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In retroviruses, the first nucleotide added to the tRNA primer defines the end of the U5 region in the right
long terminal repeat, and the subsequent removal of this tRNA primer by RNase H exactly defines the US end
of the linear double-stranded DNA. In most retroviruses, the entire tRNA is removed by RNase H cleavage at
the RNA/DNA junction. However, the RNase H domain of human immunodeficiency virus type 1 (HIV-1)
reverse transcriptase cleaves the tRNA 1 nucleotide from the RNA/DNA junction at the U5/primer binding site
(PBS) junction, which leaves an rA residue at the U5 terminus. We made sequence changes at the end of the
US region adjacent to the PBS in HIV-1 to determine whether such changes affect the specificity of tRNA primer
cleavage by RNase H. In some of the mutants, RNase H usually removed the entire tRNA, showing that the
cleavage specificity was shifted by 1 nucleotide. This result suggests that the tRNA cleavage specificity of the
HIV-1 RNase domain H depends on sequences in U5.

Reverse transcription is initiated from a cellular tRNA
primer that is base paired at the primer binding site (PBS) near
the 5" end of the viral genome. The tRNA used to prime
reverse transcription in human immunodeficiency virus type 1
(HIV-1) is tRNA™" (8, 25, 28, 31, 26, 29). After the 5’ end of
genomic RNA is copied, the freshly copied RNA is degraded
by the RNase H activity of reverse transcriptase (RT) and
minus-strand DNA is transferred to the 3’ end of a viral ge-
nome, allowing minus-strand DNA synthesis to continue. The
synthesis of the plus-strand DNA is initiated from the polypu-
rine tract (PPT) primer that is generated by specific RNase H
cleavages of the RNA genome adjacent to U3. Plus-strand
synthesis proceeds until the first 18 nucleotides of the tRNA
are reverse transcribed. DNA synthesis stops at a 1-methyl-
adenosine residue in the tRNA that cannot serve as a template
for reverse transcription (29, 36). This creates an RNA/DNA
duplex, and the tRNA primer is removed from the minus-
strand DNA by RNase H, which defines the right (US) long
terminal repeat (LTR) terminus of the linear double-stranded
DNA. In most retroviruses, RNase H removes the entire
tRNA. Most retroviruses have two nucleotides between the
tRNA PBS and the CA dinucleotide found at the end of the
integrated provirus, and in general, the last two nucleotides are
removed from each of the 3" ends of the linear DNA interme-
diate during integration. However, in the case of HIV-1, there
is only one nucleotide (G) between the tRNA PBS and the CA
dinucleotide. The RNase H domain of HIV-1 RT cleaves the
tRNA™"* primer between the terminal rA and the adjacent rC,
1 nucleotide from the RNA-DNA junction, which leaves the
rA residue at the U5 terminus of the linear DNA (8, 20, 25, 28,
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33). HIV-1 integrase (IN) then removes the last two nucleo-
tides from the 3’ end of the plus strand at the U5 terminus, one
of which, the terminal nucleotide dT, is base paired with the rA
nucleotide on the minus strand.

What determines the specificity of the HIV-1 RNase H
domain, causing it to cleave 1 nucleotide from the end of the
tRNA™* primer? The RNase H domain of HIV-1 RT can
cleave at an RNA/DNA junction; the RNase H domain cleaves
the PPT primer at the RNA/DNA junction which defines the
left (U3) end of the linear viral DNA (1, 4, 15). Furthermore,
at least in vitro, the RNase H domain of HIV-1 RT can cleave
a model substrate in which the 3’-terminal AMP of the tRNA
primer was changed from rA to dA at the RNA/DNA junction
(immediately after the dA) (28).

There is a simple model which could explain the specificity
of tRNA cleavage by retroviral RTs (Fig. 1). The crystal struc-
ture and biochemical studies of HIV-1 RT show that the poly-
merase (Pol) and RNase H active sites are 17 or 18 bp apart (9,
10, 11, 12, 13, 14, 16, 26, 27, 34). The distance between the
1-methyladenosine on the tRNA primer and the U5/PBS junc-
tion is 18 base pairs (29, 36). In the model, the cleavage of the
tRNA occurs when the Pol is stalled at the 1-methyladenosine
and the position of the cleavage is determined by the tRNA/
PBS sequence and the physical properties of RT. If this model
is correct, the U5 sequences are not expected to have a signif-
icant impact on the site of cleavage. This idea is supported by
the structure of HIV-1 RT in a complex with an RNA/DNA
substrate (26): the vast majority of the contacts between the
nucleic acid and the enzyme are 5’ (on the template strand) of
the RNase H cleavage site. We previously showed that tRNA
cleavages by the RNase H domain of Rous sarcoma virus
(RSV) RT conformed to this model: as expected, changing the
sequences in U5 had no effect on where RNase H cleaved the
tRNA primer. We replaced the sequence (TT) that is normally
present between the PBS and the CA dinucleotide of the



720 OH ET AL.

H
) ACC
(H=m———— - »
' 118 nt

FIG. 1. A simple model for the specificity of the tRNA cleavage by
RNase H. Pol is shown in a yellow circle, and RNase H is shown in a
green circle. The tRNA primer is indicated by a blue line, and last
three nucleotides (nt), CCA, are shown. A 1-methyladenosine residue
in the tRNA is indicated by a purple circle. DNA strands are shown as
red lines, and minus (—)/plus (+) strands are indicated. The two
alternative RNase H cleavages, at the RNA/DNA junction and in the
tRNA 1 nucleotide from the junction, are shown as black arrows. The
distance between the 1-methyladenosine on the tRNA primer and
the RNase H active sites are shown as black lines.

