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ABSTRACT. Permeabilized preparations of equine infectious anemia virus (EIAV) are shown here to support
efficient and accurate synthesis of full-length double-stranded proviral DNA. Whgarfd (+) strand
products were analyzed by Southern blotting, a discontinuity, mapping approximately to the center of the
EIAV genome, could be demonstrated for the) Strand, predicting a second site for initiation of DNA
synthesis and a specific mechanism &f) (strand termination. Precise localization of thig)(strand

origin within the integrase (IN) coding region was achieved through its in vitro selection and extension
into, and excision from, nascent DNA by purified recombinant p66/p51 EIAV reverse transcriptase (RT),
suggesting that the EIAV genome harbors a central polypurine tract (cPPT). In addition, a model system
was developed for evaluating whether sequences immediately downstream of the cPPT would terminate
(+) strand synthesis in the context of strand displacement. Such a sequence was indeed discovered which
functions in a manner analogous to that of the central termination sequence (CTS) of HIV, where A-tract-
induced minor groove compression has been suggested to induce localized distortion of the nucleic acid
duplex and termination off{) strand synthesis. This interpretation is reinforced by experiments indicating
that read-through of the CTS can be efficiently promoted by substituting 2,6-diaminopurine for adenine,
thereby relieving minor groove compression. The nucleotide substitution can also shift the site of termination
in strand displacementH) strand synthesis. Collectively, our data support proposals that lentiviruses
may have evolved specialized mechanisms for initiating and terminatihgt(and DNA synthesis at the
center of their genomes.

Plus (+) strand synthesis in retroviruses requires selection ruses, including visna virug), human immunodeficiency
of, and initiation from, the polypurine tract (PETRRNA virus types 1 and 2 (HIV-1 and HIV-2, respectivel\) @),
primer, a short (1316 nucleotides) purine-rich region simian foamy virus LK-3 %), and human and simian
located near the'3nd of the ) RNA genome generated spumavirusesg), is the presence of a second copy of the
through resistance of this RNADNA replication intermedi- PPT at the center of the genome (within the integrase coding
ate to ribonuclease H (RNase H)-mediated hydrolys)s (  region), utilization of which has been implicated from a
After initiation, this primer must be accurately removed from specific (+) strand discontinuity. Although the replicative
the nascent) strand DNA to provide the appropriaté 5 advantage derived from an additionat)(strand initiation
long terminal repeat sequence for recognition by the retroviral site (designated the central or cPPT) is not immediately clear,
integration machinery. A feature common to several lentivi- altering this sequence in HIV-1 (while preserving the IN
reading frame) has been shown to impair virus replication
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(10) and Levigne et al.[1) have indeed demonstrated that
termination is elicited through an element located down-
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Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 units/mL penicillin, and 1Q@y/mL

stream of the cPPT, which these authors designated thestreptomycin. Medium from culture flasks or roller-bottle
central termination sequence or CTS. Distinguishing featurescultures was harvested daily, clarified by centrifugation at

of the CTS are multiple A-tracts, which induce localized
distortion of duplex DNA. The phenomenon of DNA bending
and its role in mediating important biological events,
including regulation of gene expression and chromatin
structure, have been demonstrat&é®15). In HIV, the role

of a CTS duplex would be realized when the polymerizing

260Qy for 15 min, and stored frozen at70 °C with or
without being concentrated by ultracentrifugation as previ-
ously described22).

Endogenous RT Reactio@ell culture medium containing
EIAV was adjusted to 50 mM Tris-HCI (pH 8.1), 3 mM
MgClz, 3 MM EGTA, 0.05% NP-40, and each dNTP at 100

machinery, arriving at the cPPT following the second strand M, unless otherwise specified. The concentration of DMEM

transfer eventX0), encounters duplex DNA arising from
cPPT-primed+) strand synthesis and moves into the strand

was 90%, which contributed 73 mM NaCl, 40 mM NaH§ O
22 mM HEPES, 1.6 mM Cagl4.9 mM MgSQ, and 22

displacement mode. At the same time, the CTS is createdmM glucose, together with trace metals, amino acids, and

during cPPT-primed-f) strand synthesis, a stage at which
it must not present a barrier to the polymerizing enzyme.

vitamins. Permeabilized virions were incubated 2oh at
39-41 °C, after which EDTA was added to a final

The CTS thus represents another unique structure encouneoncentration of 5 mM. Virions were precipitated by adding
tered by RT, a multifunctional enzyme which accommodates 0.5 volume of 30% polyethylene glycol (PEG) (8000 MW)

several conformationally distinct nucleic acid duplexes during
retroviral replication {6). However, our current understand-
ing of CTS-mediated events is restricted to HIV-1, and its
significance would benefit from detailed studies with ad-
ditional lentiviruses.

and 0.4 M NaCl and incubating at°€ for 2 h. For direct
labeling, [-3?P]JdCTP was included in the incubation cock-
tail. The precipitate was collected by centrifugation for 30
min and resuspended to—830% of the original medium
volume in 10 mM Tris-HCI (pH 7.5), 100 mM NacCl, 1 mM

Despite their structural similarity and amino acid sequence EDTA, and 0.1% SDS. Proteinase K was added to a final

homology, the RTs of EIAV and HIV exhibit significant
differences in their enzymatic properties. This was best
demonstrated with p51 EIAV RT, which in contrast to its

concentration of 10&g/mL, and the reaction mixture was
incubated fo 1 h at 56°C. DNA samples were subjected to
electrophoresis in alkaline agarose gels (1%), transferred to

HIV-1 counterpart associates into a stable homodimer, but nitrocellulose membrane®3), and analyzed with théP-

catalyzes distributive DNA synthesisq, 18). More recently,

we showed that RNase H-mediated hydrolysis is more
stringently controlled by EIAV RT; i.e., while the HIV
enzyme cleaves an RNADNA hybrid some 1724 nucleo-
tides behind the DNA primer’'30H, the equine enzyme
cleaves almost exclusively at positionl7 (19). Finally,
although HIV and EIAV share a common tRNA replication
primer (tRNAYS3), EIAV RT fails to initiate tRNA-primed
(—) strand synthesis on the HIV-1 genome, while HIV-1 RT
readily supports the equivalent event on the EIAV genome

labeled probes described below.

