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A series of 4’-ethynyl (4’-E) nucleoside analogs were designed, synthesized, and identified as being active
against a wide spectrum of human immunodeficiency viruses (HIV), including a variety of laboratory strains
of HIV-1, HIV-2, and primary clinical HIV-1 isolates. Among such analogs examined, 4'-E-2'-deoxycytidine
(4'-E-dC),4’-E-2'-deoxyadenosine (4'-E-dA),4’-E-2'-deoxyribofuranosyl-2,6-diaminopurine, and 4'-E-2’-deoxy-
guanosine were the most potent and blocked HIV-1 replication with 50% effective concentrations ranging from
0.0003 to 0.01 nM in vitro with favorable cellular toxicity profiles (selectivity indices ranging 458 to 2,600).
These 4'-E analogs also suppressed replication of various drug-resistant HIV-1 clones, including HIV-1y,4y /1215ys
HIV-1x6sry HIV-1, 74y, HIV-1y411 r69s-s-6/r215v0 and HIV-1, 65y v7syp770/F116v/0151M- Moreover, these analogs
inhibited the replication of multidrug-resistant clinical HIV-1 strains carrying a variety of drug resistance-
related amino acid substitutions isolated from HIV-1-infected individuals for whom 10 or 11 different anti-
HIV-1 agents had failed. The 4'-E analogs also blocked the replication of a non-nucleoside reverse transcrip-
tase inhibitor-resistant clone, HIV-1y,5,c, and showed an HIV-1 inhibition profile similar to that of zidovudine
in time-of-drug-addition assays. The antiviral activity of 4’-E-thymidine and 4'-E-dC was blocked by the
addition of thymidine and 2’'-deoxycytidine, respectively, while that of 4’-E-dA was not affected by 2'-deoxya-
denosine, similar to the antiviral activity reversion feature of 2',3'-dideoxynucleosides, strongly suggesting that
4'-E analogs belong to the family of nucleoside reverse transcriptase inhibitors. Further development of 4'-E

analogs as potential therapeutics for infection with multidrug-resistant HIV-1 is warranted.

Combination chemotherapy or highly active antiretroviral
therapy (HAART) using two or more reverse transcriptase
(RT) inhibitors (RTIs) and protease inhibitors (PIs) has dra-
matically improved the quality of life and survival of patients
infected with human immunodeficiency virus type 1 (HIV-1)
(10, 23). However, the ability to provide effective long-term
antiretroviral therapy for HIV-1 infection has become a com-
plex issue, since a number of patients who initially achieved
very favorable viral suppression later experience treatment
failure (40). Moreover, 30 to 40% of HIV-1-infected individ-
uals who had received no prior antiviral therapy fail to achieve
viral suppression to undetectable levels (9, 17). In addition, 10
to 40% of antiviral therapy-naive individuals infected with
HIV-1 have persistent viral replication (plasma HIV RNA
>500 copies/ml) under HAART (11, 12, 37), possibly due to
transmission of drug-resistant HIV-1 variants (40). Thus, the
development of novel compounds that are active against drug-
resistant HIV-1 variants and that prevent or delay the emer-
gence of resistant HIV-1 variants is urgently needed.

Certain 4'-substituted nucleosides have been described in
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the literature. Maag et al. (19) reported that 4’-azido-2'-de-
oxythymidine (4'-AZT), the hydrogen atom at the 4’ position
of which was substituted for with an azido group, exerted
potent activity against HIV-1 in vitro. Subsequently, Chen and
colleagues (4) reported that 4’-AZT was active against HIV-1
through its DNA chain-terminating activity. More recently,
Sugimoto et al. have reported that 4'-substituted nucleosides
including 4’-ethynylthymidine exhibited potent activity against
not only HIV-1, but also herpes simplex virus type 1 (38). We
recently designed and synthesized a series of 4'-ethynyl (4'-E)-
2'-deoxynucleosides and their analogs and identified several
highly potent anti-HIV-1 compounds, including 4'-E-2'-deoxy-
cytidine (4'-E-dC), 4'-E-2'-deoxyadenosine (4'-E-dA), 4'-E-2'-
deoxyribofuranosyl-2,6-diaminopurine (4'-E-dDAP), and 4'-E-
2'-deoxyguanosine (4'-E-dG). These 4'-E compounds, unlike all
of the currently available nucleoside RTIs (NRTIs), lack the 2',3'-
dideoxyribose configuration but have a 2'-deoxyribose configura-
tion (Fig. 1 and Table 1).