RSV-derived vector RSVP(A)Z so that it would match the
HIV-1 sequence (G) and the HIV-2 sequence (GGT). In all of
the mutants, the RNase H domain of the RSV RT consistently
removed the entire tRNA, which suggests that mutations in the
US terminus did not affect tRNA primer cleavage by RSV
RNase H (23).

We show here that, when the single nucleotide (G) that is
between the PBS and the CA dinucleotide of HIV-1 was
changed, the specificity of the RNase H cleavage was affected.
In some of the HIV-1 U5 mutants, RNase H removed the
entire tRNA in the majority of the cleavage events. This sug-
gests, contrary to what was proposed in the simple model, that
the specificity of the cleavage of the tRNA primer by the
RNase H domain of HIV-1 RT depends on sequences on both
sides of the DNA/RNA junction at the U5/PBS junction. Se-
quence analysis of circular viral DNAs derived from autointe-
gration events shows that HIV-1 IN can remove either a single
nucleotide or three nucleotides beyond the CA dinucleotide
from the U5 terminus of the linear viral DNA. In addition, IN
can remove two nucleotides if the canonical CA is mutated to
AT. In all of the mutants, the processed DNAs were properly
inserted into the viral DNA, creating a 5-bp duplication at the
target site in concerted autointegration events, showing that
the conserved CA is not essential for IN-mediated viral inte-
gration.

MATERIALS AND METHODS

Plasmid construction. pHIV1-SH was derived from pNLNgoMIVR-E-.HSA
(17). A cassette containing the zeocin resistance gene, a lac operator sequence,
and a ColE1 replication origin was PCR amplified from the RSVP plasmid (24)
by using two primers, Not-Cla (5'-GCATGCGGCCGCATCGATTTGTTGAC
AATT) and Xho-Mlu (5'-GATCCTCGAGACGCGTCCCGTAG). The result-
ing PCR fragment was digested with NotI and XholI and used to replace the
Notl/Xhol fragment containing the HSA coding sequence of pNLNgoMIVR-
E-HSA, which generated pNLNgoMIVR-E-(Cass). The murine RNA Pol II
promoter was cloned into the Notl-to-Clal site of pNLNgoMIVR-E-(Cass),
which generated pNLNgoMIVR-E-(Pol-Cass). To remove a nonviral region
from the parental plasmid, pNLNgoMIVR-E-(Pol-Cass) was digested with PstI
and BspMI and a 6.7-kb BspMI fragment containing the pol-env-Pol II-cassette-
LTR region of pNLNgoMIVR-E-(Pol-Cass) was ligated with two complemen-
tary oligonucleotide sequences (FSP1, 5'-GGCCGAATTCCTGCAGAGTACG,
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and FSP2, 5'-TGTTCGTACGCTGCAGGAATTC) that included Fspl sites,
indicated by the underlines, which generated HIV1-SH(part1). The Fspl site was
used in a subsequent cloning step. To remove most of the env gene, pPNLNgoMIVR-
E-.HSA was digested with Sall and NotI and ligated with two sets of PCR-amplified
products. The first PCR product was amplified with the Forl primer (5'-TTACGG
GGATACTTGGGCAGGAGTGG), which anneals at position 5701 (upstream of
Sall), and the Rev1 primer (5'-GCTTAAGCTAGCTCTATTAGTGGTGGTTGC
TTCCTTCCACACAGG), which anneals at position 6374 (150 bp downstream of
the env start codon). The second PCR product was amplified with the For2 primer
(5'-GTCAATGCTAGCGGAGGCTTGGTAGGTTTAAGAATAG), which an-
neals to position 8281, and the Rev2 primer (5'-TCTTGTCTTCTTTGGGAGTG
AATTAGCC), which anneals to position 9111 in U3. The Revl and For2 primers
contained Nhel sites (underlined), which were used in a subsequent three-piece
ligation step. PCR product set 1 was digested with Sall and Nhel, and PCR product
set 2 was digested with Nhel and NotI. The PCR products were then ligated into the
parental vector pNLNgoMIVR-E- HSA, which was previously digested with Sall
and Notl, to generate pPNLNgoMIVR-E-HSA(Aenv). The RRE sequence was
inserted as a Nhel-to-Notl fragment derived from pNLNgoMIVR-E-HSA, which
replaced the Nhel-to-NotI fragment of pNLNgoMIVR-E-HSA(Aenv), to generate
HIV1-SH(part2). Finally, HIV-SH(partl) was digested with NotI and Fspl and
ligated to the Fspl-to-NotI fragment of HIV1-SH(part2) to generate pHIV1-SH.

