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Human T-cell leukemia virus I (HTLV-I) is a deltaretrovirus
that is the causative agent of adult T-cell leukemia and the neu-
rological disorder HTLV-I-associated myelopathy/tropical
spastic paraparesis. Currently, no effective antiretroviral treat-
ment options are available to restrict the development of dis-
eases associated with the virus. In this work, we investigated the
activity of pokeweed antiviral protein (PAP) on HTLV-I, when
expressed from a proviral clone in 293T cells or in an HTLV-I
immortalized cell line. PAP is a plant-derived N-glycosidase
that exhibits antiviral activity against a number of viruses; how-
ever, its mode of action has not been clearly defined. Here, we
describe the mechanism by which PAP inhibited production of
HTLV-1. We show that PAP depurinated nucleotides within the
gag open reading frame and suppressed the synthesis of viral
proteins in part by decreasing the translational efficiency of
HTLV-I gag/pol mRNA. Observed reduction in levels of viral
mRNAs were not due to enhanced degradation; rather, de-
creased amounts of viral transactivator protein, Tax, led to
feed-back inhibition of transcription from the viral promoter.
Therefore, PAP efficiently suppressed HTLV-I gene expression
at both translational and transcriptional levels, resulting in
substantially diminished virus production. Significantly, no
changes in viability or rates of cellular transcription or transla-
tion were observed in cells expressing PAP, indicating that this
protein was not toxic. Antiviral activity, together with the
absence of cytotoxicity, supports further investigation of this
enzyme as a novel therapeutic agent against the progression of
HTLV-I infection.

Human T-cell leukemia virus I (HTLV-1)? is a human delt-
aretrovirus that causes adult T-cell leukemia/lymphoma (1)
and tropical spastic paraparesis, also called HTLV-I-associated
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myelopathy. The latter is a chronic and progressive disease of
the nervous system, characterized by muscle weakness and sen-
sory disturbance (2, 3). HTLV-I-infected individuals have a
2-3% estimated lifetime risk of developing adult T-cell leuke-
mia, with a period of latency from 20 to 30 years (4, 5). The
majority of those infected with HTLV-I are therefore asymp-
tomatic (6), because the virus maintains the expression of its
genes at very low or undetectable levels. As a result, HTLV-1 is
not efficiently targeted by the immune system (7), and leukemia
progresses after clonal expansion of T-cells infected with the
virus (8, 9). Due to the long period of latency prior to onset of
leukemia, the disease appears mainly in individuals who have
been infected with HTLV-I early in life (10, 11). The virus is
transmitted through body fluids, including breast milk (12, 13);
therefore, mother-to-child transmission poses substantial risk
for development of leukemia. Various forms of cytotoxic chem-
otherapy are currently used to treat adult T-cell leukemia; how-
ever, prognosis is poor, because the disease is aggressive, with a
mean survival time of only 6 months. Few published accounts
address the potential of antiretroviral therapy for limiting viral
gene expression and/or inhibiting replication to reduce the
viral load in individuals early after infection, which in turn
would reduce the chances for progression of leukemia (14, 15).

In this report, we investigated the antiviral activity of a plant-
derived protein against HTLV-I. Pokeweed antiviral protein
(PAP) is a ribosome-inactivating protein synthesized by Phyto-
lacca americana, the pokeweed plant (16). Like all ribosome-
inactivating proteins, PAP is a glycosidase that removes a spe-
cific adenine base from the large ribosomal RNA (17). This
depurination has traditionally been cited as the reason for anti-
viral activity, because resulting inhibition of host cell transla-
tion would limit virus proliferation (18). However, mutants of
the protein have been expressed that maintain antiviral activity
in the absence of rRNA depurination, thereby separating the
effect on viruses from host cell translation (19, 20). Pokeweed
antiviral protein has been shown to depurinate some viral
RNAs, indicating that antiviral activity may be due to broader
substrate specificity that is not limited to rRNA depurination
(21). Incubation of purified PAP with lymphocytes prior to their
infection with HIV-I reduced the number of virus particles
released into the medium (22). In addition, incubation of HIV-I
genomic RNA with purified PAP resulted in release of purines,
suggesting that PAP depurinated the RNA in this assay (23);
however, the effect of PAP on retroviral gene expression in cells
has not been described. Accordingly, our goal was to examine
whether PAP is able to target and inhibit HTLV-I and to deter-
mine the mechanism of such activity.
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We show here that PAP efficiently inhibited HTLV-I gene
expression at both translational and transcriptional levels in the
absence of host cell toxicity. PAP depurinated nucleotides
within the gag open reading frame of genomic RNA and
reduced its translational efficiency in vitro. Decreased amounts
of the viral transactivator protein, Tax, led to feed-back inhibi-
tion of HTLV-I gene expression, diminishing gag/pol, env, and
tax/rex mRNA levels. Due to this combined effect, PAP signif-
icantly reduced virus production.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Human embryonic kidney 293T
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and antibiotics. Jur-
kat cells and HTLV-I-infected human T-cell line (MT-2),
obtained from the AIDS Research and Reference Reagent Pro-
gram, were maintained in RPMI 1640 supplemented with 10%
fetal bovine serum and antibiotics. All cells were grown in a
humidified incubator with 5% CO, at 37 °C. Purified PAP was
isolated by ion exchange chromatography from pokeweed
leaves (16, 24) and tested for contaminating nuclease activity as
described previously (19).

Plasmids and Transfections—The pACH (wild-type) and
pACH-EN (Envelope-null) proviral clones of HTLV-I have
been described elsewhere (25, 26). The plasmids pcF-PAP and
pcF-PAPx were generated by PCR amplification of the coding
region for the mature form of wild-type PAP and its active site
mutant, PAPx (E176V) (27), using the primers 3XFLAG-
mPAPf (5'-GGGGGAAGCTTGTGAATACAATCATCTA-
CAATG-3') and 3XFLAG-mPAPr (5'-GGGGGGGATCCT-
CAAGTTGTCTGACAGCTCCCACCAAC-3') and pcPAP
and pcPAPx plasmids as templates (28). The PCR products
were digested with BamHI and HindIII and cloned into
p3XFLAG-CMYV 7.1 vector (Invitrogen). The HTLV-I reporter
construct, pGL3-LTR-Luc, containing the HTLV-I long termi-
nal repeat upstream of the luciferase gene, was generously pro-
vided by Dr. K. Shimotohno (Kyoto University, Japan).

