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ABSTRACT

An analogue of the DNA binding compound Hoechst
33258, which has the para hydroxyl group altered to be
at the meta position, together with the replacement of
one benzimidazole group by pyridylimidazole, has been
cocrystallized with the dodecanucleotide sequence
d(CGCGAATTCGCG),. The X-ray structure has been
determined at 2.2 A resolution and refined to an R
factor of 20.1%. The ligand binds in the minor groove
at the sequence 5 '-AATTC with the bulky piperazine
group extending over the C-G base pair. This binding
is stabilised by hydrogen bonding and numerous
close van der Waals contacts to the surface of the
groove walls. The meta-hydroxyl group was found in
two distinct orientations, neither of which participates

in direct hydrogen bonds to the exocyclic amino group

of a guanine base. The conformation of the drug differs
from that found previously in other X-ray structures of
Hoechst 33258-DNA complexes. There is significant
variation between the minor groove widths in the
complexes of Hoechst 33258 and the  meta-hydroxyl
derivative as a result of these conformational differ-
ences. Reasons are discussed for the inability of this
derivative to actively recognise guanine.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos X96024, X96025

within the binding site of the groove. The minavaye binders
therefore tend to have similar structural properties, such as an
inherently concave shape along one long edge and cationic charge.
often at the ends of the molecule. They often contain a series of
linked aromatic ring systems which are close to coplanar when
viewed from the side.

NMR (16,17) and X-ray {8-24) studies of minor groove
binding drugs complexed to DNA oligonucleotides have charac-
terised the non-covalent interactions involved in drug—DNA
recognition. These studies have shown the drug bound in the
narrow minor groove of AT-rich sequences stabilised by an array
of van der Waals interactiorid5) involving the hydrogen atoms of
the walls and floor of the minor groove. Direct hydrogen bonding
between the drug and various sites on the DNA is frequently
(though not invariably) observed3d). The sequence selectivity
of groove binders is therefore likely to be dominated by their ability
to recognise variations in DNA groove width, with DNA—drug
hydrogen bonding interactions being a secondary faufpr (

Much of the current focus of minor-groove drug design is
aimed towards improving the selectivity of the drugs to specific
base pair sequences of duplex DNA. A number of minor groove
binders have been designed that can bind to both A-T and G-C
base pairs in stretches of mixed sequence by taking advantage of the
sequence dependence of minor groove width in B-form DNA
(27-30). The bis-benzimidazole compound Hoechst 33258 (
Fig. 1) is a primitive example of a GC-tolerating molecule (at one
end of its binding site) as a result of the bulk of the saturated

It is well established that a variety of small molecules such géperazine ring on one end of the molecule requiring a wide GC
netropsin, berenil, pentamidine, distamycin and Hoechst 332B8nor groove region.

bind in the minor groove of duplex DNA, with a marked preference Hoechst 33258 has been studied extensively by X-ray crystallo-
for AT-rich regions {-3). These groove binding species and theigraphy 81-37) bound to oligonucleotide sequences d(CGCXX-
derivatives have shown a wide range of biologictiViicfrom ~ XXXXGCG), (where XXXXXX is either SGAATTC,
antitumour to antiviral, antifungal and antimicrobial (for example5'-AAATTT or 5'-GATATC) and has shown significant variations
refs4-9). Their modes of action all involve initial groove bindingin its direct hydrogen bonding patterns to DNA and also some
to the DNA possibly followed by interference in the function ofvariation in binding site. These vary not only with the DNA
DNA topoisomerased (,11) or with transcription factor binding sequence involved (e84) but also with the temperature of data
(12-15). In order to bind effectively in the minor groove thesecollection 83). Hoechst 33258 has been used as the starting point
compounds should be able to follow the contours of the mindor a number of rational drug design studies aimed at altering the
groove without unfavourable contacts and their charge distributidmiological activity and/or sequence selectivity of the drug. A
must be appropriate for the electrostatic potential encounteradmber of the structural variants of Hoechst 33258 developed to
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O MATERIALS AND METHODS

