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The d(ApTpApTpApT) deoxyhexanucleotide packs in two different

lattice systems: monoclinic and hexagonal. In this study, it is shown

that in the hexagonal crystals twinning and pseudosymmetry coexist.

The presence of both components resulted in a puzzling space-group

determination. Only when a correct model became available

[Hoogsteen-DNA; Abrescia et al. (2002), Proc. Natl Acad. Sci.

USA, 99, 2806±2811] was it possible to discriminate between twinning

and pseudosymmetry. Here, the steps that led to a correct space-

group assignment and to the solution of the oligonucleotide structure

in the hexagonal lattice by molecular replacement are described.
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1. Introduction

In the last 25 years, many deoxyoligonucleo-

tide fragments have been crystallized either

alone or as complexes with either proteins or

drugs (Berman et al., 1992). However, the

structural information available at high reso-

lution on AT-rich oligonucleotides, alternating

or not, is very limited. Only a single `naked'

DNA sequence with only adenine and thymine

base pairs has been crystallized so far (Viswa-

mitra et al., 1978). On the other hand, AT-rich

sequences are strongly polymorphic (Arnott et

al., 1974), so that their study offers a particular

interest. Therefore, we decided to study the

deoxyhexanucleotide d(ApTpApTpApT). We

®rst obtained crystals in a hexagonal lattice.

They presented an unclear space group with

indications of twinning. We subsequently

obtained crystals in the P21 space group. Only

when the latter structure was solved by the

MAD method (Abrescia et al., 2002) were we

able to ®nalize the study of the d(ApTpApT-

pApT) crystals in the hexagonal lattice as

described in this paper.

2. Crystallization procedure and
diffraction experiments

The self-complementary deoxyhexanucleotide

d(ApTpApTpApT) was synthesized on an

automatic synthesizer by the phosphoramidite

method and puri®ed by gel ®ltration and

reverse-phase HPLC. The ammonium salt of

the hexamer was prepared by ion-exchange

chromatography.

Crystallization conditions were tested using

the phase-diagram method (Malinina et al.,

1987) at room temperature with MPD and

NaCl solutions. Only two drops gave rise to

unstable hexagon-shaped crystalline forms.

Crystallization trials were carried out at three

different temperatures: 277, 286 and 295 K.

The best crystals were grown by the vapour-

diffusion technique at 286 K from hanging

drops using a Linbro multi-well tissue plate.

For the hexagonal crystals, 10 ml drops were

prepared in 25 mM sodium cacodylate buffer

pH 6.0 with 0.8 mM DNA (duplex), 18 mM

NaCl and 10% 2-methyl-2,4-pentanediol

(MPD) precipitant equilibrated against a

reservoir containing 15% MPD. MPD also acts

as a cryoprotecting agent. The MPD concen-

tration in the reservoir was increased weekly

up to 30±35% until crystals appeared. It was

possible to obtain crystals over a wider range

of DNA, MPD and NaCl concentrations and

also to substitute NaCl with KCl. Nevertheless,

good-quality crystals (Fig. 1) were produced by

transferring the nucleating crystals for 24±36 h

at room temperature or at 310 K, allowing

Figure 1
Hexagonal crystal of d(ApTpApTpApT) grown by
vapour diffusion at 286 K (approximate dimensions
400 � 400 � 200 mm).
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them to dissolve and recooling the drop

solution at 286 K. The same protocol was

followed for the analogous brominated

sequence d(ApTpApBrUpApT).

Three sets of diffraction data were

collected at 110 K. For one of them, an in-

house X-ray rotating-anode generator

operated at 40 kV and 110 mA was used. In

the second case and for the MAD data,

images were collected using synchrotron

radiation (DESY, Hamburg, Germany, X11

and X31 beamlines) on a MAR Research

imaging plate. Crystals were rapidly

mounted at room temperature in a nylon

®bre loop and ¯ash-frozen in a nitrogen

cryostream.

The images were processed and merged

using the HKL package (Otwinowski &

Minor, 1997) and SCALEIT (Collaborative

Computational Project, Number 4, 1994).

