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Coiled-coil conformation of a pentamidine—DNA

complex

The coiled-coil structure formed by the complex of the DNA
duplex d(ATATATATAT), with pentamidine is presented.
The duplex was found to have a mixed structure containing
Watson-Crick and Hoogsteen base pairs. The drug stabilizes
the coiled coil through the formation of cross-links between
neighbouring duplexes. The central part of the drug is found in
the minor groove as expected, whereas the charged terminal
amidine groups protrude and interact with phosphates from
neighbouring molecules. The formation of cross-links may be
related to the biological effects of pentamidine, which is used
as an antiprotozoal agent in trypanosomiasis, leishmaniasis
and pneumonias associated with AIDS. The DNA sequence
that was used is highly abundant in most eukaryotic genomes.
However, very few data are available on DNA sequences
which only contain AT base pairs.

1. Introduction

The fact that alternating AT sequences may form coiled coils
(Campos et al., 2005; De Luchi et al, 2006) was the main
motivation for our choice of sequence to crystallize. Here,
we report that d(ATATATATAT) does indeed form a similar
structure, but its detailed features are quite different from
those observed previously, as will be shown below. Further-
more, oligonucleotides with an alternating AT sequence often
form duplexes containing Hoogsteen base pairs (Abrescia
et al., 2002; De Luchi et al., 2006). This conformation of DNA
appears to be stabilized by the presence of extrahelical
thymine residues in the minor groove (Pous et al, 2008).
Therefore, we thought that minor-groove-binding drugs may
also stabilize the Hoogsteen conformation of DNA with an
alternating AT sequence. With these objectives in mind, here
we present the structure of the complex of the oligonucleotide
d(ATATATATAT) with pentamidine. We found that in the
presence of the drug only one base pair remains in the
Hoogsteen conformation. In the region of interaction the
duplex has the standard B form of DNA with Watson—Crick
base pairs, but the structure of the complex is different from
that previously described (Edwards ef al., 2003). The terminal
charged groups of the drug interact with neighbouring DNA
molecules. Thus, the drug acts as a cross-linking agent in
the crystal structure. This mode of interaction has not been
described for any previously studied minor-groove-binding
drugs (Tidwell & Boykin, 2003; Baraldi ef al., 2004; Nguyen
et al., 2009).
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Table 1
Crystal data and refinement statistics.

Values in parentheses are for the last shell.

Wavelength (A)
Temperature (K)

Space group B
Unit-cell parameters (A, °)

Resolution range (1&)
Unique reflections
Free R-factor reflections
Completeness (%)
Redundancy factor
EH)
RmergeT
Contents of asymmetric unit
DNA duplexes
Pentamidines
Magnesiums
Water molecules
Total non-H atoms
Rworki
Rfree§ N
Mean B factor (A?)
R.m.s.d. bonds (A)
R.m.s.d. angles (%)
R.m.s.d. chiral (A%)

0.9795

104

P6522

a=b=27.789, c=311.95,
a=£=90,y=120

50-2.52 (2.56-2.52)

2899 (128)

262

94.7 (100.0)

15.8 (18.4)

37.6 (15.7)

0.098 (0.212)

1
1

1

51

481

0.216 (0.248)
0.277 (0.411)
435

0.018

1.64

0.052

T Ruerge(D) = g 2o 1Li(hkD) — (I(hkD))| /D" 3 I;(hkl) calculated for the whole data
st Ruork = Y |[Fovs| = [Feaicl|[/ Xt [Fonsl- § Riree is the R factor calculated for
the reflections used for cross-validation during refinement.

We should also note that the alternating AT sequence is
extremely abundant in all organisms (Subirana & Messeguer,
2008). The malaria parasite Plasmodium falciparum, for
example, has 80.6% AT and contains 396 000 occurrences of
the sequence (AT)s in its 22.9 Mb genome. In the human
genome the (AT)s sequence occurs over a million times.
Therefore, the abundant alternating (AT), sequences are a
likely target for the biological effects of pentamidine and
other minor-groove-binding drugs. Thus, the activity of
pentamidine against protozoal infections (Baraldi et al., 2004)
and mitotic cancer cells (Lee et al, 2007) may arise from
interaction with such sequences, although the mechanism of
action is not well known (Baraldi et al, 2004). A possible
mechanism involves interactions with the AT-rich DNA found
in the kinetoplasts of protozoa (Wilson et al., 2008).

