Biochemistry2002,41, 9341-9348 9341

Intercalation of an Acridine Peptide Drug in an AA/TT Base Step in the Crystal
Structure of [d(CGCGAATTCGCG)]with Six Duplexes and Seven Mglons in
the Asymmetric Unit

Lucy Malinina}8" Montserrat Soler-Lpez#!' Joan Aymariif and Juan A. Subirang*

Departament d’Enginyeria Qmica, ETSEIB, Uniersitat Politenica de Catalunya, Diagonal 647, E-08028 Barcelona, Spain,
and Laboratory of X-Ray Crystallography, Engelhardt Institute of Molecular Biology, Russian Academy of Sciences,
Vavilov Street 32, 117984 Moscow, Russia

Receied February 15, 2002

ABSTRACT. We present the crystal structure of an acridine drug derivatized at carbof+@-g¢ridinoyl)-
tetraarginine], intercalated within the dodecamer [d(CGCGAATTCGLEhie presence of a lateral chain

at the central carbon 9 atom differentiates this compound from most acridine drugs hitherto studied, which
are usually derivatized at carbon 4. The DNA:drug interaction we observe differs from that observed in
previous studies, which primarily involves shorter, mainly hexameric sequences, in two important
regards: the acridine intercalates within an AA/TT base step, rather than within a CG/CG base step; and
the binding site is located at the center of the sequence, rather than at one end of the duplex. In addition,
we observe a novel crystal packing arrangement, with six dodecamer duplexes and seven hydrated
magnesium ions in the asymmetric unit of a large (68.%58.4 x 77.4 A3) unit cell in space group
P2,2:2;. The duplexes are organized in layers parallel toagh@lane, with consecutive layers crossing

each other at right angles.

Derivatives of the planar nitrogen heterocyclic compound of a hexameric DNA with intercalation occurring at the
acridine are used as antineoplastic agents (e.g., amsacrine) terminal base steps. Related compounds have been found to
and are being developed as HIV antivira®, following the intercalate in extrahelical position$1, 12). Here we present
report that interactions with nucleic acids can be mimicked the structure of K-(9-acridinoyl)-tetraarginine intercalated
and improved when the ring system of the acridine derivative in the dodecamer duplex d(CGCGAATTCGCG). The struc-
replaces the aliphatic side chains of the HIV regulatory ture of the drug as it appears in the crystal structure is shown
proteins. However, the acridine alone is not sufficient for a in Figure 1. It is the first reported structure of an intercalated
strong and specific DNA binding. Therefore, peptides and acridine derivatized at the central carbon 9 and the first report
other compounds have been added at the central carbon 9¢f a drug intercalated in an AA/TT base step in the central
usually through an amino group. Biochemical and NMR region of a comparatively long DNA fragment. Intercalation
analysis of the adducts3{5) have shown that they do in AA/TT was unknown up to now. It should be noted that
interact with DNA, although no data are available on the almost 100 crystal structures have been determined for drugs
crystal structure of these compounds when intercalated inintercalated in DNA 13). Practically all of them prefer
DNA. Recently, the structure of one of these compounds alternating base steps (mainly CG/CG). Only recenth) (
was reported@®), but it lies in an extrahelical position in a was another planar drug found to intercalate in a CC/GG
complex crystal structure. In fact, very little data are available base step.
on acridines intercalated in DNA. The intercalation of the  An additional unexpected finding was the complex packing
related compound proflavine was studied in structural detail arrangement observed in the crystal structure. The dodecamer
in dinucleotides 7—9). Recently, the structure of an inter- d(CGCGAATTCGCG) used in this study was the first
calated antitumor acridine derivatized at carbon 4, DACA, B-DNA fragment to be analyzed ) by single crystal X-ray
was reported ¥0). However, as with most previous struc- diffraction methods. That work directly confirmed the double
tures of DNA-intercalated drug complexes, the structure was helical structure of B-DNA and allowed the study of the
details (L6, 17) of B-DNA structure, including bending, the
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Table 1: Crystal Data and Refinement Statistics

space group P2:2:2;
unit cell dimensions a=66.47 A
b=68.36 A
c=77.36A
a=p=y=90°
asymmetric unit contents 6 DNA duplexes
1 N*-(9-acrydinoyl)-tetraarginine
4 MgO6
3 MgO5
61 H,O
total 3052 non-hydrogen atoms
no. of unique reflections 8086
redundancy factor 35
a1 last shell) 13.2(1.8)
data completeness (last shell) 89.4% (88.6%)
Rmerge(last shell) 0.070 (0.483)
refinement resolution range 2Q@.7
test dataset size, % 10.2
work/test reflections 7165/921
RuorkdRiree, %0 22.00/26.61