Hybridization ExperimentsProducts of the endogenous
reaction were evaluated with several oligonucleotides (Syn-
thecell) spanning the complete- and (+) strands of the
EIAV genome (Figure 2A). Oligonucleotides were radio-
labeled with -3?2P]JATP and T4 polynucleotide kinase
according to standard protocols. Hybridization of these
probes to immobilized DNA was performed in a hybridiza-
tion buffer containing % SSC (Ix SSC being 0.15 M NaCl
and 0.015 M sodium citrate), X0Denhardt’s solution (0.2%

(20). On the basis of these findings, we elected to investigate ficoll, 0.2% polyvinylpyrrolidone, and 0.2% bovine serum

whether () strand DNA synthesis in EIAV is mediated

albumin), 10Qug/mL herring sperm DNA, 50 mM Tris-HCI

through a second cPPT whose sequence is similar to that of(pH 7.5), 0.1% sodium pyrophosphate, 0.5% SDS, 5 mM

the 3 PPT and, if so, whether cPPT-mediatet) (strand

EDTA, 1 mM EGTA, and 50% deionized formamide at 42

synthesis is subject to CTS-mediated termination. To answer°C for several hours. This was followed by overnight
the first of these questions, an endogenous EIAV reversehybridization at 42C in 6x SSC, 0.1% SDS, 2 Denhardt's
transcription system was developed which can be performedsolution, and 50@L of tRNA. Thereafter, membranes were

in the presence of culture medium and without prior virion

concentration. Analysis of the products of such reactions with
multiple () strand DNA probes suggests utilization of a

cPPT. Surprisingly, EIAV ) strand DNA synthesis was

washed with % SSC for 30 min, 0.5 SSC, and 0.1% SDS
for 20 min, and finally with 0.5 SSC, 0.1% SDS, and 0.1%
sodium pyrophosphate for 20 min. All washes were con-
ducted at the hybridization temperature (4. In all cases,

sensitive to dNTP concentrations, suggesting these mightmembranes were exposed to Kodak X-Omat AR film for

influence RNase H activity and “clearance” of) strand
RNA from the RNA-DNA replication intermediate. En-

autoradiography.
cPPT Selection and ExtensioAn RNA—DNA hybrid,

dogenous studies were complemented by a combination ofwithin which the putative EIAV cPPT was embedded, was

in vitro assays with model RNADNA hybrids and purified

used to evaluatet) strand synthesis at the center of the

recombinant enzymes, which allowed precise location of the genome. Plasmid pECP, containing the appropriate sequence

origin of cPPT-primed ) strand synthesis and evaluation
of termination in its immediate vicinity at the EIAV CTS.

MATERIALS AND METHODS

Virus and Cell Culture Equine dermal cells, chronically
infected with the Malmquist strain of EIAV (ATCC VR-
778; 21), were cultured in Dulbecco’s Modified Eagle’'s

of the EIAV genome (J. W. Rausch, unpublished), was
transcribed in vitro to generate anl20-nucleotide RNA,
which was purified by denaturing polyacrylamide gel elec-
trophoresis. A 20-nucleotide DNA primer was hybridized
to the 3 terminus of this RNA and extended with RNase
H-deficient HIV-1 RT derivative Z4) in a buffer of 10 mM
Tris-HCI (pH 8.0), 6 mM MgC}4, 80 mM NaCl, 5 mM DTT,
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and 200uM dNTPs for 60 min at 37C. DNA synthesis
was terminated by extraction with an equal volume of 1:1
phenol/chloroform (v/v), after which nucleic acids in the

Complete

{-) EGTA
{-) NP-40

aqueous phase were precipitated with 3 volumes of 100% Kb
ethanol and 0.1 volumefd3 M NaOAc (pH 5.0), and

resuspended in nondenaturing gel-loading buffer (30% 94 -
glycerol, 0.25% bromophenol blue, and 0.25% xylene E
cyanol). The RNA-DNA hybrid was purified from a 10% 66 - ~
polyacrylamide gel and quantified spectroscopically. To g

evaluate ¢) strand synthesis, hybrid (50 nM) was incubated
with recombinant wild-type EIAV RT (85 nM), 50M 4.4 -
dNTPs, and ¢-*?P]dATP in the reaction buffer described
above for 60 min at 37C. Synthesis was terminated by
thermal denaturation at 9 for 2 min, after which 50%
of each mixture was supplemented with 0.3 volume of 1 N
NaOH and incubated at 6% for 20 min to remove thet() 23 -
strand RNA primer. The remaining portion was stored at 4 2.0
°C. Products were precipitated, resuspended in a urea-based
gel-loading buffer, and evaluated by high-resolution denatur-
ing gel electrophoresis and autoradiography. For localization
of the cPPT initiation site, the appropriate)(strand DNA
fragment of plasmid pEC (a gift from S. L. Payne) was
sequenced using the dsDNA Cycle Sequencing System 06 -
(Gibco BRL). For comparative purposes, equivalent experi- ’
ments were conducted with the p66/p51 HIV-1 enzyme.

CTS-Mediated Termination of) Strand Synthesi#\ 400
bp sequence of the EIAV genome, encompassing the cPPT 03kb — - nni "op
and putative termination signal, was amplified by PCR and
cloned into the pCR Il vector using a TA cloning kit 02kb — - wmm
(Invitrogen). Single-stranded-) strand DNA was prepared
usingabotnylted ) srand and nonboty e e e i
primer @5). The sequence was amplified by PCR and \F/)vere labeled dri)rectly by incorpor&?tion of radioactive dC%)'P.
denatured, after which the biotinylated strand was bound to ajthough the concentration of the virions is not necessary for the
streptavidin by incubation at room temperature for 5 min. endogenous reverse transcription reaction, both EGTA and NP-40
PCR products were fractionated by denaturing polyacryl- are required for full-length synthesis.
amide gel electrophoresis and detected by UV shadowing. ]
(+) strand DNA complexed with streptavidin is readily Was annealed to the-) strand template together with the
separated from the<) strand via its altered electrophoretic "adiolabeled cPPT primer. For experiments incorporating 2,6-
mobility. This product was excised from the gel and eluted. diaminopurine triphosphate in place of dATP during cPPT-

