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Abstract: Substitution of a borano (B41) group for nonbridging oxygen in the phosphate backbone of DNA
results in a new class of isoelectronic and isoionic DNA analogues. An effective chemical method of synthesis
of oligodeoxynucleoside boranophosphates {BHODNs) on a solid phase has been developed via an
H-phosphonate chain elongation approach followed by boronation. The boronation procedure involves the
intermediate conversion of &frphosphonate to a phosphite triester group by silylation and subsequent oxidation
by a borane-amine complex. The efficiency of the boronation procedure to form BHDDNs is close to

that of iodine oxidation to form phosphodiester ODNs. Oligothymidine boranophosphates of different lengths
up to 12-mer have been readily synthesized, purified by HPLC and/or PAGE methods, and characterized by
NMR spectroscopy and MS spectrometry. In physiologically relevant buffers the dodecathymidine borano-
phosphate hybridized with complementary dodecadeoxyadenylate and exhibited a cooperative melting transition
(Tm = 14 °C). Studies of substrate properties showed thag BHDDNs are readily 5phosphorylated by T4
polynucleotide kinase. Boranophosphate analogues are much more resistant toward nuclease hydrolysis than
phosphodiester ODNs, and more resistant f@fRl S nucleases and snake venom phosphodiesterase than
phosphorothioate ODNSs.

Understanding the principles of molecular recognition be- bone analogues, the phosphorothioate{S&DNs) and meth-
tween nucleic acids, starting with the discovery of Watson and ylphosphonate (Ck-ODNs) modified oligonucleotides were
Crick,! gave rise to the possibility of directing highly specific the first promising to emerge.These modifications improved
interactions between a relatively short oligonucleotide molecule some of the antisense and/or antigene characteristics compared
and targeted single- or double-stranded nucleic adrtactical to natural oligonucleotides, but they also were accompanied by
applications of this idea emerged as antisense and antigenesome undesirable properties. For example, the@DNs have
strategies for gene therapy. As the concept developed, it atendency to bind to proteidqroducing non-sequence-specific
became apparent that gene expression could be altered byeffects with accompanying toxicifiy. The nonionic CH—ODNs
exogenously administered oligodeoxynucleotides(ODNSs). are minimally water soluble and incapable of inducing RNase
For therapeutics, however, ®ODNs had a number of H cleavage of mRNA in heteroduplexgsyhich limits their

disadvantages. Thel_r high nucle_ase susceptibiind Iow cell (5) (3) Loke, S. L. Stein, C. A Zhang, X. H.. Mori. K.. Nakanishi, M.
membrgne pgrmeabnﬁywas an impetus for the de3|gn.and Subasinghe, C.; Cohen, J. C.; Neckers, L.AWbc. Natl. Acad. Sci. U.S.A.
synthesis during the last two decades of a great variety of 1989 86, 3474-3478. (b) Akhtar, S.; Juliano, R. Irends Cell Biol 1992

oligonucleotide analogues exhibiting different physicochemical %blggg_;llfééég) Thierry, A. R.; Dritschillo, ANucleic Acids Res1992
and biochemical properties. Among the phosphodiester back-"" g (a) Burgers, P. M. J.; Eckstein, Biochemistryl979 18, 592-596.
(b) Burger, P. M. J.; Eckstein, B. Biol. Chem.1979 254, 6889-6893.
(1) (@) Watson, J. D.; Crick, F. H. QNature 1953 171, 737-738. (b) (c) Eckstein, FAnnu. Re. Biochem1985 54, 367—402. (d) Miller, P. S;

Crick, F. H. C.; Watson, J. DProc. R. Soc. London, Ser. Y9054 223 Yano, J.; Yano, E.; Carrol, C.; Jayaraman, K.; Ts'o, P. @iBchemistry
80—96. 1979 18, 5134-5143. (e) Miller, P.; Ts'o, P. O. RAnti-Cancer Drug Des.

(2) (a) Belikova, A. M.; Zarytova, V. F.; Grineva, N. Tetrahedron 1987 2, 117-128. (f) Miller, P. S.Bio/Technologyl991 9, 358-362.
Lett. 1967, 37, 3557-3562. (b) Zamechnik, P.; Stephenson,®Moc. Natl. (7) (@) Majumdar, C.; Stein, C. S.; Cohen, J. S.; Broder, S.; Wilson, S.
Acad. Sci. U.S.A1978 75, 280—-284. (c) Jayaraman, K.; McParland, K.;  H. Biochemistry1989 28, 1340-1346. (b) Brown, D. A.; Kang, S.-H.;
Miller, P.; Ts'o, P. O.Proc. Natl. Acad. Sci. U.S.A981, 78, 1537-1541. Gryaznov, S. M.; DeDionosio, L.; Heidenreich, O.; Sullivan, S.; Xu, X,;
(d) Moser, H. E.; Dervan, P. BSciencel987, 238 645-650. Nerenberg, M. 1.J. Biol. Chem.1994 269, 26801-26805. (c) Norton, J.

(3) (@) Uhlmann, E.; Peyman, £hem. Re. 1990 90, 544. (b) Knorre, C.; Piatyszek, M. A.; Wright, W. E.; Shay, J. W.; Corey, D. Rature
D. G.; Vlassov, V. V.; Zarytova, V. F.; Lebedev, A. V.; Fedorova, O. S. In  Biotechnol.1996 14, 615-618. (d) Hamilton, S. E.; lyer, M.; Norton, J.
Design and Targeted Reactions of Oligonucleotide Daries Wickstrom, C.; Corey, D. RBioorg. Med. Chem. Lettl996 6, 2897-2900.

E., Ed.; CRC Press: Boca Raton, FL, 1994. (c) Agrawal, S.; lyer, R. P. (8) () Stein, C. A.; Cheng, Y.-CSciencel993 261, 1004-1012. (b)
Curr. Opin. Biotechnol1995 6, 12—19. (d)Oligonucleotides as Therapeutic Schobitz, B.; Pezeshki, G.; Probst, J. C.; Reul, J.; Skutella, T.; Stohr, T.;
Agents John Wiley & Son Ltd.: New York, 1997. Holsboer, F.; Spanagel, FEur. J. Pharmacol.1997 331, 97—-107. (c)

(4) (a) Wickstrom, E. RJ. Biochem. Biophys. Method986 13, 97— Henry, S. P.; Zuckerman, J. E.; Rojko, J.; Hall, W. C.; Harman, R. J.;
102. (b) Woolf, T. M.; Jennings, C. G. B.; Rebagliati, M.; Melton, D. A.  Kitchen, D.; Crooke, S. TAnti-Cancer Drug Des1997 12, 1-14. (d)
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J.; Fishback, J.; Floehler, B. Rucleic Acids Res1991, 19, 747—750. (d) 395-408.
Hoke, G. D.; Draper, K.; Freier, S. M.; Gonzales, C.; Driver, V. B.; Zounes, (9) Furdon, P. J.; Dominski, Z.; Kole, Rlucleic Acids Resl989 17,
M. C.; Ecker, D. JNucleic Acids Resl991, 19, 5743-5748. 9193-9204.

S0002-7863(98)01492-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/09/1998



9418 J. Am. Chem. Soc., Vol. 120, No. 37, 1998

Scheme 1. Different Phosphate-Modified ODNs: X S-,
Phosphorothioates; X NHz, Phosphoramidates; % CHa,
Methylphosphonates; X BH3;~, Boranophosphates

3
\@ase

(o}

?
0=P-X
<)
B
wase

Sergaeel Shaw

nucleosideH-phosphonate diester group into boranophosphate,
using dithymidineH-phosphonate as a model compodfith

the present study, we demonstrate the applicability and ef-
ficiency of this method for the chemical synthesis of longer
boranophosphate oligomers on solid support, utilizing an
H-phosphonate approaéh.The resulting BHy~—ODNSs can be
easily handled, purified, and analyzed by conventional HPLC
and PAGE techniques. We also report some hybridization
properties of the resulting oligonucleotides as well as their
substrate properties toward a number of enzymes commonly
used for oligonucleotide analysis.

Experimental Section

Materials and Methods. N,O-bis(trimethylsilyl)acetamide (BSA),

utility as antisense agents since RNase H-mediated degradatiomN,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), heptamethyldisi-

is believed to be a primary mechanism of ODNs drug actfon.
Clearly, there is still a need to design more efficient and
therapeutically suitable agents.

