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ABSTRACT. Boronated oligonucleotides are potential candidates for boron neutron capture therapy, antisense
technology, and as tools in molecular biology. The biological properties of dodecathymidylic acids
containing one or more S{carboran-1-yl)-2deoxyuridine residues at different locations within the
oligonucleotide chain were studied. &-Carboran-1-yl)-2deoxyuridine containing oligonucleotides
manifested marked increased lipophilicity and resistancé-tor® -phosphodiesterases compared to the
corresponding unmodified oligomer. They were substrates for T4 polynucleotide kinase and primers for
Escherichia colpolymerase | and human immunodeficiency virus type 1 reverse transcriptase but not for
human DNA polymerase. and 5. They also formed heteroduplexes that were substratek.faoli

RNase H, an essential property for antisense technology. These studies indicate that the carboranyl-
containing oligonucleotides have desirable properties that need to be exploited further in the design of
novel biopharmaceuticals.

The carboranyl cluster is a new modifying entity for
oligonucleotides potentially useful as boron carriers for boron
neutron capture therapy (BNCT)s antisense agents for
antisense oligonucleotide therapy (AOT) and as probes for
tumor diagnosis and virology. Recently, we described the o o
synthesis of thymidine-(®')-thymidine @-carboran-1-yl)- e

\N O
o
methylphosphonate, the first oligonucleotide analogue bear- &Q

BXHID
ing 3,5-0,0-[(o-carboran-1-yl)Jmethylphosphonate inter- & °

nucleotide linkage instead of natura)s3-0,0-phosphodiester Ho” "o

residue (Lesnikowski & Schinazi, 1993), and dodecathymidy- o

late containing 54-carboran-1-yl)-2deoxyuridine (CDU)

instead of thymidine, at different locations within the oligo- o

nucleotide chain (Fulcrand-El Kattan et al., 1994). The R gfg;Jg&:;‘(zza)
physicochemical properties of these CDU-oligonucleotides Ho' o Thy 5.d(T)eCOUIT)r3 (4

were studied. The thermostability of duplexes formed by <§°_>/ :jg;;?ggb’;%f 3{5()6)
these new oligonucleotides with natural complementary o 5-CDUA)5CDUY(T) (7)
strand d(A), was affected by the location of the carboranyl

nucleotide within the chain. The melting temperaturg)( o y 5

of the duplexes was highest when the CDU was located at - AN ng AN /g\@

the B-end than at the '&nd or in the middle of the \CGCH T\>a—¢s</ﬁ|’ . T}B/—BZT -
oligonucleotide. Thd,, studies were supported by molecular \BX/H‘D - B/B\\E%B B%"\E%B i
modeling studies. In addition, the presence of one or more ¥ L

anionic o-nido-carborane

Ficure 1: Dodeca(thymidine phosphates) containingpsdrbo-
ranyl-1-yl)-2-deoxyuridine.

o-closo-carborane

T Supported by the Department of Energy grant DE-FG02-96ER62156,
NIH Grants RO1-CA 53892 and R44-CA 65434, the Department of
Veterans Affairs, and the Georgia Research Center for AIDS and HIV
Infections.

* Part of this work was presented in outline at the Xi@onference
on Phosphorus Chemistry, Jerusalem, Israel, July21l§ 1995.

* Corresponding author. Telephone: 404-728-7711. Fax: 404-728-
7726. E-mail: schinazi.raymond@atlanta.med.va.gov.

® Abstract published ilAdvance ACS Abstract#pril 15, 1996.