A 17-nucleotide DNA copy encompassing the EIAV cPPT Primed (F) strand synthesis, the nucleotide analogue was
(5-AACAAAGGGAGGGAAAG-3) was 3 end-labeled substituted in the dNTP cocktail at a final concentration of
with [y-32PJATP and polynucleotide kinase according to 10 Or 50uM.
standard methodologies and annealed to the purified ( RESULTS
strand template containing sequences complementary to the
cPPT and surrounding regions. DNA synthesis was initiated Endogenous EIAV ReactiorRetroviral reverse tran-
from this primer by adding recombinant p66/p51 EIAV RT scriptase activity (the exogeneous reaction) is most frequently
to a reaction mixture consisting of annealed temptatémer, evaluated under conditions where aliquots of cell culture
200 uM dNTP mix, 50 mM Tris-HCI (pH 7.8), 100 mM  medium are added to a cocktail containing temptatemer
KCI, 10 mM MgCk, and 10 mM DTT. The reaction mixture  and components essential for incorporation of labeled dNTP
was incubated at 37C, and aliquots were removed at times into polydeoxynucleotide. For the endogeneous reaction,
indicated in the text and mixed with an equal volume of urea however, virus is typically concentrated and resuspended in
loading buffer [7 M urea, 0.5% (w/v) xylene cyanol, 0.5% a cocktail optimized for production of high-molecular weight
(w/v) bromophenol blue, and 10 mM EDTA]. DNA synthesis transcripts. A simplified endogeneous reaction protocol was
products were fractionated by high-voltage gel electrophore- developed for evaluating reverse transcription directly in cell
sis through 8% (w/v) polyacrylamide/7 M urea gels in TBE culture medium to avoid concentration procedures which
buffer. After drying, gels were subjected to autoradiography might potentially damage the synthetic capacity of virions.
using a Kodak “Biomax” system and quantified by phos- An analysis of the effect of cell culture medium on RT
phorimaging analysis (Molecular Dynamics) using Image activity found that this inhibited synthesis of full-length
Quant software provided by the supplier. To evaluate CTS- DNA, but that the effect could be reversed by addition of
mediated termination in the context of strand displacement, EGTA (22).
a 51-nucleotide DNA displacement primer, containing the  Analysis of products synthesized under these conditions
putative CTS and 14-nucleotideé &nd 3 flanking regions, is presented in Figure 1, and indicates small amounts of
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Ficure 2: Map of oligonucleotide probes for Southern hybridization. DNA products of the endogenous RT reaction were analyzed by
Southern hybridization using oligonucleotide probes. (A) Schematic outline of the EIAV genome and location of the probes (22-nucleotide)
used to evaluate<) and () strand DNA products relative to EIAV proviral DNA. Notations refer to the position of theuSleotide of

each probe. (B) Endogenous reverse transcription assays as a function of dNTP concentration: lapd1 )a®?2, 50uM; lane 3, 25

uM; and lane 4, 12.5%M. (—) strand DNA synthesis products were analyzed by Southern hybridization using oligonucleotide probg E5134
which hybridizes to the'3end of thepol gene.

several DNA species between 2.0 and 5.0 kb, in addition to strand DNA, and minor species were not characterized
three major products. The latter comprised full-length further. At 3uM dNTP, equivalently sized DNA products
genomic DNA (~8.0 kb) and two short products whose sizes were synthesized, but the total amount of product decreased
(0.3 and 0.2 kb) correspond taé-Y and () strand strong  slightly (data not shown). In contrast, the dNTP concentration
stop DNAs, respectively. Under the conditions used, DNA exerted a strong influence on the productsiof §trand DNA
synthesis was evaluated in a reaction volume of 2R20of synthesis (Figure 3A). At 10QM, virtually no (+) strand
which the EIAV culture supernatant contributed 10D. DNA product could be identified, with the exception of the
Synthesis was completely abolished in the absence of EGTA,0.3 kb strong stop product. However, as the dNTP concen-
illustrating its necessity for removing trace elements exerting tration was decreased, accumulation of the largeps{rand
an inhibitory influence, while small amounts of  and () transcripts was observed. Decreasing this ta#/2reduced
strand strong stop DNA were evident when NP-40 was the total amount of ) strand DNA that was synthesized
withheld. This latter observation may represent small amounts(data not shown).
of disrupted virions in the preparation, since it was somewhat EIAV (+) Strand Synthesis Is Discontinuoéss indicated
variable. Despite this, the data of Figure 1 indicate the in Figure 2A, the oligonucleotide probes complementary to
efficiency and ease with which endogenous RT activity can the EIAV (+) strand encompass the entire proviral DNA
be evaluated with EIAV culture supernatants. sequence. An analysis of endogenous DNA products using
Comparison of ) and (=) Strand DNA Synthesidn these multiple probes allowed mapping of their origins and
previous work, it was demonstrated that synthesis of full- an assessment of the DNA products most significantly
length EIAV (=) strand DNA is not absolutely dependent affected by dNTP concentration (Figure 3A).
on elevated dNTP concentrations in the assay mixtide ( In total, five major EIAV () strand products were
22). To further characterize—) and (+) strand DNA identified using the nine oligonucleotide probes indicated in
products as a function of dNTP concentration, these were Figure 2A, with lengths of 4.8, 3.3, 3.0, 2.8, and 0.3 kb.
varied from 100 to 12.5M, and nascent transcripts identified The 0.3 kb product was the major species detected by the
as () or (+) strand DNA via Southern hybridization using EIAVU3- probe, representingt) strand strong stop DNA,
oligonucleotide probes complementary to both strands of the while the origin of minor species around 2.0 kb is uncertain.
DNA provirus (Figure 2A). However, no probe detected a full-length, 8 kb) (strand
Analysis of () strand DNA synthesis products indicated product; i.e., the 4.8 kb DNA was the largest)(strand
no dependency of product formation on dNTP concentration product observed. This transcript was detected not only by
(Figure 2B); i.e., DNA products were made in approximately the EIAVU3- probe but also with EIAVL-, E2013-, E2531-,
equivalent proportions at dNTP concentrations ranging from E4740-, and E4895-. Collectively, the hybridization data
100 to 12.5«M. The major product was genome-length)( position the 4.8 kb product at théénd of the EIAV genome,
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Ficure 3: Accumulation of EIAV ) strand products as a function of dNTP concentration. (§)gtrand DNA products were synthesized

by endogenous reverse transcription at dNTP concentrations of 100 (lanes 1), 50 (lanes 2), 25 (lanes 3)u&h@ak2s 4) and examined

by Southern hybridization with theH) strand oligonucleotide probes indicated in Figure 2B. (B) Hybridization pattern of the major bands
shown in panel A. The notatioitt indicates the presence of a band when products are hybridized with the given probe. In addition to the
probes indicated in panel A, data are summarized for oligonucleotides EB620E7287, which localize to theerw gene, and EIAVL,

which localizes to the 'Sleader region (see Figure 2B). (C) Four major EIA¥)(strand products (4.8, 3.3, 3.0, and 0.3 kb) and their
origins on the EIAV genome. The 0.3 kb fragment represehjssfrand strong stop DNA initiating from thé BPT, while the 3.0 and 3.3

kb products represent products initiated from a presumptive cPPT. Finally, the 4.8 kb DNA represents a strand transfer product whose
synthesis initiates at theé ®PT and terminates near the center of the EIAV genome.