All of these 4'-E compounds blocked the replication of
a wide spectrum of laboratory and clinical HIV-1 strains
in vitro with low cellular toxicities. These compounds
also suppressed the replication of various drug-resistant
HIV-1 clones, including HIV-1yu1 215y, HIV-1{ 74y,
HIV-Igesr, HIV-Iyuinreos-s.araisys HIV-1yigic, and
HIV-1x62vv7surr7ieiisyioisim- These 4'-E compounds also
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FIG. 1. Structures of 4’-substituted nucleosides. All nucleoside an-
alogs discussed here have substitutions at the 4’ position of the sugar
moiety shown here except for the two compounds 4'-E-araT and 4'-
E-araC, which have an arabinofuranosyl sugar moiety. See Table 1.

suppressed various multidrug-resistant clinical HIV-1 variants
carrying a variety of drug resistance-related amino acid substi-
tutions, which were isolated from patients for whom virtually
all of the currently available antiviral regimens had failed.
Furthermore, we demonstrate in this study that these 4'-E
analogs most likely block HIV-1 by functioning as NRTIs.

MATERIALS AND METHODS

Antiviral agents. 3'-Azido-3'-deoxythymidine (AZT, or zidovudine), 2',3'-
dideoxyinosine (ddI, or didanosine), and 2’,3’-dideoxycytidine (ddC, or zalcita-
bine) were purchased from Sigma (St. Louis, Mo.). (—)-2',3’-Dideoxy-3’-thiacy-
tidine (3TC, or lamivudine) was a kind gift from R. F. Schinazi (Atlanta, Ga.). A
series of 4’-position-substituted nucleosides were designed and synthesized as
described elsewhere (16, 27, 28). Their basic formula is shown in Fig. 1. A

ANTIMICROB. AGENTS CHEMOTHER.

non-NRTI (NNRTI), MKC-442, was a gift from Mitsubishi Kasei Corporation
(Yokohama, Japan) (2).

Cells. MT-4 and H9 cells were grown in an RPMI 1640-based culture medium,
and Cos-7 cells were grown in Dulbecco’s modified Eagle medium (DMEM);
each of these media was supplemented with 10% fetal calf serum (FCS; HyClone
Laboratories, Logan, Utah), 2 mM L-glutamine, 50 U of penicillin per ml, and 50
ng of streptomycin per ml. HeLa-CD4-LTR/B-gal cells (14) were kindly provided
by M. Emerman through the AIDS Research and Reference Reagent Program,
Division of AIDS, National Institute of Allergy and Infectious Diseases (Be-
thesda, Md.). Prior to use, HeLa-CD4-LTR/B-gal cells were propagated in
DMEM supplemented with 10% FCS, 0.1 ng of hygromycin B per ml, and 200 p.g
of Geneticin per ml. In the anti-HIV assay, cells were cultured in the DMEM-
based culture medium with addition of 50 U of penicillin per ml and 50 ng of
streptomycin per ml instead of hygromycin B and Geneticin. Peripheral blood
mononuclear cells (PBMCs) were obtained from healthy HIV-1-seronegative
donors by Ficoll-Hypaque gradient centrifugation and were stimulated for 3 days
with phytohemagglutinin M (PHA; 10 wg/ml; Sigma) prior to use.

Viruses and construction of recombinant HIV-1 clones. Three laboratory
strains, HIV-1y 51, HIV-2gop, and HIV-2gy, were employed. Multidrug-resis-
tant clinical HIV-1 strains were isolated from patients with AIDS who had been
treated with 9 to 11 anti-HIV-1 drugs for 39 to 64 months, as previously de-
scribed (42). These clinical HIV-1 isolates were passaged once or twice in
PHA-stimulated PBMCs (PHA-PBMCs), and titers of the culture supernatants
obtained were determined for infectivity and stored at —70°C until use.

Recombinant infectious HIV-1 clones carrying various mutations in the pol
gene were generated as previously described (35, 39, 42). Briefly, the desired
mutations were introduced into the Xmal-Nhel region (759 bp) of pTZNX1,
which encoded Gly-15 to Ala-267 of HIV-1 RT (strain BH 10), by the oligonu-
cleotide-based mutagenesis method (42). The Xmal-Nhel fragment was inserted
into a pHXB2RIP7 (a kind gift from M. Reitz, Jr., National Institutes of Health,
Bethesda, Md.)-based plasmid, pSUMY, generating various molecular clones
with the desired mutations. Each molecular clone (10 pg/ml as DNA) was
transfected into Cos-7 cells (4 X 10° cells/100-mm-diameter dish) by the calcium
phosphate method (Promega, Madison, Wis.). After 24 h, MT-2 cells (10° cells/
dish) were added and cocultured with Cos-7 cells for an additional 24 h. When
an extensive cytopathic effect was observed, cell supernatants were harvested,

TABLE 1. Anti-HIV-1 activity of 4’-substituted nucleosides in MT-4 cells”