RMS (bonds, A; angles, deg) 0.013, 2.409

FiGure 1: Electron density map of the whole drugs(tevel). The Table 2: Characteristics of Molecular Replacement Search and
peptide main chain and the entire side chain of arginine 3 are clearly -
b S o . Model Splitting
visible. The guanidinium groups of the other three arginine residues
are disorded. no. of rigid bodies in
asymmetric unit 1 2 3 4 5 6 8 73

the packing interactions are only slightly modified. A | 04e1® cc o 467 50.1 54.9 57.7 61.6 63.8 66.2 745

different packing arrangement for the DreWickerson R-factor, % 59.0 57.9 55.7 54.6 53.4 52.4 51.3 46.4
dodecamer has been reported in two space groups of themodel 2 CC, % 55.6 58.8 64.0 66.2 70.5 72.4 75.4 81.1
hexagonal family:R3 in the C&" salt 27) andP32;2 in the Rfactor, % 55.1 53.7 50.4 49.2 47.2 46.3 44.4 40.0

Ba?t salt 28). In the latter case, the chemical symmetry of ~ 2Six duplexes were added one by one. Then, one of them was
the dodecamer is maintained in the crystal: the two halves appropriately splitted, and the intercalated molecule was inserted

. . - . between two parts. At the last step, all duplexes were splitted into base-
of the duplex have an identical conformation, whereas in all pairs. See text for detail8.The resolution range 2.7 A was used

other cases, the W_h0|e dOdecame_r dUI?'?X or even tWoOfor 4 molecular replacement search. Models 1 and 2 were duplexes of
duplexes are found in the asymmetric unit in the crystal. dodecamer CGCGAATTCGCG available from NDB3{ as entries

In this paper, we describe a new packing arrangement of BDL084 and BDLOO01¢ Correlation coefficient values.
d(CGCGAATTCGCG), with six duplexes in the asymmetric

unit. Surprisingly only one of them contains an intercalated (5, 5 and 10 equivalents, respectively) in 1:1 DMSO-DMF
drug. The molecules are organized in columns, interacting for 1 h. Acidolysis with HF/anisole (9:1, &C, 1 h) provided
among themselves in a similar way to that observed in the the target compound in highly homogeneous formn9%%
original P2;2,2; structure 29, 30), except that in our case, by HPLC) and with a correct MALDI-TOF mass spectrum.
the columns in consecutive layers cross each other at 90 Crystallization.The dodecamer was crystallized at2T)
Such a perpendicular organization of neighboring duplexes ysing a batch method, in sitting drops containing 0.5 mM
is seldom found in B-form DNA. Only two related decamers duplex, 1mM drug-peptide adduct, 20 mM sodium cacodylate
which have been crystallized in a tetragonal space graip ( buffer, pH 7, 100 mM MgG), and 45% MPD. Crystals
32) are also organized as layers of perpendicular C°|Um”3appear in about 1 week. Crystals of approximately 2.2

of duplexes. . ~_ 0.3x 0.3 mn? were used for data collection.

The new structure we describe here was crystallized in - pata Collection and AnalysisSingle crystals were flash-
the absence of spermine. It is stabilized by dons.  fozen in liquid nitrogen at 120 K. An initial data set
Despite the comparatively low resolution of our data (2.7 containing 29 388 reflections was collected at EMBL beam-
A), we were able to unambiguously localize sever?vgns. line BW7A (DESY, Hamburg) to 2.54 A resolution using a
It is likely that additional ions contribute to stabilize the \jar Research image-plate detector and a wavelength of 1.1
crystal matrix. The analysis and comparison of the six A A final data set with 8086 reflections (35-@.7 A) was
different duplexes in the crystal with the standard Drew  ysed for structure refinement. Determination of unit-cell
Dickerson dodecamerl§—22) allows us to draw some  parameters, space group, and integration of reflection intensi-
conclusions on ionic interactions and their influence on DNA a5 was performed using DENZ@4), and the data were
structure. scaled using SCALEPACK. The results obtained are sum-

marized in Table 1.
EXPERIMENTAL PROCEDURES Structure DeterminationThe structure was determined by

