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Abstract 

X-ray crystallography can reveal the three-dimensional structure of short fragments of DNA or RNA with unique 
precision. It provides information concerning both the global helical structure and the geometry of local features 
such as base-pair stacking patterns and backbone conformation. An analysis of the structures of a family of DNA 
decamers with related sequences, crystallizing in a number of different lattices, defines the ranges in which 
conformational parameters can vary in B-DNA helices and shows the correlations between them. Thus, these studies 
show the static structures and give insight into the mechanics of DNA helices by showing how a change of one local 
conformational parameter will influence others. Crystal structures are also used to assess the competing influences 
of nucleotide sequence and environment on the three-dimensional DNA structure. To extrapolate from DNA crystal 
structures to physical characteristics and function of these molecules in solution or embedded into a defined 
sequence context remains a major challenge. 

Key words: X-ray diffraction; DNA double helix; Sequence-dependent conformation; Crystal packing; Base-pair 
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1. Introduction 

It is now about 15 years since the first crystal 
structures of short synthetic DNA fragments in 
-the canonical A, B and Z forms were reported 
[l-4]. These analyses radically changed the per- 
ception of DNA double helices. They are no 
longer considered regular and static polymers but 
irregular and dynamic molecules with sequence 
and environment dependent local conformations 
and deformabilities instead. The new view of 

* Corresponding author. 

DNA structures, summarized in a number of 
excellent reviews [4-91, raises the possibility that 
local structural features of DNA helices are im- 
portant for their interaction with large and small 
ligands such as proteins and drug molecules. An 
understanding of the influence of the nucleotide 
sequence and the solution environment on the 
helix conformation would thus permit the predic: 
tion of functional aspects from the DNA se- 
quence. 

Here we shall limit ourselves to a discussion of 
a subset of the crystallographic analyses of DNA 
fragments observed in the biologically most signif- 
icant B form. Early studies of B-DNA have fo- 
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Table 1 

Crystallographic data for self-complementary DNA decamers. Only those structures are listed for which atomic coordinates are in 
the public domain 

Sequence Space 

group 

a b c B NDB Ref. 

(.% (.Q (A) (“I code a 

C-C-A-A-G-A-T-T-G-G c2 32.52 26.11 34.30 
C-C-A-G-G-C-C-T-G-G c2 32.15 25.49 34.82 

C-C-A-A-C-G-T-T-G-G c2 32.25 25.53 34.38 
C-G-A-T-C-G-A-T-C-G P2,212, 38.93 39.63 33.30 

C-G-A-T-T-A-A-T-C-G P21212, 38.60 39.10 33.07 
C-G-A-T-A-T-A-T-C-G. Ca2’ %vl 38.76 40.06 33.13 
C-G-A-T-A-T-A-T-C-G . Mg 2 + PWl-4 38.69 39.56 33.64 

C-C-G-G-C-G-C-C-G-G R3 54.07 54.07 44.59 
C-C-A-A-C-I-T-T-G-G P3,21 33.23 33.23 94.17 

C-C-A-A-C-I-T-T-G-G c2 31.87 25.69 34.21 
C-C-A-A-I-A-T-T-G-G c2 32.21 25.14 34.14 

C-A-T-G-G-C-C-A-T-G P212121 36.60 42.49 34.69 
C-C-A-G-G-C-m5C-T-G-G P6 53.77 53.77 34.35 

C-G-A-T-C-G-m6A-T-C-G P3,21 33.38 33.38 98.30 

’ NDB is the Rutgers Nucleic Acids Database [29]. 

118.90 BDJOO8 [161 
116.71 BDJ017 [171 
113.40 BDJ019 [181 
90.00 BDJ025 [191 
90.00 BDJ031 DO1 
90.00 BDJ036 [211 
90.00 BDJ037 WI 
90.00 BDJ039 1221 
90.00 BDJ043 WI 

114.10 BDJ044 [231 
114.70 BDJ045 [301 
90,oo BDJO51 I241 
90.00 BDJB27 [251 
90.00 BDJB48 [261 

cussed on duplexes with sequences related to that 
of the classical Dickerson-Drew dodecamer C-G- 
C-G-A-A-T-T-C-G-C-G [2,10-151. More recently 
the emphasis has shifted to the study of self-com- 
plementary decamer duplexes [16-281. These 

molecules offer the advantages of crystalliiing in 
a variety of sequences ant crystal forms and 
diffracting to better than 2 A resolution in most 
cases (Tables 1 and 2). They may thus be used to 
evaluate the experimental limits of DNA crystal- 

