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ABSTRACT: Stacked B-DNA double helices of sequence C-C-A-A-G-C-T-T-G-G exhibit the same 23° bend
at -T-G-G C-C-A- across the nonbonded junction between helices that is observed in the middle of the
decamer helix of sequence C-A-T-G-G-C-C-A-T-G, even though the space group (hexagonal vs orthorhombic),
crystal packing, and connectedness at the center of the bent segment are quite different. An identical bend
occurs across the interhelix junction of every monoclinic crystal structure of sequence C-C-A-x-x-x-x-T-
G-G, suggesting that T-G-G-C-C-A constitutes a natural bending element in B-DNA. The bend occurs
by rolling stacked base pairs about their long axes; there is no “tilt” component. Of the three possible models
for A-tract bending—bent-A-tract, junction bends, or bent-non-A—which cannot be distinguished by solution
measurements, all crystallographic evidence over the past 10 years unanimously supports the non-A regions

as the actual bending loci.

Intrinsic bending in DNA has been studied extensively by
biochemical and solution methods: byanomalous gel migration
(Hagerman, 1986; Diekmann, 1992; Crothers & Drak, 1992),
by kinetics of circularization (Koo et al., 1990; Crothers et
al., 1992), and by phasing of DNA in nucleosomes (Drew &
Travers, 1985; Sachwell et al., 1986). From these studies, the
repeating sequence motif N,A o, has been shown to induce
a rigid bend in free DNA, where N typically is guanine or
cytosine and, more specifically, where N, contains the sequence
G-G-C. As has been generally recognized (Crothers et al.,
1990; Koo et al., 1990), although a bend resuits from the
introduction of poly(A) tracts, these solution methods do not
allow one to assign the actual site of bending unequivocally
to the poly(A) tract itself, to the non-A region, or to junctions
between the two regions.

All crystallographic results to date, including C-G-C-G-
A-A-T-T-C-G-C-G (Wing et al., 1980; Drew et al., 1981),
C-G-C-A-A-A-A-A-A-G-C-G (Nelson et al., 1987), C-G-
C-A-A-A-T-T-T-G-C-G (Coll et al., 1987), and C-G-C-A-
A-A-A-A-T-G-C-G (DiGabrieleet al., 1989), overwhelmingly
favor a model in which the A-tracts are straight and unbent.
Where bending has been observed at junctions between GC
and AT regions, it occurs at 90° to that which would be
demanded by a junction—bend model in order to account for
solution and gel measurements (Kooetal., 1986). Incontrast,
the recent structure of C-A-T-G-G-C-C-A-T-G by Goodsell
et al. (1993) reveals a pronounced 23° bend in the central
G-G-C-Cregion. Inthatstructure,asinthe GC/AT junction
bends observed in the dodecamer crystal structure analyses,
bending always occurs by the rolling of base pairs about their
long axes. Indeed, Zhurkin et al. (1979) demonstrated the
extraordinary energy cost entailed by a tilt wedge that lifts
apart the stacked base pairs at one end. There is no shred of
crystallographic evidence to suggest that the energetically
unfavorable “tilt wedge bend” ever actually occurs in nature.

B-DNA decamers whose structures have been solved to
date generally have fallen into one of two classes: a monoclinic
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C2 family with type sequence C-C-A-R-x-x-Y-T-G-G (R =
purine, Y = pyrimidine) and an orthorhombic P2,2,2, family
with type sequence C-G-A-T-x-x-A-T-C-G (Grzeskowiak et
al,, 1991; Privé et al., 1991). In this report we describe the
single crystal structure analysis of the B-DNA decamer C-C-
A-A-G-C-T-T-G-G, with the sequence matching the earlier
monoclinic C-C-A-A-C-G-T-T-G-G of Privé et al. (1991)
except for reversal of the two central base pairs.

In hexagonal space group P6, the new helix is isomorphous
with the methylated decamer C-C-A-G-G-C-m3C-T-G-G
(Heinemann & Alings, 1991; Heinemann & Hahn, 1992),
whose unmethylated parent sequence (Heinemann & Alings,
1989) falls in the monoclinic family. Hence the familial
relationships of this new sequence are no surprise. What is
surprising, however, is that the present decamer shows two
distinct forms of sequence-directed bending. The helix has
a writhed bend over its central six base pairs. Inaddition, the
sequence -T-G-G C-C-A- across the unbonded junction
between one stacked helix and the next exhibits a bend identical
to that found at the central six base pairs of C-A-T-G-G-
C-C-A-T-G, reinforcing (a) the concept of T-G-G-C-C-A as
an intrinsically bent structural unit in B-DNA and (b) the
idea that base stacking is more important than backbone
connections in determining local helix structure (Privé et al.,
1991; Diekmann et al., 1992).