synthesis of which is initiated at thé ®PT. Subsequent E4895-, E5153-, and E7287- probes, while the former was
relocation of the ) strand strong stop product to thé 5 also detected by EIAVUS-. Such results indicate that both
end of the EIAV genome following strand transfer allows products represent the same general region of ‘tlea@ of

synthesis of the 4.8 kb DNA to approximately the center of the viral genome. However, the 3.0 kb fragment did not
the genome. The 3.3 and 3.0 kb products were detected byinclude the 3 PPT since its product was not detected by
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EIAVU3-. Taken together with the absence of an intae} (
strand (8.0 kb) product, the most likely explanation for
the probing data of Figure 3A would be a second site for
initiation of EIAV (+) strand DNA synthesis at the center
of the genome and in keeping with related lentiviruszs (

6) and the yeast retrotransposon Ty@). (As indicated in
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EIAV enzyme. The larger of these was eliminated following
NaOH treatment, mapping thé &nd of the EIAV +) strand
product immediately downstream of the G-G-G-A-G-G-G-A
sequence of the putative cPPT. The HIV-1 enzyme, when
required to select a heterologous PPT, initiates DNA
synthesis two bases %o that used by EIAV RT. Taken

Figure 3C, the 3.0 and 3.3 kb products appear to havetogether, these data are in keeping with our recent observa-

initiated from the same site (possibly a central PPT), while

tions that the RNase H activities of these enzymes have

the latter represents DNA synthesis through the U3 region distinguishing characteristicd9). For both enzymes, cor-

by displacement of the) strand strong stop product. A
2.8 kb (+) strand product was identified by probes E2531-,
E4740-, and E4895-. Unlike other DNA products, this did
not initiate from the defined'3r the putative central PPT.
Initiation occurred within a 500 bp region located between

the sequences that hybridized to probes E2013- and E2531-

i.e., at the beginning of thegol open reading frame. The 2.8

rectly sized ) strand DNA is also evident in the absence
of alkali treatment, indicating they have the capacity to select,
extend, and remove the PPT primer in a single reaction. In
combination with the Southern analysis summarized in Figure
3, our in vitro data imply a second, central site for initiation
of (+) strand synthesis in EIAV. Minor amounts of-)
strand DNA four nucleotides larger than that originating at

kb product accumulated at intermediate dNTP concentrations,the 3 end of the proposed cPPT are evident in the absence
but was severely reduced as these were lowered, under whicland presence of alkali treatment, suggesting either minor
conditions the 4.8 kb transcript was most abundant. Since heterogeneity in selection of the-) strand initiation site or

the 2.8 and 4.8 kb species are transcribed from the samencomplete alkali treatment. However, the termination model

region of the genome, the presence of one might be expectedroposed by Levigne et all{) indicates that cPPT-initiated

to preclude the other.

In Vitro Mapping of the Central PPTThe data of Figure
3 tentatively located a second-) strand origin near the
center of the EIAV genome, which would be consistent with
findings from related lentiviruses, including HIV and visnha.
On the basis of the hybridization patterns of oligonucleotides
E4740 and E4895 (Figure 3B), this site was located
between nucleotides 4700 and 4900 of the EIAV genome.
Within this region, a candidate EIAV cPPT sequenté&5
A-C-A-A-G-G-G-A-G-G-G-A-A-A-G-3 was identified in
the IN coding region of theol gene [nucleotides 4856
4872 of the proviral DNA sequence of Kawakami et ab)[.
Although the all-purine nature of this putative PPT is
interrupted by a single pyrimidine near itseéhd, Lauermann
et al. 7) have demonstrated that a pyrimidine-containing
PPT of the HIV-Zop isolate is stably maintained in culture.
Punctuation of the PPT by a pyrimidine residue is also
evident in the EIAV 3 PPT (19), as well as in caprine
arthritis/lencephalitis, visna, bovine leukemia, and human
T-cell leukemia virus28). To evaluate the centraH) strand
initiation site experimentally, an in vitro system was devel-
oped which, in a single reaction, examines the ability of
recombinant p66/p51 EIAV RT to (i) select the putative cPPT
from a hybrid of (+) strand RNA and ) strand DNA
encompassing this region, (ii) extend the cPPT int9 (
strand DNA, and (iii) eliminate the RNA primer, as would
likely occur during replication. High-resolution denaturing
polyacrylamide gel electrophoresis, together with DNA

(+) strand DNA would be subject to displacement up to the
CTS and removed by host enzymes prior to integration.
Under such conditions, and if it is assumed that an equivalent
termination mechanism exists for EIAV, such heterogeneity
may be tolerated without impairing viral replication kinetics.

CTS-Mediated Termination of EIAWJ Strand Synthesis
The existence of a second site for initiation df)(strand
synthesis near the center of the EIAV genome suggests a
need for an efficient termination mechanism for halting the
replication machinery which initiatedH) DNA synthesis at
the 3 PPT and arrives at the cPPT following second strand
transfer. For HIV-1, a sequene€l00 bp downstream of the
cPPT containing multiple A-tracts efficiently halts the
replicating enzyme, and was designated the central termina-
tion sequence or CTSLQ, 11). First reported by Klarmann
et al. 9) as a strong pausing site, a distinguishing feature
of the CTS is its ability, in the context of duplex DNA [which
at late stages in replication would reflect displacement
synthesis of £) DNA initiated from the cPPT], to induce
minor groove compression and halt progression of the
retroviral polymerase. Using this precedent, and on the basis
of the hybridization data obtained with oligonucleotides
E4895 and E5153 (Figure 3B), a related sequence was
identified ~100 nucleotides downstream of the EIAV cPPT
between nucleotides 4964 and 4985 (Figure 5A). We
therefore investigated whether this sequence could induce
termination of the EIAV replication machinery in vitro.

