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TSAO DERIVATIVES: HIGHLY SPECIFIC INHIBITORS OF HUMAN
IMMUNODEFICIENCY VIRUS TYPE-1 (HIV-1) REPLICATION

Maria José Camarasa*$, Maria Jesis Pérez-Pérezé, Sonsoles Velazquez?,
Ana San-Félix$, Rosa Alvarez!, Simon Ingate$, Maria Luisa Jimeno?,
Anna KarlssonY, Erik De Clercq* and Jan Balzarini*

Instituto de Quimica Médica (C.S.I1.C.). Juan de la Cierva, 3. 28006 Madrid, Spain§
Rega Institute for Medical Research, Katholieke Universiteit Leuven, B-3000, Leuven, Belgium*
Karolinska Institute, Biochemical Laboratory I, S-10401, Stockholm, Sweden¥

Abstract: TSAO derivatives represent a unique class of nucleosides that are specifically
targeted at HIV-1 RT. This overview is focussed on the chemical synthesis, the
conformational studies, the antiviral and metabolic properties of TSAO derivatives, as
well as their mechanism of antiviral action and the molecular basis of the rapid selection
of resistant HIV-1 strains that emerge in cell culture in the presence of TSAO derivatives.

Several different kinds of nucleosides have proved to be effective anti-HIV agents.
AZT (Azidothymidine), DDI (Dideoxyinosine), and DDC (Dideoxycytidine) and D4T
(Didehydrodideoxythymidine) are, so far, the only drugs approved for the clinical
treatment of acquired immunodeficiency syndrome (AIDS).!1-2 However, the clinical
usefulness of these compounds is hampered by their severe toxic side effects.2-3:4 This
justifies the search for new compounds with potent and selective anti-HIV activity.
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Recently, we reported on an entirely novel class of functionalized nucleoside
derivatives that are highly specific and potent inhibitors of human immunodeficiency virus
type 1 (HIV-1) replication.5-8 The prototype compound is [1-[2',5'-bis-O-(tert-
butyldimethylsilyl)-B-D-ribofuranosyl]thymine]-3'-spiro-5"-(4"-amino-1",2"-oxathiole-
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2",2"-dioxide) designated TSAO-T. TSAO derivatives inhibit the replication of human
immunodeficiency virus type 1 (HIV-1) but not HIV-2 or other (retro)viruses. They are
specifically targeted at the HIV-1-encoded reverse transcriptase (RT) with which they
interact at a non-substrate binding site.? In this respect they behave like the non-nucleoside
HIV-1-specific RT inhibitors (ie. HEPT, TIBO, Nevirapine, pyridinones, BHAP,
a-APA, PETT derivatives ...).10-12

This overview is focussed on the chemical synthesis, the conformational studies, the
antiviral and metabolic properties of TSAQ derivatives, as well as their mechanism of
antiviral action and the molecular basis of the rapid selection of resistant HIV-1 strains that
emerge in cell culture in the presence of TSAO derivatives.

CHEMICAL SYNTHESIS OF TSAO DERIVATIVES

The synthesis of TSAO-T was carried out as outlined in Scheme 1. Reaction of the
3'-ketonucleoside 17 with sodium cyanide followed by mesylation (mesyl
chloride/pyridine) of the corresponding 3'-cyanohydrin epimers obtained, gave the
respective 3'-C-cyano-3'-0O-mesyl-B-D-xylo- and -ribofuranosyl thymine nucleosides 2
and 3. The major diastereomer (2) resulted by the attack of the CN- ion from the sterically
less hindered o-face of the furanose ring.13 Treatment of cyanomesylates 2 and 3 with
Cs2CO13 gave the xylo- and ribo-spiro nucleosides 4 and 5, respectively. Following
standard procedures,” xylo- and ribo-spiro nucleosides afforded the fully deprotected
compounds 6 and 7, the 2'- or 5'-partially sylilated derivatives 8-11 and the 2' deoxy
derivatives 12 and 13. From ribo TSAQ-T (5), 3-methyl-, 3-ethyl- or 3-allyl-TSAO-T
derivatives 14 (TSAO-m3T), 15 (TSAO-e3T), and 16 (TSAO-a3T), were prepared by
selective N-3 alkylation.8

