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A major pathway for HIV-1 resistance to nucleoside reverse transcriptase inhibitors (NRTIs) involves
reverse transcriptase (RT) mutations that enhance ATP-dependent pyrophosphorolysis, which excises
NRTIs from the end of viral DNA.We analyzed novel NRTIs for their ability to inhibit DNA synthesis
of excision-proficient HIV-1 RT mutants. D-carba T is a carbocyclic nucleoside that has a 30 hydroxyl
on the pseudosugar. The 30 hydroxyl group allows RT to incorporate additional dNTPs, which should
protect D-carba TMP from excision. D-carba T can be converted to the triphosphate form by host cell
kinases with moderate efficiency. D-carba T-TP is efficiently incorporated by HIV-1 RT; however, the
next dNTP is added slowly to aD-carbaTMPat the primer terminus. D-carbaT effectively inhibits viral
vectors that replicate using NRTI-resistant HIV-1 RTs, and there is no obvious toxicity in cultured
cells. NRTIs based on the carbocyclic pseudosugar may offer an effective approach for the treatment of
HIV-1 infections.

Introduction

A major class of drugs used to treat HIV-1 infection is
nucleoside reverse transcriptase inhibitors (NRTIsa). The
NRTIs currently approved for the treatment of HIV-1 infec-
tions differ from normal nucleosides in that the NRTIs lack a
30 OHgroup and, as a consequence, incorporation of anNRTI
byHIV-1 reverse transcriptase (RT) leads to the terminationof
viralDNAsynthesis.NRTIs have proven to be highly effective
against wild-type (wt) HIV-1 RT, but treatment with NRTIs
can lead to the development of resistance (see ref 1 and
references therein). Two types ofNRTI resistancemechanisms
are known; both involve an increase in the ability ofHIV-1RT
to discriminate between normal nucleosides and the NRTI.
In one resistance mechanism, exclusion, RT develops an

increased ability to discriminate between normal dNTPs and
the NRTI-TP at the time of incorporation. The other resis-
tance mechanism, excision, depends on HIV-1 RT developing
the ability to selectively excise the analogue after it has been
incorporated using ATP-dependent pyrophosphorolysis.
We have previously described nucleoside analogues that

have modifications to the sugar ring that were specifically
designed to limit their excision by excision-proficient HIV-1
RTvariants.2,3 These compounds inhibitedDNAsynthesis by
different mechanisms than immediate chain termination seen
with NRTIs such as 30-azido 30-deoxythymidine (AZT).2,3

Unfortunately there were drawbacks to the compounds we
have tested thus far. As we had hoped, the compounds were
not efficiently excised by the RT variants proficient at ATP-
dependent pyrophosphorolysis;2,3 however, the M184V mu-
tation, which causes resistance to 20,30-dideoxy-30 thiacytidine
(3TC) by exclusion, did cause significant resistance to the
compounds we previously tested. These compounds were not
efficiently converted to the triphosphate form by cellular
kinases due to an unfavorable conformation of the sugar
ring;4,5 the analogues were efficiently phosphorylated in cells
that express the herpes simplex virus thymidine kinase (HSV-
TK). In addition, when the compounds were phosphorylated
in the HSV-TK expressing cells, the compounds appeared to
be toxic to the cells.
To address these problems, we examined another com-

pound,D-carba T, a carbocyclic nucleoside in which the fura-
nose oxygen has been replaced with a methylene group,
creating a cyclopentane ring (Figure 1A). This causes a change
in conformation of the pseudosugar ring compared to the
conformation of the deoxyribose ring of normal nucleosides,
which are primarily in either a 30-endo (North) or 20-endo

*To whom correspondence should be addressed. Phone: 301-846-
7633. Fax: 301-846-6966. E-mail: hughes@ncifcrf.gov.

