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The virion-associated dUTPase activities of caprine arthritis-encephalitis virus (CAEV) and visna virus were
determined by using an assay which measures the actual ability of the dUTPase to prevent the dUTP
misincorporations into cDNA during reverse transcription. We showed that the CAEV molecular clone from
the Cork isolate was dUTPase defective as a result of a single amino acid substitution. Using this point mutant
and deletion mutants of CAEV as well as a deletion mutant of visna virus, we demonstrated that dUTPase-
deficient viruses replicate similarly to wild-type viruses in dividing cells but show delayed replication in
nondividing primary macrophages.

Caprine arthritis-encephalitis virus (CAEV) (6) and the pro-
totypic lentivirus visna virus (27) cause chronic inflammatory
diseases in goats and sheep. The main target cells of these
viruses in vivo are cells of the monocyte-macrophage lineage
(18). Replication is restricted in monocytes and increases dur-
ing maturation to macrophages (11, 17). In vitro, CAEV rep-
licates in primary goat macrophages or in dividing fibroblastic-
like goat synovial membrane (GSM) cells. Similarly, visna virus
replicates in primary sheep macrophages and in dividing sheep
choroid plexus cells.
Sequence comparison analyses have shown that a retroviral

gene previously named pseudoprotease (15) is homologous to
the dUTPase gene (16). In type D and B retroviruses, the
dUTPase gene is located in the pro reading frame. In lentivirus
genomes, the dUTPase gene is located in the pol reading frame
between the RNase H and integrase (IN) coding regions. Ret-
roviral dUTPases are packaged into the viral particles in an
enzymatically active form (9). Primate lentiviruses are devoid
of a dUTPase gene, and to date, dUTPase sequences have
been identified only in feline immunodeficiency virus (FIV),
equine infectious anemia virus (EIAV), CAEV, and visna vi-
rus.
dUTPase activity has also been demonstrated in some other

viruses such as herpesviruses (4) and poxviruses (3) and in
various prokaryotic and eukaryotic organisms, including Esch-
erichia coli (5), Saccharomyces cerevisiae (8), and humans (39).
This cellular enzyme hydrolyzes dUTP to dUMP and PPi, the
dUMP being used as a substrate for thymidylate synthase in a
major biosynthesis pathway to TTP. Moreover, dUTPase helps
to maintain a low dUTP/TTP ratio, thus minimizing the mis-
incorporation of uracil into the DNA. Cellular dUTPase seems
to be cell cycle regulated, with an elevated amount of activity

in dividing cells and a low amount in terminally differentiated
nondividing cells (12, 13, 19, 29, 31). The level of cellular
dUTPase activity may parallel the size of the deoxynucleotide
pool, which is high in dividing cells such as activated lympho-
blasts and very low in nondividing cells such as macrophages
(33).
dUTPase-deficient (DU2) mutants have been constructed in

the FIV (37) and EIAV (14, 34) backgrounds and have been
shown to replicate like the parental viruses in continuous cell
lines. However, DU2 EIAV exhibited delayed replication and
up to 2-log-units-lower levels of production in primary equine
macrophages derived either from blood (34) or bone marrow
(14). Similarly, DU2 FIV demonstrated impaired replication
in interleukin-2-stimulated peripheral blood mononuclear cells
(37).
To test the role of the dUTPase gene of CAEV, we gener-

ated in-frame deletion mutants. Using the original clones of
CAEV (22), we first constructed two new cloned fragments of
CAEV which contain overlapping sequences and could be used
without ligation to generate the virus in cotransfection exper-
iments. Briefly, the PK-9Kb CAEV clone was constructed by
inserting the large HindIII fragment into a long terminal re-
peat which had been made by PCR using C6 and CRT6 as
primers (see Table 1 for primer sequences and positions). It
consists of the nearly complete proviral DNA except for the
first 22 bp at the 59 end of the 59 long terminal repeat and the
small HindIII fragment (8662 to 9084). The second cloned
fragment, called BS-39LTR, contains the 39 end of the proviral
genome from position 8122 (XhoI) to position 150 in U5.
DU5 corresponds to a 37-amino-acid in-frame deletion be-

tween positions 3976 and 4086 generated by mild BAL 31
digestion beginning at the EcoRV site (position 4024). Amino
acid sequence comparisons of dUTPases from various organ-
isms show that five motifs are conserved (16). DU5 has a
deletion of the central domain encompassing Tyr-74 (Fig. 1).
This residue is thought to be the active site of the enzyme,
since the E. coli Tyr counterpart is critical to the enzyme
activity (36), and this Tyr (or Phe) amino acid is highly con-
served in all dUTPases (16). DU4 (100-amino-acid deletion)