1 Abbreviations: AOT, antisense oligonucleotide therapy; BNCT,
boron neutron capture therapy; BSA, bovine serum albumin; BSPDE
bovine spleen phosphodiesterase II; CDU,o&%érboran-1-yl)-2
deoxyuridine; DTT pL-dithiothreitol; HIV-1, human immunodeficiency
virus type 1; PAGE, polyacrylamide gel electrophoresis; SVPDE, snake
venom phosphodiesterase |; RT, reverse transcriptBsemelting
temperature; TCA, trichloroacetic acid; TEAA, triethylammonium
acetate buffer.

carborane clusters in these new compounds increased their
lipophilicity. This desirable property and the high boron
content make them useful leads for designing oligonucle-
otides for BNCT, AQOT, and as probes for the diagnosis of
malignancies, viruses, and other pathogens (Schinazi et al.,
1994). Herein, we report some of the pertinent biological

" properties of this new class of oligonucleotide analogues
(Figure 1), focusing on their stability to enzyme hydrolysis,
phosphorylating potential, formation of the heteroduplex
substrates for RNase H, and their use as primers by various
polymerases.
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MATERIALS AND METHODS

Materials

A Cig reverse-phase column (Partispherg, G um, 4.6
x 235 mm) was obtained from Whatman Co. (Hillsboro,
OR). Phosphodiesterase Il (EC 3.1.16.1) from bovine spleen
was purchased from Sigma Co. (St. Louis, MO). Polyacryl-
amide was purchased from International Biotechnologies Inc.
(New Haven, CT). Bispolyacrylamide and urea were bought
from Fischer Scientific (Fair Lawn, NJ). Polyadenylic acid
r(A) (400—600 bases), d(A), poly d(A) (ca. 300 bases)
homopolymer template, anéscherichia colipoly r(A)

polymerase were obtained from Pharmacia (Piscataway, NJ).

Calf thymus DNA (activated, type XV) was from Sigma Co.
(St. Louis, MO). T4 polynucleotide kinase was purchase
from New England BioLabs (Beverly, MA). Human DNA
polymerasesa. and S were purchased from Molecular
Biology Resources (Milwaukee, WIE. coli DNA polym-

erase | was obtained from Boehringer Mannheim (India-

d
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at —70 °C prior to analysis by HPLC. The degree of
degradation of the modified oligonucleotidds-7 was
calculated according to the following formuld (degree
of degradation after 10 miry (area ofTp signal/area of dC
internal standardysaf(area of oligonucleotide signal/area of
dC internal standarg)ni.

Resistance to Snake Venom Phosphodiesterase | (SVPDE).
The assay was described previously (Fulcrand-El Kattan et
al., 1994). The fraction of undigested oligonucleotide was
calculated using formulaR (area of oligonucleotide remain-
ing intact after 10 min)= (area of intact oligonucleotide/
area of dC internal standagg)/(area of intact oligonucleotide/
area of dC internal standarf).

Phosphorylation of CDU-Containing Oligonucleotides
1-7 by T4 Polynucleotide KinaseModified oligonucleo-
tides 2—7 and unmodified d(T} (1) (20 pmol) were
incubated at 37C in the presence T4 polynucleotide kinase
(0.5uL, 5 unit) and 10uCi of [y-32P]JATP (5000 Ci/mmol)
in a Tris-HCI (70 mM) buffer (pH 7.6) containing Mggl

napolis, IN), and recombinant p66/51 reverse transcriptase(10 MM) and dithiothreitol (5 mM). The final volume of

was generously provided by Biotechnology General (Reho-
vot, Israel). E. coli RNase H and placental ribonuclease
inhibitor were purchased from Gibco BRL (Gaithersburg,
MD). [a-*2P]JATP (10-25 Ci/mmol) was purchased from
ICN (Irvine, CA). [5-methyt®H]TTP (60 mCi/mmol) was
purchased from Moravek Biochemicals (Brea, CA). X-Omat
AR film for autoradiography was obtained from Eastman
Kodak (Rochester, NY). Polyacrylamide gel electrophoresis
was performed using a BRL Model S2 apparatus (Gaithers-
burg, MD). The Quick Spin Column G-50 Sephadex used
for purification of radiolabeled poly r(A) was purchased from
Boehringer Mannheim (Indianapolis, IN).

Methods
Oligonucleotide SynthesifDodecathymidylic acidl) was

prepared according to standard procedure using an oligo-

nucleotide synthesizer (Applied Biosystems USER Bulletin,
1987). Dodecathymidylate—7 containing CDU (see

Figure 1) were synthesized according to the procedure
developed in this laboratory (Fulcrand-El Kattan et al., 1994).

