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The DNA dodecamer CATGGGCCCATG in a crystal structure of
resolution 1.3 Å has a conformation intermediate between A and
B DNA. This trapping of a stable intermediate suggests that the A
and B DNA families are not discrete, as previously believed. The
structure supports a base-centered rather than a backbone-cen-
tered mechanism for the A 7 B transition mediated by guanine
tracts. Interconversion between A and B DNA provides another
means for regulating protein–DNA recognition.

The right-handed B helix is the dominant biological confor-
mation of DNA, but crystal structures of protein–DNA

complexes have revealed the duplex to be surprisingly deform-
able (1). For example, catabolite activator protein bends its
operon by 90° (2), and the TATA-binding protein produces
severe bending in its cognate site and induces a conformation
with some features resembling A DNA (1, 3–6). Indeed, the
deformability of DNA is an important determinant of its ability
to interact with proteins (7). In protein–DNA complexes, A-
tracts, defined as runs of four or more AT base pairs without a
disruptive pyrimidine-purine TA step, are nearly always straight
and unbent (8, 9). This resistance to bending is a structural
feature that proteins can recognize, as is the readiness to bend
shown by pyrimidine-purine steps (TA, CG, CAyTG; refs. 1 and
7). Fiber diffraction and solution studies have shown that G-
tracts, or runs of four of more GC base pairs, also have special
structural properties. G-tracts favor the A DNA helix confor-
mation and, depending on the local water activity, can induce a
B-to-A DNA transition (10–13). Sequences with long G tracts
usually crystallize as A DNA (14, 15). The decamer CATGGC-
CATG with a short 4-bp G-tract crystallizes as B DNA (16). In
contrast, the present dodecamer CATGGGCCCATG, with a
6-bp G tract has more of an A DNA character and, in fact, is the
first DNA oligomer to crystallize in a conformation intermediate
to A and B DNA. This suggests that the A 7 B transition is
readily accessible to certain DNA sequences and can be another
mode for governing protein–DNA interactions.

Methods
Deoxyoligonucleotides were synthesized by conventional solid-
phase phosphoramidite methods. Dodecamers were purified by
anion exchange liquid chromatography with a KCl gradient and
desalted by reverse-phase liquid chromatography. Crystals were
grown at 4°C by vapor diffusion in sitting drops containing 2.3
mM duplex DNA, 120 mM Ca acetate, 4.8 mM spermine, 60 mM
Na cacodylate buffer at pH 7.0, and 9.5% (volyvol) 2-methyl-
2,4-pentanediol against a reservoir solution of 25% (volyvol)
2-methyl-2,4-pentanediol. Crystals were frozen in liquid nitro-
gen during data collection. Diffraction data for the native crystal
were collected at the National Synchrotron Light Source at
Brookhaven National Laboratory with 0.978-Å radiation. Dif-
fraction data for the iodinated crystal were collected on a Rigaku
R axis IV imaging plate detector with CuKa radiation. The
crystals possess P41212 symmetry with one duplex in the asym-
metric unit. Data were processed with DENZO and SCALEPACK
(17). The iodine sites were found by SOLVE and by manual
inspection of the Patterson maps (18). Phasing with single
isomorphous replacement and anomalous scattering was done by

MLPHARE (19). Density modification and phase extension were
performed by the program DM (20). Rigid-body refinement
followed by simulated annealing with maximum likelihood treat-
ment of experimental phases was done with CNS (21). After R 5
27.0%, refinement continued with SHELX-97 (Sheldrick, G. M.)
with restrained anisotropic treatment of atomic thermal factors
as recommended by PARVATI (22). Water molecules were added
to peaks above 3s in the Fo-Fc map or 1.5s in the 2Fo-Fc map,
which showed reasonable geometry to other potential hydrogen
bond donoryacceptors and which decreased Rfree on addition.
Helical parameters were calculated with FREEHELIX (1).

Results and Discussion
The dodecamer CATGGGCCCATG, which for brevity will be
termed the G3C3 helix, was crystallized under mild conditions
typical of B DNA rather than the dehydrating conditions that
favor A DNA. Crystals diffract to 1.3 Å, and an iodinated
derivative plus anomalous scattering measurements allowed
direct experimental determination of phases. This process elim-
inated any prior assumptions as to helix type, which are needed
in the molecular replacement method. Fig. 1 shows the high
quality of the experimentally phased map before fitting and
refinement of the model. Data on the fully refined structure are
listed in Table 1.

