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A tetracationic supramolecular helicate, [Fe,Ls]** (L = CasHaoNy), with a triple-helical architecture is found to induce
the formation of a three-way junction (3WJ) of deoxyribonucleotides with the helicate located in the center of the
junction. NMR spectroscopic studies of the interaction between the M enantiomer of the helicate and two different
oligonucleotides, [5'-d(TATGGTACCATA)], and [5'-d(CGTACG)],, show that, in each case, the 2-fold symmetry of
the helicate is lifted, while the 3-fold symmetry around the helicate axis is retained. The 1:3 helicate/DNA stoichiometry
estimated from 1D NMR spectra supports a molecular model of a three-way junction composed of three strands.
Three separate double-helical arms of the three-way junction are chemically identical giving rise to one set of
proton resonances. The NOE contacts between the helicate and DNA unambiguously show that the helicate is
fitted into the center of the three-way junction experiencing a hydrophobic 3-fold symmetric environment. Close
stacking interactions between the ligand phenyl groups and the nucleotide bases are demonstrated through unusually
large downfield shifts (1-2 ppm) of the phenyl protons. The unprecedented 3WJ arrangement observed in solution
has also been found to exist in the crystal structure of the helicate adduct of [d(CGTACG),] (Angew. Chem., Int.
Ed. 2006, 45, 1227).

Introduction specific fashion. Traditionally, this has meant sequence-
specific recognition. However, this is not the only solution

to this problem; rather, recognition of a particular unusual
DNA structure may be a powerful alternative.

While the sequence of bases in DNA encodes the genetic
information which defines features ranging from organism

type through physical traits to disease susceptibility, the key Small molecule agents that recognize DNA predominantly

to the expression of that information lies in recognition of | . : . .
the DNA structure and sequence. Thus, in nature, DNA plnd to DNA in one of four modes which were elucidated

. T in the 1960s: alkylation/platination, intercalation, groove
information is processed and regulated by a plethora of DNA- . . L . .
o ) . : binding, and backbone binding. Alkylating agents form direct
binding proteins that form part of complex biological

4 . - . bonds to atoms on the DNA bases and include the clinical
regulation and processing pathwaykhe ability to stimulate : .
. . . ... . hitrogen mustard drugs, such as chlorambucil, and the very
or prevent the processing of the genetic code using artificial . X . . .
- . successful clinical platinum anti-cancer drugss-platin,
agents offers new opportunities not only for disease preven-

. . oxaliplatin, and carboplatif.These agents tend to have a
tion or control but also to probe such pathways. Synthetic tbase—preference (e.9.. GG faisplatin) but to alkylate at

ggents that recognize the genetic co.de are thus Of greamany DNA sites, although attempts have been made to
interest, particularly those that do so in some selective or . . :
impart a sequence preference through conjugation to other

DNA recognition motifs. Intercalators, such as doxorubicin,
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act by opening up the DNA and inserting between the base A method to obtain enantiomerically pure material has now
pairst and have also found application in tumor treatnfent. enabled us to carry out NMR studies on adduct formation
Although they may have a base preference they too bind atfor the M and P enantiomers separatélyThis greatly
multiple sites. Minor groove recognitiémy drugs such as  facilitates the analysis of the 2D NMR spectra of helicate/
the antiparasitic agent berenil offers greater scope for DNA adducts. Two different palindromic double-helical
sequence selectivity, and some very elegant agents based oaligodeoxyribonucleotides containing a central, flexible TA-
the natural antibiotic distamycin-A have been elaborated by step, [d(TATGGTACCATA)} (1) and [B-d(CGTACG)} (2),
Dervan’ Major groove binders also offer such possibilities were chosen for these studies.
although such recognition has been largely restricted to tri- |t was also decided that our co-workers in Barcelona led
plex formation by oligonucleotides and synthetic analogues by Miguel Coll should carry out crystallographic work on
and peptide-recognition based on known biomolecular the same duplexes in parallel to our NMR studies. They were
motifs? Binding to the phosphate backbone is generally sypsequently able to obtain X-ray quality crystals of the M
nonspecific. enantiomer in a complex with the hexanucleot®ie The