HPLC Analysis of Oligonucleotides Containing CDU and
Their Enzymatic DigestsHPLC analysis was performed on
Hewlett-Packard 1050 system, equipped with a Whatman
Partisphere ¢ 5 um, 4.6 x 235 mm column maintained at
room temperature. Typically, a gradient of ¢EN from
0% to 50% or from 5% to 30% in 0.05 M triethylammonium
acetate buffer (TEAA), pH 7.0, was used as eluant at a flow
rate of 1.0 mL/min. The HPLC characteristics of dodeca-
thymidylates2—7 containing CDU were previously reported
(Fulcrand-El Kattan et al., 1994).

Resistance to Calf Spleen Phosphodiesterase Il (BSPDE)
To 100 mM NaOAc buffer, pH 4.8 (18@L), containing
ZnClL (1 mM), was added a mixture of AZsp ODU of
oligonucleotide2—7, and 0.2\ ODU of 2-deoxycytidine
(dC) used as an internal standard (0). The resultant
mixture was divided into two fractions (9L each). To
one fraction, 1.5x 103 unit (5 uL) of calf spleen phos-

the reaction mixture was 1@L. After 30 min, the reaction
mixtures containing the enzyme were heat inactivated for 2
min at 92°C. A 10x tracking dye (0.5% bromophenol blue,
0.5% xylene cyanol FF, 30% glycerol in water)#g) was
added to the reaction mixture, and /& aliquots were
analyzed by polyacrylamide gel electrophoresis (PAGE). RT-
MT6 (18-mer) was used as the unmodified control. Ad-
ditional controls with enzyme, buffer, ang-f2P]JATP only
(with no oligonucleotide added) were also included in the
gel.

PAGE Analysis. ®?P-Labeled or unlabeled samples of
modified oligonucleotide2—7, and dodeca(thymidine phos-
phate) (), prepared as described above, were separated by
electrophoresis using a 20% polyacrylamide denaturing gel
containing urea (7 M) for 45 min at 50 mA. The samples
were visualized using standard autoradiography on X-Omat
AR film or, in the case of unlabeled oligonucleotides, by
means of UV shadowing.

Primers for Polymerases.The enzymes tested were
human DNA polymerasas andg, E. coli DNA polymerase
I, and recombinant p66/51 HIV-1 reverse transcriptase.
Extension assays were performed using a gi{&fpr po-
lymeraseg3) poly d(A) (ca. 300 bases, for polymerasend
polymerase I), poly r(A) (ca. 450 bases, for HIV-1 RT) as
homopolymer template, CDU modified oligonucleotides
2—7, and unmodified d(T} oligonucleotide 1). Briefly,
oligonucleotides were annealed to the DNA template using
a Perkin-Elmer 480 thermocycler with the following cycle
parameters; 30 min at &, 10 min at 8C°C, 10 min at 70
°C, 5 min at 50°C, 5 min at 36°C, 10 min at 15°C, 5 min
at 12°C, 10 min at 14C, 30 min at room temperature, and
then stored at #C before use. Extension assays were
performed in 50 or 10@L reaction mixtures in a 96-well
plate containing appropriate buffer, respective oligonucle-
otide, template,3H]dTTP (1M, 60 Ci/mmol), and respec-
tive enzyme. Other assay conditions for each enzyme used
were as follows: for human DNA polymerasg Tris-HCI
(60 mM) pH 8.0, Mg(OACc) (5 mM), bovine serum albumin

phodiesterase Il (EC 3.1.16.1) was added. As a control, the(BSA, 0.3 mg/mL), DTT (1 mM), spermine (0.1 mM),

blank reaction contained water instead of enzymel(b A
control reaction with unmodified d(1) (1) was also assayed
simultaneously. Reactions were maintained at@7or 10
min and then kept at 80 for 3 min and immediately frozen

