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Watson-Crick base pairing organizes DNA duplex formation

necessary for genetic information storage in biological systems.

DNA and RNA templates also direct the specific binding of

J. Am. Chem. So@001,123,8618-8619

Scheme 1.Template-Directed MetallosaletdDNA Assembly
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nucleotide substrates during diverse enzyme-catalyzed reactions *3a(DNA), SPACER=TT or 3b (RNA), SPACER= UU.

in replication, transcription, and DNA repair pathways. Recently,

nucleic acid recognition properties have been extended to non-
biological systems, where DNA base pairing has been used to

drive the template-directed chemical ligation of oligonucleotides
and the assembly of nanostructures and novel matérials

We have been interested in expanding the versatility of nucleic
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acid base pairing for the addressable synthesis of bioconjugates 3

in agueous solution. Metallosale®NA (4, Scheme 1) represents

an ideal system to demonstrate the concept of nucleic acid
template-directed molecular synthesis. Salens, which are con-
structed from two salicylaldehydes and a diamine, serve as ligands

for a broad range of metal ions. Many metallosalens are
compatible with aqueous conditicrend have demonstrated utility
as DNA cleavage reagefitand versatile catalysts for enantiose-
lective transformation&> Template-directed synthesis of metal-
losalerr-DNA conjugates offers a unique approach to a new class
of meta-DNA hybrids. Metat-DNA conjugates previously have
been employed as probes of DNA structure and electron trehsfer,
“chemical nucleases” for targeted nucleic acid cleavagad

*To whom correspondence should be addressed. E-mail:
sheppard@chem.northwestern.edu.

(1) Xu, Y.; Kool, E. T.J. Am. Chem. SoQ00Q 122, 9040-9041 and
references therein. Xu, Y.; Karalkar, N. B.; Kool, E. Nature Biotechnol.
2001, 19, 148-152. Zhan, Z.-Y. J.; Lynn, D. GJ. Am. Chem. So0d.997,
119 12420G-12421. Gryaznov, S. M.; Letsinger, R. . Am. Chem. Soc.
1993 115 3808-3809. Fedorova, O. A.; Gottikh, M. B.; Oretskaya, T. S.;
Shabarova, Z. ANucleosides Nucleotidel996 15, 1137-1147. Fujimoto,

K.; Matsuda, S.; Takahashi, N.; Saito,Jl.Am. Chem. So@00Q 122, 5646~
5647.

(2) Waybright, S. M.; Singleton, C. P.; Wachter, K.; Murphy, C. J.; Bunz,
U. H. F.J. Am. Chem. So@001, 123 1828-1833. Taton, T. A.; Mucic, R.
C.; Mirkin, C. A,; Letsinger, R. L.J. Am. Chem. SoQ00Q 122 6305—
6306. LaBean, T. H.; Yan, H.; Kopatsch, J.; Liu, F.; Winfree, E.; Reif, J. H.;
Seeman, N. CJ. Am. Chem. SoQ00Q 122 1848-1860. For reviews see:
Storhoff, J. J.; Mirkin, C. AChem. Re. 1999 99, 1849-1862. Seeman, N.
C. Synlett200Q 1536-1548.

(3) For examples see: (a) Tokunaga, M.; Larrow, J. F.; Kakiuchi, F.;
Jacobsen, E. NSciencel997, 277, 936-938. (b) Hashihayata, T.; Ito, Y.;
Katsuki, T.Tetrahedronl997, 53, 9541-9552. (c) Ganeshpure, P. A.; Satish,
S.Chem. Commuri988 981-982.

(4) Hickerson, R. P.; Prat, F.; Muller, J. G.; Foote, C. S.; Burrows, C. J.
Am. Chem. So0c1999 121, 9423-9428. Mandal, S. S.; Varshney, U.;
Bhattacharya, SBioconjugate Chenil997 8, 798-812.

(5) For examples see: Martinez, L. E.; Leighton, J. L.; Carsten, D. H.;
Jacobsen, E. NI. Am. Chem. S0d.995 117, 5897-5898. Uchida, T.; Irie,
R.; Katsuki, T.Tetrahedror200Q 56, 3501-3509. Sigman, M. S.; Jacobsen,
E. N.J. Am. Chem. So&998 120 5315-5316. Adam, W.; Fell, R. T.; Mock-
Knoblauch, C.; Saha-Moeller, C. Retrahedron Lett1996 37, 6531-6534.

