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Abstract—Human immunodefficiency virus type 1 (HIV-1) reverse transcriptase (RT) (EC 2.7.7.49)
with a high specific activity has been purified from the overexpressing Escherichia coli strain
DHS54{pJS$3.7]. Steady-state kinetics of DNA synthesis catalysed by RT were analysed on polyribo-
adenylate 20-mer of (3'-5")deoxythymidylate [poly(rA):(dT)y] and polyribouridylate 20-mer of (3'-5')-
deoxyadenylate [poly(rU)-(dA),] homopolymeric template—primers. K,, values of 40 and 140 nM
(3'-OH ends) and &, values of 4 and 0.14 sec™! were determined for the two different substrates.
Oligonucleotide primers (dA), and (dT), were elongated in a terminal transferase-catalysed reaction
(EC 2.7.7.31) with ddATP, 3'-dATP (cordycepin), 2',3'-epoxy-ATP and arabino-ATP; and ddTTP,
3'-azido-TTP, 3'-dUTP, 3'-F-dTTP and rUTP, respectively. The resulting oligonucleotides were
hybridized to their complementary templates and the inhibitory potential of these compounds towards
DNA synthesis started from unchanged primers was measured. Oligonucleotides with unextendable 3'-
groups were shown to act as strong inhibitors of DNA synthesis catalysed by HIV-1 RT. In particular,
poly(rA)-(dT),-[ddTMP] and poly(rU)-(dA),-{3'-d AMP] were potent competitive inhibitors, displaying
K; values of about 6 and 12 nM, respectively. Also 3'-azido-, and 3'-fluoro-terminated oligonucleotides
showed competitive inhibition with inhibition constants in the range of 20-35 nM. In contrast, 2’,3’-
epoxy-terminated (dA),, displayed a mixed-type inhibition with a K; value of 67 nM. Arabino-terminated
(dA),, was found to be an uncompetitive inhibitor of HIV-1 RT with an inhibition constant of 318 nM.
Arabino-terminated primers did not act as strict chain terminators because they could be elongated by
HIV-1 RT. This study provides information on the structure-activity relationship of modified 3'-termini
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of primer molecules which might be exploited as inhibitors of HIV in the future.

Human immunodeficiency virus 1 (HIV-1}) is the
causative agent of acquired immunodeficiency
syndrome (AIDS) [1-3]. The HIV reverse tran-
scriptase (RT) (EC 2.7.7.49) is responsible for
replication of the viral genome. The enzyme catalyses
both RNA-directed DNA synthesis and DNA-
directed DNA synthesis in the infected host cell.
Since the RT is crucial for viral growth and such an
activity apparently does not exist in non-infected
human cells, it has become the main target for
antiviral therapies [4]. 3'-Azido-2',3'-dideoxy-
ribosylthymidine (AZT, zidovudine) is the most
prominent representative of a class of nucleoside
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analogs which inhibits the replication of HIV-1 and
is currently used therapeutically [4, 5]. Two other
drugs, 2',3'-dideoxycytidine and 2’,3’-dideoxyi-
nosine, have shown promising results in therapeutic
approaches [6]. These nucleoside analogs are
intracellularly phosphorylated to the corresponding
5'-triphosphates. The triphosphate analogs exert
their inhibitory potential towards HIV replication
by acting as competitive inhibitors of the pool of
naturally occurring deoxynucleoside triphosphates
[7]. Because the intracellular phosphorylation steps
are rather inefficient [8, 9], relatively high amounts
of these drugs must be prescribed in order to achieve
intracellular concentrations that are sufficient to
inhibit HIV replication. This in turn has led to
serious side-effects [10], which are thought to be
caused by an interaction of the analog triphosphates
with cellular DNA polymerases.

In recent studies on the inhibition of HIV-1 RT 3'-
azido-2',3'-dideoxyribosylthymidine 5'-triphosphate
(AZTTP) it was shown that AZTTP is not only a
competitive inhibitor of dTTP but also acts as an
alternate substrate which becomes incorporated
into a growing nucleotide chain [11,12). After
incorporation, the resulting 3’-end is no longer
extendable by HIV RT and thus acts as a strong and
competitive inhibitor of unchanged 3'-OH group-
bearing primers [11, 12]. This type of inhibitor might
gain in therapeutic interest because of the very low
K; values, the obvious circumvention of the

2581



2582

intracellular phosphorylation steps and last but not
least the possibility of specifically directing these
inhibitors to the HIV genome by using oligo-
nucleotide sequences that are complementary to the
retroviral RNA. As a first step in evaluating the
inhibitory potential of 3’-blocked oligonucleotides
we have synthesized oligonucleotides with various
non-extendable blocking groups at their 3'-termini
and analysed their inhibotory potential towards
DNA synthesis catalysed by HIV-1 RT.