The (+) strand DNA synthesis profile from an oligode-

sequencing reactions on the same template, allowed precis@xynucleotide hybridized to the cPPT of a)(strand DNA

location of any {) strand initiation site. This methodology
(19) is presented diagrammatically in Figure 4A, involving
the initial preparation of the cPPT-containing RNENA
hybrid with RNase H-deficient RT2¢) and subsequently
offering the purified hybrid to wild-type p66/p51 EIAV RT

template is shown in panel i of Figure 5B. In the absence of

strand displacement synthesis, full-lengtf) 6trand product

is evident with prolonged incubation. However, even under

these conditions, we observed accumulation of nascent DNA
approximately 100 nucleotides downstream of the cPPT, i.e.,

in the presence of dNTPs, one of which is radiolabeled. For within the putative termination sequence. When the nomen-

comparison, a similar PPT selection and/or extension experi-

ment was performed with recombinant p66/p51 HIV-1 RT.
Figure 4B indicates, in the absence of alkaline hydrolysis,
two major (+) strand DNAs differing in size by ap-

clature of Charneau et all@) was adopted, the strong and
weak termination sites were designated Ter 1 and Ter 2, and
their exact locations, extrapolated from a DNA sequencing
ladder, are indicated in Figure 5C. It is interesting to note

proximately 12 nucleotides as the products of reactions that termination of DNA synthesis at Ter 1 occafter the

catalyzed by p66/p51 HIV-1 RT and three products with the

(A)s tract has been synthesized, i.e., once the DNA poly-
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Ficure 4: In vitro localization of the EIAV cPPT. (A) Schematic representation of the model cPPT localization systefns#and DNA

primer is hybridized at the'3erminus EIAV () strand RNA and extended in the presence of an RNase H-deficier24RTThe resulting

(+) strand RNA-(—) strand DNA hybrid is purified by nondenaturing polyacrylamide gel electrophoresis and incubated with wild-type
p66/p51 EIAV or HIV-1 RT in the presence of dNTPs, one of which is radiolabeled. If the PPT is selected from theCRM&hybrid,

this will be extended into{) strand DNA. As the replication machinery leaves the PPT, the RNA primer will be removed by RT-
associated RNase H activity. Using this system, a 69-nucleotide product represpatsagd DNA devoid of the PPT. (B) Labeled)

strand products resulting from the combined selection and extension assay. For comparative studies, the p66/p51 heterodimers of HIV-1
and EIAV RT were evaluated. Following- strand synthesis, the reaction mixture was evaluated directly or treated with NaOH to eliminate
the RNA primer. A DNA sequencing ladder was used to precisely locate the site) agttiand initiation. The proposed cPPT and site of

(+) strand initiation have been indicated. (C) Summary of the cPPT selection and extension experiment. HIV-1 and EIAV RT cleave the
PPT primers differently at both' mnd 3 termini as indicated. The putative EIAV cPPT, as selected by the native enzyme, is enclosed
within the gray box.

merase catalytic center contaia 6 bp AT DNA duplex. synthesis profiles does not reveal enhanced termination as
Although weak, Ter 2 defines a second position within the the replication machinery encounters thaesminus of P2,
CTS at which the replication machinery transiently pauses, the data of Figure 5B do not reflect an inability to catalyze
but is bypassed with prolonged incubation. However, in strand displacement synthesis. Moreover, a second oligo-
contrast to the data of Levigne et allj, Ter 2 is localized  nucleotide hybridized immediately after the CTS failed to
to the 3 end of a (T} tract of nascent=) strand DNA. interrupt DNA synthesis from the cPPT (data not shown).
In an attempt to duplicate events occurring in vivo as e therefore speculate that, like HIV, EIAV has evolved a

EIAV (+) strand synthesis nears completion, cPPT-primed mechanism to specifically arrest the replication machinery
DNA synthesis was evaluated in the presence of a second4g the |ast step of) strand synthesis.

(+) strand oligodeoxynucleotide complementary te) ( . . . . .
strand CTS and flanking sequences. Under these conditions, Altérations in the Nucleic Acid Geometry ReteCTS-
panel ii of Figure 5B indicates that the CTS-containing I\/Ied|ate_d TerminationReplacement of adenine with the
duplex induces virtually complete arrest of DNA synthesis Nucleotide analogue 2,6-diaminopurine (DAP) in duplex
at the position defined as Ter 1. P2, depicted in panel i of PNA has the consequence of abolishing minor groove
Figure 5A, was designed to include 14 nucleotides both 5 compression and A-tract-induced curvature, reflecting the
and 3 to the putative CTS (enclosed within the bars of Figure increased stability of the double helix through additional
5B), which simultaneously evaluates the capacity of EIAV Watson-Crick base pairing30-32). On the basis of these
RT for strand displacement synthesis prior to CTS-mediated findings, we elected to investigate whether termination at
termination. Since (a) P2 sequences up to and including thethe CTS might be relieved by substituting the triphosphate
A-A-A-A-A-A sequence of the CTS must be displaced prior of DAP for dATP in our model+) strand synthesis system,
to arrest of ¢) strand synthesis and (b) analysis of DNA the results of which are presented in Figure 6.
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Ficure 5: Termination of EIAV () strand synthesis in the vicinity of the cPPT. (A) Schematic diagram for determirihgttand
sequences in the vicinity of the cPPT inducing pausing and terminatioh)aft(and synthesis. A labeled] strand cPPT-containing DNA

primer annealed to EIAV-() strand DNA (P1) is extended by EIAV RT. Downstream of this, the putative CTS is indicated, to which a
second oligonucleotide (P2) was hybridized to evaluate terminatioti)a$ttand synthesis in the context of strand displacement synthesis.
Nucleotide numbering is based on the EIAV proviral DNA sequence of Kawakami e2G)l.(B) Time course of cPPT-primed strand

DNA synthesis. In part i of panel B;H) strand DNA was synthesized in the absence of displacement synthesis, while in part ii of panel

B, the replication machinery that was initiated from the cPPT was evaluated in the presence of a second oligonucleotide hybridized to the
proposed CTS. The location of the second oligonucleotide is shown in brackets, within which the position of CTS sequences is indicated.
In both cases,«) strand products were evaluated after 10 s (lanes a), 30 s (lanes b), 1 min (lanes c), 5 min (lanes d), and 10 min (lanes
e). Major and secondary termination sites have been designated Ter 1 and Ter 2, respectively. (C) Localization of termination sites within
the putative EIAV CTS.

