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ABSTRACT. The HIV-1 protein Rev, critical for translation of incompletely spliced retroviral mRNAs
encoding capsid elements, requires a host cell protein termed “eukaryotic initiation factor 5A” (eIF-5A). This
is the only protein containing hypusine, a lysine-derived hydroxylated residue that determines its proposed
bioactivity, the translation of a subset of cellular mRNAs controlling G1-to-S transit of the cell cycle. We
postulated that inhibiting the hypusine-forming deoxyhypusyl hydroxylase (DOHH) should, by depleting
eukaryotic initiation factor 5A, compromise Rev function and thus reduce HIV-1 multiplication. We now report
that the a-hydroxypyridones, specifically mimosine, a natural product, and deferiprone, an experimental drug,
inhibited deoxyhypusyl hydroxylase in T-lymphocytic and promonocytic cell lines and, in a concentration-
dependent manner, suppressed replication of HIV-1. However, the a-hydroxypyridones did not affect the
formation of unspliced or multiply spliced HIV-1 transcripts. Rather, these agents caused Rev-dependent
incompletely spliced HIV-1 mRNA such as gag, but not cellular “housekeeping” mRNAs, to disappear from
polysomes. Consequently, a-hydroxypyridone-mediated depletion of eIF-5A decreased biosynthesis of structural
HIV-1 protein encoded by gag, measured as p24, whereas the induced formation of cellular protein like tumor
necrosis factor alpha remained unaffected. By interfering with the translation of incompletely spliced retroviral
mRNAs, these compounds restrict HIV-1 to the early, nongenerative phase of its reproductive cycle. In the
inducibly HIV-1 expressing T-cell line ACH-2, the deoxyhypusyl hydroxylase inhibitors triggered extensive
apoptosis, particularly of cells that actively produce HIV-1. Selective suppression of retroviral protein
biosynthesis and preferential apoptosis of retrovirally infected cells by a-hydroxypyridones point to a novel mode
of antiretroviral action. BIOCHEM PHARMACOL 55;11:1807–1818, 1998. © 1998 Elsevier Science Inc.
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The function of several biological systems, e.g. blood
coagulation or collagen formation, rests entirely on the
post-translational modification of certain amino acid resi-
dues. Among the various post-translational modifications,
the stereospecific hydroxylations of aspartate, asparagine,
proline, and lysine are particularly prominent. Apart from
these common residues, the deoxyhypusyl moiety also

becomes hydroxylated, the latter occurring exclusively in
one intracellular protein, the precursor for eIF-5A**. De-
oxyhypusyl itself is formed by the post-translational modi-
fication of a specific lysyl residue, mediated by deoxyhypu-
syl synthase (EC 1.5.1.–). Subsequent stereospecific hy-
droxylation of its C9 carbon atom by DOHH (EC
1.14.99.29) produces hypusine [Nε-(4-amino-2(R)-hy-
droxybutyl)-L-lysine] [1–3]. The active sites of the met-
alloenzymes catalyzing the formation of hydroxylated resi-
dues display a remarkably similar architecture [4–7]. Hy-
pusine formation, which does not occur in prokaryotes [2],
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determines a unique conformational energy minimum in
the folding pathway of eIF-5A [8]. The hypusine residue is
indispensable for the function of eIF-5A in eukaryotic cell
proliferation [3, 9, 10], and the hypusine-containing do-
main of eIF-5A has remained unchanged from archaebac-
teria and fungi to plants, insects, and mammals [3].

We recently presented direct evidence that transition
from the G1 to the S phase of the eukaryotic cell cycle is a
hypusine-sensitive event [3] and proposed that eIF-5A,
while not required for general protein biosynthesis [11], is
required for translation of specific mRNAs encoding pro-
teins that enable and commit cells to initiate DNA repli-
cation [3]. We demonstrated the existence of hypusine-
dependent messenger RNAs (hymns) that apparently en-
code a diverse family of replication-related proteins.
Polysomal localization of hymns directly correlates with
hypusine formation and precedes exit from the G1 phase of
the eukaryotic cell cycle [12]. Hypusine-depleted cells were
subsequently shown to lack the proteins required for repli-
cation in vitro [13]. When postulating the existence of
hymns, we also suggested that viruses could parasitize hymn
translation by recruiting eIF-5A.

