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ABSTRACT

Non-enzymatic, template-directed ligation of oligo-
nucleotides in aqueous solution has been of great
interest because of its potential synthetic and biomedical
utility and implications for the origin of life. Though
there are many methods for template-directed chemical
ligation of oligonucleotides, there are only three
reported photochemical methods. In the first report,
template-directed photoligation was effected by
cyclobutane dimer formation between the 5 '- and
3'-terminal thymidines of two oligonucleotides with
>290 nm light, which also damages DNA itself. To make
the photochemistry of native DNA more selective, we
have replaced the thymidine at the 5 '-end of one
oligonucleotide with 4-thiothymidine (s 4T) and show
that it photoreacts at 366 nm with a T at the 3 '-end
of another oligonucleotide in the presence of a
complementary template. When a single mismatch is
introduced opposite either the s 4T or its adjoining T,
the ligation efficiency drops by a factor of five or more.

We also show that by linking the two ends of the
oligonucleotides together, photoligation can be used

to form circular DNA molecules and to ‘photopadlock’
circular DNA templates. Thus, s 4T-mediated photo-
ligation may have applications to phototriggered anti-
sense-based or antigene-based genetic tools, diagnostic
agents and drugs, especially for those situations in
which chemical or enzyme-mediated ligation is
undesirable or impossible, for example inside a cell.

INTRODUCTION

explored the possibility that light may have served as a prebiotic
ligase, ligation was effected by photochemically induced
cyclobutane dimer formation between the termini ofddligo-
deoxyribonucleotides in the presence of a poly(dA) template.
Unfortunately, >290 nm UV light was required to effect
photoligation, conditions which would also cause photoproduct
formation at other sites. In contrast to the photochemistry of
thymidine, 4-thiothymidine () is photoreactive at 366 nm, a
wavelength which does not significantly damage normal DNA or
RNA and which is consequently not lethal or mutagenic to cells
(28). Because of its selective photochemistdf $ias been
extensively used as a photoaffinity probe or a crosslinker to study
the secondary and tertiary structure of nucleic agieis3@). Of
particular relevance to photoligatioAT 1as been shown to form
various covalent adducts with a-flanking thymidine in a
dinucleotide (Figl) (34). Herein, we wish to report the use 8F s

in the template-directed photoligation of individual and tethered
oligonucleotides.

MATERIALS AND METHODS

Acetonitrile (anhydrous), acetic anhydride/2,6-lutidine/THF
(capping reagent A), 1-methylimidazole/THF (capping reagent B),
tetrazole/acetonitrile (activation reagent), trichloroacetic acid/
dichloromethane (DMT deprotection reagent) and DNA synthesis
grade deoxynucleoside (A, G, C and T) CED phosphoramidites
were from Glen Researci&Pivaloyloxymethyl-4-thiothymidine
CED phosphoramidite and hexaethylene glycol CED phospho-
ramidite were synthesized according to published procedures
(35,36). Another 4-thiothymidine building blocks-cyanoethyl-
4-thiothymidine CED phosphoramidite, is available commercially
from Glen Research. Bacteriophage M13mp18 DNA, T4 DNA
ligase and T4 polynucleotide kinase were purchased from New

Non-enzymatic, template-directed ligation of oligodeoxyriboEngland BioLabs. Phagemid pSVK3 was from Pharmacia and
nucleotides and oligoribonucleotides in aqueous solution h&s-32P]JATP was from Amersham. Reversed phase HPLC
been of great interest because of its potential synthetic apdrifications were performed on a Rainin Dynamax C-liéneol
biomedical applications and its implications for the origin of life UV spectral data were acquired on a Bausch and Lomb Spectronic
Various template-directed chemical ligation reactions have bed0801 spectrophotometer interfaced to an IBM personal computer
reported that join oligonucleotides by either a native phosphodiesteith Bausch and Lomb wavelength scanning software. Solid-phase
bond (-15) or non-native linkagesL6-25). In contrast to the DNA syntheses were conducted on an Applied Biosystems 380B
variety of chemical ligation methods, there are only a few reporBNA Synthesizer. Irradiations were carried out with a Model
of photochemical methods, the first of which was based on thé/GL-25 Mineralight Lamp (UVP Inc., San Gabriel, CA), which
photochemistry of native DNA26) and two others which were was rated as producing 728V/cn? 366 nm light at 3 inches.
based on the photochemistry of DNA containing appendeBadioactivity in gels was quantified by volume integration with
coumarins 27) or stilbenesZ3). In the first report46), which  ImageQuant v.3.3 software of digitized data acquired directly from
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0 S o) CHs Photoligation of oligodeoxynucleotides on matched templates
H\N)j/CHa H\N)ﬁ(CHa 366 1m H\NW Unlabeled (0.251M) and32P-labeled oligonucleotides (QuM)
0)\N 0)\N —_— O)\N NN were mixed with or without the complementary temp&aeé\

