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Six deoxynucleoside triphosphate (dNTP) analogues were synthesized, having the a,b-
PUOUP bond replaced with an imido (PUNUP) functionality. They were all shown to be
reasonably potent inhibitors of human immunodeficiency virus-1 reverse transcriptase (HIV-
1 RT). This has permitted, for the first time, an estimate of the relative binding affinities of
the parent triphosphates (dATP, TTP, dGTP, and dCTP) toward the enzyme’s active site, in
that they can be compared indirectly by correlation with the behavior of their a,b-imido
analogues. Other complicating processes such as consecutive incorporation into the growing
DNA chain can be excluded because the imido linkage cannot be cleaved by HIV-1 RT. The
5-iodo analog of deoxyuridine triphosphate (IdUMPNPP, 5) was the most potent inhibitor,
having an IC50 value of 7 eM. A general route for the phosphorylation of purine and pyrimidine
59-imidodiphosphates by pyruvate kinase was developed using phosphoenolpyruvate (PEP)
as a phosphoryl group donor. Enzymatic phosphorylation was shown to be a more efficient
approach than chemical methods.  1996 Academic Press, Inc.

INTRODUCTION

Human immunodeficiency virus-1 reverse transcriptase (HIV-1 RT)4 plays a
pivotal role in the life cycle of the human immunodeficiency virus-1. It has been a
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dideoxycytidine; DDI, 29,39-dideoxyinosine; D4T, 29,39-dideoxythymidine; 3TC, 29,39-dideoxy-39-thia-
cytidine; ddU, 29,39-dideoxyuridine; LSIMS, liquid secondary ion mass spectrometry; HRFAB MS, high
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bicarbonate; CDI, carbonyldiimidazole; PEI, polyethylenimine; TIBO, htetrahydroimidazo[4,5,1-
jk][1,4]benzodiazepin-2(1H)-thionej; dNTP, deoxynucleosidetriphosphate; dNMPNPP, 29-deoxynucleo-
side 59-(a,b-imido)triphosphate; dAMPNP, 29-deoxyadenosine 59-(a,b-imido)diphosphate; dCMPNP,
29-deoxycytidine 59-(a,b-imido)diphosphate; dGMPNP, 29-deoxyguanosine 59-(a,b-imido)diphosphate;
TMPNP, thymidine 59-(a,b-imido)diphosphate; IdUMPNP, 5-iodo-29-deoxyuridine 59-(a,b-imido)dipho-
sphate; AZTMPNP, 39-azido-39-deoxythymidine 59-(a,b-imido)diphosphate; dAMPNPP, 29-deoxyaden-
osine 59-(a,b-imido)triphosphate; dCMPNPP, 29-deoxycytidine 59-(a,b-imido)triphosphate; dGMPNPP,
29-deoxyguanosine 59-(a,b-imido)triphosphate; TMPNPP, thymidine 59-(a,b-imido)triphosphate;
IdUMPNPP, 5-iodo-29-deoxyuridine 59-(a,b-imido)triphosphate; AZTMPNPP, 39-azido-39-deoxythymi-
dine 59-(a,b-imido)triphosphate.
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FIG. 1. Nucleoside inhibitors of HIV-1 RT.

major target for the development of drugs against the acquired immune deficiency
syndrome (AIDS) (1–7). The vast majority of known HIV-1 RT inhibitors are
29,39-dideoxynucleoside (ddN) analogues. The more potent inhibitors include azido-
thymidine (AZT), 29,39-dideoxycytidine (DCC), 29,39-dideoxyinosine (DDI), 29,39-
dideoxythymidine (D4T), and 29,39-dideoxy-39-thiacytidine (3TC) (see Fig. 1). All
these substrate analog inhibitors are now in clinical use for the treatment of AIDS.

