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The study of energy and electron-transfer processes through

DNA duplexes and the development of DNA hybridization probes Figure 1. UV—vis spectra of compoundsand|l.

and electrochemmg! sensors have result(_ed in the incorporationg hame 1.Synthesis of Phosphoramidités and IV
of numerous transition-metal complexes into DNA oliognucle-
otides. These include ruthenithosmium?2c2iron 3 rhodiumid4 Q
and copper complexésFerrocene (Fc) and its derivatives are HN)j—I
attractive electrochemical probes because of their stability and N W= Pd(dba)yPPhyCul

O
; ; ; ) o ; _ DMTO o
convenient synthetic chemistry. Fc-containing DNA oligonucle TQ] N Fe DME/DIPA/ 55 °C

otides have been prepared by attaching ferrocenyl moieties to the
5" termini through either solid-phase synthesis using phosphor- O( § i]:e
N >
OA\N

OH o
amidites or by reacting suitable ferrocenyl derivatives with end- o o
functionalized oligonucleotides. J 1 T

0=\ - .

DMTO
Our efforts have focused on ways to develop microsensors for bMTO— 5 ©
electronically detecting nucleic acids where we are particularly —Q I
interested in site-specific incorporation of ferrocenyl derivatives OH 1 O‘f
into DNA oligonucleotide$:® Here, we report the design and [(iP1);N],POCH,CH,CN [(iPr);N],POCH;CH,CN
i - ini idi 91 %)| (i ) : (95 %)| (iPr),NH Tetrazolide
synthesis of new Fc-containing phosphoramiditél$ IV) (iPr);NH Tetrazolide CHCL
(Scheme 1) in which ferrocences are conjugated to the nucleobase C;{ZClZ o
of dU through an unsaturated bond. By utilizihg andIV and Fe
automated DNA/RNA synthesis techniques, Fc derivatives can j’i = T j\ =
be incorporated into any position of the DNA sequehce. DMTO % N = DMTO % N
Under the Sonogashira coupling reaction conditi¥ngc w
acetylené' was coupled to '50-DMT-5-iodo-dU?? as shown in 111 v
Scheme 1. Surprisingly, two products were isolated from this Q 9
. PO . Po
T Clinical Micro Sensors, Inc. (IPr)zN"" "O(CH,CN (PN "O(CHo,CN
* California Institute of Technology.
- él)z(gg '\(/lbe)alge_(,j T. é.;SKa)'\/}I/en&, Jﬁ_W:]nggw-lCheméhlnt- E)%gglgggz% reaction using silica gel and HPLC. The products were character-
— . riaer, e. S.; Meade, |. J. Blo. Inorg. em s H 1 i 3 1
225. (c) Huriey, D. J.: Tor, YJ. Am. Chem. Sod998 120, 21942195, (d) ized by 'H NMR, MS, and UV-vis analyses® The *H NMR
Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossmann, S. H.; Spectrum ofl (DMSO-Us) reveals a peak at 11.72 ppm that
lurror.] NE.)J.é; I,Brslrtanl_,| JI. Kgﬁ_encil?gfgggzséogﬁggg- (e) Meggers, E.; disappears after exchange with@ This is indicative of the
usch, D.; Gles, elv. Im. AC A ) . H
(2) Holmlin, R. E.; Yao, J. A.; Barton, J. Knorg. Chem 1999 38, 174 amide proton of dU. In contrast, compoulichas a peak at 5.58
189. ppm consistent with a vinyl proton, and showed no peaks beyond
c (3) (@) T&g lTé;0 l&liaexi%mg),)l\flh; Mur$taiVIM.; Nal\((an% E MEedgGV#enlz. 10 ppm. The structures of the two isomers were assigned (Scheme
ommun A . ara, |.; Maruo, Y.; lakenaka, s.; lakagl, H P H
M. Nucleic Acids Resl996 24, 42734280, (c) Mudic, R. C.. Herriein M.~ 1) On the basis ofti NMR spectra. U-vis spectra are consistent
K.; Mirkin, C. A.; Letsinger, R. L.Chem. Commurll996 555-557. with the assigned structures (Figure 1). For the cyclitethree
(4) (a) Hall, D. B.; Barton, J. KJ. Am. Chem. Sod 997, 119, 5045~ absorption bands with the longest wavelength at 352 nm can be
29a6- (b) Hall, D. B.; Holmin, R. E.; Barton, J. Wature 1996 382, 731~ explained by the enhanced conjugation between Fc and the
(5) Bashkin, J. K.: Frolova, E. I.: Sampath, . Am. Chem. Sod 994 unsaturated moiety through a conjugated five-membered ring. In
116, 5981-5982. contrast, | exhibits two absorption bands with the longest
(6) Yu, C. J.; Chong, Y.; Kayyem, J. F.; Gozin, M. Org. Chem1999 Wavelength at 280 nm
4, 2070-2079. h - . L
° ’(7§)c?éage3 S.E.; Yu, C. J.; Bamdad, C.; O'Connor, S. D.; Maclean, T.; _ The ratio of the two isomers is dependent on the reaction time.
Lam, Ii Chong, Y.; Olsen, G. T.; Luo, J. Y.; Gozin, M.; Kayyem, JJF. For short reaction time$,was obtained with no detectable amount
Am. Chem. Sod999 121, 1059-1064. i i i i i
(8) Wilson. E. K.Chem. Eng. News998 May 25, 47-49, of II, Wh|IIe long realctllon times lead tollsuk:.)stannal formation of
(9) The application of these Fc-containing oligonucleotides to electronic ! - TO rule out catalytic promoted cyclization ofto II, | was
detection of nucleic acids is the subject of a forthcoming report. heated to 55C in DMF/TEA and was cleanly converted intio
44 500) Sonogashira, K.; Tohda; Hagihara, Tetrahedron LettLo75 4467 as monitored by HPLC. Finally, bothand Il were converted
(1i) Doisneau, G.; Balavoine, G.; Fillebeen-KhanJTOrganomet. Chem into their corresponding phosphoramiditdf (and IV) using
1992 425 113-117. standard reagents and procedures (Scheme 1).
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1998 26, 3127-3135. (13) See Supporting Information for experimental details.
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Il andlV were incorporated into DNA oligonucleotides using Scheme 2.Proposed Mechanism for the Cyclization Reaction
automated DNA/RNA synthesis techniquésihe target DNA