As Table 2 indicates, the G3C3 helix shares archetypal traits of
both A DNA and B DNA, with which this helix is compared in
Fig. 2. Typically, A and B DNA differ in the inclination of base
pairs to the helical axis, lateral displacement of base pairs away
from the helical axis, width and depth of the minor groove,
deoxyribose ring conformation, and crystal packing (9, 14, 15,
19, 23).

Data deposition: The atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.rcsb.org (PDB ID code 1DC0), and in the Nucleic Acid Database
(accession code BD0026).
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Fig. 1. A 1.55-Å electron-density map of a typical base pair after phasing by
single isomorphous replacement plus anomalous scattering and density mod-
ification but before model building and refinement. The skeleton of the final
refined model has been superimposed for reference.
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In B DNA, the base pairs are roughly perpendicular to the
helical axis, and normal vectors to these base pairs cluster tightly
around the axis (Figs. 2c and 3). In contrast, base pairs in A DNA
are inclined 15–20° to the overall helical axis and writhe around
that axis as shown by sweeping ellipses in the normal vector plot
(Figs. 2a and 3). A side view of the G3C3 helix (Fig. 2b) and its
normal vector plot (Fig. 3) show that, in this respect, the
structure is B-like. However, the view down the helical axis (Fig.
2e) shows an A-like hollow through the center of the column
produced by displacement of base pairs off-axis. Fig. 4 shows that
the X displacement, or shift of base pairs along their short axis
in the direction of the minor groove, averages '23 Å, inter-
mediate between the X displacement expected for B DNA ('0
Å) and for A DNA (24 to 26 Å). Fig. 2 d–f also shows that the
central ‘‘hole’’ in G3C3 is larger than that for B but smaller than
that for A.

The offset of base pairs produces changes in dimensions of the
major and minor grooves. Because base pairs are displaced
toward the minor groove, A DNA has a wider but shallower
minor groove but a deeper but narrower major groove than B
DNA. Changes in major and minor groove dimensions provide
another means for regulating the accessibility of DNA to pro-
teins. Most proteins bind DNA via the major groove, and the
narrower major groove of A DNA suggests that that its confor-

mation is less biologically active. Crystal structures of A and B
DNA oligomers show considerable variation from canonical,
fiber diffraction-derived geometry. Nevertheless, groove widths
of G3C3 are intermediate to the width in ideal A and B DNA.

With respect to sugar conformation, the verdict, ‘‘A DNA:
C39-endo; B DNA: C29-endo’’ has become a mantra analogous to
‘‘Four legs good; two legs bad’’ from George Orwell’s Animal
Farm. But like that slogan, the sugar conformation mantra needs
revision, because it ignores what we see in the crystallographic
data. Whereas A DNA crystal structures show little deviation
from C39-endo sugar puckering (14, 15), B DNA structures have
a broad distribution of sugar puckers centered on C29-endo but
extending from C49-exo to C39-endo and beyond (9). Indeed, this
greater flexibility of the B helix over A may make the B helix a
better candidate for recognition by other macromolecules. At
1.3-Å resolution, the sugar puckering of all rings in G3C3 is clear.
Except for one sugar of a terminal nucleotide of the duplex
(terminal nucleotides enjoy a greater range of motion), which
has a C29-endo pucker, all sugars of G3C3 cluster tightly in the
C39-endo region. In this regard, G3C3 resembles A DNA.

Crystals of G3C3 are not isomorphous with any previous
oligonucleotide structure, whether A, B, or Z DNA. Crystalline
B DNA dodecamers typically form parallel stacks of helices with
overlapping ends. In A DNA crystals, the terminal base pairs of

Table 1. Crystal structure analysis of the CATGGGCCCATG dodecamer

Parameter CATGGGCCCATG CATGGGCC(IC)ATG

Space group P41212 P41212
Unit cell dimensions, Å a 5 b 5 40.2, c 5 77.3 a 5 b 5 40.3, c 5 78.1
Resolution range, Å 20.0–1.3 20.0–2.3
Observations 128,129 75,985
Unique reflections 16,111 5,461
Completeness, % 98.6, 90.0* 100, 100*
Iys 29.5, 7.6* 50.0, 13.3*
Rsym

† 7.0, 17.3* 6.4, 20.1*
Rcullis, centric‡ 0.47
Phasing power, centric/acentric§ 2.07y2.39
Rcrys

¶ 17.2
Rfree

¶ 20.0
Bond lengths rms deviation from ideal, Å 0.007
Bond angles rms deviation from ideal, Å 0.016

*Values for highest resolution shell of data: 1.35–1.30 Å for native and 2.38–2.30 Å for the derivative.
†Rsym 5 SuI 2 ^I&uySI.
‡Rcullis, centric 5 ScentriciFphu 2 uFpiyScentricuFph 2 Fpu.
§Phasing power 5 [SFh(calc)

2y(SFph(obs) 2 Fph(calc))2]1/2.
¶Rcrys 5 100 (SuFobs 2 Fcalcu)y(SFobs). Rfree is calculated like Rcrys for a random 5% of the reflections.