eIF-5A is one of the host cell molecules that specifically
interact with the Rev protein of HIV-1 [14, 15]. Rev,
essential for HIV-1 replication, enables expression of the
intron-containing HIV-1 mRNAs, i.e. the unspliced 9.2 kb
full-length viral transcript, which encodes the Gag and Pol
polyproteins, and the singly spliced, '4.7-kb viral mRNAs,
which encode Env and the proteins Vif, Vpr, and Vpu.
Only expression of the fully spliced, '2-kb class of mR-
NAs, which encode Rev itself together with Nef and the
p16 version of Tat, is Rev independent [16]. Rev binding to
intron-containing viral transcripts initially occurs at the
RRE located within the sequence encoding Env, and it
results in their transport from the nucleus to the cytoplasm
[17, 18]. Mutational disruption of Rev–RRE complex for-
mation has established its pivotal role in the nuclear export
of the 9.2- and '4.7-kb classes of mRNAs [19, 20] and in
the polysomal loading of viral transcripts [21–25]. The
ability of HIV-1 to generate infective progeny rests on
functional Rev–RRE complexes [16] and, in addition, is
reported to require cellular proteins involved in nucleocy-
toplasmic transport, such as hRip [26] and eIF-5A [14, 15].
Mutations of eIF-5A that abolish its role as cellular cofactor
for Rev were proposed as a gene therapy approach to HIV-1
infection [27].

Compounds displaying a planar benzo-substructure with
two vicinal oxygen atoms or a planar domain of analogous
dimensions are able to enter the active site pocket of both
prolyl 4-hydroxylase and lysyl hydroxylase and, by coordi-
nating the catalytically essential metal ion, inhibit these
dioxygenases [4, 5, 28, 29]. Based on this inhibitory effect,
we selected the a-hydroxypyridones as pilot agents to probe
the active site of DOHH [6, 7] and the functional role of
hypusine in cell proliferation [3, 30–32]. In the current
study, we hypothesized that HIV-1 replication itself might
be sensitive to suppression of hypusine formation. Inhibi-

tion of DOHH activity by the a-hydroxypyridones mi-
mosine and deferiprone should mimic the disruption of the
Rev–RRE complex achieved by mutations of Rev, the RRE,
or eIF-5A [19, 21, 33, 34], or by Rev antisense oligonucle-
otides [35–37] and eIF-5A antisense expression constructs
[14], all of which decrease HIV-1 multiplication.

Herein we report that inhibition of DOHH by mimosine
or deferiprone, and thus pharmacological depletion of
functional eIF-5A, resulted in reduced polysomal loading of
the intron-containing 9.2-kb mRNA of HIV-1, decreased
the biosynthesis of p24 protein, and markedly reduced
generation of infectious viral particles. In addition, the
a-hydroxypyridones preferentially promote apoptosis of
retrovirally infected human T lymphocytes, suggesting that
these agents have the potential to selectively ablate HIV-
1-producing cells.

MATERIALS AND METHODS
Cell Culture

The T-lymphocytic cell line ACH-2 and the promonocytic
cell line U1 were obtained from the AIDS Research and
Reference Reagent Program (Ogden BioServices). Each of
these cell lines carries a single integrated HIV-1 provirus.
Stimulation of these cells with 100 ng/mL of PMA results
in the enhanced production of full-length genomic HIV-1
RNA and increased generation of infectious particles [38–
41]. The T-lymphocytic cell line H9 and a seed stock of
HTLV-IIIB (HIV-1/Lai) were supplied by Dr. Robert Gallo,
and were used to generate cultures of chronically HIV-1-
infected H9 cells as described [42, 43]. CEM cells
(CCL119) were obtained from the American Type Culture
Collection. All cell lines were maintained in RPMI-1640
containing 20% heat-inactivated fetal bovine serum (Hy-
clone), L-glutamine, penicillin, and streptomycin.

Processing of Cells and Supernatants

Logarithmically growing cells were washed extensively to
remove viral antigens and infectious particles, and resus-
pended in serum-supplemented, antibiotic-containing me-
dium at a density of 2 3 105 cells/mL. After incubation
with either mimosine or deferiprone, the cells were har-
vested and lysed, and both supernatant and lysate were
analyzed to determine the intra- and extracellular amounts
of p24 antigen by an antigen-specific ELISA (Coulter).
Quantitation of infectious viral particles in these culture
supernatants was carried out as previously described [44].
Briefly, serial half-log dilutions of the culture supernatants
were prepared in 100 mL of CIM containing 20 mg/mL of
polybrene, and added to the wells of 96-well plates con-
taining 8 3 105 CEM cells in 50 mL of CIM. Four replicate
cultures were prepared for each dilution. Following incuba-
tion for 2 hr at 37°, the cultures were washed three times
with fresh medium and finally resuspended in 150 mL of
CIM. Cultures were fed every 3–5 days, with endpoint virus
titers being determined after 2 weeks of culture by both
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scoring for syncytium formation and by p24 ELISA as
described above. The TCID50 values of virus were calculated
by the Spearman-Karber method [44]. TNF-a was assayed
in the same supernatants by a standard ELISA (Genzyme
Diagnostics). For electron microscopy, cells were washed
twice and fixed as pellets with 3% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.3) for 1 hr, postfixed with
2% osmium tetroxide in the same buffer for 1 hr, and
stained en bloc for 1 hr with 2% aqueous uranyl acetate.
Thin sections were examined using a Philips EM 410
transmission electron microscope.

