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ABSTRACT A systematic comparison of crystal structures
of nine different B-DNA dodecamers, in three different space
groups, with and without A-tracts, shows that crystal packing
or lattice forces are of secondary importance for helix axis
bending, minor-groove width, and propeller twist. While other
local helix parameters may be influenced or even established by
crystal packing, the propertiesjust enumerated are determined
primarily by base sequence. One and the same crystal packing
scheme can accommodate a bend in one of two different
directions, or no bend at all. A-tract regions of B-DNA are
inherently straight and unbent, with base-pair inclination no
different from that of general-sequence B-DNA. Where bends
are observed at junctions between G'C and ANT regions, they
always involve a roll about base-pair long axes in a direction
that compresses the wide major groove and, hence, are 90'
away from that necessary for the correctness of the junction
model of A-tract bending. The G-C/A-T junction appears to be
a flexible hinge, capable of adopting either a straight or a bent
conformation under the local influence of weak crystal packing
forces. Such forces therefore are a source of information about
DNA deformability and not a curse to be deplored. But as an
indication of the weakness of crystal packing forces, introduc-
tion of a single bromine atom in the major groove is sufficient
to eliminate a bend, although brominated and unbrominated
crystals are isomorphous.

At a recent workshop on DNA-drug interactions at the
Fundaci6n Juan March in Madrid,* one member of the
audience spoke of "the tyranny of the lattice," implying that
most fine-structure features of a DNA crystal structure were
imposed upon the helix by crystal packing forces and con-
sequently were of little relevance to the structure of "free
DNA." Since x-ray crystal structure analysis remains our
richest source of detailed structural information about mac-
romolecules, it is worth considering just how far the tyranny
of the lattice extends.
An excellent case study is provided by the B-DNA dodec-

amers whose structures have been solved over the past dozen
years. Nine key representatives are listed in Table 1 (1-12).
They are instructive because they illustrate sequences with
A-tracts and without, with both wide and narrow minor
grooves, and in three different crystal packing environments:
orthorhombic P212121 and P21212 and monoclinic C2. Careful
comparison of these structures can help to show which
aspects of helix structure are susceptible to crystal packing
and which are not.

A-Tracts and Helix Bending in B-DNA

The first six dodecamers listed in Table 1 are of interest
because they contain short central A-tracts: briefruns offour
or six ANT base pairs without the disruptive T-A step, flanked
by G-C regions. They are all isomorphous, packing in iden-
tical fashion into orthorhombic space group P212121 and with

essentially identical unit cell dimensions. They also share
other structural characteristics. The minor groove is narrow
in the central A-tracts, widening toward the G-C ends. A-T
base pairs in the center have large propeller twist compared
with the flatter G*C pairs. Most strikingly, each of the first
five helices displays a sharp bend at one end, at the junction
between G-C and ANT regions (GC/AT junction). The bend
seen in the upper part of C-G-C-A-A-A-A-A-A-G-C-G (Fig.
la) is entirely typical of these first five helices. The bend
occurs at a GC/AT junction and is produced by rolling one
base pair over the next along their long axes in a direction that
compresses the major groove. Although most of the se-
quences in the upper part of Table 1 are self-complementary,
meaning that the two ends ofthe helix are symmetrical in base
sequence, they are not symmetrical in local helix structure.
The 12°-19° bend at what will be termed the upper end ofeach
helix in the crystal is not matched by a bend at the equivalent
AT/GC junction at the lower end. Another way of displaying
the bend in helix axis is via a normal-vector plot (see Fig. 3a).
From this plot it is clear that the bend occurs mainly between
base pairs 3 and 4, or at the GC/AT junction, whereas the
A-tract of base pairs 4-8 is absolutely straight and unbent.
The difference in bending behavior at the two GC/AT

junctions in each helix must be a consequence of different
crystal packing forces, which are largely hydrogen-bonding
in origin, on the two ends of the helix. The central base-pair
regions of these sequences are isolated from intermolecular
contacts, a circumstance that has proven useful for studying
their complexes with groove-binding drug molecules. The
microenvironments of the two ends are indeed different, as
demonstrated by Dickerson et al. (13). But is it then fair
simply to write off the bending as a crystal-induced artifact
from which nothing can be learned? This point of view has
been maintained in the past by DiGabriele and Steitz (9):

Therefore, the bends exhibited by both of these
A-tract crystal structures are due to the forces of
packing in the crystal lattice and no conclusions
about how adenine tracts bend DNA in solution can
be drawn from them.

and echoed by Koo et al. (14):
In spite of crystallographic analysis of A-tract-
containing molecules, the origin of bending cannot
be definitely stated at this time, since the direction
of bending in the crystal does not conform to the
results in solution [sic] ..... Furthermore, DiGa-
briele et al. showed that bending of the molecule in
the crystal is determined primarily by crystal pack-
ing forces rather than by the sequence.