a 3TC, 4-amino-1[(2R,5S)-2-(hydroxymethyl)-1,3-oxathiolan-5-y1] -1,2-
dihydropyrimidin-2-one; 40C-Me T, 1-[(4S,2R,5R)-4-hydroxy-5-(hydroxy-
methyl)-5-methyloxolan-2-yl]-5-methyl-1,3-dihydropyrimidine-2,4-dione;
40C-Et T, 1-[(4S,2R,5R)-5-ethyl-4-hydroxy-5-(hydroxymethyl)oxolan-2-yl]-5-
methyl-1,3-dihydropyrimidine-2,4-dione; AZT, 1-((2R,4S,5S)-4-azido-5-(hy-
droxymethyl)tetrahydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione;
D4T, 1-[(2R,5S)-5-(hydroxymethyl)-2,5-dihydrofuran-2-yl]-5-methylpyrimi-
dine-2,4-dione; D-carba-T, 1-((1R,3S,4R)-3-hydroxy-4-(hydroxymethyl)-
cyclopentyl)-5-methylpyrimidine-2,4(1H,3H)-dione; HSV, herpes simplex
virus;N-MCT,1-((1S,2S,4S,5R)-4-hydroxy-5-(hydroxymethyl)bicyclo[3.1.0]-
hexan-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione; CycloSal-D-carba-T,
1-{(3S,1R,4R)-3-hydroxy-4-[(8-methyl-2-oxo(4H-benzo[d]1,3,2-dioxa-
phosphan-2- yloxy))methylcyclopentyl}-5-methyl-1,3-dihydropyrimi-
dine-2,4(1H,3H)-dione; FTC, 4-amino-5-fluoro-1-(2R,5S)-2- (hydroxy-
methyl)-1,3-oxathiolan-5-y17-1,2-dihydropyrimidin-2-one;N-MCdA, (1S,
2S,4S,5S)-4-(6-aminopurin-9-yl)-1-(hydroxymethyl)bicyclo[3.1.0]hexan-2-ol;
NRTI, nucleoside reverse transcriptase inhibitor; MP, monopho-
sphate; RT, reverse transcriptase; TK, thymidine kinase; TP, tripho-
sphate; VSV-G, vesicular stomatitis virus G.
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(South) conformation.4 Carbocyclic nucleosides tend to adopt
an atypical 10-exo conformation that is principally governed
by the steric bulk of the nucleobase, which prefers an equa-
torial orientation.6Kinases, in general, prefer nucleosides that
are in the South conformation.2,3,5 As can be seen in parts B
and C of Figure 1, D-carba T has a structure that is closer to
the South conformation of thymidine, suggesting that this
compound would be phosphorylated by cellular kinases.
D-carba T has a hydroxyl group on the 30 carbon, which
could allow thenext incomingdNTP tobeadded to the primer

strand if the geometry at the active site is approximately
correct (Figure 1B,C). The orientation of the 30-OH is critical
for the recognition of the nucleosides by both kinases and
polymerases. The crystal structure of D-carba T shows that
it has a P value of 118.6�, suggesting that the position of the
30-OH is, in some sense, a compromise between the orienta-
tions of the locked North and South nucleosides. Because the
structure of the pseudosugar of D-carba T is intermediate
between the North and South conformations, it might be an
acceptable substrate for both kinases and polymerases.6 In

Figure 1. Structures of D-carba T and related compounds. (A) Structures of the carbocyclic nucleoside D-carba T and the carbocyclic produg
CycloSal-D-carba T. Note the presence of a 30-OH group. (B) Comparison of the D-carba T structure with the thymidine and north-
Methanocarbathymidine (N-MCT) structures. (C) Superposition of three thymidine compounds (Cambridge Database Structures). For
clarity, no hydrogen atoms are shown. Both the view from the front and from the top are shown. Green: thymidine. Cyan:N-MCT.Magenta:
D-carba T. The root-mean-square deviation (rmsd) of thymidine with N-MCT and D-carba T are 0.3902 and 0.2550, respectively; the
maximum difference between superimposed atom positions of thymidine relative toN-MCT and D-carba T are 1.0097 and 0.6372, indicating
that the similarity between the conformations of thymidine andD-carbaT ismuchhigher than that between thymidine andN-MCT. The 30-OH
groups of thymidine and D-carba T are in similar positions, indicating that D-carba T has the proper conformation for recognition by cellular
kinases. The 30-OH of N-MCT is not aligned with the 30-OH groups of the other compounds, and N-MCT is not readily phosphorylated by
cellular kinases.
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addition, the cyclopentane ring is flexible, which might allow
for minor adjustments in the conformation of D-carba T that
could allow it to satisfy the structural requirements of both
kinases and polymerases.
We examined D-carba T and CycloSal-D-carba T in cell-

based assaysandD-carbaT- triphosphate (TP) inbiochemical
assays. The results are promising; both the compound and the
prodrug version are active againstHIV-1 in cultured cells, and
the triphosphate form ofD-carba T blocksDNA synthesis by
HIV-1 RT in vitro. D-carba T is moderately well phosphory-
lated by cellular kinases and inhibits the replication of both
wild-type HIV vectors and vectors containing drug-resistant
RT variants, including the M184V variant. D-carba T-TP is
efficiently incorporated by HIV-1 RT during DNA synthesis;
however, incorporation of the compound does not cause the
complete termination of DNA synthesis as do conventional
NRTI-TPs such as AZT-TP. After the incorporation of
D-carba T-TP, the next dNTP is added slowly to a D-carba
T-monophosphate (MP) terminated primer. We have called
this mechanism kinetic chain termination; it is the mechanism
by which the analogue 40C-methyl thymidine-triphosphate
(40C-Me T-TP) inhibits DNA synthesis by HIV-1 RT.2

D-carbaT appears to be a promising lead for the development
of anti-HIV therapeutic agents that will be effective against
the known NRTI-resistant viruses.