METHODS

Crystallization and Data Collection. Crystals were grown
by vapor diffusion from standing drops at 5 °C. The droplet
solution contained 0.37 mM DNA decamer double helix, 127
mM calcium acetate, and 7.5% v/v MPD (2-methyl-2,4-
pentanediol), pH 7.5. Crystals in the shape of hexagonal
rods, 0.5 mm long and 0.2-0.3 mm across, appeared after
equilibration with a reservoir concentration of 45%v/v MPD.

From survey precession photographs taken at 6 °C,
hexagonal space group P6 was assigned, with cell dimensions
a=b=53.08A,c=34.32A,and y = 120°. Thesedimensions
are quite close to those observed with C-C-A-G-G-C-m3C-
T-G-G in the same space group: a = b =53.77 Aand ¢ =
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34.35A. Witha unitcell volume of 83 741 A3and an assumed
one decamer double helix per asymmetric unit, the crystals
have 1396 A3 per base pair, a figure quite in line with other
B-DNA crystals (Dickerson, 1991). Three-dimensional in-
tensity data were collected from one large crystal on an R-Axis
Il image plate at 5 °C and processed with the accompanying
software. Thedata areof excellent quality, with 4165 structure
factor observations to 1.9-A resolution, of which 4095, or
89% of the possible observable reflections, have a magnitude
greater than 20 in F. The overall Ryerge is 5.61%.

Molecular Replacement. Strong axial reflections at 3.4 A
along the crystallographic c* axis, and the 34.32-A length of
that axis, suggested that the helix was B-DNA and was oriented
along the real-space c¢ axis. Because of the similar cell
dimensions of C-C-A-A-G-C-T-T-G-G and C-C-A-G-G-C-
m’C-T-G-G, we began with the assumption that the two
structures were isomorphous. Indeed, use of coordinates from
the latter structure as obtained from the Brookhaven Protein
Data Bank yielded a residual error or R factor of only 33.7%
with 8.0-5.0-A data for the new structure.

Toavoid any bias from past determinations, anideal B-DNA
helix of the proper sequence was fitted to the C-C-A-G-G-
C-m3C-T-G-G coordinates in order to position the new helix
in the unit cell, and this ideal structure became the starting
model for refinement. Rigid body refinement in X-PLOR
(Briinger et al., 1987) with 1, 2, 3, 10, and 20 rigid bodies in
succession led to a model with R = 40.0% for data between
8.0 and 3.0 A. Data then were added to 1.9-A resolution in
10 equal-volume shells, with positional refinement via
NUCLSQ (Hendrickson & Konnert, 1980; Westhof et al.,
1985) at each step, yielding a model with R = 33.9%. A final
round of positional and temperature factor (B) refinement
with all data out to 1.9-A resolution reduced this to R =
30.0%.

Water molecules were added in ten steps by inspection of
(2F, — F;) and (F, — F;) maps, which were quite clear. At
each step, six to ten waters were added at positions having
(2F, - F.) density greater than lo, (F, - F.) density greater
than 30, and reasonable hydrogen-bonding geometry. Two
peaks were recognized immediately as calcium ions, both
because of their strength and because of the geometry of
surrounding water peaks. These peaks were interpreted as
water oxygens at step 1 of the search. At the stage with 27
added water molecules and R = 23.9%, strong positive (F, —
F.) peaks appeared at the two calcium sites, indicating the
need for a heavier atom than oxygen. At this point, the fourth
round of water addition, the two calcium sites were identified
as such. As more water positions were added, the full
heptavalent coordination of theseions became apparent. (One
axial water coordination site around calcium complex Ca2
appeared as only a small peak in difference maps, and behaved
poorly upon refinement. Its position accordingly was not
included in the atom list, although the locations of the other
six waters in that complex leave no doubt that the troublesome
water actually is present.) After the tenth round of water
peak searching from recalculated density and difference
density maps, the decamer double helix was accompanied by
79 water molecules and two calcium ions, for a residual error
of R = 17.9%.

