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ABSTRACT

The crystal structures of two synthetic DNA oligomers have been
solved and refined. The first, a tetramer of base sequence d(CpGpCpG)
or CGCG, crystallizes as four-base-pair fragment of left-handed Z'
double helix. It differs from the Z helix adopted by the related
hexamer sequence CGCGCG in that the pucker of guanine sugar rings
is C1'-exo rather than C3'-endo. Crystals of the tetramer, grown from
an exceptionally high-salt solution, incorporate excess magnesium
chloride. The magnesium cations do not appear to play any structural
role, but chloride anions, bound to guanine 2-amino groups in the
minor groove, may induce the C3'-§2§9/C1'-§§9_guanine sugar pucker
change via electrostatic repulsion of a nearby phosphate oxygen.

A second compound, the dodecamer CGCGAATTCGCG, crystallizes as
slightly more than a full turn of right-handed B-DNA. The fact that
both CGCG ends of this molecule remain right-handed, without a trace
of any conformational instability, implies that left-right interfaces
and left-handed helical regions might be rare or nonexistent in a DNA
polymer of mixed sequence.

Although the dodecamer double helix is smoothly deformed into a
radius of curvature of 110 ﬂ, bending has little effect on local helix
parameters. Instead, the sequence of bases along the chain plays a
more important role in helix variability. Purine sugars exhibit the
C2'-endo pucker of classical B-DNA, but pyrimidine sugars are.distorted
into a conformation intermediate between Ol'-endo and C1l'-exo. Because

sugar pucker and glycosyl angle are closely related parameters, this
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small difference in sugar pucker leads te subtle sequence-specific
variations in base pair position and helix twist. In general, pyrimidine-
purine steps open to the minor groove, while purine-pyrimidine steps

open to the major.

Ordered water molecules are an integral part of the CGCGAATTCGCG
structure, and they are found more in the grooves of the helix than in
the first coordination shell of phosphate groups. Major groove waters
are predominantly monodentate, but those in the GAATTC minor groove are
organized into a single cooperative network or ''spine'' that extends
from the surface of the base pairs to beyond the helical radius of
phosphate oxygens. The inner two shells of this network exhibit hydrogen-
bonded geometries which are likely to be specific for an uninterrupted

stretch of A/T base pairs.
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CHAPTER 1



CGCG: THE PINK SWAN

"Now it is far from obvious, from a logical point of
view, that we are justified in inferring universal statements
from singular ones, no matter how numerous; for any conclusion
drawn in this way may always turn out to be false: no matter
how many instances of white swans we may have observed, this
does not justify the conclusion that all swans are white."

---Karl R. Popper from

The Logic of Scientific Discovery




1.1  INTRODUCTION

For many years, DNA was thought to be an exclusively right-handed
molecule. The structures of right-handed A and B-DNA (1) had been
well-substantiated by fiber x-ray diffraction analysis (2), and the
only proposal for a left-handed helix (in the alternating copolymer
poly @I -dC), Reference 3) had been thoroughly rebuked. Struther Arnott,

one of the more prominent DNA structural chemists, wrote in 1974 (4):

We describe here details of the structure of a peculiar
DNA double helix that occurs when purine and pyrimidine
.nucleotides alternate along each polynucleotide chain. This
structure has been obtained by analyzing X-ray diffraction
patterns from oriented, crystalline fibers of poly(dA-dT)-
poly(dA-dT), but since we obtain similar patterns from
poly(dG-dC) -poly (dG-dC), it appears that there is no require-
ment for a particular purine or pyrimidine base.

He continues:

Mitsui et al (1970) obtained from poly(dI-dC)-poly(dI-
dC) diffraction patterns very similar to that shown in
Plate I. However, the model they proposed for the molecular
structure is a bizarre left-handed double helix with unusual
furanose ring shapes. Our model for all these complementary
poly (dPu-dPy) -poly (dPu-pPy) molecules, while distinct from
previously described DNA structures, is a conformationally
unexceptional, right-handed double helix with standard
furanose rings.

Perhaps if people believe in an idea fervently enough, it cannot
possibly come true. Although the structures of poly(dI-dC) and
poly(dA-dT) may indeed be right-handed, that of poly(dG-dC) has since
been shown to be left-handed double helix (5) which can tolerate

unusual furanose ring shapes (6). Arnott, in a reinvestigation of

the poly(dG-dC) structure, found that '"after prolonged annealing"



this polymer would adopt a left-handed structure (7). In this case,
"prolonged' must mean six years, from 1974 to 1980.

Actually, the left-right salt-induced transition of poly(dG-dC)
had been seen in solution as early as 1972, but it was not then
possible to deduce the structure of the high-salt form (8). The
investigators must have suspected the truth, however, for they named
the low-salt form 'R" and the high-salt form "L'".

There is probably no great story of biological significance
to be told about left-handed DNA, but there may still be a lesson
to be learned, about swans, double helices, and the process of
scientific discovery. The remainder of this chapter deals with the

crystal structure analysis of CGCG, a left-handed Z' double helix.
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A Salt-induced Conformational Change in Crystals of the
Synthetic DNA Tetramer d(CpGpCpG)

From a low-salt solution, d(CpGpCpG) crystallizes in space group P6,22 with
a=0b=2308 A and ¢ = 43-6 A. From a high-salt solution, d(CpGpCpG)
crystallizes in space group €222, with a = 19-5 A, b = 31-3 A, and ¢ = 64-7 A.
The transition between these two forms appears to be fully reversible in the
crystalline state. Native data sets have been collected and Patterson maps
calculated from both low and high-salt crystals in preparation for structure
analysis.

Solution studies by Pohl & Jovin (1972) have shown that the alternating copolymer
poly(dG-dC) undergoes a reversible conformational change at high ionic strength,
while related sequences such as the alternating RNA copolymer poly(G-C) and the
DNA homopolymer poly(dG)-poly(dC) do not. The activation energy for this salt
induced transition has a rather large value of 22 kcal/mole, and is practically inde-
pendent of chain length. Ethidium bromide, an antibiotic that intercalates into the
narrow groove of the double helix, exhibits a much higher affinity for the low-salt
form of poly(dG-dC) than for the high-salt form, so that addition of ethidium bromide
to a high-salt solution of poly(dG-dC) results in a co-operative reversal of the DNA
conformation to its low-salt form (Pohl et al., 1972).

No satisfactory structural model has been proposed to account for the salt-induced
conformational change of poly(dG-dC). Sobell et al. (1977) have suggested that high-
salt poly(dG-dC) may be B-kinked B-DNA, but present evidence does not support
this proposal. If a kink in the double helix precedes intercalation, then the high-salt
conformation of poly(dG-dC), if continuously kinked, should exhibit a higher affinity
for ethidium bromide than should the low-salt conformation, in which a kink is a
transient dynamic phenomenon. However, as discussed above, high-salt poly(dG-dC)
actually binds ethidium much less tightly than does the low-salt form.

This paper is the first in a crystallographic study of the salt-induced transition of
poly(dG-dC). We have obtained single crystals of the synthetic DNA tetramer
d(CpGpCpG), to be referred to hereafter simply as CGCG, at both low and high ionic
strength, and observed a phase transition from high to low salt within the crystal.
Diffractometer data have been collected for each of the two crystal forms, three-
dimensional Patterson vector maps have been calculated, and a search for heavy-atom
derivatives is under way.

From a low-salt solution, crystals may be grown by diffusion of ethanol into
0-5 to 2:0 mg/ml aqueous solutions of DNA at neutral pH and room temperature.
Precession photographs of this form are shown in Figure 1. The space group is P6,22
or P6:22, with cell dimensions as given in Table 1. The measured density of crystals
grown from 5 mM-magnesium acetate indicates that there are 32.580 daltons of DNA
and solvent per unit cell, or 2720 per asymmetric unit. Since the molecular weight of
a single-stranded CGCG tetramer is 1170, the asymmetric unit may contain one
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Fig. 1. Precession photographs of low-salt CGCG. u == 30°, F = 50 mm. (a) The A0l zone; (b) the
hhl zone. Space group P6,22, c* axis horizontal.

tetramer in a crystal 439, DNA by weight, or 1:5 tetramers in a crystal 659, DNA.
For reasons given below we favor the second choice.

The (0,0,12), (1,0,12), and (1,0,13) reflections in Figure 1 are exceptionally strong,
with disorder streaks to either side of the c¢* axis. The (0,0,24) reflection also is strong,

TasLE 1
Crystal data for low- and high-salt CGCG

Form Low-salt High-salt sigh. i lusy
salt transition
a 308 A 195 A 312 A
b 30-8 31-3 31-2
c 436 64-7 43-9
y 120° 90° 120°
4 35,820 A3 39,490 A3 37,010 A3
Space group P6,22 222, P3,21
Povs (g/cm?) 1-51 + 0-01 1-60 + 0-05
Daltons/cell (incl. solvent) 32,580 38,060
Daltons/asymmetric unit 2720 4760
CGCG monomers per asymmetric unit 1-5 2

Per cent DNA by weight 659, 499,
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Fic. 2. Patterson sections for low-salt CGCG. (a) Harker section at w = 1/6, calculated using
only high-angle reflections to enhance contributions from phosphorus atoms. (b) u = 0 section
showing maximum at w = 3:6 A (arrow). Calculated using all reflections.

while the (0,0,6) and (0,0,18) reflections are weak. This suggests that the crystallo-
graphic 6, screw axis approximates a 12, axis, and that the DNA tetramers stack as
a 12-fold double helix in which the base planes, separated by ¢/12 = 43-6/12 = 3-64,
are nearly normal to the ¢ axis. One may regard such a helix as a continuous structure
in which every fourth phosphate group has been deleted from each strand. The miss-
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irig phosphates in the two chains may either be aligned (flush-end stacking of four-
base-pair “drums”), or staggered by two bases (continuous helix with overlapping
ends).

The a and b dimensions of 30-8 A suggest that there are three such 12-fold helices
in each unit cell, parallel to ¢ and centered at (z,y) = (0,0), (1/3,2/3), and (2/3,1/3),
with a 17-8 A spacing between helix axes. (Langridge et al. (1960) have discussed why
DNA crystallizes in this way.) This packing scheme is confirmed by the w = 1/6
section through the full three-dimensional Patterson map in Figure 2(a). This is not
only a Harker section with vectors between symmetry-related atoms; in space group
P6,22 the w = 1/6 Patterson section is in fact a squared Fourier projection of the
crystal structure (Buerger, 1959). Figure 2(a) was calculated using only high-angle
reflections between 2:0 A and 1-5 A in the hope of enhancing the contribution of
scattering from phosphorus relative to the lighter atoms (Rosenberg et al., 1973). The
three helices are clearly visible, each with a depression at its center. The helix at
(0,0) sits on a crystallographic 6, screw axis, and the other two occupy 3, axes. A
continuous 12-fold helix with every fourth phosphate group missing along each
strand will have 3, symmetry. To accommodate 6, symmetry at the origin, one must
assume that the helix at (0,0) is disordered, with half phosphates at every other
position along the chain. This kind of disordering also produces optimal packing
among the three helices in the cell if they are arranged so that the idealized helices
(i.e. with all phosphates present) are translationally equivalent.

To appreciate this point, consider the hexagonal cell in Figure 3. If helices A, B,
and C were translationally equivalent, then reflections with » — k& 5 3n would be
extinguished, and a reduced cell with @ = b = 17-8 A would result. Although these
reflections are not absent, they are systematically weaker than those reflections for
which A — k& = 3n. (Every 3rd horizontal row in Fig.1(a) is especially strong.) Hence
helices A, B, and C are not far from being equivalent. The proposed model for low-
salt CGCG requires 18 tetramers per cell, or 1-5 per asymmetric unit, and 65%, DNA
by weight.

Crystals of high-salt CGCG may be grown by evaporation of water from a solution
initially containing 0-5 mg DNA/ml, 10%, 2-methyl-2,4-pentanediol, and 0-2 M-
magnesium chloride. In the early stages of evaporation while the salt concentration
is relatively low, some of the DNA may crystallize in its low-salt form. As the salt
concentration increases to 1 M-magnesium chloride with continued evaporation, these

F1a. 3. Inferred packing of helices parallel to the ¢ axis in the hexagonal low-salt form of CGCG
(helices A, B, C), and the orthorhombic high-salt form (helices D and D’). Each circle represents a
helix normal to the plane of the page. Helices A, B, and C are crystallographically non-equivalent.
Helices D and D’ are identical except for the centering operation.
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crystals shatter, and crystals of the high-salt form begin to appear. The X-.ray
photographs (Fig. 4) indicate space group €222, and the cell dimensions given in
Table 1. The observed density leads to 38,060 daltons of DNA and solvent per unit
cell, or 4760 daltons per asymmetric unit. Although there are no individual reflections
in Figure 4 comparable in intensity to the strong 3:6 A reflections in Figure 1, a
clustering of moderately strong reflections to either side of the c¢* axis with spacings
around 3-6 A in Figure 4(a) and (b) suggests that some helicity is retained, although
obscured by crystal packing. A strong peak is observed 3-6 A down the w axis in both
the low-salt (Fig. 2(b)) and high-salt (Fig. 5(b)) » = 0 Patterson sections, suggesting
that the bases stack roughly perpendicular to the ¢ axis in both forms.