respective oligonucleotide (10 pmol), poly d(A) (0.25 pmaol),
and 1 unit of enzyme; for human DNA polymergseTris-
HCI (50 mM) pH 8.7, MgC} (10 mM), BSA (0.4 mg/mL),
DTT (1 mM), KCI (100 mM), glycerol (15% v/v), the
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Table 1: CDU-Modified Oligonucleotide?—7 and Unmodified Dodecathymidylic Acidl Resistance against Nucleases, Substrate Activity for
T4 Kinase, Induction of RNase H Activity, and as Primers for Polymerases

resistance against induct polymerase
exonucleasés . induction P
- - T4 kinase of RNase o DNA [ DNA | DNA HIV-1 RT
oligomep base composition BSPDBE SVPDE phosphorylation H activity® (human) (human) (E.col) (recombinant)
1 d(The - - + + - - + +
2 5-CDUd(Th1-3 449 nd + + — — + ++
3 5-d(T)CDUd(T)o-3 ++9 nd + + - - ++ ++
4 5-d(T)sCDUd(T)-3 + nd + ++ — — ++ +
5 5-d(T).,CDU(T)-3 - + + + - - + +
6 5-d(T)o(CDU)d(T)-3 — ++ + + — — + —
7 5CDUd(T)CDUd(T)-3 ++9 + + + - - + +

a A mixture of closo/nideoligomers was used.Resistance to nucleolytic digestion was calculated as described in Materials and MetHods. (
Lack of resistance against enzymatic digestibrn=( 0.9), (+) increased resistance (03D < 0.9), (++) good resistance) < 0.3). ¢ Calf spleen
phosphodiesterase (SPDE), phosphodiesterase 1l (EC 3.1.46rd3ke venom phosphodiesterase (SVPDE) f@ratalus durissus terrificus,
phosphodiesterase | (EC 3.1.4.1), from Fulcrand-El Kattan et al. (198#jividual nido-1, nido-2, andclosoforms of the oligonucleotide were
used. No effect on the carboranyl group form was detected except fonide-4 (++). Descriptorsiido-1 andnido-2 correspond to diastereoisomeric
oligonucleotides containing carboranyl cagenido-form, and characterized by lower and higher retention time, respectively, as established by
HPLC (Fulcrand-El Kattan et al., 1994y (+) or (++) describes oligonucleotide efficiency as a primer for the specified polymerasgisidicates
that the oligonucleotide was not a primer for the polymerase under conditions described in Materials and Métbolksdetected by HPLC.

respective oligonucleotide (20 pmol), d¢hf0.5 pmol), and RESULTS

2 units of enzyme; foE. coli polymerase I, Tris-HCI (100

mM) pH 8.0, MgCh (6 mM), DTT (5 mM), respective Resistance to Bane Spleen Phosphodiesterase Il (BSP-
oligonucleotide (20 pmol), poly d(A) (0.5 pmol), and 0.1 DE). A pronounced effect of CDU modification on the
unit of enzyme; and for HIV-1 reverse transcriptase, Tris- Oligonucleotide stability in the presence of phosphodiesterase
HCI (100 mM) pH 8.0, Mgd (2 mM), KCI (50 mM), the I, 3'-exonuclease from calf spleen (BSPDE) was observed
respective oligonucleotide (20 pmol), poly r(A) (0.5 pmol), (Table 1). No thymidine 3monophosphate release was
and 1 unit of enzyme. The reactions were incubated for 1 detected by HPLC after 10 min treatment of the oligonucle-
h at 37°C and then precipitated with TCA (5%) for 1 h at otides2 or 7 with the enzyme. Under the same conditions,
4°C. Finally, reactions were transferred to filter paper using the unmodified d(T), was almost all digested (only 2.5%

a Skatron micro-cell harvester (Skatron, Lier, Norway) or remained intact). In general, the resistance of the CDU-
Packard manual harvester, and radioactive substrate incor-oligonucleotide toward BSPDE, as measured by the amount
porations or extensions were determined with a Beckman of thymidylate released, depended on the CDU location
LS 3801 scintillation counter (Beckman Instruments, Ful- within the oligonucleotide chain. Resistance to the enzyme
lerton, CA) or Packard 9600 direct Beta counter. increased in the order < 5~6 <2~3~7.