2. Materials and methods
2.1. Chemicals

The oligonucleotide d(ATATATATAT) was synthesized in
an automatic synthesizer by the phosphoramidite method and
was purified by gel filtration and reverse-phase HPLC.

The drug pentamidine [1,5-bis(4-amidinophenoxy)pentane]
was bought from Aldrich (439843) as the isethionate salt.

2.2. Crystallization

Crystals were grown by vapour diffusion at 278 K in
hanging drops. The drops contained 6.7 mM MgCl,, 17 mM
2-(N-morpholino)ethanesulfonic acid (MES) pH 6.0 and 5%
2-propanol (Natrix condition No. 7, Hampton Research). The

concentrations of double-stranded DNA and pentamidine
were 0.36 and 2.4 mM, respectively, with a total volume of 6 pl.
The drops were equilibrated against a reservoir consisting
of 15% 2-methyl-24-pentanediol (MPD) solution. The MPD
concentration was slowly increased to 37%. A constant 5%
concentration of 2-propanol was maintained at all times.

Crystals grew as hexagonal columns in seven weeks. Typical
crystals were approximately 0.3 x 0.3 x 0.6 mm in size. The
crystals were flash-frozen in liquid nitrogen and stored until
use.

2.3. Data collection, structure solution and refinement

The crystal was mounted in a loop and kept in a nitrogen-
gas stream at 104 K. Diffraction data were collected at a
wavelength of 0.9795 A on an ADSC Quantum-210 detector
on the Spanish beamline BM-16 at the ESRF (Grenoble,

Figure 1

View of the pentamidine~d(ATATATATAT), complex. The drug is in the
minor groove at the centre of the sequence. The water molecules and one
Mg** ion found in the minor groove are also shown. Hydrogen bonds are
represented as dashed lines. The two ends of the duplex are different. At
one end (top) the duplex forms standard Watson—Crick base pairs. At the
other end (bottom) a Hoogsteen AT base pair is present. Note that the
Mg?* ion is at the back of the duplex in this presentation.
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France). Images with an oscillation angle of 2° were collected
from 0 to 180° at a maximum resolution of 2.52 A.

Indexing and data processing were carried out using the
HKL-2000 (Otwinowski & Minor, 1997) and CCP4 (Colla-
borative Computational Project, Number 4, 1994) program
packages. The average mosaicity was 0.24°. The molecules are
organized in a hexagonal cell with high symmetry (P6522),
with a single oligonucleotide duplex in the asymmetric unit.
The structure was solved by molecular replacement with the
program AMoRe (Navaza, 1994), refined with REFMAC
(Murshudov et al, 1997) and validated with 3DNA (Lu &
Olson, 2003).

A Hoogsteen pairing mode was first tried as this con-
formation had previously been found in alternating AT
sequences (Abrescia et al., 2002; De Luchi et al., 2006).
However, the structure could not be refined. We then used
a standard B-form DNA model and refinement became
possible. We also added a pentamidine molecule in a region of
high extra density in the minor groove. A hydrated magnesium
ion was also added in the minor groove at the Watson—Crick
end of the duplex. At this point we obtained an R, of 0.285
and an Rg.. of 0.337, but the electron-density maps of base
pairs adenine 9A-thymine 2B and thymine 10A-adenine 1B
were not correct. We changed the latter base pair to the
Hoogsteen conformation and the R values fell to 0.253 and
0.323, respectively. The electron-density map of this base pair
was then very good, as will be shown below. On the other
hand, the electron-density map of the next base pair 9A-2B
was unusual. We tried to model this base pair with partial
occupancy of Watson—Crick and Hoogsteen conformations
without success. The conformation of this base pair is probably
influenced by its being adjacent to a Hoogsteen base pair. A
reasonable electron-density map was finally obtained after
several cycles of refinement. Nevertheless, it is likely that some
contribution from partial occupancy of a Hoogsteen con-
formation contributes to the electron density in this region,
since the C1'—C1’ distance (9.8 A) is somewhat smaller than

Figure 2

Comparison of the structures of the pentamidine drug associated with
either d(ATATATATAT), (top) or d(CGCGAATTCGCG), (bottom;
Edwards et al., 2003). The electron-density map (2F, — F_ at the 1o level)
is shown for the former, which is more stretched than that found in the
latter. The distance between the amidino C atoms is indicated.

the standard value for Watson—Crick base pairing (10.5 1&).
Higher resolution data are required in order to model this
base pair with greater precision.