Results

Polymerase Assays. D-carba T has good anti-HIV-1 ac-
tivity and onlymodest toxicity in CEM/0 cells, which implies
that D-carba T can be converted to the triphosphate form, at
least to some extent, in these cells, and that D-carba T-TP
inhibits viral DNA synthesis by RT.7,8 We examined the
effects of D-carba T-TP onDNA synthesis by wild-type (wt)
HIV-1 RT. ADNA primer was 50 end-labeled, hybridized to
a DNA or RNA template, both having the same sequence,
and the labeled template/primer was extended by HIV-1 RT
in the presence of 10.0 μMeach dCTP, dGTP, and dATPand
10.0 μMtotal of TTP or a TTP analogue (ddTTP orD-carba
T-TP) (Figure 2). The “no RT” control lane shows the
position of migration of the unextended primer, while
the TTP lane shows the full-length product. The “ddTTP”
lane shows thatDNAsynthesis terminated immediately after
the addition of the ddTTP and indicates the position of
migration of a “primerþ 1” product. The “1:1 TTP:ddTTP”
lane has a mixture of the normal TTP and the ddTTP
analogue. If TTP was incorporated, DNA synthesis conti-
nued, while if ddTTP was incorporated, DNA synthesis was
terminated. This lane indicates all the positions at which
TTP, or a TTP analogue, can be incorporated; these sites
correspond to the highlighted nucleotides in the template
sequence in Figure 2. We used a template whose sequence
specified that TTP, or a thymidine analogue such as D-carba
T-TP, was the first nucleotide added to the primer strand
(Figure 2). If D-carba T-TP cannot be readily incorporated
by HIV-1 RT, the product bands will be one nucleotide
smaller than the corresponding ddTTP product. If D-carba
T-TP acts as a conventional chain terminator and causes a
complete termination of DNA synthesis immediately upon
incorporation, the product would be the same length as the
primer þ 1 product in the ddTTP lane, and no larger
products will be synthesized. If, like the 40C-Me T-TP
analogue previously described,2 D-carba T-TP causes
DNA synthesis to pause after the analogue is incorporated

Figure 2. Inhibition of DNA synthesis by D-carba T-TP. As
described in the Experimental Section, the primerwas 50 end-labeled
and then annealed to either a DNA template (A) or an RNA
template (B). The “no RT” lane shows the size of the starting
primer. All reactions had 10.0 μM each of dCTP, dGTP, dATP,
and the indicated TTP or T-TP analogue. The “ddTTP” lane shows
the primerwith the addition of a single ddTTP residue (Nþ 1), while
the “TTP” lane shows the primer extended to the end the template
(full-length product). The 1:1 TTP:ddTTP had a mixture of 5.0 μM
TTP and 5.0 μM ddTTP in the reaction. Because ddT-TP is an
immediate chain terminator, DNA synthesis carried out with this
mixture generates products corresponding to all of the sites at which
a TTP or TTP analogue can be incorporated. The positions at which
the addition of ddTTP terminated DNA synthesis are indicated by
dots. The reactions were carried out either with 10.0 μMD-carba T-
TP (no TTP present) or with different ratios of TTP:D-carba T-TP
(1:5 or 1:1), where the final concentration totaled 10.0 μM. The
reactions were incubated at 37� for the indicated length of time and
the products fractionated by gel electrophoresis. The unusual pause
site discussed in the text for an RNA template is marked with a star.
The sequence of the template extension is shown below the reac-
tions, and the positions of all (A) residues are highlighted.
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by HIV-1 RT, the products would be the same length as the
products in the 1:1 lane.
When the primer was extended in the presence of D-carba

T-TP and dATP, dCTP, and dGTP, products larger than
primerþ 1 were detected, showing that D-carba T-TP is not
an absolute chain terminator like ddTTP (Figure 2A,B). This
effect was seen with both the DNA and the RNA templates.
It appears that the lengths of the products generated by
D-carba T-TP are similar in size to the products in the “1:1
TTP:ddTTP” marker lane. This suggests that D-carba T-TP
is readily incorporated by HIV-1 RT and that its effect on
DNA synthesis by HIV-1 RT is similar to 40C-Me T-TP, in
that D-carba T causes HIV-1 RT to pause immediately after
the analogue has been incorporated. With the RNA tem-
plate, there was one position where there was both a pause
site one nucleotide before the position, where the TTP
analogue was incorporated and another pause site where
the analogue was incorporated (Figure 2B). This suggests, at
this position, that the RT either has some problem binding
D-carbaT-TPor a problem incorporating it into the growing
primer strand. The position where RT has a problem in-
corporating D-carba T-TP occurs before a run of three
cytidine residues, a location which appears to alter the
localized structure of the template/primer.3 At longer incu-
bation times, wild-typeHIV-1RTwas able to extend primers
that have D-carba TMP at the 30 end, generating longer
products, but no full-length product was detected
(Figure 2A,B). This analogue appears to be another example
of a temporal (or kinetic) NRTI, which are readily incorpo-
rated by HIV-1 RT, but which, after incorporation, slow the
addition of the next dNTP.
Wealso tested the ability ofD-carbaT-TP to competewith

the normal substrate, TTP. Two ratios of TTP:D-carba
T-TP (1:5 and 1:1) were tested. With a DNA template, some
pausing was detectable, suggesting that D-carba T-TP is
incorporated to some extent. However, with the DNA
template,D-carbaT-TPdid not appear to be able to compete
effectively with the normal TTP because most of the pro-
ducts are full length (Figure 2A). With the RNA template,
there was more pausing than with the DNA template,
suggesting that D-carba T-TP is better able to compete with
TTP with an RNA template (Figure 2B). Because D-carba T
is able to inhibit viral replication in cell culture (discussed
below), these data suggest that most of the inhibitory effect
of this compound occurs during first strand DNA synthesis.