Induction of RNase H Aatity. Poly r(A) template (406 Phosphorylation by T4 Polynucleotide Kinasehe phos-
600 bases, 270 pmol) was incubated for 30 min a7  phorylation experiments with T4 polynucleotide kinase
with poly r(A)polymerase (40 units/mL) and{*PJATP (40 showed that CDU-oligonucleotides—7 were efficiently
#Ci) in buffer containing MgGl (10 mM), MnCk (2.5 mM),  phosphorylated at their&nds by the enzyme (Table 1). The
Tris-HCI (50 mM), pH 7.9, NaCl (250 mM), and BSA (0.5 gfficacy of the 5-end phosphorylation was comparable to

mg/mL). The reaction mixture (56L) was then maintained  {he phosphorylation of unmodified, standard oligonucleotide
for 10 min at 65°C in order to inactivate the enzyme. The d(T)sz (D).

radiolabeled poly r(A) template was purified by Quick Spin
Column G-50 Sephadex and the eluate lyophilized. CDU
modified oligonucleotide®—7, unmodified d(T). oligo-

Priming the DNA PolymerizationCDU-modified oligo-
nucleotides2—7 and unmodified dodecathymidylic acid

nucleotide 1) (200 pmol of each), and poly r(A) template Were tested for their_ability to serve as primerg for DNA
(5 pmol) were added to the annealing mixtures (44 polymerases. Four different enzymes were studied, namely,
containing Tris-HCI (40 mM), pH 7.5, Mg&(4 mM) DTT human polymerase and_ﬁ,_E. CO|I. bacterial ponmerase.I,
(ImM), BSA (30 ug/mL), and glycerol (4% viv). The and human |mmunodef|0|ency virus type 1 (HIV-1) viral
samples were heated to 8&, cooled slowly to room  reverse transcriptase (RT). All oligonucleotides? func-
temperature, and then maintained for 30 min &4 To tioned as primers fdE. coli bacterial polymerase | and HIV-1
these solutions, 20 units/mL of placental ribonuclease RT but not for human polymeraseandf (Table 1). The
inhibitor (1 «L) and 10 units/mL RNase H (aL) were ~ DNA-polymerizing activity of E. coli polymerase | and
added, and then the reactions were maintained 4€4  HIV-1 RT was affected to some extent by the location of
overnight. Blank reactions without RNase H and controls the CDU modification within the primer oligonucleotide
without deoxyoligonucleotide were included. After 20 h, chain. In general, oligonucleotid@sand 3 modified at the
aliquots (10uL) of each reaction were removed and mixed 5-end were elongated more efficiently, as measured by
with loading solution (6.L) containing glycerin, bromophe-  [5-*H]thymidine incorporation, than oligonucleotidds-7

nol blue (BPB), and xylene cyanole FF (XCFF). The modified inthe middle or at th¢&nd. For oligonucleotides
samples were then loaded on a 0.4 mm 8% denaturing2 and3, the efficacy of the elongation was-30 times and
polyacrylamide gel containing 7 M urea, and electrophoresis about 2 times lower than elongation of commercial standard
was performed at 1550 V (75 W, 50 mA) for 90 min. The calf thymus activated DNA using. coli polymerase | or
gel was dried and autoradiographed on Kodak X-Omat film. poly r(A),d(T)12-1s Using HIV-1 RT, respectively.
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Ficure 2: Effect of RNase H on CDU-containing oligonucleotides
2—7 heteroduplexes; PAGE analyses. CDU modified oligonucle-
otides, unmodified d(T} oligonucleotide (200 pmol of each), and
[32P] radiolabeled poly (A) template (46®00 bases, 5 pmol) were
annealed. To these, 20 units/mL placental ribonuclease inhibitor

and 10 units/mL RNase H were added, and then the reactions were

maintained at 4C overnight. After 20 h, aliquots of each reaction
were loaded on a 0.4 mm 8% denaturing polyacrylamide gel
containing 7 M urea, and electrophoresis was performed at 1550
V (75 W, 50 mA) for 90 min. The gel was dried and autoradio-
graphed on Kodak X-Omat film.

