0 1997 Oxford University Press

Nucleic Acids Research, 1997, Vol. 25, No. B¥83-3786

Solid phase-supported thymine dimers for the
construction of dimer-containing DNA by combined
chemical and enzymatic synthesis: a potentially
general method for the efficient incorporation of

modified nucleotides into DNA

Phillip Or doukhanian and John-Stephen T aylor*

Department of Chemistry, Washington University, St Louis, MO 63130, USA

Received July 14, 1997; Revised and Accepted August 6, 1997

ABSTRACT

The ability to study the structure—activity relationships

of the cis-syn thymine dimer, the major photoproduct
of DNA, has been greatly aided by the availability of a
building block suitable for its sequence-specific incor-
poration into oligonucleotides by standard automated
DNA synthesis. Unfortunately, its usefulness is com-
promised by the fact that it takes six steps to
synthesize in low overall yield and, as with all
phosphoramidite building blocks, has to be used in
great excess over the support in standard automated
synthesis. To extend the usefulness of this building
block, we have directly coupled it to standard A, C, G
and T long chain alkylamine-linked controlled pore
glass supports to yield a solid phase-supported dimer.
We then demonstrate that 13mers containinga 3  '-ter-
minal d(T[ cis-syn]TN) group synthesized with this
support at 0.2 pmol scale can be efficiently incorpor-
ated into longer oligonucleotides by both primer
extension with 3 ' 5" exonuclease-deficient Klenow
fragment or T4 polymerase and dNTPs or by enzymatic
ligation with T4 DNA ligase to another oligonucleotide
opposite a complementary template. The site specific-
ity and integrity of the  cis-syn thymine dimer after both
primer extension and ligation was confirmed by
cis-syn dimer-specific cleavage with T4  denV endo-
nuclease V. This general approach should be appli-
cable to the synthesis of many types of site-specific
nucleic acid modifications and would be of particular
use for those for which the required building blocks are
expensive or difficult to make.

INTRODUCTION

generate a wide variety of probes and tools for both molecular
biologists and chemistd«6). Often the building block can be
synthesized economically in a few steps in large quantities, so that
the large excess of building block recommended for standard
automated synthesis protocols (10-, 50- and 150-fold excess for
10, 0.2 and 0.04imol scale syntheses respectively) is of no
particular consequence. In other cases, however, the building
block requires many steps to synthesize or involves costly
isotopically enriched reagents or intermediates. In these cases it
is quite wasteful and costly to prime the reagent delivery lines and
use a large excess of building block, which cannot be recovered
in an easily re-usable form due to the nature of the phosphorami-
dite chemistry involved. Furthermore, to ensure that sufficient
building block is available for the anticipated uses, one often has
to prepare more than is necessary and, once it is prepared, it often
has a limited shelf-life. These problems are particularly acute for
a building block which has been used to sequence specifically
introduce theis-synthymine dimed (Fig. 1) into a wide variety

of DNA substrates for biophysical, repair, replication andvo
mutagenesis studie$—{2). This building block (compouna,

Fig. 1) can be prepared in eight steps from thymidine in an overall
yield of (11% (13-15), making it quite wasteful to incorporate into
oligonucleotides by standard automated synthesis, particularly
when one would like to incorporate it into a large number of
different sequences. To circumvent the problems associated with
using a thymine dimer building block for each synthesis, we have
developed stable, solid phase-supported dimers that can be usec
to incorporate the dimer into any sequence context by a
combination of synthetic and enzymatic steps. This new approach
relies on the ability of nucleic acid polymerases and ligases to
extend an oligonucleotide sequence to thaicde of a modifica-

tion, (4,16-22) and standard automated DNA synthesis to extend
to the 5-side of a modification. In principle, this approach could
also be used for the synthesis of a wide variety of site-specifically
modified DNA and RNA molecules.