Cell-Based Assays. We previously described an HIV-
1-based vector that lacks a functional Env coding region;
infectious virions are produced by complementation with
vesicular stomatitis virus-G (VSV-G).9,10 The VSV-G com-
plementation strategy limits the vector to a single replication
cycle. The original vector contained a wt HIV-1 RT, but the
vector has been modified to contain mutant forms of HIV-1
RT and the resulting mutant vectors were used to study the
effects of the mutations on viral replication and resistance to
NRTIs. We also described HOS cells that were modified to
contain, and express, the thymidine kinase (TK) from herpes
simplex virus (HSV); these cells are designated HOS 313.2

TK catalyzes the conversion of T (nucleobase plus sugar) to
TMP (the monophosphate form). HSV-TK also has some
thymidylate kinase activity11 and can convert some of the
monophosphate to the diphosphate, but the generation of
the triphosphate requires cellular kinases. Because HSV-TK
is able to phosphorylate a wider range of thymidine ana-
logues than the corresponding cellular kinases, and because

the first step in phosphorylation is often the rate limiting
step, cells that express HSV-TK can be used to determine
whether nucleoside analogues that are not readily phos-
phorylated by cellular kinases are able to inhibit HIV-1
replication.11,12 These cell lines were previously tested
against AZT.2 In an assay with the wt vector, infections
carried out in 313 cells were more sensitive to treatment with
AZT than in HOS cells lacking HSV-TK.
HIV vectors containing wt RT or different drug-resi-

stant RT variants were used to infect HOS cells in the pre-
sence of various concentrations of D-carba T. As shown in
Figure 3A, D-carba T effectively blocked the replication of
the vector containing wt RT, and has an IC50 value of
approximately 3.2 μM(Table 1). This indicates that D-carba
T can be phosphorylated, at least to some extent, by cellular
kinases, and that once it is phosphorylated, it is efficiently
incorporated into viral DNA by HIV-1 RT, which agrees
with the reports that D-carba T has anti-HIV activity in
CEM/0 cells.7,8 For comparison, AZT was also tested
against the HOS cells (Figure 3C). The IC50 value for AZT
against the replication of the vector containing wt RT was
1.4 nM (Table 1)WhenD-carba Twas tested in theHSV-TK
expressing HOS 313 cell line against the HIV-1 vector, the
IC50 ofD-carbaTwas 0.83 μM(Figure 3B; Table 1). The fact
that there is approximately a 4-fold reduction in the con-
centration of D-carba T needed to block the replication of
the vector in the presence of HSV-TK (Figure 3A,B; Table1)
indicates that the normal cellular kinases do not efficiently
carry out the early steps in the conversion ofD-carbaT to the
triphosphate form.We have also done single-cycle inhibition
assays in TZM cells (a HeLa-derived indicator cell line
described below) using D-carba T and the replication com-
petent wild-type HIV-1 strain LAI. In this assay, the IC50

value for D-carba T was 0.05-0.07 μM (data not shown). In
general, assays in which there are multiple rounds of viral
replication give lower IC50s than single round assays;
there may also be differences in the ability of the two
different cell lines to take up and convert D-carba T to the
triphosphate.
D-carba T effectively inhibited the replication of vectors

containing a number of different NRTI-resistant RT vari-
ants. The M184V mutation confers resistance by causing
enhanced discrimination between normal dNTPs and the
analogues 3TC-TP and FTC-TP by steric hindrance at
the polymerase active site, reducing the incorporation of
these NRTI-TPs (see ref 1 and references therein). AZT-R
(M41L/D67N/K70R/T215Y/K219Q) and SSGR/T215Y,
which contains several amino acid substitutions in addition
to the insertion of two amino acids in the thumb subdomain
of RT (T69K70/T215 f S69SGR70/T215Y), are RT vari-
ants that confer resistance to NRTIs due to their enhanced
ability to excise anNRTImonophosphate (NRTI-MP) from
the 30 end of a primer using ATP-dependent pyrophospho-
rolysis (excision), thus freeing the blocked end of the primer
for continuedDNA synthesis.1 As expected, vectors contain-
ing AZT-resistance mutations AZT-R and SSGR/T215Y
showed a reduce susceptibility to AZT. While vectors con-
taining the wt RT had an IC50 value for AZT of 1.4 nM, the
AZT-R containing vector had an IC50 value of 20.1 nM and
the SSGR/T215Y containing vector had an IC50 value of
39.6 nM (Figure 3C; Table 1). The vector containingM184V,
which does not confer significant resistance to AZT, had an
IC50 value of 3.6 nM (Figure 3C; Table 1). Whitcomb et al.,
who also used anHIVvector system, showed that theM184V
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mutation usually conferred a small increase in susceptibility
to AZT.13 We do not have an explanation for this apparent

