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The controlled and selective synthesis of oligonucleotides on the solid phase is possible under mild aqueous conditions using the enzyme
T4 RNA ligase, the resins being tentagel or kieselguhr/polydimethylacrylamide.

Synthetic oligonucleotides play a key role in molecular
biology and in chemistry.Prominent examples pertain to
their use as probes for genes, as components in protein
DNA interactions, as tools in molecular cloning of DNA,

of the phosphoramide methodology, chemical synthesis
became the standard protoéd Nevertheless, a few
drawbacks remain, including the use of toxic reagents and
solvents, the necessity of synthesis under an inert atmosphere,

and as building blocks in pharmaceuticals based on theand purification problems. We now propose an oligonucle-

antisense oligonucleotide concép@riginally, oligonucle-
otide syntheses were carried out enzymaticaihspite of a

otide synthesis on the solid phase using the enzyme T4 RNA
ligase® a process which offers a number of advantages by

number of drawbacks such as laborious purification and the pperating in a mild aqueous medium.
need to prepare protected nucleotides. Early enzymatic thg effectiveness of T4 RNA ligase in oligonucleotide

syntheses carried out on solid supports were abandoned du

to an unacceptably low coupling yieldzollowing the advent

T Dedicated to Giinther Wulff on the occasion of his 65th birthday.
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§ynthesis is limited by the fact that it does not work equally
well with a variety of acceptor and donor molecutes.
Indeed, the formation of & 5 -phosphodiester bond requires

a trinucleoside biphosphate as a minimal acceptor and a
mononucleoside 3',5'-biphosphate as a donor. We therefore
first prepared and purified by HPLC severgb3biphosphate
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donors?2 from the corresponding nucleosidésusing the
procedure of Barrié.

fulfill the requirements with respect to insolubility, inertness
to solvents/reagents, polarity, and sufficient surface area.
Tentagel is based on a composite of cross-linked polystyrene

o__p 1 OIP(O)Cl], OB with poly(ethylene glycol) (MW 30064000) and is termi-
HOA(.J‘ %2‘03”0/\@‘ nally functionalized with NH groups. The beads swell in
N - Et3 3 >

water, facilitating biological assays in aqueous systems.
Because of their large loading capacity, they have been used
for chemical oligonucleotide synthesésThe kieselguhr-
derived support consists of fabricated kieselguhr ¢HiO
containing large pores in which cross-linked polydimethyl-
acrylamide resin resides. Because of the macroporous
In the next step, adenylatet|3-deoxycytidine phosphate  structure of the pores, they are freely permeable for very
(4), although accessible by the method of Hoffmann and large molecules and should be suitable for enzymatic
McLaughlin? was prepared more conveniently by reacting synthesis. Our major efforts were therefore directed toward
the (n-Oct)NH™ salt of 2a with adenosine 5’-monophos- the use of this resin. Several 5'-phosphorylated primers
phomorpholidate3. Compound4 was formed in 22% yield  (mainly commercially available) were coupled to the resins
in addition to some 3'-adenylated deoxycytidine phosphate. at the free amino group by performing the reaction in 0.1 M
Separation of this isomer was not necessary since it is not aN-methylimidazole buffer (pH 6) in the presence of water-
substrate for the enzyme. soluble 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
affording the resia-primer conjugaté having a loading of

20,P0°
2a90% (99.7% pure)
b 52% (92% pure)
¢ 80% (94.7% pure)
d 35% (93% pure)

HO
1a B = deoxycytidine
b B = deoxyadenine
¢ B = deoxyguanine
d B = cytidine

9 about 2umol/g as estimated from the UV analysis of the
I O Ad za . . .
o NPO SORETC™ relevant solution following standard cleavage with JHH/
OH &~ H,0 (pH 4.5}* and from analysis of the products by capillary
HO OH electrophoresis (CE). Higher loading was not striven for, but
3 there is no reason to assume that this is not possible.
HO ~ OH
Ad:Z_S\/*o 5,3 o (IF?’ o/\(ircv 5'-pdN[pd(r)N]
—F=UTr= i n
0 OH OH & Q NF2 T CiN-methylimidazole
OPO,% pH 6/H,0/48 h
4 (22%) 0
I
(;}WWWNH-FI’—OdN[pd(r)N]n
With these compounds and commercially avail&ble OH

primers pdA, 5-pdA(pdA)prC-3', and 5pdA(pdA)prC- 5

3" in hand, we turned our attention to the solid phase,

surmising that the choice of the solid support and of the linker ~ The principle of our solid-phase enzymatic oligonucleotide
could be crucial to the success of the enzymatic oligonucle- synthesis is summarized in Scheme 1.

otide synthesis. Indeed, only a limited number of successful

cases of biocatalytic processes on solid supports are know | NG

based on the use of other enzymes and substraifise
commercial resins tentagéland kieselguhr/polydimethyl-
acrylamide (PDMAJ? are available in forms having terminal