MATERIALS AND METHODS

Materials. ddATP, ddTTP, rUTP, 3'-dUTP, 3'-
dATP and adenine-9-B-D-arabine-furanoside 5’'-
triphosphate (arabino-ATP) were purchased from
Pharmacia (Freiburg, F.R.G.). AZTTP, 3'-fluoro-
3’-deoxythymidine 5’-triphosphate (3’-F-dTTP) and
2',3'-epoxy-ATP were synthesized by the method of
Ludwig and Eckstein [13] and kindly provided
by Prof. F. Eckstein, Max-Planck-Institute for
Experimental Medicine, Géttingen, F.R.G. dTTP,
dATP, rUTP, polyribouridylate [poly(rU)] and
polyriboadenylate [poly(rA)] were purchased from
Boehringer-Mannheim (F.R.G.) and 20-mer of
(3',5')deoxyadenylate [(dA),)] was supplied by
Pharmacia. 20-mer of (3',5')deoxythymidylate
[(dT),0] was synthesized on a 380B DNA synthesizer
from Applied Biosystems by the phosphoroamidite
method. [y-*?PJATP and [a-**P}dNTPs (3000 Ci/
mmol) were from Amersham-Buchler
(Braunschweig, F.R.G.). All other chemicals were
of analytical grade.

Terminal deoxynucleotidyl transferase (EC
2.7.7.31;17.4 U/mL) and T4 polynucleotide kinase
(EC 2.7.1.78; 10U/mL) were obtained from
Stratagene (Heidelberg, F.R.G.).

Radioactive labeling of oligonucleotides. Radio-
active labeling of the 5’-ends was performed with
T4 polynucleotide kinase as described previously
[14]. The labeled oligonucleotides were separated
from radioactive ATP by using Sep-Pak™ cartridges
(Waters Associates, Milford, MA, U.S.A.).

PAGE. The purity of 5'-labeled oligonucleotides
was analysed on 20% polyacrylamide gels containing
8M urea [15]. Samples were mixed with stop-
solution (95% formamide, 20 mM EDTA, 0.05%
Bromophenol blue, 0.05% xylenecyanol), heated to
95° for 2 min and applied to the gel. 5'-*?P-Labeled
p(dT)ypand p(dT),q served as length standards. After
3.5hr of electrophoresis at 25V/cm, gels were
autoradiographed for 12 hr with Cronex 4-films at
—80°.

Preparation of template—primers. Polymeric tem-
plates and oligomeric primers were mixed in a molar
ratio (nucleotide) of 2.5 to 1 in water. The solutions
were heated for 2 min at 70° and then slowly cooled
down to room temperature. The solutions were
stored at —20°.

Enzyme assays. Unless otherwise indicated, RT
was assayed as described previously [16]. Inhibition
reaction were typically carried out in a volume of
50 uL. The reaction mixture consisted of 50 mM
Tris-HCI, pH 8.0, 80 mM KCl, 6 mM MgCl,, 1 mM
dithiothreitol, 0-80 nM 3’-OH-ends of unmodified
primer annealed to the complementary template, 0~
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100 nM modified primer annealed to its comp-
lementary template, 50 uM [*H]dTTP (108 cpm/
pmol) and [a-*’P]dATP (256 cpm/pmol), and
enzyme in an amount that ensured initial rate
conditions. All reactions were carried out at 37°,
After 2.5, 5, 7.5 and 10min incubation at 37°,
portions of 10ulL were spotted onto GF 34-filters
(Schleicher & Schiill, Dassel, F.R.G.) and passed
into ice-cold 10% trichloroacetic acid. After 5 min,
filters proceeded to a suction device and were washed
10 times with 2mL 1 M HCI (each) and five times
with 1 mL 95% ethanol, dried and counted in a
1211 Minibeta (LKB, Bromma, Sweden) liquid
scintillation counter. DNA synthesis was quantified
by applying a least-squares fitting procedure to the
data points of the incorporation kinetics and
evaluating the corresponding slopes.