* Corresponding author. Mailing address: INSERM U372, Campus
de Luminy, BP 178, 13276 Marseille Cedex 9, France. Phone: (33) 91
82 75 82. Fax: (33) 91 82 60 61. Electronic mail address: gquerat@
inserm-u372.univ-mrs.fr.
† Permanent address: Institute for Experimental Pathology, Univer-

sity of Iceland, Keldur, 112 Reykjavik, Iceland.

1213



was deleted by recombinant PCR of the three central domains
between positions 3886 and 4179, using C33 as mutagenic
oligonucleotide primer. The mutated or unaltered PK-9Kb
plasmids were cotransfected with BS-39LTR into permissive
primary GSM cells, using the Lipofectamine reagent (Gibco-
BRL). Virus production in supernatants was monitored by
reverse transcriptase (RT) activity and used to prepare virus
stocks.
dUTPase activity. To study the enzymatic activity of the

virion-associated dUTPase, we first used the standard triphos-
phatase assay which has been used by others on other viruses,
including herpes simplex virus, EIAV, and FIV (34, 37, 40). In
this assay, the dUTPase activity was determined by measuring
the unhydrolyzed dUTP bound onto a DE81 filter paper
(Whatman). dATP, dCTP, and TTP were introduced as con-
trol for unspecific phosphatase activity. Although we did find a
slight dUTPase specific activity with a crude pellet of FIV
taken as a positive control (up to 30% hydrolysis in 10 min for
1 mg of protein), we were not able to convincingly show such
activity in any CAEV and visna virus preparations, using var-
ious purification procedures of viral particles.
Therefore, we devised a new assay which measures the ac-

tual amount of dUTP incorporated into the cDNA by the
virion-associated RT. The packaged retroviral dUTPase should
degrade the dUTP, thus preventing the misincorporation of
dUTP into reverse-transcribed cDNA. The relative incorpora-
tion of dUTP and TTP into the synthetic template-primer

poly(rA)-oligo(dT) was measured in the presence of wild-type
or mutated dUTPase. The enzymatic conditions for the assay
were those of the classical RT assay, and the source of viruses
were either density gradient-purified viral particles or crude
pellets from 1 ml of cell-free supernatants from infected cells.
Briefly, the pelleted virions were resuspended in 20 ml of NTE
(100 mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA)
containing 0.1% Triton X-100. Ten microliters of this dis-
rupted virus was used in a 50-ml reaction mixture containing 50
mM Tris-HCl (pH 7.8), 20 mMMgCl2, 2 mM dithiothreitol, 20
mM KCl, 0.25 optical density unit each of poly(rA) and oli-
go(dT) per ml, and either 2.5 mCi of [3H]TTP (30 Ci/mmol;
Amersham) or 1.5 mCi of [3H]dUTP (19 Ci/mmol; Amer-
sham).
Parental wild-type (WTG) and mutated (DU4 and DU5)

molecular clone-derived viruses and several biological isolates
of CAEV and visna virus were gradient purified and tested for
the incorporation of both dUTP and TTP in RT reactions.
Crude pellets of the FIV Petaluma strain (32) and gradient-
purified human immunodeficiency virus type 1 (HIV-1) NDK
virions (30) were used as positive and negative controls, re-
spectively. dUTP incorporation was normalized to that of TTP

FIG. 1. Schematic representation of the CAEV mutant proviruses. Con-
served (shaded areas) and variable (stripped areas) domains of the dUTPase are
indicated. LTR, long terminal repeat.

FIG. 2. dUTPase activities of biological isolates and molecular clone-derived
visna virus and CAEV expressed as the ratio of dUTP to TTP incorporation into
synthetic cDNA. All viruses were purified through isopycnic gradient centrifu-
gation except for the molecular clone-derived visna virus strain KV1772 (Vis
1772) (1) and FIV strain Petaluma (FIV Pet) (32), which were pelleted from
clarified supernatants of infected cells. Biological isolates were the Cork strain of
CAEV (CAEV Co), (6), CAEV 75G63 (7), and a South African strain of visna
virus (Vis SA) (24). HIV-1 NDK is a molecular clone-derived virus (30).