Interpretation of the high-salt form is aided by the unexpected finding that a
solid-state rearrangement in the crystal to a somewhat disordered low-salt form may
be induced if the mother liquor surrounding the crystals is diluted. X-ray photographs
of crystals that have undergone this crystalline phase transition are shown in Figure
6. The general pattern of intensities resembles that in Figure 1, but with disordering
beyond 7 A resolution. The cell dimensions (Table 1) are close to those of the original
low-salt form. The presence of an (0,0,3) reflection and the Laue symmetry of upper-
level precession photographs show that the space group now is P3,21 rather than
P6,22. The cluster of strong reflections around (0,0,12) that has been ascribed to
helical base stacking reappears, but is quite diffuse. Whatever the structure of the
high-salt form, it must be derivable from the low-salt structure by a relatively small
movement of helices or tilting of bases, since the transition can be accommodated
moderately well in the crystal.

The most probable relationship between helix packing modes in the low- and
high-salt crystals is shown in Figure 3. In the high-salt crystals, helices D and D’ are
identical except for the centering operation, and the structure can be indexed on a
primitive pseudo-hexagonal lattice with dimensions a = b = 184 A, y = 116°. In

F1c. 4. Precession photographs of high-salt CGCG. p = 25°, F = 70 mm. (a) The kOl zone;
(b) the kAl zone. Space group C222,, c* axis horizontal. Note the pseudo 4, intensity distribution
of (0, 0, I) reflections at low angles.
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Fic. 5. Patterson sections for high-salt CGCG. (a) Har
only high-angle reflections. (b) u = 0 section showing maximum at w

using all reflections. Figs. 2 and 5 are on the same scale.

3:6 A (arrow). Calculated
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Fic. 6. Precession photographs of high-salt crystals of CGCG after re-introducing them to a
low-salt environment. p = 20°, F = 70 mm. (a) The hOl zone; (b) the khl zone. Space group
P3,21, c* axis horizontal. Compare these photos with Fig. 1.

the low-salt crystals, helices A, B, and C are not identical. If they were, then a
primitive hexagonal lattice would result, with dimensions @ = b = 17-8 A4, y = 120°.

Simple division of the ¢ axis length by 3:6 A in the high-salt form suggests that
there are 18 base-pairs up the ¢ axis, but this number is incompatible with the 2,
screw axis along ¢ and the 2-fold axes perpendicular to ¢ that are demanded by the
space group. A better model with 16 base-pairs up the ¢ axis is shown in Figure 7.
If a four-base-pair double helix built from two CGCG monomers is considered to be
a stubby cylinder or drum of diameter 17-8 A and height 4 x3-6 A = 14-4 A, then
only a 9° angle between drum and helix axes is required for four drums tilted as in
Figure 7 to take up 64-7 A along the ¢ direction. This model is compatible with the
symmetry of space group C222,, and yields two CGCG monomers or one double-
helical drum per asymmetric unit in a crystal 499, DNA by weight. It also accounts
for a pseudo 4, distribution of intensities along the c* axis (strong (0,0,4) and (0,0,8)
reflections), since the helix of tilted drums in Figure 7 has a local 4, screw axis that
is reduced to a 2, axis in the crystal in the interest of lateral close packing of helices.

Is the salt-induced transition in crystalline CGCG the same as that of poly(dG-dC)?
The answer to this question depends to a large extent on whether the conformation of
CGCG in the high-salt crystal is continuous in the helical direction. If the drums
shown in Figure 7 simply stack on one another without being interconnected, then
the change from a low-salt to a high-salt domain in the crystal might represent a
mere rearrangement to a more favorable packing scheme. This would necessarily be
a non-specific effect of the strongly ionic environment, since we have observed that
CGCG crystallizes isomorphously from a low-salt solution in the presence of five
different counterions (Li*, Na*, K+, Mg2?*, Ca2*), and that the low-salt crystals
remain ordered when trivalent ions (Sm®* and Er®*) are diffused into the water
channels between helices.

On the other hand, if high-salt CGCG turns out to be a continuous 16-fold structure
in which the tetramers are conformationally linked in the helical direction (either by
base stacking where there is no phosphodiester connection, or by staggering of single
strands), then the salt-induced conformational change of crystalline CGCG might be
a good model for that of poly(dG-dC). From the approximate packing shown in
Figure 7, we would predict for the salt transition of poly(dG-dC) an overall unwinding
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FiG. 7. Possible stacking models for double-helical dimers of CGCG that would account for the
observed c¢ axis lengths and on- or off-axis 3:6 A strong intensities in the low-salt form (left) and
high-salt form (right).

of 7-5° per base-pair (in going from a 12-fold to a 16-fold helix) and an overall
extension of the helix by 119,.

While the preliminary crystallographic observations presented here adequately
account for the pseudo-symmetry observed in the X-ray diffraction patterns of both
low-salt and high-salt CGCG, the actual nature of this conformational change awaits
solution and comparison of the two structures. Hopefully, the structural basis of the
phase transition in crystalline CGCG will explain the unusual solution properties of
high-salt poly(dG-dC) as well as the specificity of the transition for this DNA sequence.

This work is contribution no. 5788 from the Norman W. Church Laboratory ot Chemical
Biology. The authors thank Tsunehiro Takano and John Rosenberg for their helpful
assistance, and Neil and Gretchen Mandel for their early support of this project. This
work has been carried out with the support of grants from the National Institutes of
Health and the National Science Foundation.
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High-salt d(CpGpCpG), a left-handed Z' DNA
double helix

Horace Drew, Tsunehiro Takano, Shoji Tanaka, Keiichi Itakura*
& Richard E. Dickerson

Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125
*City of Hope National Medical Center, Duarte, California 91010

The DNA tetramer d(CpGpCpG) or CGCG crystallizes from high-salt solution as a left-handed double helix, the Z' helix.
Its structure differs from that of the other known left-handed helix, Z-DNA, by a C1'-exo sugar pucker at deoxyguanosines
rather than C3'-endo, and these represent two alternative solutions to the same steric constraint arising from the syn glycosy!
bond orientation. The apparent molecular basis for the Z to Z' transition in going from intermediate to high salt is
substitution of a bound anion for water at guanine amino groups, and consequent charge repulsion of anions and backbone

phosphates.

THE predominance of right-handed DNA helices of the A and B
families was called into question recently by the discovery' that
the double-helical DNA hexamer d(CpGpCpGpCpG) is a left-
handed helix, and one in which the repeating unit is two base
pairs rather than a single step. This ‘Z helix’ has since been found
to explain the X-ray patterns from certain fibres with alternating
purine-pyrimidine sequences’. We now report that the high-salt
form of the tetramer d(CpGpCpG) (hereafter to be termed
CGCG) also adopts a left-handed conformation, similar to but
not identical with the Z helix.

We, like Wang', chose alternating CG oligomers of DNA
for study because it has been known for some time*™ that
alternating poly (dC-dG) undergoes a reversible, salt-induced
conformation change with a midpoint at about 0.7 M MgCl, or

2.5M NaCl (essentially the same ionic strengths); the exact
nature of this change has been a matter of interest. We have
reported that such a transition with a change in ionic strength of
the surrounding medium can also be observed with the tetramer
CGCG in the crystalline state itself’. Hexagonal crystals of a
low-salt form can be grown by diffusion of ethanol into aqueous
solutions of CGCG (for experimental details as well as crystal-
lographic survey data, see ref. 7). High-salt crystals are grown by
vapour diffusion from solutions containing DNA, MgCl, and
2-methyl-2,4-pentanediol (MPD). The hexagonal low-salt
crystals that form initially in this latter method crack into smaller
blocks as the MgCl, concentration approaches 1 M. These
blocks and the crystals that nucleate subsequently show the
orthorhombic X-ray pattern of the high-salt form. Conversely,

Fig. 1 Stereo pair drawings
of the high-salt CGCG double
helix. Cytosine and guanine
bases are labelied C1to G8 to
the left and right of the two
stereo images. Two chloride
ions are shown in a as large
spheres coordinated to the N2
amides of guanosines G2 and
G6. Other spheres in order of
decreasing radius represent P,
O, N and C. The phosphorus
atoms along the backbone are
referred to as P2, P3 and P4 in
one strand and P6, P7 and P8
in the other. a, View into the
minor groove, down the
approximate 2-fold axis. b,
Oblique view from the
outside, in the direction that
would correspond to the
major groove in the right-
handed helices.
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high-salt crystals that are placed in a more dilute solution
convert immediately from the orthorhombic to a slightly dis-
ordered version of the hexagonal X-ray pattern’. Although the
diffraction intensity distribution is quite different in the two
forms, the transition is apparently small enough to be accom-
modated within the crystal lattice packing. Unit cell dimensions
suggest that the transition involves a shifting of the double
helices relative to one another along the ¢ axis, with the lateral
packing of helices being relatively unaffected, as in Fig. 3 of ref.

7. The structure of the high-salt form is now known and is the

subject of the present article.

Structure analysis

Crystallization data and preliminary X-ray survey results have
already been reported’. High-salt crystals are orthorhombic,
space group C222,, with cell dimensions a=19.504A,
b=3127A, ¢=64.67 A, and with one CGCG double helix
(two CGCG monomer strands) per crystallographic asymmetric
unit. The empirical formula of C35N,602,H.¢P; per strand leads
to a molecular weight of 1,172, and the measured crystal density
of 1.6 g cm™* indicates that the crystals are only 49% DNA by
weight. The structure was solved by the method of single
isomorphous replacement. Diffusion of various ions and
complexes into pre-grown CGCG crystals failed to produce a
usable isomorphous derivative. Instead, two covalent heavy
atom derivatives were prepared by de novo synthesis of the
tetramer, with 5-bromocytosine in place of one of the cytosines
at the first or third position, using the triester synthesis®. The
derivative with bromine at the third position (3Br-CGCG)
crystallized isomorphously with the native compound, whereas
that with bromine at the first position (1Br-CGCG) did not. In
the light of the final structure, we now can see that insertion of
bromine at the beginning of the molecule interferes with stack-
ing of adjacent double helices up the ¢ axis, whereas 3Br-CGCG
has no such impediment to stacking. Single isomorphous
replacement phases® calculated from the 3Br derivative yielded
a mean figure of merit of 0.42 to a resolution of 2.7 A. These
phases were used to calculate a ‘best’ or least r.m.s. error
electron density map'®. A Kendrew wire model served as the
starting point for Jack-Levitt refinement''. The completed
structure consists of 158 non-hydrogen DNA atoms and 86
ordered solvent atoms per asymmetric unit. The current residual
error or R factor for 1,900 refiections (>2¢) to a resolution of
1.5 A (beyond which the pattern fades rapidly) is 19.9%.

The CGCG double helix

As shown in Fig. 1, two CGCG strands in the high-salt crystals
form a short left-handed antiparallel double helix with Watson-
Crick base pairing. As in the Z helix reported for the CGCGCG
hexamer', cytosines retain their customary anti orientation
about the C-N glycosyl bond, with the sugar ring turned away
from the O2 carbonyl oxygen of the cytosine ring, and guanines
adopt an unusual syn conformation with the sugar ring bent
towards the guanine N3 ring nitrogen. The sugar-phosphate
backbone therefore has a zigzag path, with two steps along the
chain as the true helical repeat. The helical rotation between
repeating units or pairs of base pair steps is —60°. The minor
groove containing the guanine amino and cytosine carbonyl
groups (Fig. 1a) is the only true groove in the helix, because
what corresponds formally to the major groove with guanine
carbonyl and cytosine amino groups (Fig. 15) is pushed out to
the surface of the helix so that it is not a groove at all. The
syn—anti alternation of glycosyl bonds may limit all such zigzag
left-handed helices to alternating purine-pyrimidine sequences,
because placing a pyrimidine base in the syn conformation
brings its O2 carbonyl oxygen close enough to the O1' oxygen of
deoxyribose to disturb their first hydration shells and permit
dipole—dipole repulsion.

The low-salt CGCGCG hexamer' and the present high-salt
CGCG tetramer differ slightly in the tilt of base planes to the
helix axis and base repeat spacing along the helix axis. In the
hexamer the bases are tilted 7° away from perpendicularity to
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Fig. 2 Deoxyribose ring conformations: a, C3'-endo; b, C2'-endo; c,

C1'-exo. The value of the C4'~C3' torsion angle ' is clearly defined by the

itions of atoms O3’ hed to C3') and C5', and is 82° (), 144° (b), and
120° (¢) for the conformations drawn here.

the helix axis and the average rise per residue along the axis is
3.7 A. In the tetramer the base plane tilt is 9° and the average
rise per residue is 3.8 A. These differences are associated with a
more fundamental change in sugar conformation at deoxy-
guanosine. In the hexamer the sugar pucker is C2'-endo at
cytosines and C3'-endo at guanines. The tetramer also has
C2'-endo sugars at cytosines, but at guanines the conformation
is C1'-exo. This latter is a conformational variant of C2'-endo,
and quite distinct from C3'-endo (Fig. 2). Hence, to a crude first
approximatiorn, the sugar pucker is repetitive along the CGCG
chain rather than alternating as in CGCGCG.

