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ABSTRACT

It has previously been shown that the use of racemic
mixtures of naturally chiral macromolecules such
as protein and DNA can significantly aid the crys-
tallogenesis process, thereby addressing one of
the major bottlenecks to structure determination
by X-ray crystallographic methods—that of crys-
tal growth. Although previous studies have pro-
vided convincing evidence of the applicability of the
racemic crystallization technique to DNA through
the study of well-characterized DNA structures, we
sought to apply this method to a historically chal-
lenging DNA sequence. For this purpose we chose
a non-self-complementary DNA duplex containing
the biologically-relevant Pribnow box consensus se-
quence ‘TATAAT’. Four racemic crystal structures of
this previously un-crystallizable DNA target are re-
ported (with resolutions in the range of 1.65-2.3 A),
with further crystallographic studies and structural
analysis providing insight into the racemic crystal-
lization process as well as structural details of this
highly pertinent DNA sequence.

INTRODUCTION

It has been demonstrated that racemic mixtures of macro-
molecules such as proteins and nucleic acids—that is,
mixtures containing equimolar amounts of D and L
enantiomers—can aid the crystallization process by giving
these chiral molecules access to space groups involving sym-
metry operators that invert chirality, such as mirror planes
or centres of inversion. Wukovitz and Yeates pointed out
that the space group preference for protein crystals, for ex-
ample the common occurrence of P2;2,2;, was to be as-
signed to statistical issues related to protein-protein con-

tacts (1). Symmetry and connectivity constraints associated
to a given space group allow a certain number of degrees
of freedom for a macromolecule to pack intro a three di-
mensional network of connections. Space groups that al-
low a greater number of degrees of freedom such as P2;2;2,
are statistically favoured. Several centro-symmetrical space
groups allow many degrees of freedom and were thus pre-
dicted to facilitate crystallization, in particular Pl(bar),
P2y /cand C2/c (2). The practical use of this prediction has
become possible since methods to synthesize non-natural
enantiomers have become available. For example, the pro-
duction costs of L-DNA have decreased and are no longer
significantly higher than those of D-DNA. The amenabil-
ity of a racemic protein mixture to crystallize as racemic
crystals was first demonstrated for the iron-binding protein,
Rubredoxin (3). Since this seminal work, the racemic crys-
tallization method has been applied to a number of chal-
lenging protein targets (2), highlighting the considerable
utility of this technique to structural biology. It has also
been shown that the potential benefits of racemic crystallog-
raphy can be applied to DNA, with a recent report describ-
ing racemic crystal structures of a variety of DNA motifs,
including duplexes, quadruplexes and a four-way junction
that had been previously described as single D-enantiomers
and were shown to preferentially crystallize as racemates
4).

Following this proof-of-concept study, we have now
sought to apply the racemic crystallization method to a
previously unreported and historically hard-to-crystallize
DNA sequence—that of a DNA duplex containing the
Pribnow box consensus sequence. The Pribnow box consen-
sus sequence is a ubiquitous prokaryotic promoter sequence
and core element located at the —10 position (consequently
also known as the ‘—10 box’) upstream of the bacterial tran-
scription start site. This sequence plays a vital role in the
regulation of bacterial transcription (5-7), and is known
to be highly consensual, with 5-TATAAT-3’ as the consen-
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sus sequence of the template strand. The degree of homol-
ogy of a promoter sequence to the consensus determines
the promoter strength—that is, the strength with which the
transcription-initiating sigma factor binds (8)—yet the un-
derlying structural basis by which the sigma factor recog-
nizes and binds Pribnow box sequences is poorly under-
stood. Indeed, there are no reports of crystal structures
of this DNA sequence in a ‘folded’ (i.e. double stranded)
state. One possible explanation for the lack of crystal struc-
ture of a duplex containing the Pribnow-box sequence may
be that crystallization of non-self-complementary duplex
sequences is typically challenging, often due to issues of
crystallogenesis or static disorder. Indeed the majority of
double-stranded DNA structures reported in the Nucleic
Acid Database and the Protein Data Bank are composed
of self-complementary or palindromic sequences (9-11).
These are typically model sequences—such as the semi-
nal Dickerson-Drew dodecamer (12-16) or the decamer
d(CCAACGTTGG), (17)—and have served the scientific
community immeasurably, yet there is a possibility that the
unnatural symmetry of self-complementary duplexes masks
potentially significant local structural features that may be
present in the wild-type DNA sequences (which are rarely
self-complementary). In addition, considering the extensive
use of the Dickerson—Drew dodecamer and other model
duplexes as a structural basis for designing and studying
DNA-binding therapeutic compounds (such as anti-cancer
drugs) at high-resolution (18-21), the ability to character-
ize and account for abnormalities arising from unnatural
symmetry is of high relevance. The interest in studying the
non-self-complementary Pribnow box sequence therefore
falls into two categories: (i) understanding the role of this
sequence on the initiation of bacterial transcription—/how
does the sigma factor specifically recognize this sequence?
and (ii) the design and study of minor groove binding drugs
and small molecules.