Construction of the U5 end mutants. KS(AatII) was derived from the pBlue-
script II KS phagemid by replacing a SacI-to-Spel segment with two comple-
mentary oligonucleotide sequences that included AatlI sites. To introduce mu-
tations at the end of the U5 sequence, a 3-kb AatII-to-Spel fragment containing
a nonviral sequence, the 5" LTR, the PBS, and the gag region of pPNLNgoMIVR-
E-.HSA was inserted into the AatII-to-Spel site of KS(AatII), which generated
KS/HIV1. In vitro site-directed mutagenesis was carried out, with KS/HIV1 as a
template and the appropriate set of primers, by using a QuikChange site-directed
mutagenesis kit (Stratagene), following the manufacturer’s recommendations.
Sequence analysis of the resulting plasmids (KS/HIV1-mu) was performed to
ensure that only desired mutations were introduced. The 1.6-kb Fspl-to-Spel
fragment of KS/HIV1-mu was used to replace the corresponding Fspl-to-Spel
fragment in pHIV1-SH, which generated the viral vectors containing the appro-
priate mutations.

Cells, transfection, and infection. The human embryonal kidney cell line 293
and the human osteosarcoma cell line HOS were maintained in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 5% fetal bovine se-
rum, 5% newborn calf serum, 100 U of penicillin per ml, and 100 ug of strep-
tomycin per ml (Quality Biological). 293 cells were plated in 100-mm-diameter
dishes at a density of 1.8 X 10° cells per plate on the day prior to transfection.
293 cells were transfected with 5 to 10 pg of the pHIV-SH vectors and 2 g of
pHCMV-g (obtained from Jane Burns, University of California at San Diego) by
using a calcium phosphate transfection kit (Invitrogen), following the manufac-
turer’s recommendations. The precipitate was added to 293 cells drop-wise. The
medium was changed 24 h after transfection. The 48-h supernatants were har-
vested, subjected to low-speed centrifugation, and filtered through a Millex-GS
0.22-pm filter (Millipore) to remove cellular debris. A portion of the filtered
infectious virions was used to infect HOS cells.

Determination of relative virus titer. Immediately after the virus-containing
supernatant was harvested, the 293 cells were lysed in 5 ml Glo-lysis buffer
(Promega) and the luciferase activity in the 293 cells was determined using
Steady-Glo (Promega). The luciferase activity in the transfected cells was used to
normalize the amount of virus. HOS cells were plated in six-well cluster plates
the day before infection at a density of 0.8 X 10° cells per well. The virions were
allowed to adsorb to the HOS cells for 2 h, and then fresh medium was added.
Forty-eight hours after infection, the cells were washed once with 2 ml phos-
phate-buffered saline and then lysed in 0.5 ml of Glo-Lysis buffer (Promega). The
luciferase activity was measured using the Steady-Glo reagent system (Promega).
The relative virus titers were determined from the linear range of dilution.

Unintegrated viral DNA analysis. The circularized unintegrated viral DNA
was isolated from the HOS cells ca. 24 h after infection by using a DNeasy tissue
kit (Qiagen). A portion of the recovered DNA was used to transform ElectroMax
DH10B (Invitrogen) by electroporation. Electroporation was performed as de-
scribed previously (24). The transformed bacteria were plated onto Luria-Ber-
tani (LB) plates containing 50 ug of zeocin per ml. Recovered plasmids were
directly sequenced using the following primers: PBS-UP (5'-TGGCGTACTCA
CCAGTCGCCG) for the U3 junction and LTR-5 (5'-CATGGAGCAATCAC
AAGTAGOC) for the U5 junction. The PBS-UP primer was also used to confirm
that the US end mutations that we introduced were present in the recovered
plasmids.

Sequencing the integration sites. Recovered plasmids were directly sequenced
using the following primers: the PBS primer for the U3 integration sites (5'-A
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FIG. 2. Schematic drawing showing the structure of the pHIV1-SH vector. (A) pHIV1-SH. The viral genes gag and pol and partially deleted
env are shown (not to scale). The cassette is indicated by a box with slashes. (B) Schematic representation of the cassette and the mutants.
Mutations are indicated in bold. The virus titers, normalized to the luciferase activity, are shown relative to that of the WT virus. These results
are the averages from three independent experiments. Pol II, murine RNA Pol II promoter; EM-Zeo, EM-7 promoter-zeocin resistance gene;
lacO, lac operator. A nonviral sequence derived from the parental vector is indicated by a small black box at the right end of the drawing.
(C) Schematic numbering of the nucleotide positions in the LTR termini of the circles derived from autointegration events.

CTATCACGTCGGGGTCACCA) and the Ori-2 primer for the U5 integration
sites (5'-AGGAGTCCCCTTAGGATATAG). The Ori-2 primer was also used
to confirm that the PPT mutations that we introduced were present in the
recovered plasmids. In those cases in which the viral DNA was flanked by human
genomic sequences, they were analyzed by BLAT searches (http:/genome.ucsc
.edu/cgi-bin/hgBlat).