We have been exploring the use of metallo-supramoleculary.ray structure revealed not the helicate bound to a simple
agents to recognize DNA, reasoning that such large syntheticqplex but rather a DNA 3-way junction, in the heart of
structures of dimensions similar to protein DNA recognition \yhich resides the helicate in a trigonal hydrophobic cavity.
motifs would afford a more sizable recognition surface and sych a mode of DNA recognition is without precedent and
lead to new effects. In particular, we have desidfetid ~ has the potential to revolutionize how we think about
studied the DNA binding of a tetracationic triple-stranded mojecules binding to DNA. It is particularly exciting as an
helicate of~2 nm length and~1 nm diameter (similar  3jternative to strict sequence recognition for gaining specific-

dimensions to those of the-helical DNA recognition unit it while 3-way Y-shaped junction structures are much less
of zinc fingers). This tetracationic helicate has been shown \yq|| studied than 4-way X-shaped junctions, they are

to bind strongly to ct-DNA as demonstrated by an ethidium 5 ticularly intriguing because the DNA replication fork is
bromide (EB) d_lsplacement assaly which indicated binding 5 form of Y-shaped junction; 3-way junctions have also been
constants well in excess of 101" at 20 mM NaCl. The  £5,nq 1o be present in diseases such as Huntington’s disease

helicate also ind.u.ces upgxpepted and quite Qramatic intramo-5 4 myotonic dystrophy and in certain viral genories.
lecular DNA coiling, giving rise to small coils of DNAL

Our initial studies included an NMR study of metallohe- The observed formation of the 3-way junction (3WJ) in

the X-ray structure is possible because in a palindromic

licate bmdmglgzto a DNA oligonucleotide duplex,_ [d(GACG- sequence, WatserCrick hydrogen bonding can be satisfied
GCCGTC}].** However, because a racemic mixture of the . . .
through a duplex structure, a 3-way junction, or higher-order

helicate had to be used, the resulting 2D NMR spectra turned. .
out to be quite complex preventing an unambiguous NMR Junction structures (€.g., 4WJ, SWJ, etc.)_. _ )
structure determination. One model, obtained from the 'N€ helicate had selected the 3-way junction from this
combination of NMR with molecular dynamics studies, was dynamic combinatorial library of possibilities. The helicate
proposed where the helicate interacts at several sites in theé?"d the junction appeared an aimost perfectly matched pair,
major groove. This is consistent with the size of the agent, with neither S|gn|f|cantly perturbed_ by binding. Nevertheless,
which is the right size and shape to bind in the DNA major W& Wwere conscious that the high symmetry frequently
groove and too large for the minor groove. SubsequentObserved in crystal structures of large molecular assemblies
molecular dynamics simulations, which also reproduce the iS often dictated by the requirement of obtaining low packing
bending effects, have lent support to this as a binding rfbde. €nergy, and the high-symmetry trigonal crystal structure
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(space grou4,32) of the 3WJ structure offered consider-
able packing energy.

The NMR studies reported herein describing the interaction
between the helicate and the 6-mer and the 12-mer, respec-
tively, confirm that the 3WJ structure is not merely a
crystallographic artifact but a genuine structure that does
prevail in solution. However, one should notice that a non-
palindromic duplex does not have the ability to form a regular
3WJ. For such a system, groove binding could be an

(13) Khalid, S.; Hannon, M. J.; Rodger, A.; Rodger, P.Ghem—Eur. J.
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DNA Three-Way Junction
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Figure 2. Schematic drawing of the three-way junction.

alternative binding mode in accordance with theoretical
calculation®® and the CD-data on ct-DNAP

Materials and Methods

Starting Materials. The synthesis of [F&3]Cl, (L = CasH20N4)
(Figure 1) has been described previou$lnantiomerically pure
material was obtained by using a cellulose (20 um, Aldrich)
column!® The 1D H spectrum of the free helicate recorded at
T = 293 K is shown in Figure 3. The sodium salts of the
palindromic oligodeoxyribonucleotides-8(TATGGTACCATA)

(2) and 3-d(CGTACG) @), were purchased from DNA Technology
(Aarhus) and purified by HPLC on a C18 Waters X-terra column,
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Figure 3. H 1D NMR spectrum of [Fg 3]Cl, in CDsOD at 298 K.