We report here the results of our efforts to crystallize a
non-self-complementary DNA duplex containing the Prib-
now box consensus sequence using a racemic crystallization
method. Racemic mixtures of duplexes composed of the se-
quences, 5'—CGCTATAATGCG-3' (template strand) and
5'—CGCATTATAGCG-3' (complementary strand) were
used for crystallization trials. Using primarily commercially
available screens, these investigations yielded well-ordered
racemic crystals encompassing a total of four distinct achi-
ral space groups. Structure determination and subsequent
refinement resulted in four high quality models, with res-
olutions in the range of 1.65-2.3 A. Comparative non-
racemic crystallization trials were also undertaken, yielding
poorly-ordered crystals and consequently low-resolution
structures. The rapidity and ease with which racemic Prib-
now box duplex crystals were obtained, coupled to the high
quality of the resulting atomic models, provides strong ev-
idence in support of the potentially considerable utility of
the racemic crystallization method in the field of DNA
structural biology. Structural analysis of the resulting Prib-
now box duplexes and comparison to model duplexes is also
provided, revealing differences in certain helical parame-
ters which may be sequence-dependent, and consequently,
of potential significance to both bacterial transcription and
minor groove-directed drug-design.
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MATERIALS AND METHODS
Crystallization and data collection

L- and D-enantiomeric forms of the two
strands 5'—CGCTATAATGCG-3 and
5Y—CGCATTATAGCG-3" were synthesized by Chem-
Genes Corporation (USA). A 4 mM stock solution of each
strand was prepared using ultra-pure water. An annealing
solution of the L form was prepared using 2 mM of each
of the two complementary strands plus 50 mM sodium
cacodylate buffer (pH 7.0) and 50 mM sodium chloride.
The solution was heated at 353 K for 20 min and gradually
cooled overnight to 293 K to ensure duplex formation. The
same protocol was followed to anneal the D-enantiomer
sequences. A racemic mixture was prepared following the
annealing process by mixing the two enantiopure solutions
in an equimolar ratio. Crystallization experiments using
commercially available screens (Natrix 2—Hampton Re-
search (22,23)) were performed at 293 K, using the hanging
drop vapour diffusion method. Crystals were obtained in
four distinct conditions within one week (Supplementary
Table S1 and Figure 1), and were used for X-ray diffraction
measurements without further optimization. For low
temperature measurements (at 100 K), single crystals were
flash-frozen directly in liquid nitrogen. Diffraction data
were measured on beam line PROXIMA 1 at SOLEIL
synchrotron, or using an in-house rotating anode X-ray
diffractometer (Rigaku FRX micro-focus rotating anode,
generating Cu Ko radiation). The diffraction data were
processed using XDS (24), with data statistics described in
Supplementary Table S2.

Structure determination and refinement

The structures reported in this work were solved by molec-
ular replacement using the program PHASER (25). The
structures were refined using REFMACS (26) from the
CCP4 software package (27) and phenix.refine (28) from
the PHENIX suite (29). The refinement protocol includes
simulated annealing, Translation Libration Screw-motion
refinement, positional refinement, restrained isotropic B-
factor refinement and bulk solvent correction. Full details
of the structure determination and refinement process are
provided in the Supplementary Data. After each refinement
step, visual inspection of the model and the electron-density
maps were carried out using Coot (30), using both 2F,-F,
and F,-F, difference maps. lons and water molecules were
added throughout different stages of refinement as indi-
cated by electron density in the appropriate F,-F difference
maps. The difference Fourier maps were contoured at 5 o
and 3 o levels in order to place the ions and water molecules,
respectively. Figures were prepared using the program Py-
MOL (31). The coordinates and structure factors have been
deposited in the Protein Data Bank (11) (accession codes
are provided in Table 1). Refinement statistics are provided
in Supplementary Table S2.
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Figure 1. Crystals of a DNA duplex containing the Pribnow box consensus promoter sequence. Crystals were derived from: (A-D) racemic DNA mixtures
using four unique crystallization reagents, and; (E-F) D-enantiopure DNA solutions.