RESULTS AND DISCUSSION

Construction of pHIV1-SH. We constructed pHIV1-SH by
inserting a cassette (RNA Pol II promoter-zeocin resistance
gene-lac operator-ColE1l) into the pNLNgoMIVR-E-HSA
vector, which was derived from the pNL4-3 isolate of HIV-1
(17) (Fig. 2). Most of the nonviral sequences present in the
parental plasmid, pNLNgoMIVR-E-.HSA, including the am-
picillin resistance gene and a bacterial origin of replication,
were removed. pHIV1-SH contains a selectable drug resis-
tance gene (zeocin) and a bacterial origin of replication
(ColE1) inserted into the viral genome (Fig. 2). In mammalian
cells, the zeocin resistance gene is expressed from a Pol II
promoter; when the viral DNA replicates as a plasmid in bac-
teria, the same gene is expressed from the synthetic EM-7
bacterial promoter. We deleted a portion of the env gene,
limiting the vector to a single cycle of replication; the deleted
env gene cannot revert if pHIV1-SH is complemented with
vesicular stomatitis virus G glycoprotein (VSV-G).

The U5 end mutations and virus titer. We changed the
sequence of pHIVI-SH (G) between the PBS and the CA
dinucleotide normally found at the U5 end of the provirus to
determine whether the US end mutations affect the cleavage
specificity of the HIV-1 RNase H domain. We also changed
the CA dinucleotide to AT to determine how this mutation
affects RNase H cleavage and autointegration. To determine
the effects of the U5 end mutations on relative virus titer, we
inserted the luciferase gene into the nef reading frame of the
pHIV1-SH-based vectors. Viruses were generated by cotrans-
fecting 293 cells with the HIV-1 vectors and pHMCV-g, a
plasmid that expresses the VSV glycoprotein (3, 35). This gen-
erated VSV-G-pseudotyped virions that were harvested and
used to infect human osteosarcoma (HOS) cells as described in
Materials and Methods. The infected HOS cells were lysed,
and the luciferase activity in the cell lysates was measured to
determine the virus infectivity. The relative titers were normal-
ized using the level of luciferase expression in the transfected
293 cells. The U5 mutations have different effects on virus
titers. The HIV-1(ATG) and HIV-1(CA) mutations decreased
virus titers to 20% and 11% of the wild-type (WT) level,
respectively. The result with the HIV(ATG) mutant agrees
with published data showing that mutating the conserved CA
in U5 had a relatively modest effect on viral titer (5, 22). The



722 OH ET AL.

us PBS Number of Cases
A Hiv-1wm GGAAAATCTCTAGCAG TGGCGCCCGAACAGGGACT  CAGT+tRNA/flank 1
CCTTTTAGAGAT&CG&'&C AECGCGGGCTTGTCCCTGA U5 del/U3 del 3
1 12 11
B Hiv-1aTq) GGAAAATCTCTAGYIG TGGCGCCCGAACAGGGACT  ATGT+U3 del 2
CCTTTTAGAGAT ACCGCGGGCTTGTCCCTGA U5 del/U3 del 3
W )
C Hiv-1(cm GGAAAATCTCTAGCA TGGCGCCCGAACAGGGACT  CAT+U3 del 1
CCTTTTﬁGAGﬂTCGg X ﬁ‘CCGCGGGCTTGTCCCTGh
1 1 29
D Hiv-1can GGAAAATCTCTAGCAQ TGGCGCCCGAACAGGGACT  CATT+U3 del 1
CCTTTTAGAGATCGT[] ACCGCGGGCTTGTCCCTGA  CAT+U3 del 3
A A A Al U5 del/U3 del 2
E Hiv-1(caan GGAAAATCTCTAGCA[J] TGGCGCCCGAACAGGGACT  CAAT+U3 del 2
CCTTTTA.GAG#TCG'BW TGGCGCCCGAACAGGGACT U5 del/U3 del 1
A A A
F 1 1 10 13
HIV-1 (CAGT) GGAAAATCTCTAGCAE]] TGGCGCCCGAACAGGGACT CAGT+tRNA/flank 1
CCTTTTAGAGATCG ACCGCGGGCTTGTCCCTGA CAGT+U3 del 6
SQTTTAGH T 5 ABrecanpeTiol Tele
1 11 1 10 41 1 CAGT+U3PPT ins 3
G HIV-1 (CAGGT) GGAAAATCTCTAGCAEE]] TGGCGCCCGAACAGGGACT CAGGT+U3 del 4
CCTTTTAGAGATCG ACCGCGGGCTTGTCCCTGA CAGGT+U3PPT ins 2
ATTTAACKIGETIEN, ACCCTIOTOR e e i

FIG. 3. Cleavage of the tRNA primer in the WT and mutant vectors by HIV-1 RT. Mutations are indicated in bold. The arrows depict the
positions of the cleavage. The filled arrows denote more-frequent cleavages. Each of the mutant viruses also gave rise to some aberrant 2-LTR
circle junctions. These aberrant junctions were classified according to the nature of the aberration (del is deletion, ins is insertion); these data are

shown on the right side of the figure for each of the mutants.

HIV-1(CAT), HIV-1(CAAT), HIV-1(CAGT), and HIV-
1(CAGGT) mutations had smaller effects on the relative titers;
the titers of these mutants were from 40% to 68% of the WT
level (Fig. 2).