Transfections were performed as described previously (28).
Briefly, 293T cells were seeded at a density of 2 X 10> cells/
10-cm plate 24 h prior to transfection. Cells were refed 3 h prior
to transfection, following which a total of 25 ug of plasmid
DNA was transfected into cells by calcium phosphate co-pre-
cipitation. The medium was changed 16 h following transfec-
tion, and cells were harvested 24 h later. Jurkat and MT-2 cells
were transfected using Lipofectamine 2000 (Invitrogen), fol-
lowing the manufacturer’s instructions. Briefly, cells were refed
with fresh RPMI 1640 supplemented with 10% fetal bovine
serum without antibiotics and plated at a density of 5 X 10°
cells/well in 6-well plates prior to transfection. Plasmid DNA
and Lipofectamine 2000 reagent were separately mixed with
RPMI 1640 without serum or antibiotics, incubated at room
temperature for 5 min, and then combined and incubated for an
additional 25 min. The mixture was added dropwise to the cells,
and the cells were harvested 24 h later. 293T, Jurkat, and MT-2
cells were also co-transfected with pCMV-B-Gal plasmid (1
pg), and transfection efficiency was estimated by staining cells
for the presence of B-galactosidase. Briefly, cells were fixed in a
solution of 2% glutaraldehyde and 1% formamide for 5 min at
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room temperature. After fixation, cells were washed in phos-
phate-buffered saline and stained with 5-bromo-4-chloro-3-in-
dolyl-B-p-galactopyranoside (X-gal) for 2 h at 37 °C. Cells were
viewed at 4 X magnification with light microscopy, and the pro-
portion of blue cells to the total number of cells in a field of view
was calculated. To test for potential PAP effect on a transiently
transfected gene, 293T cells were co-transfected with pcGFP (1
png), encoding the open reading frame for green fluorescent
protein, and increasing amounts of pcF-PAP.

Protein Analyses—p19 matrix levels in the supernatant of
cells and Gag protein levels in cell lysates were determined
using the RETRO-TEK HTLV-I p19 antigen ELISA kit (Zep-
tometrix) exactly according to the manufacturer’s instructions.
Immunoblot analysis of cellular proteins was performed as
described previously (28). PAP was detected with an anti-FLAG
monoclonal antibody (1:2,500; Sigma), and HTLV-I Tax pro-
tein was detected with a polyclonal Tax antibody (1:5,000; AIDS
Research and Reference Reagent Program) from 60 ug of cell
lysate/sample. The immunoblots were reprobed with a mono-
clonal antibody specific for B-actin (1:5,000; Sigma). The
amount of GFP expressed in cells co-transfected with pcGFP
and increasing amounts of pcF-PAP was estimated by probing
immunoblots with a polyclonal antibody specific for GFP
(1:5000; Cell Signaling).

To determine the direct effect of PAP on viral RNA transla-
tion, transcript of the gag open reading frame was incubated
with purified PAP and translated in a cell-free system. A portion
of the HTLV-I proviral clone corresponding to the gag open
reading frame (nucleotides 804 —2099 in pACH) was subcloned
into HindIII and BamHI sites of pcDNA3. Run-off transcripts
were generated from the linearized plasmid using T7 RNA po-
lymerase. Following in vitro transcription, RNA (2 ung) was
incubated with purified PAP (25 and 50 ng) in 1X ribosome-
inactivating protein buffer (60 mm KCl, 10 mm Tris-HCl, pH
7.4, 10 mm MgCl,) for 30 min at room temperature, extracted
with phenol/chloroform/isoamyl alcohol, and ethanol-precipi-
tated. Negative control samples were treated with buffer alone.
The treated RNA samples were supplied as template to a rabbit
reticulocyte in vitro translation system (Promega; 50-ul reac-
tions incubated at 30 °C for 1.5 h), and the amount of synthe-
sized p19 matrix protein was measured by ELISA.

To measure the amount of luciferase gene expression from cells
co-transfected with pGL3-LTR-Luc plus pACH-EN and either
pcE-PAP, pcE-PAPx, or pcDNA3, luciferase activity was measured
24 h after transfection using a luciferase assay system (Promega)
exactly according to the manufacturer’s instructions.

Toxicity Assay and Metabolic Labeling—The effect of PAP
on cell viability was analyzed using an MTT conversion assay
(Roche Applied Science) as recommended by the manufac-
turer. Briefly, 293T cells were transfected in 10-cm plates using
Lipofectamine. Following transfection (40 h), cells were resus-
pended, and 10? cells were seeded into a 96-well plate in repli-
cates of five. MTT reagent (20 wl) was added to each well, and
the plate was placed in a humidified incubator at 37 °C for 4 h.
Solubilizing buffer (100 wl) was then added to each well, and the
plate was incubated overnight, followed by measurement of
absorbance at A,y .., To test for the potential toxic effect of
PAP beyond 40 h post-transfection, cells were transfected with
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2 g of pcF-PAP and analyzed by the MTT assay over a 4-day
period.