NH. groups, ideal for primer attachment. They appeared to QNHpdN(pAN)opaN s e
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Scheme 1. Principle of Solid-Phase Enzymatic
Oligonucleotide Synthesis
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The first three steps are repeated as often as desired, the
final step being the cleavage from the resin. Specifically,
the primer attached with its 5'-end to the solid support has
a free 3'-OH group that binds the nucleosidgb'3biphos-
phate in the presence of T4 RNA ligase. The terminal
phosphate blocking group is removed enzymatically by
alkaline phosphatase, and all excess reagents are simply
washed off from the resin. The next nucleosidg5'3
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biphosphate can then bind to the end of the chain. The solution and confirm the expectation that ribonucleotides are
ligation reaction was carried out under two different reaction better acceptors than deoxyribonucleotides,®H-mediated
conditions (A and B). First, the process was carried out on cleavage sets free the oligonucleotide as detected by CE/
a series of resin-supported primers using the ATP regenera-MALDI-TOF-MS. At long reaction times, none of the primer
tion system (condition A) and different biphosphates. Fol- was detected, indicating a high coupling efficiency of the
ligation. Furthermore, RNase A selectively cleaves the

I | s thesized oligonucleotide at the ribose sufar,our case

Scheme 2. NH,OH-Induced Selective Cleavage of the primer remaining on the resin (Scheme 3; Table 3). In
rgepreramie Bones [
NH—I'D'—dande — —» pdN,pdNp Scheme 3. RNase A Catalyzed Cleavage
I

OH

1]
@WMNH-IID—O——danGCde....—RN—a—Si'-A—* dNp...

OH
lowing NH,OH-induced cleavage from the resins (Scheme

2), the desired products were obtained as shown by CE
(Table 1). this case the products were analyzed by CE and identified

by comparison with commercially available nucleoside 3

I Posphates.
Table 1. Solid-State Enzymatic Oligonucleotide Synthesis _

under Conditions A
- - - Table 3. Products of RNase A Catalyzed Cleavage from
solid phase primer pdNp final product Kieselguhr—PDMA Bound Nucleotides

kieselguhr/PDMA pdA4prC pdCp pdAsprCpdCp

kieselguhr/PDMA pdA4prC pdAp pdAsprCpdAp solid phase cleavage product
kieselguhr/PDMA pdA,prC pdGp pdA,prCpdGp @ vpdAprCpdCp dCp
kieselguhr/PDMA pdAsprC pCp pdA4prCpCp @N\N\di&pGCde de
kieselguhr/PDMA pdAioprC pdCp pdAoprCpdCp
tentagel pdAsprC pdCp pdA,prCpdCp @ pdAgprCpaap dAp

#Tris HCI 50 mM pH 8, MnC} 10 mM, DTT 20 mM, ATP 0.4 mM, Q pdA;gprCpdCp dCp

phosphocreatine 5 mM, spermine 8mM, myokinase 170 U/mL, creatine
kinase 175 U/mL, BSA 1@g/mL, pdNp 8 mM, S-pdN(pdN)0.5 mM, T4

E’;‘_Al"g%sﬁ,g?’oo U/mL, 17C/48 h. Cleavage: NyDH/HO (1:1), pH Finally, the extended primer attached to the resin can be
o ) treated with alkaline phosphatd%¢o give the dephospho-
rylated product, the fre€ 8nd group allowing for attachment

The ligation reaction using the pre-adenylatéai@oxy- of a second nu'cleosidé,i.B'—bipho.sphate if so dgsired. This
cytidine phosphate was also carried out, specifically under can be conveniently carried out if the enzyme is deactivated
conditions B which were also applied in the coupling of a by heat treatment (93C/5 min) prior to the coupling process.

second nucleoside 3',5'-biphosphate (Table 2). In summary, our nonoptimized preliminary results clearly
show that T4 RNA ligase, although somewhat slow, prin-

_ cipally catalyzes under mild conditions the attachment of

Table 2. Solid-State Enzymatic Oligonucleotide Synthesis "f"‘”ous 39 —dlphosphates aqd the pr.e-adenylate.dl.’ﬁ:leo-
under Gonditions B side phosphate to primers immobilized on solid supports.

The relatively low rate is not due to possible immobilization

reaction

solid phase primer AppdNp time (h)  final product effects. Rather, .T4bR7’NA !igase is known. t(l)'be a fairly slow
Kieselguhr/PDMA pdAs AppdCp 144 pdAspdCp enzyme in solu'uoﬁ.'_ In view of t_he_ po_SS|b|I|ty of automa-
kieselguhr/PDMA pdA,;prC  AppdCp 48  pdA4prCpdCp tion and molecular biological optimization of enzymes using
t;g:g:QEEZEBMQ Pgﬁwp:g ﬁppfdjgp gg Pgﬁwppgpggpdc directed evolutior! the enzymatic synthesis of oligonucle-
9 PRIt ApPEtp PEAwpI-pA-patp otides on the solid phase may turn out to be a viable
# Tris HCI 50 mM pH 8, MnC} 10 mM, DTT 20 mM, BSA 1Qug/mL, alternative to current conventional chemical methods.
AppdNp 5 mM, S-pdN(pdN)0.5 mM, T4 RNA ligase 3300 U/mL, 17C.
Cleavage: NHOH/H;O (1:1), pH 4.5; 1 h/37C. Supporting Information Available: Typical experimen-

tal procedures. This material is available free of charge via

All reactions proceeded to completion and were monitored the Intemet at hittp://pubs.acs.org.
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