discrepancy; however, in our experiments, the difference in
the IC50 for wt and the M814V mutant was small and the
data of Whitcomb et al. showed considerable scatter, so it is
possible that the exact sequence of theRT in the vector could
have influenced the outcome. In contrast, the vectors con-
taining the AZT-R and SSGR/T215Y mutations appeared
to have approximately the same sensitivity to D-carba T as
vectors containing wt RT (Figure 3A,B). The IC50 values for
D-carba T are shown in Table 1. The IC50 for the SSGR/
T215Y mutant is slightly higher than wt; however, the
difference is within the error of the assay. We also showed
that the Q151M complex (A62V/V75I/F77L/F116Y/
Q151M), a set of mutations that cause NRTI-resistance by
an exclusion mechanism, remains sensitive to D-carba T
(data not shown).
While HSV-TK can convert thymidine analogues into the

monophosphate and the diphosphate forms,11,12 which is
useful for determining whether the compounds have anti-
HIV activity, this approach cannot be used in patients.
However, there is a method that can be used to introduce
phosphorylated nucleosides into cells that can be used in
patients. As has already been mentioned, for many nucleo-
sides, the rate-limiting phosphorylation step is the step that
generates the 50-monophosphate. Phosphorylated analogues
are not readily taken up by cells, presumably because the
charged phosphate prevents uptake. If the charged phos-
phate is shielded by a hydrophobic residue, then themodified
phosphorylated nucleoside can enter cells. If the modifying
hydrophobic group is appropriately designed, once the
compound enters a cell, themodifying group can be removed
by spontaneous chemical degradation and/or cellular en-
zymes, yielding the free 50 dNMP, which can then be
converted to the triphosphate by cellular kinases.14,15 If one
phosphate is already present on the starting compound, only
two cellular phosphorylation steps are needed to produce the
active triphosphate (for review, see ref 15). A prodrug
(pronucleotide) form of D-carba T, a CycloSal derivative
developed byMeier16-18 (Figure 1A) has been described.We
asked whether the prodrug form of CycloSal-D-carba T
effectively blocked the replication of an HIV vector in
normal HOS cells and the HSV-TK expressing HOS 313
cells. The modified analogue inhibited the replication of
an HIV vector, showing that the prodrug is converted to
D-carba TMP, which can then be converted to the tripho-
sphate form (Figure 4).CycloSal-D-carba T has a lower IC50

in HOS 313 cells than in the parental HOS cells (0.38 μM in
HOS cells versus 0.12 μM in HOS 313 cells). This could be
explained if the thymidylate kinase activity of HSV-TK
helps in the conversion of the monophosphate to the dipho-
sphate; however, there are other possible explanations (see
Discussion).

Cellular Toxicity. One potential problem with treating
HIV-1 infections with NRTIs is toxicity to the host. D-carba
T and CycloSal-D-carba T were tested in several cell lines to
determine whether these compounds are toxic. Hydroxypro-
pyl-β-cyclodextrin (BCD) was used as a positive control
because previous studies showed that more than 50% of
cells are killed when BCD is present at 2-5% (w/v)
(Ambrose et al., unpublished observations). Three cell lines,
TZM (a HeLa cell-derived indicator cell line), GHOST
(a HOS cell-derived indicator cell line), and HuT-CCR5 (a
human T-cell line), were incubated with different concentra-
tions of D-carba T, CycloSal-D-carba T, and BCD and
subsequently assayed for viability using the Roche Cell

Figure 3. Cell-based assay comparing the effects of D-carba T on
the replication of an HIV-1 vector containing wt HIV-1 RT and
vectors that replicate usingNRTI-resistantHIV-1RTs.AZT-R and
SSGR þ T215Y are efficient at ATP-dependent pyrophosphoroly-
sis (excision), while M184V interferes with the incorporation of
NRTI-TPs. The vectors also express luciferase from the nef reading
frame. (A)HOS cells were infectedwith the variousHIV-1 vectors in
the presence of increasing levels of D-carba T. Luciferase activity in
the absence of D-carba T was considered to be 100, and the
luciferase activity in the presence of the different concentrations
ofD-carbaTwas normalized to this value to give relative infectivity.
(B) Assay done inHOS 313 cells (which express HSV-TK). (C)HOS
cells were infected with the various HIV-1 vectors in the presence of
increasing levels of AZT.

Table 1. Antiviral Efficacy of AZT and D-Carba T vs Wild-Type and
Select NRTI Resistant HIV-1 Viral Vectors

D-carba T (μM) AZT (nM)

HOS 313 HOS

wild-type 3.2( 1.7 0.83( 0.21 1.4( 0.1

M184V 1.8( 1.0 0.19( 0.03 3.6( 0.3

AZT-R 1.3( 0.4 0.87( 0.13 20.1( 1.8

SSGR þ T215Y 4.6( 1.2 1.0( 0.1 39.6( 7.7
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Proliferation kit (XTT). As described in the Experimental
Section, only viable cells can convert the precursor dye to
a measurable metabolite. For all cell types tested, up to
10.0 μMof either D-carba T or CycloSal-D-carba T was not
toxic (Figure 5). In contrast, 5% BCD was sufficient to kill
more than 50% of the cells (Figure 5).