Unit-cell parameters, data-collection and

reduction statistics for the native data as

well as for the derivative data at the remote

point are given in Table 1.

3. Space-group ambiguity

Analysis of the systematic absences revealed

the presence of a 61 axis, which

led to four possible space groups:

P61(5) or P61(5)22. No clear

distinction was possible by

comparing the �2 and Rsym of the

data reduced in P61(5) and

P61(5)22. The self-rotation func-

tion (SRF) for � = 180� indicates

the presence of strong peaks at

 = 0, 30, 60, 90� and ' = 0� in

addition to the crystallographic

sixfold at  = 90� and ' = 90�

(Fig. 2a). These observations

suggested point group 622 for

our crystals. Calculation of the

solvent content (volume/base

pairs) indicated either point

group 6 with two independent

duplexes in the asymmetric unit

or point group 622 with two

strands in the asymmetric unit.

We then attempted phasing

via the molecular-replacement

method in the four possible

space groups using the AMoRe

program (Navaza, 1994).

Because of the values of a and

b dimensions of 32.3 AÊ , we

expected a repetitive unit of ten

base pairs along these axes (the

helix rise per pair of an ideal

B-DNA is 3.4 AÊ ). Consequently,

as searching models we used

either single- or double-stranded

hexamers, pentamers and deca-

mers in ideal B-DNA. The best

solution, based on the compar-

ison of correlation coef®cients

and on molecular ®tting, was

obtained in space group P65 with

the data at low resolution using a

hexamer duplex. This solution

showed a clash of the last two

terminal bases of the two

duplexes present in the asym-

metric unit. Although we

removed these two overlapping

bases, the re®nement did not

converge. More strangely, this solution

showed negative correlation coef®cients

when the data at high resolution were

added. All other attempts at molecular

replacement failed.

4. Twinning symptoms

Given the discrepancy of the results

obtained with the data at low and high

resolution, we carried out a more detailed

analysis of the collected intensities. In order

to determine possible anomalies, we calcu-

lated the Rmerge between the three different

data sets (Table 1) scaled according to the

P65 space group, taking care to check the

two possible indexing orientations used by

DENZO (Otwinowski & Minor, 1997).

Although the Rmerge resulting from this

cross-merging was under 10%, its value

doubled and the �2 stood out at above 2.

Surprisingly, these values appeared to be

independent of the two available indexing

choices. These results indicated the possibi-

lity of twinning. The intensity statistics, the

N(Z)/Z plot (Fig. 3) and the ratio hI2i/hIi2
(Table 2) for the acentric re¯ections reduced

in P6 were then inspected. All these indi-

cators supported the hypothesis that the

crystals could indeed be partially merohed-

rally twinned. Twinning by merohedry is a

crystal-growth disorder and occurs when the

differently oriented domains of which the

specimen is composed have symmetry lower

than the lattice symmetry (Catti & Ferraris,

1976). Therefore, we submitted the data (in

P65) to the twinning server (Yeates, 1997). In

all three cases the twinning analysis showed

a twin fraction � of 27.8% for the low-

resolution data (calculated in the range 20±

2.7 AÊ ), 39.6% for higher resolution data and

46.2% for the derivative data collected at

Figure 2
Self-rotation function plots in the resolution range 15±2.5 AÊ ,
integration radius 5±45 AÊ . Peaks are shown for sections at � = 180� .
(a) From the experimental data, (b) from the calculated structure
factors. Contours start at the 2� level and increase in 2� intervals.
The highest peak corresponds to the sixfold axis. For the
experimental data it is 7.13�, while for the calculated data it is
6.45�. Drawings were prepared with the GroPat program (Esnouf,
1999).

Figure 3
Graphical representation of the cumulative distribu-
tion function N(Z) relative to Z (Z represents the
intensity relative to the mean intensity) calculated
with TRUNCATE (Collaborative Computational
Program, Number 4, 1994). The square-dotted line
is relative to our experimental distribution and shows
a slightly sigmoid pro®le lying below the theoretical
values (circles).
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the remote point (both calculated in the

resolution range 20±2.5 AÊ ). This latter �
value discouraged us from pursuing phasing

via heavy-atom location.