The evidence for sugar pucker comes less from direct obser-
vation of the rings themselves than from the geometry of the
backbone chain. As the X-ray data for the tetramer do not

Table 1 Comparison of left-handed DNA helices

Helix
Where found

Repeating units per turn
Lateral crystal packing diameter®
Rise per repeat
Base pair tilt to helix axis
Rotation per repeating unit
Glycosyl torsion angle (x)
Deoxycytidine
Deoxyguanosine
Sugar pucker (¢")
Deoxycytidine
Deoxyguanosine
Distance of P from axis
d(CpG)
diGpC)
P-P distance across helix
diCpG)
d(GpC)
Ref.

z
High-salt CGCG

184 A
7.61£0.11 A
9

-59.4£3.1°

anti (23°)
syn (-106°)

C2'-endo (141°)
Cl'-exo (122°)

6.0+0.3 A
8204 A

11.4and 12.1 A
16.5
This work

z
Low-salt CGCGCG
6

18.1A

7.43 At
7
-60°

anti (21°, 32°)%
syn (-112°, —118%%

C2'-endo (138°, 147°)%
C3'-endo§ (99°, 94°)%

6.9 A
8.0A

125 A
15A
1

As the repeating unit in each helix is two consecutive bases, C and G, all helix
parameters given have been expressed in terms of this repeat, rather than
individual bases. Idealized parameters for the Z' helix have been obtained using a
helix-building program provided by John Rosenberg.

*d=0.5(a’+b%), where a and b are crystal cell dimensions.

*c/6, where c is the cell dimension along the helix axis.

tVariants Z, and Z,,. respectively?’.

§Reported as C3'-endo, but with torsion angles closer to C2'-exo (ref. 12).
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extend to atomic resolution, every atom in the deoxyribose ring
cannot be resolved and positioned accurately from electron
density alone. A better guide to sugar puckering is the torsional
angle about the C4'-C3’ bond in the five-membered ring (¢' in
Fig. 2). The X-ray results allow this angle to be specified with
considerable accuracy, as the C5'-C4'-C3'-O3’ linkage is an
extended chain with well resolved atoms. This torsional angle is
directly related to the sugar pucker as shown in Fig. 2: ~ 82° for
the C3'-endo configuration, 144° for C2'-endo and an inter-
mediate 120° for C1'-exo (ref. 12). In the CGCG structure it
averages 141+ 4° for the four cytosine positions, and 122+ 1°
for three of the four guanines; at one of the 3'-terminal guanines,
G8, the final O3’ oxygen is disordered, so its ¢’ value of 141° is
not representative of the ideal helical structure.

The C1'-exo conformation can be regarded as a slightly ‘bent’
C2'-endo, and this deformation can be seen from the tetramer
structure to arise from a close contact between the N3 nitrogen
atom of a guanine ring and the C2' atom in the sugar ring that
is in syn orientation to it. This distance averages 3.1+0.1 A
in the crystal, with a C1’-exo pucker. Forcing the ring back into a
C2'-endo conformation would push these atoms 0.4 A closer
together, leading to an unacceptably short non-bonded contact.
The observed tetramer backbone, therefore, represents the best
that can be done using a repetitive C2'-endo-like sugar pucker,
in the presence of alternating syn and anti glycosyl bonds. The
alternation of 2'-endo and 3'-endo present in the CGCGCG
hexamer' represents a different solution to the same steric
problem.

We have termed our structure the Z' helix because it differs
from the Z helix to about the same degree, if in a different way,
as the A’ helix with 12 base pairs per turn '*'* does from the A
helix with 11 (ref. 15). Transitions between both pairs, A to A’
and Z to Z', can be induced by changes in salt concentration. A
similar salt-induced transition is observed between the two
principal members of the third family of helices, B with 10 base
pairs per turn and C with 95 (refs 16-18). From this viewpoint it
might have been more consistent for the C helix to be termed the
B', but consistency in an evolving scientific nomenclature is a
goal scarcely to be hoped for.

Table 2 Solvent binding to base amino groups in CGCG

N-to-solvent
Base no. distance (A) Refined total Probable
electrons identity
Minor groove: N2 of guanines
G2 36 16 cr
G4 3i5 8 CI-
G6 32 11 ar
G8 2.7 5 H,0
Major groove: N4 of cytosines
C1 — — —
C3 3.1 4 H,0 or CI7?
Cs 3.2 7 Cr
c1 3.6 8 ar

Unlike CGCGCG, the molecular helix axis in CGCG does not
coincide with a crystallographic axis, and the molecules are not
stacked in such a way as to simulate a continuous helix. In Fig. 3,
the two molecules are related by a 2-fold axis normal to the
plane of the paper through the centre of the diagram. Horizontal
2-fold axes above and below these molecules also relate them to
other molecules not shown at the top and bottom of Fig. 3. An
elongated solvent peak of eight electrons occupancy extends
between positions 3.5 A away from the N2 amino groups of
guanines G4 on the two molecules shown, and the distance from
the amino group suggests that this is a partial-occupancy, dis-
ordered chloride site rather than water. At the other end of each
molecule, the amino group of guanine G8 is coordinated to a
water molecule at 2.7 A distance rather than to C1°, and a
network of solvent molecules crosses each horizontal 2-fold axis
to connect to another molecule not shown. Each molecular helix
axis is tilted 14.3° away from the crystallographic ¢ axis, which is
vertical in Fig. 3.

In addition to this mismatch of molecular helix axes, the two
molecules shown are not stacked in a way that continues the
helical twist. For this to be true, the lower two base pairs of the
top molecule in Fig. 3 should be rotated by —60° relative to the
upper two base pairs of the bottom molecule. The observed
rotation is only —30°, and the reason for this smaller rotation is
that it maximizes base pair overlap between molecules. The

Fig. 3 Stereo drawing of stacking of
neighbouring molecules along the ¢ axis
(vertical). These two molecules are related
by a crystallographic 2-fold axis normal to
the plane of the drawing through the
central bridging chloride ion (large circle).
This ion is actually a cigar-shaped peak
elongated vertically from one guanine
plane to the other, and could represent
statistical occupancy of two sterically

ive coor i to the

two G4 guanine rings.
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absence of linking phosphate groups permits this more favour-
able stacking with base pairs almost eclipsing one another,
whereas within a helix the GpC base stacking involves a 32°
twist. The combination of a 60° helical twist within each mole-
cule and a 30° non-helical twist between molecules turns the ¢
axis into a pseudo-4; screw axis, leading to a strengthening of
(0, 0, /) reflections with / =4n and weakening of the others, as
was noted from the first survey X-ray photographs’. The mole-
cular packing is exactly as was predicted in Fig. 7 of ref. 7, except
that the lateral 2-fold axes run between molecules rather than
through the molecular centres. The 2-fold symmetry of the two
halves of any one molecule is only approximate.

The idealized Z' helix

To establish the helix axis and other helical parameters as shown
in Table 1, the rotational and translational parameters that best
mapped the first CG half of the molecule onto the second half
had to be found analytically. As with CGCGCG, there are six
repeating units per turn of ideal continuous helix. The rise per
repeat and the tilt of base planes to the helix axis are both slightly
greater in CGCG than in CGCGCG, but the most conspicuous
differences are the deoxyguanosine sugar puckering, mentioned
earlier, and the phosphate separation distances listed in Table 1.

Figure 4 shows three CGCG molecules stacked on top of one
another with their helix axes coincident and with — 60° rotation
between them to simulate one complete turn of Z' helix.
Although each molecule is correct as observed, this idealized
arrangement of them has no relationship to the actual molecular
packing in the crystals. Zigzag lines connect the phosphorus
atoms, including missing phosphates necessary to turn the three

Fig. 4 Stereo view of stacking of three CGCG mole-
cules on top of one another in such a way as to simulate
a continuous 6-fold Z' helix. Zigzag lines connect the
phosphate backbone of an ideal helix, including the
absent phosphates between molecules. The base plane
normal is tilted 9° to the helix axis. The nearest
phosphates on opposite strands are only 8.1 A apart
across the minor groove. The ‘major groove' is pushed
to the outside of the helix and is not a groove at all.
Base plane puckering is such as to suggest steric
repulsion by adjacent cytosine deoxyribose oxygen
atoms. This is an isometric drawing with the viewing
point at infinity; previous stereo figures have been
perspective drawings with a finite viewing distance.

molecules into a continuous helix. As was noted for the Z helix,
each cytosine deoxyribose ring has its oxygen atom packed
against a guanine ring one step farther along the chain. Each
base plane in Fig. 4 is puckered or twisted, and the observed
deformations imply a steric repulsion by this close-packed sugar
oxygen. A careful examination of Fig. 2 of ref. 1 reveals a similar
apparent repulsion between guanine rings and deoxyribose
oxygens in the Z helix, and this may be a characteristic feature of
these left-handed zigzag structures.

Ion binding and helix conformational change

CGCGCG was crystallized from low-salt conditions and CGCG
from high salt. The explanation for their observed difference in
backbone conformation, and also for the salt dependence of the
transition, may lie in the presence of bound chloride ions in the
CGCG structure. DNA itself is a polyanion; if one assumes a
charge of —3 on each CGCG strand and the observed crystal
packing, then the crystals are 2.0 M in negative charges which
must be neutralized by cations. By comparison, crystals of
CGCGCG with an assumed -5 charge per strand and the
published cell constants' are 2.6 M in negative charge, which
sets a lower limit on the compensating cationic charge molarity.
Although CGCGCG was crystallized from low-salt solution
conditions, it is by no means in a low-salt or low-ionic strength
environment within the crystals themselves, and this may be
significant for the helix conformation in the crystal. CGCGCG
might better be described as an intermediate salt structure.

As mentioned earlier, high-salt CGCG has additional
chloride anions bound within the crystal structure, and these are
listed in Table 2. In the minor groove, two sites of occupancy 16
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Table 3 Nucleic acid double-helix geometry

Family A B z
Helix sense Right Right Left
Glycosyl bonds anti anti syn/anti
Sugar pucker C3'-endo C3'-exo (or C2'-  Alternating
endo)

Helix A A’ B c z Z'
Bases per turn 11 12 10.4-10* 9% 12 12
Rotation per base 32.7 30° 34.6°-36° 38.6° -60°/2 -60°/2
Pitch (A) 309 36 338 31 446 457
Rise per base (A) 2.8 3.0 3.38 331 7.43/2 161/2
Lateral packing

diameter (A) 23 23 19.3 19.2  18.1 18.4
Base tilt 16°-19°  10° -6° 8% ~7° g2
Refs

Conformation 15 13,14 15 16,18 1 This

work
Transformations
within family 13,14,17 16-18, 29, 30 7, this work
Transformation
from B family 16, 21, 28 — 3-7,20

*Fibre diﬂracnon experiments indicate 10 base pairs per turn, but solution
measurements' and theoretical calculations®? favour a slightly larger non- -integral

value. The entire B—C family pi y rep a of anglesin
the range 34°-39°.

and 11 electrons are found 3.6 A and 3.2 A away from the N2
amino groups of guanines G2 and G6 (Fig. 1a). An elongated
8-electron peak bridges N2 amino groups of guanines G4 on
adjacent molecules as depicted in Fig. 3. Two more partial-
occupancy chloride sites are coordinated to amino group N4 of
cytosines C5 and C7 on the ‘major groove' surface of the
molecule. Hence, allowing for partial occupancy and other
possible minor sites, we estimate that there are approximately
four bound chlorides per double-stranded helix or two per
monomer. This leads to a total negative charge molarity from
DNA plus chloride of 3.7 M, which again places a lower limit on
compensating cation molarity.

The phosphate group connecting bases G6 and C7 in CGCG
is rotated out and away from the narrow groove relative to its
position in CGCGCG, in a manner which suggests electrostatic
repulsion between it and the chloride bound to G6 (Fig. 1a). The
phosphate connecting G2 and C3 is rotated away from the
chloride bound to G2 in a similar manner, and together these
account for the 1.5 A increase in GpC phosphate separation in
the Z' helix shown in Table 1. By contrast, in CGCGCG the
phosphate and the guanine N2 amino groups are actually
bridged by a hydrogen-bonding water molecule, as shown
schematically in the left half of Fig. 5. This difference in phos-
phate position is sufficient to account for the increase in torsion
angle ¢' from 82° in CGCGCG to 122° in CGCG, and the
change in sugar conformation at guanine from C3'-endo to

c3' yb@@ 3,
' 0% /
RPN . &
P ~P<o
/ Nos' 0= A
<0 05
Z 1

v »82° y =122°
C3-endo Cl'-exo

Fig. 5 Interactions between deoxyguanosine O3’ phosphate and N2 amino

group in the Z helix of low-sait CGCGCG (left) and Z' helix of high-salt

CGCG (right). In CGCGCG the two groups are bridged by a water mole-

cule, whereas in CGCG the phosphate is repelled by a bound chloride. This

can account for the observed increase in ¢’ (the C4'~C3’ torsion angle) from

82°1n CGCGCG to 122° in CGCG, and the change in sugar pucker from
C3'-endo to C1'-exo.

Cl'-exo. It is significant that Pohl and Jovin® did not see a
salt-induced conformational change in either poly(dI-dC) or
poly(dA-dT), both of which lack the N2 amino group in the
minor groove. Patel’s observation that poly(dI-dC) shows only a
single phosphorus NMR resonance'® rather than the two found
with poly(dG-dC)*° indicates that the (dI-dC) polymer is not
already in a zigzag left-handed helix in the conditions examined.
It may be that the loss of the solvent interaction in Fig. 5 tips a
delicate free energy balance in favour of a right-handed helix.