" . N . o
(\N@n . Synthesis and crystallisation
"N\) H

-

y The DNA dodecamer d(CGCGAATTCGC S )vas purchased
g

OMe 1 from the Oswel DNA Service (University of Edinburgh) and
annealed before use. TimetaOH(N) Hoechst compouritiwas
prepared as the hydrochloride salt. Its synthesis and biological
properties will be reported elsewhere; its DNA-binding properties

N " have been describetd). The complex was grown from hanging
SQNNZ drops at 18C as colourless plates. The crystal used for data
C\N N7 H 13 N1 - S
o, H

H

collection was grown from a drop containinguof 35% wi/v
2-methylpentane-2,4-diol, @ of 5 mM drug, 2ul of 200 mM
Z MgCl, and 3ul of 2 mM dodecamer, equilibrated against a reservoir
. containing 1 ml 35% wi/v 2-methyl-2,4-pentanediol. All solutions
HO were prepared in 30 mM sodium cacodylate buffer at pH 7.0. An
X-ray quality crystal was obtained afté8 months.

Me 4 2

Figure 1. The structures of Hoechst 33248 &nd 3-{5-[5-(4-methyl-piperazin-
1-yl)-1H-imidazo(4,5-b)pyridin-2-yl]-benzimidazol-2-yl}-phend) (Atom N7 Data collection
and the hydroxyl group HO3 hare highlighted in bold. . . .
The single crystal used for data collection was of approximate

dimensions 0.38 0.24x 0.08 mm and was mounted in a 0.5 mm
Lindemann glass capillary with a small amount of mother liquor.
Diffraction data were collected atZDto a maximum resolution

of 2.2 A using a Siemens-Xentronics multiwire area detector and

date have been aimed at compromising the AT selectivity to allodfotating-anode X-ray generator operated at 3 kW. A crystal-to-
a degree of GC recognitiodd39). A complementary approach has detector distance of 10 cm and a swing angle ks used with
been to use the AT-directing ability of Hoechst 33258 to bind thSet at 45 to obtain data setsq@values of 0 and 60The crystal
molecule strongly to AT-rich tracts but adding additional sequend¥@S rotated through 10@w, collecting 180 s frames every 0.2
recognition features to the ends of the molecule. One su e crystal showed no significant decay during data collection.

, . : ata processing was performed using XENGEN version 1.3.
compound (netaHoechst’) has the phenolic OH substituent o : : : ;
» : After merging, the data comprised 3292 of the possible 3514 unique
I(ioechi,t 33258 on tmaetarather than thpara position of the ring reflectiong (i% 93.0%) 10 2 g A with a merginz R value of 4 50/?
404 €. 93. 2 A, .5%.

MetaHoechst has been studied by NMR, molecular modeIIin% .
DNA footprinting and other technique$O(42). These studies >trUcture refinement
have shown thahetaHoechst binds to AT-rich regions of duplex The crystal was found to be in the space groygR2with unit
DNA in a very similar site to that of Hoecl@258itself. NMR  cell dimensions of a = 24.62, b = 40.35 and ¢ = 66.23 A. This cell
and molecular modelling studiesroétaHoechst complexed to is isomorphous with that for the native sequence and other
d(CGCGAATTCGCG) have predicted that moving the OH from drug-dodecamer structures and so the coordinates for the native
parato metashould introduce the possibility of additional hydrogerstructure [PDB entry 9BNAA(7)] were used for the initial model.
bonding between thenetahydroxyl group and the exocyclic The refinement process was carried out using the program
2-amino group of guanine at position 4 and the 2-oxygen of cytosifePLOR version 3.148). Initial rigid-body refinement of the
21 in the opposite strand. This model also predicts that tWéhole duplex model was carried out for data in the range 8.0-4.0 A,
phenolic ring would be held tightly in place with the hydroxyithe resolution range of the data being gradually increased to
group pointing directly into the groove, limiting the phenolic ringd-0-3.0 A. The DNA duplex was then divided into 24 rigid groups
flipping observed foHoechst 33258, when it is in tara  COMPrising the 24 nucleotide units and the upper resolution limit
position ¢:3-45). Molecular modelling further predicted that this Was gradually increased to the maximum of 2.2 A during further