(6) Meade, T. J.; Kayyem, J. Angew. Chem., Int. Ed. Engl995 34,
352-354. Hurley, D. J.; Tor, YJ. Am. Chem. S0d.998 120, 2194-2195.
Khan, S. I.; Beilstein, A. E.; Tierney, M. T.; Sykora, M.; Grinstaff, M. W.
Inorg. Chem1999 38, 5999-6002. Lewis, F. D.; Helvoigt, S. A.; Letsinger,
R. L. Chem. Commurl999 327—328. Williams, T. T.; Odom, D. T.; Barton,
J. K.J. Am. Chem. So200Q 122 9048-9049.

(7) Magda, D.; Crofts, S.; Lin, A.; Miles, D.; Wright, M.; Sessler, J.J..
Am. Chem. Socl997 119 2293-2294. Hall, J.; Hsken, D.; Haer, R.
Nucleosides Nucleotide$997 16, 13571368. Dubey, |.; Pratviel, G.;
Meunier, B.J. Chem. Soc., Perkin Trans.2D0Q 3088-3095. Bergstrom,
D. E.; Gerry, N. PJ. Am. Chem. S0d994 116, 12067-12068. Daniher, A.
T.; Bashkin, J. KChem. Commuri.998 1077-1078. Dreyer, G. B.; Dervan,
P. B.Proc. Natl. Acad. Sci. U.S.A.985 82, 968-972.

10.1021/ja0162212 CCC: $20.00

Scheme 2
BzO o
BzO O
q “o6% E
N(IPI’)2
8 é(on)ch

Key: (@) HO(CI—&)30H, acidic alumlna, PhCH reflux; (b) NaOH,
BzCl, THF; (c) [(-Pr):N];POCHCH,CN, (-Pr);NH2:CHNj, CH,Cl,.

scaffolds for metal-mediated base pairing matifehus, metal-
losalen-DNA may offer a new bioconjugate platform for DNA-
organized materials, nucleic acid cleavage and detection strategies,
and in vitro evolution of novel ribozymes and deoxyribozyrhes.
Our approach to template-directed synthesis of metallosalen
DNA is illustrated in Scheme 1. The DNAmetallosalen building
blocks consist of two DNA oligonucleotides modified, at either
the 3 or 5 end, with salicylaldehyde moietied @nd 2). The
modified strands are aligned on a complementary nucleic acid
template 8), bringing the salicylaldehyde groups into proximity
in a duplex. The metallosalen conjugate then is assembled by
addition of an appropriate metal and diamine. Herein we report
the efficient DNA and RNA template-directed synthesis and
characterization of purified metallosaleBDNA conjugates.

A salicylaldehyde phosphoramidit®, (Scheme 2) was syn-
thesized as a precursor to salicylaldehy@®NA conjugatesl
and2, necessary for metallosatleDNA assembly. The protecting
groups for8, including a benzoate ester for the phenol and a 1,3-
dioxane for the aldehyde, were chosen for their compatibility with
DNA synthesis and postsynthetic deprotection. Starting from
known salicylaldehyde derivativg,!° dioxane6 was prepared
by alumina-catalyzed acetalization. Direct benzoylatio6 with
benzoyl chloride afforded, which was converted to phosphor-
amidite 8 by standard methods.

Oligonucleotide? was synthesized by DNA phosphoramidite
chemistry (3to-5), using 8 in the final coupling step. Oligo-
nucleotidel, bearing a 3terminal salicylaldehyde, was produced
by 5-to-3 DNA synthesis using commercial nucleoside 5
phosphoramidites. Standard DNA deprotection with concentrated
ammonia removed the phenolic benzoate group, and subsequent
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Figure 2. RP-HPLC analysis oNi-4 nucleoside/Ni-salen enzymatic

digestion products. dU, deoxyuridine (internal standard). dl, deoxyinosine.
* peak present in the digestion blank.

