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Incorporation of Uracil into Viral DNA Correlates with Reduced
Replication of EIAV in Macrophages
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The retrovirus equine infectious anemia virus {EIAV} encodes a dUTPase situated between reverse transcriptase and
integrase. We have described the Inability of EIAV with a 270-bp dUTPase deletion, ADU EIAV, to replicate to wild-type
(WT} tevels in equine macrophages (D. S. Threadgill, W. K, Steagall, M. T. Flaherty, F. . Fuller, 8. T. Perry, K. E. Rushiow,
S. F. 1. LeGrice, and 8. L. Payne, /. Virol 67, 2592-2600, 1933}, Here we describe the construction of a second dUTPase-
deficient virus (DU'E) containing a single amino acid substitution in dUTPase. ADU and DU"'® replicate to 2% of WT
levels in macrophages by 7 days postinfection, when WT EIAV is highly cytopathic. To identify the replication block(s), we
analyzed DNA synthesis, integration, and transcription. DNA synthesis was normal in macrophages, with evidence of full-
length viral DNA by 24 hr postinfection. The level of integrated ADU and DU%'E DNA appeared to be decreased 2- to 3-
fold compared to WT. Steady-state levefs of full-length virat transcripts were decreased over 100-fold, indicating that
replication of dUTPase-deficient EJIAV is blocked between viral DNA synthesis and transcription. As dUTP hydralysis normally
plays a role in preventing incorporation of uracil into newly synthesized DNA, we investigated the possibility that dUTPase-
deficient EIAV DNA contains uracil. /n vitro assays showed that while WT virions do not utilize dUTP, dUTPase-deficient
virus and recombinant RT synthesize uracil-containing DNA. The presence of uracil in viral DNA recovered from ADU- and
DU°Einfected macrophages was also demonstrated. In macrophages, a virally encoded dUTPase may be necessary to
prevent the incorporation of uracil into viral DNA.  © 1995 Acadamic Press, Inc.

INTRODUCTION the transient disassembly cf the nuclear envelope upon
passage through mitosis by the infected cell (Bukrinsky
et al, 1992). Similar mechanisms for replication in nondi-
viding ceils may be true of all lentiviruses, although simi-
lar studies have not yet been reported for the nonprimate
lentiviruses. Some nonprimate lentiviruses, such as visna
virus, EIAV, and feline immunodsficiency virus, have
been shown to encode dUTPase activity (Clements and
Payne, 1994; Elder et a/, 1992, Threadgill ef al, 1993;
Wagaman et af, 1993), and & study from our laboratory
{Threadgill et af, 1993) has indicated that this activity
plays an important role in the replication of EIAV in nondi-
viding macrophages.

dUTPases are ubiguitous cellular enzymes that play
a key role in nucleotide biosynthesis. They promote the
hydrolysis of dUTP, generating dUMP, a precursor in the
dTTP biosynthetic pathway, and keep the cellular ratio of
dUTP to dTTP low [less than or equal to 107° in mamma-
lian cells (Richards et af, 1986)]. As most DNA polymer-

Replication in nondividing cells is a halimark of the
lentivirus group of retroviruses, Unlike oncogenic retrovi-
ruses, which require host cell proliteration, or more spe-
cifically passage through mitosis, to integrate their viral
DNA and to produce progeny, lentiviruses can produc-
tively infect cells arrested in the cell cycle (Bukrinsky
et al, 1992, 1993; Clementis and Payne, 1994; Klevjer-
Anderson et af, 1979; Lewis and Emerman, 1994; Lewis
er al, 1992; Li et a/, 1993; Roe et af, 1993; Varmus et
al, 1977, Weinberg et af, 1991). The properties of lentivi-
ruses that enable them to produce progeny in these celis
have yet to be completely elucidated; however, studies
on HIV-1 have implicated a viral core protein {Lewis et
af, 1992, Bukrinsky et a/, 1993} and have also uncovered
aclive, ATP-based import of the HIV-1 preintegration
complex into the nucleus, thus bypassing the need for
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ases can utilize both dUTP and dTTP (Bessman et af,
1968, El-Hajj et af, 1988; Focher ef af, 1990, Mosbaugh,
1988; Shlomai and Kornberg, 1978), maintenance of the
correct balance of deoxynuclectide poolg, and of a low
dUTP:.dTTP ratio, is very important for fidelity in DNA repli-
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cation. Uracil in DNA can arise either by incorporation of
dUTP into nascent DNA or by cytosine deamination in
mature DNA. Uracil is removed from DNA by uracil—-DNA
glycosylase (UDG), leaving an apyrimidinic site which is
then repaired through the actions of apyrimidinic endonu-
clease, DNA polymerase, and DNA ligase. If the level of
dUTP in the cell is high, a vicious circle of excision and
repair of the DNA can result, leading to strand breaks,
strand exchanges, and eventually cell death due to chro-
mosomal aberrations and overlapping gaps in the DNA
{(Richards et a/, 1986). It has been demonstrated gensti-
cally in both prokaryotic {Escherichia coli) and eukaryctic
{Saccharomyces cereviseas) systems that dUTPase is es-
sential, as dut null mutants are inviable {El Hajj et al,
1992; Gadsden et al, 1993). £ coli with dUTPase muta-
tions {dut™ or sof ) transiently accumulate small DNA frag-
ments, probably due to the UDG-based repair process,
and show a higher than normal frequency of recombina-
tion (Tye et af, 1977, 1978), dut” S. cereviscae appear
to become blocked in DNA synthesis. In repair-deficient
genetic backgrounds {udg™), both dut™ E. coli and dut™ S.
cereviseae accumulate uracil in their DNA. The stable
incorporation of high levels of uracil into DNA appears 10
cause a general failure in macromolecular biosynthesis
(E! Haij et af, 1992, Gadsden et al, 1933). It has been
demonstrated that uracil in DNA can affect DNA conforma-
tion and sequence-specific protein binding, as uracil lacks
the methyl group of thymine (Dubendorff et al, 1987;
Focher ef al, 1992; Goeddel et af, 1977, Richards et a/,
1986, Risse et al, 1989; Verri et al, 1990), and this may
explain in part the lethality of stable uracil incorporation
into DNA.