Purification of HIV RT. Escherichia coli DH5«
bacteria were freshly transformed with the recom-
binant plasmid [pJS3.7] containing the open reading
frame of the complete HIV-1 pol gene fused to the
B-galactosidase gene and a collagen gene linker
[16, 17]. Cells were grown in LB medium containing
50 mg/L ampicillin at 32° until an optical density at
600 nm of 1 was obtained. Then, 1 mg/L isopropyl-
B-D-thiogalactoside was added to induce the
production of the pB-galactosidase—collagen—pol
fusion protein, which is cleaved in an autocatalytic
reaction by its internal protease domain [16]. Five
hours after induction, the cells were harvested by
centrifugation (20 min, 2500 g) and resuspended in
1/20 of their original volume of 50 mM Tris-HCl,
pH 8.0, I1mM EDTA, 3mM B-mercaptoethanol,
100 ug/mL lysozyme. Opening of the cells was
completed by sonication and cellular debris was
removed by centrifugation (30 min, 20,000g). To
one volume of the resulting crude extract one (wet)
volume of DEAE-cellulose (DES2, Whatman),
equilibrated with buffer A (50 mM Tris—=HCl, pH
8.0, 1mM EDTA, 3mM B-mercaptoethanol) was
added and the slurry was stirred for 30 min at 4°.
Unbound proteins were removed by suction through
a glass-sintered Buchner funnel and subsequent
washing with three column volumes of buffer A.
More than 80% of the RT activity was found in the
unbound fraction. This material was directly loaded
onto a second DEAE-cellulose column (1 v/v crude
extract, equilibrated with buffer A). Typically, less
than 10% of the activity was found in the flow-
through of this column. The column was washed
with three bed volumes buffer A and then step-
eluted with three bed volumes buffer A containing
0.2M NaCl. Active fractions were combined, the
pH was titrated to 7.0 and the conductivity was
adjusted to that of buffer B (50 mM Tris~-HCl, pH
7.0, 1mM EDTA, 3mM pS-mercaptoethanol,
100 mM NaCl). This solution was then loaded onto
a phosphoceliulose column (0.02 bed vol. /mL crude
extract) equilibrated with buffer B. The column was
washed with three bed volumes of buffer B and
eluted with a linear gradient (10 bed volumes) from
0 to 0.5 M NaCl in buffer B. RT-containing fraction
were collected and mixed with hydroxyapatite (0.002
column vol./mL crude extract), equilibrated in
buffer A (20 mM KP;, pH 6.8, 1 mM dithiothreitol)
for 30 min and then decanted into a column. A linear
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Fig. 1. SDS-PAGE of recombinant HIV-1 RT at various stages of purification. Fractions containing

3-10 ug protein were prepared for electrophoresis by precipitation with 10% trichloroacetic acid.

Separation was on a 10% SDS gel. After electrophoresis, the gel was stained with Coomassie blue.

CE, crude bacterial extract; DE, second DEAE cellulose eluate; PC, phosphocellulose eluate; HA,

hydroxyapatite eluate; MS, FPLC Mono S cluate. Molecular mass standards (ST) were S-galactosidase
(116 kDa), phosphorylase b (95 kDa), bovine albumin (68 kDa), and ovalbumin (43 kDa).

gradient (10 column volumes) from 20 to 120 mM
potassium phosphate, pH 6.8, was used for elution.
Fractions with RT activity were combined and
dialysed against buffer A for 4 hr. Final purification
was achieved by Mono S chromatography, which
had been equilibrated with buffer A. A gradient
from 0 to 200mM KCl eluted the RT at about
120 mM KCl. The final fraction was >95% pure.
On SDS-PAGE it displayed two polypeptide bands
of approximately equal intensities at 66 and 51 kDa
(Fig. 1). Specific activity of the purified enzyme was
20,000 U/mg. One unit (U) of RT activity is the
amount of enzyme that catalyses the incorporation
of 1nmol dTMP in 10min at 37° into
poly(rA)-oligo(dT),, [16].