P P ; rigid-body refinement. At this stage the R factor was 31.5%.
directional binding of thenetahydroxyl group into the groove Egsitional and temperature factor refinement reduced the R factor

may resultin a change in dihedral angle between the phenolic ri ; .
; L : 28.3%. Electron density maps were calculated and displayed
3\/?1? tr:'e adljgc?rnt ?inzlrm'dr? zg)ile froml tif:::lt rseet:in :1” ngChSt 332u ing the graphics package FRODO/TOM (version 3.1 Alberta/
ch could affect hydrophobic amett interactions 42). Caltech). The DNA molecule fitted the electron density well in all

This paper reports the crystal structure of the complex formed . :
gions of the model and a continuous volume of electron density
between the complementary dodecamer d(CGCGAATTC&ECG, a5 ohserved in the minor groove of the DNA. The molecular

and an analogue pfetaHoechst in which one benzimidazole groupgrycture of thenetaOH(N) Hoechst molecule was built from

is replaced by a pyridylimidazole moie®; Fig. 1). This latter  one of the Hoechst 33258 crystal structurgd) Using the
substitution in another analogue of Hoechst 33258 has be&s\'nputer mode”ing package |ns|ght w_gI The lobe of
suggested by NMR to increase the GC tolerance of the drggntinuous electron density in the minor groove showed sufficient
molecule 46). The present crystal structure enables us to exami@etail to allow the drug molecule to be unambiguously fitted to it
the effect of thgpara— metachange on the sequence selectivity ofwith a unique orientation and position and with the piperazine
the drug, particularly in terms of the resultant drug—DNA hydrogegroup in the stereochemically-acceptable conformation ZFig.
bonding. The location of thenetahydroxyl group itself was ambiguous
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Figure 2. The molecule o2 superimposed on the electron density calculated frong-&26mit map, drawn at a contour level @f. 1

and two possible structures were refined from this point, one with other Hoechst 33258 complexes, even though the conformation
the hydroxyl pointed into the groove and the other with it pointingf the phenol ring was ambiguous due to possible ring flipping.
out. Partial charges were calculated for the drug molecule by @he drug is located in the sequence at't#e8 TC site, with the
empirical calculation using the cvff (default) force-field of Insightphenol ring lying towards the &nd of the sequence and the bulky

Il. Planar restraints were applied to each individual aromatigiperazine group close to the C9-G16 base pair (the ‘pip-down’
group. Positional and temperature refinement was continued withientation). The two possible conformations of the phenol ring
the drug molecule included. During refinement a total of 84 watérave the hydroxyl group pointing directly either into or out of the
molecules and a magnesium ion were locateg-Hrdelectron  groove. Both resulting structures show good geometry but only
density maps and included in the structure. The final R factor ftire ‘hydroxyl in’ structure shows any evidence of (weak) direct
the ‘OH in’ conformation was 20.2% for all observed data in thaydrogen bonding of the hydroxyl group to the DNA and also has
range 8.0-2.2 A, with rms deviations from the ideal of 0.019 A slightly lower R factor (20.2% compared with 20.4%). The
and 1.37 for bond lengths and angles, respectively. The X-PLORormer orientation has been predicted by NMR studies. The two
refinement and R factor calculations used 3097 reflections withpssible conformations and the comparatively larger temperature
F > 20(F). For the ‘hydroxyl out’ structure the final R factor wasfactors for the phenol ring when compared with the rest of the
20.4%, with 84 water molecules and the magnesium ion. Finadolecule (Tabld) could be evidence of ring flipping occurring
refined coordinates for both ‘hydroxyl in’ and ‘hydroxyl out’ although this dynamic effect was not observed in the NMR
structures, together with the observed and calculated structgtedies oimetaHoechst 4£0,41,43). Both the ‘hydroxyl in” and
factors have been deposited in the Nucleic Acid Database with thgdroxyl out’ structures, while not showing significant direct

identity codes X96024 and X96025. hydrogen bonding between hydroxyl group and DNA, contain a
number of indirect hydrogen bonds to the DNA via extended

RESULTS AND DISCUSSION water networks. The existence of the ‘hydroxyl out’ conformation
is itself indicative of a weak propensity for the hydroxyl group to

Overall features of the complex interact with DNA. We shall discuss the ‘hydroxyl in’ conformation

d’n greater detail since this one has been predicted to be capable of

The DNA duplex adopts a B-DNA conformation with the ligan Wirectly recognising a guanine base edge.

lying in the narrow central region of the minor groove (Bjg.

