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A Caged Ligatable DNA Strand Break Scheme 1
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The construction of new DNA molecules for biological X hy HO OPOs
purposes relies heavily on the formation and ligation of sticky @E}} — (A E B)
ends terminating in'sphosphates and-Bydroxyls (Scheme 1. 0PO;™ OH
Self-assembly of complementary sticky ends followed by ligation  caged "sticky end” “sticky ends"
is also a basic step in the construction of unnatural nanoscaled

_4 i i Al . g . .
(I:DoNrr'?\ usttirr]ug%tvgrliémualltri]gtem B?Vrflgaﬁggg%i?uistiotg I?tNé\ gf"’t‘Zﬁd can be used to site-specifically introduce such a caged break into
advallonta e'o s 1o tie to gther the ends of the straﬁds of s nthetiCoIigonucIeotides, and further demonstrate that the break can be
geou 9 Yy enzymatically ligated. Such a caged ligatable strand break could

'r?]teigp?g't?]tei’ In lhalrpl?ﬁllooig?. r;h%iatbsen%% %f indsit helpsiblto be used to produce sticky ends of any desired length or sequence,
ainta € topology ot the intermediates, a aKes It possIDIe; , o structure-independent manner.

to remove unreacted starting material and incompletely ligated The design of a building block for caging a ligatable strand

molecules by degradation .W'th gxonycleases. St'.Cky ends are th.erbreak was based on two criteria: (1) that it would be sequence
generated at the appropriate time in a synthetic sequence WIthindependent and (2) that it Would be compatible with standard
restriction enzymes. There are, however, inherent limitations to DNA synthesis chemistry. We had previously developed a

using r_estriction enzymes to produce sticky ends_. First, most building block based ono-nitrobenzyl photochemistry that
restriction enzymes produce self-complementary sticky ends not released a 'Sphosphate upon 366 nm irradiatighand simply

”:.of thag fc;ErtnucIelc:jtiges int!engljtp, &:Rd n?tgtpe lolr]lg asymrtr:letri? needed to add functionality to trigger the release of th©3.
sticky engs that would be optimal Tor the stable Seli-assembly of \yhereas it is very difficult to displace-®H’s from negatively

unique structures in DNA nanoconstruct%Seeman_ and co-. charged phosphodiesters, neutral alkyl phosphotriesters containing
workers have reported a method to add short extensions to sticky B-hydroxyl group are known to rapidly release an alkoxide

ends, gm It tI)SI Iabqucitlis tanbd involves fﬂl;]ee.’ en_zymatlg s‘ite!pst. ligand at pH 7 with a half-life of about-12 h at room temperature
second problem 1S that, because of their siz€ and SUCture, o 5, molecular displacement by thfiehydroxyl groupt®-15
restriction enzymes are sensitive to the local environment and Unfortunately, with a phosphotriester, either of two alkoxide
may not cleave efficiently or even fail to function for certain ligands could’be displaced. It was exfoected, however, that the

0
strg(;]tgrejr.]eral solution to the problem of generating sticky ends corresponding methyl phosphonates, which can only release a
9 u P 9 9 y single alkoxide ligand, would react even faster based on the

ic;{cc?rmc/)réfiggtir: in% ;ﬁgﬁeir:mcliowf/)vli]tlg abehott% cﬁiggbtlze rgggrsg?/ hydrolysis rates of simple phosphonates in comparison to phos-
P 9 P P p P photriesters® Based on these considerations, we designed the

to a 3-phosphate and a-Bydroxyl (Scheme 1, bottom). This building block1 (Scheme 2) that was expected to photochemically
strategy would also have the advantage of substantially reducmgrelease a"30H and a 5phosphate when incorporated into an

the length of the intermediate DNA molecules required in a _: ; . ; ) <
synthesis. Though there have been several reports of photochemi-cz)lIgonucmonde with a commercially available phosphonamidite

i 12
cally triggered DNA strand breaks;? there have been no The synthesis of building block s outlined in Scheme 3. To
examples of methods for directly phototriggering the simultaneous test the efficiency of photoinduced formation of atgdroxyl

formation of 3-hydroxyl and 5-phosphate termini. Herein, we : o
. ; . o and B3-phosphate terminated break, the building block was
report the design and synthesis of the first building block that incorporated into position 13 of the 21-mer by standard automated
* To whom correspondence should be addressed. Phone: (314) 935-6721.DNA synthesis, and the methylphosphonate of T into position
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eeman, N. CAngew. em., Int. y . i _32] -
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(6) Maley, C. C.Evol. Comput.199§ 6, 201-29. now fragment ofE. coli polymerase | to give 22-me&3h.’® The
(7) Seeman, N. CJ. Theor. Biol.1982 99, 237-47. gel-purified end-labeled oligonucleotides were then annealed to

(8) Zhang, Y.; Seeman, N. Q. Am. Chem. S0d.992 114, 2656-63.

(9 Liti F- Wang, H.- Seeman, N. Glanobiologyl993 4. 257262 the eventual ligation scaffold3 to form duplexes.