At this point an (F,— F) omit map was calculated, omitting
all waters and ions. Four water peaks failed to return with
appreciable density and were deleted. The final structure
contains 404 DNA atoms, 2 calcium ions, and 75 water
molecules, with R = 18.1% for the 4095 structure factor
observations greater than 2¢(F), between 8.0- and 1.9-A
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Table I: Root Mean Square Deviations of Final Structure from
Ideal Geometry and Standard Deviations

rms 4
bonds (A) 0.016 0.030
distance across angles (deg) 0.034 0.040
P bonds (A) ; 0.024 0.025
distance across P angles (deg) 0.042 0.050
planes (&) 0.010 0.020
chirals 0.100 0.150

Table II: Identification Key to Decamer Helices Mentioned
Frequently

name sequence crystal form
CG C-C-A-A-C-G-T-T-G-G monoclinic C2
GC C-C-A-A-G-C-T-T-G-G hexagonal P6
HA C-C-A-G-G-C-C-T-G-G monoclinic C2
HAMe C-C-A-G-G-C-m*C-T-G-G hexagonal P6
CAT C-A-T-G-G-C-C-A-T-G orthorhombic P2,2;2,
KK C-G-A-T-C-G-A-T-C-G orthorhombic P2,2,2,

resolution. Root mean square (rms) deviations from ideal
geometry, as obtained from NUCLSQ), are listed in Table I.
Both the F, intensity data and the atomic coordinates have
been deposited with the Brookhaven Protein Data Bank, for
immediate release.

RESULTS AND DISCUSSION

For ease of reference in what follows, the sequences discussed
will be identified by abbreviated names as listed in Table II.
These names; although containing an element of arbitrariness
and artificiality, are more easily recognized as labels than are
endless repetitions of full sequences.

Crystal Packing and Minor Groove Hydration. The GC
(or C-C-A-A-G-C-T-T-G-G) decamer is held in its P6 lattice
by three distinct types of lattice contacts. The most intimate
of the three is the stacking of helices to form pseudocontinuous
columns parallel to the crystallographic c axis. The base step
from the top of one helix to the bottom of the next is normal
in every respect, except for the absence of connecting phosphate
backbones. Helical twist at the junction step is 41.3°, roll is
+4.7°, and rise is 2.66 A, all within the ranges seen in normal
base steps within a helix. [Therise can be less than the 3.4-A
thickness of one base pair, of course, because rise is measured
from CI’ atoms and because the two base pairs are buckled
slightly so as to exhibit a value for cup of 16.5°. See Figure
6 of Yanagi et al. (1991).]

In the second type of lattice contact, six columns of helices
pack in a hexagonal array around the 6-fold rotation axis to
form a hollow tube, as seen end-on in Figure 1 and in a side
view in Figure 2. Close interhelix contacts of this sort are
listed in Table ITIA,B. Phosphates P5 and P6, flanking base
G35, contact phosphates P16 and P15 of a neighboring helix
around the hexagonal tube (middle contacts in Figure 2).
These contacts would serve to narrow the width of the minor
groove at the center of the helix, and indeed this packing may
be responsible for the small relative narrowing of groove width
in hexagonal HAMe (or C-C-A-G-G-C-m’C-T-G-G) by
comparison with monoclinic HA (or C-C-A-G-G-C-C-T-G-
G).

Five base pairs up or down from this contact, at the junction
between stacked helices, more elaborate interactions involve
bridging via two minor groove heptaaquocalcium complexes
(Figure 3). Calcium water oxygens O3, 04, and O6 interact
with guanine N2 and N3, cytosine O2, and deoxyribose 04’
atoms of the helix in whose minor groove the complex sits.
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FIGURE 1: Packing of columns of stacked decamer helices, viewed down the ¢ axis, the axis of columns. One ring of six columns, in isolation,
builds a hollow tube that exhibits almost ideal 622 symmetry. These tubes then are packed in a triangular lattice to build the crystal.

FIGURE 2: Stereoview of lateral interhelix contacts of 3.5 A or less, as listed in Table III. Contacts are between neighbors around a 6-fold
tube, including bridging by calcium complexes. Complex Cal is to the upper left of C2 in each pair.