Induction of RNase H Actity. All CDU-modified oli-
gonucleotides2—7 formed RNA-DNA complexes which
were substrates fdt. coliRNase H with a poly r(A) template
of 400-600 bases in length (Table 1). These heteroduplexes
were digested by RNase H in a fashion comparable to the
digestion of the unmodified duplex formed by dodeca-
thymidylic acid1 (Figure 2). The relationship between the
closo-andnidoform of CDU carboranyl residue (Fulcrand-

El Kattan et al., 1994) and susceptibility of their heteroduplex
toward enzymatic digestion by RNase H were also studied.
No clear effect of CDU location on efficacy of digestion
was detected except that the heteroduplex formed by the
dodecamer containing CDU residue at position 6 of the 12-
mer (in the middle of oligonucleotide chaid) and the
carboranyl group innido-1 form was digested more ef-
ficiently (Figure 2).

DISCUSSION

Resistance to NucleasesThe enzyme SVPDE succes-
sively hydrolyzes 5mononucleotides from deoxyribooligo-
nucleotides with free '8OH groups, and digestion of the

Lesnikowski et al.

DNA proceeds in the '3-5' direction (Laskowski et al.,
1971). In contrast, BSPDE requires frée(H termini, and
digestion proceeds in the opposite-3' direction (Bernardi

& Bernardi, 1971). Both SVPDE (Nossal & Singer, 1968;
Brody, 1986) and BSPDE (Thomas & Oliviera, 1978) are
nonprocessive enzymes.

The nucleolytic activity of both enzymes toward oligo-
nucleotides is substantially decreased by nucleic base
modification for single-stranded as well as double-stranded
substrates (Stezowski et al., 1987; Mao et al., 1993). The
location of the modified base '(3or 5-terminal versus '3
or 5-penultimate) within the oligonucleotide chain affects
the rate of nucleolytic hydrolysis (Biltonen & Lumry, 1965;
Stezowski et al., 1987; Bernardi & Bernardi, 1971). Both
enzymes are affected by modification and the stereochemistry
of the internucleotide linkage (Uhlmann & Peyman, 1990;
Frey, 1989). Itis noteworthy that BSPDE activity is affected
not only by chemical oligonucleotide modifications but also
by intercalating agents forming complexes with double-
stranded substrates (Lesnikowski, 1988).

A substantially pronounced effect on the oligonucleotide
2—7 stability was observed for thé-8xonuclease from calf
spleen (BSPDE), which truncates the oligonucleotides from
the 3-end. The presence of one CDU residue at therisl
protected the oligonucleotide against digestion. No thymi-
dine 3-monophosphate release was detected by HPLC after
treatment of the oligonucleotid@sor 7 with the enzyme. It
is likely that the nucleolytic hydrolysis of the oligionucle-
otides 3—6 proceeded fast until the first CDU residue or
nucleoside directly preceding the CDU was reached (Biltonen
& Lumry, 1965; Stezowski et al., 1987). Inhibition of the
enzymatic activity is probably due to a diminished ability
of the enzyme to bind to the modified portion of the
oligonucleotide and/or to inhibit hydrolysis at the binding
site. These results are consistent with our previous findings
which indicated notable effect of CDU modification on
oligonucleotide resistance against digestion by SVPDE
(Fulcrand-El Kattan et al., 1994).