The asymmetric unit contains one antl-parallel double helix, thleable 1. Average group temperature factor(fn the crystal structure of

two strands being crystallographically distinct. Packing of the metaOH(N) Hoechst-d(CGCGAATTCGCG)complex
helices in the unit cell is analogous to that observed for almost ar

other dodecanucleotide crystal structures in this space group, WiBifgny
the two terminal G-C base pairs of each helix interacting with-a
neighbouring duplex via minor groove—minor groove base pair”8
hydrogen bonding and crystal packing interactions. This leaves

the central 8 bp free of any dlr_ect (_:rysta_l packing forces ar]gN A-drug hydrogen bonding and water structure
allows a drug molecule to reside in this region of the groove, free
of direct crystal packing constraints. There is no evidence of tidgere are two sets of bifurcated hydrogen bonds between the
drug molecule being disordered along the groove, where it adogtdges of the bases and the two inner facing nitrogen atoms N1 and
a unique position and orientation, similar to that seen for a numté8 of the benzimidazole and pyridylimidazole rings. These are

Benzimidazole  Pyridylimidazole Piperazine
28 22 26
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bonding as the N7 hydrogen bond donor of distamycin in its
complex with d(CGCAAATTTGCG)(50). The water molecules
W30 and W43 are part of an extensive hydrogen-bonded water
network in and around the minor groove involving around 30
water molecules. This network, which extends into the major groove
and also contains a hydrated magnesium ion, makes numerous
contacts with the DNA including contacts to symmetry-related
helices. An analogous network also stabilises the ‘hydroxyl out’
structure and may contribute to the stability of this alternative
conformation, as observed in the crystal structure. A well-defined
octahedral mass of electron density was assigned as theDJgf(H

ion with each of the co-ordinated waters hydrogen bonded to
various sites on two symmetry-related helices. These magnesium
co-ordinated waters form hydrogen bonds to N7 or O6 atoms of
G2 or C22 on one helix, or to phosphate oxygen atoms of A6 or
T7 on the other helix. A magnesium ion was also located at this
same site in the low-temperature structures of Hoechst 33258
bound to d(CGCGAATTCGCG)33). At the other end of the
minor groove, N6 of the piperazine group forms a bifurcated
hydrogen bond to water molecules W62 and W65. These water
molecules are part of a group of eight hydrogen-bonded waters
which form a total of six hydrogen bonds to various DNA atoms
including sugar, base and phosphate oxygen sites. One of the
waters twice removed from N6 hydrogen bonds to O2PG10 of a
symmetry-related helix. Another group of seven waters are found
hydrogen-bonded via W84 to the benzimidazole atom N2. Again,
one water twice removed from the ligand is hydrogen-bonded to
the DNA at O3C21 and another water hydrogen bonded to this one,
itself hydrogen bonds to a symmetry-related phosphate oxygen.
Many of the waters in these networks also fulfil a space-filling role.