Hypusine Determination

Conversion of peptidyl deoxyhypusine to peptidyl hypusine
was determined by incubating ACH-2 cells (3–4 3 105/
mL) with 3.75 mCi/mL of [terminal methylene-3H]spermi-
dine (DuPont) for 24 hr in serum-supplemented, antibiotic-
containing RPMI 1640, with or without 200 mM of
mimosine or deferiprone. Eight hours after addition of the
radiolabel, the cells were induced with PMA at a final
concentration of 100 ng/mL to activate viral replication
[38–41]. Following incubation, the cells were split into two
groups. One was harvested immediately to assess the degree
of deoxyhypusyl hydroxylase inhibition; the other one was
harvested after transfer into inhibitor-free medium for 2 hr,
to permit measurement of resumed deoxyhypusyl hydroxy-
lase activity [3]. Cellular proteins were hydrolyzed in 6 N of
HCl at 110° for 16 hr, and the hydrolysates were analyzed
for labeled amino acids using an amino acid analyzer [45].
The retention times of hypusine and deoxyhypusine were
determined from authentic standards.

Preparation of Polysomal mRNA

Logarithmically growing ACH-2 cells (3 3 105/mL) were
incubated with the inhibitors and then induced with PMA
as detailed above. Following an additional 16 hr of incuba-
tion, cells were harvested and lysed, and post-mitochon-
drial supernatants were prepared as described [12]. Poly-
somes were fractionated by sucrose gradient centrifugation,
0.5-mL fractions being collected and extracted once with
phenol:chloroform (1:1). The RNA was ethanol-precipi-
tated in the presence of glycogen (0.5 mg/mL). An aliquot
of each fraction was blotted onto nylon membranes and
probed with a 32P-labeled rat 18S rDNA probe [46], to
determine the distribution of polysomes, monosomes, and
40S ribosomal subunits.

RT-PCR Assays

To assess the effect of a-hydroxypyridones on polysomal
distribution of host cell and retroviral mRNAs, oligo
dT-primed-cDNA was prepared by reverse transcription as
previously reported [47]. The cDNA of each gradient
fraction was analyzed by semi-quantitative PCR employing
three sets of oligonucleotide primer pairs: one specific for

Rev-dependent transcripts containing the gag open reading
frame [SK38: 59-ATAATCCACCTATCCCAGTAGGA-
39; and SK39: 59-TTTGGTCCTTGTCTTATGTCCAG
AATG-39], and two specific for the cellular mRNAs
encoding the “housekeeping” proteins GAPDH [Primer A:
59-CAAAGTTGTCATGGATGACC-39; and Primer B:
59-CCATGGAGAAGGCTGGGG-39] [47] and b-actin
[Primer C: 59-GGTCACCCACACTGTGCCCAT-39;
and Primer D: 59-GGATGCCACAGGACTCCATGC-
39]. Primers SK38, A, and C were end-labeled by using
[g-32P]ATP and polynucleotide kinase. PCR products were
run on 6% denaturing polyacrylamide gels. After drying,
the PCR products were visualized by autoradiography, and
the band intensities were quantified by densitometric anal-
ysis, using NIH Image software. Results were expressed
relative to total product per gradient.

To assess the effect of a-hydroxypyridones on unspliced
and multiply spliced HIV-1 transcripts induced with PMA
in ACH-2 cells, RT-PCR on total mRNA was performed as
described [48] using primers for gag and tat, respectively (gag
primers: SK38 and SK39; tat primers: SCO4F [59-CCTGG
AAICATCCAGGAAGTCAGCCTA-39] and SC52R [59-
TAAGTCTCTCAAGCGGTGGTAGCTGAA-39 [48]].
The products were separated by electrophoresis on 2.5%
agarose gels, which were fixed in 7% trichoroacetic acid,
dried, and visualized using a Storm 860 imager (Molecular
Dynamics).

Apoptosis Assays

Logarithmically growing CEM or ACH-2 cells (3 3 105/
mL) were incubated with the inhibitors for a total of 26 hr,
PMA being added to some cultures after 8 hr as described,
and the incubation was continued for up to 18 hr. To detect
fragmentation of genomic DNA, cells were washed, and the
free 39-OH ends of DNA were tailed, using a flow cytom-
etry-based commercial kit based on the TUNEL (Oncor)
method.

RESULTS
Effect of a-Hydroxypyridones on HIV Replication in
Chronically Infected Cells

Initial experiments with these agents were carried out on
chronically HIV-1 producing H9 cells [42]. Cells were
harvested, washed extensively to remove extracellular viri-
ons, and were replated at a density of 2 3 105/mL for 16 hr
in medium containing no or increasing concentrations of
either deferiprone or mimosine, covering the concentration
range found to inhibit DOHH activity in vitro and in cells
[3]. At the end of the incubation period, antiviral effects
were assessed by ELISA assay for p24 in cell supernatants
and lysates, and by quantitation of infectious virions in
culture supernatants. Deferiprone and mimosine displayed a
concentration-dependent inhibition of infectious virion
production, with an IC50 in the range of 50–100 mM. Titers
of infectious viral particles in supernatants decreased by two
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orders of magnitude (Fig. 1). Intra- and extracellular levels
of the viral core protein p24 also decreased, but generally to
a lesser degree. Deferiprone and mimosine showed similarly
suppressive effects on intracellular p24 levels, but de-
feriprone was distinctly more potent than mimosine in
reducing extracellular p24 (Fig. 1, compare A and B).