Table 2. Structural features of CATGGGCCCATG and their relationships to A and B DNA

Feature B DNA G3C3 helix A DNA Greatest similarity

Normal vector plot Around origin Around origin Writhed curve B
Mean parameters*

Roll, degree 11.6 12.5 110.0 B
Inclination, degree 13.4 15.5 120.1 B
X displacement, Å 20.1 22.9 24.5 AyB
Minor groove width, Å† 6.2 9.5 10.0 A
Helical twist, degree 35.6 31.8 30.4 A
Slide, Å 10.4 21.6 21.7 A

Sugar puckering Broad distribution around
C29-endo

C39-endo C39-endo A

Crystal packing Parallel stacks of helices A-like Terminal base pairs against
wall of neighboring
minor groove

A

*Mean values for A and B DNA from six helices in Figs. 3 and 4.
†Minimum P–P distances are less than 5.8 Å for two phosphate group radii.
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one helix pack against one wall of the broad minor groove of
neighboring helices, and G3C3 shares this packing mode. This
arrangement leaves large solvent channels between duplexes,
and the solvent content of the G3C3 crystals is a high 60%. Much
of this solvent is disordered and not localized. Only 93 water

molecules and no ions or spermine molecules were located in the
1.3-Å electron density map, which is atypical for diffraction data
of such high resolution and quality.

The G3C3 structure is compared with ideal, fiber diffraction-
derived A and B DNA in Table 2. This structure is B-like in the
inclination of base pairs, which are effectively perpendicular to

Fig. 2. Side and top views to the same scale of ideal A DNA (a and d), G3C3 or CATGGGCCCATG (b and e), and ideal B DNA (c and f ). Ideal structures are taken
from fiber diffraction data (10).

Fig. 4. X displacement of base pairs of G3C3 (red, CAT12) as well as repre-
sentative A DNA (green) and B DNA (black) helices. Positive X displacement is
the shift of a base pair along its minor axis in the direction of the major groove
(39). Note that the X displacement of G3C3 is intermediate between the near
zero displacement of B DNA and the large negative displacement of A DNA.

Fig. 3. Normal vector plots of G3C3 (red, CAT12) as well as several typical A
DNA (green) and B DNA (black) oligomers. These oligomers were selected
from high-quality crystal structures in the Nucleic Acid Database (http:yy
ndbserver.rutgers.eduy). Note the clustering of black and red curves around
the origin, which indicates straight helices with base pairs perpendicular to
the helical axis. Note also the green arcs, which show the writhe typical of A
DNA.
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the helical axis, and in the small mean roll from one base pair to
the next. The structure is A-like in twist, slide, sugar pucker, and
minor groove width, and intermediate with respect to X dis-
placement. Because of its wider minor groove, G3C3 packs like
A DNA in crystals. It is pointless to contend whether crystal or
solution studies identify the ‘‘true’’ structural features of a given
DNA sequence; these studies provide different snapshots of the
range of conformations adaptable by a selectively flexible mol-
ecule. Indeed, the vaunted ‘‘tyranny of the lattice’’ should be
appreciated as a source of information about molecular deform-
ability (24).

The G3C3 crystal structure implies that an intermediate state
between A and B DNA is readily accessible to short G-tracts.
Independent theoretical studies have predicted that the ther-
modynamic barrier between A and B forms for A-favoring G-
tracts in solution is no more than 0.2 kcalymol (13, 25). Elec-
trostatic repulsion between stacked GC base pairs in the B DNA
form creates a destabilizing tension that increases cooperatively
with G-tract length (26). In the present case, addition of just two
more GC base pairs to the B DNA decamer CATGGCCATG led
to a dodecamer that crystallized as an AyB DNA intermediate.
Still longer G-tracts clearly favor an A helix (Fig. 3). The trapping
of an AyB DNA intermediate in the G3C3 crystal challenges
results from CD spectroscopic experiments that suggest that the
A 7 B transition occurs abruptly between two discrete states
(11, 12). However, CD absorbance may be insensitive to the
presence of AB intermediates containing base-pair inclination
angles similar to those of B DNA, because a major component
of the CD signal depends on base-pair inclination (27). CD
measurements may be detecting only one aspect of the B-to-A
transition.