Table 1. Summary of crystal structures of the Pribnow box consensus promoter sequence

Crystal Crystal screen .

structure DNA solution (solution no.) Max. Res. (A) Space group Asymmetric unit PDB code
1 racemic Natrix 2-39 1.83 P2 /n 1 duplex SET9

2 racemic Natrix 2-36 1.69 P2y/c 2 duplexes (A,B) SEWB

3 racemic Natrix 2-38 2.30 Pnna 1 single strand SEYQ

4 racemic Natrix 2-47 1.65 Pbca 1 duplex SEZF

5 D-DNA Natrix 2-39 2.90 P63 1 duplex SF26

6 D-DNA Custom condition 2.81 P3, 3 duplexes (A,B,C) 5JOE

Full crystallization, data collection and refinement details are provided in Supplementary Tables S1 and S2.

RESULTS AND DISCUSSION

Racemic crystallization and structure determination of a
Pribnow box duplex

In order to test the ability of the racemic crystallization
method to crystallize a DNA sequence which had previ-
ously proven challenging to crystallize, we attempted to
crystallize a non-self-complementary DNA duplex con-
taining the Pribnow box consensus sequence. The much-
studied Dickerson—Drew dodecamer self-complementary
sequence—d(CGCGAATTCGCG)—served as a template
for the incorporation of the Pribnow box consensus
hexamer sequence 5-TATAAT-3' within the centre,
thereby replacing 5-GAATTC-3. This incorporation
breaks the sequence symmetry, and gives rise to a

duplex composed of two non-self-complementary se-
quences: d(CGCTATAATGCG) (template strand) and
d(CGCATTATAGCG) (complementary strand). The ter-
minal regions are functionally irrelevant, but are needed for
duplex stability. Racemic mixtures of preformed duplexes
composed of the sequences defined above were then used
for crystallization trials. Standard commercially available
sparse matrix screens were used, yielding visually well-
formed crystals in four distinct crystallization conditions
within one week (Figure 1A-D). X-ray diffraction analyses
of all four crystal forms indicated the crystals belonged to
achiral space groups, implying these crystals to be racemic,
in line with previous findings highlighting the tendency of
racemic DNA mixtures to form racemic crystals rather than
conglomerates (4). Structure determination by molecular
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replacement following full data collection of all four crystal
forms confirmed the achiral space groups, with structures
1-4 belonging to space groups P2;/n, P2;/c, Pnna and
Pbca, respectively (see Table 1, and the Supplementary
Data for a discussion on the similarity between structures 1
and 3). All structures were easily refined, resulting in high
quality electron density maps in which all residues of the
DNA are stable and accurately modelled (Supplementary
Figure S1). One may note relatively high R factors (typically
around 30%) considering the resolution of the structures.
This is inherent to refinement in centrosymmetrical space
groups and reflects small differences in the structures of the
two enantiomers. The case has been discussed for racemic
protein crystals for which it was shown that refining the
D-form + L-form in a non-centrosymmetric lattice does not
necessarily improve R-factors (32).

In all four crystal forms (structures 1-4), D- and L- DNA
enantiomers are related by chirality-inverting symmetry op-
erations (i.e. inversions and glide planes) and chirality-
preserving symmetry operations (i.e. rotations, translations
and screw axes) relate different molecules of each enan-
tiomer. It has been pointed out by Wukovitz and Yeates
(1,2) that the high level of dimensionality of the Pl(bar)
space group makes it a common and highly favourable
packing arrangement for macromolecular racemic/achiral
systems (the packing rules are different for small molecules).
Surprisingly, we did not observe the P1(bar) space group for
the Pribnow box duplex structures reported here. The pre-
dicted next best packing arrangements for racemic macro-
molecules are P2;/c and C2/c. Only P2;/c and the related
P2, /n were found in this work. Our previous reports of
racemic DNA crystallography (4) and also earlier work on
racemic Z-DNA (33) and racemic RNA (34) revealed the
apparent prevalence of space group Pl(bar) for the DNA
sequences studied, particularly for the self-complementary
duplex crystal structures reported. Thus, it is possible that
the use of non-self-complementary DNA sequences is re-
sponsible for the absence of a P1(bar) packing arrangement
for the Pribnow box duplexes reported here.