Such a pessimistic assessment is defensible only if one
thinks of all DNA as possessing a sequence-determined rigid
structure. Then if the "normal" GC/AT junction is straight,
the bend at the upper junction of the dodecamers must be a
crystal-induced distortion. Alternatively, if the "normal"

tDNA-Drug Interactions, Nov. 15-17, 1993, Fundacion Juan March,
Madrid.
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Table 1. Sequences of key dodecamer structures

Space Unit cell dimensions Mol/ Properties
Sequence group a, A b, A c, A (8, degrees AU X Y Z Ref(s).

Sequences containing short A-tracts (underlined)
C-G-C-G-A-A-T-T-C-G-C-G P212121 24.87 40.39 66.20 90.0 1 a + + 1, 2
C-G-T-G-A-A-T-I-C-A-C-G P212121 24.94 40.78 66.13 90.0 1 a + + 3, 4
C-G-C-A-A-A-T-T-T-G-C-G P212121 24.87 40.90 65.64 90.0 1 a + + 5, 6
C-G-C-A-A-A-A-A-T-G-C-G P212121 24.54 40.32 65.86 90.0 1 a + + 7
C-G-C-A-A-A-A-A-A-G-C-G P212121 25.4 40.7 65.8 90.0 1 a + + 8, 9

Sbr
C-G-C-G-A-A-T-T-C-G-C-G P212121 24.20 40.09 63.95 90.0 1 - + + 10
C-G-C-G-A-A-A-A-A- -C-G P21212 44.8 66.1 42.9 90.0 2 a + + 9
Key sequences without A-tracts
C-G-C-A-A-G-C-T-G-G-C-G P22121 25.29 41.78 64.76 90.0 1 b - - 11
C-G-T-A-G-A-T-C-T-A-C-G C2 64.83 35.36 25,35 92.24 1 - + + 12

Mol/AU = Dodecamer double-helical molecules per asymmetric unit of space group. Properties: X = Bend in helix axis? a = Bend in plane
of Fig. 1. b = Bend in plane of Fig. 2 or at 90° to bend a. - = Straight helix, no bend. Y = Narrow minor groove in A-tracts? + = Yes. -
= No. Z = Large propeller twist in A-tracts? + = Yes. - = No.

GC/ATjunction is bent, then the lack ofbending at the lower
junction becomes a packing deformation. From either point
of view, crystal forces have warped the double helix.
The situation changes if one regards the base sequence as

not deforming the helix but making it deformable, not nec-
essarily giving the helix a static bend but instead conferring
an inherent bendability on that region of helix. Then the
different microenvironments at the two ends of the dodeca-
iner permit expression of two different states of a GC/AT
junction: bent vs. straight. The GC/AT junction is a flexible
hinge, capable ofbending or not bending, uidger the influence
of local forces. Typical local forces on the DNA double helix
in vivo include interactions with other macromolecules such
as control proteins or histone proteins in the nucleosome.
Some sequences ofDNA can bend easily around the bacterial
cAMP receptor protein (CAP) or the histone core, for ex-
ample, whereas other sequences such as poly(dA)poly(dT)
resist bending in nucleosome reconstitution experiments

(a)

(15). Sequence-dependent variation in bendability is certainly
an important factor in DNA recognition by proteins. But no
one imagines that such a bend is rigid and preformed and that
bent segments ofDNA wander through solution, looking for
proteins to fit inside their preformed loops. Hence the
bending at a GC/AT junction at the upper end of each
decamer and the lack of bending at an equivalent junction at
the lower end provide us with useful information about the
likely dynamic behavior of a GC/AT junction.
The first three sequences in Table 1 are self-complemen-

tary, so that the bentjunction at the upper end and the unbent
junction at the lower end are identical in sequence. This is not
true for the next two dodecamers: the 5' end of the A-tract
A-A-A-A-A-T, for example, is different from the 3' end (i.e.,
the 5' end ofthe complementary sequence A-T-T-T-T-T). But
DiGabriele et al. (7) found that their orthorhombic crystals of
C-G-C-A-A-A-A-A-T-G-C-G contained a 50:50 mixture of
dodecamers in "up" and "down" orientations. Because the

