tion site in Z-DNA. In B-DNA, the torsions that
change on assumption of the intercalation site
are w and . In Z-DNA the torsions that change
to accommodate intercalation for the G base
nucleotide unit are w, ¥, and w’.

The X-ray crystallographic structure of Z-
DNA is also consistent with a conformationally
polarized binding site. A large shift occurs along
the long axis of the base pair and a twist angle of

—9° at site 2. As a result there is no intrastrand
stacking of the bases associated with this site. In
contrast, at site 1 there is only a small amount of
sheer accompanied by a helical twist of —19°,
resulting in favorable intrastrand stacking inter-
actions between C and G similar to those that
stabilize B-DNA[1]. The differences in the back-
bone torsion angles of Z-DNA together with the
absence of stabilizing intrastrand stacking inter-
actions at site 2 make it more favorable
energetically for the intercalation site to form
at this site. Additionally, X-ray studies show that
the minor groove is considerably larger at site 2
than at site 1 [1], which would facilitate the entry
of intercalants at site 2.

Table III also lists the calculated energies of
the four DNA conformers studied. The higher
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TABLE III Intercalation site data for each DNA tetramer type

DNA Conformer Energy" Intercal. Site Intercal. Site Intercal. Site
Kcal/mol Helical Angle? P-P Intrastrand® P-P Interstrand*
Distance Distance

B-DNA 11893 +36.00° 6.69 A 188 A
Z-DNA (CpG) - 10.00° - -
Z-DNA (GpQ) 1595.7 — 49.39° 6.63 A 165 A
B-DNA (IC%) 1348.4 +29.97° 7.29 A 175 A
Z-DNA (apC:IC) 1440.9 - 10.25° 7.40 A 151 A
Z-DNA (CpG) - 18.75° - -

! AE[BUIC)-BDNA] = +159 Kcal/mol; AE[Z(C)-ZDNA]} = —155 Kcal/mol.

2For BP2 — BP3 helical rotation.

3P-P distance of sugar-phosphates (7) — (9). See Figure 2.
4P-p distance of sugar-phosphates (7) — (8). See Figure 2.
®IC: Intercalation Site.

energy for Z-DNA compared to B-DNA is
consistent with the fact that B-DNA is the
observed form of in vitro DNA. The data in
Table III show that the calculated energies of the
intercalation site structure of B-DNA is slightly
higher than that of the corresponding native
structure while the AE of the Z — Z-IC
transition is —155 Kcal/mol. The small differ-
ences in the calculated energies suggest that
these structures can exist transiently in absence
of intercalants, perhaps through a wave propa-
gating energy disturbance mechanism in the
DNA as suggested by Sobell [56 - 58].

Of interest is the AE for the Z-DNA — Z-IC
transition that results in a favorable AE of —155
Kcal/mole. For the transition from Z-DNA to the
Z-IC conformer, the intrastrand distance in-
creases by about 0.8 A while the interstrand P-P
distance decreases by about 1.4 A. The overall
effect is to decrease the P-P repulsion, which
results in the lower energy of the Z-1C conformer.
In addition, the base pairs separate in the Z-IC
conformer. High resolution X-ray crystallo-
graphic studies of Z-DNA show that the first
hydration shell of Z-DNA exhibits of a number of
water-DNA hydrogen bonds [1]. Of particular
interest are water molecules that bridge the O2
keto groups of the C residues of alternating
strands, and water that links the N2 amino group
of G with phosphate oxygens. On the outer
surface of the Z-DNA there is a water bridge
between the O6 keto groups of G in site 1. There

are also water molecules linking the phosphate
groups, however this water is not as structured as
the water around the bases. The 5 and 3
phosphate groups of the G residues are usually
linked by two bridging water molecules. The
increase in distance between the phosphate
groups along with the separation of the bases
that occurs in formation of the Z-IC conformer
disrupts the water structure in the first hydration
shell, providing an unfavorable contribution to
the overall energy change resulting from forma-
tion of the Z-IC complex. Consequently, it is likely
that the overall energy change for formation of the
Z-1C conformer is actually positive.

Another interesting point concerning the
intercalation site properties of the B- vs. Z-forms
of DNA is the observed effect on the helical
winding angles. For B-DNA the helical winding
angle for repeat fragments (monomers) is 36°.
For the B-IC conformer, the intercalation site
exhibits a helical winding angle of 29.97°, or an
unwinding of 6°.

In Z-DNA the helical winding angle for repeat
fragments (dimers) is about —60°. For the Z-1C
conformer, since two nucleotides comprise the
repeat unit of native Z-DNA, we examine the
helical winding angle of each monomer compo-
nent of the dimer repeat unit. At the intercala-
tion site itself, BP2 — BP3, the helical winding
angle is —10°, little different from the corre-
sponding site of the native Z-DNA structure of
Figure 4 and Table I. What is interesting is that
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the fragment below the Z-intercalation site, BP1
— BP2, exhibits a helical winding angle of
—18.75° compared to a value of —49.4° in native
Z-DNA. Formation of the Z-IC conformer winds
the helix by about +31° and the winding is not
localized at the actual intercalation site, but at
the residue below it. Thus, B-IC structures show
an unwinding of B-DNA at the intercalation site,
but Z-IC structures exhibit a winding of the
Z-DNA at the nucleotide residue trailing the
intercalation site.

A final point concerns the neighbor exclusion
principle in which once an intercalation site
arises, adjacent sites are disallowed or excluded
from assuming an intercalation conformation.
This concept arose in examining the intercala-
tion complexes of B-DNA noted above and has
been discussed in some detail [30, 59-62]. The
essence of the neighbor exclusion principle is
that an intercalation site influences neighboring
site conformations. Under this principle the
intercalation site actually spans not 68A of
the site proper, but 10.2A (6.8 A+3.4A) which
includes a neighboring duplex unit. Winding of
the Z-DNA at the site adjacent to the intercala-
tion site in the Z-IC structure is therefore
consistent with the neighbor exclusion principle.
Experimental X-ray fiber diffraction of a plati-
num terpyridine saturated calf thymus DNA
exhibited the 10.2A meridonal reflections con-
sistent with the 6.8A+3.4A intercalation site
duplex [59]. Arnott et al. reinterpreted the
platinum terpyridine complex data [61]. They
argue that the 102 A length of the intercalation
site duplex is a result of significant differences in
the glycosyl torsions and the sugar conforma-
tions (puckers) of the nucleotide units bounding
the site. The platinum terpyridine complex
exhibits a 5'-anti: C2ZN-p-syn: C3N-3' trait using
the convention of Figure 1. These parameters
occur in what is a B-DNA variant, a right-
handed helical structure. The intercalation site in
the Z-DNA model proposed here adopts the
opposite conformational trait, i.e., 5-syn: C1X-p-
anti: C2N-3'. The neighbor exclusion principle is

well documented for B-DNA intercalation com-
plexes, and the results presented in this paper
indicate that it holds for the Z-DNA counterpart.
Consequently, intercalation represents a case of
allosterism in nucleic acids, ie. a significant
conformational change at one locus results in
specific conformational changes that inhibit
intercalant binding to an adjacent locus [63].
This is supported by the finding that intercala-
tion causes the transition of Z- to B-DNA in a
region containing from 5 to 25 base pairs around
the intercalation site [64 - 66]. Generally, Z-DNA
intercalation conformation results in the oppo-
site traits observed in B-DNA intercalation
conformations.
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