Discussion

There are many NRTIs that effectively inhibit the replica-
tion of wt HIV-1. However, the appearance of RT variants
resistant to these NRTIs in patients, and the subsequent
transmission of the resistant viruses, is a major concern. All
currently approvedNRTIs used to treatHIV infections lack a
30-OH group, which makes them vulnerable to the excision
resistance mechanism. We have been examining nucleoside
analogues that retain a 30-OH group in an effort to identify
NRTIs that can inhibit not only wt RT but are also effective
against known drug-resistant RT variants. We previously
examined north-methanocarbathymidine (N-MCT), north-
methanocarbadeoxyadenosine (N-MCdA), 40C-Me T, and
40C-ethyl thymidine (40C-Et T), all of which efficiently inhibit
wt RT and RT variants that are proficient in ATP-dependent
pyrophosphorolysis.2,3 However, these compounds had sev-
eral problems. None of the compounds we previously tested
were efficiently converted to the triphosphate form by cellular
kinases, and testing the compounds againstHIV-1 andHIV-1
based vectors in cell culture required the expression of HSV-
TK in the target cells. The compounds we tested previously,
although effective against excision-proficient RTs, appeared
to be less effective against the exclusion variant M184V, and
the compounds also appeared to be toxic in cell lines that
express HSV-TK.2,3

We analyzed the carbocyclic nucleoside D-carba T to see if
this compound circumvented these problems. D-carba T-TP
is readily incorporated by HIV-1 RT during DNA synthesis,
but the next dNTP is added relatively slowly; in this regard,
the results we obtainedwithD-carba T-TPwere similar to our
previous results with 40C-Me T-TP.2 The mechanism of
inhibition by 40C-Me T and D-carba T is unusual. These
NRTIs do not prevent chain elongation, but rather delay it. It

is likely that the conformation of the carbocyclic pseudosugar
affects the position of the 30-OH group at the polymerase
active site, which reduces the efficiency with which HIV-1 RT
is able to add the next dNTP to the primer strand. How does
this delay block HIV replication? As we previously proposed,
it is possible that there is a crucial period of time in which the
single-strand RNA genome must be converted to double-
strandDNA and, if the compounds delay this conversion, the
ability of the virus to complete the synthesis of the viral DNA
genome in the infected cells may be compromised.2,3 For
example, partially completed viral DNAs may be subject to
degradation by the host cell. It is also possible that even if the
viral DNA genome is completed, the presence of the incorpo-
rated analogues in the DNA provirus might provoke host
DNA repair machinery to degrade the viral DNA once it
enters the nucleus.2,3

In an in vitro polymerase assay, D-carba T-TP was better
able to compete with the normal substrate, TTP, when the
template was RNA rather than DNA. The two templates had
the same sequence, so the difference in the ability of the
analogue to competewith the normal nucleoside triphosphate
is not due to a difference in the sequence of the templates. The
nucleotides in both an RNA and a DNA template assume a
North (A-form) conformation near the polymerase active site
of RT,1,19 so when these templates are bound to RT, there
appear to be no major differences in their overall structure.
However, even though the structural differences may be
subtle, there are differences, and these differences are suffi-
cient to allowD-carba T-TP to compete more effectively with
TTP on an RNA vs a DNA template. If we assume that
D-carba T is also selectively incorporated on an RNA tem-
plate during viral replication in infected cells, then D-carba T
would be expected to preferentially inhibit the first strand of
viral DNA synthesis. Whether or not this selectivity exists in
infected cells, D-carba T does effectively block the replication
of both wt and NRTI-resistant HIV in cultured cells.
The biochemical assays with D-carba T-TP show that this

compound is an effective inhibitor of HIV-1 RT in vitro.
However, as has been discussed, a major drawback of the
nucleoside analogues we previously studied is that cellular
kinases are not able to convert these compounds to the
triphosphate form, which is necessary for their incorporation
into DNA by RT. D-carba T appears to have a structure that
allows kinases to bind and phosphorylate it with moderate
efficiency. In comparing D-carba T toN-MCT, D-carba T is
not constrained in the North conformation, a conformation
that is unfavorable for cellular kinases. In contrast to the
40C-MeT and 40C-Et T compounds, D-carba T does not have
extra substituents on the pseudosugar ring that could cause
steric clashes with the kinases (Figure 1A). As described in the
Results section, D-carba T was able to inhibit the replication
of an HIV vector containing wt RT in HOS cells, indicating
that this compound was converted, at least to some extent, to
the triphosphate form by cellular kinases. However, it is clear
that the presence of HSV-TK reduces the IC50 for D-carba T,
suggesting that this analogue is not an optimal substrate for
the cellular kinases. D-carba T was effective against the
excision competent HIV RT variants and, unlike the nucleo-
side analogues we have previously characterized, D-carba T
also appears to be effective against the drug-resistant RT
variantM184V, which causes resistance to 3TC-TP andFTC-
TP by interfering with their incorporation into viral DNA.
One of the particular advantages of the carbocyclic nucleoside
analogue D-carba T is that its pseudosugar ring has no extra