Replacing one nonbridging oxygen in the phosphate moiety
by a borano (BH") group (Scheme 1) results in a new backbone
modification of ODNs!! This surprisingly stable modification

lazane (HMDS), chlorotrimethylsilane (CTMS), triethylamine (TEA),
borane-N,N-diisopropylethylamine (BEDIPEA), borane-pyridine
(BH3-Py), and dimethyH-phosphonate were purchased from Aldrich
Chemical Co. Borane2-chloropyridiné® (BH3CPy) and borane
aniline!® (BHz-An) were freshly prepared before use. Tetrahydrofuran
(THF, Fisher Scientific) was dried prior to use by distillation from
sodium-benzophenone. Reagents fbphosphonate synthesis ard 5

imparts unique properties to these analogues. The oligonucleo-o.(4,4-dimethoxytrityl)thymidin-3-yl H-phosphonate were purchased

side boranophosphat@BH;~—ODNS) are isosteric and iso-
electronic to the ChODNSs. Being sterically similar to a

from Glen Research. For oligonucleotide synthesis the following 5
O-(4,4-dimethoxytrityl)thymidine-3-succinoyl-derivatized solid sup-

methylphosphonate group, the boranophosphate retains theports were used: controlled pore glass (ABI,/280l/g loading), low

negative charge of the phosphate or phosphorothioate groups
making the boranophosphate oligomers highly water soluble.
Although their net charge is identical to those of analogous
O~ —ODNs and S—ODNSs, the boranophosphates are more
hydrophobic. High stability of a single boranophosphate
internucleotide linkage toward nuclease hydrolysis was demon-
strated'?9.13 and successfully exploited for a one-step PCR
sequencing methot. Another important and unique feature
of the BH;"—ODNSs involves possible use for boron neutron
capture therapy (BNCH in combination with specific inhibi-
tion of gene expression to enhance their therapeutic efficiency.
Deoxyribonucleoside '80-[a-BHs]triphosphates are good
substrates for a number of DNA polymerad&si*16 A
template-directed primer extension reaction was successfully
used to synthesize oligonucleotides containing a single bor-
anophosphate inserti&i or an all-boranophosphate 44-nucle-
otide-long stretcR® However, chemical approaches for BH-

ODNs synthesis based on phosphoramidite methodology have

been limited so far to dimers and triméés. Recently we
described a new efficient procedure for converting an inter-

(10) Tidd, D. M.Biochem. Soc. Tran4.996 24, 619-623.

(11) (a) Sood, A.; Shaw, B. R.; Spielvogel, B. . Am. Chem. Soc.
1990 112 9000-9001. (b) Shaw, B. R.; Madison, J.; Sood, A.; Spielvogel,
B. F. Methods Mol. Biol1993 20, 225-243. (c) Spielvogel, B. F.; Sood,

A.; Hall, I. H.; Ramsay Shaw, B. Oligoribonucleoside and Oligodeoxyri-
bonucleoside Boranophosphates. US Patent 5,455,233 1995. (d) Chen, Y.
Q.; Qu, F.-C.; Zhang, Y.-BTetrahedron Lett1995 36, 745-748.

(12) We call our compounds “boranophosphates”, although they alter-

natively might be named “borane phosphonates”. We adhere to the given

name for two reasons. First, this name appeared in the original report (see

cross-linked polystyrene (Sigma, 2@@nol/g), high cross-linked LV
polystyrene (Glen Research, L2nol/g), and silica gel (Sigma, 130
umol/g).

T4 polynucleotide kinase (EC 2.7.1.78, New England BiolLab, 10
UlulL), snake venom phosphodiesterase (SVP, EC 3.1.4.1, Sigma, 0.08
U/mg), bovine spleen phosphodiesterase (BSP, EC 3.1.16.1, Sigma,
7.5 U/mg), $ nuclease (EC 3.1.30.1, Promega, 260 000 U/mg), and
P nuclease (EC 3.1.30.1, Sigma, 407 U/mg) were used for enzymatic
studies.

Oligonucleotide syntheses were carried out on a Cyclone Plus
synthesizer (Milligen/Biosearch) via ti&phosphonate method. Phos-
phodiester oligothymidylates and their phosphorothioate analogues (2-,
4-, 8-, and 12-mers) were obtained by postsynthetic oxidation with 0.1
M iodine in pyridine/water (98:2, v/v; 10 min, #)and 0.2 M 3 in
CSy/pyridine/triethylamine (12:12:1, viv; 4 h, f},respectively. 3P
NMR analysis confirmed the purity of phosphorothioate analogues.
Dodecathymidine methylphosphonateTi{)11] was purchased from
TriLink BioTechnologies, Inc.

High-performance liquid chromatography was performed on a Waters
600E controller system equipped with a 991 photodiode array detector.
Samples were eluted at a flow rate of 3 mL/min using a gradient of
solutions described as A and B below. For ion-exchange (IE)
chromatography, a 1& 250 mm column with strong anion-exchange
resin Polysil CA 10um (Koltsovo, Russia) was used. Eluents were
(A) 50% CHCN in water and (B) 30% C(CN in 0.3 M KHPO;, pH
6.5. A linear gradient of 6100% B was developed in 60 min.
Reversed-phase (RP) chromatography was carried out ona 30®
‘mm Delta Pak C18 (1%m) column. Eluents were (A) 0.05 M
triethylammonium acetate, pH 7.0 and (B) §HN. A linear gradient
of 0—45% B was developed in 45 min.

ref 11a). Second, theoretical calculations indicate that a charge on the
phosphorus atom in boranophosphate diester is closer to that of phosphat
rather than phosphite (Summers, J. S.; Roe, D.; Boyle, P. D.; Colvin, M.;
Shaw, B. R.J. Inorg. Chem.in press).

(13) (a) Huang, F. Ph.D. Thesis, Duke University, 1994. (b) Huang, F.
Sood, A.; Spielvogel, B. F.; Shaw, B. B. Biomol. Struct. Dyn1993 10,
a078. (c) Li, H.; Porter, K.; Huang, F.; Shaw, B. Rucleic Acids Res.
1995 23, 4495-4501.

(14) Porter, K. W.; Briley, D. J.; Shaw, B. Rlucleic Acids Resl997,
25,1611-1617.

(15) Barth, R. F.; Soloway, A. H.; Fairchild, R. Sci. Am.199Q 263
100-107.

(16) Sergueev, D.; Hasan, A.; Ramaswamy, M.; Shaw, Biileosides
Nucleotidesl997 16, 1533-1538.

1

(17) Recently a similar procedure for the synthesis of oligothymidine
doranophosphates has been reported independently: (a) Zhang, J.; Terhorst,
T.; Matteucci, M. D.Tetrahedron Lett1997 38, 49574960. After the
manuscript had been submitted another report describing the same topic
was published: (b) Higson, A. P.; Sierzchala, A.; Brummel, H.; Zhao, Z.;
Caruthers, M. HTetrahedron Lett1998 39, 3899-3902.

(18) Foret, C. J.; Korzekwa, K. R.; Martin, D. B. Inorg. Nucl. Chem.
1980 42, 1223-1228.

(19) Kelly, H. C.; Marchelli, F. R.; Guisto, M. Bnorg. Chem1964 3,
431-437.

(20) (a) Garegg, P. J.; Lindh, I.; Regberg, T.; Stawinski, J.; Stromberg,
R. Tetrahedron Lett1986 27, 4051-4054. (b) Garegg, P. J.; Regberg, T.;
Stawinski, J.; Stromberg, Rlucleosides Nucleotidel987, 16, 429-432.

(21) Applied BiosystemsUser Bulletin 44 1987; pp 16-17.



Synthesis of Oligodeoxyribonucleoside Boranophosphates

Gel electrophoretic analysis was performed in a 20% polyacrylamide
gel (19:1, acrylamideN,N'-methylenebisacrylamide) under denaturing
conditions (7 M urea, 0.09 M Trisborate (pH 8.3), 40C). Visualiza-
tion of unlabeled oligonucleotides was achieved by staining with Stains-
all (Eastman Kodak Co.) or by autoradiography for*¥-labeled
compounds. Quantification of radiolabeled material was carried out
on a Phosphorimager (Molecular Dynamics).

3P NMR spectra were recorded on a Varian Inova 400 spectrometer
at 161.9 MHz frequency and 12 h acquisition times (30 000 accumula-
tions). Samples contained 0-73.0 mM oligonucleotide in 0.1 M
NaDCQ; (pH 8.0), 0.1 mM EDTA in RO. Chemical shifts were
referenced to external 85%sPIO; in H,O as a standard!H and'B
NMR spectra were recorded with the same samples on a Varian Inova
500 spectrometer at 499.9 and 160.4 MHz frequencies, respectively.
Acquisition times wee 1 h for'H and 3 h for''B spectra, and chemical
shifts were referenced to external 3-(trimethylsilyl)propionic acid and
BF;-EtO, respectively.