T
14.50

(B)

SHT S"H7

M

IIIIIIIIIIIIII
9.00 8.50 800  ppm

Figure 4. (A) *H NMR spectrum of [Fel3)/d(T1A2T3G4GsT6A7CsCoA 10
T11A12)]2 at 298 K at helicate/duplex ratios of (a) 0, (b) 0.25, and (c) 1. At
the final concentration initial precipitation started to occur. (B) Expanded
regions oftH 1D NMR spectrum of an aqueous solution containingl:e
ClJ/(TATGGTACCATA) at a 1:3 stoichiometric ratio.
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echo water suppression (dpfgsew5) was U8édThe NMR data
were processed using XWIN-NMR (Bruker) and analyzed using
Sparky!8

Results and Discussion

The free Fels helicate is highly symmetric with a
combined 3-fold and 2-fold symmetry giving six chemically
equivalent subunits, each of which contains 10 protons.
Complete assignment of all resonances is shown in Figure

desalted; paramagnetic impurities were removed using a Chelex3 The phenyl protons appear as two broadened resonances

100 resin column (Sigma-Aldrich).

Sample Preparation. The oligonucleotides were dissolved in
H,0 containing 10% BO, 10 mM phosphate buffer (pH 7.0), and
100 mM NacCl (final concentration-l mM in duplex). Aliquots
of [Fe,L3]Cl, dissolved in CROD (concentratior= 10 mM) were
added to the solution of oligonucleotidésand 2. Titration was
carried out until incipient precipitation was observed. At this stage,
the amount of helicate added wasl/3 of the starting oligonu-

cleotide strand (on a molar basis). The sample was then freeze-

reflecting a restricted ring-spinning molecular motion. The
H NMR resonances of the free oligonucleotidedbTATG-
GTACCATA)], have been assigned previouslynd analy-
sis of DQF-COSY and short mixing-time NOESY spectra
indicate that the duplex adopts a regular B-form DNA in
aqueous solution at ionic strength of 0.1 M. A similar result
was obtained for [5d(CGTACG)} following the same
assignment procedure.

dried to remove the methanol and redissolved in the desired solvent Aliquots of the helicate solution were titrated into solutions

(either 90/10 HO/D,O or just D:O).

NMR Spectroscopy.!H NMR spectra were recorded on a Bruker
DRY 600 MHz instrument at 293 K. A combination of through-
space nuclear Overhauser effect (NOESYhuclear Overhauser

enhancement spectroscopy) at several mixing times (50, 200, an

800 ms) forl and only one mixing time (200 ms) f@were used.
Through-bond-correlated two-dimensional spectra (TOGSgtal
correlation spectroscopy) were recorded for bathand 2. In
addition, P, H] HMBC experiments were recorded. For solutions
containing 90/10 (KO/D,0), double pulsed-field gradient spin-

of 1 and2, respectively, and the titration was monitored by
1D *H NMR. Figure 4a shows the proton spectra at different
stages of titration, and in Figure 4b, an expansion of selected

O(16) Liu, A. M.; Mao, X.; Ye, C.; Huang. H.; Nicholson, J. K.; Lindon, J.

C.J. Magn. Res1998 132, 125-129.
(17) Hwang, T-L.; Shaka, A. 1. Magn. Res., Ser. A995 112 275-
279.
(18) Goddard, T. D.; Kneller, D. GSPARKY3University of California:
San Francisco, CA, DATE.
Vinje, J.; Parkinson, J. A.; Sadler, P. J.; Brown, T.; SletteiGiem—
Eur. J.2003 9, 1620-1630.
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Table 1. H Chemical Shifts (ppm) for
[5'-d(T1A2T3G4GsTeA7CsCoA 10T 17A12)]2 1 in the Adduct, Referenced to
the HOD Signal at 4.764 ppm, 293K

Cerasino et al.