Synthesis of 3'-modified oligonucleotides with
terminal deoxynucleotidyl transferase. The reaction
solution contained in a total volume of 300 uL either
100 mM potassium cacodylate, pH 7.2, 0.2mM
dithiothreitol, 1 mM MgCl, (for purine insertions)
or CoCl, (for pyrimidine insertions), 10% ethylene
glycol or, alternatively, 20 mM Tris acetate, pH 7.2,
0.2mM dithiothreitol, 1mM MgCl,. Oligomer
of deoxythymidylate [oligo(dT)] was used at a
concentration of 7.5 uM (3’-ends) and oligomer of
deoxyadenylate [oligo(dA)] at a concentration of
25uM (3’-ends); furthermore, 0.5mM of the
modified nucleoside triphosphates and 30-200U
terminal transferase were used. After incubation for
between 1 and 20 hr at 37° a portion was withdrawn,

labeled with {y-*?P]ATP and analysed by denaturing
PAGE. After the times given in Table 2, the reaction
mixture was loaded onto a preparative DuPont 850
Liquid Chromatograph. the stationary phase was
ODS Hypersil (5 um; Shandon Inc., Runcorn, U.K.)
in a 1 X25cm column, the flow rate was 1.5mL/
min. A linear gradient from 3.5 to 56% acetonitrile
in 50 mM triethylammonium bicarbonate pH 7.5 was
applied for 30 min. Product containing fractions were
collected, evaporated to dryness, and the residual
material was re-evaporated with ethanol to remove
traces of buffer, After labeling with [y-*?P]ATP, the
product was analysed and compared to [5'-3P)-
p(dT)y by denaturing PAGE. A single band with
the expected mobility and a purity of >95% was
obtained and used for further experiments.

RESULTS

Preparation of highly active recombinant HIV-1 RT

RT isolated from virus particles [18, 19] or from
recombinant bacteria consists of a mixture of a 66-
and a 51-kDa polypeptide (p66 and p51), in the
latter case, however, only if the protease domain
has been co-expressed in the bacteria [16, 20-22].

Recently, we reported on the purification of HIV-
1 RT from the recombinant E. coli strain JM109
[JS3.7]. This procedure gave heterodimeric RT with a
specific activity of 4000 U/mg on poly(rA)-oligo(dT)
[16]. However, based on a turnover number of
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Table 1. Purification of bacterially expressed HIV-1 RT

Protein Specific activity ~ Yield
Fraction (mg) (U/mg) (%)
Crude extract 1239 31 —
DEAE cellulose I 730 330 100
DEAE cellulose II 189 1000 78
Phosphocellulose 21 5000 43
Hydroxyapatite 9 9900 37
FPLC Mono $ 4 20,000 33

Purification was from 10 g of E. coli DH5a{pJS3.7]. RT
activity could not be quantified in crude extracts because
of the presence of nuclease.

4sec™! [23] the specific activity of pure RT should
be as high as 21,000 U/mg. Therefore, more effort
has been made to purify HIV-1 RT displaying this
high specific activity. This was mainly achieved by
avoiding dilution of the enzyme during purification.
Hence, the size of the phosphocellulose column was
reduced 5-fold, and heparin-Sepharose was replaced
by hydroxyapatite. This avoided an earlier used
dilution step and allowed a further concentration of
the enzyme, because the size of the hydroxyapatite
column was only 1/50 the size of the heparin-
Sepharose. Final purification to an enzyme with
>95% homogeneity was achieved by chroma-
tography on an FPLC Mono S column. An outline
of the different purification steps is shown in Fig. 1
and Table 1. It should be noted that by using this
procedure it was no longer necessary to include
detergents or glycerol to protect the RT activity.

Characterization of HIV-1 RT by steady-state kinetics

The initial rate of DNA synthesis performed by
HIV-1 RT was measured on either poly(rA)-(dT),,
or poly(rU)-(dA),y template—primers with dTTP or
dATP as the nucleotide substrate. By employing
both Eadie-Hofstee (not shown) and Lineweaver—
Burk evaluations (Fig. 2) [24], the K, values for 3'-
OH primer ends were measured to be 40 =+ 5 (N =
3) and 140 = 20 nM (N = 3), respectively. The values
for the catalytic rate constant were derived from the
corresponding V., values by considering one active
binding site and 100% active enzymetobe4 = 1sec™!
and 0.14 = 0.06sec™! (N =3) on poly(rA)-(dT)y
and poly(rU)-(dA),,, respectively (see legend for
Fig. 2).