Expression of cellular dUTPases correlates with the
state of cellular differentiation: i.e., high in undifferenti-
ated, dividing cells and low in terminally differentiated,
nondividing celis (Duker and Grant, t980; Mahagaokar
et al, 1980; Pardo and Gutierrez, 1990; Pri-Hadash &t a/.,
1992; Spector and Boose, 1983). Thus, a virally encoded
dUTPase activity could assist in the establishment of
viral replication in nondividing host cells. We deleted a
portion of the dUTPase gene in equine infectious anemia
virus (EIAV) and found that dUTPase function appears to
he necessary for efficient viral replication in macro-
phages (Threadqill et al,, 1983}, as this dUTPase-deleted
virus (ADU) replicates poorly [less than 1% of wild-type
(WT) levels] in equine macrophages, the natural host cell
of the virus, while replicating to WT levels in dividing
cells. In the present studies, we describe the growth
phenotype of a second dUTPase-deficient virus (DU},
which contains a point mutation in the propcsed active
site of dUTPase, and present an investigation of the
block(s) to virus replication in macrophages. We have
locked at several steps in viral replication that could be
affected by the loss of dUTPase activity, including viral
DNA synthesis, integration, and transcription.

MATERIALS AND METHODS
Cells and viruses

Feline embryonic adenocarcinoma {(FEA} cells and
equine macrophages were prepared and maintained as
described previously {Threadgilt et af, 1993). Conditicns
for FEA cell transfection and the preparation of virus
stocks have also been described {(Threadgill et af, 1993).

Mutagenesis

A Kpnl-Pstl fragment containing the dUTPase coding
domain from the proviral clone pSPEIAV19 (Payne et a/,
1994) was subcloned into pBS+ (Stratagene), and a paint
mutation introduced using the Doubletake Double-
Stranded Mutagenesis kit (Stratagene) following the
manufacturer's suggesied protocol. The mutagenic
primer for the DU mutation is 27-mer of the sequence
B-TGTATATCCTTCTTCAATTATTCCTCC-3" (noncoding
strand), with the base change in boldface [a T to A
change in the coding strand at base number 4120 of
the EIAV proviral sequence {GenBank Accession Nos.
M16576, M11337, K03334, and M14855)]. This represents
an aspartic to glutamic acid substitution at amino acid
number 71 of the dUTPase amino acid sequence. DNA
sequence analysis confirmed the presence of the muta-
tion, and the mutated dUTPase region was substituted
into a plasmid containing the 5" end of pSPEIAV19
(Threadgill et al, 1993}). This mutated 5" end was then
ligated via a unique Sphl site 1o DNA derived from the
3’ end (Sphl to EcoRl) of pSPEIAV19, and the ligation mix
used to transfect FEA cells.

dUTPase assays

dUTPase assays were performed as described pre-
viously {Threadgill et a/, 1993). Reacticn mixes con-
tained, in a 0.1-ml reaction valume, 50 mA Tris—HC! (pH
7.4), 2 mM B-mercaptoethanal, 1 mif MgCl,, 0.1% wi/vol
bovine serum albumin, 2 mM p-nitrophenylphosphate,
and a total of 0.1 mM dUTP {{*H]dUTP at 50 uCi/umol).
Reactions were incubaled at 37° for 15 to 30 min.

PCR analysis of viral DNA

WT and ADU viral stocks were treated with 2 pg/ml
RNase-free DNase (Worthington} to remove any DNA
from lysed cells in the stocks that could confound results
obtained with the polymerase chain reaction {PCR). FEA
cells were incubated with 1 X 107 cpm of virus {as mea-
sured by reverse transcriptase activity) in the presence
of 10 pg/ml polybrene. After 1 hr at 37°, the virus was
removed and the cells were washed three times followed
by addition of fresh media. Equine macrophages were
incubated with 5 X 10° cpm of virus {muitiplicity of infec-
tion of about 1} for 1 hr at 37°, washed, and refed. Follow-
ing the methods of Zack et al. (19390; see also Arrigo et
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TABLE 1

Oligonucleotide Sequences

Cligonucleotide Sequence
209 5'-GAGTCCTTCTTGCTGGGCTGAAAAG-3'
351 5'-CCCCCCCCGTCGACGGTAGGGTCTGCGCC-3!
3439 5 -TTGGCTCCCAGAAATAGTATATACA-3'
4519 5'-GCATGTATGTATCCTGAATTTGAC-3
TNF A 5'-GCAAACCTTAAGGGTCTCAC-3’
TNF B 5'-GCAAGGGCTCTTGATGGCAG-3'

al, 1989, and Zack et a/, 1892), cells were lysed in urea
lysis buffer (4.7 M urea, 1.3% SDS, 0.23 M NaCl, 0.67 mM
EDTA, pH 8.0, 8.7 mM Tris—Cl, pH 8.0) at various times.
Lysates were extracted with phenol:chloroform (26:24:1
phenol:chloroform:iscamyl alcohol) and ethanol precipi-
tated. PCR reactions included approximately 1.8 pg DNA
(amounts of DNA were first normatized by PCR amplifica-
tion of a portion of the a-globin gene; data not shown),
0.25 mAf dNTPs, 50 mM NaCl, 26 mM Tris—ClI, pH 8.0,
5 mM MgCl,, 100 ug/ml bovine serum albumin, 50 ng
oligo 351 (Table 1), 30 ng 5' **P-labeled oligo 209 (Table
1), and 2.5 units Tag DNA polymerase (Boehringer-Mann-
heim). Twenty-five cycles of PCR were perfarmed (1 min
at 91°, 2 min at 60° for annealing and extension}. Prod-
ucts were analyzed by electrophoresis on 8% nondena-
turing palyacrylamide gels, followed by autoradiography.