High-resolution fast atom bombardment mass spectrometry (HR FAB

J. Am. Chem. Soc., Vol. 120, No. 3941998

Table 1. Yields of the Oligothymidine Boranophosphates and
Their Phosphodiester Counterparts Obtained in Parallel Synthesis
(Scheme 2)

yields on different solid supports, %

oligonucleotide CPG polystyrene resin silica gel
TpT 90 94 92
TopT 83 83 70
T(pT)s 82 86 76
T(°pT)s 69 69 58
T(pT), 66 84 57
T(°pT), 63 68 45
TP 55 63 45
T(pT)11 55 53 37

2The boronation procedure was performed manually. Yields were
calculated on the basis of chromatographic profiles (absorbance at 260
nm). For chromatographic conditions see the Experimental Section.

MS) data were obtained on a JEOL-300 mass spectrometer in negativevashed exhaustively with methylene chloride and then acetonitrile and

ion mode with polyethylene glycol-600 as a matrix. Electrospray
ionization (ESI) technique was applied in the cases of 4-, 8-, and 12-
meric BH;"—ODNs. Measurements were made on a Micromass-VG
Quattro BQ triple quadrupole mass spectrometer equipped with a

dried in vacuo prior t6'P NMR experiments.

A 100 mg portion of the solid support (about 280l of dithymidine
H-phosphonate) was placed @ 5 mm NMRtube filled with argon,
and 1.5 mL of anhydrous THF and 0.4 mL of DMSi{were added.

pneumatically assisted electrostatic ion source operating at atmosphericAfter incubation for 5 min to allow the polystyrene to swell, iZ&ol

pressure. Samples were introduced by loop injection into a stream of
50% aqueous acetonitrile containing 1% formic acid flowing a8

min. Mass spectra were acquired in negative ion mode as continuum
mode fromm/z 225-1200 with a scan time of 5 s.

The thermal denaturation experiments were carried out on an AVIV
DS14 spectrophotometer equipped with a thermoprogrammer using 0.2
mm quartz cuvettes and ¥ 104 M complex concentration. The
concentration was determined spectrophotometrically on the basis of
calculated molar absorptivity coefficientgzso = 97 800 M t-cm
for all dodecathymidylates and 147 000 Mcm™* for dodecadeoxy-
adenylate¢? The samples were prepared by mixing single-stranded
oligonucleotides at a 1:1 ratio in 0.15 M KCI, 0.02 M KPO: (pH
7.0) buffer solution followed by heating to 8& and gradually cooling
(0.5°C/min) to 4°C. After overnight incubation at 4C, MgCh was
added to the sample to give 10 mM concentration. The sample was

of the silylating agent was added (190 of BSTFA, 18.5uL of BSA,
16.5uL of HMDS, or 9.5uL of CTMS together with 19.2L of TEA),

and the mixture was shaken well. The same experiments were done
with addition of 0.3 mmol of the silylating agent. AftétP NMR
analysis showed complete disappearandd-phosphonate signal and
formation of phosphite triester signal, 1 mmol of a boraaenine was
added (127.4 mg of B¥ICPy, 174uL of BH3-DIPEA, 107.0 mg of
BHs-An, or 125ul of BHsPy). After the exchange reaction was
completed, yielding boranophosphate triester, the solid support was
washed with THF (2x 2 mL), followed by acetonitrile (2< 2 mL),

after which 1 mL of concentrated ammonia was added. rAfté at

rt, a complete conversion to boranophosphate diester along with
cleavage from the solid support occurred. The resulting dithymidine
boranophosphate was purified by RP HPLC and characterized by NMR
and MS methods.

degassed, and the absorbance was registered at 260 nm at temperatures Synthesis of the Oligothymidine Boranophosphates.H-Phos-

between 1 and 63C at a heating rate of 0.3%/min. The integrity
of the samples containing oligothymidine boranophosphates was
confirmed after the melting by IE HPLC analysis.

3P NMR Studies of Conversion of anH-Phosphonate Group
into Boranophosphate. A. Solution Studies.To a5 mm NMRtube
containing 9.2«L of dimethyl H-phosphonate (0.1 mmol) in a mixture
of 700uL of anhydrous THF and 2006L of DMSO-ds, we added 0.3
mmol of silylating agent (79.zL of BSTFA, 74.1uL of BSA, 66.0
uL of HMDS, or 38.1uL of CTMS together with 76.%L of TEA),
and after determined time interval¥® NMR spectra were recorded.
After complete silylation, the borane exchange reaction was initiated
by addition of 0.5 mmol of borareamine complex (63.7 mg of BiH
CPy, 87uL of BH3sDIPEA, 53.5 mg of BH-An, or 62.5uL of BH3:

phonate synthesis was performed on a/l scale (silica gel solid
support), a 2.Qemol scale (CPG), and a 0:2nol scale (low-volume
polystyrene resin). A 2-fold excess Bfphosphonates and 3 min of
coupling were employed for synthesis on silica gel and CPG supports
and 4-fold excess and 1 min for synthesis on polystyrene support.
After removal of the final DMT group, the solid support was divided.
A portion of the solid support was oxidized by 0.1 Mith pyridine—
water (98:2) (10 min, rt) to yield natural oligothymidylates. The
boronation procedure was performed with the remaining solid support
either on a DNA synthesizer or manually.

On the synthesizer, the solid support was treated with 0.3 M BSTFA
in anhydrous THF for 20 min to ensure complete silylation. After
washing with CHCN for 30 s, 0.5 M BH-CPy in anhydrous THF

Py), and the progress of the reaction was monitored. After total was delivered and allowed to react for 30 min at rt. After washing
disappearance of the phosphite triester signal and formation of the with CH;CN for 30 s, the solid support was treated with concentrated
boranophosphate triester signal, 0.5 mL of concentrated ammoniaammonia solution fo2 h at rt todeprotect and cleave the product.

solution was added to the reaction mixture. It resulted in quick The yield for TpT)1; (dodecathymidine boranophosphate) was 46%
hydrolysis of trimethylsilyl ester (1 h at rt), yielding boranophosphate based on the IE HPLC profile registered at 260 nm, equal to that for

dimethyl ester.

B. Studies on Solid Support. A 200 mg portion of 5HO-
thymidine-3-O-succinoyl polystyrene resin (0.28 mmol/g loading) in
2 mL of anhydrous pyridineacetonitrile (1:1) solution was coupled
with 0.56 mL of 0.2 M 5%0O-(4,4-dimethoxytrityl)thymidin-3-yl
H-phosphonate in the presence of 0.56 mmol of pivaloyl chloride. After
2 min of coupling, the solid support was washed three times with 2
mL of acetonitrile and the '8O-(4,4-dimethoxytrityl) group was
removed by 2.5% dichloroacetic acid in methylene chloride (1 min).
The resulting 5HO-thymidin-3-yl 3-O-succinoylthymidin-5yl H-
phosphonate (dithymidind-phosphonate) tethered to solid support was

(22) Puglisi, J.; Tinoko, IMethods Enzymoll99Q 180, 304-325.

the corresponding T(pT) oligomer after iodine oxidation.

In the manual boronation procedure,~440 mg of the solid support
was incubated in 0.5 mL of 0.3 M BSA or BSTFA in anhydrous THF
under argon at rt fio2 h or 20min, respectively. After washing with
THF (1 x 1 mL), BHs;-Py complex was added to 0.5 M concentration
and the reaction mixture was incubated under argon for 12 h &€50
Alternatively, 1 mL of 0.5 M BH-DIPEA or BHs*An complex was
added and the reaction mixture was incubated under argon at rt for 1.5
h. Excess of the boraremine complex was removed by washing
with CH3CN (2 x 1 mL), and oligonucleotides were deprotected and

(23) Gaffney, B. L.; Jones, R. AlTetrahedron Lett1988 29, 2619~
2622.



9420 J. Am. Chem. Soc., Vol. 120, No. 37, 1998

Sergaeel Shaw

Scheme 2. Synthesis of the Oligothymidine Boranophosphates viaHHehosphonate Approach
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cleaved from the solid support by concentrated ammonia treatment at

rt for 2 h. For yields see Table 1.