Refinement was continued by adding water molecules, with
final values of Ry = 0.216 and Ry = 0.277. Crystal data
and refinement statistics are given in Table 1. Figures were
produced with Cerius2 (Accelrys Inc.) and PyMOL (http:/
www.pymol.org).

Disorder in the 9A-2B base pair could also be a conse-
quence of twinning. The crystals might have a lower symmetry
and be merohedrally twinned with two decamers in the
asymmetric unit. However, when we calculated the cumulative
intensity distribution using the TRUNCATE program from
the CCP4 suite we did not find any signs of twinning. More-
over, the refinement progressed smoothly to final reasonably
low R values. It neither became stuck at high R values nor
generated a map of unrelated quality to the R values.

3. Results
3.1. Pentamidine interactions

The structure of the complex of pentamidine with the DNA
duplex is shown in Fig. 1. The drug is placed in the centre, so
that the hydrophobic methylene groups and benzene rings are
tightly bound to the minor groove, but no hydrogen bonds are

Figure 3
The charged terminal groups of the drug interact with the phosphates of
neighbouring duplexes in the crystal. Phosphates are shown as spheres.
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possible. When the drug enters the minor groove it displaces
most of the water molecules present in the groove that have
been described in other alternating AT sequences (Yuan et al.,
1992). As demonstrated by Chaires (1997), the main stabi-
lizing force of drugs in the minor groove of DNA arises from
removal of the hydrophobic regions from contact with the
solvent; hydrogen bonds are not required.

The positively charged terminal amidine groups of the drug
interact with the DNA bases via hydrogen-bonded waters. The
water molecules act as a bridge between the DNA bases and
pentamidine. One fully hydrated Mg** ion is also present in
the minor groove at one end of the duplex, as shown in Fig. 1.
In general, the drug appears to interact with DNA in a manner
similar to that described in previous studies of drug-DNA
complexes (Fig. 2), although the drug is significantly more
stretched than is found when it is bound to d(CGCGAA-
TTCGCG), (Edwards et al.,2003). In the latter case the drug is
bent and follows the curvature of the minor groove more
closely. The terminal amidine N atoms form direct hydrogen
bonds to adenines and cytosines.

The main difference between the structure reported here
and those of other drug-DNA complexes is the interaction
with neighbouring molecules. The terminal amidine groups
protrude from the duplex and interact with phosphates in
neighbouring duplexes, as shown in Fig. 3. The drug forms
electrostatic hydrogen bonds to the thymine 10A phosphate at
one end and the thymine 10B phosphate at the other end. The
oxygen—nitrogen distances are in the range 2.7-3.1 A. Note
that in another drug related to pentamidine, which has a
straight conformation (Nguyen et al., 2002), the drug also
binds inside the minor groove of d(CGCGAATTCGCG), but
does not interact with neighbouring DNA molecules.

3.2. Geometry of the decamer duplex

In spite of the apparent symmetry of the oligonucleotide
duplex, its two ends are significantly different. At one end the
base pairs are of the normal Watson-Crick type, as found in
the central region where the drug is placed. At the other end a
clear Hoogsteen base pair is found. The next base pair has an
unusual electron-density map: it appears to have an additional
hydrogen bond between the O2 atom of thymine and the
C2 atom of adenine (the C—O distance is 3.02 A) Such a
hydrogen bond has been suggested to be present in nucleic
acid base pairs (Leonard et al., 1995), but the C—O distance
observed here is significantly shorter than the previously
reported values of around 3.4 A. This unusual feature might
be a consequence of the fact that this base pair is sandwiched
between Hoogsteen and standard Watson—Crick base pairs.
However, as discussed in §2 the apparent electron-density map
is probably due to local disorder arising from a mixture
of Hoogsteen and Watson—Crick base pairs at this position.
Electron-density maps of the three types of base pairs found in
this structure are presented in Fig. 4.

The conformational features of the duplex were calculated
with 3DNA (Lu & Olson, 2003) and normal parameters were
found as in other alternating AT sequences (Abrescia, Mali-

nina, Fernandez et al., 1999). All base pairs show a negative
propeller twist in the range —6° to —15.8°. As expected, the
AT base steps have a low twist (average 32.0°), whereas the
TA base steps have a high twist (average 41.0°). The minor
groove is moderately narrow and has a rather uniform width
4.2 A after subtraction of the van der Waals radii of the
phosphates).