Table 2. H Chemical Shifts for Nonexchangeable Protons of
[5'-d(C1G2T3A4CsGe)7] in the Adduct, Referenced to the HOD Signal at
4.764 ppm at 290 K

H8/H6 H2/H5/CH  HI H2  H2" H3 H4' H8/H6 H2/H5/CH  HI' H2  H2'  HZ H4'
TL  7.116 1314 5587 1552 1971 4.435 3781 Cl 7.666 5.921 5712 2,000 2.421 4656 4.015
—-0.017 —0.030  0.017 —0.039 —0.039 —0.015 0.008 0.037 0.032 —0.028 —0.015 0.009 —0.016  0.030
A2 8267 7.638 6.121 2.647 2791 4.801 4225 G2 7.902 6.039 2558 2725 4936 4.335
0.004  0.042 —0.001 —0.007 0.002 —0.015 —0.004 —0.069 0.091 —0.112 —0.036 —0.011 —0.002
T3 7.002 1199 5529 1.835 2198 4.609 3.963 T3 7.153 0.796 6.229 2.238 2238 4.990 4.349
0.028  0.016 0018 0.006-0.02 —0.039 —0.072 -0.123 —0.705 0591 0.125-0.183 0.171 0.174
G4  7.635 5409 2418 2479 4750 4.156 A4 8312 7.772 5341 2.365 2677 4.821 4.143
0.033 —-0.099 —0.037 —0.01 —0.016 0.009 0.020 —0.003 —0.863 —0.319 —0.158 —0.181 —0.257
G5  7.415 5761 2201 2479 4692 4159 C5 7.249 5.308 5719 1.944 2347 4811 4.052
0.016 0.06 —0.077 —0.034 0.031 0.008 -0.01  —0.036 0.115 0.129 0.098-0.043 —0.067
T6 6.880 0467 5963 1983 2018 4.804 4.153 G6 7.897 6.132 228 2577 465 @ 4.117
-0.124 —0.67 045  0.117-0.252 0.152 0.204 0.026 0.039 —0.025 0.029  0.034—0.013
A7 8.029 7.505 5070 2206 2429 4577 3.921 _ , _ o _
0.044 0.347 —0.894 —0.247 —0.221 —0.217 —0.274 ~@The differences in chemical shifts induced by adduct formation are
c8 7070 4973 5750 1.835 2198 4554 3.945 giveninitalics.
0.017 —0.019 0.177 0.046 0.009 0.01+0.117
co g-gfé’ 5855?? g-ggg 3-8‘;72 5-3178 3-17??3 359833 excludes the possibility that the helicate is bound in a groove
A0 8129 7577 6030 2426 2633 4801 41s9 Of atriple-helical DNA structure. .
0.034 0.064 0.031 0.012 0.004 0.022 0.030 Tables -3 present the chemical shifts for the nonex-
Til 6968 1318 5632 1689 2027 4564 3.982 changeable protons of adduttand2. The chemical shift
0.032  0.008  0.046 0.026-0.007 —0.024  0.006 I ;
Al2 8.026 7.322 6.072 2230 2.435 4.473 3.964 variation for DNA pl’OtOﬂS H6/H8, H1 H2'/2 , and H3
0.027 0.056 0.011 0009 0 -—0.011 0.083 along the chain are represented graphically in Figure 5. It is

aThe differences in chemical shifts between the free duplex and adduct evident that a large number of the nucleobases retain their

are given initalics. native duplex geometry. Two separate pathwaysnd S'
could be traced for the helicate proton resonances in the