Reverse transcriptase assays

Reverse transcriptase (RT) assays to guantitate virai
replication in FEA celis and in macrophages have been
described previcusly (Threadgill et al, 1993). In RT
assays using pelleted virus, culture supernatants were
clarified by low-speed centrifugation and virus was col-
lected by centrifugation through 20% glycerol at 25,000
rem for 2 hr in an SW28 rotor. Viral pellets were resus-
pended in 50 mM Tris—Cl, pH 8.0, and protein concentra-
tions measured using the Bio-Rad protein assay reagent.
Exogenous RT assays contained 20 ng recombinant EIAV
RT {LeGrice et al, 1991} or 0.4 mg/mi pelleted virus, 0.25
optical density unit of poly({rA} poly(dT)»-15, 50 mM Trig—
Cl, pH 8.0, 7.5 mM KCI, 2 mM DTT, 5 mM MgCl,, 50 uM
dUTP or dTTP, and 1.562 uM [PH]dUTP or imethy’-*HIdTTP.
Assays containing pelleted virus also contained 0.06%
NP-40 and 0.02% Triton X-100. Reactions were incubated
at 37° for 1 hr, and two aliquots were spotted on DE81
paper. One aliguot was washed twice in 2X 5SC (1X
SSC is 0,15 M NaCi plus 0.015 M sodium citrate), twice
with 95% ethanol, and dried. Samples were counted in
the presence of scintillation fluid (Cytoscint). Competition
RT reactions contained 1.562 uM [*H]dUTP and a total of
52 uM dUTP plus dTTP.

Endogenous RT assays contained 0.5 mg/ml virus, 0.1
M Tris—Cl, pH 8.0, & mM magnesium acetate, 50 mM
NaCl, 10 mM DTT, 0.02% Triton X-100, 200 uM each
dATP, dCTP, dGTP, and 38 uM dUTP or dTTP, and 1.52
uM PHIAUTP or [methy*HIdTTP {Rice and Coggins,
197Q). Reactions were incubatad at 42° for 1 hr and then
treated as above. Competiticn RT reactions contained
1.52 uM PFHIUTP and a total of 40 uM dUTP plus dTTP.

Exogenous RT assays in which recombinant dUTPase
{(Robek ef al, manuscript in preparation) was added in
trans were performed essentially as described above
except that the level of dUTPase activity present in WT
virions was determined and recombinant dUTPase (in
amounts yielding the units of activity indicated in Fig.
3C) was added to RT assays containing ADU virus or
recombinant RT (rRT).

Uracil-DNA glycosylase assays

infected equine macrophages were lysed in extraction
buffer (10 mM Tris—ClI, pH 8.0, 0.1 M EDTA, pH 8.0, 0.5%
SDS) at various times postinfection and DNA was pre-
pared by the method of Sambrook et a/. (1989). UDG
treatment and PCR were performed in reactions con-
taining 1 to 2 ug DNA, 0.26 mM dNTPs, 256 mM NaCl, 25
mM Tris—CI, pH 8.0, 5 mM MgCl,, 100 pg/mi bovine
serum albumin, 1 mAf DTT, 20 pmol each of EIAV poly-
merase region primers 3439 and 4519 (Table 1), and 1.0
to 2.5 units uracil-DNA glycosylase (UDG) {Boehringer-
Mannheim or Perkin—EImer). Primers to amplify & portion
of the equine tumor necrosis factor (TNF} gene {TNF A
and TNF B; Table 1) were added to provide an internat
control for PCR. Reactions were incubated for 1 hr at 37°
and 5 min at 95° for UDG treatment and DNA cleavage,
followed by the addition of 2.5 units of Tag DNA polymer-
ase for initiation of PCR. Preducts cf the reaction were
analyzed by electrophoresis on 1.2% agarose gels and
visualized by ethidium bromide staining. In scme experi-
ments Southern blot analysis was performed to confirm
the identity of the PCR products {(data not shown). UDG
treatment and amplification of DNA from infected FEA
cells were performed as described above except that 30
10 50 ng of ¥P-labeled 3439 and 4519 primers were used
in gach reaction, and equivalent amounts of PCR prod-
ucts were analyzed by electrophoresis on 4% nondena-
turing polyacrylamide gels.

Southern blot analysis

Macrophage or FEA cell DNA, prepared as described
abave, was fractionated by electrophoresis on 0.7% agar-
ose gels and transferred to nitrocellulose by standard
methods (Sambrock et a/, 1982). Membranes were sub-
jected to uv-crosslinking, baked at 80°, and prehybridized
for 1-2 hr in 68X SSPE, 10X Denhardts {1% Ficoll, 1%
polyvinylpyrrolidoneg, 1% bovine serum albumin), 1% SDS,
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and 50 pg/ml denatured salmon sperm DNA. Blots were
hybridized overnight in 6X SSPE, 1% SDS, 10% dextran
sulfate, 100 pg/ml denatured salmon sperm DNA, and 2
X 10° cpm/ml of a **P-labeled probe generated by ran-
dom primed synthesis of portions of a full-length EIAV
proviral clone. Membranes were washed as follows: two
times for 15 min at room temperature in 6X SSPE, 0.6%
SDS; two times for 15 min at 37° in 1X SSPE, 0.5% SDS;
and once for 20 min at 68° in 0.1X SSPE, 0.5% SDS,
followed by autoradicgraphy.