TABLE 1. Oligonucleotide primers used

Name Position Sequence

CAEV
C6 8840–8858 TATGTCGACGGACTAATAACAAGCTAGG
C22 3721–3741 GATAGGATAGGAGTGCATTGG
C33 4180–4200 ACGCATGAGGTTACCGGATTTGGGTCTACAGGAATG
CRT6 148–118 TATGTCGACTGGTATTGCACAGATTAAGG
CRT18 4348–4367 CCGCCTCTAATTACTGCAGG

Visna virus KV2 3833–3850 then 4070–4088 CAGGAGATAAGCATTCCGCTCATGCCTCTAATACATG
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and expressed as the ratio of dUTP to TTP. As shown in Fig.
2, we found that a large amount of dUTP was incorporated
into synthetic cDNA for HIV-1, which is known to be devoid of
the dUTPase gene, for the CAEV dUTPase mutant DU4, for
DU5, and also, unexpectedly, for the parental virus WTG. Such
a high level of incorporation of dUTP by DU2 viruses indi-
cated that dUTP was an efficient substrate for CAEV and
HIV-1 RTs. In contrast, all biological isolates of FIV, visna
virus, and CAEV, including the Cork biological strain from
which the infectious molecular clone was derived, exhibited a
very low ratio of dUTP incorporation to TTP incorporation.
This result argues that the dUTP was specifically and efficiently
degraded by the dUTPase activity present in the purified viral
particles. As a control of substrate specificity of the visna virus
and CAEV dUTPases, the incorporation of dGTP was mea-
sured in a poly(rC)-oligo(dG) primer-template assay. The dGTP
incorporation mimicked the TTP incorporation, with ratios of
dGTP to TTP ranging from 0.75 to 1.35 irrespective of the
dUTPase status of the viruses (data not shown). These results
demonstrate that the molecular clone-derived virus WTG is
DU2 in contrast to the biological isolate from which it was
derived, and strongly suggest that WTG resulted from the mo-
lecular cloning of a minor variant.
Restoration of dUTPase activity. Since no obvious defects in

the sequence of the dUTPase gene of the WTG clone could
explain the defect in activity, we decided to sequence quasi-
species of the dUTPase gene from the parental biological Cork
isolate. RT-PCR products (fragment C22-CRT18) from the
genomic RNA were used as templates for sequencing. Some
changes were present in some but not all quasispecies. At
position 4132, an A-to-G change in approximately 30% of the
sequences led to a Lys-to-Glu (amino acid 110) change; at
position 3802, in 10% of the sequences, a T-to-C transition led
to a Phe-to-Leu change. However, one nucleotide change was
found in all sequenced quasispecies from the Cork isolate: at
position 4130, a G (in the WTG clone) to A (in the biological
Cork strain) change led to a Gly-to-Glu (amino acid 109)
change (Fig. 3a). Additionally, multiple alignments of ungulate
lentivirus dUTPase sequences (Fig. 3b) showed that all other
dUTPases from small ruminant lentiviruses exhibit a glutamate
residue at that position. This result strongly suggests that the

Gly-to-Glu change observed in all Cork quasispecies should be
a prime candidate for the mutation responsible for the lack of
dUTPase activity.
The Gly (G) residue was therefore replaced by Glu (E) in

the WTG and DU5G context by site-directed PCR mutagene-
sis. Glu-restored wild-type (WTE) and mutant (DU5E) viruses
were transfected into GSM cells, and their dUTPase activities
were measured. As shown in Fig. 2, the WTE dUTPase activity
was restored to a level (ratio of dUTP to TTP of 0.012) com-
parable to that of the visna virus and CAEV biological isolates.
As expected, DU5E virus was still DU

2, since the DU5 dele-
tion encompasses Tyr-74, which is thought to be involved in the
catalytic function (36). Therefore, a single amino acid change
was responsible for the dUTPase deficiency of the molecular
clone-derived WTG virus.
Growth properties of DU1 and DU2 CAEV and visna virus.