SynthesisThe drug-peptide conjugate was synthesized molecular replacement with the AMoRe prograB®)( The
by solid-phase methods. After the Boc-tetraarginine sequenceprogress of the molecular replacement search is listed in
was assembled onmamethylbenzhydrylamine resin, the N-  Table 2. Since the dodecamer CGCGAATTCGCG is known
terminus was deprotected, and 9-acridinecarboxylic acid wasto form B-DNA, we assumed that it adopted the B confor-
coupled by means of PyBOBJ) and diisopropylethylamine  mation in our crystal as well. NDB1@) entries BDL084
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and BDLOO1 served as two trial models of the dodecamer
duplex. Although structure BDL084 had been studied at
higher resolution, we succeeded in getting a solution by using
the BDLOO1 structurel() and then reproduced appropriate
orientations and positions for model BDL084. Table 2
demonstrates the difference between correlation coefficients
andR-factor values for both models at various steps of the
search. The main line of strategy was to search for the next
molecule while previously found duplexes were kept fixed
in the unit cell. The actual search, however, was more
complicated: the solution for the first DNA molecule was
obtained from a model constructed by two consequent
B-DNA dodecamers forming a column through N=&3
interactions between terminal guanine residues, as found in
the usual crystal packing arrangement for this dodecamer
(29). For the other DNA molecules, a dodecamer with one
or two terminal base pairs removed was used as a model.
However, the principles of an appropriate packing arrange-
ment were also used during the sear®d, 36): (a) B-DNA
dodecamers should form continuous columns through
N2—N3 interactions between terminal guanine residues; (b)
in our case, such columns should be oriented alongathe
andb directions of unit cell; (c) the general arrangement of
duplexes along tha andb axes should be similar to each
other; (d) there could be-46 duplexes in the asymmetric
unit. Since we found the first duplex to be located oma 2
screw axis, we concluded that the asymmetric unit should .
contan s duplexes. The preiminary (2F0-Fc) map calo- FURC2 Secuen Sens o BRI oo (ool
lated after getting a solutlpn for all six duplexes showed that as the terminal cytosine 24 which occupies an extrahelical ’position.
the last molecule had an intercalated drug at an AA/TT base The peptide which is attached to acridine has been removed for
step. Splitting of this molecule and an appropriate insertion clarity. Three hydrated magnesium ions are also shown.

of the acridine drug improved the values of the correlation
coefficient andR-factor (Table 2). The last step with the
AMoRe program was to split all duplexes into base pairs
and fit them into the structure, with a total number of 73
rigid bodies.

RefinementThe model with six dodecamer duplexes and
one acridine molecule was first refined in XPLOR 3.887T)(
using a data range from 8 to 3 A. 2Fo-Fc and Fo-Fc maps
calculated after some cycles of rigid-body refinement (the
number of rigid-groups was increased step by step from 73
to 421) allowed adding to the model the oligopeptide (Arg)
covalently linked to acridine. Although most of the guani-
dinium groups of (Argj could not be located, the main chain
was clearly traced in both maps, as well as parts of the side
chains. Seven hydrated magnesium ions were also apparent
in the map. The location of these ions in logical positions
indicates that the refinement has been carried out adequately.
Then the resolution range was extended, and the model wagiGURE 3: View of the six duplexes in the asymmetric unit. They
refied using the ‘LS & Restrained refinement” option n. 31 0TSO0 S0 3 velone 8 v PR geer,
REFMAC (38, 39). The final ref!nement converged Blor color-coded atoms. Note that the duplexes which are on the same
0.22 anderee 0.266 for all data in the range 2@.7 A The p|ane are not exacﬂy para”eL
asymmetric unit contains six double-stranded DNA mol-
ecules, one drug-peptide molecule, seven hydrated magnepacking and the pattern of drug intercalation. Both are
sium ions, and 61 additional water molecules. Examples of related, but for the sake of clarity, we will first analyze the
the electron density map (2Fo-Fc) are shown in Figures 1 packing features of the crystal.
and 2. Final coordinates have been deposited in the Nucleic The six dodecamers in the asymmetric uall)(are shown
Acid Database (NDB code DD0037). in Figure 3. Only one of them has an intercalated drug. A

simplified view of their packing arrangement is given in
RESULTS Figure 4. The dodecamers are organized in continuous

General Packing Feature3he structure of this dodecamer columns similar to those observed in the standard packing

crystal has two main unique features: the complex molecular arrangement with a single duplex in the asymmetric unit in
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Ficure 4: Schematic view of the organization of the unit cell. Each

duplex is color coded as in Figure 3. The molecules form infinite

columns of different types in the crystal which are horizontal in

this drawing. The red dots indicate the position of the intercalated
drug.