Initially, cPPT-primed ¢) strand synthesis with each 1-mediated termination is relieved, Ter 2 sequences have a
adenine derivative was evaluated in the absence of stranddominant influence on pausing. What is at first glance an
displacement synthesis (Figure 6A). Visual inspection of each apparently contradictory situation can be explained by the
time course indicated equivalent levels #f)(strand product ~ presence of A-tracts on both the nascehj 6trand DNA
between the cPPT and CTS, indicating to a first approxima- and () strand template. Initially, the replication machinery
tion that DAPTP and dATP are incorporated with equal synthesizes a-+) strand (A} tract complementary to a
efficiency by EIAV RT. As shown earlier, although consid- template (T} tract of the CTS, inducing minor groove
erable pausing at the CTS is evident in dATP-supported compression. As predicted, this can be relieved by substitut-
reactions, product does accumulate. However, the level ofing DAPTP for dATP. However, the situation at Ter 2 is
pausing is substantially reduced in the presence of DAPTP,reversed; i.e., the«) strand template contains an gAjact
with a concomitant increased yield of full-lengt#) strand whose (T} complement will be synthesized on the-)(
DNA. Surprisingly, when pausing at Ter 1 is relieved, this strand. Thus, once Ter 2 is copied, the resulting 5 bp A
is accompanied by an increased level of pausing at Ter 2,duplex retains the potential to induce minor groove compres-
although this is likewise alleviated with prolonged incubation, sion and halt the replicating enzyme, but in this case, it is
presumably made possible through multiple binding events. insensitive to DAPTP incorporation. Ter 2 might therefore
In Figure 6B, cPPT-primedk) strand synthesis was evalu- be considered a cryptic termination sequence whose effect
ated in the presence of a second oligonucleotide comple-is only realized once Ter 1-mediated termination is eliminated
mentary to the CTS and flanking sequences to mimic strand or bypassed. The combined effect of Ter 1 and Ter 2 would
displacement synthesis. In the presence of dATP, completetherefore ensure complete cessation 0PBT-primed {)
cessation of £) strand synthesis immediately following strand synthesis at late stages of EIAV replication following
completion of the (A9 tract of the CTS is again evident. In  second strand transfer.
the presence of DAPTP, Ter 1-mediated termination is indeed
abolished and full-length DNA is synthesized, although at DISCUSSION
levels considerably lower than had been anticipated. The A recurring feature with retroviruses and retrotransposons
reason for this is evident in the shorter autoradiographic is a second site for initiation of{) strand synthesis near
exposure of the same experiment, indicating that once Terthe center of the genom@-6). Furthermore, rather than
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Ficure 6: Effect of substituting DAPTP for dATP inH() strand DNA on CTS-mediated termination. cPPT-primeq §trand synthesis

was evaluated from primer P1 in the absence of strand displacement synthesis (A) or in the presence of a second oligonucleotide hybridized
to the CTS and flanking sequences (P2) (B). (Top panels) Schematic representatigrsivhid synthesis systems. (Middle panels) Time

course of ¢) strand synthesis mediated by dNTP cocktails containing either dATP or 2,6-diaminopurine triphosphate (DAPTP). For each
time course, DNA synthesis was evaluated after 10 s (lanes a), 30 s (lanes b), 1 min (lanes c), 5 min (lanes d), and 10 min (lanes €e). The
major termination sites of the CTS have been indicated. (Bottom panels) Limited autoradiographic exposure results from the same experiments
illustrating termination events around Ter 1 and Ter 2.

relying on strand displacement synthesis to halt the polymer- system utilizing recombinant p66/p51 EIAV RT was devel-
izing complex arriving upstream of this element, designated oped to localize the second site af)(strand initiation and

the cPPT, HIV-1 appears to have evolved a specific follow release of the PPT primer from nasceri) (strand
mechanism for efficiently terminating DNA synthesis down- DNA. The EIAV cPPT lies within the IN coding region of
stream of the cPPT at late stages of) (strand synthesis  the pol gene, although the sequence deviates from ‘its 3
(10, 11). The study described here presents evidence for acounterpart{). We also demonstrate in vitro that an A-tract-
(+) strand discontinuity within the EIAV proviral genome, containing duplex downstream of the cPPT efficiently halts
consistent with the notion of a second origin &f)(strand the replication machinery in the context of strand displace-
synthesis. To augment endogenous studies, a simple in vitroment synthesis. Although not shown here, this sequence also
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terminates HIV-1 RT-mediatedH) strand synthesis on the
EIAV genome with equal efficiency. Our data thus support

Biochemistry, Vol. 38, No. 12, 1998665

(albeit with subtle differences) for initiation ofH) strand
synthesis. It therefore appears that sequence identity consti-

proposals that structural features of the duplex proviral tutes only part of the mechanism of PPT selection, in favor

genome can function as efficient terminators of polymeri-
zation (10, 11), and might be considered formally analogous

of which are spectropolarimetric studied9) indicating that
the HIV-1 (+) strand RNA-(—) strand DNA PPT is

to prokaryotic sequence-dependent transcriptional terminatorsstructurally different from a random RNADNA hybrid.

(33).

Abrupt cessation of«) strand synthesis in vivo near the

An unexpected feature of our studies was the sensitivity center of the EIAV genome argues against a fortuitous

of (+) strand synthesis products, other tha) $trand strong
stop DNA, to elevated dNTP concentrations, whitg étrand

termination event. Different scenarios might be invoked to
account for this. For example, once copied intg Etrand

synthesis was unaffected. One interpretation for these find-DNA, the cPPT-containing duplex adopts a structure different

ings is that, although the ®PT is efficiently used to initiate

from the ) RNA—(—) DNA hybrid representing the

(+) strand synthesis, the second strand switch [relocatinginitiation complex, invoking dissociation of RT. Alterna-

(+) strand strong stop DNA to the ®nd of the recently
synthesized ) strand] is sensitive to elevated dNTP
concentrations. This event of retroviral replicatioB4)

tively, once the cPPT is copied inte-] strand DNA, EIAV
RT is incapable of strand displacement synthesis, with the
consequence that the replication machinery arriving from

requires that the tRNA primer, once partly used as the upstream is halted by duplex DNA originating from the

template for ) strand synthesis, is removed by RT-
associated RNase H activitgg—37), making (+) and ()

cPPT. Since the experiments whose results are depicted in
Figures 4 and 5 evaluatet} strand synthesis from RNA

strand PBS sequences available for hybridization. Recently, (Figure 4B) and DNA primers hybridized to the cPPT (Figure

it was reported that the RNase H activity of HIV-1 RT could
be inhibited by nucleotide monomers and dim&®) (vhich