All of these ddN analogues are prodrugs and therefore require phosphorylation
to their triphosphate forms to be catalyzed by cellular host enzymes. Only the
triphosphate form is recognized by HIV-1 RT as a substrate so that the correspond-
ing nucleoside monophosphate moieties can be incorporated into the growing DNA
chain. Since these ddN analogues lack the 39-hydroxyl group, their incorporation
leads to DNA chain termination (8). However, some ddN analogues like ddU (29,39-
dideoxyuridine) are inefficiently converted to their triphosphate forms due to their
low affinity for the cellular kinases (1).

The a,b-imido (PUNUP) linkage of 29-deoxynucleoside triphosphates closely
resembles the a,b-PUOUP bond in bond angles and bond lengths (9, 10). Conse-
quently, most enzymes which use dNTP as a substrate can also bind the a,b-imido
analogues of dNTP. However, the imido linkage is resistant to nearly all known
enzymatic cleavages of a,b-PUOUP bond, with alkaline phosphatase from Esche-
richia coli being the only known exception (9, 10). Therefore, these inhibitors hold
some promise as potential drugs by binding tightly to the enzyme’s active site. They
are not prodrugs and consequently do not need to be converted to their inhibitory
form by cellular kinases. However, problems associated with their delivery into the
target cell will have to be overcome.

This series of inhibitors can also be used as model compounds for kinetic studies
of the binding mode of nucleoside triphosphates and can potentially reveal structural
information in enzyme–inhibitor complexes in X-ray crystallographic studies. It
should be borne in mind that these imido nucleoside triphosphates could find
general use in studying any enzyme that is involved in the cleavage of the a,b-
PUOUP bond.

In our continuing effort to design potential drugs to combat AIDS (11), we
have synthesized 29-deoxynucleoside 59-(a,b-imido)triphosphate analogues (1–6)
as shown in Chart 1. Among these analogues, compounds 2, 3, and 5 were synthe-
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CHART 1

sized for the first time. In this paper we describe their syntheses, characterization,
and inhibitory activities against HIV-1 RT.

EXPERIMENTAL

Thin-layer chromatography using polyethylenimine-cellulose (PEI-cellulose TLC
plates, J. T. Baker Chemical Co., Phillisburg, NJ) was used to monitor reactions
and check product homogeneity. Fractions from anion exchange column chromatog-
raphy were monitored at 254 nm with a UV detector (UA6 UV/VIS detector, ISCO
Inc., Lincoln, NE). Nuclear magnetic resonance (NMR) spectra were recorded at
121 MHz for 31P (85% H3PO4 as external standard) on a General Electric QE-
300 spectrometer. LSIMS (liquid secondary ion mass spectrometry) spectra were
obtained at the UCSF Mass Spectrometry Facility, A. L. Burlingame, Director.
High resolution fast atom bombardment mass spectrometry (HRFAB MS) spectra
were obtained on a VG ZAB2-EQ instrument at the Mass Spectrometry Laboratory,
University of California at Berkeley. BioRex 5 and AG MP-1 were obtained from
Bio-Rad (Hercules, CA). PEI cellulose resin, phosphoenolpyruvate, and pyruvate
kinase were all purchased from Sigma. The reverse transcriptase SPA enzyme
assay system with HIV-1 reverse transcriptase were obtained from Amersham Life
Science Inc. (Arlington Heights, IL) and Worthington Biochemical Corp. (Freehold,
NJ), respectively. All other chemicals were purchased from Aldrich Chemical Co.
and used directly without further purification unless otherwise noted. Triethyl phos-
phate was dried over sodium. Thymidine, AZT, and 5-iodo-29-deoxyuridine were
dried in vacuum over P2O5 before use. TIBO was a generous gift from Janssen
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Research Foundation (Division of Janssen Pharmaceutica N.V. B-2340, Beerse,
Belgium).