Compound (abbreviation) Base S;(l(g;,r_ )m Yogl,i_c)a;?ﬁf;t ECsy (pM)? CCsy (uM)? Sc}ﬁztéz"y
4'-Ethynylribosylthymine (4'-E-rT) Thymine -OH -OH -CCH >400 >400 ND*
4'-Ethynylthymidine (4'-E-T) Thymine -H -OH -CCH 0.83 = 0.46 >400 >482
4'-Ethynylarabinofuranosylthymine (4'-E-araT) Thymine -OH -OH -CCH 119 £ 22 >400 >4
4'-Ethylthymidine (4'-Et-T) Thymine -H -OH -CH,CH,4 >400 >400 ND
4'-Vinylthymidine (4'-V-T) Thymine -H -OH -CHCH, 39+1.0 >400 >103
4'-Hydroxyethylthymidine (4'-HE-T) Thymine -H -OH -CH,CH,OH 7.0 =43 >400 >57
4'-Ethynyl-5-iodo-2'-deoxyuridine (4'-E-1dU) 5-Todo-uracil -H -OH -CCH 0.29 + 0.063 >400 >1,380
4'-Ethynyl-5-ethyl-2'-deoxyuridine (4'-E-EtdU) 5-Ethyl-uracil -H -OH -CCH >400 >400 ND
4'-Ethynyl-5-bromovinyl-2'-deoxyuridine 5-Bromovinyl-uracil -H -OH -CCH >15 1.5 ND

(4'-E-BVDU)
3'-Azido-3'-deoxythymidine (AZT) Thymine -H -N; -H 0.032 £0.0011 294 =87 9,190
4'-Ethynyl-2'-deoxycytidine (4'-E-dC) Cytosine -H -OH -CCH 0.0048 = 0.001 22+1.0 458
4'-Ethynylarabinofuranosylcytosine (4'-E-araC) Cytosine 8-OH -OH -CCH 0.043 = 0.011 2004 46.5
4'-Methyl-2'-deoxycytidine (4'-Me-dC) Cytosine -H -OH -CH,; 0.015 * 0.063 1.0 £ 0.41 66.7
4'-Fluoromethyl-2'-deoxycytidine (4’-FMe-dC) Cytosine -H -OH -CH,F 0.0068 = 0.0036  0.12 = 0.02 18
2',3'-Dideoxy-3’-thiacytidine (3TC) Cytosine -H none -H 0.10 = 0.035 >100 >1,000
4'-Ethyl-N°-methyladenosine (4'-E-NM-A) 6-Methyladenine -OH -OH -CCH >400 >400 ND
4'-Ethynyladenosine (4'-E-A) Adenine -OH -OH -CCH >400 >400 ND
4'-Ethynyl-2'-deoxyadenosine (4'-E-dA) Adenine -H -OH -CCH 0.0098 = 0.0043 16 =79 1,630
4'-Ethynyl-2'-deoxyribofuranosylpurine (4'-E-dP) Purine -H -OH -CCH 13525 >400 >3
4'-Ethynyl-2'-deoxyribofuranosyl-2,6-diaminopurine ~ 2,6-Diaminopurine ~ -H -OH -CCH 0.00034 = 0.00003 0.9 =0.17 2,600

(4'-E-dDAP)
4'-Ethynyl-2'-deoxyinosine (4'-E-dI) Hypoxanthine -H -OH -CCH 0.13 £ 0.035 137 = 39 1,053
4'-Ethynyl-2'-deoxyguanosine (4'-E-dG) Guanine -H -OH -CCH 0.0015 = 0.0003 1.4 = 0.16 933
4'-Ethynyl-6-chloro-2'-deoxyguanosine (4'-E-CIdG)  6-Chloroguanine -OH -OH -CCH >400 >400 ND

“ Anti-HIV-1 activity was determined by the MTT method. AZT and 3TC served as controls.
® The data shown are mean values with standard deviations derived from the results of three independent experiments.

¢ ND, not determined.
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and the virus was further propagated in H9 cells. The culture supernatant was
harvested, the titer was determined for infectivity, and the sample was stored at
—70°C until use. The presence of intended mutations and the absence of unin-
tended mutations in infectious clones were confirmed by determination of the
nucleotide sequence of proviral DNA isolated from the virus-producing H9 cells.
HIV-1y;xpop Was generated by using pSUM9 (35) and served as a wild-type
infectious clone (HIV-1,,,).

Determination of drug susceptibility of HIV-1. The inhibitory effects of test
compounds on HIV-1 replication were monitored by the inhibition of virally
induced cytopathicity in MT-4 cells. Briefly, MT-4 cells were suspended at 10°
cells/ml and exposed to HIV-1; 4y at 100 50% tissue culture infectious doses
(TCIDss). Immediately after viral exposure, the cell suspension (10* cells in 100
wl) was brought into each well of a 96-well flat microtiter culture plate (Costar,
Cambridge, Mass.) containing various concentrations of test compounds. After
incubation for 5 days, the number of viable cells was determined by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method as previ-
ously described (15, 30).