Effect of a-Hydroxypyridones on HIV Replication in
Latently Infected Cells

To further investigate the mechanism underlying the anti-
retroviral effect in chronically infected cells, we utilized
ACH-2 cells. This subclone, derived from the A3.01
variant of the human T cell line CEM, contains a single
integrated copy of HIV-1 proviral DNA and constitutively
expresses fully spliced, Rev-independent viral mRNAs.
Exposure to PMA shifts expression towards unspliced and
singly spliced, i.e. Rev-dependent, mRNAs and results in
markedly enhanced virion production [38–41]. Logarith-
mically growing ACH-2 cells were harvested and washed
four times to remove secreted virus and p24 antigen. The
cells were then resuspended at 2 3 105/mL in complete
medium, with or without deferiprone or mimosine. To
inhibit cellular deoxyhypusyl hydroxylase activity and thus
prevent the formation of functional eIF-5A, the study
cultures were exposed to deferiprone or mimosine for 8 hr

before the addition of PMA. All cultures were then
incubated for an additional 16 hr in the presence of PMA
and each DOHH antagonist, a period of time sufficient to
detect substantial retroviral protein synthesis and virion
formation (data not shown; [38]). Under these conditions,
the a-hydroxypyridones caused a 10- to 20-fold decrease in
both intracellular and secreted p24 levels, a result similar to
that previously observed in chronically infected H9 cells
(comp. Fig. 1). In striking contrast, a concentration-
dependent effect of the a-hydroxypyridones on the PMA-
induced formation of unspliced and multiply spliced HIV-1
transcripts, represented by gag and tat, respectively, was not
apparent (Fig. 2). Deferiprone and mimosine each markedly
reduced DOHH activity, and the deoxyhypusine-to-hy-
pusine conversion, which normally is greater than 90%, fell
to less than 10%. Upon release of the PMA-induced
ACH-2 cells from a-hydroxypyridone inhibition, deoxyhy-
pusine conversion rapidly resumed and within 2 hr in-
creased to at least 25% (Fig. 3A, filled circles). The time
course of hypusine recovery in the released ACH-2 cells
was thus very similar to the one previously reported for
CHO cells [3]. Nevertheless, the total amount of the
obligatory intracellular eIF-5A isoforms, determined as the
sum of deoxyhypusyl substrate plus hypusyl product of
DOHH, declined rapidly, in the case of mimosine prefer-

FIG. 1. Concentration-dependent suppression of infectious HIV-1 virion formation (triangles) and both intra- (closed symbols) and
extracellular (open symbols) p24 levels by deferiprone (A) and mimosine (B) in the H9 human T cell line, chronically and productively
infected with the HTLV-IIIB (HIV-1/Lai) strain [42]. Log phase proliferating cells at 2 3 105/mL were incubated with the indicated
concentrations of compound for 24 hr prior to analysis. Identical results were obtained with the ACH-2 cells following PMA induction
of HIV expression (data not shown). Viability was similar in control and a-hydroxypyridinone-exposed cells (>70% in the chronically
infected H9 cells and >90% in the latently infected, inducible ACH-2 cells). The hatched bar in A indicates the approximate range
of serum levels measured in humans within 3 hr of ingesting a single 3-g dose of deferiprone [49]. Sup. 5 supernatant.
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entially during the release period and in the case of
deferiprone preferentially during the incubation period
(Fig. 3A, open circles). This finding suggests a dramatic loss
of membrane integrity and is compatible with the observed
a-hydroxypyridone-induced apoptosis of these HIV-1 pro-
ducing cells (see also Fig. 6, A and B, and Table 1). At
maximal inhibition of cellular DOHH activity, the level of
the Gag-derived p24 viral protein, encoded by the PMA-
induced, 9.2 kb mRNA class, decreased by one order of
magnitude or more in both supernatant and cells. Again,
deferiprone was more effective than mimosine in decreasing
extracellular p24 levels. Significantly, neither agent sup-
pressed the PMA-induced, concomitant 4- to 10-fold in-
crease in TNF-a protein secreted by the same cells (Fig.
3B). PMA is known to induce de novo expression of TNF-a
in human T cells [50, 51]. Thus, under the conditions used,
the a-hydroxypyridones did not exert global inhibitory
effects on the cellular processes required for secretion of de
novo synthesized or stored protein, nor did they indiscrim-
inately depress PMA-triggered cellular responses.