Syntheses of dAMPNPP (1), dCMPNPP (2), and dGMPNPP (3)

29-Deoxynucleoside 59-(a,b-imido)diphosphaes (8a–8c and 10a–10c) were syn-
thesized based on the procedures described by Tomasz et al. (12) by directly coupling
either the 29-deoxynucleoside or its derivatives with trichloro[(dichlorophosphoryl)-
imino]phosphorane. 29-Deoxynucleoside 59-(a,b-imido)triphosphates 1–3 were
obtained by phosphoryl transfer from phosphoenolpyruvate (PEP) catalyzed by
pyruvate kinase (Scheme 1). Although we previously reported that we were unsuc-
cessful in synthesizing TMPNPP from TMPNP enzymatically (11), we have success-
fully phosphorylated the pyrimidine diphosphate (dCMPNP, 8a) to form dCMPNPP
(2) in this study. Trichloro[(dichlorophosphoryl)imino]phosphorane (11) was syn-
thesized using the published procedure by Emsly et al. (13).

dAMPNP (8a), dCMPNPP (8b), and dGMPNP (8c). In a 10-ml flask, compound
11 (300 mg, 1.12 mmol) was dissolved in triethyl phosphate (5 ml) and cooled to
about 2158C. Solid 29-deoxyguanosine hydrate (160 mg, 0.56 mmol) was added
with stirring after 1.5 h at 2158C by which time all of the solid was dissolved. The
reaction mixture was poured into anhydrous ether (200 ml). The precipitate was
separated by decantation and washed with ether (3 3 50 ml) and dried. The dried
precipitate was dissolved in water (3 ml), and 0.5 N NaOH (20 ml) was added to
this solution, which was stirred for 1 h. The mixture was neutralized to pH 9–10
with Dowex-50 (H1 form) at 48C and filtered. The solution was then loaded onto
a DEAE-Sephadex A-25 column (3 3 50 cm2, bicarbonate form) and separated
with a 2-liter linear gradient of 0.1–0.6 M triethylamine/bicarbonate (TEAB), pH
8.5. Compound 8c (dGMPNP) was eluted at p0.5 M buffer concentration. Fractions
containing the desired product were pooled, and solvents were removed under
reduced pressure at a bath temperature no higher than 308C to give a white solid
(250 mg, 51% yield). The same procedure was followed for the syntheses of both
dAMPNP (75% yield) and dCMPNPP (67% yield). For dAMPNP, 8a: Rf 5 0.40
(PEI-cellulose plates, 0.4 M TEAB, pH 8.5). LSIMS (M 2 H) for C10H15N6O8P2 ;
calcd, 409.0; found, 409.0. For dCMPNP, 8b: Rf 5 0.37 (PEI-cellulose plates, 0.4 M

TEAB, pH 8.5). HRFAB MS (M 1 H) for C9H17N4O9P2 : calcd, 387.0471; found,
387.0461. For dGMPNP, 8c: Rf 5 0.42 (PEI-cellulose plates, 0.4 M TEAB, pH 8.5).
LSIMS (M 2 H) for C10H15N6O9P2 : calcd, 425.0; found, 425.0.

dAMPNPP (1), dCMPNPP (2), and dGMPNPP (3). Compounds 1–3 were
prepared enzymatically using pyruvate kinase. dGMPNP (100 mg, 20 mmol), for
example, was incubated in Hepes buffer (10 ml, 50 mM, pH 10) containing PEP
(40 mM), KCl (100 mM), MgCl2 (30 mM), and pyruvate kinase (2 mg/ml) at 258C
for 12 h. Protein was removed by filtration using ultrafiltration membrane YM30
from Amicon (Beverly, MA). The filtrate was loaded onto DEAE-Sephadex A-25
(bicarbonate form) using a 2-liter linear gradient of 0–0.6 M TEAB, pH 8.5. The
fractions were determined by PEI-cellulose thin layer chromatography (14) using
UV detection. Fractions containing dGMPNPP (3) were combined, and solvents
were removed under reduced pressure. The residue was passed through SP-Sepha-
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dex (sodium form) to generate the dGMPNPP tetrasodium salt as a white powder
(dGMPNPPNa4 , 96 mg, 80% yield). Overall yield from 29-deoxyguanosine hydrate
(7c) was 41%. The same procedure was followed for the syntheses and purification
of both dAMPNPP (1) (overall yield 54%) and dCMPNPP (2) (overall yield 36%).
For dAMPNPP, 1: proton decoupled 31P NMR (D2O) d 0.56 (d, J 5 6.0 Hz, 1 aP),
25.65 (d, J 5 20.1 Hz, 1 cP), 211.05 (dd, J 5 6.1 Hz; J 5 20.0 Hz, 1 bP); proton-
coupled 31P NMR, only aP changed from doublet to one broad singlet; HRFAB MS
(M 1 H) for C10H14N6O11P3Na4 calcd, 578.9525; found, 578.9560. For dCMPNPP, 2:
proton decoupled 31P NMR (D2O) d 0.85 (d, J 5 6.3 Hz, 1 aP), 25.95 (d, J 5 20.5
Hz, 1 cP), 210.99 (dd, J 5 6.4 and 20.5 Hz, 1 bP); HRFAB MS (M 1 H) for
C9H14N4O12P3Na4 calcd, 554.9412; found, 554.9433. For dGMPNPP, 3: proton decou-
pled 31P NMR (D2O) d 0.21 (d, J 5 6.4 Hz, 1 aP), 210.24 (d, J 5 20.5 Hz, 1 cP),
211.59 (dd, J 5 6.3 Hz; J 5 20.6 Hz, 1 bP); HRFAB MS (M 1 H) for
C10H14N6O12P3Na4 calcd, 594.9474; found, 594.9451.