The sensitivity of infectious clones to various RTIs was determined in the
multinuclear activation of the galactosidase indicator (MAGI) assay (14), with
some modifications using the viral preparations titrated as previously described
(20). Briefly, target cells (HeLa CD4-LTR/B-gal; 10*/well) were plated in 96-well
flat microtiter culture plates. On the following day, the medium was aspirated,
and the cells were inoculated with HIV-1 clones (70 MAGI units/well, which
gave 70 blue cells after 48 h of incubation) and cultured in the presence of
various concentrations of drug in fresh medium. Forty-eight hours after viral
exposure, all blue cells in each well were counted. The cytotoxicity of the com-
pound was determined by the MTT method as previously described (15). All
experiments were performed in triplicate.

The drug susceptibility of HIV-1 clinical isolates was determined as previously
described (42). Briefly, PHA-PBMCs (10° cells/ml) were exposed to each viral
preparation at a TCIDs, of 50 and cultivated in 200 wl of culture medium
containing various concentrations of the drug in 10-fold serial dilutions in 96-well
culture plates. All assays were performed in triplicate, and the amounts of p24
antigen produced by the cells into the culture medium were determined on day
7 in culture with a commercially available radioimmunoassay kit (Du Pont,
Boston, Mass.).

The activity of test compounds is shown as the concentration that blocks
HIV-1 replication by 50% (ECs), and cytotoxicity is shown as the concentration
that suppresses the viability of HIV-1-unexposed cells by 50% (CCs,). The
window between CCs, and ECs, is shown by the CCs(/ECs, ratios (selectivity
indices).

RESULTS

Activity of 4’-substituted nucleosides against HIV-1 in vitro.
We designed and synthesized more than 20 novel 4’-substi-
tuted nucleoside analogs (16, 27, 28, 38) and tested them for in
vitro activity against HIV-1 by using the MTT colorimetric
assay employing MT-4 cells. A thymidine analog, 4'-ethynyl
(E)-T, and a uracil analog, 4'-E-IdU, were found to be mod-
erately active against HIV-1; 5y, with ECsys of 0.83 and 0.29
M, respectively (Table 1). Conversion of the 2'-deoxyribose
of 4’-E-T to ribose, generating 4'-E-rT, nullified the antiviral
activity of 4'-E-T. Other 4'-substituted thymidine and uridine
analogs had marginal or no activity. All four 4’-substituted
cytidine analogs examined were active, among which 4'-E-dC
and 4'-fluoromethyl (FMe)-dC were most potent against
HIV-1, although the latter was substantially cytotoxic (Table
1). It was noted that 4’-E-araC was moderately active.

Among 4'-E purine analogs, 4'-E-dA, 4'-E-dDAP, and 4'-
E-dG were highly potent against HIV-1, with subnanomolar to
nanomolar ECgs (Table 1). 4’-E-dI was only moderately ac-
tive against the virus. It is noteworthy that both 4'-E-dDAP
and 4'-E-dA had a favorable toxicity profile, with selectivity
indices of 2,600 and 1,630, respectively (Table 1). All three
4'-E purine analogs with a ribose configuration (4'-E-NM-A,
4'-E-A, and 4'-E-CIdG) were inactive.

4'-ETHYNYL NUCLEOSIDES ACTIVE AGAINST HIV 1541

Activity of 4’-substituted nucleosides against HIV-1 variants
resistant to various RTIs. We also evaluated whether 4’-sub-
stituted nucleosides were active against HIV-1 variants resis-
tant to various nucleoside RT inhibitors (NRTIs) by using the
MAGTI assay. Four pyrimidine analogs (4'-E-dC, 4'-E-araC,
4'-Me-dC, and 4'-FMe-dC) that were potent against HIV-1, 5,
were selected and tested further against various infectious
HIV-1 clones carrying resistance-conferring amino acid substitu-
tions (Table 2). It was noteworthy that all four of these cytidine
analogs examined suppressed the replication of ddI- and ddC-
resistant HIV-1 s and HIV-1, 5y, AZT-resistant HIV-1,4,;,
T215Y, and multi-dideoxynucleoside-resistant (resistant to AZT,
ddI, ddC and d4T) variant HIV-1, v nv7surr7nriievorsim (39
36). It was noted that among 4'-substituted pyrimidine analogs,
only 4'-E-dC remained active against 3TC-resistant variants HIV-
Tynsar and HIV-1,4,44v, but was less active against the multi-
NRTI-resistant (resistant to AZT, ddI, ddC, d4T and 3TC) vari-
ant HIV-1,4{ /reos.s.6/1215v (41), while 4’-FMe-dC remained
potent against HIV-1y411 /r¢0s.s.G/r2157- HOwever, all three 4'-E
purine compounds (4'-E-dA, 4'-E-dDAP, and 4'-E-dG) were ac-
tive against the infectious clones tested, including HIV-1,,54v
and HIV-1,141 ;re0s.s.G/1215y- These purine analogs were also
active against an NNRTI-resistant infectious clone, HIV-1ygc.
When tested in HeLa-CD4-LTR/B-gal cells, the CCyys of the
analogs examined were all >100 or >200 uM, except for that of
4'-E-dG.