(C)
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FIG. 1. Views into the minor groove of three dodecamer helices C-G-C-A.A-A-A-AA--G-C-G (a), C-G-C-G-A.A-A&A&A-A-CO or C-G-LLLT
I-C-G-C-G (b), and C-G-C-A-A-G-C-T-G-G-C-C (c). AFT base pairs are shaded. If we keep the numbering of the original authors, base pair 1
is atthetopofa andcandatthe bottomofb. Base pair l2isatthebottom.ofa and c andatthetopofb. Note thebendtotheleftatthetopofa
and b and the straightness of the helix axis for c. Crystal packing is identical in a atid c, so the difference in bending behavior cannot be attributed
to lattice forces. Conversely, crystal packing is different in a and b, so the similarity of bending at the top of each helix cannot be lattice-induced.
In both a and b, bending occurs at ajunction between regions ofGC and AT base pairs, by rolling base pairs about their long axes in. a direction
that compresses the wide major groove. Note the narrow minor groove in a and b and the wide minor groove in c, demonstrating that minor-groove
width is not simply a consequence of crystal packing forces, which are identical for a and c but different for b.
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bend occurs at a defined end relative to the crystal, bending
evidently is inducible with equal facility at the 5' and 3' ends
of an A-A-A-A-A-T tract. Nelson et al. (8) reported a single
orientation for C-G-C-A-A-A-A-A-A-G-C-G, with a bend at
the 5' end ofA-A-A-A-A-A but not the 3' end. DiGabriele and
Steitz (9) found that a monobrominated double helix of the
same sequence exhibited end-for-end disorder within the
crystal like that with A-A-A-A-A-T, again indicating no
difference in bending behavior between the 5' and 3' ends of
an A-A-A-A-A-A tract.

Bromination of cytosine at the 5 position within the major
groove is sufficient to remove the 19° bend at the upper end of
the helix in C-G-C-G-A-A-T-T--fbrC-G-C-G (10). Although this
structure is isomorphous with the other dodecamers discussed
so far, its helix is straight and unbent. Evidently the introduction
of so small a group as a bromine atom within the compressed
major groove is sufficient to push the top of the helix back and
remove the bend, in spite of local crystal packing forces.

In all examples so far, the bend occurs at ajunction between
G-C and ANT regions of sequence. But note that this observed
GC/AT junction bend is not what is demanded by the con-
ventional junction model for A-tract bending (16, 17). In the
quotation given above, Koo et al. (14) state that the direction
of bending in the crystal does not conform to the results in
solution. What they should have said was that the direction of
bending in the crystal does not conform to their assumed
model regarding bending in solution: the junction-bend
model. That model requires a change of tilt, or of inclination
ofbase pairs to the helix axis, at a GC/ATjunction. This is 900
away from what is seen in all of the crystal structures ofTable
1, where bending is produced by a pure roll motion.
The observed dodecamer structures also provide no support

for the junction model's need for a difference in base-pair
inclination between A-tract and general-sequence DNA. In
C-G-C-G-A-A-T-T-C-G-C-G, if a best helix axis is established
through the bottom eight base pairs (omitting the tilted C-G-C-G
at top), then the four ART base pairs are inclined to the overall
helix axis by a mean of -3.2°, while the four G&C pairs have a
mean inclination of -3.1°. Corresponding inclinations for
A-tract and G-C regions in C-G-C-A-A-A-A-A-A-G-C-G are
-2.30 and -2.50, respectively. These small differences in incli-
nation are entirely trivial. A steeper base-pair inclination evi-
dently is not a property of A-tract B-DNA. (At a risk of stating
the obvious, A-tract B-DNA is quite distinct from A-DNA,
which does exhibit a large base pair inclination.)