5B), it is unlikely that a cPPT-containing DNA duplex
induces dissociation. Moreover, since retroviral replication

might impair PPT selection, strand transfer efficiency, and requires strand displacement synthesis through at least one

subsequenti) strand synthesis. The 2.8 ki) strand DNA
was mapped to the Bnd, but the initiation and termination

long terminal repeat, it is unlikely that the latter mechanism
alone accounts for specific termination. The more likely

sites were not precisely identified. This species lies within scenario is that proposed for HIV-1, namely, that structural
the region that constitutes the 4.8 kb)(strand product and  features invoked when the CTS is copied, in concert with
is a major product at intermediate dNTP concentrations, strand displacement synthesis, inhibits translocation of RT
where the level of the 4.8 kb transcript is low. As the 4.8 kb which has polymerized through the cPPT during lat§ (
species accumulated at lower dNTP concentrations, the yieldstrand synthesis. This is supported by the observation that
of the 2.8 kb transcript decreased. Conceivably, the specific-(a) EIAV RT can partially bypass this element in the absence
ity of (+) strand primer production may be regulated by the of displacement synthesis [a necessary requirement for
dNTP concentration in the endogenous reaction, allowing permitting elongation of cPPT-primed-] DNA] and (b)
cryptic initiation sites to be utilized at intermediate concen- oligonucleotide probe E4895located between the cPPT and

trations. An alternative scenario is that dNTP-mediated CTS, hybridized to the 4.8, 3.3, and 3.0 k#)(strand

inhibition of the RNase H activity manifests itself in
inefficient removal of genomic RNA from the RNADNA

fragments (Figure 3), indicating that they share a common
sequence. The EIAV CTS differs from its HIV counterpart

replication intermediate. This would place a considerable (10, 11) in that its (A), tracts are not in phase. However,
burden on the replication machinery, mandating extensive since we observe almost complete cessationtgfqtrand
strand displacement synthesis for removing excessively longsynthesis at Ter 1, phasing does not appear to be critical to
RNA remnants. Under such circumstances, reduced RNasg+) strand termination. This is strengthened by substituting

H activity would be predicted to affect) strand DNA
synthesis on theff) strand RNA genome less severely than
(+) strand synthesis on an “RNA-saturated)(strand DNA
genome, as was observed experimentally.

In vitro data indicate that EIAV RT efficiently selects the
cPPT from an RNA-DNA hybrid and removes it from
nascent{) strand DNA. High-resolution mapping predicts
the cPPT sequence-BACAAAGGGAGGGA-3, a distin-
guishing feature of which is its punctuation by a pyrimidine
residue. However, the same holds for the EIAVRPT
proposed by Kawakami et aR@) (5-AAAAACAAGGGG-
GG-3) and was demonstrated in our laboratory to be
accurately selected from aJ RNA—(—) DNA hybrid by
homologous and heterologous RTs in vitt@), Furthermore,
Lauermann et al.27) have documented that a pyrimidine-
containing PPT of the HIV+2,p isolate is stably maintained

DAP for A in nascent {) strand DNA, which eliminates
Ter 1-mediated termination and potentiates a second termi-
nation event at Ter 2. Thus, both HIV and EIAV can be
considered as having two terminators within the CTS, but
their influence on the replication machinery is mediated
simply by A-tract-induced minor groove compression and
contacts with structural elements of the retroviral polymerase.

Somewhat fortuitously, we demonstrate here that occupy-
ing the DNA polymerase catalytic center it 4 bp AT
duplex (between Ter 1 and Ter 2) has little consequence for
DNA synthesis, while flanking 5 bp (Ter 2) and 6 bp
duplexes (Ter 1) efficiently stall RT in the context of strand
displacement synthesis. The crystal structure of p66/p51
HIV-1 RT containing duplex DNA 40) indicates multiple
contacts between amino acids @fhelices H and | of the
p66 thumb subdomain and the nucleic acid. BrLys*"°,

in culture, suggesting adherence to an all-purine PPT is notGly?®?, Lys?®3 and Trp@® of a-helix H contact the sugar

absolute. The contiguous stretch of G residues at tlean@

of the EIAV cPPT, proposed as a critical element for
initiation (28), is also punctuated by an A residue. Despite
this, HIV-1 and EIAV RT are shown here to select the cPPT

phosphate backbone of primer nucleotides63 Asrr®®
contacts template nucleotides 6 and 7, whilehelix |
residues Sé#, Arg?84 Gly?®5, and Th® interact with the
sugar-phosphate backbone of template nucleotide®.7
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Ficure 7: Proposed model for the EIAV CTS function. In the absence of strand displacement synthesis, i.e., cPPTHpristizthd
synthesis (A), copying a<) strand (T} tract of the CTS generatea 6 bp AT duplex. While pausing and dissociation most likely occur

at this sequence (mediated by minor groove compression), a'f@kl 3s available for rebinding and continuett)(strand synthesis. At

a later stage, '3PPT-initiated §) strand DNA which completes the second strand jump is extended over the cPPT, after which strand
displacement synthesis continues up to and including thgt(agt of the CTS (B). The same 6 bpPRAduplex induces dissociation, but

in this, the 3 terminus of the nascent- strand is masked from RT by the displaced strand, leading to cessatief) sfrand synthesis.

RT, which can bypass termination at Ter 1, will be subject to the same negative control at Ter 2.

Cumulatively, these observationtl] demonstrate important  complex at the CTS in the context of strand displacement
contacts with the sixth and seventh base pairs of duplex DNA synthesis, the nascent primer terminus is essentially masked
occupying the polymerase catalytic center. Ter 1-mediated from RT by the displaced) strand.

termination of EIAV RT occurs after addition of the last A Regardless of the termination mechanism, a consequence
residue of an (A tract, which locates the first A base would be duplex proviral DNA with a redundant, single-
pair of this duplex in the immediate vicinity of the-helix stranded sequence fL00 nucleotides](l). How might this
H—oa-helix | hairpin. Since minor groove compression will be removed and the resulting gap repaired? One candidate
be most pronounced at this position, this may induce for the former event is the host-encoded flap endonuclease
“dislocation” of nucleic acid from the p66 thumb, impaired (FEN1), which has been implicated in removal of Okazaki
translocation, and arrest of DNA synthesis. Reducing the fragments 42). Rumbaugh and co-workers have recently
length of the AT duplex occupying the catalytic center by demonstrated that purified FEN1 will accurately remove the
a single base pair still places DNA with altered minor groove single-stranded overlap in a single step, after which human
geometry sufficiently close to the p66 thumb to alter DNA polymerase and ligase could repair the ensuing gap
translocation, whé a 4 bp AT duplex originating at the  (43). The requirement for an equivalent virus-encoded
primer terminus appears to have lost this feature; i.e., function would thus be obviated. This would also be
template and primer nucleotides 6 and 7 recover the consistent with the data of Miller et al44) that indicate
appropriate spatial relationship with respect to thbelix that (+) strand discontinuities in HIV proviral DNA need
H—oa-helix | hairpin. Although these features could account not be repaired until after integration.

for pausing and termination, the nucleic acid substrate must

afford the retroviral polymerase some measure of flexibility, ACKNOWLEDGMENT

since “early” ) strand synthesis from the cPPT must by  \e are grateful to Drs. M. Levigne and H. Buc (Pasteur
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synthesis, following second strand transfer, is terminated. prior to publication and Dr. S. L. Payne for critical reading
The model of Figure 7, invoking dissociation of RT following  of the manuscript.

pausing at this element, could account for both scenarios.