regions is shown. Adduct formation induces specific changesNOESY map. As inferred from the 1:1 ratio in the 1D
in the proton spectrum of the supramolecular helicate and spectrum, the two pathways correspond to the two ends of
also in that of the oligonucleotides. Despite the fact that the the helicate merging at the methylene bridge where cross-
spectrum is very crowded, especially in the aromatic region peaks are observed between HaBd H15 and between
where resonances from both aromatic nucleobases andeach of them and H1land H11'. This is clear evidence
helicate protons overlap, a few key resonances are identified.that both sets stem from the same bridging ligand which has
First, the resonance corresponding to the helicate imine|ost its 2-fold symmetry. The phenyl bridges of the helicate
proton (H7), which lies in a noncrowded region of the 1D undergo internal rotation in the unbound state resulting in
spectrum, is split into two clearly resolved peaks with broad composite H10/14 and H11/13 signals at room
chemical shift changes of 0.12 an®.20 ppm, respectively.  temperature (Figure 3). However, in the adduct, the internal
The corresponding imine chemical shift changes observedrotation is hindered resulting in separate sharp signals for
for 2 are 0.10 and-0.10 ppm, respectively (data not shown). each of the phenyl protons. Moreover, these protons are
For bothl and2, the two new H7 signals have equal intensity shown to experience large chemical shift changes in the range
from the beginning of the titration until the end, confirming of 0.2—2.3 ppm (see Table 3). The dramatic chemical shift
that both signals belong to the bound helicate rather thanchanges of the phenyl and methylene resonances induced
originating from two different helicate species (i.e., bound by the oligonucleotide environment would be consistent with
and unbound). Each helicate contains 6 imine protons. Thethis area of the helicate being engaged in strargjacking
fact that the 1D spectrum of the adduct shows only two interactions with the purine or pyrimidine rings.
separate imine signals of equal intensity means that the 2-fold At first it was quite surprising to observe that only proton
symmetry, but not the 3-fold symmetry, of the helicate is resonances representing the central TA residues experienced
lifted in the bound species. significant chemical shifts as shown in Figure 5. The facts

Second, the methyl signal corresponding to the methyl that only the central part of the duplex was perturbed and
group of the central thymine residueirand2 experiences  that the helicate apparently is located in a 3-fold symmetric
a large and almost equal upfield chemical shift change: environment pointed toward an unusual molecular arrange-
—0.67 ppm forl and—0.70 ppm for2 (Tables 1 and 2). A ment. At this stage, it was important to verify that Watson
comparison of the integrated intensity of the central methyl Crick base pairing was retained. The 1D spectrum of the
signal with that of the helicate imine signal gives a helicate imino region recorded fot exhibits extremely broad peaks
to DNA single-strand ratio of approximately 1:3. These making it difficult to assign the imino protons involved in
observations indicate that the complexed species containshydrogen bonding. However, the 2D map shown in Figure
one helicate for every three oligonucleotide strands. Becauses gives clear evidence that the eight central base pairs are
the helicate retains its 3-fold symmetry, the oligonucleotide intact. The NOESY imino region shows cross-peaks between
strands represent a 3-fold symmetric environment. Further-the imino—amino protons of the two GC base-pairs and
more, the presence of identical oligonucleotide strands between the imineA-H2 proton of the central TA base-
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Table 3. H Chemical Shifts (ppm), (293 K), for [Re3]*" for Adduct1 and Adduct2

adductl
H7 H3 H4 H5 H6 H10 H11 H13 H14 H15 H15’
S 8.93 8.42 8.22 7.51 7.16 5.07 6.27 3.64 4.70
0.12 0.05 0.04 0.00 0.02 —-1.76 0.95 —1.69 —2.13 2.29 2.39
8.62 8.37 8.16 7.43 7.07 5.10 6.40 4.05 529 -151 —-1.41
S’ -0.20 0.00 -0.02 —0.08 -0.10 -1.07 1.08 —-1.28 —1.54
adduct 2
H7 H3 H4 H5 H6 H10 H11 H13 H14 H15 H15"
S 9.09 8.61 8.40 7.70 7.34 5.30 6.50 3.89 5.57
0.10 0.07 0.05 0.02 —0.01 —-1.70 1.00 —-1.61 —-1.43 2.55 2.69
S’ 8.89 8.63 8.38 7.66 7.31 5.36 6.69 4.30 556 —1.42 —1.28
—0.10 0.09 0.03 —0.02 —0.04 —1.64 1.19 —1.20 —1.44

aThe differences in chemical shifts between the adduct and the free helicate are gitadicsn