The question arose as to whether the deletion of the CAEV
dUTPase gene could affect viral replication in cell cultures.
First, the infectious titers of the WTE, WTG, DU5E, and DU5G
stocks were quantified on GSM cells, using inocula with equal
amounts of RT activity. We observed no significant differences
in virus titers in relation to the dUTPase status, suggesting that
virion infectivity was not affected by the dUTPase mutation.
Equal amounts of viruses (titrated by RT activity) were used

to infect either GSM cells, monocyte-derived adherent goat
macrophages (MDM), or milk goat macrophages. MDM were
prepared from heparinized blood by centrifugation on a Ficoll-
Paque gradient (Pharmacia). To allow maturation of the
monocytes, mononuclear cells were either precultured in Te-
flon bags (30 3 106 peripheral blood mononuclear cells) for 7
to 10 days and then plated onto culture plates or directly
cultured in hydrophobic Petriperm plates (Heraeus), onto
which mature macrophages eventually adhere after day 5. Milk
macrophages were allowed to adhere onto plastic culture
plates for 2 to 3 h and then washed vigorously with phosphate-
buffered saline. These cells exhibited typical morphologies of
macrophages and stained positively with an a-naphthyl acetate
esterase kit (Sigma).
In GSM cells infected at a multiplicity of infection of 0.01,

the replication kinetics of the DU1 virus WTE, the DU
2 vi-

ruses WTG and DU5E, and the double mutant DU5G were
similar, with a peak of virus production at day 6 postinfection
(Fig. 4A).
In contrast, in milk macrophages infected at a multiplicity of

infection of 0.01, the DU1 WTE virus exhibited a marked
advantage for replication (Fig. 4B). Production of the WTE
virus peaked at day 7 postinfection with twice as much RT
activity as for the DU2 viruses. Virus production of these DU2

viruses eventually reached the same level but with a lag of 5
days, indicating that the rate of replication was affected by the
dUTPase deficiency. Similar results were obtained with MDM
(data not shown). It was noteworthy that all DU2 viruses,
irrespective of the type of mutation, either single point or
deletion, replicate with nearly identical kinetics. Phenotypic
(dUTPase assays) and genotypic (RT-PCR assays) character-
ization of the viruses in the supernatant were performed to
ensure absence of contaminants (data not shown). Increasing
the multiplicity of infection from 0.01 to 0.2 resulted in a
decrease of the time lag between the time of infection and the
peak of virus production but did not alter the general conclu-
sion. Altogether, our data indicate that the replication of DU2

CAEV is similar to that of wild-type CAEV in dividing GSM
cells but is delayed in primary goat macrophages.
We also examined the growth properties of DU2 visna virus

in cell cultures. An in-frame deletion of the dUTPase gene was
constructed in the molecular clone of visna virus strain

FIG. 3. Sequence of CAEV Cork dUTPase quasispecies. (a) Nucleotide se-
quence differences between the molecular clone and the biological isolate
[CAEV Cork (Co)]. (b) Multiple alignment of the amino acid sequences (resi-
dues 95 to 115) of ungulate lentiviruses. Numbering assumes that the protease
cleavage sites between the RNase H and dUTPase of CAEV and visna virus are
homologous to that of FIV (10). Sequences are as follows: CAEV Cork (refer-
ence 25 and this work), a molecular clone of the Dahlberg strain of CAEV
(CAEV Da) (38), the Icelandic visna virus isolates K1514 (28) and KV1772
(visna: 1772/1514) (1), a British visna virus strain (EV-1) (26), and a South
African visna virus strain (SA-OMV) (23).
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KV1772 (1), which is known to be infectious and neuropatho-
genic in vivo. KVDU2 corresponds to a 73-nucleotide deletion
(positions 3850 to 4070) made by PCR-based site-directed
mutagenesis using KV2 as the mutagenic primer. KV1772 and
KVDU2 mutant proviruses were transfected into GSM cells,
and their virion-associated dUTPase activities were measured
by using crude pellets from GSM supernatants. Ratios of
dUTP to TTP incorporated into the synthetic cDNA were 0.03
for KV1772 and 0.31 for KVDU2, indicating that the deletion
did specifically abrogate the dUTPase activity.
Supernatants with equal amounts of RT activity were used to

infect fresh cells from various origins. As for CAEV, replica-
tion profiles of the DU2 and the DU1 visna viruses were
similar in dividing GSM cells (data not shown) but clearly
different in MDM (Fig. 4C). The replication of the DU2 mu-
tant was slower than that of the wild-type virus, leading to a
delay for the peak of virus production. Similar results were
obtained when milk macrophages were substituted for MDM.
Therefore, the absence of an active dUTPase resulted in a
decrease in replication of small ruminant lentiviruses in non-
dividing primary macrophages.
In this report, we analyze the growth properties of three