In the absence of strand displacement synthesis, 'tk3 REFERENCES

of th? prematurgly termlnat'ed,. CPPT-primed) (Stran,d 1. Champoux, J. J. (1993) Reverse Transcriptas€Skalka, A.
remains accessible for rebinding of RT and continued M., and Goff, S. P., Eds.) pp 16318, Cold Spring Harbor
synthesis. In contrast, following dissolution of the replication Laboratory Press, Cold Spring Harbor, NY.



Retroviral (+) Strand DNA Synthesis

2.

3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.
14.

15.
16.

17.

18.

19.
20.

21.
22.

23.
24.

Blum, H. E., Harris, J. D., Ventura, P., Walker, D., Staskus,
K., Retzel, E., and Haase, A. T. (1988jrology 142 270—
277.

Charneau, P., and Clavel, F. (1991)Virol. 65, 2415-2421.
Hungnes, O., Tjotta, E., and Grinde, B. (19%&}kh. Virol.

116, 133-141.

Schweitzer, M., Renne, R., and Neuman-Haefelin, D. (1989)
Arch. Virol. 109, 103-114.

Tobaly-Tapiero, J., Kupiec, J. J., Santillana-Hayat, M., Canivet,
M., Peries, J., and Emanoil-Ravier, R. (1991)Gen. Virol

72, 605-608.

Charneau, P., Alizon, M., and Clavel, F. (1992)Virol. 66,
2814-2820.

Hungnes, O., Tjotta, E., and Grinde, B. (19%2)logy 190
440-442.

Friant, S., Heyman, T., Wilhelm, F. X., and Wilhelm, M.
(1996) Biochimie 78 674—680.

Charneau, P., Mirambeau, G., Roux, P., Paulous, S., Buc, H.,

and Clavel, F. (1994). Mol. Biol. 241 651-662.

Levigne, M., Roux, P., Buc, H., and Schaeffer, F. (1927)
Mol. Biol. 266, 507—524.

Koo, H.-S., Wu, H.-M., and Crothers, D. M. (1988ature
320 501-506.

Goodsell, D. S., and Dickerson, R. E. (199%)cleic Acids
Res 22, 5497-5503.

Qian, K. Z., Brunovskis, P., Lee, L., Vogt, P. K., and Kung,
H. J. (1996)J. Virol. 70, 7161—7170.

Oyama, T. (1996). Biol. Chem. 27127823-27828.

Arts, E. J., and Le Grice, S. F. J. (1998pg. Nucleic Acid
Res. Mol. Biol 58, 339-393.

Wthrl, B. M., Howard, K. J., Jacques, P. S., and Le Grice, S.
F. J. (1994)J. Biol. Chem 269, 8541-8548.

Souquuet, M., Restle, T., Krebs, R., Le Grice, S. F. J., Goody,
R. S., and Warl, B. M. (1998) Biochemistry 37 12144
12152.

Rausch, J. W., and Le Grice, S. F. J. (1997Biol. Chem
272 8602-8610.

Arts, E. J., Stetor, S. R., Li, X., Rausch, J. W., Howard, K. J.,
Ehresmann, B., North, T. W., Goody, R. S., Wainberg, M.
A., and Le Grice, S. F. J. (199F¥oc. Natl. Acad. Sci. U.S.A.
93, 10063-10068.

Malmquist, W. A., Burnett, D., and Bercvar, C. S. (19A8)h.
Virol. 42, 361—370.

Borroto-Esoda, K., and Boone, L. R. (1991) Virol. 65
1952-1959.

Southern, E. M. (1975). Mol. Biol. 38, 508-517.

Schatz, O., Cromme, F., Gruninger-Leitch, F., and Le Grice,
S. F. J. (1989FEBS Lett 257, 311-314.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Biochemistry, Vol. 38, No. 12, 1998667

Pagratis, N. C. (1998 ucleic Acids Res24, 3645-3646.
Kawakami, T., Sherman, L., Dahlberg, J., Gazit, A., Yaniv,
A., Tronick, S. R., and Aaronson, S. A. (1987irology 158
300-312.

Lauermann, V., Hughes, S. H., and Peden, K. W. C. (1997)
Virology 236 208-212.

Rattray, A. J., and Champoux, J. J. (1989Mol. Biol. 208
445-456.

Klarmann, G. J., Schauber, C. A., and Preston, B. D. (1993)
J. Biol. Chem. 2689793-9802.

Bailly, C., Mollegaard, N. E., Nielsen, P. E., and Waring, M.
J. (1995)EMBO J. 15 2121-2131.

Mollegaard, N. E., Bailly, C., Waring, M. J., and Nielsen, P.
E. (1997)Nucleic Acids Re<25, 3497-3502.

Bailly, C., and Waring, M. J. (1998 ucleic Acids Res. 26
4309-4314.

Peschke, U., Beuck, V., Bujard, H., Gentz, R., and Le Grice,
S. F. J. (1985)). Mol. Biol. 186, 547—555.

Telesnitsky, A., and Goff, S. P. (1993) Reverse Tran-
scriptase(Skalka, A. M., and Goff, S. P., Eds.) pp 483,
Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY.

Furfine, E. S., and Reardon, J. E. (19®i9chemistry 30
7041-7046.

Smith, J. S., and Roth, M. J. (1992) Biol. Chem 267,
15071+-15079.

Pullen, K. A., Ishimoto, L. K., and Champoux, J. J. (1992)
Virol. 66, 367—373.

Allen, S. J. W., Krawczyk, S. H., McGee, L. R., Bischofberger,
N., Mulato, A. S., and Cherrington, J. M. (1998ntiviral
Chem. Chemother., B7—45.

Powell, M. D., and Levin J. G. (1996) Virol. 70, 5288~
5296.

Jacobo-Molina, A., Ding, J., Nanni, R. G., Clark, A. D., Lu,
X., Tantillo, C., Williams, R. L., Kamer, G., Ferris, A. L.,
Clark, P., Hizi, A., Hughes, S. H., and Arnold, E. (19%3pc.
Natl. Acad. Sci. U.S.A. 9®320-6324.

Ding, J., Hiughes, S. H., and Arnold, E. (19%ippolymers
44, 125-138.

Bambara, R. A., Muranto, R. S., and Henrickson, L. A. (1997)
J. Biol. Chem. 2724647-4650.

Rumbaugh, J. A., Fuentes, G. M., and Bambara, R. A. (1998)
J. Biol. Chem. 27328740-28745.

Miller, M. D., Wang, B., and Bushman, F. D. (199b)Virol.

69, 3938-3944.

BI1982764L