v T (0.45uM) in 35 mM Tris—HCI (pH 7.6 at 2%C), 5 mM MgCp
0 0 and 2.5 mM DTT. The mixtures were then warmed toG3for
RO )54-.,0 Jb 5 min and then allowed to cool slowly to room temperature. The
! Re Rs0 ORs mixtures were irradiated on ice at 366 nm ([l¥@) for 60 min.
T s4T + Two volumes of loading buffer (95% formamide, 20 mM EDTA)
were added to each sample and then electrophoresed on a 15%
o o (2:20 crosslinked) polyacrylamide gel.
CHs H CHs H
N SH o - N S o Photoligation of oligodeoxynucleotides on mismatched
P ) N O)\m?f" ] \f templates
N
- HaC + HaC ¥ 32p_Labeled® (0.04uM) was annealed BXY (Fig.1, XY = AA,
(6-4) thietane AG, AC, AT, GA, CA or TA) (0.4uM) together withl (0.2uM)
in 70 mM Tris—HCI (pH 7.6 at 2%C), 10 mM MgC} and 5 mM
[(CHCH20)6P O3 10 DTT by warming up the mixture to 9Q for 5 min and allowing
1 ) 4 it to cool to room temperature slowly. Samples were irradiated
S_CTTAAGCAAT S4TCGTAATCS  \_GTGCCAAGCT  s4TGCATGCCTG with 366 nm light for the indicated time at°I2in a cold room

3XY M13mpl8 for afurther 30 min at Z. The reactions were diluted with 2 vol
formamide loading buffer and then electrophoresed on a 15%
(2:20 crosslinked) denaturing polyacrylamide gel.

3 ATTCGTTY-—-XGCATTAG-5' (CACGG’[TCGA ........ ACGTACGGAD) or at room temperature after which they were allowed to anneal

Figure 1. Photochemistry of TA¥ (where R = R4 = H and B and R are . .
internucleotide Pgr linkages) (34). Also shown are the photoligatable PhOtOpadIOCk'ng experiments

oligodeoxyribonucleotided, 2 and4 and their corresponding matched and 325 _ _ . . - . )
mismatched templat@XY (where XY = AA, GA, CA, TA, AG. AC and AT) P-End-labeled oligonucleotidé (90 nM) and either single

and single-strand circular bacteriophage M13mpl8 DNA. Presumably,Strand M13mp18 (220 nM) or Sing|e'5tra_nd pSVK3 (140 nM)
photoligation between thé-grminal T and Sterminal 4T in 1 and2 and in DNA were annealed at 88 in 56 mM Tris—HCI (pH 7.6 at

4 will involve the formation of photoproducts similar to those produced in 25°C), 8 mM MgCh and 4 mM DTT for 5 min and then allowed
E‘éﬂ.fgﬁéféﬂe?g-f Ry = oligodeoxyribonucleotide, = Hand B=Hor. {5 cool slowly to room temperature. The mixtures were irradiated
' ' at 366 nm (14QWw) for 2 h at OC or treated with T4 DNA ligase
and ATP in 10ul 96 mM Tris—HCI (pH 7.5), 16 mM MgG]|
12 mM DTT, 0.8 mM ATP and 20ag/ml BSA at GC overnight.
a gel with a Molecular Dynamics Phosphorimager Model 4255 diwo volumes of formamide loading buffer were added to the
from an autoradiogram. mixtures and they were then separated by electrophoresis on
either a 15% (1:20 crosslinked) denaturing polyacrylamide gel or
_ _ _ _ 1% agarose gel. Yields of products were determined by volume
Synthesis of oligodeoxyribonucleotides 1-4 integration of the radioactive bands in the polyacrylamide gel

. . . , relative to a32P-labeled 25mer, which was used as an internal
Oligodeoxyribonucleotides were synthesized by automated DN&gard.