Figure 1. Gel electrophoresis assay of metallosal®NA assembly.
(Lane 1) 10 bp marker. (Lanes-B) Mn assembly reactions at pH 8.0
for 1 h. (Lane 2) All components: Mn(OAg)1, 2, and3b, EN. (Lane

3) —EN. (Lane 4)—Mn(OAc),. (Lane 5)—2. (Lane 6)—3b. (Lane 7)
Ni(ll) assembly reaction with all components at pH 6.5 for 24 h. (Lane
8). LabeledLl. All reactions included 10 mM buffer (HEPES for Mn and
MES for Ni) and 150 mM NacCl.

template, 3b.24 Following Mn-4 assembly with3b, selective
RNase H digestion of the RNA template strand of the DNA/RNA
hybrid facilitated the purification din-4. After isolation,Mn-4

was stable in buffered aqueous solutions for several days at 25
°C. MALDI-TOF characterization of purifietin-4 provided the
mass expected for metalatdth-4 ([M] ~ calcd, 9773.35; found,
9772.83). To verify the base and salen compositMn;4 was
subjected to nuclease digestion and quantitative RP-HPLC
analysist®> The component nucleosides and salen ligand were
present in the ratios expected figin-4.16

Metallosaler-DNA conjugates containing Ni(ll)Ni-4) were
assembled by an analogous template-directed straiglywas
synthesized using 2M each of1, 2, and3a (or 3b), 300 uM
Ni(OAc),, and 150uM EN at pH 6.5.Ni-4 assembly proceeded
in 74% yield at 37°C in 24 h (Figure 1, lane 7. MALDI-TOF
MS characterization ([M] of Ni-4 calcd, 9777.06; found,
9777.64) verified the identity of the metaDNA conjugate Ni-4
was further characterized by enzymatic digestion to deoxynucleo-
sides and Nisalen, which were present in the correct ratios for
4 as shown by quantitative RP-HPLC analysis in Figure 2.

We have demonstrated the efficient nucleic acid template-
directed synthesis and characterization of a new class of metal
DNA conjugates, metallosalebDNA. The chemical diversity of
metallosaler-DNA assembly processes and the applications of
these metatDNA hybrids currently are under investigation.
Nucleic acid template-directed molecular synthesis offers a
powerful approach for the addressable synthesis of new DNA
bioconjugates, which may offer significant potential for applica-
tions including targeted nucleic acid cleavage, biosensors, and
catalysis.

incubation in 15 mM NaOAc/HOAc buffer (pH 4.0) f@ h at
37°C cleaved the dioxane group to the aldehyde. Oligonucleotides
1 and?2 were purified by denaturing polyacrylamide gel electro-
phoresis (PAGE) or reverse-phase HPLC (RP-HPLC), and their
identities were confirmed by matrix-assisted laser desorption time-
of-flight (MALDI-TOF) mass spectrometry (fot: [M]~ calcd,
4860.17; found, 4860.86; fa2: [M]~ calcd, 4835.15; found,
4835.37).

The DNA template-directed assembly of a Mmetallosaler
DNA conjugate ¥n-4) is demonstrated in Figure 1. Assembly
reactions were monitored by gel electrophoresis using radiolabeled
1 strand as a tracer; metallosaleDNA formation was reflected
in a shift of the labeled strand to lower gel mobility upon
conjugation. When DNAL and2 were annealed to templaga
and incubated fol h at 37°C in the presence of 100M
ethylenediamine (EN) and 400M Mn(OAc),;, a new DNA
complex, corresponding t¥in-4, was produced in~65% yield
(Lane 2). Removal of assembly components EN (lane 3) or strand
2 (lane 5) prevented complex formation. In the absence of
manganese (lane 4)4% maximum yield of unmetalatetiwas
observed. Most importantly, DNA templatéa (lane 6) was
required for the assembly reaction. While the templated reaction
was complete in 1 h, untemplated complex formation was
detectable only after 8 h. Taken together, the results in Figure 1
demonstrate that metallosatleDNA formation is DNA template-
and metal ion-dependettTwo additional contributors tvin-4
assembly efficiency were the identity of the template spacer units
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