in-frame DU2 mutants of CAEV and visna virus in replicating
goat synovial membrane cells. All viruses were equally compe-
tent for replication. This result could be explained by the
existence of a high deoxynucleotide pool and/or a possible
transcomplementation by the cellular dUTPase in dividing
cells. However, transcomplementation of a deficient retroviral
dUTPase by the cellular activity has not yet been demonstrated
and may not play a significant role if the deoxynucleotide pool
is already very high, as expected for rapidly dividing cells. A
high intracellular concentration of TTP will make the misin-
corporation of dUTP into the proviral cDNA unlikely. There-
fore, the replication of DU2 viruses was studied in terminally
differentiated primary goat macrophages, in which the de-
oxynucleotide pool is more likely to be very low and the ratio
of dUTP to TTP is likely to be high. In macrophages, DU2

visna virus and CAEV replicated with slower kinetics than the
DU1 virus.
We have demonstrated that the CAEV Cork molecular

clone was in fact mutated in the dUTPase gene. A single amino
acid change, Glu-109 to Gly, upstream of the fifth conserved
domain was responsible for this deficiency. Interestingly, this
residue (Glu-109) lies outside the five conserved motifs of
dUTPases (16) in a region not previously thought to partici-
pate in the enzymatic activity. If the crystal structure of the E.
coli enzyme (5) could be transposable to that of CAEV, then
Glu-109 might be situated at the beginning of the eighth
b-sheet strand, which makes extensive contact with the neigh-
boring subunit. The Glu-109 residue might either stabilize the
putative multimer or participate in the catalytic domain of the
neighboring subunit.
In addition, we devised a new assay which measures the

actual amount of dUTP incorporated into the cDNA by the
virion-associated RT in the presence of native or mutated
dUTPase. Using this assay, we demonstrated that visna virus
and CAEV RTs utilized dUTP nearly as well as TTP. Surpris-
ingly, that was also true for HIV-1, which is devoid of virally
encoded enzymatic activity able to prevent dUTP incorpora-
tion into its genome. The presence of uracil residues in DNA
might adversely affect gene expression because the binding of
transcription factors to their target could be impaired if some
thymidines have been replaced by uracil in the enhancer se-
quences (20, 35). This might well explain the decrease in pro-
duction of the DU2 viruses and the induced delay in replica-
tion. It is tempting to speculate that uracil N-glycosylase, a
DNA repair enzyme involved in the removal of uracil residues
in DNA, which has been described to bind to the HIV-1 vpr
gene product (2), can compensate for the lack of dUTPase in
HIV.
The dUTPase of herpes simplex virus type 1 has been re-

ported to exert an antimutator function (21). A similar func-
tion has been hypothesized for retroviruses (9). Incorporation
of dUTP in place of TTP in the first or second round of DNA
synthesis is not mutagenic per se unless the excision-repair
system associated with the uracil N-glycosylase activity is in-
herently error prone. However, if uracil has been incorporated

FIG. 4. Replication kinetics of DU1 and DU2 viruses. Production of CAEV
DU1 virus WTE was compared with those of single-point mutant WTG, deletion
mutant DU5E, and combined mutant DU5G in dividing GSM cells (A) and in
milk macrophages (B). (C) Replication kinetics of wild-type (KV1772) and
mutated (KVDU2) visna virus in goat monocyte-derived macrophages infected
with supernatant from transfected GSM cells containing 1,250 cpm of RT activ-
ity. d., day.
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into the minus DNA strand, then there could be some G
misincorporations in the second-strand synthesis because of
the relative stability of U z G base pairs. The frequency of
A-to-G substitution would be highly dependent on the de-
oxynucleoside triphosphate pool size and would probably re-
quire both high dUTP/TTP and high dGTP/dATP ratios. In
the context of a DU2 virus, accumulation of A-to-G mutations
in the genome would eventually lead to replication-defective
provirus. Compensation of dUTPase-dependent A-to-G sub-
stitution by the G-to-A hypermutation, as observed in CAEV
(38), could help to explain the survival of the dUTPase mutant
viruses. The antimutator function of dUTPase should be ad-
dressed by analyzing the nucleotide sequences of recovered
viruses from experimentally infected animals.
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