(10) Zhang, Y.; Seeman, N. 0. Am. Chem. S0d994 116, 1661-9. Irradiation of the duplex containing-&nd labele®awith 365
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9571. (Figure 1a). Likewise irradiation of the duplex containiriegedd
435()%5)4%01\Nn, D. M.; Magrath, D. I.; Todd, S. A. RL. Chem. Soc1955 labeled9b resulted in the formation of a single major band (91%)

(14) Con'rad, J.; Mueller, N.; Eisenbrand, Ghem.-Biol. Interact1986 th‘?‘t comigrated with the eXpeCted@OSphorylated 9-_mék1b
60, 57—65. (Figure 1b). In another set of experiments cleavage yields of 96%

(15)|Pett<(ejrsson, IIE Bgrgmark, E.; Rannug, U.; Ehrenberg, L.; Stroemberg, and 97% were obtained. The lower mobility bands formed during
R. Nucleosides Nucleotidel995 14, 753-7. i iati i i i

(16) Kluger R.: Taylor, S. DJ. Am. Chem. S0499Q 112, 6669-6671. |rrad|at|qn presumably correspond to the intermediates in the

(17) Agrawal, S.; Goodchild, Jretrahedron Lett1987 28, 3539-3542. sequential photolysis pathway (Scheme 2). As expected for a

(18) Hogrefe, R. I.; Vaghefi, M. M.; Reynolds, M. A;; Young, K. M.;  strand break terminating in a-Bydroxyl and a 5phosphate, the
Arnold, L. J., Jr.Nucleic Acids Res1993 21, 2031-2038. strand break produced from theénd labeled substra@a was

(19) Sambrook, J.; Fritsch, E. F.; Maniatis, Molecular cloning: A . .
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Scheme 2 a. 365 nm b. 365 nm
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S-p*ATAAGATTGACTxCGTGCCTA-¥ 5“ATAAGATTGACTxCGTGCCTAp*A-3'
3 TCTAACTGA GCACGGAT-5' 3-TCTAACTGA GCACGGAT-S'
Figure 1. Photoactivated cleavage (pH 7.0) and ligation of 83 nM (a)
5'-end labeled 21-me&Jaor (b) 3-end labeled 22-medb in the presence

of an equimolar amount of the 17-mer templat (shown below the
figure). Irradiation with 365 nm light was conducted &t®with a hand
held UV lamp (720uW/cn¥ at 3 in.) and aliquots were taken at the
indicated times in minutes. Lane L: Ligation of photocleaved products
using T4 DNA ligase and ATP for 16 h at 26 after 32 min of irradiation
and 2 h atroom temperature. Lane S: Authentic[%?P]-labeled10ain
panel a, orl1bin panel b. Lane E: Ligation in the presence of 5 equiv
of nonradioactivel 1ain panel a orlObin panel b. Lane C: Ligation of
authenticl0aand 5 equiv oflL1lain the presence of the template. Band

| in lane L of panel b is presumably the'-BMP derivative of
d(pCGTGCCTAA) that forms as an intermediate in the ligation reaction.

respectively. The second band is presumably th&N8P deriva-
tive of d(pCGTGCCTAA) that forms as an intermediate in ligation
reactions and can sometimes be deteétéWhen additional
authentic unlabeledOb was added, the ligation could be driven
almost completely to the fully ligated product (Lane E). These
results verify that the two oligonucleotides produced in the
Scheme 3 photolysis reaction are indeed terminated in the expect€a3

or 5-phosphate and can be fully ligated under driving conditions.

No2 1)K2003 NO, OR OH BO, In summary, we have reported the first caged ligatable DNA
©)\ @J\ 2)NaBH strand break, which could be used to cage DNA sticky ends of
oty arbitrary length, sequence, and symmetry, as well as other

structures, that would be useful for DNA nanoconstruction, and

o SR=H R . .
a) TsCl, TEA, DMAP . a4s% [, 10”0 possibly DNA computation. Because the breaks are phototriggered
0 ga:gf%':j?‘ ::icf :,Cao c b4o% [, 7 R = CH,CH,0H they could also be used to spatially address the assembly and
? 'N(. : )'2’ ' :’)222’/: — BR CHzCH,ODMT ligation of DNA. The spontaneous release of an alcohol from a
2 -hydroxyphosphon neutral pH and room temperature m
) Cl—P | CH,Cl,, TEA p-hydroxyphosphonate at neutral pH and room temperature may

also be useful for caging other substrates, or for prodrug design.
DNA strand breaks terminating in a'-Bydroxyl and a 5
phosphate are also important intermediates in the replication,
repair, and recombination of nucleic acfdg3The ability to cage

OCH,CH,CN

o
Il 1
R{OH + HO-P—OR, 3880 g,0-p—q

pH7 . S
% CHs ligatable breaks may also be expected to aid in the study or
10 " 8 application of these processes by affording a method for photo-
a Ry = d(p*ATAAGATTGACT) Ry = d(CGTGCCTA) triggering the formation of such breaks in vitro and in vivo.
b Ry= d(ATAAGATTGACT) R, = d(CGTGCCTAp*A)
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