synthesis using 0.1 M CED phosphoramidites of normal bases (A,

G, C and T), 0.2 Ms-pivaloyloxymethyl-4-thiothymidine CED

phosphoramidite and 0.2 M hexaethylene glycol CED phosphcli\)-ESULTS AND DISCUSSION

ramidite in anhydrous acetonitrile. For the synthesg a1 h To determine the feasibility of using d-trminal §T to
coupling time was used fo&pivaloyloxymethyl-4-thiothy- photoligate DNA, we synthesized oligonucleotidemnd2 and
midine CED phosphoramidite, whereas for the synthesis of the complementary templ&8&A (Fig. 1) by standard automated
30 min coupling times were used for both @pivaloyloxy-  synthesis and arf& phosphoramidite building block37,38).
methyl-4-thiothymidine and hexaethylene glycol CED phosphowhen 1 and 2 were irradiated at 366 nm in the absence of
ramidites. The product of automated synthesis was cleaved fraemplate, no photoligation product was observed @ignes a

the CPG support and deprotected at room temperature wigind b), but in the presence of tempkaé\, the expected 18mer
concentrated ammonia for 2 days. The mixture was then drigdhotoligation product was produced i#0% vyield (Fig.2,

with a Savant Speedvac concentrator and purified by eith&anes d and f). The moderate photoligation yield may be due in
reversed phase HPLC or 15% PAGE. Oligodeoxyribonucleotidgsart to competitive intrastrand reaction of tHd svith the

2 and4 had peaks at 333 nm, characteristic 4, @and with ~ 3'-flanking C, as all bases are known to react with a relative order
respective intensities of 1/4 and 1/8 relative to the 254 nmof T>U = A>C > G (1) and photoreactions have been reported
maximum. The oligodeoxyribonucleotides (OlM) were  to occur with 3flanking nucleotidesA9). Possible evidence for
5'-end-labeled by incubating with 4 U T4 DNA polynucleotidesome sort of intramolecular photochemical reaction is evident
kinase and 1QuCi [a-32P]JATP (6000 puCi/umol) in 70 pM from the formation of lower mobility bands migrating as 9mers
Tris—HCI (pH 7.6 at 25C), 10 mM MgCh, 5mM DTT at 37C  and 10mers in the irradiation products of radiolab2ketich are

for 30 min, followed by heating for 5 min in boiling water. not observed in the unirradiated oligodeoxyribonucleotide
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Figure 4. Plot of the yield of photoligation (solid lines) and photocrosslinking

(dashed lines) products f8BAA (squares) an8AG (triangles) as a function of
irradiation time under the same conditions as described for Figure 3.

template3AA and all possible singly mismatched templatg
and3XA (Fig.1, XY = AA, AG, AC, AT, GA, CAor TA). As can
be seen from Figur8@ and Tablel, single base mismatches

Figure 2. Autoradiogram of a denaturing 15% polyacrylamide electrophoresisO osite the ligation site have a dramatic effect on the photo-
gel of the photoproducts of various combinationg,d and3AA following PP 9 P

irradiation with 366 nm (14QW) for 60 min on ice in 35 mM Tris—HCI, 5 mM I|gat|on yle'd' Whereas a 40% yleld of photollgated product was
MgCl, and 2.5 mM DTT. Thé2P-end-labeled oligodeoxyribonucleotide is Observed with the fully complementary templa#eA, a C-4T,
indicated with an asterisk and was present bl iwhereas the other of the ~ C-T or T-&T mismaitch at the ligation site (XY = AC, CA or TA)

pair, if present, was at 0.26/ and the template, if present, was at Qb resulted in <1% photoligation (Fig. and Tablel). When the
templates contained a G- T, &F er T- T mismatch at the ligation
site (XY = AG, GA or AT), the photoligation efficiencies were

S9QESS bet\NeenSand 7%. Even in the least selective case, in which there
FEo SO 60 was a G-T mismatch, the matched template was favérédat
80 min irradiation. To see whether or not the photoligation
|: - s » reaction would be more selective at shorter time points, a time
crossink | 8 - course study was carried out with B®A and3AG templates
- under the same conditions as described for the 80 min
photoreactions (Figl). Under these conditions the photoligation
18-mer — .. o yield plateaued di20 min and the selectivity at short times was

similar to those at long times, possibly due to competing side
reactions that deactivated th&T sgroup, such as intrastrand

Figure 3. Autoradiogram of the photoligation and photocrosslinking products photochemistry or crosslinking to the template.

resulting from an 80 min irradiation with 366 nm light (340) of 0.2uM 1

and 0.04uM 32P-end-labele? in the presence of 0.4M matched and  Table 1.Photoligation and photocrosslinking efficienciesi@ind2 with

mismatched templateXY at 12C. matched and mismatched templ&@¥y at 12C for the photoreactions shown in
Figure 3 (given as a percentage of the total amount of radiolabeled products)