The effect of PAP on cellular translation and transcription
was analyzed 40 h following transfection of 293T cells as
described elsewhere (29) with modifications. For analysis of
cellular translation, medium was removed from the cells and
replaced with an equal volume of labeling medium (Dulbecco’s
modified Eagle’s medium lacking cysteine and methionine,
supplemented with 10% fetal bovine serum, 0.2 mm cysteine,
and 4 mM L-glutamine). Thirty minutes later, the cells were
labeled by replacing the medium with fresh labeling medium,
supplemented with 30 wCi/ml [>**S]methionine, and harvested
at the indicated time points. Cycloheximide was added to one
set of cells (25 ug/ml) at time 0 to serve as experimental control
for inhibition of total cellular translation. The cells were then
lysed in lysis buffer (150 mm NaCl, 10 mm Hepes KOH pH 7.4,
1% Triton X-100, 0.1% SDS, and protease inhibitor mixture
(Roche Applied Science), and total protein was precipitated
with 25% trichloroacetic acid containing bovine serum albumin
(0.1 mg/ml) and filtered through glass fiber filters. Filters were
washed four times with 5% trichloroacetic acid. Retained radio-
actively labeled protein was quantified by scintillation counting
of the filters. Analysis of cellular transcription was performed
by metabolic labeling of cells with Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 30
wCi/ml [*H]uridine for the indicated time periods. One set of
cells was treated with actinomycin D (5 pg/ml) at time 0 and
served as experimental control for inhibition of total cellular
transcription. Total cellular RNA was isolated and filtered
through glass fiber filters. The filters were washed four times
with 5% trichloroacetic acid containing 20 mm sodium pyro-
phosphate and once with 100% ethanol, and then dried and
retained radiolabel was quantified by scintillation counting.

RNA Analyses—The degree of 28 S ribosomal RNA depuri-
nation by PAP was determined by primer extension analysis as
described previously (28). Briefly, total cellular RNA was
extracted from cells using TriReagent (Bioshop), following the
manufacturer’s instructions. RNA (3 ug) was hybridized to 5 X
10° cpm of each end-labeled “depurination” and “28 S rRNA
control” primer and extended by reverse transcription. The
depurination primer (5'-AGTCATAATCCCACAGATGGT-
3’) annealed 65 nucleotides downstream of nucleotide A*3%4,
whereas the 28 S rRNA control primer (5'-TTCACTCGC-
CGTTACTGAGG-3’) annealed 100 nucleotides downstream
of the 28 S rRNA 5’-end. Extension of these primers resulted in
65-nucleotide (depurination) and 100-nucleotide (28 S rRNA)
c¢DNA products. To confirm the location of 28 S rRNA depuri-
nation, a dideoxynucleotide sequencing ladder of the 28 S
rDNA was generated using the depurination primer. The
amount of depurinated rRNA in each sample was estimated by
densitometry of band intensities of the A**>* cDNA products
relative to the 28 S ribosomal cDNA products.

To determine whether PAP targeted HTLV-I genomic
RNA for depurination, 293T cells were co-transfected with
pACH-EN (5 ng) and pcF-PAP (0, 0.25, or 0.5 ug), and total
RNA was isolated 40 h after transfection. In addition, total RNA
(10 ug) isolated from cells transfected only with pACH-EN (5
png) was incubated with purified PAP (10, 25, or 50 ng) in 1X
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ribosome-inactivating protein buffer for 30 min at room tem-
perature, extracted with phenol/chloroform/isoamyl alcohol,
and ethanol-precipitated. Negative control samples were
treated with buffer alone. The treated RNA samples and total
RNA from cells expressing PAP were tested for depurination
by primer extension using a primer specific to the 5’ portion
of the gag open reading frame of genomic viral RNA, HTLV-
I (R1125) (5'-GATTGTTGGCTTGGACACGGAGG-3'),
which annealed 705 nucleotides downstream of the gag ini-
tiation codon. Briefly, 2.5 X 10° cpm of end-labeled primer
was added to 3 ug of RNA, denatured at 95 °C for 3 min, and
then chilled on ice. Samples were brought to 10 ul in 1X
buffer (75 mm KCl, 50 mm Tris-HCI, pH 8.3, 10 mm dithio-
threitol, 3 mm MgCl,) and incubated at room temperature
for 20 min. Following this annealing step, 10 ul of extension
buffer (1 mm dNTPs, 20 units of RNase inhibitor, 100 units of
Superscript II in 1X buffer) was added to each sample and
incubated at 48 °C for 90 min. The reaction was terminated
by the addition of 12.5 ul of formamide buffer. The extension
products were resolved on a 7 M urea, 6% acrylamide gel and
detected and quantified using a PhosphorImager. To identify
the depurinated nucleotides, dideoxynucleotide sequencing
of pACH-EN was performed with the same reverse primer
used for the primer extension assay. To test whether PAP
targeted a cellular mRNA for depurination, 293T cells were
transfected with 2 ug of pcF-PAP or pcDNA3, and total
mRNA was isolated from cells 40 h following transfection.
Primers specific to GAPDH mRNA, positioned to anneal
approximately every 100 nucleotides along the length of this
mRNA, were incubated with 10 ug of total mRNA and
extended by reverse transcriptase as described above. The
c¢DNA products were resolved by electrophoresis as de-
scribed above, and primer extension patterns were examined
for the presence of depurination. Dideoxynucleotide sequencing
of GAPDH ¢DNA (accession number M33197) was performed
with the same reverse primers used for the primer extension assay.