Both compounds also exhibited antiretroviral activity in
latently infected monocytic U1 cells induced by PMA to

FIG. 2. Lack of concentration-dependent suppression by de-
feriprone of unspliced (gag) and multiply spliced (tat) HIV-1
transcripts induced with PMA in ACH-2 cells. Log phase
proliferating cells at 2 3 105/mL were incubated with the
indicated concentrations of compound and, to induce HIV-1
expression, with 100 ng/mL of PMA for 20 hr prior to analysis.
The major products in each lane obtained after 35 cycles
represent the RT-PCR product of the specific HIV mRNAs. No
a-hydroxypyridone-dependent changes in cell viability or viral
RNAs were detected.

FIG. 3. (A) Effect of mimosine or deferiprone, 200 mM each, on DOHH activity (filled circles) and on total intracellular DOHH
substrate and product (open circles) in PMA-induced ACH-2 cells. DOHH activity was calculated as the indicated ratio of
deoxyhypusine-to-hypusine conversion [3]. In the control cells, the conversion ratio was 92.3% (hypusine, 2410 cpm; deoxyhypusine,
200 cpm). Total intracellular DOHH substrate and product, a parameter reflecting the deoxyhypusyl- plus the hypusyl-containing
isoforms of eIF-5A, was measured via the specific covalent incorporation of the radiolabeled butylamine moiety of [terminal
methylene-3H]spermidine [3]. Control cells contained a total of 2610 cpm of deoxyhypusine plus hypusine (5 100%). Cell numbers
in control, inhibition, and release were normalized to 6 3 106. (B) Effect of 200 mM mimosine (diagonally hatched bars) and 200 mM
of deferiprone (horizontally hatched bars) on the levels of p24 and TNF-a in cultures of PMA-induced ACH-2 cells. Parameters were
measured using commercially available ELISAs (Coulter and Genzyme Diagnostics, respectively). Control cells were not exposed to
PMA or a-hydroxypyridones.
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express the virus. In this system, at equimolar concentra-
tions deferiprone was at least three times more effective
than mimosine in suppressing extracellular p24 levels and
generation of infectious progeny. The PMA-induced adher-
ence of U1 cells, a response requiring integrity of PMA
signaling pathways and the expression of cellular genes,
remained unaffected by either agent (data not shown). This
again suggests that the inhibitory action of the a-hydroxy-
pyridones did not universally depress PMA-inducible cel-
lular functions but, rather, was selective for retroviral
functions.

Polysomal Distribution of Unspliced HIV-1 mRNA

The precipitous decline in viral p24 biosynthesis despite
continued formation of its unspliced HIV-1 transcript
during exposure to a-hydroxypyridones (contrast Figs. 1
and 2) led us to examine the polysomal distribution of viral
and cellular mRNAs. If the unspliced HIV-1 transcripts
require functional eIF-5A to facilitate their translation,
then their polysomal localization should be as hypusine
dependent as that of cellular hymns [12].

DOHH inhibition by mimosine was associated with a
marked decline on polysomes of unspliced HIV-1 mRNA
encoding the Gag polyprotein. Instead, this mRNA species
accumulated in the low-molecular weight, nonpolysomal
fractions; compared with control, this translationally silent
population of gag mRNA almost doubled (Fig. 4A). DOHH
inhibition, however, did not alter the polysomal distribu-
tion of cellular mRNAs encoding the “housekeeping”
proteins b-actin and GAPDH. Their mRNAs remained
associated with polysomes, although the a-hydroxypyri-
done appeared to reduce the size of the average polysome
carrying these mRNAs. In particular, the low-molecular
weight, nonpolysomal fractions did not measurably differ
from those in the control, and DOHH inhibition did not
affect the distribution between the translationally active
and inactive populations of these cellular mRNAs (Fig. 4, B
and C). Similar data were obtained for deferiprone-inhib-
ited cells (data not shown).

The discrete high-molecular weight species detected by
the gag-specific primers in the otherwise markedly gag-
depleted polysomal fractions of the mimosine-inhibited
sample (Fig. 4A) are interpreted as representing partially
assembled viral particles. Such nucleoprotein intermediates
are known to sediment with polysomes under the condi-
tions used for the velocity sucrose density centrifugation
[52, 53]. It remains to be determined whether the compro-
mised biosynthesis of structural capsid proteins, as shown in
Figs. 1 and 3B, and the much larger decline in the
production of infective particles, as shown in Fig. 1, could
be causally related to disruption of retroviral assembly. Such
a disruption is suggested by the appearance of high molec-
ular weight gag mRNA-containing complexes in the
DOHH-inhibited cells (Fig. 4A).