TSAO analogues were stereoselectively prepared (Scheme 2) by condensation14 of
trimethylsilylated pyrimidine8 or purine!3 bases with the suitably functionalized and
protected ribofuranosy] derivative 17.Basic treatment (Cs2CO3) of the cyanomesyl
nucleosides obtained (18) gave , exclusively, B-D-ribo-spiro nucleosides 19.8:15 The ribo
configuration of the TSAO derivatives 18 and 19 was determined by the configuration of
the starting cyanohydrin used in the preparation of the sugar intermediate 17.15,16
Subsequent deprotection and silylation of these derivatives (19) gave the TSAO-purine
analogues 20, By this method a variety of TSAQ analogues of pyrimidines and purines
were prepared.8:15:17 Selective N-1-alkylation of the TSAO-purine derivatives 20 gave 1-
alkyl-purine nucleosides 21 and 22.13

Finally, a series of 1,2,3-triazole-TSAQ derivatives (Scheme 3) were
stereoselectively prepared by 1,3-dipolar cycloaddition of a suitably functionalized and
protected ribofuranosyl azide intermediate 23 to differently substituted acetylenes, to give
B-D-ribo-spironucleosides.!® Cycloaddition of azide 23 to unsymmetrical acetylenes gave
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a mixture of the corresponding 4- and 5-substituted isomers 24 and 25, whereas
cycloaddition of azide 23 to symmetric acetylenes gave difunctional 1,2,3-triazole
nucleosides 26.

STRUCTURE-ACTIVITY RELATIONSHIP

TSAO-T is endowed with potent anti-HIV-1 activity (EC50 = 0.058 uM),5 the
antiviral activity of TSAO-T does not vary markedly from one cell line to another (ECsg
range: 0.017-0.058uM).5 TSAO derivatives are not inhibitory to HIV-2 strains, simian
immunodeficiency virus (SIV), Moloney murine sarcoma virus and a broad range of DNA
and RNA viruses at subtoxic concentrations.> TSAO-T does not act as a DNA chain
terminator. Interaction of TSAQ-T with the enzyme is non-competitive with respect to both
the natural substrate (dGTP) and the template/primer [poly(rC).oligo(dG)]. TSAO-T, like
the other HIV-1-specific inhibitors, interferes with a non-substrate binding site at HIV-1
RT that seems not to be present at other DNA polymerases including HIV-2 RT.9