Table 2 
Structure refinement of self-complementary DNA decamers 

Sequence a.u. a Wbp R= 

(%) 

C-C-A-A-G-A-T-T-G-G 

C-C-A-G-G-C-C-T-G-G 
C-C-A-A-C-G-T-T-G-G 
C-G-A-T-C-G-A-T-C-G 

C-G-A-T-T-A-A-T-C-G 
C-G-A-T-A-T-A-T-C-G. CaZ+ 

C-G-A-T-A-T-A-T-C-G . Mg2 + 
C-C-G-G-C-G-C-C-G-G 
CC-A-A-C-I-T-T-G-G 

C-C-A-A-C-I-T-T-G-G 
C-C-A-A-I-A-T-T-G-G 
,C-A-T-G-G-C-C-A-T-G 
C-C-A-G-G-C-mk-T-G-G 
C-G-A-T-C-G-m6A-T-C-G 

strand 1.30 681 18.5 138 

strand 1.60 484 16.9 84 

strand 1.40 880 16.0 118 
duplex 1.50 511 16.1 142 

duplex 1.50 379 15.7 108 
duplex 1.70 368 17.8 87 

duplex 2.00 182 16.5 55 
duplex 2.20 202 16.7 47 
duplex 2.20 172 16.2 36 

strand 1.30 1005 15.2 144 
strand 2.00 239 13.4 100 

duplex 2.09 322 19.6 49 

duplex 1.75 380 17.4 80 

duplex 2.00 228 17.2 45 

a Content of the asymmetric unit, either a single strand or a self-complementary duplex. 

b Limit resolution to which observations were included in the refinement. 
’ The crystallographic residual R = 100 X (El F, - Fc 1 /EF,), where F, and F, are observed and calculated structure amplitudes, 
respectively. 
d Number of solvent molecules. 
’ Number of ions included in the refinement. 
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lography, the ranges of variations in global helix 
structure and in local conformational features, 
the interdependence between local conforma- 
tional states and the influence of crystal environ- 
ment on double helix structure. 

2. Experimental limits 

Before considering structural details of DNA 
molecules it is necessary to examine the crystallo- 
graphic methods they are basedupon. The reason 
for this is twofold. First, in nearly all cases the 
DNA structures are based on model helices de- 
rived from X-ray fiber diffraction [31] which are 
used to solve the crystallographic phase problem 
by molecular replacement techniques. Second, al- 
though EDNA decamers often yield very good 
X-ray diffraction patterns, the resolution is never 
high enough to resolve individual atoms making 
the use of stereochemical restraints in the refine- 
ment process necessary. We must therefore as- 
sess to which degree a DNA crystal structure is 
determined by the experimental data and how far 
the influence of additional factors goes. 

This problem has been addressed several times 
by comparing DNA models based on the same set 
of X-ray diffraction data and derived from differ- 
ent structure refinement algorithms [27,32,331. 
The result of these studies is that, at a nominal 
resolution of 2 A or better, the DNA model is 
only slightly influenced by the structure refine- 
ment protocol used. A least-squares superposi- 
tion of 3 models for the decamer duplex C-C-A- 
G-G-C-m5C-T-G-G [27] derived from 3 different 
structure refinement schemes 134-361 shows only 
minor differences between the models (Fig. 1). 
Whereas base-pair geometries and stacking is vir- 
tually identical, notable deviations occur in sugars 
and phosphate groups towards the ends of the 
helix. This corresponds well with thermal motions 
of the double helical fragment as indicated by the 
crystallographic temperature factors which in- 
crease from the bases over the sugars to the 
phosphates and from the center to the end of the 
duplex. In spite of the satisfactory agreement 
between the DNA models, some of the derived 
structural parameters, such as backbone torsion 

Fig. 1. Least-squares superposition of 3 models for C-C-A-G- 
G-C-m5C-T-G-G derived from stereochemically restrained 
least-squares refinement with the programs NUCLIN~ 
NLJCLSQ 1341, TNT [35] and X-PLOR [361 against 1.6 A 
X-ray diffraction data. The models are drawn with solid 
bonds, thin dashed bonds and heavy dashed bonds, respec- 
tively. This drawing as well as fig. 2 was prepared with 
MOLSCRIPT [37]. 

angles, have been shown to be sensitive to the 
restraints applied in the refinement. Significant 
differences between models have been observed 
in the hydration spheres which are in partial 
agreement only. The study with C-C-A-G-G-C- 
m5C-T-G-G was carried out using X-ray diffrac- 
tion data to 1.6 w resolution. As the experimental 
data become more scarce going to lower resolu- 
tion, the influence of the restraints employed in 
structure refinement and of other factors such as 
crystal packing and partial disorder will become 
more pronounced. 