FIG. 4. Effect of 200 mM of mimosine on the polysomal loading
of representative viral and cellular mRNAs obtained by sucrose
gradient separation of postmitochondrial supernatants from
ACH-2 cells induced with PMA to express HIV-1. The mR-
NAs analyzed were (A) HIV-1 gag mRNA, (B) b-actin mRNA
and (C) GAPDH mRNA (thick lines: control cells; thin lines:
mimosine-inhibited cells; arrows: direction of sedimentation).
HIV-1 gag mRNA on the polysomes declines concomitant with
a marked increase in its non-polysomal population. By contrast,
the proportion of each cellular mRNA associated with poly-
somes does not change, although the sizes of the polysomes
bearing the two cellular mRNAs are reduced in the mimosine-
exposed cells. The three isolated high-molecular weight frac-
tions in (A) may represent partially packaged [52, 53] rather
than polysomal HIV-1 RNA.
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Electron Microscopy

Ultrastructural studies confirmed that the a-hydroxypyri-
dones suppressed production of extracellular HIV-1 parti-
cles. Quantification of more than 90 profiles from PMA-
induced, control and mimosine-inhibited ACH-2 cells
indicated a 4-fold reduction in the total number of both
mature and immature virions, and an 18-fold reduction in
the number of budding virions. This effect was not consis-
tently associated with other ultrastructural changes (com-
pare A and B of Fig. 5), suggesting a lack of structurally
disruptive compound toxicity. The only consistent ultra-
structural change, occurring in a subpopulation of mi-
mosine-treated cells, was the appearance of morphological
features typically noted in apoptosis, such as nuclear con-
densation [54] (Fig. 5C).

Induction of Apoptosis by a-Hydroxypyridones

We investigated the effect of mimosine and deferiprone on
HIV-1-expressing ACH-2 cells and on CEM cells, the
uninfected parental T cell line from which ACH-2 was
derived. Following exposure to either agent for 18 hr after
the addition of PMA, cytoplasmic membrane integrity was
intact in approximately 90% of CEM and 80% of ACH-2
cells (Fig. 6A, release point 1). At this time, however, only
ACH-2 cells exhibited a marked propriocidal response (Fig.
6B, release point 1). Upon inhibitor removal, membrane
integrity remained virtually unchanged in the CEM cells,
but dramatically deteriorated in the ACH-2 cells (Fig. 6A,
release point 2). DNA fragmentation did not occur in the
CEM cells within the time scale of these experiments,
whereas it further accelerated in the HIV-1-infected cells
(Fig. 6B, compare release points 1 and 2), causing nuclear
and nucleolar changes indicative of apoptosis (see Fig. 5C).
These results suggested that HIV-1 expression might render
infected cells particularly susceptible to a-hydroxypyri-
done-induced apoptosis.

To specifically address this question, an additional set of
experiments was performed to differentiate the effects of
deferiprone and PMA, individually and in combination, on
the parental, uninfected CEM line and on their inducibly
HIV-1-expressing ACH-2 progeny. Results are summarized
in Table 1. Irrespective of whether PMA (column A) and
deferiprone (column B) were given alone or in combination
(column C), the ACH-2 cells displayed an enhanced
susceptibility to programmed cell death. Although de-
feriprone by itself induced some degree of apoptosis in both
T cell lines (column B), addition of PMA caused a marked
further increase of apoptosis only in association with HIV-1
expression induced in the ACH-2 cells (column C). There

FIG. 5. Transmission electron micrographs of PMA-induced
virion production by ACH-2 cells incubated in the absence (A)
and presence (B and C) of 200 mM of mimosine. Two budding
particles are labeled with arrow heads (A), and mature virions
are labeled with arrows (A, B and C). Note unaffected ultra-
structural appearance of membranes, cytoplasm, mitochondria,
and rough endoplasmic reticulum in (B). Panel (C) shows a cell

with an electron-dense nucleus and a homogenous cyto-
plasm lacking discernible organelles, characteristic of late-
stage apoptosis (see Fig. 6). The bar in each micrograph
represents 250 nm. Incubation with an equal concentration
of deferiprone resulted in a similarly apparent reduction of
virion particles (data not shown).
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was an average 2.6-fold increase in apoptosis for productive
versus an average 1.4-fold increase for nonproductive
ACH-2 cells (Table 1, columns C/B vs B/A). Conse-
quently, on-going production of HIV-1, rather than expo-
sure to PMA and/or deferiprone, is the critical determinant
for a-hydroxypyridone-induced apoptosis in the cells stud-
ied.

DISCUSSION

While access of incompletely spliced cellular mRNAs to
the translational machinery of the cell is precluded by
specific mechanisms, incompletely spliced mRNAs of
HIV-1 are able to gain access to this machinery. This result,
critically important to HIV-1 replication, relies on the

formation of Rev–RRE complexes [16]. Incapacitation of
Rev–RRE complex formation has therefore been consid-
ered a possible antiretroviral strategy [36, 37]. Mutational
changes of eIF-5A, a cellular cofactor of Rev, are able to
decrease HIV-1 replication even if not impairing the
interaction of eIF-5A with Rev–RRE complexes, and ther-
apeutic expression of such mutants is pursued as an anti-
retroviral modality [27, 34]. However, these antisense- or
gene therapy-based efforts face formidable obstacles, begin-
ning with the sequence variability of Rev and the RRE in
different HIV-1 strains. On the other hand, the require-
ment of hypusine formation for the function of eIF-5A [3,
9], and especially the decisive role of hypusine formation for
polysomal localization of cellular hymns [12], opens the
possibility of pharmacologically inhibiting hypusine forma-