A structure-activity relationship analysis including more than 100 different TSAO
derivatives revealed the structural requirements that the TSAO molecule has to fulfil to
inhibit HIV-1 replication. (i) The presence of fert-butyldimethylsilyl (TBDMS) groups at
both C-2' and C-5' of the ribose is a prerequisite for anti-HIV-1 activity. Removal of these
lipophylic groups, either at C-2', C-5' or both C-2' and C-5' positions, renders the TSAO
derivatives completely inactive at subtoxic concentrations (ECso: 30uM-1000 pM)’. The
5'-silyl protecting group seems to be more critical for activity than the 2'-silyl protecting
group. Thus, replacement of the silyl moiety at the C-5' position by other groups that
mimic either the lipophylic or the steric properties of TBDMS, results in antivirally inactive
TSAO-T derivatives. However, a similar replacement of the silyl moiety-at the C-2'
position leads to compounds with only 2- to 10- fold reduced anti-HIV-1 activity19(ii)
The presence of the unique 3'-spiro group [3'-spiro-5"-(4'-amino-1",2"-oxathiole-2",2"-
dioxide)], in nucleosides having a ribo configuration, is also a prerequisite for antiviral
activity. The xylo enantiomer renders the TSAO-T molecule completely inactive (EC5p >10
uM).” Replacement of the 3'-spiro group by other 3'-spiro moieties or change of this spiro
group from position 3' to 2' of the sugar moiety in TSAO-T , results in annihilation of the
antiviral activity of TSAO-T.20 (iii) In contrast to the stringent structural requirements of
the sugar part of the TSAO derivatives, the nature of the base part is less critical for
activity. The thymine moiety of TSAO-T can be replaced by a number of other
pyrimidines, purines and 1,2,3-triazoles without marked decrease of antiviral
efficacy”-8:15,17.18 (TABLE 1). The TSAO-purine derivatives are in general 3- to 5-fold
less effective than the most active TSAQ-pyrimidine derivatives. Among the TSAO-1,2,3-
triazole compounds several derivatives with various substitutions at C-4 or C-5 of the
triazole ring, show potent anti-HIV-1 activities. The S-substituted amido, methylamido-
and dimethylamido derivatives were the most potent inhibitors of HIV-1 replication with
activities (ECsp = 0.056-0.52 uM) comparable to that of TSAO-T. Interestingly, the
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TABLE 1. Anti-HIV-1 activity of TSAO-T analogues?®

Compound? EC50¢ (UM) CCs0? (uM) N
TSAO-T 0.06 14 217
TSAO-m>3T 0.059 240 4088
TSAOQ-3T 0.123 123 1000
TSAO-23T 0.233 2330 > 1418
TSAQ-U 0.019 14 74
TSAO-C 0.76 > 360 460
TSAO-m3C 0.127 30 250
TSAO-dm*m3C 0.16 62 388
TSAO-A 0.278 13 47
TSAO-mSA 0.146 14 96
TSAO-Hx 0.158 14 89
TSAO-7Hx 0.173 15 86
TSAO-mIHx 0.514 > 150 > 292
TSAO-7mlHx 0.201 156 176
TSAO-7elHx 0.604 > 150 > 242
TSAO-mes?Tr 0.602 > 150 2249
TSAO-mes>Tr 0.90 128 142
TSAO-dmesTr 0.48 111 231
TSAO-mam>Tr 0.16 28 175
TSAO-dmam>Tr 0.056 20 357

@ Data taken from refs. 7, 8, 15, 17 and 18. b T=thymine; m3T, 3 T, a3T=3vmethyl—, 3-ethyl-, 3-allyl-thymine;
U=uracil; C=cytosine; m5C=5-methylcyt0sine; dm4m5C=N4-dimethyl-5-methylcytosine; A=adenine; m6A=6.
methyladenine; Hx=hypoxanthine; 7Hx=hypoxanthin-7-yl; m 1Hx=1-methylpomnthine; 1Hx, 7e He=1-
methyl-, 1-ethyl-hypoxanthin-7-yl; mes4Tr, mes®, dmesTr=4-methylester-, 5-methylester-, 4,5-dimethylester-
1,2,3-triazole; mam5Tr, dmam5Tr=methylamido-, 5-dimethylamido-1,2,3-triazole. ¢ 50% effective
concentration. ¢ 50% cytotoxic concentration. € selectivity index, or ratio of CCgg to EC .

cytotoxicity of the TSAO-pyrimidine or TSAO-purine analogues becomes significantly
attenuated (10- to 20- fold) , without affecting the anti-HIV-1 activity, by introduction of
an alky! or alkenyl group at N-3 (pyrimidines) or N-1 (purines) of the base moiety.5.6.8:15