Elongation of oligonucleotides with nucleotide
analogs by terminal deoxynucleotidy! transferase

Oligonucleotide primers were blocked at their 3'-
termini by adding non-extendable nucleotide analogs.
The addition was carried out enzymatically by using
the terminal deoxynucleotide transferase reaction.
It was observed that reaction conditions for the
elongation varied dramatically for the different
analogs used. Most efficient elongation was observed
with ddATP. In a reaction volume of 300 uL 30 U
of terminal transferase and an incubation time of
2 hr were sufficient to elongate more than 99% of
25 pmol (3’-ends) primer molecules. In contrast, with
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3’-deoxy, 3'-fluoro-, 3’'-azido-modified nucleotide
analogs and UTP, incubation times of up to 20 hr
and a 10-fold higher amount of terminal transferase
were needed for an elongation of only 50-70% of
the primers in the reaction mixture (Table 2). The
course of primer extension was controlled by
analysing the reaction products on polyacrylamide
gels after different incubation times. After the
reaction times shown in Table 2, products were
taken and purified from unelongated primers by
HPLC. HPLC-purified products were again analysed
by gel electrophoresis, then hybridized to their
complementary templates and subsequently used for
inhibition studies on purified recombinant HIV-1
RT.

Inhibition of HIV-1 RT by 3'-modified oligo-
nucleotides

The influence of 3'-blocked primer termini on the
DNA synthesis reaction of HIV RT was measured
against varying amounts of the homologous template—
primers, which contained unchanged 3'-OH primer
termini. All reactions were measured in triplicate
and under initial rate conditions. The inhibition
constants were derived from Dixon plots (1/v vs [I])
(Fig. 3 and Table 3). Since it is difficult to distinguish
between competitive and mixed-type inhibition by
means of Dixon plots, the type of inhibition was
derived from a Lineweaver-Burk evaluation of the
data. Most of the blocked oligonucleotides displayed
a competitive type of inhibition when hybridized to
their corresponding templates, as expected for
substrate-like analogs (Table 3). The inhibition
constants varied between 6 and 36 nM, dependent
on the blocking group and the template-primer
system used (Fig. 3). Dideoxy-blocked (dT),, (Fig.
3A) was more inhibitory than 3’-azido-blocked (Fig.
3B), followed by 3’-deoxyuridylate- (Fig. 3C) and
3'fluorothymidylate-blocked primers (Fig. 3D).
Poly(rA)-(dT),,-(rU), served as an alternate sub-
strate and had, as expected, no inhibitory effect on
the elongation reaction of poly(rA)-(dT), catalysed
by HIV-1 RT (Fig. 3E). With blocked (dA),
primers, 3’-deoxyadenylate (cordycepin) (Fig. 3F)
and dideoxyadenylate (Fig. 3G) were most effective,
followed by 2',3’-epoxy- (Fig. 3H) and arabino-
terminated primers (Fig. 3I). The Lineweaver-Burk
evaluation of the inhibition data for 2’,3’-epoxy-
terminated primers revealed a mixed-type inhibition
rather than a pure linear competitive inhibition with
a K; value of 67 nM (Table 3). Finally, the arabino-
modified oligonucleotide displayed an uncompetitive
type of inhibition with an inhibition constant of
318 nM (Fig. 3I). The inhibition data are summarized
in Table 3.