5. Molecular replacement and
space-group assignment

Once the structure of d(ApTpApTpApT) in

the space group P21 was solved showing the

presence of Hoogsteen base pairs (Abrescia

et al., 2002), it became clear that the stan-

dard B-DNA models previously employed

were not suitable for molecular replacement

in the hexagonal case. Thus, using this new

DNA as a search model form and with the

information of possible twinning, we re-

peated the phasing via molecular replace-

ment in the space group P65. Three peaks

stood out employing the high-resolution

data without detwinning, the ®rst of them

with a 75.1% correlation in amplitudes, an

Rfactor of 43.8% and a 70% correlation in

intensities. Analysis in the P61 space group

gave signi®cantly lower values.

We also investigated the space group

P6522. We found a peak with a 71.3%

correlation in amplitudes (Rfactor = 47.0%;

67.6% correlation in intensity) using as a

model a pentamer duplex built from the P21

asymmetric unit. However, in order to

dissipate our doubts on a space-group

misinterpretation or a fake twinning arising

from the helical pseudosymmetry, we

analysed all the solutions in the P6522 space

group either built manually (by a translation

and rotation of a single strand of the P65

solution) or as obtained from the molecular-

replacement protocol. We could not re®ne

any of these structures.

Before starting the re®nement of the

solution obtained in P65, the structure

factors of the search model and its self-

rotation function were calculated using the

CNS program (BruÈ nger et al., 1998). The

self-rotation showed additional peaks indi-

cating the presence of dyads (Fig. 2b), as had

been found in the experimental data (Fig. 2a)

and as was expected from the intrinsic NCS

present in DNA duplexes. To check if the

pseudosymmetry of the oligonucleotide

gave rise to an apparent twinning, we sent

the calculated structure factors to the twin

server (Yeates, 1997). The resulting twin

fraction was under 3% (20±2.5 AÊ resolution

range). It is therefore clear that molecular

pseudosymmetry does not give rise to an

apparent twinning.

6. Structure refinement

The P65 solution was re®ned with CNS

version 1.1 using input ®les for hemihedral

twinning. The � fraction for the high-

resolution data was recalculated in the

resolution range 15±2.17 AÊ and used in the

following steps. Apart from taking into

account the twinning fraction and the twin-

ning operator, the rest of the re®nement

process followed the standard protocol. A

random free data set was created in order to

avoid over-re®nement and the least-squares

residual target function was employed. The

starting model corresponds to the re®ned

structure at 2.5 AÊ of the same sequence

crystallized in P21 but without the extra-

helical bases. The starting twinned Rwork was

31.3% and Rfree was 37.7% (15±2.5 AÊ with

bulk-solvent correction). After rigid-body

re®nement of independent base pairs, Rwork

dropped to 27.2% and Rfree to 31.2%

(15±2.17 AÊ with bulk-solvent correction).

However, owing to the alternating base

composition of the sequence, we decided to

repeat the rigid-body re®nement steps

Table 2
Twin analysis (� = 0.9076 AÊ ).

Analysis was carried out with CNS. The expected values
for untwinned data are 2 for h|I|2i/h|I|i2 and 0.785 for
h|F|2i/h|F|i2 and are 1.5 and 0.865, respectively, for perfect
twinning.

Resolution
range (AÊ )

No. of
re¯ections h|I|2i/h|I|i2 h|F|2i/h|F|i2

4.14±20.0 488 1.847 0.803
3.29±4.14 507 2.354² 0.766
2.88±3.29 505 4.469² 0.703
2.61±2.88 512 1.802 0.835
2.43±2.61 493 1.829 0.830
2.28±2.43 494 1.871 0.836
2.17±2.28 455 1.584 0.865

² These high values are probably a consequence of the

anisotropy and the presence of the stacking re¯ections.

Table 1
Data collection.

Values in parentheses correspond to the outermost resolution shell.