0.5 4 0.5 14.0 13.5 13.0 12.5 12.0 115
A7 A4 6.0 ' 16.0
0.0 {ovr s A 0.0 ——
05 T8 54 T3 y
A0 H6/H2 1.0 6.5 cenan_2-gsnin’  ° L6 s
0.5 r Te o.s I T3 : CON4H_2-G4N1H
0.0 4 0.0 T 701 F7.0
0.5 £
B 0.6 4 T A7H2-T6N3H
HT m
A7 A4 -
-1.0 1.0 8 75 l7s
®
0.5 4 Te 0.5 °
T3 X @
o 0:0 1 r—‘—‘—o..‘/\/_‘—’—._‘ o 0.0 4 /&7
4 q 8.04 C8N4H_1-G5N1H CONAE_1-GAN1H r8.0
05 ar 05 24 /
H2'
4.0 -1.0
8.5 r8.5
0.5 4 0.3 14.0 13.5 13.0 12.5 12.0 1.5
0.0 M—.—w—o—o—o—q 0.0 4 V ®, - "H (ppm)
0.5 16 A7 0.5 T3 A4 Figure 6. 'H NOESY spectrum of the [d(TATGGTACCATAY[Fe,L3*+
o H2" w0 adduct showing the imino proton region.
0.5 T 0.5 - (a) the H6/H8-H1'/H5 region and (b) the H6/H8H2'/H2"'/
10 omer N\ A 004 N methyl region. To derive reliable NOE distances, the
25 4 A7 05 A conventional approach is to record a series of NOESY spectra
a0 H 10 with progressively longer mixing times and extrapolate initial
Figure 5. Helicate-inducedH NMR chemical shift differences of selected ~ relaxation rates. In the present case, the concentration of the
protons of (a) [d((TATGGTACCATA) and (b) [3-d(CGTACG)}. samples was too low to yield NOESY spectra with sufficient

) i ) signal-to-noise ratio at short mixing times 100 ms), and
pair. The terminal AT base pairs are not detected becauseye were constrained to work at these low concentrations
of NH exchange with bulk water at room temperature, pecause of precipitation problems at higher concentration.
commonly known as “fraying”. However, a qualitative comparison of intra- and inter-residue

Chemical shifts of key sugar protons of oligonucleotides NOE cross-peaks with those recorded for the native oligo-
are known to be sensitive to conformational changes, thatpycleotide shows that the FOT6 and AZA12 tracts
is, bending and twisting. However, for the helicate/DNA  represent regular B-form DNA. For the central TA residues,
adduct the observed variation in chemical shifts may be approximate protonproton distances were calculated based
induced either by conformational changes of the double- on cross-peak intensities obtained from the 200 ms NOESY
helical duplex, by being influenced by ring current effects spectrum. The T6H1'---A7—H8 distance was estimated at
generated by the proximity of the six bridging phenyl groups 5.3 A, almos 2 A longer than in regular B-form DNA.
of the helicate, or by both. Thus, the proximity of the  An additional experiment which indicates that only the
bridging phenyl groups prevents an unambiguous analysisTA part undergoes conformational changes is*#ReNMR
of these shift changes in relation to sugar conformation.  spectrum shown in Figure 8. Here, the phosphorus signal

Further information about the DNA structure can, in assigned to the T6'$hosphate group is shifted 0.5 ppm
principle, be inferred from NOE distance measurements. upfield with respect to the native duplex, while the other
Figure 7 shows expansions of two different regions of the phosphates experience only insignificant changes. These data
NOESY spectrum recorded fdr at 200 ms mixing time: indicate that each oligonucleotide strand is mainly located
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L 9 @ os
1.0 i
1.5 :
2.0
25 ~ \‘
b Figure 9. Three-dimensional structure of the fEg]*" - DNA complex!
[ o B on a known reference distance assuming that the helicate/
I° o % °. 057 o: DNA adduct undergoes an isotropic tumbling motias,
o s a C ) To calculate NOE distances involving the methyl group the
G4G—9 ,\'ﬂ i cross-peaks were scaled to the intra-thymine Mefb cross-
o T 1 | peak intensity. The fast spinning methyl protons are repre-
G5 - sented by a pseudoatom located at the center of the triangle
6 | g0 formed by the three protons. Calculations based on thymine
1; 0Coaiz f i proton crystal coordinates gives a pseudoateifi6 distance
9 ‘ o of 3.1 A which was used as refereri@@he NOESY cross-
Ia a . . ! s peak pattern for addu@ is, within experimental errors,
8.0 8.5 8.0 7.5 7.0 ppm practically identical to that of addudt
Figure 7. H 2D NOESY spectrum of the [d(TATGGTACCATAY) Comparison between the NMR and the X-ray Struc-