The levels of HTLV-I mRNAs in 293T cells transfected with
increasing amounts of pcF-PAP plasmid were measured by an
RNase protection assay from samples of total cellular RNA 40 h
following transfection. The stability of HTLV-I mRNAs was
also analyzed by adding actinomycin D (5 wg/ml) to cells 40 h
following transfection, harvesting them at the indicated time
points, and measuring viral mRNA levels with the same assay.
An antisense probe was synthesized by PCR amplification of
nucleotides 4900-5300 of the pACH clone using ACH4893F
(5"-AACCAACTGCCACAAAACCCGATG-3') forward and
ACHS5285R2 (5'-TAATACGACTCAC TATAGGCAGGGTT-
TAGAGTGGTATGAGGAG-3’) reverse primers. The reverse
primer contained the T7 RNA polymerase promoter sequence,
which was used to transcribe the 400-nucleotide negative
strand RNA probe in the presence of 50 uCi of [a-**P]CTP.
Total RNA from each sample (25 ug) was dissolved in 21 ul of
hybridization buffer (0.4 m NaCl, 40 mm PIPES, pH 6.4, 1 mm
EDTA, 80% formamide) containing 2 X 10> cpm of antisense
probe. The mixture was denatured by incubation at 70 °C for 20
min, followed by hybridization at 50 °C overnight. RNase diges-
tion mixture (200 ul; 300 mm NaCl, 10 mm EDTA, 10 mm Tris-
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FIGURE 1. PAP decreases HTLV-I protein levels. 293T cells were co-transfected with pACH-EN or pACH (5 ug;
plus and minus signs) and pcF-PAP (0.25, 0.5, 1, 1.5, or 2 ug), pcF-PAPx (2 ng), pcDNA3 (2 ng), or pcGFP (1 ng).
A, cell lysates (60 ng) were separated through 12% SDS-PAGE, transferred to nitrocellulose, and probed for
F-PAP and F-PAPx using a FLAG-specific monoclonal antibody (1:2,500). The molecular mass of F-PAP and
F-PAPx is indicated (29 kDa). Immunoblots were also probed with a monoclonal antibody against B-actin
(1:5,000). B, measurement of p19 levels in cell medium and Gag protein levels in cell lysates by p19 ELISA 40 h
following transfection. The bars represent means * S.E. for three independent experiments. C, immunoblot
analysis of cell lysates (60 wg) using anti-Tax polyclonal antibody (1:5,000), GFP-specific polyclonal antibody
(1:5,000), and B-actin-specific monoclonal antibody (1:5,000). GFP and 3-actin were probed from lysates of cells
transfected with pACH-EN. D, Jurkat cells were transfected with 5 ug of PACH-EN and 2 ug of pcF-PAP, pcF-
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with propidium iodide (300 nm in
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min at room temperature to visual-
ize nuclei. Cells were then mounted
onto microscope slides with gold
anti-fade reagent (Invitrogen) and
examined at X60 magnification
with a confocal microscope (Olym-
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thiocyanate (488 nm) and pro-
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absence of pACH-EN. MT-2 cells were transfected with 2 ug of pcF-PAP, pcF-PAPX, or pcDNA3. p19 ELISA was

RESULTS

performed on cell medium 24 h following transfection. Bars, means = S.E. for three independent experiments.

HCI, pH 7.5, 0.72 unit/ul RNase T1, and 0.0036 unit/ul RNase
A) was added to each sample and incubated at room tempera-
ture for 20 min, followed by treatment with 17 ul of (1:4) pro-
teinase K (10 mg/ml), SDS (10%) solution. Samples were incu-
bated for 30 min at 37 °C, phenol/chloroform-extracted, and
precipitated in ethanol using 20 ug of tRNA as carrier. Pellets
were dissolved in 15 ul of formamide loading buffer and sepa-
rated on a 7 M urea, 6% acrylamide gel. The different sizes of
protected antisense probe were visualized and quantified with a
Phosphorlmager. A probe was also generated for detection of
GAPDH mRNA by PCR amplification of GAPDH cDNA using
pTRI-GAPDH-Human (Ambion) as template and pcGAPDH-
T7f (5'-TAATACGACTCACTATAGGCTCGAGATGATG-
TTCTGGGCAGCC-3') and pcGAPDHr (5'-GCGCGGGCC-
CAGTCCATGCCATCACTGCCACCCAGAAG-3') primers.
This template was used to transcribe a labeled negative strand
probe of 80 nucleotides using T7 RNA polymerase in the pres-
ence of 50 uCi of [a-**P]CTP. GAPDH mRNA was also
detected by Northern blot. Total cellular RNA (10 ug), the same
samples used for RNase protection, was separated through 1%
agarose, transferred to nylon membrane, and probed for
GAPDH mRNA with the same negative strand transcript used
for RNase protection.

Immunocytochemistry—To determine the cellular localiza-
tion of PAP, 293T cells were transfected with 2 ug of pcF-PAP
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Proteins—To test the antiviral activ-

ity of PAP against HTLV-I, 293T cells were co-transfected with
HTLV-I-infectious (pACH) or non-infectious (pACH-EN)
proviral clones with increasing amounts of pcF-PAP plasmid
encoding FLAG-tagged PAP. The pACH-EN clone is an Enve-
lope-null mutant of pACH that contains a premature stop
codon near the beginning of the env open reading frame, ren-
dering the virus particles produced from transfected cells non-
infectious (25). As a negative control for PAP activity, we
co-transfected cells with pcF-PAPx plasmid encoding FLAG-
tagged PAPX, the active site mutant of PAP (E176V), which is
unable to depurinate RNA molecules (27). Cells were also
transfected with the empty vector, pcDNA3, as a control for
potential promoter effect. Inmunoblot analysis indicated that
both F-PAP and F-PAPx were expressed at their mature size of
29 kDa and to similar levels in 293T cells (Fig. 14). The effect of
PAP on HTLV-I viral particle production was analyzed by
measuring the amount of p19 matrix protein released from cells
co-transfected with pACH-EN and pcF-PAP, pcF-PAPx, or
pcDNA3 plasmids. Transfection of increasing amounts of pcF-
PAP plasmid caused a dose-dependent decline in viral produc-
tion up to 100-fold upon transfection with 2 ug of this plasmid,
relative to transfection with pcDNA3 vector control (Fig. 1B).
The amount of Gag protein in cell lysates was also quantified by
p19 ELISA for the same cell treatments and indicated a substan-
tial decrease in the amount of this protein in cells expressing
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FIGURE 2. Depurination of rRNA by PAP does not cause toxicity or inhibition of cellular transcription or
translation. 293T cells were co-transfected with pACH-EN (5 ug; plus and minus signs) and pcF-PAP (0.25, 0.5,
1, 1.5, or 2 ug), pcF-PAPx (2 ng), or pcDNA3 (2 ug). A, cells were harvested 40 h following transfection, and
primer extension analysis was performed on total cellular RNA (3 g) to detect the level of rRNA depurination
at A*32* by PAP relative to the total amount of 28 S rRNA. Dideoxynucleotide sequencing of 28 S rDNA with the
same primer used for reverse extension confirmed the location of depurination. The percentage of depurina-
tion was estimated by densitometry of band intensities of the A**2* cDNA product relative to the 28 S ribosomal
cDNA product. B, viability of cells expressing PAP was tested by an MTT conversion assay 40 h following
transfection. MTT assays were also performed on cells transfected with pcF-PAP, pcF-PAPx, or pcDNA3 (2 ug)
over a 4-day period (48-96 h). Values are means = S.E. for three independent experiments. C, metabolic
labeling of 293T cells treated with cycloheximide (25 wg/ml) or transfected with 2 ug of pcF-PAP, pcF-PAPx, or
pcDNA3. Cells were incubated with [**SImethionine for the indicated time periods, followed by trichloroacetic
acid precipitation and quantification of the incorporated radioactivity. D, metabolic labeling of 293T cells
treated with actinomycin D (5 ng/ml) or transfected with 2 ug of pcF-PAP, pcF-PAPx, or pcDNA3. Cells were
incubated with [*H]uridine for the indicated time periods, followed by trichloroacetic acid precipitation and
quantification of the incorporated radioactivity. Values in Cand D represent the amount of radioactivity incor-
porated at each time point relative to the first time point for each set of samples. Values are means = S.E. for
three independent experiments.