Water oxygens O1 and O2 reach across to a 5’-terminal -OH between two stacked helices. As with the monoclinic,
and phosphate oxygen of the next helix around the 6-fold axis, orthorhombic, and trigonal decamers, backbone chains in two
and oxygen OS5 makes a bond across the interhelix junction adjacent helical columns come into closest contact precisely
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FIGURE 3: Stereo closeup of bridging by the two calcium complexes, viewed as in Figure 2. Dashed contacts of 3.5 A or less are listed in
Table ITIA. Complex Cal is to the upper left of Ca2. The five coplanar oxygens of complex Cal are numbered 1-5 in a counterclockwise
direction starting from the lower right, and equivalent oxygens in Ca2 are numbered counterclockwise from the upper left of that complex.
In each cluster, axial ligand O6 is behind the plane of the five. Axial ligand O7 is shown in complex Cal but is not drawn in complex Ca2,
even though the ligand must be present. A small peak was observed in Fourier and difference Fourier maps at the appropriate position, but

it refined poorly and was omitted from the atom list.

Table I1I: Close Contacts of 3.50 A or Less between Columns of
Helices®

(A) Helix N and O Atoms Bridged via Calcium Complexes

(See Figure 3)

“Ca O dit Ca O dist
no. no. sym base atom (A) no. no. sym base atom (A)
Cal O1 n C1 0% 295 Ca2 O1 n C11 05 292

Ca2 O1 n Cl1 03 341

Ca2 Ol n Cl12 O2P 3.42
Cal O2 n C2 OIP 288 Ca2 O2 n Ci12 OIP 274
Cal O3 p C2 02 283 Ca2 O3 p Cl12 02 268
Cal O3 p C2 O4 348 Ca2 03 p Ci12 04 331
Cal O3 p A3 O4 272 Ca2 03 p Al3 O4 284
Cal O4 p C2 O4 282 Ca2 04 p Cl2 04 307
Cal O4 p G20 N2 328 Ca2 O4 p GI0 N2 3.20
Cal O5 +¢ CI11 03 341 Ca2 O5 -« C1 03 324
Cal 06 +¢ Cll O4 274 Ca2 06 —« C1 04 257
Cal O6 p G20 N3 318 Ca2 O6 p GI0 N3 321

Cal O6 p G20 N2 312 Ca2 O6 p Gl0 N2 331

(B) Direct Oxygen Bridging between DNA Helices Related by the
6-fold Symmetry Axis®

base atom sym base atom dist (A)

Cl 05 +c ci1 0¥ 3.44
Glo 0% - G20 0¥ 2.88
G5 05 n Cl6 OIP 3.34
Cé OIP =n Gl15 0% 3.62

(C) Direct Oxygen Bridging between DNA Helices Related by the
2-fold Symmetry Axis

best illustrated

Figure 3
Figure 3
Figure 2, center
Figure 2, center

base atom base atom dist (A) best illustrated
G9 O1P G10 o2pP 344 Figure 4
G9 o1pP G9 oy 336 Figure 4
G9 O1P G9 o1P 4.03 Figure 4

@ In the symmetry column, p designates a particular helix, n is one of
its neighbors to either side around the 6-fold axis, and +¢ and —¢ indicate
unit cell displacements up or down the ¢ axis from the p helix. Quasi-
equivalent interactions involving the two different calcium clusters are
on the same row. Oxygen atoms O6 and O7 are axial to the plane of the
other five calcium ligands, O1-05. Atom O7 is uncoordinated in both
calcium complexes.

where phosphates are absent at interhelix junctions. Hence
the gaps between helices themselves contribute to closer
packing. At each junction, visible in the center of Figure 3,
two 5’-terminal —OH are hydrogen-bonded to one another, as
are two 3’-terminal ~OH.

The third, and most tenuous, type of interhelix contact is
formed when the hexagonal tubes of six helices are arranged
into the triangular crystal lattice, as seen in Figures 1 and 4.
Each helix makes a single contact across a crystallographic
2-fold axis, involving only phosphates P9 and P10 on both of
the contacting helices.

The packing into 6-fold tubes preserves an intrinsic 2-fold
symmetry perpendicular to the 6-fold axis through the center
of the decamer that is not demanded by the P6 space group.
This noncrystallographic symmetry is broken only by contacts
across a 2-fold axis when the 6-fold tubes are packed into a
crystal lattice (Figure 4). Those contacts are so weak that
the rms difference in atom positions between two ends of the
helix is only 0.28 A, approaching the accuracy of the structure
analysis itself. As expected, most of the asymmetry occurs
at phosphate positions P9 and P10, flanking base G9. The
two calcium complexes near the interhelix junctions occupy
quasi-symmetrical positions, and even the water structure
exhibits strong 2-fold symmetry.