Building blocks suitable for site-specific incorporation of modi- The basic strategy of this new approach is to first chemically
fied nucleotides into oligonucleotides by solid phase automateynthesize an oligonucleotide bearing the modified nucleotide at
phosphoramidite-based synthesis have made it possible doclose to the'3end by standard automated synthesis utilizing a
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® mc S O w nmcl and T4 polynucleotide kinase (New England Biolabs) in kinase
Moy N Y N buffer (70 mM Tris—HCI, pH 7.6, 10 mM Mggl5 mM DTT)
OJ\N N/&O O)\N N/J\O according to standard procedures)( followed by phenol/
H H H cHy H o chloroform extraction and precipitation with 1 vol. 0.3 M NaOAc
Q ,° Q Q ] %0 ? ] ot and 3 vol. ethanol. All samples were separated by electrophoresis
407 0" o "0} our—” 07 o ot S on a 0.4 mm thick 375 mm long, 7 M urea, 1:19 cross-linked,
1 cis-syn thymine dimer 2 cis-syn thymine dimer H;C—< CH, 15% acrylamide gel at 1800 V. The DNA fragments were
O me § building block tHy visualized by autoradiography with Kodak XAR-5 film at <20
By N and quantified by densitometry on a 300A Molecular Dynamics
OJ\N ﬁkao N Computing Densitometer. Bands corresponding to products of
H o on H ! primer extension, ligation and cleavage by T4 endonuclease V
] [ &/ / O‘\”Oﬁ Nt H andDpnll were corrected for the relative amounts of —1 products
ovr—o” 07 Yo “0”"o OM N in the primers.
3 T=INLCAA-CPG a b ¢ d ©
B=BzC iBuG BzA T before  after  affer Preparation of cis-synthymine dimer-linked A, C, G
PE PE _R_ and T solid supports
4a d(CGGTTTATTGT=TC) 13 mer 25 mer 17 mer . pp . o . .
b q d(TACCEETTTAT=TG) 13 mer 28 mer 20 mer Thecis-synthymine dimer building block was synthesized using
(CAGTACCGGTT=TA) 13 mer 31 mer 23 mer . .
d  d(TCAGTACCGET=TT) 13mer 32 mer 24 mer the same synthetic route as was used to synthesize dTpgU (
before after which took seven steps starting from thymidine (Sigma).
sa d(GCTAlGATCAGTT) Azation gation Building block 2 (4.4 eq.) was then coupled to 1Gnol
b d(TTCGCTAGATCA) 12mer 25 mer CPG-supported deoxynucleosides (500 A pore size; CPG Inc.)
a T TCaeTAe 3 mer 25 mer for 1 h using standar@-cyanoethyl phosphoramidite chemistry
6 d(3"-AGTCATGGCCAAATAACAAGCRATCTAGTCAA-6") 32 mer on an ABI 380B synthesizer to gi8a—din yields determined by
Dpnll trityl analysis of 90, 75, 87 and 52% respectively. These were then

used to synthesize four 13mer priméas-d at[D.2 umol scale.

Figure 1. Structures of theis-synthymine dimer, the building block used to . . . .

attach the dimer to the CPG-supported nucleosides, the resulting cPGPrimer extension of the dimer-containing

supported dimers and the oligonucleotides used in this study. Bz, benzoyl; iBupligonucleotides 4a—d by exoKlenow fragment

isobutyrl; PE, primer extension; R, restriction cleavag®jyll at the site of . . . .

the arrow; T=Tgis-synthymine dimer. Reactions were carried out by incubating 2.6 pmol (QI3

5'-end-labeled primerda—d with 26 pmol (1.3uM) 32mer
template6, 2 U exa Klenow fragment and 100M dNTPs in