Our results corroborate ideas that Calladine and Drew pro-
posed in 1984 in a seminal paper entitled, ‘‘A base-centered
explanation of the B-to-A transition in DNA’’ (ref. 28; see also
ref. 29). They proposed that the transition is driven by base-pair
stacking and that changes in sugar pucker were only a conse-
quence rather than a cause of the transition. Using wooden
models, they demonstrated that a B-to-A transition could be
induced by changing only two base-stacking variables: (i) in-
creasing the roll (contrarotation of adjacent base pairs about
their long axes) from near 0 to 112° and (ii) changing the slide
(motion of a base pair relative to another along their long axes)
from near 0 to 21.5 Å, as schematized in Fig. 5. As they
expressed it,

. . . neither roll nor slide by itself is sufficient to account
for the observed change in helical structure; but roll and
slide in combination do a good job of describing the
effect, without the need to invoke a change in twist. All
of the outward appearances so commonly noted during
the B-to-A transition: the shift of base pairs away from
an imaginary central axis, the tilt of base pairs from
horizontal, and an overall shortening of the assembly
follow primarily from changes in just two of the base-
step parameters, roll and slide. (28)

Modern molecular dynamics simulations support the Calladine–
Drew theory, suggesting that the transition involves a general-
ized change in many parameters (30–32) and that ‘‘. . . one
parameter alone, such as sugar repuckering. . . does not neces-
sarily drive the transition’’ (31).

The G3C3 helix bears out the Calladine–Drew ideas precisely.
Mean values of roll and slide for G3C3, after deleting the
helix-terminal steps, are 12.5°y21.6 Å. Corresponding values
for the typical B DNA helix are 11.6y10.4 Å and for A DNA
are 110.0y21.7 Å. Hence, the G3C3 structure essentially cor-
responds to a halfway point in the Calladine–Drew B-to-A
transition, created by using slide but not roll, as shown in Fig. 5b.

Considerable attention has been paid to runs of adenine, A-
tracts, whose primary characteristics are (i) an optionally nar-
rowed minor groove produced by the large propeller twist AT
base pairs, which are held together by only two hydrogen bonds,
and (ii) helix rigidity produced by the sawhorse-like stacking of
the propellered base pairs. In contrast, the primary character-
istics of this G-tract intermediate seem to be (i) a wide minor
groove by virtue of lack of propeller twist in GC base pairs, which
are kept flatter by their three hydrogen bonds, (ii) absence of roll
because of the significant overlap of the stacked base pairs, and
(iii) appreciable slide of adjacent flat base pairs along their long
axes. The result is a helix essentially blocked halfway through its
B 7 A conversion.

Just as the rigidity of A-tracts has been used extensively for
protein–DNA recognition, the A7 B DNA deformability of G-
tracts could also provide a means of regulating protein activity.
Crystallographic studies have shown that DNase I can bind to
both an A DNA sequence and a B DNA sequence but can cleave
only the B DNA sequence (33–35). Similarly, a run of six
guanines in a polypurine tract is the signal for termination of
digestion of a DNAyRNA hybrid helix by RNase H of HIV (36).

Fig. 5. Calladine–Drew base-centered mechanism for the B-to-A helix tran-
sition. (a) B DNA with neither slide nor roll. (b) B DNA with addition of a 21.5-Å
slide. (c) B DNA with addition of a 112° roll. (d) A DNA, resulting from addition
of both slide and roll to B DNA. The G3C3 helix corresponds to the helix in b and
can be regarded as a B DNA helix to which slide has been added but not roll.
Conversely, it can be thought of as A DNA from which roll has been removed.
Figures were created with NUSTAR (X.-J. Lu and W. K. Olson, unpublished work).
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Otwinoski et al. (37) concluded that the capability of a particular
sequence to adopt the A DNA-like conformation observed in the
crystal structure of the protein–DNA complex determines the
binding specificity of trp repressor. More generally, the intro-
duction of an a-helix into the major groove induces broad
conformational changes characteristic of a B-to-A conversion
(38). A 7 B helix interconversion is a phenomenon that raises

important biological and chemical questions and deserves fur-
ther study.
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