RNA preparation and Northern blot analysis

RNA was prepared either by the cesium chloride cen-
trifugation method described by Sambrook et al, (1989)
or by the method of Chomczynski and Sacchi as modified
by Xie and Rothblum (Chomczynski and Sacchi, 1987,
Xie and Rothblum, 1991). In the latter method, infected
FEA cells or macrophages were lysed in 1.9 M guanidi-
nium thiccyanate, 11.9 mM sodium citrate, pH 7.0, 95 mM
sodium acetate, pH 4.0, and 0.34% f-mercaptoethanol.
Water-saturated phenol and chloroform:isoamyl alcohol
(24:1} were added to 47.5 and 10%, respectively, and
lysates were vortexed and placed on ice for 20 min.
Nucleic acid in the agueous layer was precipitated with
an equal volume of isopropanol, washed twice with 70%
ethanol, and resuspended in DEPC-treated dH,0.

Samples were fractionated by electrophoresis in form-
aldehyde-containing agarose gels in 1X MOPS [0.02 M
MOPS (3-{N-marpholinolpropanesulfonic acid}, 5 mM so-
dium acetate, t mM EDTA, pH 7.0] with buffer circulation.
The gels were treated with 0.05 & NaOH for 30 min and
0.1 M Tris—Cl, pH 8.0, for 30 min and transferred to
nitrocellulose in 10X SSC. The membranes were sub-
jected to uv-crosslinking, baked at 80°, prehybridized in
1% bovine serum albumin, 0.4 M sodium phosphate, pH
7.2, 18% formamide, 1 mM EDTA, pH 8.0, and 7% SDS,
pH 7.2, at 85° for 1-2 hr, and hybridized overnight at 65°
with 3 X 10° cpm of probe. Probes used were either a
32p_labeled actin fragment generated by random primed
synthesis or a single-stranded DNA probe generated by
runotf PCR in the presence of a [**PJdCTP. This PCR-
generated probe hybridizes to the region of the RNA 5’
to the major splice donor site, thereby hybridizing to all
EIAV mRNAs. Membranes were washed 30 min at 50°
in 2x S8C, 1% SDS, 30 min at 50° in 0.2X SSC, 0.1%
3DS, and 30 min at 85° in 0.2X SSC, 0.1% SDS, followed
by autoradiography.

RESULTS

We have examined severat stages in the EIAV life cycle
that might be affected by the loss of dUTPase activity,
including reverse transcription, integration, and tran-
scription, using two dUTPase-deficient viruses. ADU
EiIAV, which contains a 270-bp deletion in the dUTPase

TABLE 2

Viral dUTPase Activity

dUTPase activity®

Virus {% conversion)
Wild type 360
ADU 17.0
DUPTE 20.5

# Vatues represent the percentage conversion of dUTP to dUMP plus
PP, and are the averages of two to three experiments.

domain, has been previously described {Threadgill et a/,
1993). The second virus, DU""'F, contains a single amino
acid substitution in the dUTPase domain and was con-
structed to confirm that the phenotype described for the
deletion mutant was in fact due solely to the loss of
dUTPase activity. In the current studies, we have com-
pared replication of WT and dUTPase-deficient viruses
in macrophages during the initial round(s) of infection
and prior to the onset of cytopathic effects in the WT
ElAV-infected cultures. Replication of both WT and dUT-
Pase-deficient EIAV was also characterized in the divid-
ing feline adenocarcinoma cell line, FEA, in which dUT-
Pase-deficient and WT viruses replicate to equivalent
titers,

Preparation and analysis of DUP'E ElAV

Site-directed mutagenesis was used 1o create an
aspartic acid to glutamic acid substitution at amino acid
number 71 of the EIAV dUTPase protein. Based on the
crystal structure of the £. coli dUTPase (Cedergren-Zep-
pezauer et al, 1992), this aspartic acid is predicted to
be in the active site of the enzyme. dUTPase D71E was
expressed in E. cofi, purified, and the enzymatic activity
of the mutant protein was assayed in standard dUTPase
assays. We were unable 1o detect dUTPase activity at
protein levels up to 100 times those used in assays of
WT recombinant EIAY dUTPase in our laboratory (data
not shown), indicating the critical nature of aspartic acid
71 for enzyme activity (Robek et al., manuscript in prepa-
ration). dUTPase D71E was then used to replace the
dUTPase domain of the infectious clone pSPEIAV19, and
DNA containing the mutation was transfected into FEA
celis for the production of viral stocks. As shown in Table
2, neither ADU nor DU""'® EIAV have significant dUT-
Pase activity compared 10 WT virus.

DUP”'F EIAV was then used to infect FEA cells to exam-
ine its replication phenotype and to obtain virus stocks
for macrophage infections. As seen in Fig. 1A, both dUT-
Pase-deficient viruses replicate 10 WT levels in FEA cells.
In contrast, as shown in Fig. 1B, the production of the
dUTPase-deficient viruses is only 2% of WT levels at 7
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FIG. 1. Growth curves of WT- and dUTPase-deficient EIAV in FEA
cells (A) and primary equine macrophage cultures {B). Equivalent
amounts (based on RT units} of each virus stock were used for infec-
tiens. Virus replication was monitored by RT assay.

days postinfection, when WT cultures exhibit maximum
cytopathic effects.