Synthesis of AZTMPNPP (6), IdUMPNPP (5), and TMPNPP (4)

Published procedures by Ma et al. (11) and Michelson (15) were modified to
attach the c-phosphate to the diphosphate analogues by chemical methods using
either carbonyldiimidazole (CDI) or diphenylchlorophoshate as activating agents,
respectively (Scheme 2).

AZTMPNP (10c). AZT (250 mg, 0.94 mmol) was dissolved in dry triethyl phos-
phate (5 ml) and cooled to 2158C. Compound 11 (378 mg, 1.404 mmol) was dissolved
in dry triethyl phosphate (0.5 ml) and added dropwise. The reaction was allowed
to stir for 1.5 h at 2158C and subsequently quenched with chilled 0.1 N NaOH (30
ml). The mixture was allowed to react for 25 min at 48C, and the pH was frequently
readjusted to pH 9–10 with 1 N NaOH. The mixture was extracted with ethyl acetate
(3 3 25 ml), and the pH was readjusted after each extraction. The aqueous fractions
were concentrated to p5 ml. The crude product was loaded onto an AG MP-1
column (2.5 3 70 cm2) and eluted with a 2-liter linear gradient of 0 to 0.9 M TEAB,
pH 8.5, followed by a linear gradient of 0.5 liter of 0.9 to 1.0 M TEAB, pH 8.5, at
a flow rate of 2 ml/min. The product began to elute at 0.9 M TEAB concentration.
The fractions containing the product were combined, and tributylamine (5 ml) was
added. The solution was taken to dryness and coevaporated with MeOH (6 3 50
ml) until only a clear film remained in the flask. The tributylammonium salt was
converted to its sodium salt by dissolving the residue in MeOH (2 ml) and adding
1 M NaI (12 ml) in acetone. A white precipitate formed immediately. The mixture
was centrifuged after an incubation at room temperature for 20 min. The supernatant
was carefully removed, and dry acetone (8 ml) was added. The suspension was
vortexed, followed by centrifugation and removal of the supernatant. This operation
was repeated six times. Then the sodium salt was converted to its monotris-N-
butylammonium salt form. The sodium salt was dissolved in water (0.5 ml) and
passed through a SP-Sephadex (H1 form) column (1 3 10 cm2). The UV absorbing
fractions were combined, and one equivalent of tributylamine was added. The
solution was taken to dryness and coevaporated with MeOH (6 3 3 ml) and
acetonitrile (5 3 3 ml), followed by dry DMF (2 3 3 ml). The residue was dried
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under high vacuum overnight. The yield was 59%. Rf 5 0.52 (PEI-cellulose plates,
0.4 M TEAB, pH 8.5). LSIMS (M 2 H) for C10H15N6O9P2 : calcd, 425.0; found, 425.0.
The same procedure was used for the syntheses of both TMPNP and IdUMPNP.
However, different column purification methods were necessary to obtain pure
product. For TMPNP (10a): The crude sample was loaded onto an AG MP-1 column
(2.5 3 40 cm2) and eluted with a linear gradient of 0 to 1.0 M TEAB, pH 8.5, at a
flow rate of 2 ml/min. The product was eluted at 0.6–0.7 M TEAB concentration.
The product was converted to its monotributylammonium salt as described above.
The yield was 43% of theory. Rf 5 0.42 (PEI-cellulose plates, 0.4 M TEAB, pH
8.5). LSIMS (M 2 H) for C10H13N3O10P2Na3 : calcd, 466.0; found, 466.3. For
IdUMPNP (10b): The crude product was loaded onto a BioRex 5 column (2.5 3
40 cm2) and eluted with a 2-liter linear gradient from 0 to 1.0 M TEAB, pH 8, at
a flow rate of 1.4 ml/min. The product started to elute at 0.6 M TEAB concentration.
The sodium salt was prepared as described above and subsequently converted to
its monotris-N-octylamine salt. The yield was 40% of theory. Rf 5 0.43 (PEI-cellulose
plates, 0.4 M TEAB, pH 8.5). LSIMS (M 2 H) for C9H13N3IO10P2 : calcd, 512.0;
found, 512.0.