A Different Crystal Environment

DiGabriele and Steitz (9) successfully broke the end-for-end
equivalence of crystal packing observed in C-G-C-A-A-A-A-
A-T-G-C-G and in brominated C-G-C-A-A-A-A-A-A-G-C-G,
by moving the A6 tract one position down the dodecamer
helix. The sequence C-G-C-G-A-A-A-A-A-A-C-G crystal-
lizes in a new space group-P21212-with two separate
dodecamer double helices in the asymmetric unit. These
helices are not disordered end-for-end. They show a bend
only at the 3' end of the A-A-A-A-A-A tract, not the 5' end.
As seen in Fig. lb (see also Fig. 3b), the bend involves
primarily base pairs 12, 11, and 10 at the top of the helix; the
A-tract below it again is comparatively unbent. This bend is
the same as that encountered in all of the other A-tract
dodecamers: a roll bend at an AT/GC junction, compressing
the major groove. DiGabriele and Steitz (9) maintain that this
bend is turned 1800 away from that reported in other A-tract
dodecamers, presumably because it occurs at the 3' end of
the A6 sequence (or at the 5' end of the T6). But this is
identical to the bend in the "inverted" orientation of C-G-
C-A-A-A-A-A-T-G-C-G (= C-G-C-A-T-T-T-T-T-G-C-G) and
brominated C-G-C-A-A-A-A-A-A-G-C-G (= C-G-C-T-T-T-

T-T-T-G-C-G), so the basis for their assertion of uniqueness
of bend direction is not clear.

In summary, the same major-groove-compressing roll bend
is encountered at the AT/GC junction in six of the seven
A-tract dodecamers of Table 1, whether this junction occurs
two, three, or four base-pair steps in from the end ofthe helix
and whether the space group is P212121 or P21212. This is a
facultative bend, which can occur or not, depending on
outside forces. And as the C-G-C-G-A-A-T-T_5brC-G-C-G
dodecamer shows, these bending forces contributed by crys-
tal packing are so weak that they can be reversed by
introduction of a single bromine atom into the major groove.
Moreover, there appears to be no difference between bending
properties at the 5' or 3' end of a poly(dA) tract.

Dodecamers Without A-Tracts

The influence of crystal packing is further called into question
by consideration of another B-DNA dodecamer structure with
a quite different sequence (Table 1, lower part). C-G-C-A-A-
G-C-T-G-G-C-G has two AG mispairings that are irrelevant to
the present discussion. But it also lacks a central A-tract flanked
by GC/AT junctions. Although it crystallizes in exactly the
same orthorhombic lattice as the first six dodecamers of Table
1, upper part, it displays no bend in the upper third where five
of the other six helices are bent (Fig. ic). Hence crystal lattice
forces, although facilitative ifa step such as an AT/GCjunction
happens to be a natural hinge, cannot force a bend where no
such hinge exists. This is unsurprising, since the intermolecular
interactions involved in these crystals are largely the relatively
weak hydrogen bonds.
The sequence C-G-C-A-A-G-C-T-G-G-C-C does have a

bend, but the bend occurs at the G-C step in the very center
and in a direction at right angles to that found in the A-tract
dodecamers of Table 1, upper part. This bend can be seen in
Fig. 2c and in the normal-vector plot of Fig. 3c. As with the
A-tract dodecamers, the bend takes place by a pure rolling
motion, in a direction that compresses the wide major
groove. But the two types of bend occur in different direc-
tions because the bend centers are located at different places
down the length of the dodecamer.

So, the particular crystal packing encountered by these
dodecamers in orthorhombic space group P212121 can ac-
commodate (i) a bend in one plane in the vicinity of base pair
3, (ii) a bend at right angles to this between base pairs 5 and
6, or (iii) no bend in helix axis at all. Crystal packing per se
demands none of these three situations. Nor is it correct to
maintain that the straight and unbent A-tracts in the middle
of the sequences of Table 1, upper part, are held that way by
crystal packing. If this were true, then bent C-G-C-A-A-G-
C-T-G-G-C-C would also have been held straight by the
lattice. Conversely, if A-tracts did possess any inherent
tendency to bend, the orthorhombic crystal lattice of the
dodecamers could have accommodated that bend, because
such a bend actually is seen with a different base sequence.
The fact that the center of the sequence C-G-C-A-A-A-A-A-
A-G-C-G is straight, whereas in an identical crystal environ-
ment the center of the sequence C-G-C-A-A-G-C-T-G-G-C-C
is bent, can mean only that A-tracts have an inherently
smaller tendency to bend than does a G-C step. This,
incidentally, agrees with recent crystal structure analyses of
B-DNA decamers that reveal an inherent tendency toward
major-groove-compressing roll bending at the sequence G-G-
C-C (18, 19). Note that in every observed example of bending
in B-DNA, the bend occurs by rolling one base pair over
another along their long axes. A bend involving tilt, or change
in base-pair inclination, is never seen.
These two dodecamers without A-tracts also illustrate