4'-Ethynyl group is required for activity against HIV-1,,,44v
and HIV-1,,,4,;. To investigate whether and to what extent the
4'-E configuration was crucial for activity against HIV-1, three
thymidine analogs and two 2’-deoxycytidine analogs substi-
tuted at the 4’-position with different groups (vinyl, ethyl, hy-
droxyethyl, methyl, or fluoromethyl) were synthesized. 4'-eth-
ylthymidine (4'-Et-T) was inert, but 4’-vinylthymidine (4'-V-T)
and 4'-hydroxyethylthymidine (4'-HE-T) were active against
HIV-1, ,;, although they were less so than to 4’-E-T (Table 1).
These two thymidine analogs were active against the control
wild-type infectious clone HIV-1,,xp, and a multidideoxynucleo-
side-resistant infectious clone (HIV-1, v v7sys770/F116v/0151M)5
but were totally inert (>100 wM) against the 3TC-resistant clone
HIV-1,,,54v (Table 2). Two 2'-deoxycytidine analogs, 4’-Me-dC
and 4'-FMe-dC, were as potent against HIV-1; o; as 4'-E-dC.
These analogs were also active against various drug-resistant in-
fectious clones, but were less potent against HIV-1,,44y and
HIV-1,,,54; (Table 2). Taken together, although the 4'-E substi-
tution is not essential for antiviral activity against HIV-1, the 4'-E
configuration appears to be required for activity against 3TC-
resistant HIV-1,,,54, and HIV-1,,¢ur-

Activity of selected 4’-substituted nucleosides against HIV-2
strains. We also examined selected 4'-E analogs against two
HIV-2 strains, HIV-2, 5 and HIV-25,0, in the MAGI assay
(Table 3). Although the thymidine analog 4'-E-T showed only
moderate activity, three cytidine analogs, 4'-E-dC, 4'-E-araC,
and 4'-Me-dC, were highly active against HIV-2, and 4'-E-dC
was the most potent analog, with 50% inhibitory concentra-
tions (ICs,s) of ~0.001 uM (Table 3). Four 4'-E purine ana-
logs examined also suppressed the replication of both HIV-2
strains. AZT, tested as a control compound, was active against
both HIV-2 strains, as previously described (21). Considering
that all of the currently known NNRTIs fail to suppress the
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TABLE 2. Antiviral activity of 4'-substituted nucleosides against drug-resistant infectious clones®

ECso (MM)b CcC
Compound 50,
HXB2 K65R L74v  M41L/T215Y M184V M1841 M41L/T69S-S-G/T215Y MDR¢ Y181C (»M)
Pyrimidine analogs
4'-E-T 0.36 0.53 0.68 0.43 0.18 0.14 0.44 0.12 0.13 >200
4'-E-1dU 0.37 ND“ ND ND 0.21 ND ND 0.32 ND  >200
4'-V-T 8.1 ND ND ND >100 ND ND 9.7 ND >100
4'-HE-T 15.8 ND ND ND >100 ND ND 20.7 ND >100
4'-Et-T >100 ND ND ND ND ND ND >100 ND  >100
4'-E-dC 0.0012  0.0008 0.0013 0.006 0.0024 0.0026 0.015 0.0012 0.0021 >200
4'-E-araC 0.0071  0.015 0.026 0.026 0.71 0.48 0.17 0.0079 0.016  >200
4'-Me-dC 0.0058  0.0071 0.0062 ND 0.2 0.74 ND 0.0033 ND  >200
4'-FMe-dC 0.0046  0.065 0.0019 0.0035 2.0 ND 0.066 0.0039 ND  >200
AZT 0.022 0.02 0.02 0.3 0.01 0.017 1.6 15.3 0.014  >100
3TC 0.71 ND ND ND >100 >100 9.9 1.1 ND >100
ddC 0.2 3.0 1.5 ND 2.2 ND 1.3 5.5 ND  >100
Purine analogs

4'-E-dA 0.008 0.033 0.004 0.012 0.047 0.022 0.065 0.0062 0.011  >200
4'-E-dDAP 0.0014  0.00035  0.0007 0.0017 0.0059 0.0027 0.0041 0.001  0.0008 >200
4'-E-dl 0.81 0.25 0.61 1.3 16.6 1.5 22 0.51 ND  >200
4'-E-dG 0.007 0.001 0.0012 0.019 0.008 0.0041 0.0068 0.0048 0.01 52
ddI 3.9 12.7 19.5 3.6 10.1 ND 12.2 25 ND >100

¢ Anti-HIV activity was determined with the MAGI assay. The abbreviations are defined in Table 1.
® The data shown are mean values derived from the results of three independent experiments.
¢ Multidideoxynucleoside-resistant HIV-1 that contains mutations in the pol region: an Ala-62 to Val substitution (A62V), V751, F77L, F116Y, and Q151M.