Effects of the mutations on the initiation of viral DNA syn-
thesis. Because the mutations were in the region of the viral
genome where minus-strand DNA synthesis is initiated, it is
possible that the mutations had an impact on initiation. Cells
were infected with the version of the mutant vectors that car-
ried the luciferase gene so that the titer and the initiation of
viral DNA synthesis could be measured on the same samples
by using real-time PCR to measure the level of RU5 DNA in
the infected cells at various times after infection (19). The limit
of accuracy for this assay is approximately twofold, so that for
the mutations with relative titers within twofold of the WT
level [HIV-1(CAT), HIV-1(CAAT), and HIV-1(CAGT)],
there were no obvious differences in the level of RU5 DNA
made in cells infected with the mutant relative to that in cells
infected with the WT vector. The HIV-1(CAGGT) mutant had
a titer of 40% of the WT vector level. This is near the limit of
accuracy for the assay; however, in two separate assays, the
level of RUS DNA was slightly lower than the WT level (two-
to threefold) at 2, 4, 6, and 24 h after infection. This suggests
that the HIV-1(CAGGT) mutation has a modest effect on the
initiation of viral DNA synthesis and that this may account for
the reduced titer seen with the vector carrying this mutation.
The level of RUS5 DNA for the HIV-1(CA) mutant was, in two
separate assays, approximately fivefold lower than the WT
level at 2, 4, 6, and 24 h after infection, which suggests that this
mutation has an effect on the initiation of viral DNA and
contributes to the reduced titer of the mutant virus. The level
of the RU5 DNA seen in cells infected with the HIV-1(ATG)

mutant was not reproducibly lower than that in cells infected
with the WT vector (data not shown).

Recovery and analysis of 2-LTR circle junctions. To recover
2-LTR circle junctions, 293 cells were cotransfected with the
pHIV1-SH vectors containing the U5 end mutations and with
pHCMV-g. The virions were harvested and used to infect HOS
cells. Total DNA was prepared from the infected cells 24 h
after infection and used to transform Escherichia coli; zeocin-
resistant cells were selected. The 2-LTR circles that we isolated
were different from the starting plasmid that was used for
transfection. The starting vector contained a nonviral sequence
derived from the parental plasmid, pNLNgoMIVR-E-.HSA,
between the two LTRs. This nonviral sequence was absent
when we recovered the 2-LTR circles from infected cells,
showing that the 2-LTR circles that we recovered came from
successful replication of pHIV-SH RNA and were not car-
ryovers of the pHIV-SH plasmid used in the initial transfec-
tion.

Analysis of the 2-LTR circle junctions obtained from infec-
tions with the WT and the mutant vectors is summarized in Fig.
3. In the case of the WT, as expected, HIV-1 RNase H usually
cleaved the tRNA between the terminal rA and the adjacent
rC, 1 nucleotide from the RNA-DNA junction (Fig. 3A). This
cleavage specificity did not change when the single nucleotide
(G) that lies between the CA dinucleotide and the PBS was
deleted (Fig. 3C). The RNase H cleavage specificity was mod-
estly altered when the CA dinucleotide was changed to AT
(Fig. 3B) (most of the cleavages occurred 1 nucleotide from
the end of the tRNA primer); however, in 9 of 62 2-LTR circles
derived from infection with the HIV-1(ATG) mutant, it ap-
peared that cleavage occurred at the RNA/DNA junction and
thus that RNase H removed the entire tRNA. The RNase H
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cleavage that removed the entire tRNA was seen more fre-
quently with some of the other mutants. In the case of HIV-
1(CAT), in which the sequence (G) between the CA and the
PBS was changed to T, RNase H removed the entire tRNA in
39 of 60 of the 2-LTR circle junctions (Fig. 3D). This was twice
the number of circle junctions that retained the A from the
tRNA (16 of 60). There were, in addition, 2-LTR circle junc-
tions that contained insertions and/or deletions. However,
when the G was replaced by AT in HIV-1(CAAT), changing
not only the spacing but also the sequence (Fig. 3E), RNase H
removed the entire tRNA in 12 of the 28 circle junctions and
cleaved the tRNA 1 nucleotide from the RNA-DNA junction
in 13 of 28 circle junctions. When the G was changed to GT in
the mutant HIV-1(CAGT), RNase H removed the entire
tRNA in 19 of 33 circle junctions and cleaved the tRNA 1
nucleotide from the RNA-DNA junction in only 4 of 33 circle
junctions (Fig. 3F). Similar results were obtained with HIV-
1(CAGGT), in which the G was changed to GGT, increasing
the spacing between the CA and the PBS (Fig. 3G). RNase H
removed the entire tRNA in 17 of 33 circle junctions and
cleaved the tRNA 1 nucleotide from the RNA-DNA junction
in 4 of 33 circle junctions.