FIG. 6. Time course and differential action of a-hydroxypyridones on uninfected CEM and HIV-1-expressing ACH-2 cells.
Logarithmically growing cells (3 3 105/mL) were incubated with 200 mM of deferiprone or mimosine for 8 hr. PMA (100 ng/mL final
concentration) was then added and the incubation continued for an additional 18 hr (“Inhibition period”). Measurements were made
at the time point indicated by “1,” after which the cells were transferred into inhibitor-free medium and incubated for an additional
4 hr (“Release period”). At the time point indicated by “2,” measurements were repeated. Determinations described in panels A and
B were performed in parallel with the same set of cells. (A) Effect of deferiprone (closed circles) and mimosine (open squares) on the
integrity of the cytoplasmic membranes of CEM (dashed lines) and ACH-2 (solid lines) cells. Trypan blue exclusion was determined
at time points 1 and 2. All results are expressed relative to uninhibited PMA-induced CEM or ACH-2 cells. (B) Detection of the
internucleosomal degradation of genomic DNA by flow cytometry in uninhibited PMA-induced CEM or ACH-2 cells (front) and in
mimosine-treated cells after inhibition (time point 1) and release (time point 2). DNA degradation, characteristic of apoptosis,
generates 3*-OH groups that are specifically end-labeled in a template-independent manner using a terminal deoxynucleotidyl
transferase-based technique (TUNEL, see Materials and Methods). The signal shift to higher channels directly correlated with de novo
formation of 3*-OH ends and, thus, propriocidal DNA fragmentation. Incubation with an equal concentration of deferiprone resulted
in similar findings (data not shown).
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tion to deplete functional eIF-5A and thus disrupt the
eIF-5A/Rev–RRE interaction. This approach does not tar-
get a retroviral enzyme or nucleic acid, but rather a protein
of the host cell, and bypasses escape mutations of the virus.

Our study suggests that deferiprone and mimosine are
representative of this novel class of antiretroviral com-
pounds. These a-hydroxypyridones decreased HIV-1 repli-
cation and HIV-1-directed protein biosynthesis in a con-
centration-dependent manner (Fig. 1). They inhibited
DOHH activity (Fig. 3A) and caused a decline of full-
length HIV-1 mRNA in the polysomal fraction, whereas
“housekeeping” cellular mRNAs remained polysomal (see
Fig. 4). The consequences of this pharmacologically in-
duced eIF-5A deficiency for HIV-1 replication are identical
to those previously observed after expression of an eIF-5A
antisense construct [14], application of antisense oligonu-
cleotides against rev [37], or mutational disruption of
Rev–RRE complex formation [16, 19, 33, 55, 56] and of
eIF-5A [34]. Significantly, the pharmacological depletion
of functional eIF-5A not only mirrored the antiretroviral
pattern obtained with mutations of eIF-5A, but also re-
sulted in p24 levels reduced to a comparable extent [27, 34].

DOHH inhibitors affect the translation of viral mRNAs
and of “housekeeping” host cell mRNAs in strikingly
different ways. We present evidence that a-hydroxypyri-
done-induced eIF-5A deficiency did not inhibit the dra-
matic PMA-induced increase in TNF-a secretion by the
HIV-1-infected cells studied, whereas their PMA-induced
formation of viral p24 and its levels in the supernatant were
decreased markedly (Fig. 3B). In vivo, TNF-a production by
cytotoxic T cells is usually a critical element of host defense
against viral infections. Paradoxically, TNF-a activates
viral replication in HIV-1 infection and promotes persis-
tence of the virus [57, 58]. TNF-a concentrations as low as
50 pg/mL enhance HIV-1 expression in ACH-2 cells [39].
In our ACH-2 cells, the PMA-induced TNF-a levels were
4–10 times higher than those measured in these earlier

studies, but still failed to overcome the antiretroviral effect
of either DOHH inhibitor (Fig. 3B). Thus, these agents
obviate not only the HIV-1-inducing effect of PMA, but
also that of TNF-a, indicating that they must act at a point
in the HIV-1 replication pathway that is common to both
modes of induction. The interaction of eIF-5A with Rev–
RRE complexes fulfills this requirement.