4 ND, not determined.

replication of HIV-2 (6), it appears that 4’-substituted nucleo-
sides do not belong to NNRTIs.

Activity of 4'-ethynyl-2’'-deoxynucleosides against HIV-1 iso-
lated from heavily drug-experienced patients. 4'-E analogs
were then evaluated for their activity against multidrug resis-
tant clinical HIV-1 isolates in vitro. In this study, we chose
three most potent 4'-E compounds, 4'-E-dC, 4'-E-dA, and
4'-E-dDAP. Four clinical HIV-1 strains were isolated from
patients who received a variety of anti-HIV-1 agents for 39 to
64 months and had failed to respond to any existing regimens
of antiviral therapy (42). As shown in Table 4, all four clinical
HIV-1 strains contained a variety of drug resistance-conferring
amino acid substitutions in the RT- and protease-encoding
regions of HIV-1 gene. All three 4’-E compounds suppressed
the replication of these highly drug-resistant clinical strains as
effectively as that of the wild-type clinical strain HIV-
Tgrsi04pre (36) and two HIV-1 clinical strains (HIV-1;yr20s

TABLE 3. Anti-HIV-2 activity of 4'-substituted nucleosides in

MAGI cells”
ECso (1M)
Compound
HIV-2z6p HIV-2¢40

4'-E-T 0.34 0.29
4'-E-dC 0.001 0.0009
4'-E-araC 0.012 0.003
4'-Me-dC 0.002 0.0013
4'-E-dA 0.0019 0.001
4'-E-dl 0.29 0.37
4'-E-dDAP 0.001 0.0008
4'-E-dG 0.026 0.0042
AZT 0.0061 0.013

“ Anti-HIV-2 activity was determined with the MAGI assay. The abbreviations
are defined in Table 1. The data shown are mean values derived from the results
of three independent experiments.

and HIV-1,yr,o,) isolated from drug-naive AIDS patients. It
was noted, however, that 4’-E-dC was moderately active
against HIV-1,,, and HIV-1,,,. There was no apparent asso-
ciation of the observed reduced antiviral activity with amino
acid substitutions identified in these clinical isolates (Table 4).

Testing 4’-ethynyl nucleosides in the time-of-drug-addition
assay. The triphosphate form of 4'-E nucleosides is not pres-
ently available, and how 4'-E nucleosides block the replication
of HIV-1 and HIV-2 remains to be clarified. The time-of-drug-
addition assays have been used to approximately determine
what stage of the replication cycle of HIV-1 the compound in
question blocks (29). We therefore tested two potent 4'-E
compounds, 4’-E-dC and 4'-E-araC, in the assay together with
three controls: a surface reactant, dextran sulfate 5000
(DS5000); NRTI AZT; and NNRTI MKC-442.

The concentrations of compounds tested were all fixed at
their ECyys. At indicated time points, compounds were added
to the HIV-1; 4;-exposed MAGTI cells. As shown in Fig. 2,
DS5000, which like DS8000 (24) inhibits the absorption of
HIV and formation of syncytia, showed anti-HIV-1 activity
only when it was added early after viral exposure. AZT, which
requires triphosphorylation before it becomes active (23), ex-
erted its antiviral activity when its addition was delayed for up
to 4 h. MKC-442, which does not require activation, was ef-
fective when its addition was delayed for up to 6 h. The profiles
of anti-HIV-1 activity of 4’-E-dC and 4'-E-araC were quite
similar to that of AZT (Fig. 2). These results suggest that 4'-E
nucleosides suppress the replication of HIV at or around the
step of reverse transcription.

Reversal of antiviral activity of 4’-ethynyl nucleosides by
natural 2'-deoxynucleosides. It has been shown that biological
effects such as antitumor or antiviral activity of nucleoside
analogs are reversed by the addition of natural nucleosides (5,
8, 26). We first tested whether thymidine and 2’-deoxycytidine
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FIG. 2. Antiviral activity of 4’-ethynyl nucleosides in the time-of-
drug-addition assays. At indicated time points, 4’-E-dC (open circles)
and 4'-E-araC (closed circles) were added to the HIV-1, ,;-exposed
MAGI (HeLa CD4/LTR-B-gal) cells, and the blue cells produced were
counted at the completion of the 48-h period of incubation. DS5000
(open diamonds), AZT (open squares), and MKC-442 (open triangles)
served as controls.