This is the first single-crystal study of an alteration in double-
helix geometry produced by binding of ions, but not the first time
that such mechanisms have been invoked to explain transitions
monitored by circular dichroism or other methods. Both the A
to A’ transition'*'* and the B to C'*'° may involve specific ion
binding, and there may be a certain amount of parallelism in the
behaviour of the three principal families of nucleic acid double
helices: A, B and Z.
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Fig.6 Families of double helices and tr b them. Tr:
between members of one famxly within oval outlines, are influenced by salt
ation. T families can be brought about by chang-
ing relative humidity and salt content in fibres or films, or changing ionic
strength or solvent polarity in solution. Critical salt and ethanol concen-
trations, from refs. 3, 6, 17, are expressed as midpoints rather than endpoints
of transitions. The B to Z transition, involving a change in helix sense. may be
restricted only to certain alternating purine/pyrimidine sequences.

Why a left-handed helix at all?

To date, X-ray, circular dichroism, laser raman and/or NMR
evidence has been found for a salt- or alcohol-induced transition
that probably involves a right- to left-handed helix change, with
poly(dG-dC) (ref. 3) and poly(dI-Br*dC) (ref. 20), but not with
poly(dI-dC) itself, poly(dA-dT), poly(dA-Br’dU), poly(dA-
1°dU), the ribonucleic acid poly(rG-rC), or any sequence lacking
a purine/pyrimidine alternation®?°. It is not difficult to see why
zigzag left-handed helices might be limited to such alternating
sequences: the steric repulsion mentioned earlier between
cytosine and a syn deoxyribose ring may be sufficient. However,
why should even poly(dG-dC) adopt a left-handed geometry in
preference to a right-handed helix of the A or B families, and
why the apparent discrimination between various possible
alternating sequences?

Properties of the six principal helices in the three helix
families are compared in Table 3, and their known intercon-
versions are schematized in Fig. 6. The three sectors of the circle
about the B helix represent the three ways of bringing about
transitions: lowering the humidity of fibres or films, increasing
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the alcohol concentration, or raising the ionic strength by
increasing the salt concentration. Transitions within one family
seem to be salt dependent and may even involve specific ion
binding. This is certainly true for anion binding in the Z to Z'
transition, as the X-ray results have demonstrated. Ivanov'” has
also observed a correlation between the relative abilities of
alkali metal cations to induce the B to C transition, the radii of
the hydrated cations and the width of the minor groove as the
helix winds down from 10 base pairs per turn to 93. Little
information is available about the A to A’ transition in DNA,
but in RNA the transition is salt induced. All these intercon-
versions within families are probably non-cooperative as they
occur gradually over a reasonably broad range of conditions.

The transitions between the B helix and A or Z families are
sharper and are cooperative in nature**'. This is not surprising,
because a major change in backbone conformation at one point
along the helix will make it easier for neighbouring regions to
adopt the same changes, and for the transformation to pro-
pagate along the helix. Only the B to C conversion is appreciably
temperature sensitive: with a AH® of —10 kcal, the C form is
increasingly favoured as the temperature falls®***, In contrast,
the B to A and B to Z transitions are essentially isoenthalpic and
independent of temperature®?',

Ions in high-salt conditions could be imagined to have any of
three roles in effecting helix transformations: (1) specific binding
to DNA, (2) charge-cloud screening of phosphate-phosphate
backbone repulsions, or (3) a general lowering of activity of
water molecules because of hydration of ions. Phosphate
screening has been invoked to explain both the B to Z and the B
to C transitions'*'”, but this seems unlikely for two reasons.
Although phosphate groups on different helix strands are closer
together in the Z or C helices than in the B, they are fully as close
in A and Z. If the screening argument were valid, the A helix
should be stabilized by high-salt conditions. In fact, it seems to
be the form of choice only in minimal salt conditions, whether in
fibres or in solution. Moreover, the B to Z conversion is
favoured both by alcohol and by salt, and these have opposite
effects on phosphate repulsions: salt diminishes the repulsion by
charge-cloud screening, but alcohol increases the strength of
negative charge repulsion by lowering the dielectric constant of
the surrounding medium. Manning®* has also pointed out that,
because of the phenomenon of charge condensation along a
polyelectrolyte, the local ion concentration around a poly-
electrolyte charge and its degree of neutralization do not follow
a simple law of mass action; the phosphate charges in DNA may
be largely neutralized by even a small excess of cations, as recent
»3Na NMR experiments have shown®’.

The one effect that is shared by the drying of fibres, increasing
salt concentration and increasing the amounts of such solvents a
ethanol, isopropanol or dioxane, is a general lowering of the
activity or effective concentration of water molecules. Each
treatment, in a sense, is a kind of local dehydration of the
polymer. If one regards the B form as most stabilized by
interactions with water molecules, whether specific or
nonspecific, and the A and Z forms as less involved with water,
then all of the inter-family transitions in Fig. 6 become consis-
tent. Although achieved by different means, they have a com-
mon result. This interpretation would also explain why both the
‘low-salt’ hexamer and the high-salt tetramer of CG adopta Z
conformation in the crystal, because the water activity is lowered
by both the high DNA concentration and the high cation
concentration required for charge neutrality. The act of
crystallization is a process of concentration for both DNA
and ions.

As Fig. 6 suggests, the left-handed Z helix family actually
seems to be the conformation of choice when water activity is
lowered, but only if the base sequence permits its adoption. At
present, this seems to require an alternating purine/pyrimidine
sequence, or even poly(dG-dC). Is this preference for the Z helix
sufficiently strong to produce it even if adjacent regions of DNA
are of sequences that cannot adopt the Z conformation? More
information is needed from crystal structure analyses of related
double helices. Data have been collected in this laboratory by
Drew and Wing®® on a self-complementary DNA dodecamer
with the sequence CGCGAATTCGCG, having adjacent Z-
compatible and Z-incompatible segments. Other dodecamers
are being synthesized with sequences that, hopefully, will exhibit
classical B or C helix structures. These, and other carefully
chosen sequence variants, should greatly assist the unravelling
of the importance of solvent and other factors in stabilizing
different helical types, the significance of the new left-handed
structures and their ability to influence the conformation of
neighbouring sequences that cannot adopt the Z or Z’
configuration.
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1.4  CONFORMATION AND DYNAMICS IN Z-DNA
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SUMMARY

Two kinds of conformational variability are known for
left-handed Z-DNA: the Z-to-Z' transition, which involves a
change in guanine sugar pucker from C3'-endo to Cl'-exo, and
the ZI-to-ZII transition, which corresponds to a simple three-atom
phosphate group rotation. Neither of these motions substantially
affects base stacking or helical twist, and this is because the
degree of independent motion of phosphates, sugars and base pairs
is greater in the left-handed Z helix than in right-handed B-DNA.
Thermal vibrations as deduced from refined isotropic temperature
factors are smaller for Z-DNA than for B-DNA, and are more
evenly distributed throughout the helix framework, which also is
indicative of reduced conformational coupling. These conclusions
are based on single-crystal structure analyses of CGCG and CGCGCG
helical fragments; a more complete analysis of Z-DNA flexibility

will have to wait for comparable analyses of much longer

oligomers.
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1. Introduction

The discovery of left-handed Z-DNA in crystals of the hexamer
CGCGCG (Wang et al, 1979) has prompted a resurgence of interest in DNA
conformafion and dynamics. No double helix has yet been shown to
adopt a left-handed conformation in vivo, but certain alternating co-
polymers, notably poly(dG-dC), poly(dG-dT) and poly(dI-dBrC), can
assume Z helix geometries in solution or in fibers under conditions of
decreased water activity (Pohl and Jovin, 1972; Pohl, 1975; Patel
et al, 1979; Arnott et al, 1980).

The probability of finding left-handed DNA in the midst of a
right-handed genome may be considerably diminished, however, by the
instability of a left-right interface. No one has yet been able to
build a stereochemically acceptable model for a left-right interface
without the flip-out of at least one base pair, and the surprisingly
large activation energy of 21 kcal/mole for the left-right conversion
(Pohl and Jovin, 1972) implies that this is exactly what is happening
in solution. This would be consistent with the observation that the
DNA dodecamer sequence CGCGAATTCGCG, having two Z-compatible CGCG ends
and a Z-incompatible AATT center, remains fully right-handed under
salt and hydration conditions in which CGCG and CGCGCG become left-
handed (Wing et al, 1980).

Still, it may be of some use to study the conformational proper-

ties of Z-DNA in order to better understand, by comparison, properties
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of the more biologically important right-handed B form. B-DNA has
recently been characterized in several single-crystal x-ray structure
analyses (Quigley et al, 1980; Drew et al, 1981), and a comparison of
B and Z structures might prove particularly informative.

| In this paper, we present a detailed analysis of Z-DNA conforma-
tion and dynamics as seen in the high-salt orthorhombic form of the
DNA tetramer CGCG. This compound crystallizes from both low-salt and
high-salt solution as a four-base-pair fragment of Z helix (Drew

et al, 1978; Crawford et al, 1980; Drew et al, 1980), and a previous
article dealt with the mechanism by which chloride anions, substitu-
ting for ordered water molecules, induce a change in guanine sugar
pucker from C3'-endo to Cl'-exo (Drew et al, 1980). To be accurate,
we should refer to the Cl'-exo, chloride-bound structure as Z'-DNA to
distinguish it from the C3'-endo, water-bound Z form, but it is a
thesis of this paper that Z and Z' are trivial variants of the same
helix structure. The same will be shown to hold true for phosphate-

rotation variants Z. and ZII (Wang et al, 1981).

I

2. Refinement of the Structure

CGCG crystallizes from high-salt solution (0.5-1.0 M MgCl,) in
space group C222,, with cell constants a = 19.50, b = 31.27 and
c = 64.67 R. Low-salt hexagonal crystals, with Laue symmetry P6/mmm

as determined by precession photography, appear at MgCl, concentrations
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of less than about 500 mM (Drew et al, 1978). (The 0.2 mM salt con-
centration reported by Crawford et al (1980) for preparation of the
high-salt form is incorrect.)

Two CGCG single strands, or one double helix, make up the
asymmetric unit of the orthorhombic crystal. The strﬁcture was
initially solved by single isomorphous replacement, and refined as
described in Drew et al (1980) to a two-sigma R factor of 0.20. An
additional six cycles of Jack-Levitt refinement (bringing the total
mumber of cycles to 90) have led to some improvements in resolution
and stereochemistry. These latter cycles included all 3200 zero-sigma
data between the resolution limits of 5.5 and 1.5 K, and not just the
1900 two-sigma data in the same range. Each reflection was measured
once from a crystal of dimensions 0.6 x 0.3 x 0.2 mm. Final R factors
are 0.21 for the two-sigma data set and 0.29 for the less accurate
zero-sigma data set. Two poorly positioned low-occupancy solvent
peaks were removed from the original phasing model, leaving 158 non-
hydrogen DNA atoms and 84 ordered solvent in the asymmetric umit.
Final atomic coordinates, individual isotropic temperature factors,
observed and calculated structure factors, and calculated phases have
been deposited with the Brookhaven Protein Data Bank.

Because of less-than-atomic resolution, we have used the C5'-C4'-
C3'-03' torsion angle as a guide to sugar conformation at guanine
residues. All deoxyribose rings in the structure as originally

reported (Drew et al, 1980) were somewhat flattened from their true
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shapes, and we know now that this distortion was caused by the use of
improper energy restraints, chiefly bond angles within the deoxyribose
rings. Westhof and Sundaralingam (1980) have since published an
authoritative work on the geometry of the ribose ring, as observed by
single-crystal x-ray methods. Internal ribose bond angles remain

approximately constant in the transition from C3'-endo to C2'-endo, no

angle varying by more than 3°. Appropriate standard values are 109.5°
at Ol', 106° at C1' and C4', and 101.5° at C2' and C3'. Use of these
new values has improved the shape of rings at both cytosines and
guanines.

The two-sigma R factor actually rose slightly, from 0.20 to 0.21,
during the final six cycles of refinement. This was not because of '
changes in the sugar geometries, but because of a change in the data
set against which the model was refined. The quantity being minimized
in these last cycles was not the two-sigma, but the zero-sigma R
factor, and this fell from 0.32 to 0.29 as the two-sigma value

increased from 0.20 to 0.21.

3. Conformational Flexibility in a Z Helix

Two research groups have presented discussions on the conforma-
tional flexibility of Z-DNA. We originally showed that guanine
sugars in the high-salt orthorhombic form of CGCG adopt a Cl'-exo

pucker (Drew et al, 1980), as compared to a C3'-endo pucker for these
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rings in low-salt CGCG and CGCGCG (Wang et al, 1979; Crawford et al,
1980). The mechanism of sugar pucker change also involves a slight
GpC phosphate rotation, and is related to ion binding in the high-salt
crystal (see Figure 5 of Drew et al (1980)). The Cl'-exo guanine form
was called Z'-DNA in order to distinguish it from the C3'-endo guanine
Z form.

Wang et al (1981) later pointed out that GpC phosphates in a Z
helix can take either of two orientations, rotated into (I) or out of
(I1) the minor groove. The numerals I and II in each case indicate
how many water molecules are involved in a hydrogen-bonded bridging
interaction between the guanine Z2-amino group and a GpC phosphate
oxygen. This ZI-ZII motion is similar both in direction and effect to
the Z-Z' motion, but can easily be distinguished by careful structural
analysis.

a. The ZI-to-Z Transition

11

As part of a comparison of variations in the Z helix,

published coordinates for Z. and ZII-DNA (Wang et al, 1981) were

I
expanded via helical symmetry operations to generate a CGCG double

helix. In Figure 1, the ZII variant of CGCG (dark bonds) is shown

superimposed on the Z. variant (light bonds). Significant differences

I
between the two conformations are localized entirely in the GpC phos-

phate linkage, where three atoms, the phosphorus and its two
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negatively charged oxygens, are either rotated into (ZI) or out of
(ZII) the minor groove.