space groufP2:2:2; (16, 28, 29). In all cases, each column FIGURE 5: Interactions of the interca}lated a_cri_dine drug. Only the
is stabilized by guanineguanine interactions between the L'rSt amide group of the lateral peptide chain is shown. It forms a
. : ydrogen bond (dashed lines) with the O2 atom of thymine. Another
two terminal base pairs of the duplexes. One set of pyqyrogen bond is formed with a water molecule, shown as a small
oligonucleotide columns has the molecular axes orientedred sphere. In the lower frame, the drug is shown in green.
along they axis, whereas another set has the molecules
oriented alongk. Both sets are organized as pleated sheetsat the central carbon 9. As a result of this difference in
on planes perpendicular to tteaxis. In each plane the chemical structure, the acridine ring is in another position:
columns are approximately parallel, the average distanceit is intercalated between residues A5 and A6 as shown in
among neighbor DNA columns is 22.5 A. This organization Figure 2, with its peptide moiety lying in the minor groove.
is similar to the classica2,2,2; structure of the dodecamer The AA/TT base step has a smaller twist (I8,s it is
in planes perpendicular to ttzaxis. However, in the latter  usually found in intercalated drugs.
case, all oligonucleotides have their axes oriented in the same This is the first aromatic drug found to intercalate into an
direction, whereas in our case the molecules have their axesAA/TT step. Previous analysis of several intercalating drugs
alternatively oriented in the andy directions, which results ~ with DNA had only shown selective interactions with
in a different overall organization of the crystal. It should alternating sequence41), mainly poly(dG-dC). Details of
also be noted that neighbor molecules in each plane are nothe interaction of the drug with the AA/TT base step are
related by an exact translation, as it can be easily appreciatedshown in Figure 5. The drug intercalates with a standard
in Figure 3. stacking distance of about 3.4 A to bothAbase pairs. Its
In the crystal, there are two different types of columns. major axis is approximately parallel to the ‘€1 vector
Duplexes1 (shown in red) and3 (shown in gray) are  of one of the two AT base pairs, A6T19. This is the usual
perpendicular to each other and form continuous columns orientation for acridines. The peptide side chain attached to
of identical duplexes, related by one of the screw axes of acridine lies in the minor groove. The positively charged
the crystal. Another type of column is the one formed by arginines are probably responsible for such behavior. The
duplexeg (in yellow) and5 (in purple) where the two types  presence of a hydrogen bond between the exocyclic amide
of duplexes present in each column occupy alternate posi-of the drug and the O2 atom of thymine contributes to
tions. A similar stack is formed by duplexégin cyan) and stabilizing the interaction. Such stabilization is possible
6 (in green). since the acridine drug described here has the peptide
In other reported packing arrangements, the molecules areattached through a carbonyl group, in contrast with other
also parallel but displaced about 24.6 A in one cak8, ( drugs which are amino conjugated. Both facts determine the
whereas in a different settin@7), neighbor molecules are local interactions at the intercalation site, as it is apparent in
rotated 120 around their axis and mutually displaced 24.2 Figure 5.
A. Thus, the average distance between neighbor columns is The electron density map (Figure 1) of the peptideug
smaller in our case (22.5 A). adduct clearly shows the main chain of the tetra-arginine
In summary, all packing arrangements of d(CGCGAAT- moiety. However, the peptide side chains are ill defined and
TCGCQG) crystals described up to now have all molecules could not be unambiguously located. Only the complete side
approximately parallel, organized on planes. In our case, thechain of Arg 3 was visible. It appears that the other arginine
molecules are also organized in planes perpendicular to theresidues may occupy multiple positions since they have
z axis, but alternate planes have the molecular axes inseveral charged phosphate groups in their neighborhood.
approximately perpendicular orientations. Despite this local disorder, it is likely that all arginine side
Intercalated Drug The intercalation we have found shows chains contribute to stabilize the crystal lattice. This is
several novel features. Practically all known crystallographic particularly evident in the arginine side chain 3, as shown
structures of intercalated drugs have their substituents at then Figure 6. Its guanidinum group is hydrogen bonded to
extremities of the aromatic system of rings, whereas the residues from three different duplexes in the crystal, including
acridine derivative we have studied has the arginines attacheda 5 terminal OH group and two phosphates.