NMR and MS data for the oligothymidine boranophosphates after
HPLC purification were as follows: €pT first eluted isomer§'P NMR
0 =933 (q,Jp(H)fg =130 HZ);llB NMR 6 = —40.9 br;*H NMR 6
=7.673 (s, H6, 1 H), 7.646 (s, H6, 1 H), 6.339 (t,'H1 H), 6.243 (t,
H1', 1 H), 4.83 (br, H3 1 H), 4.594 (2t, H3 1 H), 4.156 (m, H4 2
H), 4.105 (m, H5 2 H), 3.854 (2d, H5 1 H), 3.778 (2d, H5 1 H),
2.511 (m, H2, 1 H), 2.353 (m, H2 3 H), 1.930 (s, CH 3 H), 1.891
(s, CHs, 3 H), 0.38 (br, BH, 3 H). (T°pT second eluted isome#}P
NMR 6 = 93.5 (q,Jpw)y-s = 130 Hz); *'B NMR ¢ = —40.8 br;*H
NMR 6 = 7.717 (s, H6, 1 H), 7.662 (s, H6, 1 H), 6.309 (t,'H1 H),
6.241 (t, H1, 1 H), 4.90 (br, H3 1 H), 4.571 (2t, H3 1 H), 4.167 (m,
H4', 2 H), 4.096 (m, H5 2 H), 3.844 (2d, H5 1 H), 3.782 (2d, H5
1 H), 2.517 (m, H2 1 H), 2.367 (m, H2 3 H), 1.923 (s, Chl 3 H),
1.890 (s, CH, 3 H), 0.36 (br, BH, 3 H); HR FAB MS (mixture of the
isomers) found 543.1679, calcd for ,dH20BN4sO1:P 543.1663.
(TCpT), n= 3,7, or 11)*P NMR ¢ = 93.8 br;'B NMR 6 = —40.8
br; *H NMR 6 = 7.73-7.63 (m, H6), 6.29 (m, HJ), 4.8 (br, H3),
4.57 (m, H3), 4.34 (m, H4), 4.23-4.02 (m, H4, H5'), 3.81 (m, H5),
2.54-2.44 (br, H2), 2.38-2.25 (br, H2), 1.92 (br, CH), 0.69-0.01
(br, BHs); ESI MS analysis fon = 3 1148.3+ 0.4 (calcd 1148.4)n
=7 2357.3+ 3.7 (calcd 2356.6)p = 11 3564.5+ 3.0 (calcd 3564.9).

Studies of the Substrate Properties.Standard conditions have been
chosen for 5phosphorylation of Bit—ODNs by T4 polynucleotide
kinase?* The reaction mixture (1@L) contained 10 pmol of HPLC-
purified oligonucleotide, 10 pmol ofyf**PJATP (>2500 Ci/mmol,
Amersham), and 10 units of T4 polynucleotide kinase in 50 mM-Tris
HCI (pH 7.6), 10 mM MgC4, 5 mM dithiothreitol, 0.1 mM spermi-
dine—HCI, and 0.1 mM EDTA. The reaction mixture was incubated
at 37 °C for 30 min and then analyzed by 20% denaturing PAGE.
Alternatively, at the same buffer conditions 1 nmol ofgT);; or
T(pT)1 and 5 nmol of ATP were incubated with 10 units of T4
polynucleotide kinase in 2Q.L total volume, and aliquots were
withdrawn at appropriate times and analyzed by IE HPLC.

(24) Sambrook, J.; Fritsch, E. F.; Maniatis, T.Molecular Cloning: a
laboratory manualNolan, C., Ed.; Cold Spring Harbor Laboratory Press:
New York, 1989.

For nuclease resistance studies, HPLC-purifietpT 1, T(pT )11
or T(pTh1 was used at 1&M concentration. SVP hydrolysis was
carried out at 37C in 50 mM NaCl, 50 mM Tris-HCI (pH 9.0), 15
mM MgCl,, 100 ug/mL bovine serum albumin, and 2 or 2@/mL
(0.0006 or 0.006 U/mL) enzyme. For BSP hydrolysis 5 on&0mL
(0.037 or 0.37 U/mL) enzyme in 0.13 M sodium succinate (pH 6.5) at
37°C was used. Forfhuclease hydrolysis, 0.01 or 1@/mL (0.004
or 4.07 U/mL) enzyme in 30 mM sodium acetate (pH 5.3), 0.2 mM
ZnSQ, at 37°C was used. ForShuclease hydrolysis, 0.01 org/
mL (0.0026 or 1.3 U/mL) enzyme in 80 mM NaCl, 30 mM sodium
acetate (pH 4.6), 1 mM ZnSCat 37 °C was used. At appropriate
times, aliquots were withdrawn from the reaction mixtures and
immediately analyzed by IE HPLC. The control experiments without
the enzyme were carried out at the same conditions.

Results

Synthesis of Oligothymidine Boranophosphates via the
H-Phosphonate Approach. H-Phosphonate methodology con-
sists of assembling an oligonucleotide chain bearing internucleo-
sideH-phosphonate diester linkages and subsequently converting
all linkages to stable phosphate, phosphorothioate, phospho-
roamidate, etc. dieste?s. We used a similar strategy for the
synthesis of BB —ODNSs by boronation of the assembled
oligonucleotide chain (Scheme 2), but through an intermediate
silylated phosphite triester species. It has been shown elsewhere
that boronation of phosphite triester species is accomplished as
a borane (BH) exchange reaction with boraneulfide or
borane-amine complexe¥.16:17.26 A phosphorus atom in the

(25) (a) Garegg, P. J.; Regberg, T.; Stawinski, J.; Stromber@hem.
Scr. 1985 25, 280-282. (b) Froehler, B. CTetrahedron Lett1986 27,
5575-5578. (c) De Vroom, E.; Dreef, C. E.; van der Elst, H.; van der
Marel, G. A.; van Boom, J. HRecl. Trar. Chim. Pays-Ba$988 107, 592~
595. (d) Kers, A.; Kers, |.; Kraszewski, A.; Sobkowski, M.; Szabo, T;
Thelin, M.; Zain, R.; Stawinski, Nucleosides Nucleotidd996 15, 361—
378.

(26) (a) Reetz, TJ. Am. Chem. Sod96Q 82, 5039-5042. (b) Heitsch,

C. W.; Verkade, J. Glnorg. Chem.1962 1, 392—-398.
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H-phosphonate form, however, lacks a free electron pair and isCPy complex and 15 min for BfF-DIPEA and BH-An

not a suitable donor for the BHgroup. The boronation  complexes. The BEHPy complex converted 50% of dithymi-
procedure, therefore, requires an intermediate conversion of thedine trimethylsilyl phosphite triesteR) to the corresponding
H-phosphonate diester groufi, (Scheme 2) to a phosphite boranophosphat&8(é = 103.5 ppm) in 100 min at 5¢C, and
triester @), which is a typical Lewis base. This conversion was complete conversion was achieved in 12 h. For all boronating
readily achieved by silylation with different agents. Along with agents the exchange reaction with the phosphite triesters

the previously used chlorotrimethylsilédieand N,O-bis- proceeded smoothly, producing only boranophosphate triesters
(trimethylsilyl)acetamidé®17a28ye tested heptamethyldisilazane according to®'P NMR.
and N,O-bis(trimethylsilyl)trifluoroacetamide. Treatment with concentrated ammonia (Scheme 2) easily

Silylation of H-phosphonate was studied in solution with hydrolyzed the silyl group of the boranophosphate triesgpr (
H-phosphonate dimethyl ester and on a solid phase with to give diester4, n= 1, 5 = 93.6 ppmj°® and simultaneously
dithymidine H-phosphonatel{ n = 1, Scheme 2) tethered to  cleaved the dithymidine boranophosphate from the solid support.
polystyrene resif? The course of the reaction was monitored The overall yield of the desired product starting with
by 3P NMR spectroscopy and revealed that silylation of phosphonate was95% based on integraté® NMR data, with
H-phosphonate was readily achieved by all tested agents, beinghe phosphate dieste & 0.55 ppm) being the main byproduct
the fastest for BSTFA. Conversion of half of tHephosphonate  (2—3%).