In addition to the considerable number of crystal struc-
tures produced by the racemic crystallization screen of the
Pribnow box duplex reported above, the ease of crystalliza-
tion (crystals were obtained within a short space of time
using standard commercial crystallization screens, with no
optimization of crystal growth conditions needed, see Table
1) and high quality of the crystals (in some cases permit-
ting mid-to-high resolution diffraction data to be collected
on home X-ray sources), strongly highlights the potentially
considerable utility of adopting a racemic crystallization ap-
proach for the structure determination of challenging DNA
molecules.

Non-racemic crystal structures of the Pribnow box duplex

In order to measure the true benefit of using the racemic
crystallization method and to investigate the principles gov-
erning crystal growth, we attempted to determine whether
an enantiopure solution of the Pribnow box duplex would
crystallize when exposed to the crystallization conditions
found to crystallize equivalent racemic mixtures. There is
no reason for this to occur « priori since racemic and non-
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racemic crystals would have distinct packing arrangements.
Yet we had observed the occurrence of the reverse: race-
mates often (but not always) preferentially crystallize un-
der conditions in which the D-enantiomer alone also crys-
tallizes (4). Enantiopure DNA samples were exposed to the
same conditions as those used for the racemic crystalliza-
tion trials, with crystals obtained in just one out of the four
racemic crystal conditions. X-ray diffraction analysis and
data collection on our home source revealed a crystal struc-
ture belonging to space group P63 (crystal structure 5, Table
1, Supplementary Tables S1 and S2) with the data being of
lower resolution (2.9 A) and poorer quality than that ob-
tained for the equivalent racemic mixture. The quality of
diffraction data was reflected in the final model, which con-
tains several disordered residues, in contrast to the racemic
Pribnow box structures (further details are provided in the
Supplementary Data). No attempt was made to optimize
crystal growth conditions or to carry out synchrotron mea-
surements.

Thus, it seems that, in the example reported here at least,
although it is possible for an enantiopure mixture to crys-
tallize in a condition suitable for crystal growth of a racemic
mixture, the conditions most suitable for crystal growth
cannot be directly exchanged between racemic and non-
racemic samples. In addition, crystals of an enantiopure so-
lution of the Pribnow box duplex were also obtained in a
set of crystallization conditions different to those found to
crystallize equivalent racemic mixtures—and in which the
racemic Pribnow box duplex mixture could not be subse-
quently crystallized (crystal structure 6, Table 1, Supple-
mentary Tables S1 and S2). This complements earlier results
which showed that, in most cases, racemic DNA crystals
form under conditions optimized for enantiopure DNA (4).
It appears that conditions suitable for crystal growth (even
of poorly diffracting crystals) of enantiopure D-DNA sam-
ples cannot always be applied to racemic mixtures. As the
reverse is also true (as described above), the take home mes-
sage is clear: if structure determination of a DNA molecule
is desired, independent crystallization experiments should
be performed using both racemic and enantiopure DNA
samples. In doing so, the exploration of all possible space
groups is realized.

Overall topology, helical analysis and potential biological sig-
nificance of racemic Pribnow box crystal structures

All four crystal forms of the racemic non-self-
complementary Pribnow box duplex reported here
reveal DNA structures adopting standard B-type DNA
conformations (Figure 2, S5). Despite the differences in
space group and crystal packing, the four racemic crystal
structures share the common feature of their central
TATAAT regions taking part in very few crystal packing
contacts (a packing feature which is also observed for
standard non-racemic duplex crystal structures such as the
Dickerson—Drew dodecamer (12—13,35-38)). This therefore
reduces the likelihood of crystal packing factors influencing
(and potentially perturbing) local structural features of the
racemic Pribnow box duplex structures reported here. Heli-
cal parameters were calculated using 3DNA (39). In general,
the four racemic Pribnow box duplex crystal structures
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D-DNA