Arabino-AMP-terminated primers are extendable by
HIV-1 RT

The uncompetitive mode of inhibition and the
rather weak inhibition constant observed with
poly(rU)-(dA),p-[arabino-AMP] prompted us to
analyse in a more detailed way, whether HIV RT
can elongate a primer terminus carrying an
arabino instead of the normal ribo- or deoxyribo
configuration. For this purpose we elongated
poly(rU)-(dA),, with arabino-ATP to produce
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Fig. 2. Determination of the Michaelis constants for poly(rA)-(dT)y and poly(rU)-(dA)y. The
incorporation of [PH]JdTMP and [«-*?P]dAMP was determined on varying amounts of poly(rA)-(dT),,
respectively. The reaction was started by the addition of RT to S0uL of prewarmed (37°) reaction
mixture. Concentration of dNTPs were 100 uM; RT was added to final concentrations of 1.45 nM for
dTMP incorporation (left panel) and 89.9 nM for dAMP incorporation (right panel). The corresponding
Vs values can be taken from the intersection with the ordinate as 345 nM/min (left panel) and 760 nM/
min (right panel). From these values and the corresponding concentrations of enzyme used, k., values
of 4sec™! for synthesis on poly(rA)-(dT)y and of 0.14 sec™* for synthesis on poly(rU)-(dA)y can be
calculated by using the relationship A, = Vy/[RT]-60. The factor of 60 is necessary for expressing
k. in terms of sec™! instead of min~'.

Table 2. Reaction conditions for the elongation of the
oligonucleotides by various nucleotide analogs

Terminal transferase Incubation time

Substrate ) (hr)
ddTTP 30 2
AZTTP* 200 20
3'-F-dTTP* 200 20
UTP 50 16
3-duTP* 30 16
ddATP 30 2
3'-dATP* 30 16
2',3'-Epoxy ATP 30 2
Arabino-ATP 60 2

The elongation reaction were either performed in Tris
acetate or, when marked with an asterisk *, in cacodylate
buffer as described in Materials and Methods. Mg** served
as a cofactor for the incorporation of modified purine
nucleotides; modified pyrimidines were inserted in the
presence of Co**.

substantial amounts of poly(rU)-(dA),,-[arabino-
AMP](Fig. 4, lane 2) and also some poly(rU)-(dA)y-
[arabino-AMP], (Fig. 4, lane 3). These results
demonstrate that HIV RT is able to accept arabino-
ATP as a substrate and to elongate arabino-
terminated ends with a second arabino-ATP. The
further elongation of arabino-AMP-terminated
primers became more apparent when dATP was
added to the reaction mixture. In this case, the
(dA)y[arabino-AMP] band disappeared almost
completely and longer product bands showed up
(Fig. 4, lane 4).

DISCUSSION

This report provides quantitative data on the
inhibitory potential of a novel type of HIV RT
inhibitor, i.e. oligonucleotides with unextendable 3'-
OH groups. This type of inhibitor can arise from the
incorporation of nucleotide analogs into a growing
polynucleotide chain [11, 12] and thus may in part
be responsible for the inhibition reaction observed
with the corresponding nucleoside triphosphate.
Thus, quantifying the inhibitory potential of this
kind of oligonucleotide may lead to a better
understanding of the reaction underlying the
inhibition of reverse transcription. Furthermore, this
approach may also provide further clues to the
development of novel antiviral drugs.

Eight nucleotides with sugar modifications at the
2" or 3’ hydroxyl group were added enzymatically
to corresponding oligonucleotides by using a terminal
transferase-catalysed reaction. With the exception
of the arabino-terminated primer (see below), all
primer termini were found to be unextendable by
HIV RT. The inhibitory potential of the resulting
primers was analysed by employing steady-state
kinetics in the HIV RT-catalysed DNA synthesis
reaction. For all 3'-blocked primers K, values
between 6 and 70nM (modified 3'-ends) were
determined; the type of inhibition was in almost all
cases competitive against the corresponding primer
without a modified 3'-end. In parallel, X,, values for
unchanged poly(rA)-(dT),; and poly(rU)-(dA)y
were measured to be 40 and 140nM (primer 3'-
ends), respectively. Thus, in the case of both blocked
poly(rA)-(dT), and blocked poly(rU)-(dA),, tem-
plate-primers, the K,,/K; varied between 1 and 12.
This variation probably reflects the discriminatory
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Fig. 3. Inhibition of HIV-1 RT by template-primers containing blocked 3’ OH-termini. Reaction
conditions are described in Materials and Methods. Values at the abscissa of each graph indicate the
inhibitor concentration [I] in terms of nM blocked 3'-OH ends. The inhibitors used were: panel A,
poly(rA)-(dT),-[ddTMP]; panel B, poly(rA)-(dT),~[3'-N;-TMP]; panel C, poly(rA)-(dT),-[3'-dUMP];
panel D, poly(rA)-(dT)y-[3'-F-TMP]; panel E, poly(rA)-(dT),-[rUMP);; panel F, poly(U)-(dA)-[3'-
dAMP]; panel G, poly(U)-(dA)y-[ddAMP]; panel H, poly(U)~(dA)m-}2’,3’-epoxy-AMP]; panel I,
poly(U)-(dA),-[arabino-AMP]. Values at the ordinate are expressed as 1/V in minutes per micromolar
dNMP incorporated. For all measurements three different concentrations of either poly(rA)-(dT)y
(panels A~E) or poly(rU)-(dA)y (panels F~I) have been used as indicated at the right-hand side of
each graph.