reversed the antiviral activity of 4'-E-T and 4'-E-dC, respec-
tively (Fig. 3). The concentrations of compounds tested were
all fixed at their ECy,s. Antiviral activity of 4’-E-T (2 uM) was
suppressed by the addition of thymidine in a dose-dependent
manner, and the antiviral activity of AZT (100 nM) was also
reversed by the addition of thymidine, in agreement with our
previous published data (26), although 100 wM thymidine
caused cytotoxicity (Fig. 3A). Activity of 4’-E-dC (8 nM) and
4'-E-dG (10 nM) was similarly reversed by the addition of
2'-deoxycytidine and 2'-deoxyguanosine, respectively (Fig. 3B
and D). Likewise, the activity of ddC (2 pM) and ddG (10 M)
was reversed by the addition of dC and dG, respectively, in
agreement with our previous data (25). In contrast, the antivi-
ral activity of 4’-E-dA was not reversed by the addition of dA,
a similar profile of the activity of ddI versus dA (25) (Fig. 3C).

Acid stability of selected 4’'-ethynyl nucleosides. Certain nu-
cleoside analogs such as ddI are acid labile and require antacid
upon oral administration, generating adverse reactions, such as
abdominal discomfort and diarrhea (33). We therefore exam-
ined the acid sensitivity of three selected 4’-E analogs (4'-E-
dC, 4'-E-dA, and 4'-E-dDAP). These compounds were ex-
posed to 1 N HCI for up to 20 min and then neutralized with
1 N NaOH and added to target cells exposed to HIV-1. As
shown in Fig. 4, ddI lost all of its antiviral activity following acid
exposure for 20 min; however, 4'-E-dC, 4'-E-dA, 4'-E-dDAP,
and the control acid-resistant AZT did not lose their antiviral
activity.

DISCUSSION

All of the currently available NRTIs have a 2',3'-dideoxyri-
bofuranose configuration, and only after anabolic intracellular
phosphorylation do they exert their antiviral activity against
HIV by functioning as viral DNA chain terminators (22). In
this study, we identified 4'-E nucleoside analogs potent against
a variety of HIV strains, including laboratory strains of HIV-1
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FIG. 3. Reversal of anti-HIV activity of 4’-ethynyl-2'-deoxynucleosides by 2’'-deoxynucleosides. Antiviral activities of 4’-E-thymidine (4'-E-T;
2 pM [open bars]) and AZT (100 nM [hatched bars]) were reversed by the addition of their physiologic counterpart (thymidine) in a dose-
dependent manner (A). In the culture without antiviral agents (solid bars), the activities of 4’-E-2'-deoxycytidine (4'-E-dC; 8 nM) and ddC (2 pM
[hatched]) were similarly reversed by the addition of 2’-deoxycytidine (dC) (B). In contrast, the anti-HIV-1 activities of 4'-E-2'-deoxyadenosine
(4'-E-dA; 80 nM [open bars]) and ddI (10 pM [hatched bars]) were not suppressed by the addition of 2'-deoxyadenosine (C). The activities of
4'-E-2'-deoxyguanosine (4'-E-dG; 10 nM [open bars]) and ddG (10 pM [hatched bars]) were moderately reversed by the addition of 2'-

deoxyguanosine (dG) (D).

and HIV-2, infectious clones, clinical HIV-1 isolates, and mul-
tidrug-resistant clinical strains.

As of this writing, no 5'-triphosphate forms of the 4’-substi-
tuted nucleoside analogs examined in this study have been
available, and enzymatic analyses with wild-type and mutant
RT to elucidate the exact mechanism of antiretroviral activity
of the 4'-substituted nucleoside analogs have not yet been
carried out. Nevertheless, it is likely that these 4'-substituted
nucleoside analogs serve as NRTIs but not as NNRTIs. First,
the 4’-substituted nucleoside analogs were active against the
virus with any pyrimidines or purines, although their antiviral
potency varied (Table 1), a different profile from that of HEPT
and its analogs, which are active only with thymine as its base
component (1). Second, although all of the currently available
NNRTIs are incapable of inhibiting HIV-2, and this property
has been one of the salient features of NNRTIs, the selected
4'-substituted nucleoside analogs examined were active against
both HIV-1 and HIV-2 (Tables 1 and 3). Moreover, 4'-E-dC,
4'-E-dA, and 4'-E-dDAP inhibited an NNRTI-resistant clone,
HIV-1y45:¢ (Table 2). Third, in the time-of-drug-addition as-
says (7), the profiles of anti-HIV-1 activity of two 4'-E nucleo-
sides (4'-E-dC and 4'-E-araC) were quite similar to that of