The effect of PAP on p19 levels
was also examined in medium from
Jurkat cells transfected with the
Envelope-null proviral clone (pACH-
EN), because these cells more
closely approximate the T-lympho-
cytes normally infected by HTLV-1.
Production of virus from Jurkat cells
expressing PAP was substantially
reduced, ~10-fold, compared with
cells expressing the active site
mutant PAPx (Fig. 1D). To confirm
the effect of PAP on HTLV-I protein
levels in their natural context, pcF-
PAP, pcF-PAPx, or pcDNA3 plas-
mids were transfected into MT-2
cells, T-cells chronically infected
with HTLV-1. Consistent with our
results from 293T and Jurkat cells,
PAP reduced the amount of virus
produced from MT-2 cells (Fig. 1D).
The decline in viral production in
MT-2 cells was ~25%, which may
reflect the lower efficiency of lym-
phocyte transfection compared with
293T cells. Typically, the transfec-
tion efficiency of MT-2 cells was
~6-7% of that achieved for 293T
cells, based on the percentage of
cells stained positive for B-galacto-
sidase. This, in combination with
the fact that MT-2 cells are chroni-
cally infected with HTLV-I, as
opposed to being transfected with
the proviral clone together with
pcE-PAP, may have contributed to
the lower effect of PAP relative to
that seen in 293T and Jurkat cells.

PAP Is Not Toxic to Cells—Since
PAP is a ribosome-inactivating pro-
tein, we examined the extent to
which it depurinated the 28 S rRNA
to determine if reduction in HTLV-I
proteins was primarily related to
PAP effect on the translation

PAP. This decline agreed with immunoblot analysis of the levels
of intracellular Tax protein (Fig. 1C). As expected, expression of
F-PAPx did not markedly lower the level of these viral proteins.
Levels of B-actin were constant with increasing PAP concen-
tration, indicating that PAP did not decrease the amount of this
endogenous protein in cells. To test whether production of a
transiently expressed protein would be altered by PAP, a con-
struct encoding GFP was co-transfected with increasing
amounts of pcF-PAP. The level of GFP did not substantially
decline with increasing PAP concentration, suggesting that
PAP did not alter the level of this protein. However, PAP sig-
nificantly decreased the levels of HTLV-I p19 and Tax proteins
in 293T cells.
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machinery. Total cellular RNA was isolated from cells tran-
siently transfected with pcF-PAPx, pcDNA3, or increasing
amounts of pcF-PAP plasmids, followed by primer extension
analysis of the 28 S rRNA. Sequencing of 28 S cDNA with the
same primer was used to provide a sequence ladder that allowed
for identification of depurination at the expected nucleotide
A**2* PAP depurinated ~16% of the total cellular 28 S rRNA,
based on densitometry of band intensities of A**>* cDNA prod-
ucts relative to 28 S ribosomal cDNAs for each sample (Fig. 24).
These observations suggest that the substantial reduction in
viral proteins was not due entirely to depurination of rRNA and
subsequent general inhibition of translation. However, given
depurination of the 28 S rRNA in 293T cells and the resultant
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FIGURE 3. PAP reduces total HTLV- mRNA levels. A, schematic representa-
tion of the partial HTLV-I transcription map and the major mRNA splice junc-
tions. The annealing site for the HTLV-I specific negative strand riboprobe is
indicated above the gag/pol mRNA. The expected product sizes from the
RNase protection assay are indicated below the diagram. As a control for total
RNA amount, a riboprobe specific for GAPDH was annealed to samples and
resulted in an 80-nucleotide fragment. B, 293T cells were co-transfected with
PACH-EN (5 wng; plus and minus signs) and pcF-PAP (0.25, 0.5, 1, 1.5, or 2 ug),

31458 JOURNAL OF BIOLOGICAL CHEMISTRY

potential for toxicity, we tested for the effect of PAP on cellular
viability with an MTT conversion assay. Transient transfection
of pcF-PAP plasmid (up to 2 ug) did not cause toxicity in 293T
cells when measured 2 days following transfection (Fig. 2B). To
test further the possibility that 2 days would not be sufficient to
observe the effects of rRNA depurination, we extended the
assay and performed an MTT time course for 4 days (Fig. 2B).
The viability of cells expressing PAP did not decline relative to
cells expressing PAPx or vector control, suggesting that the
amount of PAP required to suppress viral protein levels and to
depurinate the rRNA by 16% did not affect the viability of cells.

To ensure that PAP expression did not markedly affect over-
all cellular translation or transcription through direct or indi-
rect mechanisms, we metabolically labeled 293T cells trans-
fected with pcF-PAP, pcF-PAPx, or pcDNA3 plasmids and
harvested the cells at various time points. Cells treated with
cycloheximide or actinomycin D were also labeled and served
as positive controls for inhibition of cellular translation and
transcription, respectively. PAP expression did not suppress
the rates of translation or transcription; therefore, based on
these general cellular processes, we concluded that PAP was
not toxic to these cells (Fig. 2, C and D).