While a-hydroxypyridones can trigger apoptosis in some
cultured cells [59], other cells merely respond by rapidly
reversible proliferative arrest [3, 7, 31, 32, 60]. Furthermore,
the divergent effect of deferiprone on PMA-induced versus
uninduced ACH-2 cells suggests that induction of apoptosis
was related to the expression of HIV-1 (Table 1, compare
columns B and C). It has been proposed that viral proteins
encoded by Rev-dependent mRNAs, e.g. Vpr, delay or
prevent apoptosis of infected cells [61], whereas uninfected
bystander cells, for instance those exposed to Tat [62],
appear to be susceptible to apoptosis [63]. It is possible that
DOHH inhibition results in a reduction of anti-apoptotic
viral products via compromised translation of their Rev-
dependent mRNAs. Consequently, agents that inhibit
DOHH would be expected to deblock the normal apoptotic
response to viral invasion, a basic protective mechanism of
cells [64]. Computer modeling of such a treatment strategy,
selective ablation of HIV-1-producing cells by a cyclical
regimen that enhances their apoptosis, indicates that even-
tual eradication of the virus is possible [65]. In general, the
Rev–RRE system serves to prevent premature death of
infected cells not yet capable of supporting levels of viral
mRNA and protein synthesis sufficient for optimal HIV-1
replication [66]. DOHH inhibitors apparently counter the
biological function of that system.

The pattern of antiretroviral activity mediated by mi-
mosine and deferiprone is strikingly similar to the one
reported for baicalin (5,6-dihydroxyflavone-7-b-D-glucu-
ronidate). Baicalin, which decreases the biosynthesis of
viral p24 in infected H9 cells [67, 68], also causes apoptosis
in CEM cells only if they are productively infected with
HIV-1 [69]. Like the structurally analogous a-hydroxypyri-
dones, baicalin displays a planar benzo-substructure carry-
ing two vicinal oxygen atoms and thus could well inhibit
DOHH activity [6].

Our study does not directly address whether the suppres-
sive effects of the a-hydroxypyridones on viral protein
translation result from failure to initiate translation of viral
transcripts present in the cytoplasm, or from disruption of
their nucleocytoplasmic transport. Because both eIF-5A
and Rev shuttle between the nucleus and the cytoplasm
[14, 70], the latter alternative is more attractive. Mimosine
and deferiprone may also have other, mechanistically un-
related effects contributing to their antiretroviral activity.
Mimosine, for instance, has been shown to inhibit ribonu-
cleotide reductase (EC 1.17.4) and causes a decrease in
intracellular deoxynucleotide pools [71, 72], a situation
which itself is known to adversely affect replication of
HIV-1 [73, 74]. Whatever the actual mechanism(s), sys-
temic administration of deferiprone, the more effective of

TABLE 1. Deferiprone-induced apoptosis in productive and
non-productive ACH-2 versus uninfected CEM cells

Cells

Fold increase in apoptosis over untreated
cultures

(A)
Plus PMA

minus
deferiprone

(B)
Minus PMA

plus
deferiprone

(C)
Plus PMA

plus
deferiprone

ACH-2 1.39 6 0.08 2.00 6 0.94 5.29 6 1.21
CEM 0.85 6 0.01 1.31* 1.62 6 0.65

CEM and ACH-2 cells were cultured at 3 3 105 cells/mL with or without deferiprone
(250 mM) for 8 hr before PMA (100 ng/mL) was added to the indicated cultures.
After 12 hr, cells were collected by centrifugation, extensively washed, and fixed in
1% paraformaldehyde. The extent of apoptosis was measured by the TUNEL method.
For flow cytometric analysis, cells were gated for lymphocyte size and a minimum of
10,000 counted. Values are expressed as fold increases in apoptosis over untreated
cultures of either cell line and represent the mean 6 SD of three experiments.
Deferiprone-enhanced apoptosis in ACH-2 cells followed the PMA-induced expres-
sion of HIV-1 (compare A/B vs C for ACH-2).

*Average of two experiments.
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the antiretroviral a-hydroxypyridones reported here, is well
tolerated by humans. The oral bioavailability of this agent
has made it an attractive alternative to deferoxamine in the
decorporation treatment of transfusional iron overload, e.g.
in thalassemia major [75]. Deferiprone achieved its most
marked suppressive effect on p24 biosynthesis and viral
replication at concentrations that occur in human sera after
a single oral dose of 3 g and are sustained for up to 3 hr
(75–150 mM, with peaks of 350 mM [49]; see hatched bar in
Fig. 1A). Interestingly, a case report is available on a
thalassemic patient with transfusion-contracted HIV-1 in-
fection, who received deferiprone as an iron decorporation
agent. This patient “showed no progression of HIV” during
12 months on deferiprone, then stopped medication “be-
cause of depression and succumbed to AIDS with Pneumo-
cystis pneumonia and encephalitis several months later”
[76].

The antiretroviral activity of deferiprone in HIV-1-
infected human T cell lines (Figs. 1–6) and the known
pharmacokinetic and toxicological profile of this agent in
humans invite rapid and specific clinical trials. It should
also be noted that its potentially low price sets deferiprone
apart from all currently marketed antiretroviral agents,
whose cost-per-dose is of major concern in industrialized
nations [77, 78] and becomes so prohibitive as to limit
treatment options for HIV-1-afflicted patients in develop-
ing countries [79].
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