As has already been mentioned in the introduction, there is
a simple model that has been proposed to explain the incom-
plete removal of the tRNA™* primer by HIV-1 RNase H. In
this model, the RNase H domain cleaves the tRNA™* primer
a fixed distance from the Pol active site after RT has copied the
first 18 nucleotides of the tRNA primer (Fig. 1) (2, 13). Crys-
tallographic data show that the Pol and RNase H active sites
are 18 bp apart for an HIV-1 RT-RNA DNA complex and 17
bp apart for an HIV-1 RT-DNA DNA complex; this is in good
agreement with where RNase H cleaves model substrates in
vitro (9, 10, 11, 12, 13, 14, 15, 26, 27, 34). The overall structures
of the nucleic acid template primers in the RT-DNA-DNA and
RT-RNA-DNA complexes (PPT versus PBS) are remarkably
similar. Both have a bend in the nucleic acid that occurs in a
segment 5 to 9 bp from the Pol active site. The majority of the
protein-nucleic acid contacts occur near the RT Pol active site
in the Pol domain and in the thumb; there are additional
contacts in the connection domain and in the RNase H primer
grip in the RNase H domain (6, 7, 14, 16, 26). The RNase H
primer grip serves to position the DNA primer strand near the
RNase H active site and makes several contacts with the nu-
cleic acid near the scissile phosphate (26). However, there is
little contact on either strand of the nucleic acid beyond (3" on
the RNA strand) the RNase H active site. As described in the
introduction, this suggests a model in which the tRNA cleavage
specificity of retroviral RNase H should depend on the dis-
tance between the two active sites and on the portion of the
template primer that lies between the Pol and RNase H active
sites where there are direct contacts between the nucleic acid
and the protein (Fig. 1). In this model, RNase H cleavage
specificity is not expected to depend on the sequences in U5,
which lie beyond the cleavage site. The model is supported by
data obtained from RSV mutants (23). In the case of RSV,
mutations in U5 did not affect the specificity of the cleavage
that removes the tRNA. However, in the case of HIV-1, when
the U5 sequence was changed, the primary site of tRNA cleav-
age was shifted by 1 nucleotide, suggesting that the tRNA
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FIG. 4. Structure of unusual circular viral DNAs. (A, B) U3 is
indicated by a light gray box; R is indicated by a black box; US is shown
by a dark gray box. The cassette is indicated by a box with slashes.
Deletions in the LTR are indicated by a black jagged end. Six nucle-
otides at the viral/host DNA junctions are shown, and a microhomol-
ogy with the host DNA is indicated by a bold capital letter. The
captured host DNA segments are indicated by white boxes.

cleavage specificity of the HIV-1 RNase H domain does de-
pend on sequences in U5 beyond the RNase H cleavage site.

Based on the crystallographic data, HIV-1 RT residues that
contact the RNA template strand near the scissile phosphate
include the side chains of R448, N474, Q475, and H539 of p66
(26). Mutations in amino acids R448 and N474 had minimal
effects on titer; H539 is part of the active site. Q475 was the
only other amino acid that contacts the nucleic acid near the
active site where a mutation had a significant effect on viral
titer (18). However, Q475 contacts the RNA template 5’ of the
scissile phosphate. Given the lack of significant contacts 3’ of
the scissile phosphate (on the RNA strand), it is not obvious
why/how the mutations in US affect the specificity of the tRNA
cleavage. One possibility is that altering the U5 sequence af-
fects the structure of the adjacent RNA/DNA duplex, which in
turn affects the specificity of the cleavage. However, making
similar mutations in the US sequence of an RSV had no mea-
surable effect of the specificity of RNase H cleavage. There are
two obvious differences in these two situations: the tRNA
primers are different (and hence the two nucleic acids have
different sequences), and the RTs, while related, are also dif-
ferent. In terms of the sequences, all tRNAs have the same
three nucleotides, CCA, at their 3’ ends. This suggests, but
does not prove, that the critical difference lies either in the two
RTs or, more likely, in differences in the ways in which the RTs
interact with their respective tRNA/plus-strand cleavage sub-
strates.

Recovery of unusual circular viral DNAs. We recovered two
circular viral DNAs that contained host DNA sequences (Fig.
4). In one of the viral DNAs recovered from an infection with
HIV-1(CAAT), three nucleotides of the US LTR terminus
were retained beyond the CA sequence and were joined to a
segment from human chromosome 6. However, we cannot
define the exact junction, because the last two nucleotides at
the U5 LTR terminus were identical to the first two nucleo-
tides of the host DNA. The U3 terminus was deleted, and the
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TABLE 1. Recovered circles
No. (%) of circles
Virus

Total 1 LTR 2 LTR Other Sequenced” Autointegration”
HIV-1 WT 208 91 (44) 19 (9) 98 (47) 36 29
HIV-1(ATG) 212 113 (53) 62 (29) 37 (18) 13 9
HIV-1(CA) 126 63 (50) 32(25) 31(25) 18 4
HIV-1(CAT) 217 110 (50) 60 (28) 47 (22) 20 13
HIV-1(CAAT) 295 128 (43) 28 (10) 139 (47) 46 29
HIV-1(CAGT) 337 174 (52) 33 (10) 130 (38) 59 44
HIV-1(CAGGT) 252 142 (56) 29 (12) 81 (32) 46 31

“ For circles designated “Other,” a portion of the circles was sequenced.
b Of those sequenced, the number of circles resulting from autointegration is indicated; this number is different from the total number of sequenced circles because

there were sequence failures.

truncated U3 was joined to the segment from human chromo-
some 6. The segment of the host DNA between the ends of the
viral DNA was 102 bp long (Fig. 4A). We also recovered a
circular DNA from an infection with HIV-1(CAGT) in which
the U3 terminus was properly processed and joined to a seg-
ment from human chromosome 1. The US terminus was de-
leted and joined to the segment from human chromosome 1.
The host DNA segment captured between the ends of the viral
DNA was 1,202 bp long (Fig. 4B). Both of these captured
segments probably arose from abortive integration events in
which one end of the viral DNA was properly integrated and