Which torsion angles are involved in the ZI—to-ZII motion? As
shown in Table 1, guanine angles € and ¢ change significantly, by
-75° and +124°, respectively. At cytosines, it is the o and B angles
that shift, by -77° and -57°. All of these changes take place as a
result of the three-atom PO, group rotation. Other differences, such
as the 45° change in guanine @ values, are not structurally related to

the phosphate swiveling.

b. The Z-to-Z' Transition

Using a least-squares superposition program, coordinates for
orthorhombic CGCG (Z'-DNA) were fitted to those of ZI-DNA. Superposi-
tion was based mainly on atoms in the four base pairs and the CpG
portions of the sugar-phosphate backbone. The free 5'-terminal oxygen,
and C2', C3', 03' atoms of the 3'-terminal sugars were given zero
weight during fitting, because as end groups they are free to adopt
conformations not typical of an ideal infinite helix. Atoms in the
GpC phosphate groups were also given zero weight, because they
belonged to a region of the molecule whose relative motion we wished
to observe. |

As shown in Figure 2, the only significant differences between Z

and Z' result from a change in sugar conformation at central guanine
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residues. In Z-DNA, the sugar pucker lies intermediate between C3'-
endo and C2'-exo, while in Z'-DNA it is close to Cl'-exo. This sugar
pucker alteration also induces a slight shift in the position of GpC
phosphates. There are two GpC phosphates in Figure 2, at the left and
right center of the diagram. Both of the Z-DNA phosphates (light
bonds) are in a I orientation, but the swivel of Z' phosphates (dark
bonds) is mixed: the one on the right (between G2 and C3) happens to
be like ZI’ while the one on the left (between G6 and C7) is ZII‘
Thus, differences in position between light and dark GpC phosphates

in this figure describe, on the right, a simple Z. to ZI' motion and,

I

on the left, a combination of Z-to-Z' and ZI-to—ZII motions (more

3 1
precisely, ZI to ZII 15

In terms of torsion angles, Z and Z' differ only in the guanine

§ linkage. As shown in Table 2, Z. and ZII guanines have an average

I
<§> = 97°, while for Z' guanines <8> = 122°. A particularly informa-
tive way to study these structural variations is via a (§,x) plot, in
which the sugar ring torsion angle § is plotted against glycosyl angle
¥x. A plot of this sort for orthorhombic CGCG is shown in Figure 3.
Cytosine residues 1, 3, 5 and 7 cluster about ZI and ZII positions,
while central guanine residues 2 and 6 lie slightly to the right of ZI
and ZII values. Sugar rings at both 3'-terminal guanines 4 and 8 are
disordered, in one case toward CZ2'-exo and in the other toward C2'-
endo. (X-ray evidence for disorder in these unconstrained sugars will

be presented below in Section 5.)
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c. Sugar Pucker and Glycosyl Angle

The (8,x) plot of Figure 3 also illustrates several prin-
ciples of Z helix structure. The first of these is that cytosines and
guanines exhibit different kinds of conformational flexibility, and
this is probably because they adopt very different orientations about
the glycosyl bond. Cytosine glycosyl angles x are free to change
between -145° and -180°, close to their anti value of -154° in right-
handed A-DNA (Arnott et al, 1980), but cytosine sugar puckers are

relatively restricted to a narrow range around C2'-endo. This does

not mean that Z-DNA cytosine sugars must always be C2'-endo, merely
that no other sugar conformation has been observed to date.

At guanines, x angles are relatively fixed in a syn orientation
of about +70°, but sugar puckers are more variable, able to change

from C3'-endo/C2'-exo to Cl'-exo. In neither extreme does the sugar

attain its lowest energy conformation of C3'-endo or C2'-endo. Why
should this be? A plausible reason might be that close nonbonded
contacts between the sugar and the base limit the range of flexibility.
In the Cl'-exo limit, the 2'-carbon of the sugar ring comes within

2.9 & of guanine N3; to reach the C2'-endo conformation would require
an even shorter and stereochemically unacceptable separation of
approximately 2.5 R. In the C2'-exo limit, it is the 3'-carbon of the

sugar that closely approaches the guanine base.
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These differences between cytosine and guanine flexibilities are
informative, but there is a more fundamental similarity which should
not be overlooked: at both cytosines and guanines, glycosyl angles x
show little dependence on the conformation of deoxyribose sugars.
Left-handed Z-DNA is very unlike right-handed B-DNA in this respect,
since one of the strongest torsional correlations in a B helix is

between § and x (Drew et al, 1981).

d. Base Stacking and Helix Twist

In B-DNA, where the §-y correlation is quite strong, a slight
distortion of the sugar pucker from C2'-endo to Cl'-exo induces large
structural perturbations via changes in the x angle (Dickerson and
Drew, 1981). A sugar pucker change of similar magnitude in Z-DNA
(the Z-Z' motion) does not substantially affect the X angle, and hence
would be expected to have little influence on base stacking or helix
twist. Actual base overlap geometries for orthorhombic CGCG, as pre-
sented in Figure 4, demonstrate that this is indeed the case. In
these dinucleotide steps, sugar conformations average Cl'-exo at
guanines, yet ring overlaps are almost exactly equivalent to those
reported for CGCGCG and hexagonal CGCG, structures in which the
guanine puckers are C3'-endo/C2'-exo (Wang et al, 1979; Crawford et al,

1980) .
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Variations in the twist of a Z helix must also be limited since,
as shown in Table 3, local twist angles for orthorhombic high-salt
CGCG average -15° at CpG steps and -45° at GpC, producing in their sum
the same -60° rotation per two-base-pair step that is characteristic
of Z-DNA (Wang et al, 1979). Local rotation angles at CpG and GpC
steps for low-salt CGCG and CGCGCG have not yet been reported, but
judging from the near-identity of base stacking geometries they cannot
be too different from the -15° and -45° seen here. Propellor twists
within G/C base pairs are only on the order of 6°-9°, and this low
value may be due to interstrand base overlap (Dickerson and Drew,

1981).

4. Distribution of Thermal Motion in a Z Helix

There is yet another difference between the Z and B forms of DNA,
one that may also be related to changes in the §-x relationship. In a
B helix, phosphates exhibit considerably more thermal and/or statisti-
cal motion than do sugars, and sugars more than base pairs (Drew et al,
1981). A possible structural interpretation of this effect is that
small perturbations in base stacking or helix twist are amplified as
they propagate radially outward toward the phosphates. Since phos-
phates and sugars can move more independently of one another in Z-DNA
than in B, the prediction of this model would be that thermal motion

should be more evenly distributed among groups in Z-DNA.
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Isotropic temperature factors for high-salt CGCG, as determined
from least-squares x-ray refinement, are consistent with this hypo-
thesis. They average 5.4 at base pairs, 7.9 at sugars and 7.8 at
phosphates, to give a base/phosphate ratio of 5.4/7.8 = 0.69. Com-
parable values for a B-DNA dodecamer are 28, 42 and 51, and produée a
ratio of only 28/51 = 0.55 (Drew et al, 1981). Direct comparison of
these numbers is not necessarily justified, however, since the overall
isotropic temperature factor of the B helix crystal is much larger

than that of the Z (Wilson plot values of 32 and 8, respectively).

a. Vibration Diagrams for Orthorhombic CGCG

The temperature factors listed above are group averages, and
do not convey any information about the three-dimensional distribution
of thermal motion in the crystal. One of the simplest ways to illus-
trate this latter feature is by means of a "vibration diagram,' such
as the one shown in Figure 5a. The size of each atom in this drawing
has been set proportional to its r.m.s. displacement, which in turn is
related to the square root of its individual isotropic thermal factor
B. Atomic radii have been placed on the same relative scale as the
equivalent dodecamer stereos in Drew et al (1981).

Individual B values are much nosier than group B values at this
resolution (1.5 &), and from the variance of values within cytosine

rings an estimate of §-B = 5 may be made for the one-sigma error in
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any light-atom thermal parameter. There may be some signal present

in the noise, however, since the R factor increases substantially
from 0.21 to 0.25 if individual atomic B values are replaced by group-
averaged parameters (i.e., a single averaged value for all eight atoms
in a cytosine ring). Incidentally, the group value of 0.25 is not
much less than a single-parameter Wilson plot value of 0.26, simply
because different groups in the structure have roughly equivalent

temperature factors (5-6 for bases, 8 for sugars and phosphates).

b. Twofold-Averaging of Temperature Factors

In order to enhance the signal-to-noise ratio, individual
isotropic B values were averaged over the two chemically equivalent
CGCG strands in the asymmetric unit, and the results are shown in
Figures 5b and 5c. The distribution of twofold-averaged B factors is
chemically reasonable: all 158 atoms, except those on the 3' end of
each strand, display thermal and/or statistical motions of similar
magnitudes. Only at 3'-terminal guanine residues 4 and 8 are larger
thermal vibrations seen, involving the five-membered part of the
guanine ring and the C2', C3', 03' atoms of the unconstrained sugar,

but these motions are almost certainly due to end group effects.



39

5. Conclusions

Although Z-DNA has no known biological function, its physical
properties may be so different from those of biologically active
right-handed B-DNA that much can be learned from a study of its
structure. Conformational variations within a Z helix appear to be
limited by the syn orientation of guanine residues, and the few con-

formational motions which do occur (ZI-to-Z Z-to-Z') do not affect

11°
the helix twist. This is probably because the sugar ring torsion
angle § (C4'-C3') and the glycosyl torsion angle X (C1'-N) are only
weakly correlated with one another. Isotropic thermal motions in the
orthorhombic CGCG Z' helix are more uniformly distributed among phos-
phates, sugars and base pairs than is the case for B-DNA, and this is
also consistent with more independent kinds of motion for Z-DNA rigid
groups. |

The observations presented here have been somewhat tentative,
because the tetramer sequence CGCG is too short to be used as a good
guide to the behavior of an ideal infinite helix. The same problem
will be faced, to a lesser extent, with the hexamer sequence CGCGCG
(Wang et al, 1979). A crystal structure analysis of a full turn of
left-handed Z helix, possibly a dodecamer of sequence CGCGTATACGCG or
CGTACGCGTACG, would-do much to improve our understanding of Z-DNA

conformation and dynamics.
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Footnotes

*For definitions of torsion angles, see Table 1.
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Table 1. Torsion Angles for Z-DNA

Residue X o R Y § € z Variant

c 159  -137  -139 56 138 - 94 80 I

C -148 146 164 66 147 -100 74 II
(II-1) 11 - 7F - 5% 10 9 - 6 - 6

G 68 47 179  -165 99  -104 - 69 I

G 62 92 -167 157 94  -179 55 II
(TI-1] = B 45 14 -38 - 5 -75 124

Notes to Table 1:

Adapted from Wang et al (1981).

Main chain conformation angles are defined as:

a §

05'—B 51— Y cqr c3'—E& 031—L% p

P
I

with zero at the fully eclipsed or cis position and positive clockwise
rotation of the farther pair of atoms. The glycosyl angle 1is

similarly defined in terms of atoms O1' oy L ) C2 for

pyrimidines (C,T) or O1' C1'—X N9 C4 for purines (G,A).

(Adapted from Wang et al (1981).)
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Table 2. Torsion Angles for Orthorhombic CGCG (Z'-DNA)

Residue X o R Y § £ c Variant
C1 =167 e - -122 187 - 78 78 ~
G2 64 86 170 165 116 =120 = 57 I
C3 -178 178 -154 87 137 - 99 87 I
G4 64 ~ 41 -167 -161 103 - = -
C5 -146 ol s 27 140 - 92 72 -
G6 75 76 175 179 120 -179 24 11
C7 -150 175 -178 39 148 - 71 47 II
G8 77 96 163 -176 148 e - -

Z' Avgs:

C -160 177  -166 5> 141 - 85 71 I+II
G 70 75 175  -178 122 -150 - i7 I+11

Z Avgs:

P -154 185 -168 61 143 - 97 77 Il
G 65 70 186  -184 97 -142 - 7 I+II

[ZT=~Z}

C - & - B8 2 -1 - 2 12 - & I#Il
G 5 g =11 6 25 - 8 -10 I+II

*Omitting C1 value.
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Table 3. Local Helix Parameters for Orthorhombic CGCG (Z'-DNA)

Base Propellor Helix Twist Rise Per Base Type of
Pairs Twist (°) Angle* (°) Pair (R) Step
C1/G8 Tui (Bect)

-14.1 (0.1) 5,33 (0.07) CpG
G2/C7 7.7 {4.2)

-45.0 (0.3) 3.50 (0.11) GpC
C3/G6 9.1 (2.3)

-14.8 (0.3) 4.71 (0.05) CpG
G4/C5 5.6 {1.9)
Averages: 7.4 -14.5 5.02 CpG

-45.0 3.50 GpC

Notes to Table 3:

Propellor twist is defined as the dihedral angle between base planes.
Helix twist and rise are based on vectors between Cl' and N positions,
as in Drew et al (1981). The overall helix twist and rise for the

single dinucleotide step in CGCG are -59.0°(2.3) and 7.57 & (0.09).

*Rotation per base pair.
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Figure Captions

FIGURE 1. Molecular superposition of conformations ZI (1light
bonds) and ZII (dark bonds), as illustrated for a CGCG double helix.
Positions of base pairs and sugars are not systematically affected
by the ZI-to-ZII transition, because structural differences between
the two forms reside primarily in the orientation of the central

GpC phosphates.