Viral DNA synthesis

The kinetics of viral DNA synthesis by WT and ADU
viruses were examined in both FEA cells and macro-
phages to determine if the replication defect of dUTPase-
deficient EIAV in macrophages could be attributed to a
block in viral DNA synthesis. Cells were incubated with
equivalent amounts of virus, as measured by reverse
transcriptase activity, and lysed at various times postin-
fection. PCR was then used to analyze the progress of
viral DNA production, using a primer pair (209 and 351;
see Table 1 and Fig. 2A) designed to amplify only full-
length or nearly full-length viral DNA. As shown In Fig.
2A, full-length DNA can be detected by PCR analysis at
4 hr postinfection of FEA cells; no reproducible differ-
ences in viral DNA synthesis were observed between
the WT and ADU viruses. In macrophages the kinetics
of DNA synthesis appear 1o be slower, with synthesis
of full-length viral DNA occurring between 6 and 24 hr
postinfection. In contrast to FEA cell infections, where
approximately equivalent amounts of PCR product were
obtained for WT and ADU, we repeatedly see an in-
crease in the amount of PCR product obtained from
ADU-infected macrophages. Similar results were ob-
tained using other primer pairs and following normaliza-

tion of input DNA vy PCR amplification of a portion of
the a-globin gene (data not showny), indicating that ADU
viral DNA synthesis may be more efficient than WT in
macrophages. While we cannot rigorously rule out a
higher quantity of input ADU virus in the experiment
shown, this explanation seems unlikely as we have seen
similar results with the use of different virus stocks. We
also fail to observe reproducible differences in PCR prod-
uct accumulation in infected FEA cells. An alternative
explanation is that the ability of ADU virions to utilize
dUTP as well as dTTP for DNA synthesis (see Fig. 3)
could facilitate viral DNA production when deoxynucleo-
tide pools are low, as might be encountered in nondivid-
ing macrophages (O'Brien et al., 1994).

Viral DNA synthesis in macrophages was also exam-
ined directly by Southern blot analysis. DNA was ob-
tained from WT, ADU, and DU®'E ElAV-infected macro-
phages at 48 to 72 hr postinfection. Undigested DNA
was analyzed by electrophoresis on 0.7% agarose gels,
transfarred to nitrocellulose membranes, and probed
with EIAV-specific probes. As shown in Fig. 2B, full-length
unintegrated linear EIAV DNA is apparent at 48 or 72 hr
postinfection for all viruses; similar results have been
obtained as early as 24 hr postinfection {data not shown).
The results from both PCR and Scuthern biot analyses
reveal that the replication block of dUTPase-deficient vi-
ruses in macrophages occurs at a step after the synthe-
sis of viral DNA,

Detection of uracil in viral DNA

Following the observation that dUTPase-deficient vi-
ruses efficiently synthesize viral DNA, we sought to deter-
mine if EIAV RT could utilize uracil in the presence or
absence of dUTPase. Both in vitro and in vivo studies
were performed. First we examined the ability of EIAV
RT to incorperate uracil intc DNA products in both exoge-
nous and endogenous RT assays. In the exogenous reac-
tion, pefleted virus or recombinant EIAY RT were incu-
bated with poly(rA) poh{dT):s-15, and either FH]dUTP or
[methyi-*HIdTTP. In the endogenous reactions, pelleted
virions were utilized beth as a source of RT and of tem-
plate RNA. As shown in Fig. 3A, ADU EIAV is capable
of incorporating either dUTP or dTTP into DNA products,
while the WT virus does not efficiently utilize dUTP. Also
shown in Fig. 3A, recombinant EIAV 8T, similar to other
DNA polymerases (El-Hajj et al,, 1988; Focher et af., 1990;
Mosbaugh, 1988), utilizes dUTP. Figure 3B shows com-
petiticn experiments in which ADU virions were incu-
bated with [*H]dUTP and varying ratios of dUTP to dTTP.
These results indicate that in the absence of an active
dUTPase, virion-associated RT does not show a strong
preference for dTTP vs dUTP. To quantitate the ability
of recombinant EIAV RT to utilize dUTP vs dTTP, we
determined the Kms for each substrate using a poly{rA}
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FIG. 2. Analysis of DNA synthesis of ADU and WT EIAV in macrophages and FEA cells. (A} Primers 209 (5' ®*P-labeled) and 351 were used for
PCR amplification of DMA recovered from macrophages of FEA cells at the indicated times postinfection. Primers 208/351 amplify only completed
or nearly completed deuble-stranded viral DNA. PCR reaction products wers analyzed by electrophoresis on nondenaturing polyacrylamide gels
followed by sutoradiography. {B) Southern blot analysis of viral DNA from equine macrophages. Samples of total DNA recovered (at the indicated
times postinfection) from uninfectec cells or cells infectad with ADU, DU, or WT EIAV were electrophoresed on 0.7% agarose gels, transfarred
1o nitroceilulose membranes, and probed with **P-labeled probes as described under Materials and Methods. Blots from two independent infections
comparing ADU and WT, and DUP™'® and WT, are shown. (C) Scuthern blot analysis of total DNA from persistently infected FEA cells. DNA samples
were untreated or digested with restriction enzyme Miul as indicated. A pertion of the ethidium bromice-stained gel, showing the high-molecular-
weight DNA, is shown directly beneath the autcradicgram. The stained gel shows little evidence of chromosomal DNA digestion by Miul.

paly{dT),»_ 15 template. The calculated Kms for the recom-
binant enzyme were 16 and 20 puM for dUTP and dTTP,
respectively.

Finally, we determined the level of dUTPase present
in WT virions and performed a reconstitution experi-
ment by the addition of recombinant dUTPase to ADU
virions. As shown in Fig. 3C, we see little incorporation
of dUTP into DNA products with the addition of recom-
binant dUTPase at levels 5- to 40-fold lower than those
found in WT virions. Similarly, if we add 50 unitg of
recombinant dUTPase to reactions containing recom-
binant EIAV RT, we see little utilization of dUTP {Fig.
3C). Taken together, this group of experiments sug-
gests that the dUTPase activity present in WT EIAV
keeps local concentrations of dUTP low so that this
decoxynucleotide is not available for utilization by RT,
which does not show a strong preference for dTTP as
compared to dUTP.