A 5bp

M
: pol IE
gag /\ Aenv

LTR LTR

5bp

B (|
:" pol ;Eﬂ;
gag / \ Aenv
LTR LTR

the other end was then joined to the host DNA in a way that
captured the host DNA between the two LTRs (23).
Recovery and analysis of autointegrations. When we recov-
ered the 2-LTR viral DNA circles, in addition to 1-LTR circles,
we also obtained circular viral DNAs derived from autointe-
gration events (Table 1). The circles appear to arise from two
types of autointegration events (Fig. 5). The first is a concerted
autointegration event in which both ends are processed cor-
rectly and inserted into the viral DNA in a reaction that gen-
erates a 5- or 6-bp duplication at the target site (Fig. SA and
Table 2). This type of event requires that the LTRs be inserted

C
e
LTR \ Aenv
LTR
LTR
Aenv
pol
gag
LTR

FIG. 5. Two types of autointegrations. (A, B) Concerted autointegrations. A 5-bp duplication of viral sequence is indicated by a black oval.
(C) One-end autointegration. U3 is indicated by a light-gray line; R is indicated by a black box; U5 is shown by a dark gray box. The cassette is

indicated by a box with slashes.
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TABLE 2. Concerted autointegrations

U5 END MUTATIONS AFFECT tRNA CLEAVAGE IN VIVO 725

TABLE 3. One-end autointegrations

Position of
the Length of
Virus integration® duplication No. of cases”
—_— (bp)
U3
HIV-1 WT 1 1 6 1 (pol-env)
1 1 5 18 (7 pol, 4 pol-env,
6 env, 1 Pol II)
HIV-1(ATG) 1 1 5 4 (3 pol, 1 pol-env)
HIV-1(CA) 1 1 5 2 (1 pol, 1 env)
HIV-1(CAT) 1 1 5 8 (3 pol, 2 pol-env,
2 env, 1 Pol II)
HIV-1(CAAT) 1 1 5 18 (10 pol, 3 pol-env,
3 env, 2 Pol II)
HIV-1(CAGT) 1 1 5 22 (13 pol, 1 pol-env,
7 env, 1 Pol II)
HIV-1(CAGGT) 1 1 5 17 (10 pol, 4 pol-env,
3 Pol IT)
1 1 9 1 (pol)

“ The last nucleotide at each LTR end of the circles is indicated by a number,
using the numbering system in Fig. 1C.

® The positions of autointegrations are indicated. pol-env, between pol and env;
Pol II, RNA Pol II promoter.

into the viral DNA in an orientation opposite to their own
polarity. The second type is a one-ended autointegration event.
This event can arise from a reaction in which one end is
processed correctly and is inserted into the viral DNA, gener-
ating a smaller circle that contains only one LTR (Fig. 5C), or
from a concerted integration event in which both LTRs are
inserted into the viral DNA in a concerted reaction with the
same polarity as the LTRs (Fig. 5B). Although the reactions
catalyzed by IN do not give rise to the final circular forms
shown in Fig. 5, the IN-mediated joining reactions take place in
the nucleus. The nucleus contains host enzymes that can com-
plete the circularization reactions in the same way that host
enzymes complete the IN-mediated joining reactions that give
rise to the mature provirus. As expected, we recovered more
single-end insertions that involved U5 end joinings, because
the cassette containing the drug resistance gene and the bac-
terial origin of replication is nearer the U5 LTR terminus of
the vector.

Circles recovered from the HIV-1(CAT) and HIV-1(CA)
mutants showed that HIV-1 IN can remove a single nucleotide
beyond the CA and properly integrate the processed end (Ta-
ble 1 and Table 3). This result is in agreement with previous in
vitro observations showing that HIV-1 IN can cleave 1 nucle-
otide 3’ of the CA dinucleotide (30). The HIV-1(CA) mutation
reduced the virus titer to 10% of the WT level (Fig. 2). The
reduction in the initiation of viral DNA synthesis is sufficient to
account for at least some of the reduction in titer; however, as
shown in Table 1, for this mutant the 2-L'TR circles make up a
larger proportion of the total circular DNA forms (25%, com-
pared to 9% for the WT), suggesting that the linear DNA
produced by the HIV-1(CA) mutant, which, based on the anal-
ysis of the 2-LTR circle junctions, has a single nucleotide
beyond the CA, is not an efficient substrate for integration. It
is likely that the higher titer of the HIV-1(CAT) mutant [than
of the HIV-1(CA) mutant] is due to the fact that the HIV-

Position of the

Virus integration” No. of cases”
U3 Us
HIV-1 WT Variable 1 9 (4 gag, 3 pol, 2 pol-env)
gag -2 1
HIV-1(ATG) 1 U3 1
Variable 1 4 (1 U3, 1 gag, 2 pol)
HIV-1(CA) Variable 1 2 (2 pol)
HIV-1(CAT) 1 U5 1
Variable 1 4 (1 gag, 2 pol, 1 pol-env)
HIV-1(CAAT) 1 U3 1
Variable 1 10 (1 U3, 5 gag, 3 pol,
1 pol-env)
HIV-1(CAGT) 1 Variable 2 (1R, 1 U5)
Variable 1 20 (7 gag, 12 pol, 1
pol-env)
HIV-1(CAGGT) Variable 1 13 (1 U3, 4 gag, 6 pol,

2 pol-env)

¢ The last nucleotide at each LTR end of the circles is indicated by a number,
using the numbering system in Fig. 1C.
b The positions of autointegrations are indicated. pol-env, between pol and env.