solid support bearing the modified nucleotide. Then, in a seco@ Ul 50 mM Tris—HCI, pH 7.5, 10 mM Mggl 1 mM DTT,
step, extend the'@nd with either a polymerase and nucleotide®0 MM NaCl at 25C overnight. The extension reaction was then
triphosphates opposite a template or by chemical or enzymagétracted with phenol(chloroform_and ethanol_ preC|p|tate_d. One
ligation to another oligonucleotide. The iocation of the modifiedhird of the product mixture was incubated with 1@phll in
nucleotide with respect to théénd of the oligonucleotide, and 101l 100 mM NaCl, 50 mM bis Tris-HCI, pH 6.0, 10 mM
hence the manner in which the modified nucleotide is to bdgCl2, 1LmM DTT at 37C for 1 h. Another third was incubated
attached to the solid support, is dictated by the ability of thwith 448 U T4denVendonuclease V in 3@ 32 mM Tris—HCI,
polymerase or ligase to tolerate the modification. Direct attactitH 8.3, 10 mM EDTA, 100 mM NaCl, 0.1 mg/ml BSA at 87
ment of the 3hydroxyl of a modified nucleoside to the supportAfter 1.5 h 20ul 1.5 M aqueous piperidine was added and the
via the standard ester linkage would be suitable for modificatiogixture heated to 9% for 30 min, then lyophilized and
which cause little or no structural distortion, such as isotopomer@f€cipitated with ethanol.

With more structurally distorting modifications, such as the

cis-synthymine dimer, it would seem to be more prudent to attackigation of the dimer-containing oligonucleotides 4a—d

the phosphoramidite building block to A-, C-, G- or T-linked pphroximately 3 pmol each of the fout-&nd-labeled 12mers
LCAA-CPG (I_ong chain alkylamlne_ controlle_d pore 9'?‘35)5§Bdand 3 pr%ol (Each of the four dimer-containing 13marsi
supports. !n this case fchééhd of the ollgon_ucleotldg containing \vare annealed to the 32mer tempfata 18l T4 DNA ligase

the modified nucleotide would be terminated with a normay e, (55 mM Tris—HCI, pH 7.8, 11 mM Mg&Il11 mM DTT,
nucleotide and, as will be shown for ttis-syndimer, enables 1.1 mM ATP, 281g/ml BSA). After annealing the mixtures were

efficient primer extension and ligation. incubated at 0C with 1 pl T4 DNA ligase (400 U) and an
additional 1l 25 mM ATP. Aliquots were removed at the
MATERIALS AND METHODS indicated times and TdlenV endonuclease V cleavage was

. . . carried out as described above for the primer extension reactions.
All oligodeoxynucleotides were synthesized at bl scale on P

an ABI 380B synthesizer by standdg¥etyanoethyl phosphor- RESULTS AND DISCUSSION

amidite chemistry and purified on a preparative 2 mm thick

165 mm long, 7 M urea, 1:19 cross-linked, 15% polyacrylamid&éhe T=TC, T=TG, T=TA and T=TT LCAA-CPG supports,
gel at 300 V. The oligodeoxynucleotides were visualized bgompounds3a—d were prepared iilb2—90% vyield using an
254 nm light and desalted by precipitation with 1 vol. 0.3 Mautomated synthesizer cycle to couple 4.4 aggsyn dimer
NaOAc and 3 vol. ethanol:-&End-labeling was withyf32P]JATP  building block2 to 10pumol A, C, G and T supports respectively
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Figure 3. Autoradiogram of a denaturing polyacrylamide electrophoresis gel of
the ligation reaction mixtures of théénd-labeled oligonucleotidésa—d for
the indicated times (in hours), and the products of cleavage byein¥

Figure 2. Autoradiogram of a denaturing polyacrylamide gel efrid-labeled endonuclease V.

dimer-containing primergla—d (lanes P), their primer extension products
(lanes PE), an®pnll- (lanes R) and T4lenV endonuclease V- (lanes T4)
treated extension products.