CONFORMATIONAL STUDIES

The fact that the structural requirements for antiviral activity are more stringent with
respect to the sugar part than to the base part, indicates that the sugar part must play a
principal and crucial role in the interaction of the TSAO molecules with their antiviral target
enzyme (reverse transcriptase). The conformation in solution (Figure 1) of TSAO-T was
studied by NMR spectroscopy.2! The conformation around the glycosidic bond (calculated
from vicinal 3Jcg 11 and 3Jcg pp coupling constants, using the Karplus equations) can be
described as a syn =anti equilibrium shifted to the anti conformer (Xantj = 0.7). By using
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FIGURE 1. Pluto representation of the major conformer of TSAO-T

the concept of pseudorotation and by a modification of Pseurot method (to calculate the
pseudorotational parameters), we could determine the ribose ring conformation from
vicinal 3JC,H coupling constants. The pseudorotational parameters obtained by this
method were compatible with a major conformation corresponding to an °E envelope
(P = 90° and T = 50°). Finally, the conformation around the exocyclic (C4'-C5') bond
(determined from vicinal 3JH H coupling constants, and by calculation of the relative
distribution of g*, g!, and g- populations of rotamers) showed preference for the g+
rotamer (ng+ = 0.66).

METABOLISM AND PHARMACOKINETICS

Metabolic and pharmacokinetic studies performed?2 with radiolabelled [3H]TSAO-
m3T , have shown that the drug tends to accumulate intracellularly within a short period of
time (6 h), and 20-fold higher TSAO-m3T levels are recovered intracellularly than initially
added extracellularly. The high lipophilicity of TSAO-m3T (Pa >> 10) is most likely
responsible for the rapid uptake of the drug by the cells.

Upon intravenous bolus administration of TSAO-m3T to mice at 0.75 mg/kg, the
compound is rapidly cleared from the plasma in a mono-exponential manner (half-life of
22 min). Surprisingly, TSAO-m3T preferentially accumulates in the lungs, far more than
in the other organs (i.e., heart, kidney, liver). TSAO-m3T is detected at low but significant
levels in the brain. These data clearly indicate that TSAO-m3T is able to cross the blood-
brain barrier, and thus may be able to inhibit virus replication in the brain compartment.22

TSAO-T is not metabolized in vitro. No intracellular conversion of the test
compound was seen in CEM, MT-4 and Molt-4 (clone 8) cells, even when the cells were
incubated as long as 72 h in the presence of the test compound. TSAO-m3T was also
stable in the presence of dThd phosphorylase, indicating that the test compound is not
susceptible to hydrolytic attack by this enzyme.
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In contrast with our in vitro findings, TSAO-m3T is metabolized in vivo (mice). At
least three metabolites have been unambigously characterized, i.e., the TSAO-m3T
derivative lacking the silyl moiety at C-2', the TSAO-m3T derivative lacking the silyl
moiety at C-5' and the TSAOQ-m3T derivative lacking the silyl groups at both the C-2' and
C-5' positions of the sugar moiety. However, a fourth (eventual) metabolite tends to
accumnlate progressively with time in different tissues (i.e, liver, kidney, spleen). So far,
the nature of this metabolite is unknown, but it is clearly different from the free base
m 3T and may be related to a TSAO-m3T derivative with an opened 3'-spiro moiety.

VIRUS-DRUG RESISTANCE

Rapid emergence of TSAO-resistant HIV-1 strains occurred when HIV-1-infected
cells were exposed to TSAO derivatives.2324 These TSAO-resistant HIV-1 strains proved
cross-resistant to the other TSAO-pyrimidines, -purines and -triazole derivatives,but not
cross-resistant to most if not all other classes of HIV-1 RT specific inhibitors, as well as,
to the 2',3'-dideoxynucleosides (AZT, DD], DDC,DAT etc.) and to the acyclic nucleoside
phosphonates [PMEA, (S)FPMPA, (R)PMPDAP).23-26

Molecular characterization of the RT from at least 10 different TSAO-resistant HIV-1
strains revealed a single amino acid change at position 138. Invariably, glutamic acid was
replaced by lysine at position 138 of all HIV-1 RT mutants. This amino acid change is
exclusively associated with HIV-1 RT resistance to the TSAO derivatives?4 and must play
a crucial role in the recognition of TSAO derivatives by the enzyme.