(6 = 11.61 ppm) to phosphited(= 128.44 ppm) in solution Using the synthetic scheme and reagents described above,
with 0.3 M silylating agent (3-fold excess) tookb min (time di- [TPpT], tetra- [TEpT)s], octa- [TCpT)], and dodecathymi-
required for recording the NMR spectrum) for both BSTFA and dine [T{®pT).1] boranophosphates were synthesized, performing
for CTMS. Under similar conditions thé&,, for BSA and the boronation procedure either manually with different com-
HMDS was 10 and 30 min, respectively. On the polystyrene binations of reagents, or by DNA synthesizer with BSTFA and
resin the conversion proceeded at approximately the same rateBH;-CPy reagents. Three different types of solid supports were
with 0.04 M silylating agent (3-fold excess relative to the bound tested for the synthesis: CPG, silica gel, and a highly cross-
H-phosphonate dimer) and was even faster with 0.3 M silylating linked polystyrene resin. After complete chain elongatiby (
agent. Complete conversion ldfphosphonatel({ 6 = 8.9 and the solid support was divided in order to estimate the effective-
10.3 ppm) to phosphite specied ¢ = 128.4 and 128.8 ppm)  ness of the boronation procedure. One part was treated with
occurred in 5 min for 0.3 M BSTFA, in 10 min for CTMS in  iodine?® to obtain O —ODNs (), and the other was boronated
the presence of TEA, and in 30 min for BSA and HMDS. No (Scheme 2). Yields of boranophosphate analogues constituted
other byproduct signals were observed®#®? NMR spectra, 80—100% of those for natural oligothymidylates (Table 1).
except for a signal at9.0 ppm due to dithymidine trimethylsilyl ~ Boronation was performed most efficiently on CPG support.
phosphate triester. From the NMR integration, the intensity of Slightly lower efficiency was found for boronation on polysty-
the signal was always less than 5% of the total phosphorusrene resin, and silica gel seemed to be the least favorable support
species and depended on how strictly anaerobic conditions werefor the boronation procedure.

maintained during preparation of the NMR sample. To investigate the content of phosphate diester impurities

Exchange of a borane group between the phosphite triestersgpossibly introduced during boronation, the crude reaction
(2) and boraneamine complex produced boranophosphate mixtures from the dodecathymidine boranophosphate syntheses
triesters 8, Scheme 2). We examined the ability of three after ammonia deprotection were monitored®y NMR. In
different types of amines (aliphatic, boranid,N-diisopropyl- manual synthesis up to 4% of the total phosphorus signals were
ethylamine; aromatic, borar@niline; and heterocyclic,  phosphate diester species, whereas in machine-assisted synthesis
borane-pyridine and borane2-chloropyridine) to transfer a  the phosphodiester signal dropped to less than 1%.

BH3 group to compoun@. All of the studied amine complexes HPLC Purification and Characterization of the Synthe-
underwent exchange of the borane group with phosphite triesterssized BH;—ODNs. The synthesized Bjf—ODNs were

in quantitative yields, although reaction rates differé? NMR purified by ion-exchange (IE) and reversed-phase (RP) HPLC.
data testified that the most active boronating agent was BH Using IE chromatography, we observed the boranophosphate
CPy complex. Inlessthan 5 min, 0.1 M trimethylsilyldimethyl dodecamer4, R. = 33 min) as the main peak (Figure 1),
phosphite triesterd(= 128.44 ppm) was completely converted surrounded with minor peaks associated with failed sequences
to trimethylsilyldimethyl boranophosphaté& € 105.6 ppm) by as expected for typicaH-phosphonate synthesis. The IE
reaction with 0.5 M boronating agent. Less active were the purification profile of the phosphodiester dodecathymidyte
BH3-DIPEA and BH+An complexes, which required 10 min (R = 27 min) obtained in the parallel synthesis was very similar
for 50% boronation at the same conditions, and 40 min for to that of the boranophosphate analogue (not shown). The
complete conversion. The BHPy complex turned out to be  primary difference was that the boranophosphate analogues had
the least reactive boronating agent. Boronation of trimethyl- greater retention times and broader peaks. Similar behavior was
silyldimethyl phosphite by BEtPy proceeded very slowly, if  observed for phosphorothioatésind might be explained by

at all, at ambient temperature; only at 8D was an appreciable  hydrophobic interactions of the diastereomeric sBHODNSs
reaction rate achieved, requiring 130 min for the half-reaction. with the stationary ion-exchange matrix. Introduction of
On polystyrene resin with 0.5 M boronation agent (50-fold acetonitrile to the eluant diminished these nonionic interactions,
excess) the exchange reaction was complete in 10 min far BH improving peak width and shape.

(27) Hata, T.; Sekine, M. IiPhosphorus Chemistry Directed towards (30) Thymidin-3-yl thymidin-5-yl boranophosphate fpT) comprising
Biology; Stec, W. J., Ed.; Pergamon Press: Oxford, 1979; pp—242. a mixture of stereoisomers gave a broad signal centered at 93.6 ppm in the
(28) Kume, A.; Fujii, M.; Sekine, M.; Hata, T. Org. Chem1984 49, 31P NMR spectrum (reaction mixture after final ammonia deprotection).

2139-2143. After RP HPLC separation, pure stereocisomers @fTTappeared as broad

(29) The polystyrene resin (Sigma) has been chosen for these experimentgjuartets due td'B splitting centered at 93.3 ppm (first eluted) and 93.5
due to its high loading index (28@mol/g) that is necessary to provide a  ppm (second eluted) in 80 mM MNdPO, (pH 7.0), 0.4 mM EDTA.
reliable signal-to-noise ratio i'P NMR experiments for reasonable time (31) (a) Agrawal, S.; Tang, J.; Brown, 3. Chromatogr.199Q 509,
(see the Supporting Information). The silica gel and CPG solid supports 396-399. (b) Bergot, B. J.; Zon, &nn. N. Y. Acad. Sci992 660, 310—
gave too weak signals in similar experiments. 312. (c) Bergot, J. B.; Egan, W. Chromatogr.1992 599 35-42.
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After HPLC purification the structures of the BFH-ODNSs

1.5 were confirmed by several spectroscopic techniques and by
denaturing PAGE analysis. An important verification of the
purity of backbone-modified oligonucleotides is the absence of
different phosphorus species impurities, especially phosphate
diester. For all synthesized BH-ODNs, the*’P NMR spectra
registered only a broad signal centered at 93.8 ppm which
corresponds to the boranophosphate mdiet§17 No other3'P
signals were observed. Proton spectra ifTTcoincided with
previous datdb33 for the dithymidine boranophosphate syn-
thesized by the phosphoramidite methé&t The proton spectra

of the tetra-, octa-, and dodecamers closely resembled that of
the dimer. In all spectra the protons of the Bitoup appeared

as a broad signal centered at 0.36 ppm. The ratio of signal
intensity of the BH protons to the base and/or deoxyribose
04 protons is close to theoretical. TH& spectra for all oligo-
—r T T T thymidine boranophosphates consisted of a single broad signal
0 10 20 30 40 50 60 centered at-40.8 ppm.

t, min Molecular mass data obtained by mass spectrometry tech-
Figure 1. lon-exchange HPLC profile of the reaction mixture of nIqUesS (HR FAB for the boranophosphate dimer and electro-
T(°pT)u1 synthesis on CPG on ai@nol scale. A 10x 250 mm Polysil spray ionization for boranophosphate 4-, 8-, and 12-mers) were
CA 10 um column and gradient (5830% CHCN, 0.0-0.3 M KH,- practically identical to those theoretically calculatedl(Da).
PQ; (pH 6.5)) in water for 60 min at a flow rate of 3 mL/min were  In conjunction with supporting NMR data, one may conclude
used. that the resulting oligonucleotides contained no boronated bases

) ' ' or base/sugar modifications.
Table 2. Retention Times and Peak Widths on RP HPLC for the . - .
Different Backbone-Modified Oligothymidylates Since the BH™—ODNs are negatively charged, a gel elec-

trophoretic analysis proved to be effective for determining their

1

Absorbance, 290 nm

o
o
1

oligonucleotide retention time, min peak width, min composition and length. Denaturing (20%) PAGE revealed only
TpT 19.6 . 0.25 one band for each of the HPLC-purified oligothymidine
;g-.ll-. ggg 223 3‘71}0 8:§?Cand 0.30 boranophosphates (staining with Stains-all), confirming the
T(pT)s 228 0.35 homogeneity of the compounds. As expected for isoionic
TCpT)s 29.2 1.67 compounds, electrophoretic mobilities of the boranophosphate
T(pT)s 33.2 0.82 analogues were very similar to those of the natural oligo-
T(pT) 23.3 0.35 thymidylates.
TEpT) 31.6 1.19 . . . .
TCpT), 35.9 0.97 Thermal Denaturation Studies. Hybridization properties
TP 24.7 0.34 of the BHs——ODNSs were studied as a function of temperature
TCpTu 33.0 1.01 using the dodecathymidylatelodecadeoxyadenylate model
TCPT)u 38.0 0.72 system, 1:1 molar ratio. We compared the melting temperatures,

widths of melting transition, and changes in hyperchromicity
2 Chromatographic conditions: Nucleoside/Nucleotide (Watersh7 of complexes formed between dA(pdA)xnd analogous bor-
(4.6 x 250 mm, 11 000 plates/m) column; eluant A, 50 mM triethy-  anophosphate, phosphorothioate, methylphosphonate, and natu-

lamine acetate (pH 7.0); eluent B, ; linear gradient 540% B . : h
in 60 min at a fl(()ev rate )of 1.0 nHminglE.NPeak Wi(?ths were meaosured ral phosphodiester T(pT) At physiologically relevant buffer

at half-height Two stereoisomers; for backbone-modified tetra-, octa-, conditions, the TpT)1-dA(pdA)1, complex exhibited a coop-
and dodecathymidylates the retention times reflect the average for erative transition withl, = 14 °C as estimated on the basis of