FIGURE 2. Molecular superposition of conformations ZI (light
bonds and Z' (dark bonds). Coordinates for Z' are those of high-salt
orthorhombic CGCG. Bases in the two crystallographically independent
strands of CGCG are numbered 1-4 and 5-8 in their respective 5'-to-3'
directions, and sugar rings of 1 and 5 are numbered here for identi-

fication.

FIGURE 3. Correlation plot between glycosyl torsion angle x and
C5'-C4'-C3'-03" torsion angle §. Each sugar is represented by a
numbered circle, with angles taken from Table 2. ZI and ZII locate
idealized variants of the Z helix as derived from other single-
crystal x-ray structures (Wang et al, 1981). Guanines are distin-

guished by heavy circles, and cytosines by light. The § values for

ten standard endo and exo conformations, and their calculated

energies in kcal/mole relative to C3'-endo, are given along the top
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of the plot (Levitt and Warshel, 1978).

FIGURE 4. Base stacking in orthorhombic CGCG (Z'-DNA). The
bases in each pair of adjacent dinucleotides are numbered at left
and right. The viewing direction corresponds to a view down the
top of the helix in Figure 2. (a) and (c) are CpG steps, and
(b) is the GpC step whose phosphate positions differ in the different
variants of the Z helix. Note the Cl'-exo pucker of guanine

sugar rings in (b).

FIGURE 5. 'Vibration diagram'' depiction of the CGCG double
helix. (a) and (b) are oblique views into what formally corres-
ponds to the major groove, and (c) is a perpendicular view into
the minor groove. Identification numbers for the bases in the
two strands are given in (a). The view in (c) is identical to
that in Figure 2. 1In (a) the radius of each atom has been set
to u/3, where u is the r.m.s. displacement as obtained from its
individual isotropic temperature factor parameter, B = Sﬂzuz.
Temperature factors which refined to negative values (as low as
-7) were reset to +2 for purposes of the illustration. In (b)

and (c), atom sizes correspond to values of u/3 that have been

twofold-averaged over both CGCG single strands.
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Figure 1
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Figure 2
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Figure 4a
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Figure 4b
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Figure 4c



Figure 5a

55



56

Figure 5b
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Figure 5c
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1.5 CONCLUSIONS

Z-DNA is unlikely to be important in the biological function of the
DNA polymer, both because of its requirement for a perfectly alternating
pyrimidine-purine sequence and because of the instability of a left-right
interface. Nevertheless, something may be learned about biologically
active right-handed B-DNA by a comparison of B and Z structures.
For example, the torsional rigidity of Z-DNA appears to be greater
than that of the B form, and this may have consequences for the
adoption of the Z form under conditions of negative superhelicity.
The B to Z transition, like the B to A, is associated with a decrease
in the relative water activity, and as will be shown below in Section
3.5 this may be because of highly specific interactions between B-DNA

and ordered water molecules.
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CHAPTER 2
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CGCGAATTCGCG: A FULL TURN OF B HELIX

""I1le sinistrorsum, hic dextrorsum abit;
Unus utique error, sed varies illudit partibit."

--Horace

(This to the right, that to the left hand strays,
and both are wrong, but wrong in different ways.)
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2.1  INTRODUCTION

When Watson and Crick first proposed a right-handed double-helical
structure for DNA in 1953 (1), their model was based in part on a
simple-minded interpretation of fiber x-ray diffraction patterns taken
by Franklin and Gosling some months before (2). The initial agreement
index between the Watson-Crick model and the fiber data was quite poor
(R = 0.83), but least-squares refinement procedures were able to
reduce the residual to a more acceptable R = 0.36 (3). Thus, the
 correctness of the right-handed model was apparently confirmed.

It was not until 1980 that someone thought to optimize the fit
of alternative models to the same set of fiber diffraction intensities.
Gupta et al (4) did this for a series of models: left-handed B,
right-handed B, and mixed-sugar-pucker B. They found that, regardless
of the molecular details (such as handedness), the R factor could be
reduced into the range 0.31-0.36 by systematic refinement. This work
has gone largely unreferenced (probably because the authors then go on
to argue that left and right-handed B-DNA duplexes are equally possible),
but it serves to point out the insensitivity of these fiber diffraction
data to details of molecular structure. Actually, if the B-DNA models
of Gupta et al are examined in closer detail, it can be seen that the
left and right-handed models are nearly mirror images of each other in
radial projection. This is probably why the poorly resolved fiber
intensities fit either equally well.

Single-crystal x-ray studies of DNA structure have become possible

only in the last few years, as a side benefit of improvements in DNA
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synthesis technology (5). The synthetic dimer d(pTpT) crystallizes

as a fragment of right-handed 8 base per turn single helix (6), while
the tetramer d(pApTpApT) melts in the middle to form two 11 base pair
per turn ApT dinucleotide steps (7). As discussed above in Chapter 2,
both CGCGCG and two salt modifications of CGCG crystallize as short
stretches of a 12 base pair per turn left-handed zig-zag double helix
(8,9,10).

All of the more recent single-crystal x-ray structures of
oligomeric DNA have produced right-handed structures. The tetramer
CCGG forms a four-base-pair fragment of A helix (11); the hexamer CGTACG,
doubly-intercalated by daunomycin, adopts a B-like conformation
(12). This chapter deals with the crystal structure analysis of
CGCGAATTCGCG, a dodecamer which crystallizes as slightly more than a

full turn of Watson-Crick B-DNA.
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Crystal structure analysis
of a complete turn of B-DNA
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DNA is probably the most discussed and least observed of all
biological macr lecules. Although its role in biology is a
central one, with many examples such as operators and restric-
tion sites where specific base sequences have control functions
or interact with specific enzymes, the structures that DNA can
adopt have been based until now only on sequence-averaged
fibre diffraction patterns. Recent improvements in triester
synthesis methods have made possible the preparation of
sufficient homogeneous DNA of predetermined sequence for
crystallization and X-ray structure analysis. We report here the
first single-crystal structure analysis of more than a complete
turn of right-handed B-DNA, with the self-complementary
dodecamer sequence d(CpGpCpGpApApTpTpCpGpCpG) or
CGCGAATTCGCG.

Two of the first crystal structure analyses of DNA prepared by
the triester method, CGCGCG (ref. 1) and high-salt CGCG (ref.
2), produced variants of a totally unexpected left-handed zigzag
or Z helix, of considerable structural interest but uncertain
biological significance. The dodecamer sequence reported here
was originally chosen to incorporate an EcoRI restriction
endonuclease site, GAATTC, within ends related to the CGCG
tetramer that was already being investigated in our laboratory.
The discovery of the Z helix made this sequence potentially even
more interesting as an example of two Z-compatible segments,
CGCG, bracketing a Z-incompatible AATT. We fully expected
the structure to contain left-handed Z ends and a right-handed
or melted-out centre. Instead, we found a right-handed B helix
with slightly more than 10 base pairs per turn.

Crystals were grown from a pH 7.5 solution of DNA with a
2:1 molar excess of magnesium acetate, and one spermine
hydrochloride molecule per eight base pairs, by vapour diffusion
from 20 to 30% 2-methyl-2,4-pentanediol (MPD). Crystals
3 mm x 0.7 mm X 0.5 mm could be grown in a matter of weeks.
These were broken up and used for heavy atom soaking trials;
more perfect small crystals were used for data collection.

The dodecamer crystallizes in space group P2,2,2, with cell
dimensions a=24.87 A, 6=40.39 A and ¢=66.20A. An
assumed crystal density of 1.5g cm™ leads to one double-
stranded dodecamer per asymmetric unit in a cell 47% DNA by
weight. Assuming 22 negative backbone phosphate charges per
dodecamer, the above unit cell dimensions indicate that the
crystals are 2.2 M in negative charge even if no account is taken
of possible anions contributed by magnesium acetate. Because
all of these must be counterbalanced by spermine or other
cations, the dodecamer crystals are fully as ‘high-salt’ in local
DNA environment as are CGCG (2.0 M) or CGCGCG (2.6 M,
see ref. 2). If there had been a significant tendency for
CGCGAATTCGCG to adopt a partial Z-helical conformation,
it should have done so in the crystal. Instead, a right-handed B
helix is formed, with not even an indication of local structure
irregularity in the CGCG regions.

The distribution of X-ray intensities on survey precession
photographs suggests a cross pattern centred on the ¢ axis and
shows a cluster of very strong reflections at ~3.5 A along the ¢
axis, both implying that this is close to the direction of the DNA

*® Present address: Department of Chemistry, University of Califorma at Riverside, Riverside
California 92521.
+ City of Hope National Medical Center, Duarte, Califorma 91010.

helix axis. Intensities remain strong in all directions outt0 2.9 A,
and then exhibit a rapid decline until essentially no data can be
obtained beyond 1.9 A. Of the 5,691 possible reflections to
1.9 A resolution, 2,818 were found to have an intensity greater
than 20 and were used in the analysis. Two isomorphous heavy
atom derivatives were used: cis-dichlorodiamino platinum (11)
obtained by diffusion, and a 3-Br derivative obtained by de novo
synthesis of the dodecamer with 5-bromocytosine in the third
position along each chain. The 1-Br derivative was crystallized
but proved not to be isomorphous, and the 9-Br derivative was
synthesized but not needed. Isomorphism in the cis-Pt deriva-
tive began to fail beyond 4-A resolution, but the 3-Br derivative
remains isomorphous to 2.7 A.

The present report describes the partially refined structure
obtained from multiple isomorphous replacement (MIR)
analysis at 2.7 A (mean figure of merit 57%), followed by
Jack-Levitt refinement procedures’ using 2,725 20 intensities
between 8.0 and 1.9 A. The current residual error or R factor is
24.8% for a DNA molecule of 486 atoms and 9 initial water
molecules. The structure of the DNA itself is essentially correct
and is reported now because of its general interest. Refinement
will continue with the addition of more solvent and spermine
atoms, and some improvement in local nucleotide confor-
mations.

A skeletal drawing of CGCGAATTCGCG is presented in
Fig. 1, and a space-filling version from the same orientation in
Fig. 2. The molecule is a Watson-Crick B helix with an average
rise per residue of 3.4 A, and 10.1 base pairs per turn. This is
somewhat less than the 10.4x0.1 base pairs per turn as
measured in solution by Wang®* or calculated by Levitt® from
energy considerations.

The deoxyribose rings in our structure have been fitted to
electron density in the MIR map and then allowed to refine; no
attempt has been made to impose a uniform C2'-endo or C3'-exo
geometry on them. At this intermediate stage of refinement they
are about equally distributed between C2'-endo and the O1'-
endo configuration that is related by rocking about the glycosyl
bond, but no conclusions about sugar puckering should be
drawn until refinement is completed. No sequence-dependent
variations in the uniform B helix have been seen, but these will
be watched for as refinement continues.

Even at this stage of the analysis, we can be confident about
two interesting departures from classical B-helix geometry: each
base pair has a propeller twist that increases the overlap between
one base and its neighbours up and down thé same chain, and the
overall helix axis is slightly curved, concave to the right in Fig. 1.
Levitt has proposed such a propeller twist in base pairs from
energy calculations®, and has found it to be persistent and not
especially sensitive to the particular choice of energy parameters
for minimization. Moreover, Hogan et al.® have found direct
experimental evidence for propeller twist in solution from their
transient electric dichroism measurements. This agreement
gives us confidence that the DNA conformation we observe in
the crystal is very close to that which occurs in solution.

The axis of the dodecamer helix bends by 19° over 11 base
steps, for a radius of curvature of 112 A. Moreover, the plane of
bending does not contain the internal 2-fold symmetry axis of
the base sequence; it is roughly 90° away from it (Fig. 1). This
non-use of sequence symmetry means that equivalent positions
in the two chains experience different local stresses, and suggests
that the curvature is induced by external influences rather than
being inherent in the molecule. Little energy would be required
to produce such curvature. If the molecule is regarded as an
elastically deformable rod, the energy required for uniform
bending is proportional to the rod length and inversely propor-
tional to the square of the radius of curvature”®. The propor-
tionality constant can be evaluated from the persistence length
of DNA in solution, and lies between 85 and 170 kcal A mol ™
(refs 5, 8). This means that only 0.25-0.50 kcal of energy would
be required per mol of dodecamer to produce the deformation



Fig. 1 Skeletal stereo drawing of
CGCGAATTCGCG looking into
the wide groove of the B double
helix. Bases 1 and 24 are at the
upper right and left in this view,
and 12 and 13 are at the lower right
and left. Note the uniform pro-
peller twist in base pairs so as to
maximize stacking contact with
adjacent bases on the same strand,
.and the gentle curvature of the
helix axis, concave to the right. For
comments see text. Atoms in
increasing order of size are C, N, O
and P.
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Fig. 2 Space-filling representa-
tion of CGCGAATTCGCG from
the same viewpoint as Fig. 1.
Atomic radii have been set at 85%
of their true value for clarity. The
advantage of propeller twist in
maximizing adjacent base stacking
can be seen in this packing
drawing.
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Fig. 3 Overlap of ends of mole-
cules related by 2, axis along ¢
(vertical). The upper haif of one
molecule (lower half not shown)
sits in front of the lower half of
another molecule (upper half
omitted), with narrow grooves
interlocked but with base planes
tilted 35° to one another. The
lower molecule shows bases 19-24
in front and 6-1 behind, and the
upper molecule has bases 13-18 in
front and 12-7 behind. The final
base pair in each helix is packed
parallel to, and in van der Waals
contact with, the sugar-phosphate
backbone of its neighbour. The
narrow grooves at the ends of the
molecules fit against one another
like the palms of two cupped
hands.

seen in Fig. 1. As a comparison, the barrier to rotation about a
single bond in ethane is nearly an order of magnitude greater,
3 kcal mol ™. As crystal packing forces in proteins do frequentiy
lead to different side-chain conformations in crystals where the
asymmetric unit contains two molecules®'°, such forces would
be more than adequate to account for the observed curvature.