o
oligonucleotides,D1-D7, are purified by HPLC. Two Fc- PN o
modified oligonucleotided)3 (containinglll ; calcd MS 4774.78, Oj“\ ] " N =
N o) N
o v

found 4775.90) an®4 (containinglV ; calcd MS 4774.78, found &
I

e}
4776.50), were characterized by MALDI-TOF MS and illustrate © ) 0
. . h Amine/Heating
successful incorporation of Fc into DNA. OpenForm —— — ~. Cyclized Form

(0]

DI 5’-ACC ATG GAC TCA GAT-3’ f ~HN'RR:R; fo +HN'R|RR; ‘
D2 5-ATC TGA GTC CAT GGT-3’ o °
D3 5°-ATC (IIGA GTC CAT GGT-3’ /\ e
D4 5’-ATC (IV)GA GTC CAT GGT-3’ N;jﬂf__@ N 5
D5 5-ATC AGA GTC CAT GGT-3’ L Fo By |
D6 5’-ACC ATG GAC TCG GAT-3’ S — %/ N

5

D7 *.ATC CGA GTC CAT GGT-3’ WO\@ MO‘@
The thermal denaturation curves of four pairs of DNA hybrids o v o Vi
D1:D2 (perfect match)P1:D3 (lll at the 12th position)p1:D4 f f
(IV at the 12th position)D1:D5 (AA mismatch at the 12th
position)] were obtained (Figure S¥® The data derived from

the thermal denaturation curves clearly indicate that the melting a triple bond was preparéé.However, the formation of the
temperaturesT,) of D3 (48.0°C) andD4 (48.2°C) are similar, cyclized products during either Sonogashira coupling reactions

but more than 5 deg lower than that of a perfect maizh 63.7 or DNA cleavage and deprotection has not been reported. Robins
°C). This destabilization is very close to that observed for a single and Bar#* observed that prolonged treatment of 5-hexynyl dU
mismatch in an oligonucleotide (e.d5; T, = 47.7°C). with HgSQ/aqueous dioxane or treatment of the same compound