The presence of two CDU residues at tHee8d of the
oligonucleotide substantially increased the oligonucleotide
stability toward 5-exonucleolytic activity of SVPDE (Table
1). After 10 min, unmodified oligonucleotidé was >
97.5% digested while oligonucleotides containing one or two
CDU residues at the '&nd (position 2, or 2 and 3,
oligonucleotides5 and 6) were 60% and 20% digested,
respectively. This substantially higher stability ®@fcom-
pared to5 may be due to the slow hydrolysis of two
internucleotide linkages beyond the modified bas€BUp-
CDU-3 and 3-TpCDU-3 or one very slow cleavage of the
phosphodiester linkage beyond modified dimefBCDUp-
CDU-3 or trimer 3-TeTeCDURCDU-3. The second pos-
sibility is supported by the finding that action of the BSPDE
on oligonucleotides containing thymidine dimers produced
by UV irradiation generates trinucleotides-@BlpTpT-3'
which are resistant to further enzymatic digestion (Setlow
et al., 1964). It should be noted that, due to the synthetic
procedure used for the modified oligonucleotide, the CDU
residue was located at the penultimate position of the
oligomer, and thymidine was the'-8rminal nucleoside.
Presumably 3thymidylate was removed in the first stage
of enzymatic digestion, and then the resultant undecamer
terminating with CDU was slowly digested by the enzyme.
This reasoning was supported by additional enzyme stability
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studies of oligonucleotide with two adjacent CDU residues  Polymeraset is a major enzyme responsible for replicative
at the 3-end which demonstrated notably higher resistance DNA synthesis in higher eucaryotes, whereas polymefase
than the oligonucleotide with one modification, suggesting is believed to play role in repair of DNA (Siedlecki et al.,
further disturbance of oligonucleotide-enzyme interaction. 1980). Elongation of CDU-modified oligonucleotide-7
Phosphorylation of CDU-Containing Oligonucleotides by primers as well as unmodified d(E)(1), using poly d(A)
T4 Polynucleotide KinaseA variety of modified nucleic template, was not observed with either human polymerase
acids can be phosphorylated in the polynucleotide kinasea or §.
reaction provided they have a nucleotide bearing a ffee 5 A catalytic hallmark of the polymerases is their
hydroxyl group with a phosphoryl group at thesition preferential interaction with single-stranded DNA. Unfor-
(Richardson, 1981; Sande van de & Bilsker, 1973). ynately, the disparity of results obtained with enzymes from
As anticipated, phosphorylation of CDU-containing oli-  gifferent cell types does not allow a simple unifying concept
gonucleotides with T4 polynucleotide kinase was shown for gg tg its involvement in different types of template-primer
all oligonucleotide—7. The efficacy of phosphorylation  pNA. Nevertheless, the finding that oligonucleotitie 7
was comparable to unmodified oligonucleotitieeven for  fajled to elongate, in the presence of poly d(A) template
the oligonucleotide? bearing CDU modification at the'5  ynder the condition used, suggests that the resultant poly
end. The data demonstrate that CDU-oligonucleotides canga)-oligonucleotidel—7 complex is not an optimal sub-
be labeled at the'&nd, which is of practical importance.  strate for the enzyme. This is supported by the observation
Priming the DNA PolymerizationCDU-modified oligo-  that commercial activated calf thymus DNA used as a control

nucleotides2—7 and unmodified dodecathymidylic acid was elongated efficiently under the same conditions.
were tested for their priming activity in the DNA polymer-

ization process catalyzed by four different DNA poly-
merases: human polymerasesndf, E. coli polymerase

I, and HIV-1 RT. The polymerases studied varied in
polypeptide size and differ in term of template requirement
(DNA, or RNA for RT), processivity, and the optimum
condition for the polymerization process (Burgers, 1989; ; .
Mizrachi et al., 1989). RNA priming is the general mech- ?" Wlerte us;:_d r:nf 4-fold ﬁxctess (?er b?_se) relative to the
anism for starting DNA chaing vivo (Loeb et al., 1986), emplate, whic avors.s. ort gap formation.

but in vitro DNA primers are accepted as well (Gross &  1he observed selectivity of human DNA polymerases
Krauss, 1984). It was found that all oligonucleotides? andj3 compared td. coli bacterial polymerase I and HIV-1
were primers for theE. coli polymerase | and HIV-RT but ~ RT toward the CDU-modified oligonucleotide primers may
not for human polymerase and 3, indicating the greater ~ have prapycal |mpl_|c§tlons, for example, by limiting potential
discriminating activity of these important human enzymes. nhonspecific activitiesn vivo (Kregenow et al., 1995).