The probabile origin of the crystal packing forces that produce
the curvature is to be found in the association of neighbouring
molecules up the 2, screw axis parallel to ¢ as shown in Fig. 3.

The molecules are not stacked on top of one another like
cylindrical drums, instead they are staggered, with each mole-
cule overlapping by three base pairs with its neighbours above
and below. The overlap involves contact between minor
grooves, with hydrogen bonds connecting ring N3 and amino N2
atoms in adjacent guanines from the two helices. (This pairing of
guanines in the minor groove has been encountered in the
structure of the complex of 9-ethylguanine and 1-methyi-
cytosine'!, and has been proposed as a possible model for the

Fig. 4 Comparison of the wide groove (a)

and narrow groove (b) in the B-DNA helix of

CGCGAATTCGCG. Phosphate groups are
shaded.
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recognition of guanine by asparagine or glutamine side chains of
a protein (Fig. 3 of ref. 12).) Specifically, the N2 and N3 of
guanine 14 in the upper molecule are hydrogen bonded to N3
and N2 of guanine 24 in the lower, and N2 and N3 of guanine 12
in the upper molecule are bonded to N3 and N2 of guanine 2 in
the lower. However, base pairs in neighbouring molecules are
sharply canted or tilted relative to one another by 35°, a tilt that
brings the last base pair of one helix parallel to, and in packing
contact with, the sugar-phosphate backbone of the other helix.
The guanine N2...N3 hydrogen bonds are twisted but not
broken, and the tilted structure is locked into place by one more
hydrogen bond—from the 3'-terminal OH of the upper helix in
fig. 3 to the N2 of guanine 22 in the lower helix. The extra
stability provided by these five bonds is more than enough to
produce a 19° curvature in the helix axis. This interlocking of
helix termini, a function of the CGCG sequences with which the
molecule begins and ends, is probably also responsible for the
unusual ease and rapidity with which crystals of
CGCGAATTCGCG can be grown, in comparison with other
DNA molecules whose crystallization has been attempted in our
laboratory and elsewhere.

The contrast between major and minor from grooves can be
appreciated from Figure 4, in which the molecule is viewed from
diametrically opposed directions. The ratio of widths of major
and minor grooves along the helix axis is almost exactly 7 :4, and
the minor groove gives, in this space-filling model, the impres-
sion of being quite constricted.

The mode of binding of cis-dichlorodiamino platinum (II) to
DNA is of considerable medical interest because the complex
shows promise as a carcinostatic agent in cancer
chemotherapy'>'*. The cis-Pt site in the dodecamer is in the
vicinity of N7 and O6 of guanines 4 and 16 in the wide groove of
the helix. As the cis-Pt complex is isomorphous with the native
dodecamer only out to 4 A resolution, it will be refined as an
independent structural problem. The frans-Pt complex is even

abortive binary complex of dodecamer and enzyme suitable for
X-ray analysis. If Mg?" is present, the dodecamer is cleaved well
by the enzyme (J. Rosenberg, personal communication).

The B helix has been shown here to be the stable con-
formation of CGCGAATTCGCG in the crystalline state in salt
conditions for which CGCG and CGCGCG adopt the left-
handed Z configuration. Moreover, the value of 10.1 base pairs
per turn and the propelier twist of bases indicate that this crystal
structure is close to that which exists in solution. Although the
bend in helix axis is probably induced by crystal packing, its
presence illustrates the flexibility of the B-DNA structure, and
the ease with which the molecule can be continuously deformed
to wrap around objects such as the histone core in nucleosomes.
Details of the hydration of B-DNA will be of interest as the
transitions between B and other forms are generally considered
to be a function of water activity’. These details, and any
sequence-specific modifications of the uniform helix, will be -
matters of prime concern as refinement continues.

This work was supported by NIH grants GM-12121 and
GM-24393, and NSF grant PCM79-13959. H. D. was also the
recipient of an NIH Predoctoral Traineeship.

Note added in proof : Further refinement to an R factor of 17.8%
has led to a regularization of the O5'-C5'-C4'-C3' backbone
torsion angles to a standard gauche™ (about +60°) confor-
mation.
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2.3  CONFORMATION AND DYNAMICS IN B-DNA
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ABSTRACT

The crystal structure of the synthetic DNA dodecamer
d (CpGpCpGpApApTpTpCpGpCpG) or CGCGAATTCGCG has been refined to a
residual error of R = 17,8% at 1.9 R resolution (two-sigma data).
The molecule forms slightly more than one complete turn of right-
handed double-stranded B helix. The two ends of the helix overlap and
interlock minor grooves with neighboring molecules up and down a 21
screw axis, producing a 19° bend in helix axis over the 11 base pair
steps of the dodecamer. In the center of the molecule where perturbation
is least, the helix has a mean rotation of 36.9° per step, or 9.8 base
pairs per turn. The mean propellor twist (total dihedral angle between
base planes) between A/T base pairs in the center of the molecule is
17.3°, and that between C/G pairs on the two ends averages 11.5°.
Individual deoxyribose ring conformations, as measured by the C5'-C4'-
C3'-03' torsion angle &, exhibit an approximately Gaussian distribution
centered around the Cl'-exo position with Gavg = 123° and a range of
79° to 157°; Purine sugars cluster at high ¢ values, and pyrimidine
sugars at lower §. A tendency toward twofold symmetry in sugar
conformation about the center of the molecule is detectable in spite
of the destruction of ideal twofold symmetry by the molecular bending.
More strikingly, sugar conformations of paired bases appear to follow

a Principle of Anticorrelation, with & values lying approximately the

same distance to either side of the central § = 123° value. This

same anticorrelation is also observed in other DNA and DNA/RNA structures.
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1. Introduction

In the twenty-seven years since a double-helical model for B-DNA
was first proposed by Watson and Crick (1), direct evidence for its
structure has been based on refinement of models having standard bond
parameters against x-ray diffraction data from oriented fibers (2-5).
This has had two disadvantages: loss of information because of
rotational disorder about the fiber axis, and lack of information
about the effect of specific base sequences, aside from a limited number
of experiments on homopolymers and alternating copolymers. Recent
advances in triester methods of DNA synthesis have made possible the
preparation of molecules of predetermined base sequence, in quantities
and purities suitable for single-crystal x-ray analysis. This paper
presents the results of the first structure analysis and refinement of
a complete turn of right-handed B-DNA, with the sequence:

d (CpGpCpGpApApTpTpCpGpCpG) or CGCGAATTCGCG. A preliminary report of
the partially refined structure has already appeared (6).

Our structure analysis of the dodecamer CGCGAATTCGCG is a logical
extension of the earlier analyses of CGCGCG (7) and CGCG (8). Both of
the latter adopted a left-handed zigzag or Z helix, a totally unexpected
conformation whose relevance to biological DNA of more varied sequence
became particularly interesting. In December 1979 we were fortunate in
growing large single crystals of dodecamer, synthesized at Caltech and
the City of Hope. This sequence is of particular significance both
because it contains an EcoRI restriction site, GAATTC, and because it

brackets a Z-incompatible AATT segment with two Z-compatible CGCG ends,
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offering a test of the tendency of mixed-sequence DNA to adopt the
Z conformation. In spite of favorable salt conditions, the central AATT
segment apparently is sufficient to counteract the Z-forming tendencies
of the tetrameric CGCG ends, resulting in a classical Watson-Crick

B helix throughout.

Structure Analysis and Refinement

The dodecamer crystallizes in space group P2,2,2; with a = 24.87 K,
b = 40.39 R, ¢ = 66.20 K, and two single strands or one double helix per
asymmetric unit. Two isomorphous heavy atom derivatives were obtained,
by de novo triester synthesis with 5-bromodeoxycytidine at the third
position along each strand, and by diffusion of the anticancer agent

cisplatin.(cis-dichlorodiamminoplatinum(II)) into pregrown crystals.

Phases from this analysis were used to obtain a starting model for
restrained least-squares refinement (9).

Initial energy parameters for DNA as obtained from Michael Levitt
were modified so that conformational energy would restrain the molecule
to a sterically acceptable structure, but would allow the x-ray data to
determine this structure. Internal sugar ring bond angles were set to

the average of their C2'-endo and C3'-endo values, but were left

flexible enough that other conformations could be obtained. The residual
error or R factor for 2725 two-sigma data between 8.0 and 1.9 ; was
reduced from 42% to 18.1% by 50 cycles of position and temperature factor
refinement, during which process ten superimposed Fourier/Difference

Fourier maps were inspected in order to make manual corrections and
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introduce solvent molecules. At the end of the 50 cycles, all 5534 zero-
sigma data between 8.0 and 1.9 & were included in refinement. (Data

out to 2.2 & resolution were measured at least twice on different
crystals.) After 62 cycles the final R factor for 486 DNA atoms and

80 ordered solvent molecules is 23.9% for the complete zero-sigma data
or 17.8% for the two-sigma data (calculated with the same parameter

set). The worst bond length in the structure deviates by 0.03 A from
its ideal value, and the worst bond angle deviates by 4.4°. Both
intensity data and final coordinates have been deposited with the

Brookhaven Protein Data Bank.

Nonuniform Motion in the Helix

The refined dodecamer structure is shown in Figure 1. It is a
right-handed, Watson-Crick B double helix with an average of 10.1 base
pairs per turn over the entire helix. Two striking departures from
the simplest classical B helix, disucussed in the preliminary report
(6), are the propellor twist of each individual bése pair (total
dihedral angle between base planes) and the 19° bend in helix axis
over 11 base pair steps. This bending is to the right in Figure 1la,
and concave toward the viewer in Figure 1b. As discussed earlier (6),
this bending, although probably induced by hydrogen bonds between
molecules in the crystal, requires less than one-half kilocalorie of
energy per mole relative to a straight helix, and illustrates the

inherent flexibility of the DNA double helix.
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The double-helical structure is depicted in Figure 1 in a manner
that illustrates the relative displacement of atoms as calculated from
individual isotropic temperature factors, B. The larger the atom, the
greater is its mean displacement in the crystal structure, whether this
is dynamic (thermal vibration) or static (positional variation between
crystallographically equivalent molecules). Deoxyribose and phosphate
group atoms on the outside of the helix are less restricted to a fixed

position (BaV = 42 and 51, respectively) than are atoms within base

g
pairs nearer the helix center (B = 28). Part of this effect may

avg
arise from the inherent flexibility of a deoxyribose ring. Lacking a
hydroxyl group on the 2' carbon atom, it does not experience the steric
clash that a ribose ring does in shifting between C3'-endo and C2'-endo
conformations (10). For comparison purposes, in the only available
example of a RNA polymer, tRNA (11), the temperature factors are more

similar between phosphate groups (BaV = 48) and base pairs (Bavg = 39).

g

The motion that we see in the crystal is entirely consistent with,
but not necessarily identical to, the coupled sugar-phosphate motion
proposed to explain the nanosecond NMR relaxation times of DNA in
solution (12). If the displacement seen in Figure 1 is interpreted as
molecular vibration, then the sugar-phosphate backbone on the outside
vibrates with a greater amplitude than does the core of the helix, and
base pairs at the upper and lower ends of the helix move more than those
at the center. Atoms involved in the outer hydrogen bonds of any one

base pair frequently are vibrating more than those in the central hydrogen

bond, consistent with a propellor twist motion. In many cases the
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deoxyribose ring appears to be rocking about the C1'-N bond to thé base,
as suggested by the average B values of 34 for C1', 40 for C2', 42 for
C3' and O1', and 44 for C4'. Such a C1'-N rocking motion could lead to

a continuum of sugar conformations between C2'-endo and 01'-endo and,

as will be seen in the following section, this is indeed what is

observed in the dodecamer. The reasonableness of the vibrational
interpretation of the displacements in Figure 1 is sufficient to cause
one to favor this explanation over the alternative one of static disorder

within the crystal.

Variations in Sugar Conformation

Glycosyl and main-chain torsion angles for the refined dodecamer
are listed in Table 1, along with ideal values that have been proposed
for A- and B-DNA (5,14). The main chain torsion angles a through ¢

are very close to the (gauche~™, trans, gauche+, trans, trans, gauche)

values expected from an ideal B helix (10), with the greatest

variation in the C5'-C4'-C3'-03' torsion angle §. The conformation

of a deoxyribose ring is closely related to this latter angle in the
manner shown along the top end of Figure 2 (13). For the dodecamer, the
clarity of definition of the C5'-C4'-C4'-03' backbone chain in the
electron density map permits the establishment of § to within roughly
10°. The shape of each deoxyribose ring in the electron density map

is compatible with the ring conformation predicted by torsion angle §,
but the precision with which & can be determined makes it the better

guide to sugar conformation at less than atomic resolution (8).
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Figure 2 also illustrates the strong correlation between glycosyl
angle x and backbone torsion angle §. The observed conformations are
scattered along a diagonal line in the plot, in a roughly Gaussian
distribution about point B, which is one of the models for the B helix
obtained by Levitt from energy considerations (14). This point
corresponds to the Cl'-exo conformation, which was also encountered at
each guanine position in left-handed Z-helical CGCG (8). The C2'-endo
conformation of a classical B helix is represented by point BF at the
upper right of the plot, and the C3'-endo conformation of an A helix
is at the far lower left, AF’ beyond the cluster of points from the
dodecamer conformation.