1(CAT) mutant produces, in addition to linear DNAs with one
nucleotide beyond the CA, a significant number of linear
DNAs with two nucleotides beyond the CA. The HIV-1(CAT)
mutant also showed an increase in the proportion of 2-LTR
circles relative to the total number of circles (28%), which is
presumably due to the fact that the linear DNAs with one
nucleotide beyond the CA are integrated poorly. The only
other mutant that showed an elevated proportion of 2-LTR
circles is the HIV-1(ATG) mutant (29%), and because its
linear DNA lacks the canonical CA at the U5 end, the linear
DNA of this mutant is not expected to be a good substrate for
integration. When we changed the two nucleotides (TT) of the
RSVP(A)Z vector to match the HIV-1 sequence (G), RSV IN
removed a single nucleotide and properly integrated the pro-
cessed ends in about 70% of the proviruses that we isolated.
This mutant decreased virus titer to about 46% of the WT level
(23).

For one of the mutant viruses, HIV-1(CAGGT), we recov-
ered circles from both concerted autointegration events and
one-end autointegration events (Table 2 and Table 3), suggest-
ing that HIV IN is able to remove three nucleotides beyond the
CA sequence from the U5 LTR terminus and insert the pro-
cessed DNA correctly, creating a 5-bp duplication at the target
site. The titer of this mutant is relatively high, 63% of the WT
level, which means that HIV-1 IN can efficiently remove three
nucleotides from the U5 end of the viral DNA. This result
agrees with the in vitro data showing that HIV-1 IN can re-
move three nucleotides 3’ of the canonical CA dinucleotide
(21, 30). It is possible that HIV-1 IN is relatively efficient in
removing three nucleotides from the U5 end because the IN of
the related virus HIV-2 normally removes three nucleotides
from the U5 end of its linear DNA (32). In one concerted
autointegration event from an infection with HIV-1(CAGGT),
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both ends were processed correctly and inserted into the viral
sequence; however, there was a 9-bp duplication at the target
site instead of a normal 5-bp duplication (Table 2). Because we
have seen only one such event, we do not know whether it was
caused by the mutation or was the result of a rare error by IN.
We previously reported the effects of changing the sequence
(TT) between the PBS and the CA dinucleotide of the RSV-
derived vector RSVP(A)Z to match the HIV-2 sequence
(GGT) (23). Proviruses recovered from this mutant showed
that RSV IN was able to remove three nucleotides beyond the
CA and properly insert the processed end. However, the titer
of this mutant virus was reduced to only 3.5% of the WT level,
and although it is possible that the mutation has some effect on
the initiation of viral DNA synthesis, the substantial reduction
in titer suggests that, although RSV IN can remove three
nucleotides, it does so relatively inefficiently.

We also obtained DNA circles from infections with the HIV-
1(ATG) mutant, in which the canonical CA sequence was
mutated to AT (Table 2). Although, based on published re-
ports, we were not surprised that this mutant had a reasonably
high titer (5, 22), we expected, based on the results of the
experiments with the RSV-based vector, that IN would insert
the normal (U3) end correctly and that, because there was no
CA in U5, this end would be inserted by host factors (23).
Sequence analysis of the autointegrants produced by infection
with the HIV-1(ATG) mutant suggests that HIV-1 IN can
remove two nucleotides from the U5 LTR terminus beyond the
(mutated) AT and can properly insert the processed DNA,
creating a 5-bp duplication at the target site. In contrast to our
in vivo result, it has been previously reported, in an in vitro
experiment with HIV-1 IN, that the replacement of the CA
dinucleotide with TG significantly impaired both 3’ processing
and strand transfer, suggesting that, at least in vitro, the CA
dinucleotide is required for integration (21). However, Zhou et
al. previously showed that sequences other than the canonical
CA were successfully integrated in an in vitro assay using RSV
IN (37). In these experiments, substrate oligonucleotides were
inserted into a circular DNA target. A large pool of oligonu-
cleotides was used, and the terminal five nucleotides of the
oligonucleotides were randomized. This mixture was subjected
to a competitive integration reaction catalyzed by RSV IN.
Integrated substrates were then PCR amplified to determine
the substrate/target DNA junction. After one round of selec-
tion, sequence analysis of selected clones showed that a diverse
group of terminal sequences was found, suggesting that, at
least in an in vitro reaction, RSV IN does not require the
canonical CA for integration. Our results show that, in vivo,
HIV-1 can integrate successfully using sequences other than
CA. This suggests that, despite the evolutionary conservation
of the CA dinucleotide, this dinucleotide is not required for
appropriate integration of the U5 end of HIV-1 linear DNA;
however, as has already been discussed, the increase in the
proportion of 2-LTR circles suggests that the linear DNA from
the HIV-1 mutant that lacks the CA at the U5 end, HIV-
1(ATG), is not an efficient substrate for integration, and be-
cause this mutation does not have a clear effect on the initia-
tion of viral DNA synthesis, the decrease in titer (to 20% of the
WT level) is primarily due to the effect of the mutation on
integration.
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