3. Global helix structure 

In their crystal lattices all B-DNA decamers 
investigated here stack end-to-end to form quasi- 
continuous double helices with a periodicity of 
10.0 base pairs per turn (Fig. 2). This value is also 
found for EDNA in fibers [31], but differs clearly 
from the helical periodic&y of 10.6(50.1) base 
pairs per turn observed in solution studies of 
general-sequence B-DNA [38,39]. Another prop- 
erty shared by the studied decamers is a Y-termi- 
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Fig. 2. Stereo drawing of C-C-A-G-G-C-m5C-T-G-G. Two 
duplex molecules are stacked in the crystal lattice to form a 
fragment of a quasi-continuous double helix traversing the 
crystal. The continuous portions of the sugar-phosphate 
backbones are highlighted by curved arrows penetrating the 
deoxyribose moieties and pointing in 5’ to 3’ direction. 

nal cytosine followed in all but one cases by 
either C or G. In the molecules crystallizing in 
space group C2 the two chemically identical 
strands of the duplex are related by exact dyad 
symmetry, whereas in the other DNA fragments 
they are not. 

Although all fall within the well established 
B-helical domain with about equally deep major 
and minor grooves, relatively straight helii axes 
and sugar puckers centered around CZ-endo, the 
14 decamers display distinct conformational dif- 
ferences (Fig. 3). The accessibility of bases in the 
helical grooves which is of great importance for 
the sequence-specific and unspecific interaction 

of DNA with ligands is modulated significantly. 
Since there is no large variation in rise per base 
pair, a wide major groove implies a narrow minor 
groove and vice uersa. Near the center of the 
helix, the minor groove can be as narrow as 2.6 8, 
(in C-G-A-T-T-A-A-T-C-G) and as wide as 8.9 A 
(in C-C-G-G-C-G-C-C-G-G) after subtracting 5.8 
A from the P-P separation to account for the 
phosphate group van de1 Waals radii. Consecu- 
tive purine-purine mismatches as present in C-C- 
A-A-G-A-T-T-G-G and in C-C-A-A-I-A-T-T-G- 
G cause a widening of the minor groove, but are 
accommodated easily in a standard B-DNA envi- 
ronment. Base variations such as the exchange of 
inosine for guanine or of 5-methylcytosine or of 
6-methyladenine for their urrmethylated counter- 
parts have no major effect on global helix struc- 
ture. There is a tendency of AT-rich stretches of 
DNA to have narrowed minor grooves and of 
GC-rich stretches to have widened minor grooves. 
In this view, Gm5C base pairs behave like AT 
and not like GC base pairs. 

It is worthwhile to examine the geometry of 
the minor groove more closely, since this is where 
many types of drug molecules bind and where 
distinct hydration patterns are observed [16,41,42]. 
In B-DNA the width of the groove is limited by 
the approach of phosphate groups from the two 
strands. The closest approach is usually between 
the phosphate groups belonging to base pairs i 
and i - 4. In the standard fiber model of B-DNA 
[31] this P-P distance is uniformly 5.9 A. In the 
crystals structures of B-DNA decamers there are 
significant deviations towards either widened or 
narrowed grooves (Fig. 4). In addition, the groove 
width may vary drastically over the lepgth of the 
decamer duplex, e.g. from 3.0 to 8.2 A over four 
base pairs in C-G-A-T-C-G-A-T-C-G. Due to the 
stacking of duplexes in the crystals, the grooves 
are continuous beyond the decamer fragments 
represented in the figure. However, since the 
sugar-phosphate backbones are less restricted at 
the fragment termini due to the missing phospho- 
diester links, groove widths have not been ana- 
lyzed across these breaks. In general, the oppo- 
site trends to those described for minor groove 
geometry are observed for the major groove of 
B-DNA. 
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4. Range of variation 

In the same way as the global structures and 
groove geometries differ, local conformational 
parameters vary in the 14 B-DNA decamers. 
These variations become obvious upon a system- 
atic analysis of the relative orientation and posi- 
tioning of (a) the two bases of a pair, (b) a base 
pair with respect to a helix axis and (c) two 
adjacent base pairs in the helix. Eliminating the 
two trivial parameters describing the rotation of a 
base pair about and its translation along the helix 
axis, this analysis yields the 16 helical parameters 
which have been defined in the 1988 Cambridge 
EMBO Workshop [43]. Here we shall limit the 
discussion to the five important parameters pro- 
peller, defining the relative rotation of two bases 
about the long axis of the pair, buckle, defining 
the relative rotation of two bases about the pseu- 
dodyad axis of a pair, hvist, defining the relative 
rotation of two adjacent base pairs about the 
helix axis, roll, defining the relative rotation of 
two adjacent base pairs about their common long 
axis, and slide, defining the relative translation of 
two adjacent base pairs along their common long 
axis. 