Two interpretations of cause and effect might be invoked
here. One mightargue that the decamer helices are themselves
rigidly symmetrical end for end and must therefore pack into
the crystal lattice in a manner that preserves this symmetry
approximately. Alternatively, one could maintain that the
packing constraints of the 6-fold rotation axis enforce an end-
for-end symmetry. But the observation that helices pack in
a manner that aligns their molecular dyads to form approx-
imate 622-point symmetry, instead of a different rotation of
the helix around its local axis, argues for an intrinsic 2-fold
symmetry of the helix. A flexible and easily deformed helix
could have selected any of 10 different local axis rotations,
aligning phosphates in similar positions but perhaps finding
an orientation with more suitable packing. The highly
localized consequences of the 2-fold contacts between
helices—affecting only the two phosphate groups but not the
sugars or bases attached to them—also argues for an
intrinsically rigid helix.

It is interesting to note that, among all the available self-
complementary B-DNA crystal structure analyses, those
crystals exhibiting highest resolution are the ones that
minimally perturb the intrinsic 2-fold internal symmetry of
the molecule. Highest resolution, 1.3-1.6 A, is obtained in
monoclinic space group C2, where the molecular symmetry
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FIGURE 4: Stereoview of contacts of 3.5 A or less across two helices related by a vertical 2-fold axis. The ¢ axis is vertical, and one decamer
is emphasized with dark bonds. Base pairs from the top of each column as drawn here are G5-C16, A4.T17, A3-T18, C2.G19, C1.G20, interhelix

break, G10-Cl11, G9-C12, ..., etc.

coincides with a true crystallographic 2-fold axis. The
hexagonal P6 and orthorhombic P2;2,2; decamers possess a
small number of asymmetric packing contacts, and their
crystals diffract somewhat less strongly, 1.5-2.0 A. The
trigonal decamers and orthorhombic dodecamers possess
extensive asymmetric packing contacts, show significant
deviations from internal 2-fold symmetry, and diffract least
well, 1.9-2.6 A. The DNA has a strong tendency to exhibit
the end-for-end symmetry inherent in its base sequence. Where
this is forbidden by anisotropic crystal packing, a price is paid
in terms of increased disorder within the crystal structure and
lower resolution.

Hydration in the new structure (Figure 5) generally
resembles that encountered in all other decamers, no matter
what their space group or crystal packing mode: a monolayer
of water molecules hydrogen-bonded to polar groups along
the phosphate backbone and within the major groove, without
apparent superstructure, and more structured hydration within
the minor groove. In the narrow minor groove at the middle
of the helix is found a single zigzag spine of hydration familiar
from CG (or C-C-A-A-C-G-T-T-G-G) and other decamers;
in the wider regions of the minor groove toward the ends of
the molecule the spine breaks up into two irregular ribbons
of hydration along the two walls of the groove. Such behavior
by now isso familiar that it can be considered as a characteristic
property of B-DNA, to be expected whenever the resolution
of the structure analysis is sufficient to permit accurate
localization of water positions.

Comparison of GC and HAMe Decamer Structures. The
GC and HAMe decamers are essentially identical, both in
chemical properties and in crystal structure. In the major

groove, both exhibit a S-methyl group on the pyrimidine at
position 7 (5-methylcytosine vs thymine); only the direction
of the N-H.-O hydrogen bond is reversed. Local patterns of
hydrophobicity and hydrophilicity are the same. Hence the
adoption of the same crystal form by the two sequences is not
surprising. Crystallographically, the two independently crys-
tallized and studied oligomers exhibit a rms difference in
atomic positions of only 0.44 A (Figure 6).

The two structures, GC and HAMe, differ mainly in the
location of ions. HAMe was crystallized with magnesium
ions, which locate more toward the center of the helix, linking
base edges of A3 and A4 to phosphate P17 on the neighboring
helix around the 6-fold axis. In contrast, the calcium
complexes in GC link base edges of G20 and C2 to phosphate
P2 and the nearby 5’-terminal —OH. The large calcium
complex occupies a wider region of the minor groove than
does the smaller magnesium complex, exactly as was observed
by Lipanov et al. (1993) in the two crystal forms of C-C-
A-A-C-I-T-T-G-G. Inspite of this difference in bridging ion
locations between GC and HAMe, no difference is seen in the
local helix parameters of the bases at each position. Obviously,
the ions serve more as mortar to fill gaps between helices (at
least in this space group) than as active agents shaping local
helix parameters and forcing crystallization in a given space
group.