[FesLs]*t adduct showing the sequential pathway for the (a) H&&'/ _
H5 region and (b) the H6/H8H2'/2""/Methyl region. The NOESY spectrum ture of 2. The X-ray structure of the DNA supramolecular

was recorded at 293 K indD using a mixing time of 200 ms. Peaks labeled ~ Structure of2 is shown in Figure 9. The 3WJ is formed by
A, B,har:_d Ct COHr%eSpHOQId t;)ngtem?lerglélaé CCJ\(;;S-F)G%«’:\';S b:tvl\(/erlfl‘)TIG-dmgthyl three strands of the sequence(6GTACG) and forms a
?(r)]rdresgc;%?jeto the intranucleotide ’contgct betveléen T(S-pm(aalthy?a(reulj3 G5-H8 central trigonal hydmphOblc cavny. The p_henyl rlngs_ atthe
in the residual native oligonucleotide. center of the helicate form extensixestacking interactions
with the thymine and adenine bases at the junction. In this
]\ arrangement one phenyl ring in the bridge is stacked on
A /J‘ . ,\f\ \ thymine T3, whereas the second phenyl ring is stacked on
[\J \‘/ \‘wﬁ adenine A4. Because of the 3-fold symmetry of the helicate
J 3 which matches the 3-fold junction, this double stacking

"“:"":‘"f':ml I .Wﬂ’\.’ interaction is repeated 3 times.

! o,lso o‘lm _0!50 _1_|00 -1,|50 The strong ring current effects induced by extensive
Figure 8. 31P NMR spectrum of the helicate/[d(TATGGTACCATA)]  7-Stacking produce large upfield chemical shifts for the
adduct. aromatic protons of the bridging phenyl rings (see Table 3).

To make a detailed comparison of protgproton distances
within a typical Watsor-Crick duplex structure but that there  of the X-ray and NMR structures, the relevant hydrogen
is a distortion between the central A and T residues. The coordinates had to be added to the carbon atoms on the basis
distance measurements indicate that this is not a baseof appropriate hybridization since the positions of the
flipping-out effect but rather a more subtle bending which hydrogen atoms were not determined in the crystal structure.
moves the bases apart. Once again this is entirely consistenWith consideration of the relatively large error limits in NOE
with what would be expected in a three-way junction distances and the fact that the solution structure is expected
structure. to be more flexible and relaxed than that in the crystal, the

The NOESY map contains surprisingly few cross-peaks agreement between the NMR and X-ray structures is seen
corresponding to helicateDNA proton—proton NOE con- to be satisfactory (Table 4).
tacts @ < ~5.5 A). The main interaction is seen to involve  One additional observation in support of the close resem-
the thymine methyl group and the pyridylimine group of the blance between solid state and solution structure may be
bridging ligand. Additional cross-peaks are observed betweenmentioned. In the H6/H8H2/2" NOESY region (Figure
the methylene bridge protons and the sugar protor£2H2
of the thymine residue. NMR distances were calculated based(20) Nerdal, W.; Hare, D. R.; Reid, B. R. Mol. Biol. 2001, 717-739.
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Table 4. List of Key Intermolecular ProtonProton Distances from the to destabilize a normal duplex and consequently promote
NMR and X-ray Analysis, Respectively the formation of 3WJ. The transformation of a regular, stable

distances (&) NMR X-ray palindromic duplex to a 3WJ has to our knowledge never
T3-Me(ps)--H3 4.4 5.2 been reported to take place in solution.
T3-Me(ps)--H4 5.2 7.5
T3-Me(ps)--H7 3.9 3.6 Conclusions
T3-Me(ps)--H10 4.3 4.3
T3-Me(ps)--H11 4.4 4.7 We have presented a detailed NMR analysis of the

aHydrogen coordinates are added based on the X-ray data. DistancedNt€raction between a binuclear iron(ll) supramolecular
involving the methyl group are calculated assuming a pseudoatom for the helicate, [Fel 34", and two double helical oligodeoxyribo-
methyl protons. nucleotides. The composition of the adducts corresponds to
a 1:3 helicate/ssDNA ratio. The 2-fold symmetry of the
helicate is lifted while the 3-fold symmetry is retained. The

identical chemical shifts which can only be explained by o contacts between the helicate and DNA are compatible
invoking rapid endo/exo motion of the sugar atom-Tez. with a binding pattern where the helicate is positioned in a

