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4-Thio-uridylate (UD29) interferes with the
function of protein –SH and inhibits HIV
replication in vitro
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Abstract:

In this short communication, it is shown that 4-thio-uridylate (s�UMP, designated as UD29) inhibits glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH), suggesting that the enol-form of the thiolated nucleotide may interfere with the function of the essential
–SH group in the active center of the enzyme. Since HIV entry requires thiol/disulfide exchange processes, this activity prompted us
to study the anti-HIV activity of the nucleotide. Indeed, UD29 inhibited the replication of HIV-1���� in the MT-4 cell line and
HIV-1����� in peripheral blood mononuclear cells (PBMC). Furthermore, UD29 was not toxic in PBMCs in vitro or in mice when
the compound was administered intravenously.
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Introduction

In addition to conformational changes in cell surface
receptors, coreceptors of HIV (CD4, CCR5, and
CXCR4) and viral envelope proteins (gp120, gp41),
redox changes in these proteins are also required for
successful HIV-1 entry. Before the fine details of the
entry process were explored, Ryser et al. [11] showed
in their pioneering work that several inhibitors of pro-

tein disulfide isomerase (PDI), as well as cell-
surface-thiol interacting agents, inhibit HIV infection.
These results were verified and extended by several
authors who showed that PDI co-clustered with
CD4-enriched regions of the lymphocyte surface [2],
and that two of the nine disulfide bonds of gp120
were reduced by PDI [3], indicating that redox pro-
cesses active in viral entry could be potential targets
for the treatment of HIV infection [3, 8]. Thioredoxin,
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which is involved in many redox processes, was also
found to have a significant role in HIV entry. The 2nd
domain (D2) disulfide bond of CD4 is redox-active,
and the redox process is controlled by cell surface thi-
oredoxin secreted by T cells [9]. The role of the redox
chemistry required for HIV-1 envelope protein-
mediated fusion has been analyzed by Ou and Silver
[10]. Their findings indicated that cell surface thiol-
containing molecules other than PDI are involved in
the entry process, and that cell surface thioredoxin has
a more significant role in viral entry than was thought
before, both in the reduction of the disulfide bonds of
CD4 and in the reduction of disulfides of gp120.

While studying the biological effects of 4-thio-
pyrimidine nucleotides, we recently found that UD29,
a mononucleotide, has an antiproliferative effect on
OCM-1 uveal melanoma cells [7]. Since UD29, as
a nucleotide, cannot penetrate into the cells, it must
exert its activity at the cell surface. It was assumed
that the reactive –SH group of the enol form of UD29
may interfere with the function of some cell surface
proteins, including essential receptors. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) offered
an excellent model to prove that the thiolated nucleo-
tide acts on protein –SHs because it has an essential
cysteine in its active center. In this paper, we report
the GAPDH inhibitory and anti-HIV activities of
UD29, along with a toxicity study.

Materials and Methods

Chemicals and preparation of UD29

Most of the chemicals were purchased from Sigma-
Aldrich and GE Healthcare (formerly Amersham-
Pharmacia), and were of the best available grade. The
thiolated uridylate was prepared by H2S treatment of
cytidine 5’-monophosphate, as we described for
oligonucleotides [6], and was purified on an ÄKTA
Purifier (Amersham-Pharmacia) equipped with a Re-
source Q anion exchange column [4]. A 20 mM
(6.66 mg/ml) aqueous stock solution of UD29 was
prepared and kept at –20°C. It was diluted to the re-
quired concentration with tissue culture media before
use. For in vivo toxicity studies, UD29 was dissolved
in physiological NaCl solution.

Inhibition of GAPDH

Rabbit GAPDH activity (80–120 U/mg) was deter-
mined by the arsenate method as described [12],
while introducing several modifications, including
changing the buffer, pH, and substrate concentrations.
The reaction was performed in a 1 ml final volume
while monitoring the change of absorbance at 340 nm
for 3 min in a Hitachi U-3000 Spectrophotometer at
37°C. The reaction mixture contained 50 mM HEPES
(pH 7.5), 1 mM DTT, 5 mM sodium-arsenate, 2 mM
NAD+, and 2 mM glyceraldehyde 3-phosphate. For
inhibitory studies, the indicated concentration of nu-
cleotide (UD29 or UMP) was also included.

Anti-HIV assay in MT-4 cells

The antiviral activity of UD29 against HIVIIIB in
MT-4 cells cultured in completed RPMI 1640 medium
was measured by determination of the reverse tran-
scriptase (RT) activity in the supernatant of the in-
fected cells on day 4 postinfection, as we previously
described [5, 6], with the amendment that the inhibi-
tor was added to the cells 30 min before infection.

Anti-HIV assay in PBMCs

PBMCs were isolated from fresh buffy coats of
healthy, HIV-seronegative donors by Ficoll-Hypaque
density gradient centrifugation and stored in liquid ni-
trogen until the day of the experiment. The PBMCs
were thawed and stimulated with 1 µg/ml phytohe-
magglutinin (PHA) in interleukin-2 (IL-2, Roche, In-
dianapolis, IN)-enriched complete RPMI 1640 me-
dium for 24 h at 37°C. The cells were then washed
with fresh IL-2 medium and cultured for 3 days before
use. The cells were or were not treated with UD29 for
30 min, and were then infected with the virus. After
infection with the virus stock HIV-1Ada-M, cultures
were fed with fresh medium once a week and then as-
sessed for infectious virus production on days 7 to 14
by measuring the RT activity in the supernatant [6].