Bending. Like the earlier HA and HAMe structures, the
present GC helix shows a substantial bend across its center,
produced by rolling base pairs about their long axes in a
direction that compresses the broad major groove. This is
seen by comparing inclinations of base pairs 3 and 8 in Figure
6, and by observing the motion of points 3—4—-5-6—-7-8 across
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FiGURE 5: Minor groove hydrationin C-C-A-A-G-C-T-T-G-G. Base pair C1-G20is at the bottomand C11-G12is at the top. Water molecules
within the minor groove are represented by dark spheres connected by single lines: thick for distances less than 3.5 A and thin for distances
between 3.5 and 4.0 A. Notice the symmetry of the water structure around the center of the helix and the single spine of hydration there,

fraying into a double strand at both ends of the helix.

FIGURE 6: Structure comparisons by superposition of C-C-A-A-G-C-T-T-G-G (dark bonds) and C-C-A-G-G-C-m’C-T-G-G (light bonds).
The rms difference in the two structures, which have been refined independently in different laboratories, is 0.44 A.
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FIGURE 7: Base pair normal vector plot for C-C-A-A-G-C-T-T-G-
G. Numbered points 1-10 mark the tips of normal vectors to base
pairs 1-10, shifted to a common origin and viewed down the helix
axis. A progression of points across the diagram indicates a bend in
the helix axis. Inner and outer circles represent 5° and 10° bends,
respectively. The GC helix shows a 15° writhing bend over base
pairs 3-8, seen here as a clockwise trajectory of points. Even more
striking is the nearly planar bend of 23° involving base pairs 9-10-
1-2 across the helix junction. This bend across the nonbonded junction
also is observed in all of the monoclinic and hexagonal decamers that
have been solved to date, all with a cross-junction sequence of -T-
G-G C-C-A-.

the base pair normal vector plot in Figure 7. The curvature
of this latter trajectory indicates that the bend is writhed rather
than planar.

But the true significance of this bend in HA and HAMe
only became apparent after structure analysis of the CAT
helix, in which the central bend is larger, 23°, and is confined
to a single bending plane [Figures 1 and 2a of Goodsell et al.
(1993)]. Inthe CAT helix, bending is produced by the motif
Y-G-G-C-C-R: the G-G-C-C core induces a bend in order
to improve the stacking of G upon G, and the flanking Y-G
and C-R steps allow the helix to resume a normal course by
breaking the bend via unusually large twist values, 48.8° and
49.6°.

But the central A-G-G-C-C-Tin the HA and HA Me helices
is a longer R3Y3; motif rather than R,Y, and the A-upon-G
purine—purine stacking disfavors a break where found in CAT.
Instead, the break occurs one step farther toward each end
of the helix, at pyrimidine—purine Y-A and T-R steps separated
bysix base pairs: Y-A-G-G-C-C-T-R. With thislonger purine
span, the magnitude of the bend must be reduced corre-
spondingly if continuity of the helix is to be preserved. But
the ends of the bent region, at steps Y-A and T-R, again are
characterized by very high 44°—51° twist angles. The present
GC helix also displays the longer pattern Y-R-R-R-Y-Y-
Y-R across its center, and the bend described by the central
base pairs A4-G5-C6-T7 in Figure 7 is only 5°. The stacking
of three successive purines again apparently is sufficiently
strong to damp down bending.

A surprise is found, however, at the ends of the helix. Two
stacked GC helices exhibit the sequence

C-C-A-A-G-C-T-T-G-G C-C-A-A-G-C-T-T-G-G
The underlined region has a sequence identical to the central
six base pair bending motif of the CAT helix, even though the
two central base pairs in the motif now are not connected by
phosphate groups. And the bend encountered over the central
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O—Q—H—H—0—

A—H—P—0—0—Q—Q—H—P»—0

—@—p—-P—0—0

FiGURE 8: Comparison of the bend at -T-G-G-C-C-A- in the center
of C-A-T-G-G-C-C-A-T-G (left) and across the interhelix junction
of C-C-A-A-G-C-T-T-G-G (right). In the four central base pairs,
G-G-C of the nearer strand are shown in open space-filling
representation, and G-G-C of the farther strand are in dark space-
filling atoms. The bend is essentially identical in the two structures,
with a rms difference of only 0.61 A in atomic position over the
central six base pairs. Bending is produced by preferential stacking
of guanine bases, as described earlier by Goodsell et al. (1993).