To determine whether or not ligation could also be used to
prepare internal dimer-containing oligonucleotides, T4 DNA
for 1 h. The supports were thoroughly washed with drjigase and ATP were incubated with the four dimer-containing
acetonitrile, dried under an argon stream and storetiGit®  13mers4a—d along with 12mer$a—d, in the presence of the
determine whether oligonucleotides terminating at thend in ~ complementary 32mer templ&¢Fig. 3). The ligation was nearly
T=TN could be extended by polymerases and ligated, 13mggantitative in all cases, except for the dimer-containing primer
primers4a—d were synthesized at Opnol scale, along with terminating in G, which only led to 57% ligation after 24 h. Again,
12merssa—dand a complementary 32mer tempBi(€ig.1). A the site and integrity of theis-syn dimer were confirmed by
Dpnll restriction site was engineered into the template to enabflbsequent treatment with @énVendonuclease V.
cleavage of the primer extension products and thus circumvent
the synthetically undesirable incorporation of additional nucleocoNCLUSION
tides at blunt ends by 3 5' exonuclease-deficient polymerases
(24,25). Non-templated addition of nucleotides is not an issuén conclusion, we have shown that it is possible to construct
when the modified oligonucleotide is being incorporated int@is-synthymine dimer-containing oligonucleotides by way of a
circular DNA duplexes by standard oligonucleotide-directedtable, easily manipulated solid phase-supported dimer. In this
mutagenesis techniques (for reviewsZ&27; for some specific  study excess thymine dimer phosphoramidite was used to prepare
examples se&8,28,29). the support, but in cases where it is desirable to conserve the
When the dimer-containing primeta—dwere incubated with modified phosphoramidite, one or less equivalents could be used.
3 - 5" exonuclease-deficient Klenow fragment of DNA poly- Likewise, a Type Il restriction enzyme site was engineered into the
merase | (exoKF) (30) and dNTPs opposite the 32mer templateDNA product for the primer extension procedure, but to eliminate
fully extended products were produced in yields of 94, 82, 82 arsgquence restrictions within the modified oligonucleotide a Type
78% (Fig.2). In all cases only a full-length product was producedIS restriction enzyme site could have been used instead. Unlike
following cleavage of the extension product®ipyill, indicating  Type Il restriction enzymes, Type |IS restriction enzymes cleave
that no misalignment-mediated synthesis took place. The site asghjuence independently at a specific distance from their recogni-
integrity of thecis-syn dimer in the extension products weretion site 37). In addition to being useful for incorporatioig-syn
confirmed by incubation witltis-syn dimer-specific T4denV  dimers into DNA, this methodology should also be applicable to
endonuclease \B(—33). This repair enzyme cleaves DNA at thea wide variety of modified nucleotides, though the exact nature of
site of a dimer by hydrolyzing the glycosidic linkage at th€ 5 the modification may dictate how many nucleotides, if any, are
of the dimer and by a processfandd elimination reactions, required on the 'Side of the modification to enable further
which can be driven to completion by heating with piperidineextension by polymerases or ligation systems. With regard to scale,
produces a strand bredl(35). The ability of exoKF to extend the procedures described would appear to be limited to <1 nmol
the dimer-containing primers is in accord with the ability ofbased on the cost of commercially available enzymes and the
Klenow fragment to incorporate a number of modified nucleotidanoptimized ratios of enzyme to substrate described herein. The
triphosphates into DNA 4j. The highly processive and true limit of the method may actually be in the range 10-100 nmol,
exonuclease-proficient T4 DNA polymerase was also found taowever, as we have shown, photodamaged oligonucleotides can
extend the dimer-containing primers in yields of >86%, thougheen ligated at a 2 nmol scale in >10% yield with only about four
some 3-, 5’ exonucleolytic degradation products were observedimes the amount of DNA ligase described herein for 3 p&al (
Another highly processive but exonuclease-deficient enzym@&@n the other hand, efficient non-enzymatic methods exist for
exo” T7 DNA polymerase (Sequenase version 26),did not  synthesizing Sphosphorylated oligonucleotidessgj and for
extend the primers as well. When thaéeBminal nucleotide was template-directed ligation of oligonucleotide®9441), both of
intentionally removed from the dimer-containing 13n#asd  which have been used to prepare micromolar amounts of ligated
by the action of the'3, 5' exonuclease activity of T4 polymerase products in purities suitable for NMR studié®) Thus, as long
none of the resulting primers terminating in a dimer could bas the modification is stable to the reagents involved, it might be
extended by exoKF. possible to use a chemical ligation procedure in place of an
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enzymatic one to prepare site-specifically modified oligonucleotide
in the 1-1Qumol amounts required for NMR and crystallographic 17
studies.
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