3.3. The coiled coil

In the crystal the oligonucleotide duplexes are stacked end
to end and give rise to a left-handed coiled coil with hexagonal
symmetry, as shown in Figs. 5 and 6: a pseudo-continuous
coiled double helix is formed. The duplexes are organized
head to head and tail to tail, as shown schematically in
Fig. 5(a). Thus, the Hoogsteen end of each duplex is in contact
with the same end of its neighbouring duplex. The Watson—
Crick ends are also in contact. The dyads of the P6522 space
group are found at both ends of each duplex. The coiled coils
are tightly packed, like a bundle of twisted spaghetti. In the
crystal each coiled coil is surrounded by six other identical
coiled coils and interacts with all of them through phosphate—
pentamidine ionic bonds, as shown in Fig. 3. The diameter of
the coiled coils is 85 A, as measured from the centre of mass of
the duplexes; the pitch is 312 A, with 12 duplexes in a helical
turn.

B3 A8
A9 B2
Bl AlD
Figure 4

Electron-density maps (2F, — F_ at the 1o level) of the Hoogsteen base
pair A10-B1, the distorted Watson—Crick base pair B2-A9 and a standard
Watson—Crick base pair (A8-B3). The bases are designed by their code in
the PDB file. A water molecule is shown as a sphere. Hydrogen bonds are
indicated as dashed lines. All of them are in the range 2.7-3.1 A.
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Watson—Crick
ends

Hoogsteen
ends

\ .

(a)
Figure 5

Overall features of the left-handed coiled-coil structure. (a) Simplified view of three consecutive

stacking between adenines. Thymines
are stacked onto the sugar ring of the
neighbouring base pair, as shown in
Fig. 7. The twist angle between the two
base pairs is —7°. In previous studies
(Valls et al., 2007) this angle had been
found to be around —25° for this virtual
TA step.

It should be noted that the nature
of the interactions which generate the
coiled-coil geometry is different in the
present case when compared with our
previous studies of coiled coils (Campos
et al., 2005; De Luchi et al., 2006). In the
latter cases the coils are right-handed
and kinks appear at the point of inter-
action between sticky ends of neigh-
bouring duplexes, which have an
identical structure at both sides of the
duplex.

4. Discussion

Our results demonstrate a new mode of

duplexes which are part of the same coiled coil. DNA bases are not shown. In the phosphodiester

backbone only the phosphate atoms (magenta) are shown with virtual bonds between them. The
axis of each duplex calculated with 3DNA is presented in green. The drug is also shown. ()
Stereoview of one and a half turns of the coiled-coil structure. The drug is shown in red, the terminal
Hoogsteen base pair in green and the Watson—Crick base pair at the opposite end in blue. Only two

neighbouring coiled coils are shown.

Figure 6

Stereo pair showing a perspective view of one and a half turns of the
coiled coil. Each individual coiled coil runs through several unit cells of
the crystal. The borders between the 16 unit cells in the drawing are also
shown by dashed lines.

The interactions between the Hoogsteen ends generate a
pseudo-continuous straight DNA helix, but with a large shift
(of about 9 A) between the terminal Hoogsteen base pairs
(B1-A10) of the two helices in contact. There is partial base
stacking of adenines and thymines, as shown in Fig. 7. The
twist angle between the two base pairs, calculated from the
C1'-C1’ angle, is 47°. This value is practically identical to that
found in the Hoogsteen structure of d(ATATAT) (Abrescia et
al., 2002).

At the Watson—Crick end the duplexes are also shifted and
a sharp kink of 37.1° is present, which is the main determinant
of the coiled-coil (or kinked-coil) geometry of the stack of
duplexes. The base pairs are displaced so that there is optimal

interaction of a minor-groove-binding
drug with DNA. The charged ends of
pentamidine detach from the DNA and
are free to interact with neighbouring
molecules in the crystal. Such inter-
actions help to stabilize the coiled-coil
structure of the stacked duplexes. In all previous studies with
either pentamidine (Edwards et al., 2003) or with other related
drugs (Nguyen et al., 2009) the drug remains tightly bound
to the minor groove and is unable to bind to neighbouring
molecules, whereas binding to an alternating all-AT sequence
gives more freedom to the charged ends of the drug. In
previous studies of drug interactions with the minor groove of
d(CGCGAATTCGCQG) the charged ends of the drug usually
show hydrogen bonds to C-G base pairs, which may help to fix
the drug inside the minor groove. It is obvious that the details
of drug interaction depend on the DNA sequence.