stereoisomers which are eluted as a broad peakerage width for the differential melting curve (Figure 2). By comparison, the
both peaks. closest analogues, phosphorothioate and methylphosphonate
IE purification was followed by RP HPLC for all of the dodecamers, formed more stable complexes with dA(pdt)
BH3;~—ODNs except the dimerfpT, which was purified only the same conditionsT, = 28 and 32°C, respectively), while
by RP HPLC. The synthetic scheme yielded oligothymidine the most stable complex wiffy, = 47 °C was formed by natural
boranophosphates as mixtures of diastereomers. Subsequentlyjodecathymidylate. Under these conditions, the broadest melt-
the dimer was resolved by RP HPLC into two peaks corre- ing transition among studied complexes was registered for the
sponding tdR, andS;, isomers (Table 2). Longer BH—ODNSs T(MpThrdA(pdA)11 complex (Figure 2). The width of the
(21 isomers for am-meric oligomer) were eluted as one broad melting transition for the boranophosphate complex fell between
peak. Comparative RP HPLC peak width data for different those of methylphosphonate and phosphorothioate complexes,
backbone-modified oligothymidylates are given in Table 2. The being closer to the latter. Assuming that the change in enthalpy
diastereomeric dodecathymidine boranophosphate displayed §AH) for the complex formation correlates with transition
width intermediate between that of the wider peak of the width32 the relativeAH values would be methylphosphonate
analogous phosphorothioate dodecamer and that of the narrowex boranophosphate phosphorothioate< natural phosphodi-
peak of the methylphosphonate dodecamer, being more similarester complex.
to the latter. Likewise, the RP HPLC retention time values

exhibited by the B —ODNSs are intermediate between-S ~(32) Breslauer, K. J. InThermodynamic Data for Biochemistry and
and CH—ODNSs, providing evidence that boranophosphate B(')ozteflggo'ogy Hinz, H.-J., Ed.; Springer-Verlag: New York, 1986; pp

analogues are more hydrophobic than charged phosphorothioates ™ (33) Lj, H.: Huang, F.; Shaw, B. RBioorg. Med. Chem1997, 5, 787—
yet less hydrophobic than neutral methylphosphonates. 795.
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Figure 2. Thermal denaturation curves for the dA(pdAyomplexes
with boranophosphate T(T)1; (1), phosphorothioate Y§T)i1 (2),
methylphosphonate TpT)1;: (3), and T(pT): (4) at 1 x 104 M
concentration in 150 mM KCI, 20 mM K#PO, (pH 7.0), 10 mM MgCl}
buffer. The rate of the thermal ramping was 0°&3min.

The observed hyperchromicity in the-65 °C interval was
the highest for the unmodified T(pm)dA(pdA)1; complex
(AA260 = 0.177 or 36.8%), followed by the phosphorothioate
complex AAzso = 0.16 or 32.3%), and the lowest for meth-
ylphosphonate and boranophosphate compleXésgh = 0.149
(30.9%) and 0.148 (29.2%), respectively). Taking into account

the possibility that the optical density increase was underesti-

mated for T¢pT)11-dA(pdA);1 complex melting [since the low-

J. Am. Chem. Soc., Vol. 120, No. 3942998

XC

BP

Figure 3. Denaturing (20%) PAGE analysis ofphosphorylation of
oligothymidine boranophosphates and their natural counterparts by T4
polynucleotide kinase ang'{*P]JATP: lanes 1 and 2, [5°P]T(pT)11

and [3-*P]T(pT)y; lanes 3 and 4, [5*3P]T(°pT); and [3-FP]T(pT);
lanes 5 and 6, [5¥P]T(°pT)s and [3-3%P]T(pT); lanes 7 and 8, [5
33PITPpT (I and Il isomers); lane 9, [$3P]TpT. BP and XC are
Bromophenol Blue and Xylene cyanole FF markers.

Table 3. Comparative Stability of Dodecathymidylates T(pi)
T(PT), and TPPT); toward Nucleases and Phosphodiestefases
ecrz)znycrne SVP BSP Pnuclease snuclease
ug/mL 2 20 5 50 0.01 10 0.01 5
T(Tw 15min n/& 20 min n/a <5min n/a <5min n/a
TEpT)1 nla 2K nla 3h 2h <5min 40 min <5 min
T(pTu n/a 78 n/a 1h stable 6h stable 70h

2 The table presents half-hydrolysis times calculated on the basis of
the IE HPLC profiles. Presented half-hydrolysis times are the incubation
times that are necessary to convert 50% of a full-length oligonucleotide
to its lower molecular weight fragments upon integration of the
corresponding HPLC peaks. A typical 1Q@L reaction mixture
containing 1Q:M oligonucleotide was incubated at 3 for different
periods of time; 2Q:L aliquots were analyzed on a Polysil CA &t
4 x 50 mm column with a 0.60.3 M KH,PO, gradient in 30% CKCN
at a flow rate of 1 mL/min® Data not availablet Times that are
necessary to reach half of the terminal hydrolysis, which corresponded
to 42% for T¢pT)11 and 33% for TEHT)1.

presence ofif-33P]ATP the oligothymidylate Bsr —ODNs were
readily B-labeled, though less efficiently than their natural

temperature baseline was not established (Figure 2)], one maycounterparts (Figure 3). The 12- and 8-meric oligothymidine

conclude that the complementary complex formed with do-

decathymidine boranophosphate reveals hyperchromicity com-

boranophosphates were labeled at approximatety3286 of
the natural phosphodiesters, whereas the 4-mer was labeled at

parable with its closest analogues, the methylphosphonate andl0—15% of the natural tetrathymidylate. Individual isomers

phosphorothioate complexes.

When the ionic strength was increased, thgpT};; dodeca-
mer formed a more stable complex with dA(pdARs expected
for negatively charged compounds. Increasing the KCI con-
centration from 0.15 to 1.0 M shifted the melting curve to higher
temperaturesTy, = 19°C). A similar shift AT, = 5 °C) was
observed for the T(pT)-dA(pdA);1 complex upa 1 M KCI
addition (data not shown).

Some Substrate Properties of B —ODNSs. The synthetic

of the TpT dimer also were '5¥3P-phosphorylated by T4
polynucleotide kinase, but with quite different efficiencies.
Isomer 1l (having greater retention time on RP HPLC and
tentatively assigned aR,)!® was labeled at 10% of the TpT,
whereas isomer | (tentativel§,) incorporated only 23% of
radioactivity compared to TpT at the same conditions (Figure
3). IE HPLC was used as an alternative method to follow the
progress of the phosphorylation, allowing direct detection of
original and 5-phosphorylated species. At &M/ oligonucle-

oligothymidine boranophosphates were reasonable substrates footide, 500uM ATP, and 0.5 UiL enzyme it took 40 min to

T4 polynucleotide kinase. At standard conditions in the

achieve 50% phosphorylation of "p{T);; and 180 min to
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Figure 4. Denaturing (20%) PAGE analysis of the snake venom 10% —
phosphodiesterase (SVP) hydrolysis of dodecathymidine boranophos- ¢
phate (lanes%5) and its natural counterpart (lanes 6 and 7). Hydrolysis
was carried out at 37C in 50 mM NacCl, 50 mM Tris-HCI (pH 9.0), - 3
15 mM MgCh, 100 ug/mL bovine serum albumin, and 10M =TT T T T T T T T
oligonucleotide. Key: lane 1, [5%P]T(°pT)y1 in the digestion buffer 1 234567389101112
for 32 h; lanes 24, [5-**P]T(’pT).1 in the presence of 20g/mL SVP ] )
for 30 min, 7 h, and 24 h; lane 5, as in lane 4 plus addition of a fresh Length of oligonucleotides

portion of the enzyme (total of 46g/mL SVP) and incubation for 8 - rigyre 5. Final distribution of products after hydrolysis of (a)F{)
more; lane 6, [5*P]T(pT). in the digestion buffer for 30 min; lane  ang (h) TPpT)s by P, nuclease. Reaction mixtures contained;20
7, [5-*®P]T(pThs in the presence of 2g/mL SVP for 30 min. oligonucleotide and 108g/mL (40.7 U/mL) enzyme in 30 mM sodium

. . . acetate (pH 5.3), 0.2 mM ZnS@nd were incubated at 3T for 144
achieve 85% phosphorylation. Under the same conditions, h_ |n control samples where enzyme was not added, oligonucleotide
natural T(pT)1 was 95% phosphorylated in 10 min. degradation was5%.