This observation is in perfect agree.ment with the 3WJ crystgl trigonal symmetric environment. The bridging phenyl rings
structure where the electron density map shows no dens"tyexperience extreme chemical proton shifts induced by close

abo]:/e the no:sg level at this particular site because Ofn-stacking with the central nucleobases. The NMR solution
conformationa dliorder (private commllj'nfat;]on)% llowi data are in substantial agreement with the recently published

In summary, the NMR data establish the following v ta) structure of an adduct formed between the helicate
experimental facts: (i) the stoichiometry of the adduct for 545 \yhere the helicate is situated in the center of a three-

both1 and2 is cor.ws_i_stent with a 1:3 ratio between helicate . jnction. It is not unusual that molecular arrangement
qnd single strand; (ii) the 2-fo|d_symm_etry.0f__t_he _hel_lt_:ate IS of very high symmetry is preferred in crystallographic
lifted, but the 3-fold symmetry is retained; (iii) significant environment because of low crystal-packing energy. Thus,

chemical shift differences and NQE contacts .ar.e only it is remarkable that the high-symmetric trigonal form of the
observed for the central TA step in the duplex; (iv) the three-way junction is retained in solution. Previously, 3WJ

aromatic protons of the bridging ligands experiences dramaticconstructs have been engineered by introducing bulges,

chemical shifts consi;tlent with large ring cuTren'.[ perturba- ismatched, or both into the complementary sequences. This
tions. ?lnce a potential groove binding WOIU o:'fglvhe I’IS? fo is the first time a regular palindromic duplex has been shown
several NOE contacts and most importantly, lift the 3-fold , t5rm 5 3wy, A regular non-palindromic duplex does not

symmetry, the only structure compatible with the above |\, the apility to form the same type of 3WJ. The key
observation is a three-way junction with the helicate in the ¢oa4re in biomolecular DNA recognition motifs is the size

center. and shape of the molecular surface which matches to the

. Dtl\)llAJunctl((j)ns are unique structure_s tha:]conast o.f sev_eral size and shape of the DNA target and provide a variety of
ouble strands converging at one point. Three-way junctions recognition points. One may envision that the three-way

(3WJs) consisting of three double arms connected at they\ o junction structure is an appropriate target for design

junction point are the simplest and most commonly 0CCurting o 4 new family of ligands with a high structural specificity
branched nucleic acids. In RNA, they are involved in crucial and strong binding characteristics

biological functions such as splicifigand translatioi? In
DNA, 3WJs are formed transiently during DNA replication ~ Acknowledgment. This work was supported by the
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type 1 and Huntington’s disea®.3WJs are present in the Note Added after ASAP Publication. This article was

inverted terminal repeats of certain viral genoffeand are  gjeased ASAP on April 4, 2007, with incorrect artwork for

intermediate during phage genetic recombinatfén. Figure 8. The correct version was posted on April 19, 2007.
3WJs form flexible Y-shaped structures in the presence

of metal ions such as Mg. Previously, a NMR structure of ~ 1€062415C

a 3WJ model ha_s been _reported where stoichiometric Sample?ZZ) Nikulin, A.; Sarganov, A.; Ennifar, E.; Tishchenk, S.; Nevskaya, N.;
Of thl’ee non'pallndr0m|c StrandS (tWO 10-merS and one 12' Shepard’ WY Portier’ C’ Garber’ M.;.Ehresmann’ B’ Ehresmann’ C’
mer) were assembled in the presence of M§COne of 03 gl_ko?ovi SM D;n_ﬂéés, PfNatS _chtl- BI0E|52%30”72,02073—1§;7-79_89

the three arms contains two extra-helical residues which tendEMg ng;;?]g’thah Ve T B A et B..l llamgasekaree

Donne, D. G.; Gorenstein, D. @G. Biomol. NMR1999 14, 209—
(21) Guthrie, C.; Patterson, B\nnu. Re. Genet 1988 22, 387-419. 221.

7), one may notice that the F642'/2"" protons have almost
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