Synthesis of TMPNPP (4) and AZTMPNPP (6)

AZTMPNPP (6). The monotris-N-butylammonium salt of 10c (391 mg, 0.64
mmol) was suspended in dry DMF (6 ml) under argon at 08C. CDI (519 mg, 3.2
mmol) was dissolved in DMF (6 ml) and subsequently added dropwise to the
AZTMPNP containing solution. The reaction mixture was allowed to stir for 30
min at 08C and 3 h at room temperature. Dry MeOH (91 ml, 2.24 mol) was added,
and the reaction was continued for 30 min. Finally, the monotris-N-butylammonium
salt of phosphoric acid (272 mg, 0.96 mmol) in DMF (1 ml) was added, and the
reaction mixture was allowed to stir overnight. The reaction was cooled to 48C,
chilled 0.1 N NaOH (40 ml) was added, and the solution was stirred for 20 min.
The aqueous phase was extracted with ethyl acetate (3 3 40 ml). The crude product
was purified on an AG MP-1 column (2.5 3 70 cm2) using a 2-liter linear gradient
of 0 to 0.9 M TEAB, pH 8.5, followed by a 1-liter gradient of 0.9 to 1.0 M TEAB,
pH 8.5. AZTMPNPP began to elute at 1.0 M TEAB concentration. The product
was concentrated and loaded onto a PEI-cellulose column (1 3 50 cm2). The product
eluted in a 1-liter linear gradient from 0 to 0.2 M TEAB, pH 8.5, followed by an
isocratic elution with 0.2 M TEAB, pH 8.5. The product started to elute after 120
ml of 0.2 M TEAB buffer. The product was converted to its sodium salt as described
above. The yield was 11%. Rf 5 0.23 (PEI-cellulose plates, 0.4 M TEAB, pH 8.5).
Proton decoupled 31P NMR (D2O) d 0.09 (d, J 5 7.0 Hz, 1 aP), 24.20 (d, J 5 21.0
hz, 1 cP), 210.44 (dd, J 5 7 and 22.0 Hz, 1 bP); HRFAB MS [M 2 3H 1 4Na] for
C10H14N6O12P3Na4 calcd, 594.9474; found, 594.9483. The same procedure was used
for the synthesis of TMPNP. However, a different column purification was necessary
to obtain pure product. For TMPNPP (4): The crude product was loaded onto an
AG MP-1 column (2.5 3 75 cm2) and eluted in a 2-liter linear gradient of 0 to 0.7
M TEAB (pH 8.5) followed by a 1-liter linear gradient of 0.7 to 1.0 M TEAB (pH
8.5) and then by isocratic elution with 1 M TEAB (pH 8.5). The product was loaded