Figure 4. Cell-based assay comparing the effects of D-carba T
versus the D-carba T prodrug, CycloSal-D-carba T, on the replica-
tion of an HIV-1 vector containing wild-type HIV-1 RT. HOS or
HOS 313 cells were infected with theHIV-1 vector in the presence of
increasing levels of D-carba T or CycloSal-D-carba T. Luciferase
activity in the absence of analogue was considered to be 100, and the
luciferase activity in the presence of the different concentrations of
D-carba T or CycloSal-D-carba T was normalized to this value to
give relative infectivity.
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substituents that could cause a steric clash with a β-branched
amino acid at position 184.
While D-carba T is phosphorylated to some extent by

cellular kinases, there appears to be a pool of unphosphory-
lated and/or partially phosphorylated compound in the cells.
This does not necessarily render anNRTI unsuitable for anti-
HIV therapy. For example, AZT is not efficiently phosphory-
lated within cells yet remains one of the NRTIs most widely
used for the treatment of HIV infection (see ref 1 and
references therein). In general, improving the level of a
NRTI-TP within a cell will increase the effectiveness of
the parent compound by reducing the dose required to treat
patients. To assist the conversion of D-carba T to the
triphosphate form, we tested a prodrug that has the first
phosphate group added to the pseudosugar, CycloSal-D-
carba T (Figure 1A). Ludek et al. tested both D-carba and

CycloSal-D-carba T against HIV-1 using CEM/0 cells, which
express the normal cellular thymidine kinase, and CEM/TK-

cells, which do not express TK.20 In their experiments, both
compounds had similar activitieswhenTKwaspresent,which
suggests that the prodrug did not confer an advantage in this
system. However, in their experiments, neither compound
showed much antiviral activity in the absence of cellular
TK.20 In contrast to these results, our experiments showed
that, in the presence of a cellular TK (HOS cells), the prodrug
was more active than the unphosphorylated compound,
which suggests that phosphorylation is only moderately effi-
cient. The results we obtained with the unphosphorylated
compound in the presence of HSV-TK support this interpre-
tation. (Figure 4). The fact that the presence of HSV-TK
lowered the IC50 for the unphosphorylated compound shows
that, although the cellular TK in HOS cells can convert the

Figure 5. Cytotoxicity of D-carba T and CycloSal-D-carba T in various cell lines. As described in the Experimental Section, cell viability was
determined using the XTT Cell Viability Assay kit from Roche. Hydroxypropyl-β-cyclodextrin (BCD) was used as a positive control for cell
death because previous studies have shown thatmore than 50%of cells will be killedwhenBCD is present at 2-5% (w/v). (A)Viability of TZM
cells in the presence of increasing concentrations of D-carba T,CycloSal-D-carba-T, or BCD. (B) Viability of GHOST cells in the presence of
increasing concentrations of D-carba T, CycloSal-D-carba-T, or BCD. (C) Viability of HuT-CCR5 cells in the presence of increasing
concentrations of D-carba T, CycloSal-D-carba-T, or BCD.
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compound to the monophosphate, this process is inefficient.
Differences in activity of both compounds in CEM versus
HOS based cell lines may reflect differences in drug uptake by
the individual cell lines. Nevertheless, these results were
encouraging, although the fact that the IC50 for the prodrug
was lower in cells that expressedHSV-TK (0.38μMinHOSvs
0.12 μM in 313 cells) suggested the possibility that cellular
kinases may still have some difficulty in converting the D-
carba T from the monophosphate to the diphosphate. If this
explanation is correct, then it would be the thymidylate
synthetase activity of HSV-TK (the activity that converts
the monophosphate to the diphosphate) that causes the
presence of the HSV-TK to reduce the IC50 for the prodrug.
However, there is a possible alternative explanation: ifCyclo-
Sal-D-carba T loses some of its potency by extracellular
cleavage of some of the prodrug, some of the monophosphate
could be generated externally rather than within the cell. This
external monophosphate would probably be converted back
to the parent nucleoside by phosphatases outside the cell. The
fact thatCycloSal-D-carba T has a lower IC50 than the parent
compound, D-carba T, in our assays indicates that much of
the prodrug enters the cell,where it is cleaved to themonopho-
sphate as expected. However, a modest amount of cleavage
outside the cell might explain the observed increase in the
potency of the prodrug in the presence of HSV-TK. If the
prodrug is cleaved extracellularly and the monophosphate is
then converted to D-carba T by phosphatases, some of the
nucleoside could enter the cell. This pool of D-carba T could
then be phosphorylated by the HSV-TK, which could explain
why the prodrug form of D-carba T is more potent in the
presence of HSV-TK.
All nucleoside analogues have the potential to be cytotoxic;

all of the analogues we previously tested were cytotoxic in the
presence of HSV-TK. However, D-carba T and CycloSal-D-
carba T show little toxicity up to 10.0 μM in several cell lines.
Because the prodrug was effective in inhibiting the one-round
HIV vectors at much lower concentrations, and D-carba T
itself was effective against replication competent HIV-1 in a
multiround assay at much lower concentrations, these com-
pounds should continue to be evaluated for their potential to
become anti-HIV drugs. We are attempting to select HIV-1
variants that are resistant to D-carba T, and there needs to be
more extensive toxicity studies, both in cells and in animals,
beforeD-carba T andCycloSal D-carba T can be put forward
for clinical development.