four G-G-C-C base pairs is an identical 23° in CAT and GC
structures, corresponding to a 25-A radius of curvature. For
GC this bend is visible as the trajectory of points 9-10-1-2
in Figure 7 and for CAT as points 4-5-6-7 of Figure 2a of
Goodsell et al. (1993). Even more remarkably, the T-G-G-
C-C-A regions in the two decamers are superimposable with
a rms difference of only 0.61 A (Figure 8). The absence of
connecting phosphate backbones in the latter case apparently
isirrelevant, by comparison with the identity of base stacking.

Hence in each structure, GC and CAT, columns of stacked
helices display two bends—one at the center of a decamer and
the other at the interhelix junction. Both the bend and a
compensating reverse bend are necessary, of course, if helices
are to be stacked vertically in endless columns. Bends at the
G-G-C-Cof sequence T-G-G-C-C-A are well defined, planar,
and identical in the two structures, whereas the compensating
reverse bends, at A-A-G-C-T-T in the GC helix and A-T-G
C-A-T in CAT, are more diffuse. As an example, the GC
helix bend along base pairs 9-10-1-2 in Figure 7 occurs in
one plane and over only three base steps. The compensating
return bend from base pair 2 back to base pair 9 again takes
seven helical steps and includes local writhing motions.

Examination of other decamer structure analyses reveals
that this bend at the sequence Y-G-G-C-C-R is one of the
most ubiquitous of all features of B-DNA oligomers. The
T-G-G C-C-A bend across an interhelix junction is encountered
in every decamer that adopts monoclinic space group C2 or
hexagonal space group P6. Table IV compares T-G-G-C-
C-A steps in the center of orthorhombic CAT and across the
junctions of four of the six decamers that adopt hexagonal or
monoclinic crystal packing. A common pattern is observed:
low twist, essentially zero slide, and positive roll at the three
steps within the G-G-C-C core and sharp breaks in behavior
with high twist, large slide, and negative roll at flanking T-G
and C-A steps. The combination of high twist and large
positive slide completely unstacks bases in the two base pairs,
marking the end of the bent region.
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Table IV: Twist, Slide, and Roll Profiles of Bent Sequences of the Type Y-R-R-Y-Y-R#

CAT (orth) A T G G c C A T
twist (deg) 30.7 48.8 314 30.8 303 49.6 217

slide (A) 0.30 2.43 0.72 -0.03 0.72 2.72 -0.08

roll (deg) —0.62 ~5.84 6.23 9.26 7.93 -7.14 2.68

GC (hex) T T G G | C C A A
twist (deg) 26.4 49.2 28.3 41.3 29.7 49.3 24,2

slide (A) 0.70 2.40 0.79 -0.23 0.72 2.39 0.96

roll (deg) 12.06 -35.54 9.20 4.71 8.86 -5.21 9.41

CG (mono) T T G G | C C A A
twist (deg) 28.7 50.8 27.8 40.5 27.8 508 28.7

slide (A) 0.47 2.59 0.73 -0.01 0.73 2.59 0.47

roll (deg) 8.80 -6.15 5.13 3.30 5.13 -6.15 8.80
HAMe (hex) m5C T G | C C A G
twist (deg) 28.4 47.6 29.9 40.5 32.8 44.0 26.2

slide (A) 0.74 1.92 0.39 ~0.29 0.76 2.07 0.87

roll (deg) 3.25 -3.76 8.41 3.65 5.04 -2.45 5.88

HA (mono) C T G G | C C A G
twist (deg) 23.8 50.6 28.2 40.2 28.2 50.6 23.8

slide (A) 0.94 2.63 0.74 -0.15 0.74 2.64 0.94

roll (deg) 5.55 ~7.04 6.86 3.45 6.86 -7.04 5.55

KK (orth) G | C G A T C G A
twist (deg) 25.8 39.9 40.6 336 38.5 29.3 40.0

slide (A) 0.12 0.84 -0.36 -0.45 -0.15 0.60 0.57

roll (deg) 2.04 -0.41 2.09 -2.40 -0.75 8.47 0.14

4 Local helix parameters are calculated with the helix analysis program NEWHEL93, which is obtainable upon request either from the author (E-mail
address RED@ UCLAUE.MBL.UCLA.EDU) or from the Brookhaven Protein Data Bank. The quantity roll is the simple component of the change
in base pair normal vector direction in a plane perpendicular to the long base pair axis, rather than the adjusted radj quantity in which the twist angle
between base pairs is first rotated back to zero before roll calculation. mono = monoclinic space group C2; hex = hexagonal space group P6; orth

= orthorhombic space group P2:2,2;; | = junction between decamer helices.