L-DNA

TIA!
AT
TIA
AT,
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Pribnow box

Figure 2. Crystal structure of a DNA duplex containing the Pribnow box
consensus promoter sequence (crystal structure 4, space group Pbca, res-
olution 1.65 A). Left: asymmetric unit, containing one complete D-DNA
duplex. Right: L-DNA symmetry mate. Pribnow box residues are coloured
blue (thymine) and red (adenine). All other residues (i.e. all non-Pribnow
box residues) are coloured grey.

all display helical parameters in line with those expected
for standard B-type DNA (Figure 3A-C), however, there
are differences in certain helical features that may indicate
sequence-specific structural effects. For example, the degree
of base propeller-twist (defined as the rotation of one base
with respect to the other in the same base pair) (40,41) of
the racemic structures is significantly reduced compared
to the Dickerson-Drew dodecamer (35) as well as one
of the few examples of non-self-complementary duplexes
available (42) (Figure 3C). Due to poor model quality,
helical parameters for enantiopure Pribnow box structures
are unreliable and therefore cannot be used to determine
whether the reduced base propeller-twist of the racemic
Pribnow box structures is a result of the specific sequence,
rather than the (a)chirality of the sample. However, that
reduced base propeller-twist values are observed in four
distinct packing environments suggests that these obser-

vations are meaningful. It is assumed that the Pribnow
box sequence possesses a mechanism by which the sigma
factor can specifically recognize this key motif amongst
the bacterial genome—indeed, local structural variations
unique to this specific sequence may well be responsible for
such specificity. Although we do not propose the observed
reduction in propeller-twist of the Pribnow box structures
reported here to be the basis of the mechanism by which
the sigma factor recognizes this fundamentally important
DNA sequence, the fact that there exists structural differ-
ences (albeit subtle) between certain duplexes containing
biologically relevant wild-type DNA sequences versus
much-studied model duplexes (such as the Dickerson—
Drew dodecamer) is noteworthy. Whether such structural
differences are indeed of biological significance or not will
require further work, however, the findings reported here
suggest that the racemic crystallographic method may be
able to aid such an endeavour.

Another aspect worthy of comparison are the minor
grooves of these structures. The minor groove of duplex
DNA is of particular interest as many anti-cancer (and anti-
infective) small-molecule drugs have been designed to rec-
ognize and bind specifically to these regions (18-21,43-48).
Since crystals structures used to guide rational drug design
of such therapeutic agents are almost invariably based on
model sequences (18-21,43-48), any differences, even sub-
tle, between model duplexes and those containing wild-type
motifs could be significant with respect to DNA recogni-
tion by small-molecules. The minor groove widths of the
racemic Pribnow box duplexes reported here are compa-
rable to those of model (and other) DNA duplexes of the
same size (i.e. same oligomer length) (see Supplementary
Table S3). There is also a certain level of conservation of mi-
nor groove water structure between Pribnow box and non-
Pribnow box duplexes (Figure 4). In particular, some wa-
ter molecules are found at similar positions despite the dif-
ference in sequence, and thus despite the difference in the
bases to which water molecules are hydrogen bonded. For
example, a water molecule (w4, highlighted in magenta in
Figure 4) which is bound tightly to two thymine O2 car-
bonyl groups within the high-resolution Dickerson—Drew
dodecamer crystal structure (PDB ID: 1BNA) (35), occu-
pies an equivalent position within the minor groove of the
racemic Pribnow-box structure in the P2;/c space group,
yet in the latter case, the water molecule is bound instead
by the N3 nitrogen atoms of two adenine bases (Figure 4).
A small molecule or metal complex minor groove binder
may thus also bind at similar positions and its sequence se-
lectivity will be determined only by its inherent affinity for
oxygen versus nitrogen acceptors.