Intercalated Acridine Drug in [d(CGCGAATTCGCG)] Biochemistry, Vol. 41, No. 30, 2002345

due to a high mobility. Only when there is a phosphate
residue in a near position do they appear to be stabilized in
a well-defined location.

The contribution of the Mg ions to stabilize the crystal
lattice is clearly apparent from Figure 7. The interaction
between molecules and6 is stabilized by three M ions,
two of which create basephosphate bridges. The other three
ions shown in Figure 7, at the right and lower part of the
figure, also generate basphosphate bridges between mol-
ecule6 and molecule® and5. Thus, all six ions shown in
Figure 7 create connections between molec@leand
molecules found in the neighbor planes in the crystal. On
the other hand, moleculésand4 do not show any Mg -
mediated interaction with molecules in neighboring planes,

: : although the seventh Mg ions creates a bas@hosphate
FiIGURE 6: Interactions of the guan|d|n|um group of arginine 3. brldge among the Iatter two molecules |n fact’ the |atter |S

Hydrogen bonds are formed with phosphates which belong to - . - . -
molecules4 and 6. An additional hydrogen bond is formed with the only located Mg ion which defines an interaction

the B terminal OH of a symmetry-related molecife among parallel molecules within one of the molecular planes
of the structure.
Central Role of the Drug-Binding Molecul@he drug- Many more Mg" ions should be present in the structure

binding molecules (shown in green in Figures 3 and 4) plays in order to neutralize all the phosphate charges, but they have
a central role in the packing arrangement of the crystal. It not been localized. In the crystal, there are many phosphate
appears to form a seeding point around which a complex phosphate distances between duplexes which are shorter than
ensamble of DNA duplexes is organized. It is very clearly 7 A, and counterions should be present in their neighbor-
defined in the electron density map and shows strong hoods. In particular, it is striking that we have only located
interactions with moleculd, which is approximately per-  one ion within the planes formed by parallel molecules
pendicular to moleculé (Figure 7). It is surrounded by six  perpendicular to the axis (Figure 4), despite the compara-
hydrated Mg" ions, whose location will be analyzed in detail tively short distance (22.5 A) between parallel molecules.
below. Interaction with moleculginvolves three Mg ions. In any case, it is clear that Mg ions should cement the
Furthermore, a terminal cytosine base (shown in black in helices together22) and stabilize the crystal lattice.
Figure 7) swings out from the duplex and penetrates into  Oligonucleotide Conformatiorhe resolution obtained in
the minor groove of moleculé. The cytosine conformation  our crystal structure is not sufficient to warrant a detailed
is stabilized by van der Waals interactions, in particular by comparison and analysis of the conformation of the six
stacking over a sugar ring of the phosphodiester backbonedodecamers present in the asymmetric unit. The average
of moleculel. It also forms one hydrogen bond with a twists are given in Table 3. From them and from an
thymine of moleculd. It should be noted that if the presence inspection of the electron density map, it is clear that
of drug imposes a perpendicular orientation of neighbor dodecamer5 has a less well defined conformation with
oligonucleotides, then it follows that the asymmetric unit greater local disorder. Nevertheless, it is clear from Figure
must contain several duplexes, as we have found, to fill space3 and from the average twist of the molecules (given in Table
efficiently. 3) that the overall conformation of each of the six dodecam-
Mg?" lons Are Major Groee Binders Usually dodeca-  ers in the asymmetric unit is similar to the conformation of
nucleotides are crystallized at low Ffgconcentrations  the same dodecamer when crystallized in other space groups.
(4—20 mM) in the presence of spermine. In our case, crystals Inspection of the conformation angles shows that the
were obtained at a much higher Rtgconcentration (100  standard Bl form predominates in all bases in each duplex,
mM). Spermine was not used; instead, the acridine drug waswith the exception of the G10 and G22 nucleotides, which
present. Probably all these features are instrumental in ordethave the BIl form in most cases. A few other bases are found
to create the crystal structure we observe. We located severio lie outside the conformational Bl region, but given the
hydrated M@* ions in the asymmetric unit. One of them is low resolution of our structure, a detailed discussion is not
only associated with phosphate groups, which belong to warranted. Thus, the overall conformation of all six dodecam-
moleculesl and6, but the other six ions are major groove ers is similar to that described?) in the standardP2,2,2;
binders. Five of them are associated with a GC base step, aspace group, which also has G10 and G22 in the BII
it is usually found in the convention&2,2,2; unit cell of conformation.
this dodecamer2(l,49. Another one appears in a GA/TC Comparison of the twist values of the base steps T7 to
base step, a position also present in a nonamer with a relateds12 (half of the molecule) shows a clear alternation of twist
sequence43). Other Mg"™ major groove binding sites have in all six dodecamers (data not shown), as it is found in the
also been recently reporte@3), always involving a €G other crystal structures obtained from the same molecule. A
base pair. All these ions contribute to stabilize the crystal comparison was recently published showing this tre28J. (
lattice, since they also interact with phosphate groups of It was also reported that the first half of the molecule (C1 to
neighbor molecules. Nevertheless, it appears that the interacA6) was much more variable, a feature also found in our
tion sites represented in Figure 8 are favored locations for case. The asymmetry of the molecules appears to be related
DNA—Mg interactions, since they are present in several with their end-to-end interaction29, 30), which stabilize
cases. They are not always visible in DNA crystals, probably the columns of duplexes in the crystal. Only in one crystal
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Ficure 7: View of the interaction of molecul6é (at right) with moleculel. The intercalated drug is shown in green and the extrahelical
cytosine in black. Six magnesium ions are shown as pink spheres with their coordinate waters in brown. All of them interact with molecule
1 as described in the text. Only the complete side chain of arginine 3 is shown. For the other arginine residues, fobyritba is
included. For better visibility, the duplexes are shown inclined; they are approximately perpendicular among themselves.