(Fig. 2, lanes b—d). Whe2 and 3AA were irradiated in the
absence ofl, bands with higher mobility than an 18mer were
produced inb% yield (Fig.2, lane c), which can be attributed to
photocrosslinking of to the template. Interstrand photocross- Photocrosslinking (%) 6 16 18 18 2 2 10
linking with s*T within duplex DNA is not observed, presumably
due to the poor overlap between bases on both strands and thEhe sensitivity of the photoligation reaction witATsto
limited flexibility of the bases39). Interstrand crosslinking has mismatches is very similar to that observed for ligation by T4
been observed in up to 53% yield, however, wHhis at the  DNA ligase ¢1) and Tth DNA ligase42,43), which are both
5-end of a blunt-end duplex4@. In our case, interstrand least selective (>8:1) for G-T mispairs at the site of ligation. There
crosslinking takes place between atésminal 4T and a is much less information on the effect of mismatches on chemical
3'-overhanging end that can presumably make contact iith sligation methods. In one study, A-A and A-C mismatches slowed
in a number of places. native phosphodiester bond formation by a water-soluble

To determine the sensitivity of the photoligation reaction taarbodiimide by only a factor af3 (44). In a study involving
mismatches at the photoligation site, photoligation was carridiyation by thiophosphate alkylation, single base mismatches 6 nt
out at 12 C and room temperature with the fully complementaryfrom the ligation site had drl5-fold effect on the ligation yield

XY (template) AA AG AC AT GA CA TA
Photoligation (%) 40 7 <1 3 3 <1 <1
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complementary template (FigA, lane 4) and instead a faster

) moving band was observed which might be the result of
intrastrand crosslinking. Irradiation of with single-strand
M13mp18 DNA also produced a product that co-migrated with
M13mp18 DNA, as did enzymatic ligation, which is presumably
the topologically linked or ‘photopadlocked’ product (Fi,
lanes 2 and 3). The yield of the linked product was <10% for both
photochemical and enzymatic ligation reactions. The low yield
observed contrasts with a previous report of the enzymatic
padlocking (ligation) of two tethered 20mers for which the linked
product was the major productd. It may be that longer
oligonucleotides are required to ensure linking of the two strands
prior to ligation.

A. PAGE
[
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pSVK3
Ligase
366 nm
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[
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CONCLUSION

We have demonstrated th4T scan be used to photochemically
assemble a longer oligonucleotide from two smaller ones with an
efficiency that is highly sensitive to a single base mismatch and
agarose electrophoresis gels of the overnight enzymatic or 2 h 366 nui\(140 at a wavelength that is not particularly Injurious to nucleic QCId.S.
photoligation products of 90 nM'-82P-end-labeled in the presence of We have also demonstrated that template—dlrected phOtOIlgatlon
complementary (M13mp18, 220 nM) or non-complementary (pSVK3, 140 nM) can be carried out on tethered oligonucleotides, which affords a
single-strand circular DNA vectors &tC. means for simultaneously delivering a pair of oligonucleotides to
be photoligated and, additionally, can result in the ‘photo-
) ) padlocking’ of circular DNAs. Thus#$-mediated photoligation

of two octamers{1). Mismatches also had a substantial effect omay have applications to phototriggered antisense- or antigene-
the photoligation reaction by stilbenes, but no quantitative dagased genetic tools, diagnostic agents and drugs, especially for
was given £3). o those situations in which chemical or enzyme-mediated ligation

Whereas 5% photocrosslinking betwe@mnd3was observed s undesirable or impossible, for example inside a cell. Photo-

for the matched template, photocrosslinking varied from 2% fafgation with ¢T may also find application to those situations in
3CA to [118% for3AC and3AT for the mismatched templates \hich it is necessary or desirable to maintain the native structure

(Fig. 3 and Tablel). The origin of this variability is not of DNA or when one of the pair of DNA molecules to be
understood at the moment, but it is interesting to note that tigotoligated cannot be chemically modified.

highest vyields of the crosslinking reaction are primarily

associated with mismatches opposite the T and not opposite the KNOWLEDGEMENT

$*T. Unlike the photoligation reaction, photocrosslinking to either o
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to continue to increase with time (F#). Two major clusters of RO1-CA40463, awarded by the National Cancer Institute,
bands corresponding to photocrosslinked species were obsenkddHS.

for all the templates, except f8FA, which showed an additional
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