Table 2. Drug—DNA hydrogen bond distances (A)nretaOH(N) Hoechst
and selected Hoechst 33258 complexes with d(CGCGAATTCGCG)

N1-N3A6 N1-02T20 N3-02T7 N3-02T19

metaH2 3.3 3.2 3.3 2.7
18 3.2 2.8 3.7 3.0
¢ 2.9 31 2.7 2.7
25 29 3.2 2.7 3.1
Figure 3. Computer plot of the complex, with the drug shown with filled-in  _1q¢ 3.3 3.2 3.7 29
bonds. Drug—DNA hydrogen bonds involving the imidazole groups are shown
as thin lines, and the acceptor atoms on the DNA are shaded. apresentmetaOH(N) Hoechst structure.

bRoom-temperature structure (32).
from N1 of the drug to O2 of T20 and N3 of A6, and from N3 ofLow-temperature structures (33).
the drug to O2 of T19 and O2 of T7 (F4. These bifurcated
hydrogen bonds result in the ligand being held in a binding si
that is overall similar to that found in the various Hoechst 332
X-ray structures where the same pattern of bifurcated hydrog@he degree of drug twisting between each of its component groups
bonds is seen although the distances vary considerably ZJableis quite different from that observed for other Hoechst
The pyridyl nitrogen atom N7 does not take part in any hydroge88258/d(CGCGAATTCGCG) structures 31-33) (Table 3),
bonding with the DNA and so the present structure is highly likelgithough the torsion angles between phenyl and benzimidazole rings
to be similar to that ahetaHoechst itself. N7 is in van der Waals are similar to those found in the —2@Ilow temperature (LT)
contact (3.5 A) with atom N3 on the edge of A18, on the floor adtructure §3). They are also close to those found in the NMR study
the groove. Thametahydroxyl oxygen atom O3 makes two of Hoechst 33258 complexed with the sequence d(GTGGAATTC-
direct, albeit very weak, hydrogen bonds to N3 of A5 and to O2AC), (52,53). The LT studies found that lowering the temperature
of C21 (Tablet). O3 does hydrogen bond to two water moleculeggsulted in the two benzimidazole groups becoming progressively
W30 and W43, which themselves bridge between base edg®re coplanar. It was suggestéd)that at low temperatures the
atoms and Odatoms of a sugar ring (Fid). There is no direct molecule would have insufficient energy to overcome the barrier
interaction between O3 and the 2-amino group of G4, in contrastrotation between the benzimidazole ring systems, so that they
with predictions from earlier studie$0-42). The OH ... N2G4 could become more coplanar as a result of theufable
distance is 4.2 A. The oxygen atom of this hydroxyl group is idelocalisation of electron density. This coplanarity results in a poor
a similar position to, and shows the same pattern of hydrogénto the walls of the minor groove and so at higher temperatures

rug conformation



4886 Nucleic Acids Research, 1996, Vol. 24, No. 24

Figure 4. Plot of the immediate environment aroundrtretahydroxyl atom of the drug, with donor atoms on the DNA being shéfyeldlogen bonds involving
water molecules W30 and W43 are shown as thin lines. Distances are in A.

groove contacts favour a twist at each linker. The cause of the
large phenol-benzimidazole torsion angle for the 2Q@GGructure

was unclear. It is possible that as the benzimidazole and pyridylimi-
dazole rings become coplanar, groove wall contacts with the
phenyl ring become unfavourable and the conjugation between
phenyl and benzimidazole is lost. The torsion angles for the
present ambient temperature structure can be explained by a,
different mechanism. Here, in order for a number of interactions tq
take place simultaneously, i.e. the phenyl hydroxyl to form
hydrogen bonds with water molecules and weak contacts made
with the DNA, for the benzimidazole and pyridylimidazole
hydrogen bond donors to remain in phase with the base acceptor
sites, and for the ligand to follow the groove topology, the molecul
is forced to adopt the observed conformation. Whereas the
delocalisation between phenyl and benzimidazole groups is
weakened, that between the benzimidazole and pyridylimidazole
moieties is favourable. This type of conformational change between
RT Hoechst anthetaOH species was predicted previously by the
NMR studies ofnetaHoechst {0,41).

|

Figure 5. Least squares superposition of the present structure (bold) and the
15°C Hoechst structure, illustrating their conformational differences but
overall similarity in binding site.