The gel-purified 53P-labeled and original unlabeled bor-

anophosphate dodecamers were tested as substrates for a numbefer, but less resistant than the phosphorothioate counterpart
of exo- and endonucleases. For comparative purposes, the samg@ward this enzyme (Table 3). At high enzyme concentration
experiments were done with natural and phosphorothioate (100ug/mL), complete hydrolysis of PT);1 was achieved in
counterparts. In general, the boranophosphate dodecamer wagsg h.
much more resistant to nuclease hydrolysis than Tpdnd The BH—ODNSs are highly resistant toward; Rnd S
even superior to FOT).; (Table 3). Specifically, with SVP,  nycleases (Table 3). H{T);: was absolutely stable in the
the boranophosphate analogue was 140 and 3.5 times MOrgyesence of 0.04g/mL P; or S nuclease while the natural and
resistant than the natural and phosphorothioate counterpartsyngosphorothioate dodecamers were completely hydrolyzed
Notably, the [5-*P]T(*pT)1, dodecamer was not hydrolyzed yithin 10 min and 7 h, respectively. At very high enzyme
completely by SVP, even after a long incubation period and ¢oncentrations and prolonged incubation periods, however, we
addition of a fresh portion of enzyme (lane 5, Figure 4), while \yere able to observe partial hydrolysis of boranophosphate
the natural dodecamer degraded substantially at lower enzymeyogecamer. With P nuclease, complete disappearance of
concentration and shorter incubation time (lane 7). In the griginal dodecamer and formation of cleavage products were
converse experiment with unlabeled®@{):1 and [S-*%P]T- observed after 24 h with 1@g/mL enzyme. Nevertheless, even
(PT), complete degradation of the natural dodecamer was with 100.g/mL Py nuclease and after 144 h of incubation, some
observed (not shown). The distribution of products seen upon gjigomeric hydrolysis products remained. The distribution of
terminal digestion of [5*P]T(*pT)u (lane 5, Figure 4) indicated  the cleavage products is shown in Figure 5, with the mono- to
that only one stereoisomeric configuration of the boranophos- etranucleotides being the main products. Interestingly, the
phate bond was susceptible to SVP hydrolysis. Itis well-known treatment of TpT)s with P nuclease even at very harsh
that S—ODNs also exhibit stereospecificity for SVP hydrol-  ¢onditions (10Qug/mL enzyme, 144 h) did not result in complete
ysis®*¢ The pattern obtained for §{T)., hydrolysis was very  hydrolysis of the original tetramer and produced a similar

similar to that for T¢pT)y; (IE HPLC data, not shown). distribution of cleavage products (Figure 5).
In contrast to SVP, BSP hydrolyzed the boranophosphate

linkage of both configurations in the’@T dimers, as reported Discussion

previously3@ as well as in the synthetic T{T),; dodecamer.

Moreover, the BH"—ODNs were hydrolyzed most easily by In previous studies, the synthesis of the dithymidine bor-
BSP among the studied enzymes. Yet, the boranophosphateanophosphate was carried out in solution using a modification
analogue was 30 times more resistant than the natural dodecaef the conventional phosphoramidite metHéd.However,
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several problems were encountered using that chemistry forthan did BH-Py. This BH-CPy complex, in conjunction with
solid-phase synthesis. The phosphoramidite methodology ofa DNA synthesizer, ensured complete boronation of oligonucle-
oligonucleotide synthesis requires an oxidation (or boronation otide backbones in 30 min at ambient temperature for all tested
in our case) reaction in each chain elongation cycle that mustsolid supports.

be quantitative for efficient synthesis. Although powerful  Among the tested solid supports, CPG provided the best yields
boronating agents, like dimethyl sulfieorane, allow rapid for the BH;"—ODNSs, while polystyrene resin yields were
and quantitative boronation, they also cause base datfg€?  s|ightly lower (Table 1). The silica gel based solid support gave
Another problem arose from incompatibility of the boranophos- the poorest yields of desired products, possibly because of the
phate triester group and the 4@imethoxytrityl (DMT) group. presence of residual water trapped in the gel which affects the
During the regular DMT-deprotection step a partial deboronation horonation procedure. The intermediate phosphite triexter
was observed®3 species may be easily hydrolyZéespecially in the presence

H-Phosphonate Synthesis.As an alternative, we investi-  of a base, like the amine that is liberated during the borane
gated the H-phosphonate methodology of oligonucleotide exchange reaction. Hydrolysis of silyl esters resultsHin
synthesis, which is widely used for preparation of backbone- phosphonate specigsvhich do not participate in the exchange
modified DNA analogues® This method requires only a single  reaction. Subsequent ammonia treatment will hydrolyze any
boronation reaction after complete chain elongation, avoiding remainingH-phosphonate bonds, producing chain cleavage and
the problems associated with the removal of DMT groups and diminishing the yield of the desired product. Thus, stringent
allowing milder boronating conditions. However, unlike the anhydrous conditions are required for an efficient boronation
oxidation, thiolation, and amidation of &ixphosphonate diester  procedure. It is known that silica gel can retain residual water
(1, Scheme 2) that proceed directly to afford the desire®P, even after washing with anhydrous solvents, especially after
P—S-, and P-NHz-modified ODNs, the boronation procedure acid treatment’ If so, this may explain a drop in the yield
required formation of an intermediate nucleophilic phosphite during the boronation procedure on this support that would be
triester species?]. Silylation is an efficient method to afford  independent of the length of the synthesized oligonucleotides.
such conversiod” All tested silylating agents, including Table 1 data are consistent with the suggestion, giving prefer-
chlorotrimethylsilane, provided smooth and relatively fast ence for CPG and polystyrene resin as supports fog BH
conversion ofl to 2. For automated synthesis the most reactive ODNs synthesis.

silylating agent, BSTFA, was chosen because it provided Conventional purification of phosphate-modified ODNs re-
quantitative conversion in 20 min for all tested solid supports. quires separation from truncated sequences and from any
Until now, borane-dimethyl sulfide complex (BEDMS) has undesired oxygenated (i.e., partially natural phosphodiester)
been the only reagent reported for the borane exchange reactiomproducts, if present. Our proposed method for;BHODN
with an internucleoside phosphite triester grdtp’® Whereas synthesis requires formation of an intermediate phosphite triester
it provided fast and complete boronation, yielding boranophos- species that is easily oxidiz8d%8 Even though the boronation
phate triester, BRHDMS causes extensive base modification, procedure was carried out under anaerobic as well as anhydrous
especially for bases other than'ffc17a (our unpublished conditions, minor amounts of phosphodiester species appeared
observations). We looked for a milder boronating agent that in the crude reaction mixtures (% for automated and-24%
would be compatible with automated DNA synthesis and would for manual syntheses of F(T);1 upon3!P NMR analysis). To
have a diminished reactivity with bases. Different borane ensure that Bsr—ODNSs were free from partially oxygenated
amine complexes were tested as possible boronating agents. Ispecies, purification and subsequét® NMR analysis were
contrast to the data published by Zhang et@we found that applied.

all tested complexes, including BHPy, exchange a borane Being negatively charged, the synthetic 8H#ODNs were
group onto an internucleoside phosphite trie&eyielding 3 easily purified from truncated sequences by IE HPLC (Figure
(Scheme 2). A similar exchange reaction for trialkyl phosphite 1), This type of chromatography was also successfully used
was reported earlier by Re€t?. In general, a borane exchange for the separation of all-S-ODNs from their analogues
reaction between two Lewis bases, such as amine and phosphitegontaining one or more phosphodiester bo##s. Since the
leads to an equilibriur®; but the basicity, steric factors, solvent, BH,~—ODNSs are retained on strong ion-exchange matrix
etc34 can drive the equilibrium in favor of one product. Under  sjgnificantly longer than their phosphodiester counterparts, it
the conditions we employed for the boronation of phosphite was anticipated that IE HPLC should separate the fully
triester, either in solution or on solid Supports, the reaction went substituted boranophosphate product from any molecules con-
to completion with all studied borare@mine complexes3'P taining one or more natural phosphodiester linkages. In addition
NMR data showed the complete disappearance of phosphitetp |E, subsequent RP HPLC purification also facilitated separa-
triester2 species with concomitant formation of boranophos-  tjon of all-boronated ODNs from partially oxygenated analogues
phate triesters during the coarse of the reaction. Even thedue to significant differences in the retention times between
relatively inert complex, BEtPy, resulted in near quantitative  O0-—ODNs and BH~—ODNSs (Table 2). As a result, no signals
boronation (see Table 1). However, this reagent required other than that of boranophosphat& £ 93.8 ppm) were
elevated temperature (3C) to accelerate the process, making detected in thé*P NMR spectra of chromatographically purified

it inconvenient for application in DNA synthesizerso- oligothymidine boranophosphates (Supporting Information).
Chloropyridine (CPy) formed a less stable complex with borane penaturing PAGE analysis confirmed the length homogeneity