CONCLUSIONS

We have reported here the use of a racemic crystallographic
approach for the crystallization and subsequent structure
determination of a historically intractable, biologically rel-
evant DNA motif—that of the Pribnow box consensus se-
quence 5’-TATAAT-3’. Four high-quality crystal structures
were determined with resolutions in the range of 1.65-2.3
A, providing an atomic-level view of a DNA motif involved
in a biological process of inarguable importance—that of
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1.5 - —>— Structure 3
—e—— Structure 4
14 --0-- PDB1BNA
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. = =A==+ PDB 458D
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CT/AG TA/TA AT/AT TA/TA AA/TT AT/AT TG/CA GC/GC CG/CG (Pribnow)
CG/CG GA/TC AA/TT AT/AT TT/AA TC/GA CG/CG GC/GC CG/CG (1BNA)
CG/CG AT/AT TA/TA AT/AT TA/TA TA/TA TA/TA GC/GC CG/CG (458D/459D)

GC/GC CT/AG
Gc/GC ce/ce
GC/GC cG/cG

L] L] L] v L] v L] L
TA/TA AT/AT TA/TA AA/TT AT/AT TG/CA GC/GC CG/CG
GA/TC AA/TT AT/AT TT/AA TC/GA CG/CG GC/GC CG/CG
AT/AT TA/TA AT/AT TA/TA TA/TA TA/TA GC/GC CG/CG

(Pribnow)
(1BNA)
(458D/459D)

T-A A-T T-A A-T A-T T-A G-C Cc-G (Pribnow)
G-C A-T A-T T-A T-A C-G G-C Cc-G (1BNA)
A-T T-A A-T T-A T-A T-A G-C c-G (458D/459D)

Figure 3. Helical parameters of four racemic Pribnow box duplex crystal structures reported here (structures 1-4) and three non-racemic DNA du-
plex crystal structures (PDB structure 1BNA—a high-resolution Dickerson-Drew dodecamer formed from the sequence [ CGCGAATTCGCG] (35),
and PDB structures 458D and 459D—native and ligand-bound dodecamer duplexes, respectively, formed from the non-self-complementary sequences
d[CGCATATTTGCG] and d[CGCAAATATGCG]) (42). DNA sequences are indicated along the x axes. Parameters calculated using 3DNA (39). (A)
Base-pair rise; (B) local helical-twist; (C) propeller-twist. Overall, when comparing Pribnow box duplexes (structures 1-4) with non-Pribnow box duplexes
(PDB structures IBNA, 458D and 459D) the majority of helical parameters are in agreement, however, the Pribnow box structures show consist variations
in propeller twist values of the central TA-rich region (panel C) compared to non-Pribnow box structures. Solid lines with filled markers = racemic Pribnow
box structures; dashed lines with empty markers = non-Pribnow box (chiral) structures. Note, the asymmetric unit of structure 2 contains two distinct
duplexes which have been analysed separately (referred to as ‘structure 2 (A)’ and ‘structure 2 (B)’).
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Figure 4. Comparison of minor groove water structure and hydrogen bonding between: (A) a non-racemic model DNA duplex (Dickerson—Drew dode-
camer, in space group P2;2,2;, PDB ID: 1BNA (35)) and (B) a racemic Pribnow box duplex (in space group P2 /c [structure 2 (A) in Table 1]). The water
structure of the minor groove is well-conserved overall between these two duplexes—one extra water molecule appears in the Pribnow box duplex—despite
the difference in sequence. In the parts shown, minor groove hydrogen bond acceptors may be adenine N3 atoms, or thymine or cytosine O2 carbonyl
groups. See for example w4 shown in magenta, hydrogen bonded to thymine-7 bases in (A) and to adenine-7 bases in (B).

bacterial replication. Although observed differences in cer-
tain structural features between the racemic Pribnow box
structures reported here and well-studied model sequences
cannot, at this point, be correlated to biological processes,
our results nevertheless indicate that, by allowing structure
determination of non-self-complementary DNA structures,
the racemic method may be a suitable means to obtain
high-resolution structural data of DNA duplexes formed
from biologically meaningful sequences. This may have con-
sequences for those designing and characterizing DNA-
interacting therapeutic agents, such as anti-cancer com-
pounds (18,43—45) and anti-infective agents (46-48). In ad-
dition, we have described here further investigations into the
racemic crystallization process—involving the determina-
tion of two additional Pribnow box duplexes—suggesting
that crystal growth conditions may not be directly inter-
changeable between racemic and non-racemic systems.

The racemic crystallization technique used and described
here provides a potentially facile method for studying native
DNA sequences beyond the classical model sequences, and
thus may be of interest to those investigating structural as-
pects of fundamental biological processes as well as those
engaged in structure-based DNA-directed drug discovery
programmes.
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