The efficacy of the primer elongation was affected by the  Induction of RNase H Aatity. RNase H recognizes
location of the CDU-modification within the primer chain. RNA—DNA hybrids as a substrate and cleaves only the RNA
Oligonucleotides modified at the'-8nd @ and 3) were strand in an endonucleolytic manner. The substrate require-
elongated more efficiently than oligonucleotides7 modi- ments for RNase H are not clearly recognized. Most of the
fied in the middle or at the'3nd of the oligomer. This information regarding the enzymatic character of the enzyme
finding is in agreement with the'-3-5' direction of primer comes from studies on rather simple, homopolymeric sub-
elongation, the polymerase requirement for proper base-strates. At least four base pair heteroduplex stretches are
pairing of the primer 3end to the template, and the recently necessary for recognition by the enzyme as a substrate.
described unfavorable effect of CDU-modification on base RNase H displays low sequence specificity, and it is
pairing and homo- and heteroduplex stability, when located presumed that it recognizes some general structural features
at the oligonucleotide '3end (Fulcrand-El Kattan et al., of the heteroduplex, such as sugahosphate backbone
1994). The observed lower efficacy of extension of the (Hogreffe et al., 1990). Of note is that heteroduplexes
primer containing CDU-modification at-&nd catalyzed by = formed by modified oligonucleotides containing an un-
E. colipolymerase | and HIV-RT is of interest in comparison charged internucleotide linkage such as methylphosphonate,
with an effect ofN>-propanyl-2-deoxyguanosine modifica-  phosphotriester, and dephosphono linkage (Uhimann &
tion on human polymerase activity. It was found thatthe  Peyman, 1990) or containing modified sugar such'a®-2
presence oN?-propanyl-2-deoxyguanosine in the primer methylribose (Inoue et al., 1987) aranomeric nucleoside
region at the 4 position or closer, relative to the 3-primer (Bloch et al., 1988) are not substrates for RNase H.
terminus, prevents primer elongation (Weiss & Fisher, 1992). Therefore, it may be of interest that all CDU-modified
A similar effect was described in extension assays in the oligonucleotides2—7 RNA—DNA heteroduplexes with a

For the human polymeragg the observed phenomenon
can be tentatively explained by the enzyme’'s absolute
requirement for the phosphate presence at the template 5
end in the short gap (less than six nucleotides) filling process
(Murakami et al., 1985; Abbots et al., 1988). None of the
oligonucleotided —7 was phosphorylated at thé-énd, and

presence oE. coli polymerase |, folN?-(p-N-butylphenyl)- 400-600 bases poly rA template were found to be substrate
2'-deoxyguanosine located at thieedd of the primer (Misra ~ for RNase H. This observation is in agreement with the
et al., 1992). present knowledge on RNase H substrate specificity since

DNA-dependent DNA polymerase activity of HIV-1 RT  CDU-oligonucleotides, although containing a modified base,
was also examined using poly d(A) template and oligonucle- retain an unchanged, charged backbone. Additionally, the
otide 1-7 primers. In contrast to RNA-dependent DNA efficacy of poly rA template digestion seems independent
polymerase activity (RT activity), no elongation®7 was from T, of the duplex formed with CDU-oligonucleotide
detected. Howeverl was effectively elongated with po- despite the finding that thd&, of duplexes with CDU-
lymerase T7 used as a control, under the same conditionsoligonucleotides varied from 15 to 2€ (Fulcrand-El Kattan
(data not shown). et al., 1994).
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The data presented in this paper represent the initial studied-askowski, M., Sr. (1971) iThe EnzymegBoyer P. D., Ed.) Vol.

and controls for more in depth work on an approach that

might have clinical relevance. Based on the favorable
physicochemical and biological properties of certain oligo-

mers described here, the design of carboranyl oligonucleo-

IV, 3rd ed., pp 313-328, Academic Press, New York.
Lesnikowski, Z. J. (1988Biochem. Biophys. Res. Commun. 152
477-483.
Lesnikowski, Z. J., & Schinazi, R. F. (1993) Org. Chem. 58
6531-6534.

tides bearing one or more carboranyl moieties that could be | esnikowski, Z. J., & Schinazi, R. F. (1998)plish J. Chem. 69
targeted against overexpressed genes in cancer and in virally 827—840.

infected cells is being investigated.
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