PAP Reduces the Levels and Translatability of HTLV-I
mRNAs—To examine whether reduced HTLV-I protein accu-
mulation in the presence of PAP was due to decreased amounts
of viral mRNAs, we performed an RNase protection assay to
measure the level of HTLV-I gag/pol, env, and tax/rex mRNAs
in 293T cells expressing PAP, PAPx, or pcDNA3 vector control.
Fig. 3A illustrates a partial transcription map of HTLV-I, show-
ing the annealing site of the complementary riboprobe and its
expected sizes following the assay. Transient transfection of 2
pg of pcF-PAP reduced the levels of all three HTLV-I mRNAs
by ~4-fold compared with PAPx-expressing cells (Fig. 3B). All
three mRNAs were reduced to a similar extent, indicating that
the mRNA splicing pattern was not affected. As expected, there
was no marked difference in mRNA levels between cells trans-
fected with pcF-PAPx and pcDNA3 vector control. The level of
GAPDH mRNA was also not visibly reduced by PAP expres-
sion. To confirm that PAP did not substantially affect GAPDH
mRNA levels, total RNA from samples analyzed by RNase pro-
tection was also probed for this message by Northern blot (Fig.
3C). Results indicated that PAP did not appear to decrease
GAPDH mRNA levels.

Decreased viral protein expression may have also resulted
from reduced fitness of the viral mRNA for translation. To
assess this possibility, we plotted the ratio of Gag protein in cell
lysates estimated by p19 ELISA (Fig. 1B) to the relative abun-
dance of gag/pol mRNA (Fig. 3B) with increasing amounts of
pcE-PAP transfected into 293T cells. We chose this mRNA

pcF-PAPXx (2 ng), or pcDNA3 (2 ng). The cells were harvested 40 h later, and an
RNase protection assay was performed on total cellular RNA (25 p.g) or tRNA
(20 pg), following hybridization with HTLV-l and GAPDH-specific riboprobes.
The intensity of each band was quantified using a Phosphorimager, and the
ratio of HTLV-l mRNAs to GAPDH mRNA for each sample relative to mock-
transfected cells was plotted. Bars, means = S.E. for three independent exper-
iments. C, the same total cellular RNA samples (10 ng) described in B were
probed for the presence of GAPDH mRNA by Northern blot. These RNAs were
also visualized by staining with ethidium bromide.
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FIGURE 4. PAP inhibits translation of gag mRNA. A, analysis of gag/pol
mRNA translational efficiency upon expression of PAP. The ratio of Gag pro-
tein values from cell lysates (from Fig. 1B) to the relative abundance of HTLV-|
gag/pol mRNA within the respective samples (from Fig. 3B) was plotted. Data
shown represent the ratio of means of three independent experiments.
B, translation of Gag protein in reticulocyte lysate from gag transcript treated
with PAP. Transcript of the gag open reading frame (2 ng) was incubated with
purified PAP (25 or 50 ng) and extracted from PAP following incubation. Neg-
ative control samples were incubated in buffer alone (0 ng). The treated RNA
was used as template for in vitro translation in rabbit reticulocyte lysate, and
the levels of Gag protein synthesized were measured by p19 ELISA. Bars,
means = S.E. for three independent experiments.

because p19 ELISA allows a more accurate estimation of pro-
tein amounts than immunoblot analysis of the other HTLV-I
proteins. As expected, we observed a decrease in the amount of
Gag protein relative to gag/pol mRNA in cells expressing PAP
(Fig. 4A). Therefore, reduced translational efficiency of gag/pol
mRNA may have contributed to the observed decline in Gag
protein products. However, it should be noted that the amount
of gag/pol mRNA present in the cytoplasm for translation may
have also been decreased by PAP expression. Specifically, the
viral protein Rex is a post-transcriptional regulator of HTLV-I
gene expression involved in transport of viral mRNA from the
nucleus to the cytoplasm (30, 31). Given that PAP reduced tax/
rex mRNA levels, it is likely that Rex synthesis would be limited.
Therefore, the observed decline in Gag levels may be due to
decreased mRNA fitness, combined with decreased levels of
cytosolic viral mRNAs.

To examine the direct effect of PAP on viral mRNA transla-
tional efficiency, a transcript of the gag open reading frame was
incubated with PAP, extracted to exclude PAP following incu-
bation, and the RNA was used as template in a cell-free trans-
lation system. Translation of viral mRNA was substantially
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FIGURE 5. PAP depurinates the gag open reading frame of genomic
HTLV-1 RNA. Total RNA was isolated from 293T cells 40 h following co-trans-
fection with pACH-EN (5 ng) and pcF-PAP (0, 0.25, or 0.5 ng). Total RNA was
also isolated from 293T cells transfected only with pACH-EN (5 n.g), followed
by incubation with purified PAP (10, 25, or 50 ng) or buffer alone (0). Samples
were analyzed by primer extension using a primer specific to the gag open
reading frame of HTLV-I genomic RNA. No HTLV-I, extension from RNAs iso-
lated from cells transfected without pACH-EN; No RNA, extension without
RNA template. cDNA extension products were separated through a 7 m urea,
6% acrylamide gel and visualized with a Phosphorlmager. The same primer
was used to determine the position of depurination by dideoxynucleotide
sequencing of pACH-EN. Depurinated nucleotides are numbered according
to the first nucleotide of the 5" U3 region of the proviral DNA (accession
number L03561).

inhibited by pretreatment with PAP, as shown by decreased
levels of Gag protein measured by p19 ELISA (Fig. 4B). These
data suggest that PAP reduced the fitness of this viral transcript
for translation, resulting in decreased viral protein synthesis.