One of the most striking aspects of Figure 2 is the preference of

purine sugars for high § and x values near the C2'-endo conformation,

and of pyrimidine sugars for low values nearer Ol'-endo, especially if
the C1-G24 base pair at the upper end of the helix is ignored as
representing end effects. Examination of space-filling models suggest
that a close contact exists between the H atom of a sugar Cl' and the
02 of a pyrimidine at y = -120°. This contact cannot be relieved by
making x less negative without introducing other clashes between the
pyrimidine H6 and the hydrogens attached to either C2' or C3', but a
shift to more negative x eliminates the clash. In contrast, the larger
angle involved in the connection of a sugar to the five-membered ring
of a purine keeps the N3 and H8 atoms far enough away from the sugar
ring that no close contacts result. Hence the purine sugars are free

to adopt higher x values and an ideal C2'-endo conformation.
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In view of the gentle slope of the total energy curve in the
vicinity of point B (Figure 2 of Reference 13), and the evidence in
Figure 1 for displacements, probably vibrational, in the sugar-phosphate
backbone chain, the scatter in individual conformations seen in Figure 2
is hardly surprising. The '"'ideal" B helix in DNA is as much an
oversimplification as is the '"ideal' o helix in proteins. The DNA
is not aware of the discrete conformational states listed at the top
of Figure 2, only of a smooth and rather shallow potential well centered
in the vicinity of point B. Visual inspection of the stereo drawings
indicates that conformations can best be described as C2'-endo for all
sugars to the right of 6 = 129° in Figure 2, Cl'-exo for sugars
between 105° and 129°, and Ol'-endo for sugars 15, 3 and 7, with one
lone C3'-endo or A-like sugar puckering at the 3' terminus of the
second strand. (This assignment 1is necessarily arbitrary and subjective
at intermediate angles.)

Two other features of the distribution in Figure 2 deserve special
mention. Sugars related by an approximate twofold axis through the
center of the molecule perpendicular to the helix axis (1 and 13, 2 and
14, 3 and 15, etc.) tend to have similar § and x values, indicating
local preservation of twofold symmetry in spite of the overall 19° bend
in the helix axis visible in Figure la (and discussed in Reference 6).
Such is to be expected, and the only unusual feature is that this
conformational symmetry is preserved in spite of the bending of the

helix axis.
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The second correlation is more surprising, and potentially of
more fundamental significance. The conformations of sugars in paired

bases (1/24, 2/23, 3/22, etc.) tend to be anticorrelated: if one

conformation lies to the left of center in Figure 2, the other
conformation lies a similar distance to the right of center. This is

a stronger statement than the previous observation that purines
generally prefer higher § and x values than pyrimidines do. If the
midpoint in § is found for each base pair, these midpoints have a mean
value of 122.8°, near the Cl'-exo conformation, with a mean deviation
of only 5.6°. Some base pairs such as 5/20, 6/19 and 2/23 have similar
sugar conformations centered closely about Cl'-exo. Others such as
1/24, 10/15 and 3/22 have quite disparate conformations, one of them

nearer C2'-endo or C3'-exo, and the other near Ol'-endo or even C3'-endo.

If the difference between § values for two paired bases is defined as
the conformational spread, then the C/G base pairs have a larger mean
spread (36.9°) than do the A/T base pairs (20.8°), although the
statistical significance of this is not clear with only 12 base pairs
to compare.

This behavior of sugar conformations in paired bases is sufficiently

striking to be formalized by defining it as the Principle of

Anticorrelation: Deoxyribose sugars attached to paired bases in B-DNA

tend to adopt § values that are equidistant to either side of a
central § = 123° (or Cl'-exo) value. It probably is a consequence of
wrapping sugar-phosphate chains having flexible deoxyribose rings

around base pairs of fixed dimensions. One would not necessarily
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expect to find anticorrelation in sugar conformations of paired bases

in RNA, with its more constrained ribose ring, and indeed such
anticorrelation is not present in the one available example, tRNA (15).
If the midpoints in § values for paired bases in tRNA are calculated,
omitting the first base pair at either end of a double-helical stack

to eliminate end effects, then the mean of these values is 82.8° and the
mean deviation is 2.4°. But the mean spread or difference in § values
between paired bases is only twice this, 5.4°. The half-spread from the
midpoint is no larger than the uncertainty in midpoint position,
indicating no statistically significant anticorrelation in sugar
conformation. By comparison, in the DNA dodecamer CGCGAATTCGCG the
mean is 122.8°, the mean deviation is 5.6°, and the mean spread over

all base pairs is 31.5°, six times as great.

The Anticorrelation Principle also is observed in the noninter-
calated TA base pair step of the 2:1 intercalation complex of daunomycin
with CGTACG (16). Sugar pucker information provided in Reference 16
indicates that the C's and G's bracketing the intercalator molecules
would be scattered at the upper right of Figure 2 with the exception
of an anomalous Cl conformation at the beginning of the chain. But
the unintercalated T3-A4 is a beautiful example of anticorrelation.
(Since the complex has an internal twofold axis of crystallographic
symmetry, the two strands are identical. T3 on one strand is followed
by A4 on the same strand, and hydrogen bonded to A4 on the opposite

strand.) T3 has the (x,8) conformation (-131°, ca. 96°), and A4 has



81

(-107°, ca. 144°).* 1In addition, the tendency, noted by both Sobell
(17) and Rich (18), for many intercalating groups (but not daumomycin)
to induce a (C3'-endo)-3',5'-(C2"-endo) conformation at the bases
bracketing the intercalator, whether in DNA or RNA helices, can be
regarded as an extreme limit of the Principle of Anticorrelation.
Zimmerman and Pheiffer (19) have recently found an RNA-DNA hybrid,
poly(rA) -poly(dT), which can be induced to adopt a B helix under
conditions of high humidity. Its § values as deduced from fiber
diffraction patterns are 97° and 152° for rA and dT, respectively.
The midpoint of these values, 124.5°, is only 1.7° away from the mean

DNA dodecamer value.

Local Helix Parameters

A helix-generating program was used to determine the rotation angle,
orientation of the local helix rotation vector, and rise per base pair
along the local axis, for each of the 11 base pair steps along the
dodecamer. The individual rotation angles and rise per base pair are
listed in Table 2, along with the measured propeller twist at each base
pair. These numbers probably are more accurate than any other results
of the analysis, since these planes are well defined in the map and
are established by a large number of atomic positions. The propellor

twist of A/T base pairs in the center of the molecule is a remarkably

*The x values quoted in reference 16 should have 180° subtracted from

each to bring them into accord with IUPAC-IUB conventions.
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uniform 17.3° (0.4°) (mean value, with standard deviation in parentheses),
and much of the variation at the two ends probably arises from overlapping
of helices up the c axis (Figure 3 of Reference 6). The smaller mean
value of 11.5° (5.1°) for the two CGCG ends could also reflect the
flattening influence of the third hydrogen bond in each base pair.

The individual helical twist or rotation values for the five
central base pair steps that are unperturbed by overlapping ends
(from G4 to C9) give an average of 36.9° (3.3°), corresponding to
9.8 base pairs per turn. The three base pair steps at either end are
somewhat wound, averaging 37.6° (4.5°), or 9.6 base pairs per turn.
The overall value of 35.8° or 10.1 base pairs per turn that was reported
in Reference 6 arises because several of the local twist vectors in the
overlapping ends of the molecule are sharply tilted from the mean helix
axis, enlarging their twist angles in projection. Space does not permit
a detailed discussion of local and global helix twist vectors here,
but this is the subject of a companion paper (22). It can only be
mentioned here that these displacements in local helix rotation vectors
show a twofold symmetry about an axis through the center of the molecule,
perpendicular to the page in Figure la or horizontal in Figure 1b.
This ideal symmetry axis is expected from the identity of the two strands,
but is destroyed by the 19° bend in the helix axis. Hence these local
variations in helix twist vector are observed in spite of the bend

in the helix, and not because of it.
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Table 1

MAIN CHAIN AND GLYCOSYL CONFORMATION ANGLES (°)

Residue X o B Y S € g Notes

Cl -105 -- -- 174 157 -141 -144

G2 -111 -66 170 40 128 -186 - 98

3 =135 -63 172 59 98 -177 - 88

G4 - 93 -63 180 57 156 =155 ~155

A5 -126 -43 143 52 120 -180 - 92

A6 ~-122 =73 180 66 121 -186 - 89

T7 ~127 -57 181 52 99 -186 - 86

T8 -126 -59 173 64 109 -189 - 89

C9 -120 -58 180 60 129 -157 - 94

G10 - 90 ~G7 169 47 143 -103 -210

C11 -125 -74 139 56 136 -162 - 90

G12 -112 -82 176 57 111 = --

C13 -128 -- -- 56 137 -159 -125

Gl4 -116 -51 164 49 122 -182 - 93

C15 -134 -63 169 60 86 -185 - 86

G16 -115 -69 171 73 136 -186 - 98

Al7 -106 -57 190 54 147 -183 - 97

Al8 -108 =57 186 48 130 -186 -101

T19 -131 -58 174 60 109 -181 - 88

T20 -120 -59 179 55 122 -181 - 94

€21 -114 -59 185 45 110 =177 - 86

G22 - 88 -67 179 50 150 -100 -188

C23 =125 ~12 139 45 113 =174 - 97

G24 -135 -65 171 47 79 == ==

Avg. -117 -63 171 54% 123 -169 -108
Std.Dev. (14) (8) (14 (8) (2D (25) (34)

B DNA -119 -61 180 57 122 -187 - 91 (D

BP DNA  -102 -41 136 38 139 -133 =157 (2)

A DNA  -154 -90 -149 47 83 -175 - 45 (3)

¥
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Notes to Table 1:

Main chain conformation angles are defined as:

p-% o5t B o5 Y (g1 8 (31 € 30T p

5

with zero at the fully eclipsed or cis position and positive clockwise
rotation of the farther pair of atoms. The glycosyl angle x is

similarly defined in terms of atoms O1' o (L | C2 for

pyrimidines (C,T) or O1' Cl' —N9 C4 for purines (G,A).

(1) Model chosen from Levitt 1978 (14) energy refinement for best
agreement with our results: 10 base pairs per turn and
C———O0——~C deoxyribose angle set at 115°

(2) Arnott et al 1980 (5) fiber data with 10 base pairs per turn

(3) Arnott et al 1980 (5) fiber data with 11 base pairs per turn

*Omitting Cl1 value
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Table 2
LOCAL HELIX PARAMETERS

Propellor Helix twist Base pairs per Rise per base
Base twist (°) angle* (°) turn pair (A)
pairs v (Ay) 0 (00) n=360/0 (An) h (Ah)
C1/G24 13.2 (2.0)
38.3 (1.1) 9.40 (0.27) 3.36 (0.01)
G2/CZ5 11.7 (2.1)
39.6 (6.1) 9.09 (1.40) 3.38 (0.08)

C3/G22 7.2 (2.1

33.5 (2.1)  10.75 (0.67)  3.26 (0.05)
G4/C21  13.2 (1.9)

37.4 (1.7) 9.63 (0.44)  3.30 (0.10)
A5/T20 17.1 (2.1)

37.5 (0.9) 9.60 (0.23)  3.27 (0.02)
A6/T19  17.8 (2.1)

32.2 (2.1) 11.18 (0.73)  3.31 (0.03)
T7/A18  17.1 (1.9)

36.0 (2.8)  10.00 (0.78 3.29 (0.01)
T8/A17  17.1 (2.0)

41.4 (2.1) 8.70 (0.42)  3.14 (0.02)
C9/G16  18.6 (1.9)

32.3 (1.3)  11.11 (0.45)  3.56 (0.07)
G10/C15 4.9 (1.9)

44.7 (5.4) 8.05 (0.97)  3.21 (0.18)
C11/G14 17.2 (1.9)

37.0 (1.9) 9.73 (0.50)  3.54 (0.19)
G12/C13 6.2 (2.3)
Averages: 13.4 [4.9]  37.3 [3.8] 9.75 [0.98]  3.33 [0.13]
A DNA (4,20) 32.7 11.0 2.56
B DNA (4,20,21) 36.0 10.0 3.38
CDNA (21) 38.6 9.33 3.31

D DNA (21) 45.0 8.0 5.5
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Notes to Table 2:

Helical parameters were found using vectors between atoms C1'
and the attached N of one base, and the equivalent atoms of the
next base up the same chain, with a program kindly provided by
John Rosenberg. Standard deviations at individual steps in
parentheses, statistical variation over entire helix in brackets.
Propellor twist is the dihedral angle between base planes in
the same base pair, and is twice the fiber twist of reference 20

and 21.

*Rotation per base pair.
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Figure Captions

FIGURE 1. 'Vibration diagram'' representation of the CGCGAATTCGCG
double helix viewed (a) into the wide groove and (b) 90° to the right.
Chains are identified in text and tables by consecutive base numbering
Cl...G12 for one chain and C13...G24 for the other. Cl is paired with
G24, G2 with C23, ...A5 with T20, etc. Base pair C1/<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>