After determining that ADU virions incorporate uracil
intc DNA in vitro, we examined the viral DNA recovered
from infected macrophages for the presence of uracil.
DNA samples were incubated with UDG, which specifi-
cally removes the uracil base from DNA, leaving apyri-
midinic sites. The samples were then heated, causing
strand breaks at the apyrimidinic sites, and PCR was
performed to see if amplification of EIAV DNA was abro-
gated by this treatment. A region of the polymerase gene,
flanking the dUTPase region, was ampiified; the WT and
DUP"E amplification products are 1103 bp while the ADU

amplification product is 833 bp, reflecting the 270-bp de-
letion of the DU region. A portion of the equing TNF gene
was also amplified in each reaction as an internal control
for UDG treatment and amplification efficiency. As shown
in Fig. 4, the ability to amplify EIAV sequences from ADU-
or DUP"E-infected macrophages decreases following
UDG treatment (compare the amount of viral-specific
product in gach lane with the internal TNF contrel}. in
contrast, there is little decrease in the EIAV-specific prod-
uct obtained from UDG-treated WT-infected macro-
phages. The above experiments were performed using
five different DNA sets with similar results (data not
shown).

Figure 4B presents another set of control experiments
for UDG treatment that was performed using DNA from
WT- or ADU-infected FEA cells, in which these viruses
replicate 10 equivalent titers. PCR was performed using
¥p.|abeled primers, and equivalent amounts of each re-
action were analyzed by gel electrophoresis and autora-
diography. The TNF internal control was not used for
the FEA samples as the primers are based on equine
sequence and do not amplify feline DNA. In these experi-
ments, in conrast to the resulis observed with macro-
phages, accumulation of viral-specific PCR products was
simitar for ADU and WT infections, although the total
amount of PCR product appears to decrease with UDG
treatment of either sample. The results of the UDG treat-
ment experiments described above, although not quanti-
tative, strongly suggest that uracil is present in viral DNA
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FIG. 3. {A) Exogenous and endogenous RT assays to determine utilization of dUTP by EIAV RT. ADU or WT virions, or recombinant EIAY RT,
were incubated with *H-labeled dUTP or dTTP and either a poly(rA) poly(dT),,-s substrate (exogenous reaction} or the viral RNA template (endogenous
reaction). {B) Competition reactions to determine if virion-associated RT has a preference for dTTP vs dUTP. ADU virions were incubated with
templates (as in A} and various ratios of dUTP to dTTP. (C) Reconstiwution experiments in which RT reactions containing WT or ADU virions or 20
ng of recombinant RT (rRT) were supplemented with up to 125 units of recombinant EIAV dUTPase as indicated. The WT virus sample contained

approximately 1000 units of virion-associated dUTPase activity.

products synthesized by dUTPase-deficient viruses in
macrophages.

integration

As it is possible that viral DNA containing uracil would
be subject to host repair mechanisms that would prevent
integration, we attempted (o quantitate the amount of
integrated provirus found in macrophages early after in-
fection by analysis of Southern blots of macrophage
DNA. The blots in Fig. 2B show a specific hybridization
signal in the region of high-molecular-weight chromo-

somal DNA {compare EIAV-infected to uninfected lanes).
Upon examination of blots from several infections, we
routinely observed slightly less signal in the high-molecu-
lar-weight region for DNA from ADU-infected macro-
phages. Using densitometry, the amount of high-molecu-
lar-weight signal (integrated viral DNA) was compared
to that of the unintegrated linear DNA present in each
sample. The ratio of the signal corresponding to high-
molecular-weight DNA to the signal corresponding to
unintegrated viral DNA was an average of 2.4 times lower
with the ADU virus than with the WT (with five sets of
ADU and WT DNA analyzed). Similar results were ob-
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FIG. 4, Uracit—DNA glycosylase {UDG) analysis of viral DNA from macrophages {A) and FEA cells (B). DNA from infected cells was treated with
UDG as described under Materials and Methods and amplified with primers 3439 and 4519. The ADU amplification product is 833 bp vs 1103 bp
for WT and DU®"'E, reflecting the 270-bp deletion in the dUTPase region. Primers TNF A and TNF B were added to the reactions to provide internal

controls for quantity of input DNA, UDG treatment, and amplification.

tained in two DUY'E infections. In conlrast, as shown in
Fig. 2C, when persistently infecied FEA cells were used
as a source of DNA, no difference was cbserved in the
amount of EIAV sequences present in the high-molecu-
lar-weight region of the gel. The EIAV-specific hybridiza-
tion signals seen in the high-molecular-weight regicns
of the gels in Figs 2B and 2C likely represent integrated
provirug. Although we can not rigorously rule out that
this hybridization is due to trapped unintegrated viral
DNA, digestion of FEA ceil DNA with Miul, which cuts
once within each viral LTR but which cuts chromosomal
DNA very rarely, canverts most of the signal present in
the high-molecular-weight DNA region to an 8-kb linear
species (see Fig. 3C). As shown in Fig. 3C, ethidium
bromide staining reveals that Mful treatment does not
decrease the size of the bulk of the chremosomal DNA.
Due to low recoveries of DNA from macrophages, we
used a PCR-based assay (based on the assay in Lewis
et al, 1992, and lLewis and Emeéerman, 1994) to detect
integrated viral DNA in these cells and were able amplify
PCR products reflective of integrated proviral DNA {data
not shown). Therefare, ADU and DU™'F appear to inte-
grate their DNA during macrophage infection, atthocugh
somewhat less efficiently than WT.