In the crystalline B-DNA decamers all base 
pairs deviate from coplanarity of the two bases by 
showing propeller twisting with a negative sign, 
i.e. when viewing the base pair edge-on along its 
long axis passing through purine C8 and pyrimi- 
dine C6, the distant base is rotated anti-clockwise 
with respect to the near base. The propeller is 
thought to increase intra-strand stacking effi- 
ciency in all double-helical forms of DNA [44] at 
the expense of hydrogen bonding energy. There- 
fore, AT base pairs are expected to display a 
higher degree of propeller than GC pairs since 
only two and not three hydrogen bonds are dis- 
torted. In principle, this is in fact observed with 
mean values of propeller of - 11.4”( f 4.6”) for 
AT and m6AT and -8.7”(f5.4”) for GC, Gm’C 
and IC base pairs. The large standard deviations 
for both samples indicate, however, that there is 
no clear separation in the propeller twisting of 
AT and GC base pairs. Since the propeller con- 
tributes to a closing of the minor groove, here is 
one factor, but probably not the only one, ex- 

plaining the tendency of narrow minor grooves at 
AT stretches of B-DNA. GC base pairs in the 
test sample are more distorted by buckle than AT 
base pairs with mean magnitudes of 5.7”( f 3.8”) 
versus 3.2”( * 2.5”). 

The base pair stacking parameters fw&, roll 
and slide can be analyzed in terms of the 10 
unique base-pair steps in duplex DNA [451. This 
has been done for those 14 B-DNA decamers 
containing only Watson-Crick base pairs and no 
mismatches (Fig. 5). With the exception of 
ApC/GpT (present 3 times in the sample) all 
base-pair steps occur at least 5 times in these 
crystal structures after elimination of symmetry- 
related steps. CpG/CpG is observed 18 times in 
the sample structures. In spite of the uneven 
distribution of stacks, some trends are dis- 
cernible. 

An immediately obvious fact is that every 
base-pair step can adopt a fairly wide range of 
stacking geometries as indicated by the vertical 
bars giving plus or minus one standard deviation 
of the sample. Mean values differ considerably 
between 26.1” and 44.0” for the twist of 
ApG/CpT and CpA/TpG, between -7.0” and 
3.6” for the roll of OApC/GpToand CpC/GpG 
and between - 0.24 A and 1.73 A for the slide of 
ApT/ApT and CpA/TpG, respectively. There is 
no clear separation between stacking preferences 
of purine-purine, purine-pyrimidine and pyrimi- 
dine-purine steps. Therefore, attempts to predict 
the three-dimensional structure of short pieces of 
DNA based on dinucleoside phosphate or 
purine/pyrimidine patterns have met with very 
limited success [44,47]. It may be possible, how- 
ever, to use parameters derived from stacking 
geometries as seen in crystal structures to predict 
the curvature of double helical DNA in solution 
Ml. 

Very large standard deviations and unusual 
mean values are observed with 44.0”(&6.7”), 
- 5.8”(* 8.7”) and 1.73(f0.85) A for twist, roll 
and s&e of the CpA/TpG stacking step. A closer 
look reveals 7 CpA/TpG steps with a twist of 
48.8”(1t2.2”), a roll of - 12.2’(& 2.2”) and a slide 
of 2.39(&0.30) w contrasting 4 such steps with a 
twit of 35.5‘Xf 1.4% a roll of 5.5”( & 1.1’) and a 
slide of 0.74(f0.18) A,. Thus, there is a pro- 
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(a) 