Determination of the antiproliferative effect

of UD29

To determine the in vitro cytotoxicity of UD29, the
CellTiter 96® AQueous non-radioactive Cell Prolifera-
tion Assay was applied according to the manufactur-
er’s instructions (Non-Radioactive Cell Proliferation

Assay Technical Bulletin #TB169, Promega Corporation).
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Study of UD29 toxicity in mice

The animal study was approved by the Committee of
Animal Research, University of Debrecen. UD29 was
administered in physiological saline intravenously to
two Balb/c mice at each of the following dose levels:
1, 10, 100 and 1000 mg/kg body weight, whereas
a control group of four mice received only the vehi-
cle. The mice were given a standard laboratory rodent
diet and water ad libitum, and were observed for 30
days. The body masses of the mice were determined
every day at the same time. At the end of the observa-
tion period, an autopsy was performed and the mice
were subjected to pathological examination.

Results and Discussion

It was proposed, but not proven, in our earlier report
[7] that UD29 may interfere with cell surface thiol/di-
sulfide exchange processes, thereby adversely affect-
ing the formation of the proper secondary structure of
some essential receptors containing disulfide or thiol
groups. This is chemically feasible since the 4-thiono
group has a propensity toward tautomeric conversion
to form a reactive –SH, which may affect redox pro-
cesses (Fig. 1). This theory could explain the reported
antiproliferative activity of UD29. To prove the above
presented hypothesis, an appropriate model system
was determined. GAPDH, a common enzyme of the
glycolytic pathway carrying an essential cysteinyl
side chain in its active center, offers an excellent sim-
ple model to detect any biochemical interference with
thiol function. Therefore, we completed an inhibitory
study on GAPDH using various concentrations of
UD29 and uridine 5-monophosphate (UMP), which is

the unmodified congener of UD29 (s4UMP). The re-
sults (Fig. 2) indicate that while UD29 is an inhibitor
of GAPDH, UMP does not have any effect on the en-
zyme. This experiment could not prove directly and
unequivocally that the thiol function of the enzyme is
affected by UD29. However, the fact that the close
structural analogue of UD29, UMP, does not inhibit
GAPDH, and UD29, in which an oxygen atom of
UMP is replaced by sulfur, does inhibit GAPDH,
strongly suggests that the only chemically feasible
target for UD29 is the –SH in the active center of the
enzyme.

Since thiol/disulfide exchange processes are re-
quired for HIV entry, the inhibitory action of UD29
on GAPDH prompted us to complete a study on the
anti-HIV activity of the compound. We determined
the antiviral potency of UD29 in the MT-4 cell line
and in PBMCs. The compound showed remarkable
anti-HIV activity, with IC50 values of 0.98 µg/ml and
3.89 µg/ml in MT-4 cells and PBMCs, respectively
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(Fig. 3). It must be noted that we previously reported
the potent HIV entry inhibitory activity of the 35mer
oligonucleotide composed exclusively of 4-thio-
deoxyuridylate, designated as Suligovir [6, 5]. In one
of these earlier studies [6], it was shown that shorter
thiolated oligonucleotides are substantially less active
inhibitors of HIV entry than the 35mer analogue (Su-
ligovir). Therefore, the inhibitory activity of the ribo-
monomer, s4UMP, was somewhat surprising; on the
other hand, based on its inhibitory activity on
GAPDH, this result was expected.

The antiproliferative activity of UD29 against
uveal melanoma cells [7] raised the question of
whether the anti-HIV activity of the compound was
due to its antiproliferative effect exerted against the
host cell of the virus. To examine this possibility, the
inhibitory activity of UD29 was studied on the viabil-
ity of MT-4 cells and PBMCs. The proliferation of
MT-4 cells was slightly inhibited by high concentra-

tions of UD29; however, the antiviral effect of UD29
was exerted at a much lower concentration (Fig. 4A),
seemingly not affecting the cells. The change of the
viability of PBMCs on the treatment was negligible,
even some activation was observed at very high drug
concentrations (Fig. 4B). From the point of view of
potential therapeutic applications of UD29, its in vivo

toxicity is a crucial question; therefore, an exploratory
acute toxicity study was performed in mice. No mor-
tality was observed, and the changes in the body
weight of the mice did not indicate any deleterious ef-
fect in the treated groups (Fig. 4C). At the end of the
observation period, an autopsy was performed but re-
vealed no pathologic signs attributable to the treat-
ment. This result was somewhat surprising since the
highest dose of the drug was 1000 mg per kg body
mass.

Since UD29 is a nucleotide, its cellular uptake is
not likely; therefore, it must exert its biological activ-
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ity on the cell surface. UD29 interferes with the thiol
function, which was proven by the inhibitory activity
on GAPDH (Fig. 2). Thiol/disulfide exchange pro-
cesses are required for successful HIV entry, both on
the surface of host cells and in the gp120 proteins
[1–3, 8–11]. Together, these three facts suggest that
UD29 is an entry inhibitor acting with a mechanism
that has not yet been exploited for the treatment of
HIV infection.
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