However, wherD3 or D4 is hybridized toD6 where the Fc- with Cul/hot TEA/methanol gave the corresponding cyclized
containing moiety is paired to dG at the 12th position, it is found product in 36% and 82% yield, respectively. These results indicate
that theT,, value of eitherD3:D6 or D4:D6 was enhanced from  that the cyclization reaction is catalyzed by metal ions under harsh
48.0°C to 56.5°C, which is higher than that of a perfect match conditions. However, our observations suggest that nucleophilic
(D1:D2, 53.7°C). By comparison td, values of the GC perfect  cycloaddition to the ferrocenylethynyl moiety under standard Pd-
matched hybrids 36:D7, 60.7 °C) and the GT mismatched catalyzed coupling or basic conditions proceeds smoothly without
hybrids ©2:D6, 52.4°C) (Figure S3)2 we can conclude that  catalyst in contrast to results observed by Robin and Barr.
the Fc-containing moiety behaves more like dC and prefers to  The results reported here are the first observation of cyclization
hybridize to dG instead of dA. of dU base under basic conditions without catalyst. We propose

These thermal study results prompted us to examine the favoreda mechanism for which the cyclization reaction occurs in amine-
structure of the Fc moieties when covalently attached to DNA. containing solution as shown in Scheme 2. An amine attracts an
To address this question, enzymatic digestiori3®andD4 were imide proton from dU to form an oxy-anion intermediateThis
performed to isolate and characterize the modified nucleosides.oxy-anion intermediate undergoes intramolecular nucleophilic
A cocktail of enzymes including S1, P1 endonucleases, or snakeaddition to the triple bond to form the carbanigh. Back proton-
venom phosphodiesterase 1, and bacterial alkaline phosphatas@ansfer of carbaniorvl from the ammonium salt gives the
were found to be capable of digesting the Fc-containing oligo- cyclized product. We postulate that other bases such as KOH and
nucleotides. HPLC and UVvis analyses of the digest showed NaOH might function similarly.
that standard nucleosides were cleanly separated from the The mild condition required for this cyclization can be

modified Fc nucleoside’. We suspect that incomplete dephos-  attributed to G=C bond activation by the ferrocenyl group, a
phoration of the Fc-containing nucleotide and the poor solubility feature that dramatically accelerates nucleophilic attack by the
of Fc-containing nucleoside are responsible for the multiple peaks gxy-anion. The mechanism we propose is consistent with other
observed in the HPLC analysis. substrates involving similar ring closure reactions in basic nédia.
These results do not unambiguously confirm the structural |, summary, two new Fc-containingl and IV compounds
identity of the modified nucleosides. Therefore, two water-soluble have been syn'thesized and successfully incorporated into DNA

dimers, 5-(IV)T-3', and S-(IIl )T-3', were prepared and HPLC  5}iqoncleotides. Following examination of the UVis spectra

analysis revealed that these dimers had identical retention times, 4 HPLC profiles of the two water-soluble DNA dimers, it was
and identical UV-vis spectra (Figure S6Y.By comparing the .

. ; . found thatlll was cyclized intolV during DNA cleavage and
dimers’ UV—vis spectra to that of andll, we concluded that  yenrtection and an unexpected cyclization reaction of dU in basic

the Fc moiety of the modified oligonucleotides existed exclusively meqia without catalyst was observed. The thermal studies on these
in the cyclized forms regardless of whethi#ir or IV was used £ containing DNA oligonucleotides indicated that the cyclized

in DNA synthesis. On the basis of this observation we conclude g¢_containing moiety has a preference to hybridize to dG instead
that compoundll is cyclized intolV during the standard DNA ;¢ 4a

cleavage and deprotection process.
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