NUCLEOTIDE ANALOGUE INHIBITORS OF HIV-1 RT 257

onto a PEI-cellulose column (1 3 50 cm2). The product was eluted with a 2-liter
linear gradient from 0 to 0.1 M TEAB (pH 8.5) followed by a 1-liter linear gradient
of 0.1 M to 0.5 M TEAB (pH 8.5) at a flow rate of 1 ml/min. The product was eluted
between 0.2 and 0.3 M TEAB (pH 8.5). The fractions containing the product were
converted to the sodium salt form as described above. The yield was 6%. Rf 5 0.40
(PEI-cellulose plates, 0.4 M TEAB, pH 8.5). Proton-decoupled 31P NMR (D2O) d
2.81 (s, 1 aP), 25.70 (d, J 5 20.0 Hz, 1 cP), 28.75 (d, J 5 20.0 Hz, 1 bP); HRFAB
MS [M 2 H 1 2Na] for C10H17N3O13P3Na2 calcd, 525.9770; found, 525.9783.

IdUMPNPP (5). The monotris-N-octylamine salt of 10b (991 mg, 1.14 mol) was
coevaporated with acetonitrile (4 3 8 ml) and DMF (2 3 5 ml). The flask was
dried under high vacuum overnight and flushed with argon. Dry dioxane (7 ml)
and dry DMF (2 ml) were added to dissolve the monotris-N-octylamine salt of 10b.
Diphenylchlorophosphate (356 ml, 1.71 mmol) was added first, followed quickly
by tri-N-butylamine (518 ml, 2.17 mmol). The reaction mixture was stirred for 15
min at 48C and 2.5 h at room temperature. Subsequently, the reaction mixture was
taken to dryness under high vacuum. Dry ether (7 ml) was added, and the mixture
was allowed to incubate for 30 min at 48C. The ether was carefully decanted. Dry
dioxane (2 ml) was added, the residue was taken to dryness and dried under
high vacuum for 1 h. In a separate flask, the monotris-N-butylammonium salt of
phosphoric acid (485 mg, 1.72 mmol) was dissolved in dry pyridine (2 ml) and
added to the dry residue. The reaction mixture was allowed to stir for 14 h under
an argon atmosphere at room temperature. Subsequently, the reaction mixture was
taken to dryness and washed with anhydrous ether (3 3 5 ml). The ether layer was
decanted and the yellow residue dissolved in water (30 ml). The pH was adjusted
to about 8, and the aqueous phase was extracted with ether (20 ml). The pH was
frequently readjusted during the extraction. The aqueous layer was concentrated
to about 7 ml. The crude product was loaded onto a BioRex 5 column (1 3 30
cm2) and eluted with a 1-liter linear gradient from 0 to 1.0 M TEAB, pH 8.5,
followed by 1-liter of 1 M TEAB, at a flow rate of 1 ml/min. The product started
to elute at about 0.8 M TEAB concentration. The fractions containing the desired
product were combined, tributylamine (1 ml) was added, and the suspension was
taken to dryness. The residue was coevaporated with MeOH (5 3 20 ml), loaded
onto a PEI-cellulose column (1 3 30 cm2) and eluted with a 1-liter linear gradient
of 0 to 1.0 M TEAB, pH 8.5. The product started to elute at 0.32 M TEAB concentra-
tion. The fractions containing the product were combined, taken to dryness in the
presence of tributylamine (1 ml), and the sodium salt was prepared as described
above. The yield was 4%. Rf 5 0.34 (PEI-cellulose plates, 0.4 M TEAB, pH 8.5).
Proton-decoupled 31P NMR (D2O) d 0.95 (d, J 5 6.2 Hz, 1 aP), 25.90 (d, J 5 20.5
Hz, 1 cP), 210.80 (dd, J 5 6.1 and 20.5 Hz, 1 bP); HRFAB MS [M 2 2H 1 3Na]
for C9H13N3IO13P3Na3 calcd, 659.8399; found, 659.8401.