Table 3.Inter-ring torsion angles’), defined in terms of the ligand atoms

facing into the minor groove, fanetaOH(N) Hoechst and selected Hoechst

33258 complexes There are numerous close contacts between the drug molecule

and the minor groove (Tab!®, which reflect the conformation
that the drug has adopted. The drug conformations in the present

Phenol-Benzimidazole Benzimidazole—-Benzimidazole

metaH?2 36 8 structure and the analogous ambient temperature Hoechst 33258
19 0 28 structure with the same DNA sequen8geé) (are compared in
¢ 3 14 Figure5. The binding site in the present structure is very similar
25 -1 12 to that of the Hoechst one but with the ligand moved slightly
—10¢ 24 0 towards the 5end of the duplex as a result of the formation of the
3PresenmetaOH(N) Hoechst structure, where the second benzimidazole ha@henOI h}’dmg_e” bonds to the DNA. The out-of-plane twist of th_e
been replaced by a pyridylimidazole group. phenol ring with respect to the rest of the drug molecule is
bRoom-temperature structure (32). necessary in order for these hydrogen bonds to form and this

Low-temperature structures (33). twisting and the small movement up the groove alters the
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sugar—phenol-suga-Tt interaction seen in the Hoechst structure. —*— meta-OH(N) Hoachst
The metahydroxyl group also limits the depth that the phernrotl - o native

ring can protrude into the groove. The imidazole moiety of the —o— Hoechst 15°C
adjacent benzimidazole is sited similarly to the Hoechst structure —-4— Hoechst -100°C

but its phenyl moiety binds deeper in the groove due to the ligand
rotating into the groove at the opposite end to the phenol ring. This
rotation and the unprotonated N7 atom allow the attached
pyridylimidazole group to approach significantly closer to the
floor of the groove than the analogous benzimidazole group in the
Hoechst complex. This results in the formation of the N3 ... 02T7
hydrogen bond, which was not observed in theClBHoechst g
structure 82). The small shift of the ligand up the groove is also £ s -
instrumental in the formation of this hydrogen bond. The first ¢
benzimidazole group is twisted towards base A6 more than in th
Hoechst structure, which is found closer to T20. The pyridylimi- 5 ., |
dazole group is twisted towards T19 and away from T7. Thisg
twisting results in the particular hydrogen bonding pattern and
distances discussed above. The piperazine rings in the two
structures show similar conformations and positions in the groove # 1
although thenetaHoechst piperazine twists somewhat more and

has closer approaches to the groove walls.

3 L I B I B T O I B B B B

Table 4Van der Waals contact distances (A) betweenaOH(N) Hoechst c & ¢ & A A T T € G G G
and d(CGCGAATTCGCG) Base Step
Drug atom DNA atom Distance Figure 6. Plot of minor groove widths based on’ @loms, for the present,
03 N3A5 3.3 15°C Hoechst, —100C Hoechst and native structures.
03 C2A5 3.4
03 02C21 34 . : . :
c3 O4A6 35 moieties to the groove curvature. The ligand is kept centred in the
N1 N3AG 33 groove by this widening. The LT structure, while having a drug
N1 02720 3.5 conformation similar to that in the present structure, shows a
N1 04T7 34 significantly different pattern of groove width variation, which is
c13 0277 3.2 presumably the result of the lower data collection temperature.
c13 02T19 3.3 All the complexes show very significant groove widening at the
N3 0277 3.3 piperazine binding site due to the bulk of that ring system.
N3 02719 2.7% Drug-induced groove widening is also greater at the G12-C13 end
N7 N3A18 35 of the helix due to the greater freedom in crystal packing here
N7 C4T19 34 compared with the other end of the helix which is held more
N7 04T19 3.1 tightly in place by neighbouring molecules.
C15 04T19 35
C18 C3C9 3.4 Table 5. Inter-base pair twist] and rise (A) fometaOH(N) Hoechst and
C19 C4T19 3.4 selected dodecamer structures
c23 04C9 33
cz3 02C9 3.4 Step Twist Rise
C24 04c9 3.2
c25 C5G10 3.2 metaH2 Hoe® naf metaH Hoe nat
Cl/G2 35 44 37 3.6 3.7 3.4
*Indicates hydrogen bond. G2/C3 37 35 37 3.5 3.7 3.5
C3IG4 29 34 28 3.3 3.3 3.4
Further evidence of differences between the structures is shov#/A5 39 30 39 35 35 3.2
by the minor groove widths (Fi@). The drug-induced minor A5/A6 36 47 36 34 35 3.4
groove widening fometaOH(N) Hoechst shows a trend similar A6/T7 33 25 33 3.2 2.9 3.3
to that found in the & Hoechst structure. The present structureT7/T8 36 42 36 3.5 4.1 32
shows significant groove widening at the phenol binding siteT8/C9 39 33 40 3.5 31 3.5
greater than that observed for both Hoechst structe@gss)(in ~ C€9/G10 29 B3l 3.2 3.2 3.2
part because of the large dihedral angle between phenol af}9/C11 41 38 39 34 3.6 3.7
benzimidazole and the resulting groove contacts, and in part dnt1/G12 39 33 35 3.7 3.7 31