PAP Depurinates HTLV-I Genomic RNA—To determine
whether PAP was directly targeting the viral RNA, we probed
the 5’ region of the gag open reading frame within the genomic
viral RNA, isolated from cells expressing PAP, for missing
purines. We chose this portion of mRNA because it is unique to
the gag/pol mRNA; therefore, the primer would anneal to only
a single mRNA. In addition, we observed decreased expression
of p19 matrix protein, which is a cleavage product of the pre-
cursor Gag protein encoded by this open reading frame. PAP
depurinated two nucleotides within an ~200-nucleotide region
of the RNA, namely A'>*® and A'?*° (Fig. 5). Depurination sites
were identified by sequencing of the proviral DNA with the
same primer used for reverse extension of the gag open reading
frame, and these bases are numbered relative to the first nucle-
otide of the 5" U3 region of the proviral DNA (accession num-
ber L03561). Total RNA from cells transfected with pACH-EN
was also incubated with purified PAP and examined for depuri-
nation using the same primer specific to the gag open reading
frame. Again, the same two nucleotides were depurinated
within this region of the viral RNA, illustrating that PAP tar-
geted particular nucleotides for removal of purines. We suggest
that depurination decreased fitness of the viral RNA and con-
tributed to reduced viral protein synthesis.

To address the possibility that PAP may be depurinating cel-
lular messages in addition to viral RNAs, even in the absence of
cell toxicity, we examined a cellular mRNA, specifically
GAPDH mRNA, for depurination by primer extension. Total
mRNAs were extracted from cells expressing F-PAP or vector
control, and primers specific for GAPDH mRNA, spaced ~100
nucleotides along the length of this message, were extended by
a reverse transcriptase. Examination of the extension patterns
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revealed no depurination within the GAPDH mRNA (supple-
mental Fig. 1). Bands present in both PAP-expressing and vec-
tor control RNA samples indicated nonspecific strong stops for
the reverse transcriptase, and only bands unique to RNA from
PAP-expressing cells were scored as depurinations. The lack of
detectable depurination in this cellular mRNA supports our
notion that the antiviral activity of PAP is due to its depurina-
tion of viral RNAs rather than a general decline in cell health
resulting from depurination of cellular mRNAs. These results
are consistent with our previous work in which we generated a
mutant of Brome mosaic virus 3 that could not be depurinated
because every targeted purine was substituted for a pyrimidine.
The amount of protein translated from this modified RNA3 was
unaffected by PAP, demonstrating that depurination of viral
RNA was directly responsible for the antiviral activity of PAP
rather than indirect effects on cells (32).

PAP Does Not Alter HTLV-I mRNA Stability—Inefficiently
translated RNAs are often targeted for accelerated degradation
by mRNA surveillance pathways, such as nonsense-mediated
decay and nonstop decay (33, 34). We hypothesized that
decreased levels of HTLV-I mRNAs were due to depurination,
which would trigger their enhanced decay. To examine this
possibility, we measured the levels of viral mRNAs and GAPDH
mRNA over time, following the inhibition of general transcrip-
tion. Comparison of the RNA levels between PAP-expressing
and control cells showed that PAP did not reduce the stability of
gag/pol, env, tax/rex, or GAPDH mRNAs (Fig. 6). We acknowl-
edge that stopping cellular transcription as a consequence of
this time course could have substantial effects on the health of
cells; however, we conclude that increased degradation of viral
RNAs was not responsible for the decline in levels observed in
PAP-expressing cells.

PAP Reduces Transactivation of HTLV-1 5' Long Terminal
Repeat (LTR)—Reduction in the levels of HTLV-I mRNAs may
have been due to decreased synthesis rather than enhanced
degradation. HTLV-I Tax protein is the transactivator of viral
gene expression from the promoter found in the U3 region of
the 5'-LTR (35). Because PAP diminished the level of Tax to
undetectable amounts based on immunoblot analysis, we
investigated whether the decline in viral mRNAs was caused by
reduced transactivation of the LTR by Tax. We tested the
degree of LTR transactivation using an HTLV-I reporter con-
struct, pGL3-LTR-Luc, co-transfected with pcF-PAP, pcE-
PAPx, or pcDNA3 along with pACH-EN into 293T cells, fol-
lowed by a luciferase assay on the cell lysates. Cells expressing
PAP showed an ~7-fold decline in the level of Tax-mediated
luciferase expression relative to PAPx and pcDNA3 vector con-
trol cells (Fig. 7A), indicating that Tax-mediated transcription
from the HTLV-1 5'-LTR was inhibited by PAP.

To determine the cellular localization of PAP, 293T cells
transfected with pcF-PAP or pcDNA3 were fixed and incubated
with primary antibody specific to FLAG and fluorescein iso-
thiocyanate-conjugated secondary antibody. Examination by
confocal microscopy of cells transfected with pcF-PAP revealed
green fluorescence within the cytosol and not within nuclei
(Fig. 7B). Cells transfected with pcDNA3 served as a negative
control for autofluorescence. Counterstaining of cells with pro-
pidium iodide indicated nuclei. The cytosolic localization of
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FIGURE 6. PAP does not decrease HTLV- mRNA stability. 293T cells were
co-transfected with 5 ug of pACH-EN and 2 g of pcF-PAP or pcDNA3. The
stability of HTLV-I gag/pol, env, tax/rex,and GAPDH mRNAs was analyzed 40 h
following transfection by treatment of cells with actinomycin D (5 uwg/ml). The
cells were harvested at the indicated time points, followed by isolation of
total RNA and RNase protection assay. RNA abundance values are ratios of
each mRNA (viral and GAPDH) band intensity relative to the initial time point
(t = 0). Values represent means = S.E. for three independent experiments.

PAP supports our contention that PAP indirectly reduces tran-
scription of the viral genome, probably through its effect on Tax
levels, rather than directly influencing transcription within the
nucleus.