another crystal-independent structural feature, involving mi-
nor-groove width and base-pair propeller twist. As columns

Biochemistry: Dickerson et al.
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FIG. 2. Views from the left of Fig. 1,
for the same three helices as shown in
Fig. 1. Note now that the helix axis is
straight in this plane for a and b, but is
bent for c. For magnitudes of bends, see
the normal-vector plots in Fig. 3. As
always, the bend involves a rolling of
base pairs around their long axes and
compression of the major groove. Al-
though crystals of helices a and c are
isomorphous, the bends seen in Fig. la
and here in c occur in different directions
in the crystal and at different locations
along the dodecamer. Hence the bends
cannot be simple crystal artifacts.

Y and Z of Table 1 show, A-tracts in these dodecamers
universally exhibit narrowed minor grooves and large base-
pair propeller twist. The structural reason for this correlation
ofgroove width and propeller twist is demonstrated by figure
9 of ref. 10. Sequences other than pure A-tracts, such as
-T-A-G-A-T-C-T-A-, also can have a narrow minor groove,
which is found with various sequences in three entirely
different space groups and crystal packing modes: P212121,
P21212, and C2. By contrast, another non-A-tract sequence,
C-G-C-A-A-G-C-T-G-G-C-G, exhibits a wide minor groove
and flattened propeller twist, even though it is packed into a
P212121 unit cell in exactly the same manner as the narrow-
groove A-tract dodecamers (Table 1). Hence, for these
particular dodecamer sequences and space groups, the width
of the minor groove is not determined by intermolecular
crystal packing, leaving base sequence as the only remaining
determining factor.

Sequence-Dependent Differential Deformability

Many other local helix parameters, of course, are strongly
influenced by local environmental forces, whether these

arise from adjacent DNA molecules in a crystal lattice or
from a bound repressor, transcription factor, or other
control protein. DNA has evolved to interact with other
macromolecules, and a free DNA helix in solution may in
fact be the least biologically relevant state of all. It is clear
that many sequences are capable of more than one state of
local variables such as twist, rise, and roll. Leonard and
Hunter (12) have recently pointed out the weakness of any
"one-sequence/one-state" picture of DNA structure. A
paper published in 1982 was entitled "The ten helical twist
angles of B-DNA" (20). It has been amply demonstrated
since that time that DNA does not have 10 standard helical
twists corresponding to the 10 possible base-pair steps in a
self-complementary double helix. Calladine (21) and Dick-
erson (22) improved the simple base-step model to allow for
the influence of adjacent base steps, and Yanagi et al. (23)
in 1991 tried to extend the analysis systematically to all 136
possible tetrad sequences: regions ofthree successive steps
or four successive base pairs. Subsequent studies have
demonstrated that B-DNA is more variable than these
simple static models would predict. The concept of 136

FIG. 3. Normal-vector plots for the three helices of Figs. 1 and 2: C1-G-C-A-A-A-A-A-A-G-C-GI2 (a), C12-G-T-T-T-T-T-T-C-G-C-Gl (b), and
Cl-G-C-A-A-G-C-T-G-G-C-C12 (c). A normal-vector plot is produced by generating a vector perpendicular to each base pair, bringing all these
vectors to a common origin, and then viewing the ensemble of vectors down the helix axis from the top. Each numbered circle, 1-12, represents
the tip of the vector belonging to the base pair of the same number. The arrow labeled 1 in each plot indicates the direction of view in Fig. 1 a-c,
and arrow 2 indicates the viewing direction in Fig. 2 a-c. Viewing directions 1 and 2 are rotated 360 in b because the bend occurs one base pair
closer to the upper end of the helix. A sequential progression of numbered circles across the plot indicates an overall bend in the helix. Inner and
outer rings in the plots correspond to 50 and 100, respectively. Note the left-to-right bend in a and b and the front-to-back bend in c, demonstrating
that the bends are not simply a consequence of crystal packing forces, which are identical for helices a and c but different for b.
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standard tetrads is as erroneous as is that of 10 standard
steps. DNA is inherently locally polymorphous.
Having said this, we must add that all evidence to date