CGRTCGmhG 

CCGGCGCCGG EATGGECATG CCk6CC2CTGC CGATCG.GATCG 

Fig. 3. Wire diagrams of the 14 B-DNA decamers. The views are into the major groove (a) and into the minor groove(b). Note the 
differences in groove widths and in base-pair geometry and stacking. This drawing as well as fig. 6 was prepared with SCHAKAL 
1401. 
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Fig. 4. Minor groove width in angstrom units of the 14 
B-DNA decamers expressed as the shortest phosghorus-phos- 
phorus separation across the groove minus 5.8 A to account 
for the phosphate group van der Waals radii. The structures 
are identified by their Nucleic Acid Database codes. Note the 
different degrees of molecular asymmetry displayed in the 
diagrams of those DNA fragments not crystallizing in space 
group C2. 

nounced bistability of two rather closely defined 
conformational states with either large twist, neg- 
ative roll and large slide or medium twist, posi- 
tive roll and medium slide. Such b&ability is 

observed for no other base-pair stack in B-DNA. 

5. Mechanics of B-DNA structure 

We have seen that the peculiar high&tit con- 
formation of the CpA/TpG base-pair step in- 

volves a combination of twist, roll and slide. Obvi- 
ously, these parameters are not totally indepen- 
dent of each other; changing one will affect oth- 
ers. This is an example of the mechanics of DNA 
structure which is slowly being unravelled by X- 
ray crystallography. The most important results 
emerging from a new crystal structure are not the 
static image of the double helix it provides but 
information about the interdependence of struc- 
tural parameters, i.e. the underlying structural 
principle. Analyzing the geometry of the CpA/ 
TpG step more closely [171 it becomes clear that 
further structural adjustments are required for 
the occurrence of the high-twist conformation: on 
both chains the connecting sugar-phosphate 
backbone has to adopt the B,, conformation 
which itself is defined by a correlated motion of 
backbone torsion angles E and 5 [HI. 

A systematic analysis of the mechanics of B- 
DNA structure can be obtained by computing 
pairwise correlations between conformational pa- 
rameters. This approach has been pioneered [lOI 
and perfected [491 by Dickerson and co-workers 
who have used linear regression analysis to obtain 
a large number of structural correlations in B- 
DNA. Interestingly, some of these correlations 
are not only valid for B-DNA but for the entire 
superfamily of right-handed antiparallel double 
helices. For instance, the base pair slide is struc- 
turally linked with the displacement of base pairs 

56 16 I 2.8 , 

52 - 
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12 
i 

Roll 

48 - 

f 
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44 - 1.6 - 

40 - 

36 - 
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0.6 - 

32 - 

i 

” I 
24 - -0.4 - A 
20 , , , , , , , , , -20 I- -0.6 -I , I I , I I , 

AA/IT AC/CT CA/K CC/CC CC/CC Ah/T7 AC/CT CA/TG CO/CC CC/CC AA/T? AC/CT CA/TG CC/CC CC/CC 
AC/CT AT/AT cc/cc CA/TC TAJT.4 AC/CT AT/AT cc/cc GAfrC TA,TA 

Fig. 5. Preferred values of the important helical parameters twist (deg), roll (deg) and slide (A) in the 10 unique dinucleoside 
phosphate steps for those 12 B-DNA decamers which have strictly Watson-Crick base pairing. Parameter values given as mean 
plus/minus one standard deviation were computed with NEWHEL91[46] and agree with the Cambridge convention [43]. Note the 
unusual values of twist and slide for the CpA/TpG base-pair step and the large variability displayed by this step. 
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from the helix axis, and this holds true for the 
entire range of conformations from A- to B-form 
DNA [501. 

6. Influence of environment on conformation 

It has long been suspected that the crystal 
structures of short DNA duplexes are strongly 
influenced by crystal packing forces which may 
affect their conformations more than the nu- 
cleotide sequence [51,52]. If this were so, one 
would predict their solution conformation to be 
quite different from the crystal structure and 
their biological significance would be very lim- 
ited. The family of self-complementary B-DNA 
decamers provides a unique opportunity to assess 
the competing influence of nucleotide sequence 
and crystal environment on double helix confor- 
mation. The molecules have different, but related 
sequences and crystallize in five different lattices. 