DISCUSSION

PAP exhibits antiviral activity against a number of different
viruses; however, the mechanistic details of this activity have
not been described (19, 22, 36). As a ribosome-inactivating pro-
tein, PAP also depurinates a conserved adenine within the sar-
cin/ricin loop of the large rRNA, which has been reported to
inhibit the binding of elongation factor 2 and slow the rate of
elongation during protein translation (37, 38, 39). This inhibi-
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FIGURE 7. PAP suppresses Tax-mediated transcription from the HTLV-I
5’-LTR. A, 293T cells were co-transfected with 1 g of pGL3-LTR-Luc, 5 ng of
pACH-EN, and 2 g of pcF-PAP, pcF-PAPx, or pcDNA3. A luciferase assay was
performed 24 h following transfection to determine the degree of Tax-medi-
ated transcription from the 5’-LTR. Values represent means = S.E. for three
independent experiments. B, 293T cells were transfected with 2 ug of pcF-
PAP or pcDNA3. Cells were fixed 40 h following transfection and stained for
the presence of F-PAP using a FLAG-specific monoclonal antibody (1:200) and
a fluorescein isothiocyanate (FITC)-conjugated secondary antibody (1:500).
Cells were also stained with propidium iodide (P/) to visualize nuclei and were
examined by confocal microscopy. Scale bar, 20 uwm.

tion of translation has traditionally been cited to explain anti-
viral activity, because a positive correlation has been shown
between ribosome depurination and decline of virus infection
(18, 40). However, very few ribosome-inactivating proteins are
antiviral, suggesting that merely inhibiting ribosomes does not
impart antiviral qualities. Moreover, our results show that PAP
inhibited HTLV-I gene expression in the absence of cytotoxic-
ity. In addition to their potential to inhibit translation, many
ribosome-inactivating proteins induce a ribotoxic stress
response that results in cell death (41, 42). This response is
characterized by damage to the rRNA, which triggers activation
of a stress-induced kinase that may culminate in programmed
cell death (43). In contrast, we have demonstrated previously
that PAP expression in 293T cells resulted in cell survival rather
than apoptosis (28). In the current study, the amount of PAP
expression that caused 100-fold decline in HTLV-I protein lev-
els was not sufficient to be toxic to cells, although 16% of the 28
S rRNA was depurinated. This level of rRNA depurination did
not affect the rate of cellular translation, indicating that reduc-
tion in the level of viral proteins was not due to general defects
in the cellular translation machinery as a result of rRNA depuri-

NOVEMBER 6, 2009+VOLUME 284 +NUMBER 45

PAP Depurinates HTLV-I Genomic RNA

tax
transactivation

depurination

Spliced
mRNAs

A
1

181 — :

LR LTR ,

Nucleus

FIGURE 8. Model for effect of PAP on HTLV-I. Shown is a schematic repre-
sentation of steps in the HTLV-I life cycle that are affected by PAP (indicated
by X). Stars represent depurination of the viral mRNA.

nation. Together with our findings indicating minimal PAP
effect on cellular transcription rates, we conclude that antiviral
activity was not a consequence of cytotoxicity.

In addition to demonstrating lack of harm to host cells,
examining the potential of PAP as a therapeutic option to limit
HTLV-I progression would require understanding the steps in
the virus life cycle affected by depurination. Here, we describe
the mechanism through which PAP inhibited virus production
(Fig. 8). Specifically, transient expression of PAP in 293T cells
caused a substantial decline in the level of intracellular Gag and
virus-associated p19 matrix protein and intracellular Tax pro-
tein. We show that the 5’ region of the gag/pol mRNA was
depurinated by PAP and that this mRNA was less efficiently
translated in a cell-free system, suggesting that depurination
contributed to diminished levels of viral proteins. We have
shown previously that depurination of Brome mosaic virus
RNA3 caused ribosomes to stall at the missing base during
elongation (32). Expression of PAP also reduced HTLV-I gag/
pol, env, and tax/rex mRNA levels in a dose-dependent manner.
Decreased tax/rex mRNA levels may have also resulted in
diminished Rex synthesis, which in turn would have reduced
the amount of cytoplasmic gag/pol mRNA for translation.
Therefore, post-transcriptional effects of PAP contributed to
the decline in viral protein synthesis. Diminished levels of viral
mRNAs were not due to enhanced degradation but rather were
probably caused by limited synthesis, based on the results of our
reporter assay. HTLV-I Tax protein is encoded from the
HTLV-1 doubly spliced tax/rex mRNA and is the transactivator
of the viral promoter located within the 5'-LTR (35). Since Tax
is required for enhanced transcription from the viral promoter,
we expected that undetectable Tax would result in decreased
levels of all HTLV-I-encoded mRNAs. Therefore, feedback
inhibition of viral gene expression manifested as an efficient
decline in the level of viral mRNAs and proteins, hence the
significant reduction in virus production.

Apart from pokeweed antiviral protein, other enzymes exist
that modify the genomes of some viruses. For example,
APOBEC3G is a family member of cytidine deaminases that
acts as a host defense factor against some retroviruses
(reviewed in Refs. 44 and 45). These enzymes convert cytosines
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of negative-strand viral cDNA to uracils during reverse tran-
scription, resulting in guanosine to adenosine hypermutations
in the coding strand (46—48). The uracil-containing cDNA
may be targeted for degradation, or fixation of hypermutation
in proviral sequences may result in synthesis of inactive or
truncated viral proteins. HTLV-I appears to be relatively resist-
ant to the antiviral effects of APOBEC3G, and mutations of
guanosines to adenosines are rarely observed (49). Interest-
ingly, a peptide motif in the C terminus of HTLV-I Nucleocap-
sid protein has been shown to inhibit ABOBEC3G packaging
into nascent virions, thereby limiting its antiviral effect (50).
Therefore, HTLV-I appears to evade this cellular factor that
causes mutation of its genome. We hypothesize that evolution
of virus resistance to pokeweed antiviral protein may be diffi-
cult, given that the timing of the PAP effect described here does
not rely on the protein being packaged into viral particles and
that no mechanisms for repair of depurinated RNA have been
described. The subsequent decline in protein synthesis from
the damaged viral RNA and its effect on transcriptional and
post-transcriptional events suggest that PAP may have an
application as part of an antiviral strategy in the future.
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