Experimental Section

Nucleoside Analogues.D-carbaT andCycloSalD-carbaTwere
synthesized as previously described.8,16-18 For the D-carba T
triphosphate,D-carbaTwas converted into the 50-CycloSal nucleo-
tide and then converted into the corresponding triphosphate.21

MolecularModeling. The three superimposed molecules were
obtained from the Cambridge Structural Database (CSD)22

through the program ConQuest version 1.9.23 The superposi-
tion was done by the Superposition tool in Maestro 8.0. The
corresponding heavy atoms (eleven atoms) in the thymine ring
and the five-membered sugar ring of N-MCT and D-carba T
were the elements superimposed.

Polymerase Assays. The expression and purification of
HIV-1 RT and the polymerase assays were done as previously
described.2,3 For the extension assays, 7.0 μL of a 2.0 μM
stock of synthetic DNA oligonucleotide (50-GTCACTG-
TTCGAGCACCA-30; Biosource, CA) was 50 end-labeled
and then annealed to an excess of either a DNA template
(50-AATCAGTGTAGACAATCCCTAGCTATGGTGCT-

CGAACAGTGAC-30) or an RNA template (50-AAUCAGU-
GUAGACAAUCCCTAGCUAUGGTGCUCGAACAGU-
GAC-30; Dharmacon, CO). The A residue is the first nucleo-
tide past the 30 end of the primer. The annealed template/
primer (T/P) was suspended in a final concentration of
25.0 mM Tris (pH 8.0), 75 mM KCl, 8.0 mM MgCl2,
100.0 μg/mL BSA, 10.0 mM CHAPS, and 10.0 μM each of
dATP, dCTP, and dGTP. For the RNA template reactions,
the mixture was also supplemented with 1U/μL of SuperAsin
(Ambion). The reaction buffer was aliquoted to individual
tubes and then supplemented with a total of 10.0 μM TTP
and/or thymidine triphosphate analogue (as described in the
figure legend). The reactions were initiated by the addition of
1.0 μg RT, and the reaction was incubated at 37� for the
various indicated time intervals. Reactions were stopped by
the addition of EDTA, and the reaction products were
precipitated by the addition of isopropyl alcohol. The pro-
ducts were resuspended in formamide gel loading buffer II
(Ambion), heated at 70� for 5 min to denature the products,
and fractionated on a 15% polyacrylamide sequencing gel.

Cell-Based Assays. The human embryonic kidney cell culture
line 293 was obtained from the American Type Culture Collec-
tion (ATCC). The human osteosarcoma cell line, HOS, was
obtained from Dr. Richard Schwartz (Michigan State Univer-
sity, East Lansing, MI). Cell lines were maintained in Dulbec-
co’s modified Eagle’s medium (Invitrogen, Carlsbad, CA)
supplemented with 5% (v/v) fetal bovine serum, 5% newborn
calf serum, and penicillin (50 units/mL) plus streptomycin
(50 μg/mL) (Quality Biological, Gaithersburg, MD). VSV-G-
pseudotyped HIV vectors were produced by transfection of 293
cells. On the day prior to transfection, 293 cells were plated in
100 mm dishes at a density of 9 � 105 cells per plate. Then 293
cells were transfected with 10 μg of pNLNgoMIVRþΔEnv.
LUC (containing wild-type RT or NRTI resistant RT
variants)10 and 3 μg of pHCMV-g (obtained from Dr. Jane
Burns, University of California San Diego) using calcium
phosphate precipitation. After 48 h, virus-containing super-
natants were harvested, clarified by low-speed centrifugation,
filtered, and diluted 1:5 for infection assays. HOS cells were
plated in 96-well luminescence cell culture plates at a density of
4000 cells in 100 μL per well the day prior to infection. On the
day of infection, cells were pretreatedwith the target compounds
for 3 h. Infections were carried out by adding 100 μL of virus-
containing supernatants to each well and incubating for 48 h.
Infectivity was determined using a luciferase reporter assay.
Luciferase activity was measured by adding 100 μL of steadylite
plus reagent (PerkinElmer, Waltham, MA) directly to the cells
andmeasuring luminescence using amicroplate reader. Activity
was normalized to infections in the absence of target compounds
for the appropriate NRTI variant. Regression analysis on the
data was performed using a four-parameter sigmoidal binding
model, f(x)=aþ b/(1þ (x/c)d), and IC50 values were determined
from the fit.

Cell Toxicity Assay. Cell viability was measured using the
XTT Cell Viability Assay kit from Roche. Three cell types
were used to analyze the toxicity of D-carba T and CycloSal
D-carba T.

TZM cells are aHeLa cell-derived indicator cell line, GHOST
cells are a HOS cell-derived indicator cell line, and HuT-CCR5
cells are a human T cell line. Five dilutions were tested for
D-carba T, CycloSal D-carba T, and the compound hydroxy-
propyl-β-cyclodextrin (BCD). The BCD was used as a positive
control for cell killing; more than 50%of cells will be killed when
BCD is present at concentrations of 2-5% (w/v) (Ambrose et al.,
unpublished observations). Cells were cultured with the various
compounds for 48 h, and then the XTT viability substrate was
added for an additional 4-5 h.
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