Table V. Twist, Slide, and Roll Profiles of Sequences of the Type R-R-R-Y-Y-Y and R-R-Y-R-Y-Y

GC (hex)® C A A G C T T G
twist (deg) 49.3 24.2 374 37.3 36.9 26.4 49.2

slide () 2.39 0.96 0.01 -1.03 -0.12 0.70 2.40

roll (deg) -5.21 9.41 -0.26 5.61 0.10 12.06 -5.54

CG (mono)4 C A A C G T T G
twist (deg) 50.8 28.7 29.9 44.8 299 28.7 508

slide (&) 2.59 0.47 -0.28 —-0.06 -0.28 0.47 2.59

roll (deg) —6.15 8.80 -1.99 6.35 -1.99 8.80 —6.15
HAMe (hex) C A G G C m*C T G
twist (deg) 44.0 26.2 373 36.9 36.5 28.4 476

slide (A) 2.07 0.87 -0.11 -0.79 -0.07 0.74 1.92

roll (deg) -2.45 5.88 4.14 421 3.67 3.25 -3.76

HA (mono) C A G G C C T G
twist (deg) 50.6 23.8 36.9 409 36.9 23.8 50.6

slide (A) 2.63 0.94 0.74 0.02 0.74 0.94 2.63

roll (deg) -7.04 5.55 4,06 1.44 4.06 5.55 -7.04

%mono = monoclinic space group C2; hex = hexagonal space group P6.

As a control, the KK helix (Grzekowiak et al., 1991) in
Table IV demonstrates that this pattern of behavior is not
observed for the core sequence G-A-T-C, even though it also
exhibits a Y-R-R-Y-Y-R motif. Apparently the stacking of
G’sand A’s, in G-G-C-C vs G-A-T-C, is quite different. This
characteristic bending behavior of the sequence Y-G-G-C-
C-R cannot be attributed to crystal packing, because it is
observed in three different space groups with quite different
local molecular environments.

Table V lists the geometry of the compensating return bends
that are necessary to ensure zero net bend in the helix, thus
facilitating the stacking of helices in columns. All but one of
these sequences are of the general type Y-R-R-R-Y-Y-Y-R,
but purines vary between Gand A. The Y-R and R-Y flanking

steps again represent a high twist, positive slide, negative roll,
break in base stacking, but no common or characteristic
structural pattern is seen within the R3Y; regions.

The sequence C-C-A-A-C-I-T-T-G-G has been solved in
two different crystal environments: monoclinic C2 in the
presence of calcium ions and trigonal P3,21 with magnesium
ions (Lipanovetal., 1993). Asmentioned earlier, magnesium
complexes locate in the narrow central region of the minor
groove, whereas calcium complexes bind one base pair farther
toward each end of the helix, where the minor groove is wider.
The characteristic Y-G-G-C-C-R bend is seen across the
interhelix junction in the monoclinic structure but not in the
trigonal. This can be explained by the restrictive crystal
packing imposed by helix crossing in the trigonal lattice, where
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the phosphate backbone of one helix is hydrogen-bonded to
the floor of the major groove of another, and the base step
from one helix to the next has an anomalously high 51° twist
angle.

Insummary, the evidence from at least seven decamer crystal
structures, in hexagonal, monoclinic, and orthorhombic space
groups, suggests that the sequence T-G-G-C-C-A has a
pronounced tendency tobend. Incontrast, all crystallographic
evidence indicates that A-tracts are not intrinsically bent and
that bending observed at junctions between GC and AT regions
is 90° out of phase from that required for a junction-bend
explanation of gel migration and nucleosome phasing exper-
iments. Hence Occam’s Razor would suggest that A-tracts
induce bending in general-sequence B-DNA, not because the
A-tracts themselves are bent but because they remove a certain
portion of the natural writhe and flexibility of general-sequence
B-DNA, allowing the natural bending tendencies of the
remaining GC-rich regions to find macroscopic expression.
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