ApTpApTpApT ApTpApBrUpApT

� (AÊ ) 1.5418 0.9076 0.8266 (remote)
Unit-cell parameters (AÊ ), space group P65 a = b = 32.43,

c = 119.91
a = b = 32.31,

c = 117.77
a = b = 32.41,

c = 120.7
Rotation per frame (�) 1 0.9 1
Total oscillation (�) 101 87.3 101
Resolution range (AÊ ) 20.0±2.64 20.0±2.17 20.0±2.50
Unique re¯ections 2116 3630 2516
Completeness (%) [re¯ections with

I/�(I) � 2]
92.6 (74.8) 87.6 (61.9) 100 (68.6)

Overall redundancy² 13.5 11.7 11.4
I/�(I) 36.2 (4.87) 30.3 (3.08) 29.5 (4.60)
Rsym³ (%) 0.044 (0.391) 0.047 (0.456) 0.057 (0.357)
Rsym in P6522 (%) 0.059 (0.456) 0.075 (0.521) 0.063 (0.378)

² Total re¯ections registered divided by the number of unique re¯ections. ³ Rsym(I) =
P

hkl

P
i jIi�hkl� ÿ

hI�hkl�ij=Phkl

P
i Ii�hkl�, calculated for the whole data set.

Table 3
Re®nement statistics (� = 0.9076 AÊ ).

Resolution range (AÊ ) 15.0±2.17
DNA atoms 480
Water molecules 9
Rwork² (%) 22.90
No. re¯ections, work set (F > 0) 3162
Rfree³ (%) 25.92
No. re¯ections, free set (F > 0) 313
R.m.s.d. bond lengths (AÊ ) 0.0089
R.m.s.d bond angles (�) 1.54

² R factor =
P

hkl

��jFo�hkl�j ÿ kjFc�hkl�j��=P
hkl jFo�hkl�j. ³ R factor of re¯ections used for cross

validation in the re®nement.

Figure 4
View of one layer of DNA molecules in the crystal.
The unit cell and four asymmetric units are shown.
Hoogsteen DNA is presented in green. The extra-
helical bases which interact with neighbouring
duplexes in either the same layer or the neighbouring
layer are shown in magenta.
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without phosphate groups. We then calcu-

lated the (Fo ÿ Fc) electron-density map. By

visual inspection of the model and of the

positive peaks in the (Fo ÿ Fc) map, we

rebuilt the connectivity between the stacked

base pairs. We also added the extra-helical

bases, although two of them appeared to be

very mobile and could not be accurately

located. A summary of the current re®ne-

ment statistics is given in Table 3.

The structure obtained shows the same

essential features as the structure previously

found in the P21 space group (Abrescia et

al., 2002). The bases are paired according to

the Hoogsteen scheme. The duplexes stack

as columns of alternating hexamers and

tetramers. The tetramers have two over-

hanging bases at the 30 end of both strands,

which penetrate the minor grooves of

neighbouring DNA duplexes. However, in

P21 the DNA columns are all parallel,

whereas in P65 they lie in planes which are

rotated by 60�. Details of the molecular

conformation, hydration and other inter-

actions will be presented elsewhere.

The location of the extra-helical terminal

AT bases supports the fact that the P6522

space group is not correct, since in the latter

case both terminal AT pairs should be

identical, whereas in practice this is not the

case.

7. Discussion

We demonstrate in this paper that the crys-

tals of the d(ATATAT) oligonucleotide in

the hexagonal lattice are affected by mero-

hedral twinning and an apparent 622 point

group is generated both by the contribution

of the twin and by the pseudosymmetry of

DNA. In fact, it is always possible to ®nd a

pseudo-twofold axis orthogonal to the

helical axis of DNA. In particular, when the

helix axis is perpendicular to the c direction

the crystals appear to have a higher crys-

tallographic point group. In other words, the

pseudo-twofold axis of our helical structure

runs parallel to the expected crystallo-

graphic dyad (Fig. 4) and a false 622 point

group appears to be present. We have shown

that when pseudosymmetry and twinning by

merohedry coincide, as in the case presented

here, the assignment of the space group is

not straightforward. We could only explain

the anomalies displayed by the experimental

data and solve this structure by molecular

replacement when an adequate Hoogsteen

DNA model became available.
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