account of the influence of the two water molecules W30 and WAR, ..scnmeta0H(N) Hoechst structure.

Over the binding sites of the benzimidazole and pyridylimidazolg:oom-temperature Hoechst structure (32).

groups the groove widening is lessened but still remains large an@tive (52) dodecamer structure.

is again indicative of the somewhat poor fit of these coplanahe drug binding site in the present structure is highlighted in bold type.
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Helical parameters for this structure, the Hoechst 33258 structutédR studies ofmetaHoechst. This poses the question as to
and the native dodecamer were calculated using the progravhether or not ring flipping is occurring in solution and is not
CURVES, version 551). A comparison of these shows that thebeing detected, or whether the ring flipping seen in the X-ray
present structure is more like the native dodecamer thant@e 15structure is solely an artefact of the crystallisation process. The
Hoechst one. The inter-base pair twist and rise and also theakness of the phenol OH hydrogen bonding to the DNA as seen
propeller twist over the drug binding site are indicative of thé the present structure may well be an indication that phenol ring
overall weak hydrogen bonding between drug and DNA and ttigping can occur in solution although this cannot be automatically
effect of drug binding on DNA structure (Talilend Tables).  assumed from the present solid state crystal structure.

There are larger propeller twists at G4-C21 and A5-C20 in theThe position of the hydroxyl group beingetaforces the drug
present structure compared with the native one. These away from the floor of the minor groove at the phenol binding site
indicative of the phenol OH bifurcated hydrogen bonds to the twand rotates the rest of the molecule towards the groove for
water molecules W30 and W43. Overall, the groove wideningffective binding. The pyridylimidazole moiety is in closer
observed for this structure does not appear to have a major effeantact with the groove floor than the second benzimidazole in
on the base and base-pair morphological parameters. It is to¢ parent Hoechst 33258 because of this rotation and the
obvious what particular parameters give rise to the groove widenimgesence of the non-protonated N7 atom. This closer approach
rather it is likely that a combination of them is responsible.  allows the formation of the N3 ... O2T7 hydrogen bond, which
was not seen in the 16 Hoechst structure. The replacement of
Table 6.Propeller twist {) in metaOH(N) Hoechst and selected structures ~ a carbon atom in Hoechst with N7 was designed to allow a greater
tolerance of G-C base pait2f46). The unprotonated N7 atom
Step Propeller twist could tolerate the increased steric hindrance of the exocyclic
metaH Hoechst native amino group at G2, compared with the C2 hydrogen atom on
adenine bases, as well as the possibility of N7 ,G\tydrogen

g;:gzg __1107 _39 _ﬁz bond formation. These interactions do not occur in the present
C3-G22 _10 7 6 structure.