due to the electron-withdrawing and steric effects of the chlorine of the isolated B~—ODNSs (Figure 3 and Supporting Informa-
atom'836 and much more easily transferred the borane group
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tion). Thus, HPLC purification is sufficient to ensure a length fact that synthetic oligothymidine boranophosphates were
homogeneity and an absence of oxidized phosphate species. prepared as a mixture of sterecisomers must also be considered
Hybridization Properties. The first insight into hybridiza- when trying to explain differences between this and prevfsus
tion properties of the BEf—ODNs was made by Li et &f¢ complex stability data. For phosphate analogues, especially
with a 14-meric oligonucleotide containing a single, enzymati- methylphosphonates, one stereoisomer typically disturbs comple-
cally incorporated, boranophosphate linkage tentatively in the mentary complexes less than the otffelOne may assume that
S, configuration. They found AT, = —0.7°C between parent  the enzymatically synthesized boranophosphate linkagjgss
and modified DNA duplexes and concluded that this modifica- are stereoregular and that the selected isomer provides greater
tion effected only a minor change in the stability of the stability to complementary complexes relative to the other
complementary comple®¢ In another study#6 data for isomer. This topic is the subject of our ongoing studies.
template-directed primer extension also suggested that the In the only other report about hybridization properties of a
boranophosphate backbone modification did not significantly fully substituted oligonucleoside boranophospHat&€hang et
disturb hybridization ability. In the current study, however, a al. failed to observe hybridization of their 15-meric oligothy-
dodecathymidine boranophosphate synthesized as a diastereamidine boranophosphate with complementary;gifor A;s)
meric mixture formed a relatively weak complex with comple- strands. By comparison, we observed hybridization with a
mentary dodecadeoxyadenylate (Figure 2). There might be shorter (12-mer) boranophosphate analogue. Our finding is not
several reasons for this difference: (1) All phosphate-modified directly contradicted by the results of Zhang et al. since the
ODNSs (such as methylphosphonates, phosphorothioates, phosmelting conditions and oligomers were different; however, our
phorodithioates, or phosphoramidates) perturb the structure ofconclusion disagrees with theirs. At physiologically relevant
the DNA helix (and/or solvation environment) to some extent buffer conditions, even a 12-meric oligothymidine boranophos-
and form less stable complementary complexes compared tophate can hybridize with complementary oligo(dA). There are
their natural counterpar8. The same effect is expected for solid grounds for believing that longer (about-120-meric)
boranophosphate analogues. Since the boranophosphate linkagaixed-sequence Bf—ODNSs should form sufficiently stable
is isomorphic to methylphosphonate yet bears a negative chargecomplementary complexes to target nucleic acids &C37hus,
the electrostatic repulsion between strands will add to the the pessimistic forecast given for BH-ODNSs in the above-
negative influence of steric distortion on complex stability. mentioned artic&2 based on the assumption that the “more
Electrostatic considerations imply that the boranophosphate stable complex provides greater effect” seems to be a misleading
analogues will probably form less stable complexes than generalization.
methylphosphonates, which is what we observed. (2) The (T) Hybrid Character of Boranophosphates (as Enzyme
d(A)n family of duplexes, which would include the T(pT) Substrates). As demonstratedide supra the BHs~—ODNs
dA(pdA).1 complex studied here, adopts a helical conformation display properties of neutral methylphosphonate and charged
slightly different from the canonical B-forf?. We suggestthat  phosphorothioate and phosphodiester ODNs to varying extents.
this atypical conformation might accentuate the steric hindrance This hybrid character is further revealed in its interactions with
of the phosphate substituents on the pyrimidine strand. In enzymes. Oligothymidine boranophosphates, unlike meth-
general, oligonucleotide homopolymer tracts having phosphateylphosphonates, are able to bephosphorylated by T4 poly-
modifications on the pyrimidine strand are greatly destabilized nucleotide kinase. Postsynthetic phosphorylation provides a
compared to tracts having modifications on the purine strand convenient method for labeling BH—ODNs and may allow
or tracts with mixed sequencé$:*! For example, we observed  subsequent derivatization of the@hosphate. Phosphorylation
a significant difference in melting temperature of complexes of BH;~—ODNSs supports speculations that a negative charge
formed by natural dodecathymidylate and their phosphorothioate is an important factor for the kinase activity, perhaps contribut-
counterpart ATy, = 19 °C, or 1.73°C per linkage), in good  ing to the binding affinity of a substrate. Both stereoisomers
agreement with previous dat#:4!2> By contrast, for mixed-  of TPpT are substrates for T4 polynucleotide kinase; however,
sequence S-ODNs much less duplex destabilization was the later eluting isomer (Il isomer) was-phosphorylated
observed?®42 Further, abnormal melting characteristics of the ~ significantly faster.

duplex formed by a 19-meric oligaymidinemethylphosphonate Enhanced resistance of the boranophosphate bond toward
and natural oligdeoxyadenylat@lso were reportett® This nuclease hydrolysis has been reported previotisy However,

duplex exhibited a broader melting transition and reduced in those studies the substrates contained only a single borano-
melting temperature value compared to a 19-mer oligtigoT phosphate diester bond, or a boranophosphate dimer was used

duplex having a oligdeoxyadenosinmethylphosphonate strand  as substrate. Here we extended the work to cover oligonucle-
and a natural oliginymidylatestrand. It thus seems possible  otides comprised of all boranophosphate bonds. Our findings
that in our case increased steric effects of the boranophosphateyroved consistent with the previous data (Table 3). Borano-
pyrimidine strand led to decreased complex stability. (3) The phosphate dodecathymidylate was more than 2 orders of
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boranophosphate linkage, and are in good agreement with In conclusion, théd-phosphonate approach for BH-ODNs
previously reported dat& showing that only one stereocisomer synthesis allows a single borane transfer step to be carried out
(presumably&,) of T°pT was a substrate for SVP. Analogously, after the desired sequence has been assembled. This method
only the R, stereoisomer of phosphorothioate linkage can be proved to be a successful alternative to the previously used
hydrolyzed by SVPa ¢ giving essentially the same pattern we phosphoramidite approach. Silylation and subsequent borona-
observed for SVP hydrolysis of both Pp{T);; and T€pT)11. tion with a borane-amine complex ensure the mild conversion
BSP (phosphodiesterase 1l) was the single enzyme amongof anH-phosphonate internucleoside bond to a boranophosphate,
those tested that hydrolyzed both stereoisomers of the inter-with an efficiency comparable to that of ©ODN synthesis
nucleoside boranophosphate linkage at an appreciable rate. Yethrough iodine oxidation. The synthetic oligothymidine bor-
T(°pT)11 was hydrolyzed 30 times slower than the natural anophosphates were purified by techniques regularly used for
dodecamer. Previously reported data for thgTTdimer showed O —ODNs, e.g., IE and/or RP HPLC and PAGE. The
a 30-fold decrease in rate for one isomer and an 80-fold decreaselodecathymidine boranophosphate hybridized with the comple-
for the other isomer, compared to TH®. BSP might be useful =~ mentary dodecadeoxyadenylate and the resulting complex
for base composition analysis of synthetic BHODNs. The melted in a cooperative manner, although its stability was less
T(°pT).; dodecamer was completely hydrolyzed to nucleotide than that of complexes formed by methylphosphonate and
and nucleoside monomers within 48 h at@7 by 100ug/mL phosphorothioate counterparts. The oligothymidine borano-
BSP. In contrast, oligonucleoside methylphosphonates arephosphates, unlike neutral methylphosphonates, are reasonable
completely resistant toward phosphodiesterase Il hydrofysis. substrates for T4 polynucleotide kinase, allowing for théir 5
BHs~—ODNSs appear to be much more resistant than-O  labeling. Further, the borane modification of the phosphate
and S—ODNs toward P and S nucleases (Table 3). This group results in considerably enhanced stability toward nu-
stability correlated with data where neither isomer of the cleases. The B§f—ODNs, like S —ODNs, are hydrolyzed by
dithymidine boranophosphate was hydrolyzed at all by either snake venom phosphodiesterase in a stereoselective manner but
nucleasé3 The hydrolysis of T§pT).1 might yet be achieved  are much more stable toward &d § nuclease hydrolysis than
at very high enzyme concentration and long incubation time their natural and phosphorothioate counterparts.
(Table 3, Figure 5). These findings do not contradict each other
since it was shown for nuclease ®at the rate of hydrolysis
significantly increased with the length of the oligonucleottele.
The trimer TpTpT, for example, was hydrolyzed 18 times faster
than TpT. The extremely low ¥§T),1 hydrolysis rate by P
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