suggests that DNA is not randomly polymorphous. Gener-
alizations can be drawn-generalizations that of course are
subject to modification by the next crystal structure pub-
lished but which begin to carry a ring of truth because of their
repeated verification in many structures. These include the
straightness ofpoly(dA) tracts; the tendency ofregions ofAFT
base pairs to exhibit a narrow minor groove, large propeller,
and minor groove spine of hydration; the propensity of
Y-C-A-R steps for large twist and slide (23); roll bending in
G-C regions, especially at G-G-C-C steps (18, 19); and a
major-groove-compressing roll bend at T-A (24).
The following conclusions about the properties of B-DNA

are deduced for the dodecamers of Table 1.

(a) A-tracts are inherently straight and unbent.§
(b) The mean base-pair inclination in A-tracts is no different

from that in general-sequence B-DNA.
(c) Junctions between A-tract and general-sequence B-DNA

constitute a flexible hinge, at which bending occurs by a
pure roll motion, with no tilt component, and most easily
in a direction that compresses the major groove.

(d) The sequence A-G-C-T also is compatible with a roll bend
compressing the major groove.

(e) Crystal packing forces in the orthorhombic P212121 lattice
of the dodecamers of Table 1 permit either of the two
bends enumerated in c and d but require neither. Hence
intermolecular forces, in this instance, are of secondary
importance.

(f) The narrow minor groove found in the dodecamers of
Table 1, upper part, is not imposed by the crystal lattice,
and therefore must be a characteristic of A-tracts.

(g) A narrow minor groove is correlated with large base-pair
propeller and with a single spine of hydration down the
center of the groove.

It should be noted in passing that conclusion a above falsifies
the bent-A model for A-tract bending, whereas conclusions b
and c invalidate the junction model. Conclusions a-d are all
compatible with the only remaining choice, the bent non-A
model (18, 19, 24).

In sum, different sequences exhibit different tendencies to
twist, roll, or bend, and these tendencies surely constitute
part of the recognition process by proteins and drugs. The
DNA double helix is not a rigid structure, but neither is it a
formless mass of spaghetti. A better analogy might be that of
a human arm, which at different points along its length
exhibits different propensities toward bending and rotation.
The sequence ofthe DNA double helix influences the way the
helix behaves in the same way that the local structure of the
arm determines whether it will flex, bend, rotate, or resist
bending at each point along its length. It is wrong to maintain
that crystal packing forces have no effect on local* helix
structure. It is even more wrong, however, to write off the
experimentally observed sequence effects entirely and to

§This universal straightness of A-tracts in the crystal is emphasized
strongly by DiGabriele and Steitz (9). They close their paper with
the query, "Why are adenine tracts straight in crystals, and why do
they appear bent in solution?" They first attempt to rationalize
these observations by proposing that A-tracts are prevented from
bending in crystal by the spine of hydration and that this spine is
frozen in place by the 30%o methylpentanediol necessary to produce
crystals. But ultimately they conclude, as do we, that: "Alterna-
tively, the observation of the spine of hydration in aqueous solution
[from NMR, (20)] and the results of x-ray crystallographic studies
may require a reinterpretation of the structure of A-tract DNA
derived from solution experiments" (emphasis added).

maintain that local helix structure is entirely at the mercy of
crystal forces. One must examine a related series of struc-
tures, and different local crystal environments, to ascertain
the relative influence of base sequence and crystal packing
forces for a particular DNA sequence or type of DNA. The
fact that we can observe some sequences in different crystal
environments gives us the opportunity to visualize directly
the nature and extent of sequence-directed polymorphism, a
polymorphism that needs to be explained rather than being
dismissed out of hand as "crystal artifacts." The set of
B-DNA dodecamers has constituted one such case study. In
the two cases just considered, involving helix bending and
minor groove width, the classical verdict "sic semper tyran-
nis" is somewhat Brutal. The tyrant in fact is a constitutional
monarch, subject to the constitution of the base sequence.
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