Table 3: Average Twist of the Six Duplexes in the Asymmetric
Unit?

molecule twist (deg)

36.1(3.4)
35.7 (6.0)
35.9(5.8)
37.5(4.7)
35.4 (6.8)
37.3(4.3)
standard 14) 35.8 (4.1)

a Standard deviations are given in parentheses. For moléctie
base step AA/TT, which contains the intercalated drug, has been
excluded from the calculation, and it has a twist of 28.9

OO WNEF

Ficure 8: Two types of interaction of hydrated ¥igions with

the major groove of duplexes. At left is shown the interaction with
a GA/TC step, at right with a CGC sequence. The latter is the most
common. Mg" ions interact mainly with both guanines in the GC ) ) o )
step, and the hydrogen bond with cytosine is not always found. Nevertheless, in both cases, the guanigeanine interactions
The bases which form hydrogen bonds with the hydrated™Mg  petween neighbor duplexes are maintained.

ions are labeled. A surprising feature of our structure is the absence of the

structure in a trigonal space groups), where the end-to- ~ hydration spine 19) iin all of the six duplexes in the

end interactions are different, do the molecules show a @symmetric unit, although this is a very stable feature of the

symmetric conformation. dodec_:amer structy_rew). This pec_ulia_rity may bg due to
The ends of each dodecamer interact with a neighborthe different condltlons of crystallization, in particular the

dodecamer through hydrogen bonds between the N2 and N3igh Mg* concentration.

atoms of guanines in the two terminal base steps, as occur

in the classicalP2,2,2; structure 29, 30). However, cytosine DISCUSSION

1 is disordered in moleculé and does not appear in the The oligodeoxynucleotide used in this study provided the

electron density map, a feature already observed in otherfirst detailed image of the DNA double helix in its B-form

cases 26, 27, 31, 32). Furthermore, cytosine 1 in molecule (15). It was later studied in great detail{—21, 27—30), as

6 swings out from the duplex as shown in Figure 7. well as other duplexes with related sequends® 22—26,
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43). It is the reference structure for many theoretical studies The acridine drug used in this study is intercalated in an
and it has been extensively used for the analysis of groove-AA/TT base step. Recently another drug was reported to
binding drugs. Here we have reported a new feature of thisintercalate in a GG/CC stefl4). Most drugs previously
classic molecule: the first case in which a drug has beenstudied (0, 13) were observed to intercalate in alternating
intercalated into the DickerserDrew dodecamer. Thus, the purine-pyrimidine base steps. From all these findings, the
use of this compound as a reference structure is furtherrequirements for sequence specific intercalation start to
extended. New avenues for the discovery of drugs with emerge. Thus, the way is open to develop sequence specific
different types of interaction with DNA are thus available. drugs by linking acridines (or other aromatic drugs) with

The dodecamer d(CGCGAATTCGCG) had been previ- chains of an appropriat.e length. _Thus, pelyfunctional drugs
ously crystallized in theP2:2,2; space group16) in the may be developed Whleh can bind to different base steps
presence of spermine and a low Mgoncentration. It has ~ Placed at a designed distance.
also been crystallized in the R3 space greﬂﬁ) (_in the . ACKNOWLEDGMENT
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