AZT (Fig. 2), suggesting that 4'-E nucleosides suppress the
replication of HIV-1 at or around the step of reverse transcrip-
tion in the replication cycle. Fourth, antiviral activity of 4'-E-T,
4'-E-dC, and 4'-E-dG was reversed by the addition of their
corresponding physiologic 2'-deoxynucleosides (Fig. 3A, B,
and D), strongly suggesting that 4'-E nucleosides serve as sub-
strates for RT. In contrast, the activity of 4'-E-dA was not
reversed by its corresponding physiologic nucleoside 2’'-de-
oxyadenosine (dA)(Fig. 3C). In this respect, the activity of ddA
(and ddI) against HIV-1 is not reversed by dA (26), which is
possibly due to there being no intracellular change in dATP
levels regardless of extracellular dA levels, since the ubiquitous
adenosine deaminase (ADA) in the target cells immediately
converts dA to 2'-deoxyinosine (3, 34). In fact, the addition of
dA in the presence of an ADA inhibitor (2'-deoxycoformycin)
reversed the activity of 4'-E-dA against HIV-1 (data not
shown). Taken together, like the currently available NRTIs,
4'-substituted nucleosides most likely block the replication of
HIV by functioning competitive inhibitors for RT.

It is noteworthy that there are a few previously reported
4'-substituted nucleoside analogs active against HIV. Maag et
al. synthesized 4'-azidothymidine (4'-AZT), 4'-azido-2'-deoxy-
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FIG. 4. Acid stability of 4'-ethynyl nucleosides. AZT, ddI, 4'-E-dC,
4'-E-dA, and 4'-E-dDAP were exposed to 1 N HCI for the indicated
periods of time, neutralized with 1 N NaOH, and added to the culture
in the MAGTI assay at final concentrations of 100 nM, 20 M, 8 nM, 80
nM, and 8 nM, respectively, which approximately represent the ECy,
of each compound under the conditions used.

guanosine (4'-AZG), and 4'-azido-5-chloro-2’'-deoxyuridine
(4'-AZU) and found that these compounds were active against
HIV-1 (18, 19). With respect to their specific anti-HIV activity,
Chen et al. reported that following intracellular anabolic phos-
phorylation of 4’-AZT, HIV RT efficiently incorporates two
consecutive 4’-AZT molecules preventing RT from further
elongating the DNA chain (4). Incorporation of two 4'-AZT-
monophosphate (MP) molecules separated by one 2'-de-
oxynucleoside 5'-MP (dAMP, dCMP, or dGMP) also abolishes
DNA chain elongation by HIV RT. In contrast, cellular DNA
polymerases a and B incorporate a single 4'-AZT-MP mole-
cule into nascent DNA at a very slow rate, but do not incor-
porate a second consecutive 4’-AZT-MP and continue to elon-
gate cellular DNA (4).

It should be noted that 4'-E-dC, 4'-E-dA, and 4'-E-dDAP
suppressed all infectious HIV-1 clones examined which were
resistant to all the currently available NRTIs, including two
multidrug-resistant HIV-1 variants, HIV-1y411 reos.s-G/r21sy
(41) and HIV-1 62y /v7syer7riievsoisiv (35, 36) (Table 2). It
is also of note that 4’-E-araC, 4’'-Me-dC, and 4’-FMe-dC were
less potent against two 3TC-resistant HIV-1 variants, HIV-
1yisar and HIV-1,,,44y (Table 2). This difference in drug
resistance profiles between the former three 4'-E nucleosides
and the latter two analogs should be intriguing from a struc-
ture-activity relationship point of view. Recently, the extensive
structural analysis of RT has shed light on the mechanism of
viral resistance to NRTIs (13, 31, 32). Substitutions of amino
acids by mutations, which confer drug resistance, are accumu-
lated around the deoxynucleoside triphosphate (dNTP) bind-
ing sites. Considering that all of the currently available NRTIs
contain 3’-position modifications, HIV-1 is thought to alter the
putative dNTP binding site to develop drug resistance. Indeed,
codons K65, L74, Q151, and M184, which are associated with
resistance to NRTIs, are located in the neighborhood of the
enzyme sites. These sites interact with incoming nucleotides
and are thought to be critical for the binding of the active site
of RT to NRTIs, which prevents the NRTIs from being incor-
porated into the growing proviral DNA chain (32). However,
4'-E nucleosides examined in this study retain 3’-OH moiety
like natural substrates, which may enable 4'-E nucleosides to

4'-ETHYNYL NUCLEOSIDES ACTIVE AGAINST HIV 1545

interact with the mutated 3'-OH binding site of various types
of drug-resistant HIV. Isolation and characterization of resis-
tant mutants against 4'-E nucleosides should provide more
insights into nucleoside-enzyme interactions. Further develop-
ment of 4’-E analogs as potential therapeutics for infection
with multidrug-resistant HIV-1 is warranted.
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