Transcription

Steady-state teveis of viral RNA were examined by
Northern blot analysis, as it is possible that the presence
of uracil in viral DNA, or the disruption of proviral se-
quences via host-mediated repair processes during or
after integration, might result in decreased production of
viral franscripts. RNA was prepared from infected macro-
phages at 72 hr postinfaction and from persistently in-
fected FEA cells, separated by electrophoresis cn formal-
dehyde-containing agarose gels, and probed with actin-
and viral-specific probes. As shown in Fig. 5, viral tran-
scripts are detected in both cell types; however, the
steady-state levels of the ADU transcripts are decreased

compared 1o WT. Quantitation by densitometry performed
on a Northern blot from macrophages {shown in Fig. BA)
indicates about a 25-fold decrease in the levels of ADU
multiply spliced messages compared to those of WT.
Levels of singly spliced and full-length messages are
even more severely decreased (approximately 85- and
300-fold, respectively; all samples were normalized by
comparison of actin signals). This is & minimum estimate,
as other Northern blots [including two performad with
DUP™'E (data not shown)] do not show detactable levals
of viral transcripts although the amotint of actin hybridiza-
tion in thesa samples is comparabie to that seen with
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FiG. 5. Northern blot analyses. (A) RNA recovered from uninfecied
and ADU- or WT-infected macrophages at 72 hr postinfection. (B) RNA
recovered from persistently infected FEA cells. Viral transcripts were
detected using a single-stranded viral-specific probe as described un-
der Materials and Mathods. The labeled viral bands are: (a) full-length
viral RNA, {b) singly spliced viral RNA, (¢) muftiply spliced viral RNA,
and (d) actin mRNA. The unlabeled high-molecular-weight bands in A
corrgspond to the position of the wells and represent RNAs retained
in the wells.
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RNA from WT-infected macrophages. Quantitation by
densitometry of viral transcripts from persistently in-
fected FEA cells indicates only a 3-fold difference in lev-
els of ADU messages as compared to those of WT (in
analysis of two sets of RNA samples; see Fig. BB). The
decrease in the steady-state levels of viral transcripts
observed in macrophages infected with dUTPase-defi-
cient viruses could account for the 100-fold decrease in
virus production in this cell type.

DISCUSSION
DuD71E

EIAV encodes a dUTPase whose activity has been
previously shown to be important for replication in equine
macrophages, the natural host cell for this virus (Thread-
gill et af, 1993). Another dUTPase-defective virus, DUP'E,
has been created to expand our studies of EIAV dUT-
Pase, and the block({s) to the replication of dUTPase-
deficient viruses in macrophages has been investigated.
The DUP™'® virus was constructed 1o address concerns
that the replication phenotype of ADU EIAV in macro-
phages was not due sclely to the lack of dUTPase activ-
ity, but might be an artifact of the deletion itself, such as
an unforeseen effect on integration, splicing, or polypro-
tein processing. In DUPF EIAV, the replacement of an
aspartic acid with a glutamic acid in the putative dUT-
Pase active site was the result of a single nucleotide
substitution, making it unlikely to result in unforeseen
secondary effects on virus replication. As the replication
of both ADU and DUP'E E|AV are essentially identical
in macrophages, we conclude that the loss of dUTPase
activity itself is the most likely explanation for poor repli-
cation of these viruses. The introduction of exogenous
dUTPase into macrophages to complement dUTPase-
deficient EIAV would confirm our conclusions; however,
due to the low transfection efficiency of macrophages,
this experiment is unfeasible at this time.

Production of viral DNA

As a first step toward elucidating the replication
block(s} of dUTPase-deficient viruses in macrophages,
the synthesis of viral DNA was examined by PCR and
Southern blot analysis. Fuil-length viral DNA can be de-
tected in FEA cells by 4 hr and in macrophages by 24
hr following infection with either WT or ADU EIAV. Thus
a block to viral DNA synthesis is not the cause for the
observed difference in replication efficiency of these two
viruses in macrophages. These experiments do reveal a
difference in the rate of accumulation of viral DNA in
FEA cells vs macrophages, however. This difference is
probably not due to the quantity of input virus, as a
stightly higher muttiplicity of infection was used with mac-
rophages than with FEA cells. Instead, the results may

reflect differences in deoxynucleotide pools between ac-
tively dividing (FEA) and highly differentiated nondividing
(macrophage) cells. Studies on HIV-1 replication in mac-
rophages indicate that production of viral DNA in these
cells is slower than in stimulated peripheral blood lym-
phocytes and H9 cells, presumably due to the low levels
of deoxynuclectide triphosphate substrates in the nondi-
viding ¢ells (Collin and Gordon, 1994; O'Brien et a/., 1994).

Interestingly, as seen in Fig. 2A, more PCR product is
obtained from ADU- than from WT-infected macrophages
at all ime points, indicating the presence of more viral DNA
in the ADU-infected cultures. This may be a consequence
of the ability of ADU EIAV to incorporate both dUTP and
dTTP into viral DNA: perhaps reverse transcription can pro-
ceed mare rapidly with the use of both deoxynucleotides
in an environment where nucleotide pools might be low.
Both in witro and in vivo data indicate that uracil can be
incorporated into viral DNA by EIAV RT, One critical function
of cellular dUTPases is the maintenance of a low ratio of
dUTP 1o dTTP in dividing cells, thereby indirectly preventing
the incorporaticn of uracil into nascent DNA by DNA poly-
merases. RT assays indicate that EIAV RT can utilize either
dUTP or dTTP for DNA synthesis (Figs. 3A and 3B). Studies
in which recombinant dUTPase protein was added in trans
to ADU virions or recombinant RT (Fig. 3C}) suggest that
the presence of dUTPase keeps local concentrations of
dUTP low and prevents its incorporation into viral DNA,
similar to the situation found with cellular dUTPases and
DNA polymerases. The ability to add exogenous recombi-
nant dUTPase to dUTPase-deficient virions, thereby restor-
ing the “WT" phenotype, also suggests that an intimate
association between dUTPase and other viral proteins (i.e.,
RT} is not required, although our results have not yet been
confirmed by addition of heterologous (i.e., £. co/i) dUTPase
in trans.