Inhibition Studies of HIV-1 RT by 29-Deoxynucleoside
59-(a,b-Imido)triphosphates (1–6)

Inhibition of HIV-1 RT by dNMPNPP was evaluated using the reverse tran-
scriptase SPA enzyme assay system NK8972 of Amersham Life Science Inc. Briefly,
a solution (70 el) containing 50 mM Tris–HCl (pH 8.0), 80 mM KCl, 10 mM MgCl2 ,
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SCHEME 1

10 mM DTT, 0.05% w/v Nonidet P-40, and dNTPs (10.7 eM of dATP, dCTP, dGTP,
3.57 eM TTP, and 7.1 eM [3H]TTP) was added to a series of sterilized 1.5-ml
Eppendorf tubes. Template/primer (10 el, 390 nM) was added resulting in a final
template/primer concentration of 39 nM. Inhibitor, control (TIBO), or DMSO (used
to dissolve TIBO) (10 el) was added. After incubation at 378C for 10 min, 10 el
of HIV-1 RT (final concentration 2 nM) was added. The enzymatic reaction was
terminated after 3 min of incubation by adding 40 el of a stop solution which
consisted of 0.56 M EDTA. A streptavidin SPA bead suspension (10 el) was added
to each Eppendorf tube, and the tube was vortexed. After an incubation at 378C
for 10 min, 850 el of Tris-buffered saline, containing 10 mM Tris–HCl (pH 7.4) and
0.15 M HCl, was added. Each Eppendorf tube was counted separately in Beckman
LS 6000TA scintillation counter.

RESULTS AND DISCUSSION

Chemistry

One might have expected that the coupling of 29-deoxynucleoside with trichloro-
[(dichlorophosphoryl)imino]phosphorane (11) should have resulted in higher yields
by using strictly anhydrous conditions. Surprisingly, we found that higher yields of
a,b-imidodiphosphate analogues were actually obtained using the monohydrate
form of 7a–7c rather than the anhydrous form of 9a–9c (see Schemes 1 and 2).
After careful examination of the experimental conditions, we found that insufficient
sodium hydroxide had been used for the hydrolytic reactions in both of our pre-
viously reported syntheses (11) and in this study for the syntheses of 10a–10c.
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SCHEME 2

Theoretically, one equivalent of 11 should generate 5 equivalents of HCl upon
alkaline hydrolysis. In the case of our previous report (11), at least twofold more,
and, for the synthesis of 10a–10c, onefold more sodium hydroxide should have
optimally been used. It is known that these a,b-(imido)diphosphate analogues are
unstable under acidic conditions but stable under basic conditions. Therefore, the
excess HCl generated would tend to hydrolyze dNMPNP and lead to lower yields.

Anion exchange resin DEAE Sephadex was used for purification of 8a–8c. The
pH stability range of this resin is 2–12. Since excess sodium hydroxide was used to
neutralize the reaction mixtures of 8a–8c, the resulting pH must be adjusted before
loading it onto a DEAE Sephadex resin. We chose the cation exchange resin
Dowex-50 (H1 form) for neutralization of the reaction mixtures containing
dNMPNP because its use made it easier to control the resulting pH (as opposed
to the use of dilute HCl).

We were able to demonstrate that phosphorylation of both purine and pyrimidine
a,b-(imido)diphosphates (8a–8c) can be achieved by catalysis using pyruvate kinase
with PEP as the phosphoryl donor. This enzymatic phosphorylation was shown to
be a general approach and proved to be more efficient than the chemical approaches.
The yields of enzymic phosphorylation ranged from 53 to 80% for 1–3 under
unoptimized conditions. By contrast, the chemical methods, which use either CDI
or diphenylchlorophosphate as activating agents, resulted in relatively poor yields
(only 4–11% for 4–6).
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TABLE 1
Inhibition Activity of HIV-RT by dNMPNPP

NaO

ONa

P

O

P N
H

O P O

ONa

O

ONa

O Base

R

O

Compounds R Base IC50 (eM)a Ki (eM)b

TIBO 5 6 0.5 —
dAMPNPP OH Adenine 46 6 3.2 —
dCMPNPP OH Cytosine 38 6 4.5 —
dGMPNPP OH Guanine 32 6 2.8 —
TMPNPP OH Thymine 14 6 1.5 2.2 6 0.1
IdUMPNPP OH 5-Iodouracil 7 6 1.1 —
AZTMPNPP N3 Thymine 110 6 9.9 22 6 1.3

a IC50 6 SD (3 determinations for each compound).
b Data from Ref. 11.