The crystal lattice also has a strong influence. When drugs
are associated with d(CGCGAATTCGCG) and related
sequences, the oligonucleotide determines a rigid lattice
through the interaction of the terminal C-G base pairs. As a
result, the drug is fixed in space and cannot simultaneously
interact with the minor groove and neighbouring molecules as
observed in the present study. In fact, the crystal lattice we
have found allows interaction of the drug with neighbouring
duplexes. It is likely that other minor-groove-binding drugs,
when placed in an appropriate environment, may also show
interactions through their charged ends with neighbouring
molecules (DNA, proteins etc.). It remains to be seen which of
the two modes of interaction, either tight binding or end
freedom, is favoured in a physiological environment. Other
forms of interaction are possible. For example, in the case of
transfer RNA it has been suggested (Sun & Zhang, 2008) that

Acta Cryst. (2010). D66, 251-257

255

Moreno et al. + Pentamidine—-DNA complex



research papers

the aromatic rings of pentamidine might be inserted into the
stacked base pairs of the RNA.

The choice of DNA sequence is also important. Most pre-
vious studies have been carried out with the oligonucleotide
duplex d(CGCGAATTCGCG),, as can be ascertained in the
NDB. Work with this sequence has been very important to
establish that in this case minor-groove-binding drugs are
bound to the central GAATTC region. However, individual
drugs may also bind to different AT-rich DNA sequences
(Abu-Daya & Fox, 1997; Hampshire & Fox, 2008; Liu et al.,
2008). Further studies should be carried out using other
sequences that occur more frequently in the genome, in
particular longer all-AT sequences. There are only two pre-
vious cases where a TATATA hexamer sequence embedded in
C-G base pairs has been used, in which netropsin and dista-
mycin A were studied. In both cases the minor groove widens
and accepts either two drug molecules (Mitra et al., 1999) or
one drug molecule and an extrahelical guanine (Abrescia,
Malinina & Subirana, 1999). Recent work has also shown that
the minor groove may simultaneously accommodate several
drug molecules (Bazhulina et al., 2009). All these observations
differ from those that we present in this paper and confirm the
need for further studies.

It remains to be shown whether the interaction that we have
found may occur in vivo. The main feature of the structure
presented here is the external position of the charged diami-
dine groups, which may thus interact with proteins and other
molecules in the cell. When pentamidine interacts with
proteins it is known that it may cross-link different regions of
the molecule (Charpentier et al., 2008). Pentamidine mole-
cules bound to DNA in a nucleosome might also form cross-
links between the two turns of DNA in regions which contain
the appropriate DNA sequence. Such cross-links have been
demonstrated in complexes with polyamide drugs (Suto ef al.,
2003). Pentamidine is much smaller, but when placed in the
minor groove of one turn of the nucleosome the drug could
interact with phosphates in its other turn. This would require a
small local distortion of about 2 A so that the two turns are
close enough. Such a distortion would alter the structure of the
nucleosome and influence its biological function.

Another striking feature of our results is the different
structure of the d(ATATATATAT), duplex at its two ends.
This peculiarity may arise from an optimization of the overall

s A

Figure 7

Stereoview of the stacking of the virtual TA base step between two
oligonucleotide duplexes at the Watson-Crick end (top) and at the
Hoogsteen end (bottom).

interactions in the crystal, such as end-to-end stacking and
sideways drug-phosphate contacts. In any case our results
confirm the versatility of the alternating AT sequence, which
may be fully Watson—Crick (Yuan et al., 1992; Abrescia,
Malinina, Fernandez et al., 1999), fully Hoogsteen (Abrescia et
al.,2002) or show a mixture of both kinds of base pairs as in the
present case. Hoogsteen base pairs in alternating AT regions
have also been postulated to occur when echinomycin is
bound to DNA (Mendel & Dervan, 1987). Work with the
ATAT tetramer also demonstrated a conformation different
from that of the normal B form (Klug et al., 1979). In duplexes
which have all base pairs in the Watson—Crick conformation,
the alternating AT sequence is also polymorphic (Yuan et al.,
1992), depending on the context of the sequence and the
counterions present. Further work with different drugs and
ionic environments is required in order to determine which
structure they adopt when bound to different DNA sequences.
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