Examination of ADU or DU®"*E viral DNA from macro-
phages by treatment of the DNA with uracil—DNA glyco-
sylase followed by PCR amplification indicates this DNA
does indeed contain uracil {Fig. 4). The most plausible
explanation for higher levels of uracil in viral DNA in
macrophages than in FEA cells is that macrophages,
as nondividing cells, may have lower levels of dUTPase
activity {and a higher dUTP:dTTP ratio} than the proliferat-
ing FEA cells.

As shown in Fig. 2B, some ADU and DU"'® DNA
becomes integrated in the macrophage, as evidenced
by the presence of a EIAV-specific signal in the region
of the biots containing high-molecular-weight DNA.
Quantitation by densitometry indicates a two- to threefold
decrease in the ratio of integrated to unintegrated in
infections with the dUTPase-deficient viruses. Quantita-
tion was performed using the amount of unintegrated
viral DNA present in each lane to control for variables
such as differences in input virus or efficiency of reverse
transcription, as well as for any differences in sample
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loading. In contrast to macrophages, both WT and ADU
viruges integrated to an equivalent level in persistently
infected FEA cells, indicating that the dUTPase region
deletion did not influence viral integrase expression, pra-
cessing, or function.

We are currently unable to determine if the decrease
in the amount of integrated viral DNA in macrophages
contributes significantly to the phenotype of decreased
virus production. The estimate of a two- to threefold re-
duction in integrated DNA assumes that the hybridization
signal is proportional to the number of full-length inte-
grated proviruses. If the presence of uracil in viral DNA
does result in deletions, recombination events, or an ac-
cumulation of paint mutations during or after integration,
then the amount of proviral DNA capable of supporting
virus replication could be lower than estimated.

Transcription

The steady-state levels of viral RNA were examined
by Northern blot analysis. As shown in Fig. 5, the steady-
state level of ADU transcripts is decreased compared
to that of the WT virus in both cell types. In FEA cells,
we see a decrease of only about 3-fold in all viral tran-
scripts and the proportions of muliiply spliced, singly
spliced, and unspliced mRNAs are similar for both vi-
ruses. in contrast, steady-state mRNA levels are much
more dramatically decreased in ADU- and DUP""Ein-
fected macrophages. Quantitation of the Northern blot
shown in Fig. bA reveals about a 25-fold decrease in the
level of multiply spliced transcripts, an 85-fold decrease
in singly spliced transcripts, and a 300-fold decrease in
the full-length message. The greater decrease in levels
of singly spliced and full-length messages may reflect
decreased levels of Rev protein encoded from multiply
spliced transcripts. Other Northern blots with RNA recov-
ered from infected macraphages were performed (data
not shown) in which no ADU or DU""'E viral transcripts
were detected; therefore, the numbers stated above are
minimal estimates. These experiments suggest that one
of the blocks to replication of dUTPase-defective EIAV in
macrophages is a severe decrease in the steady-state
levels of viral transcripts.

Role of dUTPase in EIAV replication

OQur findings indicate that the majeor block(s) to replica-
tion of dUTPase-deficient EIAV in macrophages occurs
after synthesis of viral DNA and results in reduced fevels
of viral transcripts. The data also suggest that reduced
replication results from the accumulation of uracil in viral
DNA; however, we have not determined the molecular
basis for these events.

One possibility is that viral integrase function might be
affected by uracil-substituted DNA, although retroviral integ-
rases recognize and require only 6 to 15 nucleotides at the

ends of the linear viral DNA template (Bushman and Crai-
gie, 1991; Katzman et af, 1983; Sherman et al,, 1992; Vink
ef al, 1991). Integration of intact proviruses might atsc be
affected, however, if UDG and apyrimidinic endonuclease
are present and active in adherent macrophages. Repair
processes could lead to single-stranded regions resulting
in increased levels of recombination, rearrangements, and
deletions or an accumulation of point mutations. The loss
of provirus integrity would affect all later steps in virus
replication. Aithough levels of UDG are generally high dur-
ing DNA replication and low in nondividing cells (Duker
and Grant, 1980; Richards et a/, 1986), we cannot rule out
that maintenance levels of these enzymes may be present
in nondividing macrophages.

A second possibility is that transcription is decreased
due to the stable incorporation of uracil in intact proviral
DNA. The results of a single experiment in which UDG
treatment and PCR amplification of integrated DNA were
performed (data not shown) suggest uracil is present in
integrated DNA from ADU-infected macrophages. It has
been demonstrated in yeast that in a repair-deficient ge-
netic background, the accumulation of uracil in DNA
leads to cell death, apparently due to a generalized fail-
ure in macromolecular biosynthesis (Gadsden et al,
1893} it was not determined if this was due to decreased
or disregulated transcription. [t has been demonstrated,
however, that uracil, when substituted for thymine, can
alter protein—DNA interactions /n witro in a variety of
systems, including Fos—Jun complexes on the TPA re-
sponsive element {Risse ot al, 1989), Hela cell nuclear
proteing 1o the cAMP responsive element {Verri et af,
1990), herpes origin-binding protein to its origin of repli-
cation {site | of Orig) {Focher et al, 1992), E. coli RNA
polymerase on the lambda Py promoter (Dubendorff et
al, 1987), and the Lac repressor to the /ac operator
(Goeddel et af, 1977).

In summary, we have demonstrated that EIAV requires
its virally encoded dUTPase for efficient replication in
macrophages, the primary host cell for this virus. It ap-
pears that reduced replication in macrophages results
fram the incorporation of uracil into viral DNA, We are
currently attempting to quantitate uracil incorpgration
and are investigating the molecular events leading to
reduced levels of viral transcripts. These studies may
lead to a better understanding of the viral adaptations
required for replication in nondividing host cells and may
provide an in vivo model system for examining the effects
of uracil in DNA.
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