Table 3. Inhibition of DNA synthesis performed by HIV-1 RT by oligonucleotide primers
with 3’-blocked termini

K>
Template—primer (nm) K/K,i Type of inhibition:
Poly(rA)-(dT),-[ddTMP] 6 0.146 Competitive
Poly(rA)-(dT)-[3’-N;-TMP] 19 0.463 Competitive
Poly(rA)-(dT),-[3’-dUMP] 35 0.854 Competitive
Poly(rA)-(dT),-[3’-F-TMP] 36 0.878 Competitive
Poly(rA)-(dT),-[rtUMP], — — No inhibition
Poly(U)-(dA)y[3'-dAMP] 12 0.086 Competitive
Poly(U)-(dA)-{[ddAMP] 18 0.129 Competitive
Poly(U)-(dA)y-[2',3'-epoxy-AMP] 67 0.479 Mixed type
Poly(U)-(dA)y-[arabino-AMP] 318 2.27 Uncompetitive

* K; values were taken from Dixon plots as shown in Fig. 3.

+ K., values of 40 nM and 140 nM have been measured for synthesis on poly(rA)-(dT)y,
and poly(rU)0(dA);, respectively (see legend for Fig. 2 and text).

i The type of inhibition was determined by using a Lineweaver-Burk evaluation of the
inhibition data.
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Fig. 4. Incorporation of arabino-ATP into
poly(rU)-oligo(dA) and subsequent elongation with dATP
catalysed by the RT from HIV-1. One micromolar
(nucleotide) 5’-?P-labeled (dA), hybridized to 110 uM
(nucleotide) poly(rU) (lane 1) was incubated in the standard
reaction mixture with 0.48 uM HIV RT in the presence of
400 uM arabino-ATP for 1 (lane 2) and 2 hr. After 2 hr of
incubation, dATP was added to a final concentration of
600 uM and a sample was withdrawn after another 2 hr of
incubation (lane 4). The reaction products were analysed
on a 20% polyacrylamide gel containing 8 M urea as
described elsewhere [15].

potential of HIV RT against the modification of the
3’-end. Dideoxy- and 3’-deoxy-terminated primers
were the most potent inhibitors observed, indicating
that the 3'-OH group at the primer terminus,
although essential for chain elongation, is probably
not recognized by HIV RT as an essential part of
the primer. The replacement of 3'-H by either a 3'-
F or a 3’-Nj; group seems to reduce the recognition
capacity of HIV RT by factors of 3 and 6.
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Blockage of oligo(dA) with 2’',3'-epoxy-AMP
resulted in a mixed-type mode of inhibition against
poly(rU)-oligo(dA). This situation may arise when
the enzyme-inhibitor complex has a lower affinity
than the enzyme to the template—primer substrate.
Alternatively, part of the enzyme molecules might
become inactivated by forming a covalent complex
with the inhibitor, e.g. via an opening of the reactive
2',3'-epoxy ring. Such a “suicidal” mode of inhibition
has been suggested for the inhibition of E. coli DNA
polymerase I (EC 2.7.7.7) and the RT from avian
myeloma virus by 2',3'-epoxy-ATP [25]. On the
other hand, neither Abboud ef al. [25] nor Catalano
et al. [26] were able to detect DNA polymerase I
covalently bound to epoxy-terminated primers by
means of SDS-PAGE. Like these authors, we failed
to detect an incorporation of radioactively labeled
p(dA)y-{2',3'-epoxy-AMP]into HIV RT using SDS—
PAGE (data not shown). Hence, there is no evidence
for a covalent bond between HIV RT and an
oligonucleotide-bound 2',3'-epoxy-AMP.