G4-C21 _13 2 _10 The drug—DNA hydrogen bonding, while probably being a
A5-T20 o3 _10 _17 secondary factor in the binding, has an influence on the drug
A6-T19 20 27 21 conformation. The formation of the phenol-DNA hydrogen
T7-A18 _18 _17 _18 bonds and the requirement that the molecule follow the groove
T8-A17 22 7 ~19 topology and also keep its hydrogen bond donors in phase with
C9-G16 _10 9 13 the DNA acceptor sites at the edges of the base pairs, forces the
G10-C15 3 ) 0 metaOH(N) Hoechst molecule into a conformation quite differ-
C11-G14 -29 -21 -16 ent from that of other Hoechst structures in 1:1 ligand—DNA
G12-C13 12 -6 -1 complexes. This results in groove widening over the binding sites

_ _ , _ of the phenol and benzimidazole rings greater than that seenin the
The bases involved in hydrogen bonding to the drug imdteOH(N) Hoechst 50 Hoechst structure. The most significant increase in minor
structure are highlighted in bold. groove width is found at the phenol binding site because of the
) o high ring twist and shallow binding depth. The present structure
Minor groove binding of metaOH(N) Hoechst also highlights the importance of water networks, not only in

Hoechst 33258 andhetaOH(N) Hoechst have very similar stabilising drug binding but also in stabilising the DNA double
lical structure with very extensive hydrogen bonding networks

structures. Both contain a protonated, non-planar saturated'. ; -
heterocyclic ring system at one end of the molecule and a phendf dlng symmetry-related helices as well as forming intramolecular
idges.

ring at the other. The benzimidazoles of the former and t
benzimidazole/pyridylimidazole rings of the latter bind to the
5-AATTC site in the minor groove by a combination of sequence specificity of binding

non-bonded interactions to the walls and floor of the groove and

bifurcated hydrogen bonding to adenine N3 and thymine OPhe observation ahetaOH(N) Hoechst binding in the same site
atoms. ThenetaOH substitution has little effect on the overallas Hoechst 33258 itself, i.e. mostly in the narrow groove AT
binding site of the drug, with the bulky N-heterocyclic ringregion, provides further support for the hypothesis that binding of
requiring a widened groove for binding and the remainder of treeich molecules to DNA is largely dominated by groove width
drug favouring the non-bonded interactions associated with tfectors, with complementarity of drug narrow cross-section and
narrow AATT region. This similarity in binding site and in the surface of groove wall24,25,27-30). The piperazine ring is the
binding interactions overall is in accord with the closely similasole moiety of the Hoechst 33258 ameétaOH(N) Hoechst

DNA binding (and antitumour) properties of the two drugsmolecules which has a pronounced requirement to bind in the
(41,42). Thus, measurements of the extent of thermal stabilisatievider minor groove of the GC region in these complexes. The
of the double helix gave essentially identiGalvalues for them metahydroxyl group cannot achieve GC recognition in the minor
(41). The principal difference seen withetaOH(N) Hoechst groove for two reasons: (i) the phenyl ring has too narrow a
compared with the other Hoechst 33258 complexes is the (weakdss-section for effective binding to a wide GC-rich minor groove,
bifurcated hydrogen bonding to N3 of A5 and to O2 of C21. Thiand most importantly, (ii) the hydroxyl group is positioned

is distinct from the bifurcated bonding to the 2-amino god@4  insufficiently deeply into the groove for interaction with a guanine
and O2 of C21 predicted by NMR(@41). The phenol ring exocyclic amino group. The present structure demonstrates that it is
flipping indicated by the X-ray structure is not evident in thelmost equivalent in position to the inner-faaiitgpgen atom of
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a benzimidazole or pyridylimidazole ring, and so its weak bifurcate? Brown, D.G., Sanderson, M.R., Skelly, J.V,, Jenkins, T.C., Brown, T,,
hydrogen-bonding to N3A5 and to O2C21 is unsurprising. taféec

GC recognition would require a substituent at this end of e
bIS-beﬂZImldaZO|e core that addreSSGS bOth Of the pr0b|emS po@gd’]'abernero’ L., Verdaguer’ N., C0||’ M., Fita’ l., van der Mare|’ GA, van
by metaOH(N) Hoechst, i.e. that has sufficient size to contact the Boom, J.H., Rich, A. and Aymami, J. (1988pchemistry32, 8403-8410.
walls of the widened groove, as well as having substituents tH#& Nunn, C.M., Jenkins, T.C. and Neidle, S. (1%8ghemistry32,

reach the groove floor.
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