Whenever asymmetry between the chemically 
identical strands of a self-complementary duplex 
is observed, this is an effect of crystal packing 
[53]. The effect can clearly be seen in Figs. 3 and 
4 in all molecules except for those crystallizing in 
space C2 where the two strands are related by 
exact (crystallographic) dyad symmetry. To exam- 
ine further the influence of crystal environment 
of DNA conformation all crystal structures have 
been compared by matching their Cl’ positions in 
a least-squares fit (Table 3). A close match with 
r.m.s. deviations below 0.5 A is found between 
C-C-A-A-C-G-T-T-G-G and C-C-A-A-C-I-T-T- 
G-G crystallizing in the same space group (C2) 
and differing only in the presence of either gua- 
nine or inosine in position 6, as well as among the 
structures of C-G-A-T-C-G-A-T-C-G, C-G-A-T- 
T-A-A-T-C-G and the two forms of C-G-A-T-A- 
T-A-T-C-G, all crystallizing in P2,2,2,. This does 
not imply, however, that the same crystal lattice 
will necessarily yield the same global conforma- 
tion: C-A-T-G-G-C-C-A-T-G also crystallizes in 
P&2,2, hut bears no similarity with the other 
orthorhombic structures. There are three exam- 
ples of identical or near identical oligonu- 
cleotides crystallizing in different lattices: GC-A- 
G-G-C-C-T-G-G (space group C2) and C-C-A-G- 

G-C-m5C-T-G-G (P6), C-G-A-T-C-G-A-T-C-G 
@2,2,2,) and C-G-A-T-C-G-m6A-T-C-G (P3,21), 
and C-C-A-A-C-I-T-T-G-G (P3,21 and C2). In 
all cases, structural differences between these 
molecules as judged from r.m.s. deviations of Cl’ 
atoms exceed differences between duplexes of 
different sequence within the same space group. 
It must be concluded therefore that lattice con- 
tacts influence the global structure of short syn- 
thetic DNA duplexes at least as much as the 
underlying nucleotide sequence. 

Crystal packing not only influences the global 
helix structure, but also local conformational fea- 
tures. The unique CpA/TpG dinucleotide step 
may serve as a test case. From a structural com- 
parison of C-C-A-G-G-C-C-T-G-G with its meth- 

Fig. 6. Different effects of crystal packing on the conforma- 
tion of the CpA/TpG dinucleoside phosphate steps in C-C- 
A-G-G-C-C-T-G-G (space group c2), C-C-A-G-G-C-m5C-T- 
G-G (P6) and C-C-A-A-C-I-T-T-G-G (P3,21 and C2), from 
top to bottom. With the exception of the trigonal crystal 
structure, the CpA/TpG steps show unstacking of the bases 
accompanied by B,, backbone conformation on both connect- 
ing strands. 
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ylated counterpart where all CpA/TpG steps 
were found in the high-&&t geometry it was 
concluded that salient structural features of DNA 
remain unaffected by changing crystal environ- 
ment [55]. However, when the comparison could 
be repeated with C-C-A-A-C-I-T-T-G-G [23] the 
same steps were found in high-&v& arrangement 
only in space group C2 but not in P3,21 (Fig. 6). 
Thus, the interaction energy between DNA 
molecules in a crystal lattice may suffice to over- 
come the energetical barrier between these two 
well-defined conformations. 

The strong influence of crystal packing is strik- 
ingly demonstrated by the coexistence of A- and 
B-form DNA in the same lattice [56-591. It should 
also causes structural differences in DNA 
molecules between the crystal and the solution 
state. This has been demonstrated by Raman 
[60,61] as well as NMR spectroscopy [62-651. The 
picture of DNA emerging from these studies is 
that of a highly flexible and deformable molecule. 

The forces acting on a DNA molecule in a 
crystal lattice are not principally different from 
those present in a protein-DNA complex. Here 
as well significant distortions of the double helix 
may be caused by sequence-specific protein bind- 
ing. Prominent examples for protein-induced 
structural alterations are the DNA complexes 
with the restriction endonuclease EcoRV [66] and 
with eukaryotic TATA box binding proteins 
[67,68]. Especially in the latter case the DNA 
molecules are distorted to a degree not observed 
previously. 

7. Conclusions 

X-ray crystallography can reveal the three-di- 
mensional structure of short helical fragments of 
nucleic acids with unmatched precision. Although 
usually not extending to atomic resolution, the 
available X-ray diffraction data permit reliable 
structure determinations nearly unaffected by 
technical artefacts. However, the crystal structure 
is of limited use only for prediction of the struc- 
ture of a DNA fragment in solution or implica- 
tions of its biological function when embedded in 
flanking sequences in viuo, since the conforma- 

tion is strongly influenced by crystal packing. This 
does not imply that the crystal structure is arbi- 
trary. It merely draws attention to the fact the 
process of crystallization selects one out of an 
unknown number of energetically favorable con- 
formations. By studying these conformations and 
the mechanics of DNA structure revealed by them 
an understanding of the structural principles of 
DNA can be achieved. 
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