Molecular dynamics performed on TSAO-T derivatives2! showed that the 4"-amino
group on the spiro moiety of the antivirally active ribo-TSAO-T derivative is more
accessible to interactions with other molecular entities (ie. the carboxylic acid group of
glutamic acid at position 138 of HIV-1 RT), than the antivirally inactive xylo isomer.21
Based on these observations together with our SAR studies on TSAQ derivatives and site-
directed mutagenesis studies on HIV-1 RT containing amino acids other than glutamic acid
at position 138 (i.e. Arg, Lys),24.27 we postulate that the 4"-amino group of the 3'-spiro
moiety is most likely responsible for the specific interaction of the TSAQ molecule with the
carboxylic acid group of 138-Glu. Further evidence for our postulate was that when the
4"-amino group of TSAO-T was blocked by introduction of acetyl or benzyl groups, or
removed, antivirally inactive TSAO derivatives were obtained.!9-20 The fact that the
glutamic acid-138 is not present in HIV-2 and SIV, further corroborates this hyphothesis
and may explain why HIV-2 or SIV are not sensitive to the antiviral action of the TSAO
derivatives.

Recently, determination of the three-dimensional structure of HIV-1 RT has shown a
totally different folding for the p66 and p51 subunits.28 Most amino acid substitutions so
far reported to confer resistance to the HIV-1-specific RT inhibitors are clustered in the
palm domain of the p66 subunit. In contrast the amino acid 138, that is involved in the
sensitivity and/or resistance to TSAO derivatives, is located at the top of the p66 finger
domain of RT and distant from the binding site of the HIV-1-specific inhibitors. We
initially thought that this peculiar characteristic may explain why TSAO-resistant HIV
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strains retain sensitivity to the other NNRTIs. However, the crystallographic structure of
HIV-1 RT revealed that the amino acid at position 138 of the p51 subunit closely
approaches the hydrophobic pocket of p66 at which the HIV-1-specific RT inhibitors seem
to bind.28 Moreover, when the TSAOQ-specific resistance mutation 138 Glu — Lys was
introduced in the p66, but not p51, subunit, the enzyme remained equally sensitive to
several HIV-1 specific RT inhibitors including TSAQO derivatives. On the other hand,
when the mutation was introduced only in the p51 subunit of the p66/p51 RT heterodimer,
the enzyme proved highly resistant to TSAO derivatives, but retained full sensitivity to
other HIV-1-specific RT inhibitors and to ddGTP.2? These data clearly indicate that among
the HIV-1-specific RT inhibitors the TSAO molecules are, at present, the only example of
compounds which seem to interact directly with the p51 subunit of the RT heterodimer,
thus determining the sensitivity/resistance pattern of HIV-1 RT to the TSAO derivatives.29

The fact that other mutations in the RT at amino acid positions 181 (Tyr — Cys),
188 (Tyr — Cys) and 106 (Val — Ala) also lead to markedly reduced sensitivity of HIV-1
RT to TSAOQ derivatives strongly suggest the presence of additional interaction points that
may serve either as direct attachment sites for the TSAO compounds or at least help in
maintaining the desirable conformation of the TSAO binding sites in the RT heterodimer.30

CONCLUSIONS

TSAO derivatives represent a unique class of nucleosides that are specifically
targeted at HIV-1 RT, The TSAO compounds are the first HIV-1-specific RT inhibitors for
which a well defined part of the molecule (i.e. the 4"-amino group of the 3'-spiro moiety)
has been identified as an essential pharmacophore interacting with a well-defined moiety
(the ~-COOH group of Glu-138) of the RT target enzyme. They are, so far, the only
compounds for which the p51 subunit of RT plays an important role in the
sensitivity/resistance of HIV-1 strains to TSAQO derivatives.
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