A further unexpected result was the weak and
uncompetitive inhibition of the HIV RT reaction
by 3’-arabino-terminated oligo(rA). Uncompetitive
inhibition points to a mode of action in which the
inhibitor binds to an alternate site of the enzyme-
substrate complex changing both the V,,, and the
K., values. Such a different binding site may be
represented by the binding domain of the RNase H
activity of HIV RT. However, experiments in order
to show whether or not 3’-arabino-terminated
oligo(rA) has an influence on the RNase H reaction
were negative. This is in agreement with recent
studies on the deadenylation of poly(rA)-oligo(dT)
by the RNase H activity of HIV-1 RT, from which
only one binding site for both enzymatic activities,
RNase H and RT, has been inferred [27]. A
further analysis of DNA synthesis in the presence
of arabino-ATP revealed that HIV RT accepts
arabino-ATP as an alternate substrate and thereby
produces 3’-arabino-terminated oligo(rA) primers.
Poly(rU)-oligo(rA)-arabino-AMP is in a turn a
substrate for HIV RT for both the incorporation of
dATP and arabino-ATP. Thus, HIV RT accepts
the arabino configuration at both nucleoside
triphosphates and at the 3'-end of template—primers,
though with a reduced incorporation rate. Similar
results have been presented recently for the cellular
replicase, i.e. the DNA polymerase a-primase
complex. The primase activity incorporates arabino-
ATP into RNA-primers of newly formed Okazaki
fragments. The resulting arabino-terminated RNA-
primers are still elongatable by DNA polymerase o
{28]. Thus, the arabino group seems not to act as a
strict chain terminator for various RNA and DNA
polymerases but rather represents a kinetic hindrance
for the incorporation of a further nucleotide. Once
an arabino-AMP-terminated primer has been
elongated by only one more dAMP, the ongoing
chain elongation reaction will probably occur with
normal kinetics. However, it seems unlikely to us
that the described kinetic behavior of arabino-AMP-
terminated primers is responsible for the observed
uncompetitive mode of inhibition. Thus, the
reason(s) for uncompetitive and mixed-type inhi-
bition displayed by some of the template—primers
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are not yet understood. In this respect it seems
noteworthy that uncompetitive inhibition of HIV
RT has also been observed with unprimed poly(rC)
[23].

Oligonucleotides have been shown to inhibit
potently HIV replication, in both a sequence-specific
[29] and a sequence-unspecific manner [30]. The
stability of oligonucleotides can be improved by
chemical modifications, such as the introduction of
phosphorothioates, methylphosphonates or phos-
phoramidates. However, at least some of the
modifications seem to hinder the cellular uptake of
oligonucleotides. Once the oligonucleotides have
reached the intracellular milieu, three possible
modes of action can be discussed: (i) inhibition of
translation, (ii) inhibition of transcription and (iii)
induction of cellular and/or retroviral RNase H
activities, which in turn degrade that part of the
viral RNA genome which is hybridized to the
oligonucleotide (for recent reviews see Refs 31 and
32). The non-sequence-specific type of inhibition, as
exemplified by phosphorothioate-containing (dC),s,
is probably based on the linear competitive binding
of this oligonucleotide to the HIV RT primer
binding site [33]. Thus, the antiretroviral effect of
oligonucleotides is caused by different effects that
superimpose each other.

The introduction of unextendable 3'-termini to
oligonucleotides adds some further advantageous
features to this type of HIV inhibitor. As shown
here, many 3’-blocked oligonucleotides are strong
and competitive inhibitors for the RT, displaying K;
values of between 6 and 36 nM. Inhibition of the
reverse transcription step is an aspect that is normally
not considered to contribute to the molecular effects
of antisense oligonucleotides. Furthermore, it was
recently demonstrated that 3’-extensions with
AZTMP inhibit the 3’ to 5’ exonucleases of the
DNA polymerases & and e considerably [34].
Similarly, ddCMP-terminated primers were not
degraded by the corresponding exonuclease of DNA
polymerase y [35]. From this, it is conceivable that
other cellular and extracellular 3’ to 5’ exonucleases
might be inhibited as well. If this should turn out to
be the case, a higher stability of the terminated
oligonucleotides is expected. Hence, combining
common antisense approaches, including modi-
fications to improve the penetration through
membranes, with the strong inhibitory potential of
blocked 3'-termini might be beneficial to the efficacy
of this kind of antiviral compound.
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