HIV-1 RT Activity

For the first time, we have been able to evaluate the relative binding interactions
of all four nonhydrolyzable nucleotide analogues of dATP, dGTP, TTP, and dCTP
with HIV-1 RT. Because of the nearly identical geometry of these imido analogues
to their corresponding natural nucleoside triphosphate substrates, estimates of the
relative binding affinities of the substrates solely based on the affinity to the enzyme’s
active site became possible. It has been shown previously in the case of chain
terminators (11) that the interpretation of apparent Ki values is complex. Once the
inhibitor becomes incorporated into the RNA/DNA heteroduplex, the apparent
Ki value is not only dependent on the binding affinity for the active site of the
enzyme but also, for example, on the sequence of the DNA/RNA hydrid and the
dissociation constant of the terminated hybrid. Therefore, the nonhydrolyzable
imido analogues allow us to simplify this process and to evaluate these inhibitors
based solely on their binding affinities for the active site.

The HIV-1 RT assay conditions used for the determination of the IC50 values of
29-deoxynucleoside 59-(a,b-imido)triphosphates (1–6) were validated using known
HIV-1 RT inhibitors such as TIBO, TMPNPP, and AZTMPNPP. It has been
previously shown in our laboratory that AZTMPNPP and TMPNPP are reversible
competitive inhibitors of HIV-RT and are not cleavable by the enzyme (11). Conse-
quently, it is reasonable to assume that our novel substrate analogues are also
competitive inhibitors of HIV-RT. We determined the IC50 values of 1, 2, 3, and
5, all of which showed inhibitory activity against HIV-1 RT. The results are summa-
rized in Table 1. It is instructive to note that the ratio of the IC50 values of
AZTMPNPP and TMPNPP in this study is in close agreement with the ratio of the
Ki values for these analogues previously determined in our laboratory (11).
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We found that pyrimidine structures IdUMPNPP (5) and TMPNPP (4), having
either a methyl or iodo group in the 5-position, bind with a higher affinity to the
active site compared to dCMPNPP (2), having a hydrogen at the 5-position, and
the purine analogues dAMPNPP (1) and dGMPNPP (3). IdUMPNPP (5) was
the most potent inhibitor with an IC50 value of 7 eM. Continued synthesis and
characterization of novel a,b-imido analogues may allow further selective optimiza-
tion of the binding affinity. This could prove a useful approach for the stepwise
design of more potent chain terminators of HIV-1 RT. In addition, an X-ray crystal-
lographic study of HIV-1 RT containing a DNA/RNA heteroduplex with our a,b-
imido analogues of 29-deoxynucleoside triphosphates bound should offer a unique
opportunity to study in detail the nucleoside binding pocket of HIV-1 RT.

In summary, we have synthesized six novel 29-deoxynucleoside 59-(a,b-imido)tri-
phosphate inhibitors of HIV-1 RT. The most potent inhibitor in the series was
IdUMPNPP (5) with an IC50 value of 7 eM, which is quite comparable to the IC50

value we determined for TIBO under the same conditions. Compound 5 appears
to be an ideal candidate for cocrystallization studies with HIV-1 RT because of its
iodo (heavy atom) functionality and relatively high potency. A future study using
inhibitor 5 should help envision details of its binding mode at the enzyme’s active
site. Finally, a general enzymatic approach for the phosphorylation of purine and
pyrimidine 59-(a,b-imido)diphosphates was developed which proved to be more
efficient than phosphorylation by more traditional chemical methods.
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