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The retroviral attachment (att) sites at viral DNA ends are cis-acting regions essential for proviral integra-
tion. To investigate the sequence features of aft important for human immunodeficiency virus type 1 (HIV-1)
integration in vivo, we generated a series of 25 a#f mutants of HIV-1 by mutagenesis of the U3, U5, or both
boundaries of att. Our results indicated that the terminal 11 or 12 bp of viral DNA are sufficient for specific
recognition by HIV-1 integrase (IN) and suggested that IN might recognize each att site independently in vivo.

Retroviral integration (22, 30, 55), which is catalyzed by the
viral enzyme integrase (IN), is an essential step in the estab-
lishment of the provirus and subsequent viral gene expression
(7, 13, 20, 32, 38, 43, 46, 47). The reaction catalyzed by IN can
be modeled in an in vitro cell-free assay system in which pu-
rified IN and a synthetic oligonucleotide mimicking the viral
U3 or U5 end are used (3, 8, 10, 18, 26, 35, 49, 54). Subse-
quently, cis- and trans-acting regions of the human immuno-
deficiency virus type 1 (HIV-1) genome, including the attach-
ment (att) site (4, 10, 27, 31, 41-43, 49, 54) and the conserved
domains within the IN protein (3, 18, 26, 31, 35), have been
identified as important for integration. Mutational analyses of
att by use of in vitro assays defines the region of the long
terminal repeat (LTR) att sequence necessary for efficient in-
teraction with IN (31, 35, 49, 54). In HIV-1, at least 7 and as
many as 13 bp adjacent to the highly conserved CA dinucle-
otide were shown to be required for efficient and specific in-
teraction of the LTR with IN in vitro (31, 35, 49). Importantly,
alteration of the conserved CA dinucleotide significantly im-
pairs the in vitro IN activities, i.e., 3" processing, strand trans-
fer, and disintegration reactions (8, 10, 31, 35, 49, 54). In
addition to the CA dinucleotide, the importance of the sub-
terminal LTR sequence for specific interaction has also been
reported (2, 3, 27, 31, 35, 49, 54, 56). However, interpretation
of these in vitro assays is limited since they examine the action
of IN on only a single viral DNA end. In the natural course of
retroviral infection, both the U3 and U5 termini are coordi-
nately recognized by IN (concerted integration). Recently, a
new series of in vitro assays using modified oligonucleotide
substrates that mimic the integration intermediate have pro-
vided a more detailed recognition model of IN in which IN (i)
recognizes the att and target DNAs asymmetrically (9) and (ii)
can juxtapose two viral DNA ends by active-multimer forma-
tion (8, 39). Mutational analyses of HIV-1 IN and complemen-
tation studies of mutant INs also suggest that HIV-1 IN is
active as a multimer (17, 52). These in vitro studies have
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greatly increased our understanding of the molecular mecha-
nism of retroviral integration. However, recent studies (14, 19,
34, 38, 45) have indicated some differences or discrepancies
between results of in vitro and in vivo assays. These discrep-
ancies may reflect differences due to experimental conditions
between in vitro and in vivo conditions. Alternatively, involve-
ment of cellular (21) or viral cofactors that may participate in
integration in vivo could be also one explanation for the dif-
ferent results. These arguments emphasize the need to check
the phenotype of a#t mutants in vivo, since the sequence fea-
tures of att important for retroviral integration and replication
are not well defined. On the other hand, the terminal U5
region is important for the packaging of viral RNA and initi-
ation of reverse transcription (11, 23, 24, 41). Recent studies
using in vitro assays have provided evidence that the A-rich
loop in the HIV-1 U5 region 13 to 15 bp upstream of the
primer binding site, consisting of a four-adenosine tract (nu-
cleotides [nt] +169 to +172), binds to the four uridine residues
in the anticodon loop of tRNAS* (23, 24, 36). Thus, it is
possible that the function of the a#t sequence overlaps those of
viral replication steps other than integration.

In the present study, we investigated the role of the terminal
sequences of viral DNA in the context of an infectious HIV-1
molecular clone by mutagenesis of the U3 or U5 terminal att
region or both. Furthermore, we addressed the att site speci-
ficity of HIV-1 IN by examining an att site chimeric virus in
which the terminal sequences were replaced with the corre-
sponding sequences of murine leukemia virus (MuLV) or fe-
line immunodeficiency virus (FIV). Finally, we analyzed att
exchange mutants in which the U3 a#t region (11 bp) was
exchanged with the US a#t region (11 bp) and/or the U5 att
region was exchanged with the U3 atf region to examine the
adequacy and recognition mode of the terminal 11 bp for
integration by HIV-1 IN in vivo.

Construction of a#t site mutants. The U5 or U3 region of
viral DNA, synthesized de novo with reverse transcriptase after
infection, was derived from the 3’ or 5" LTR of proviral DNA,
respectively. Therefore, to generate U5 or U3 a#f mutants, we
introduced mutations into the 3’-terminal region of the 5’ LTR
or the 5'-terminal region of the 3" LTR of an HIV-1 clone,
respectively. Series of deletion or point mutations were intro-
duced into each or both a#t sites through site-directed mu-
tagenesis of subgenomic fragments (Fig. 1), followed by recon-
struction of the mutations in the HIVyy e Vector (1, 38,
44), in which the env gene is defective, to allow formation of
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A) HIV-1UBatt mutant

Ubatt
(WT)

USDEL10 GACCCTTTTAGTCAGTGTGGAAA
U3&USDEL10 GACCCTTTTAGTCAGTGTGGAAA

USDEL 8 GACCCTTTTAGTCAGTGTGGAAA

U3&USDEL 8 GACCCTTTTAGTCAGTGTGGAAA- CA
USDEL4A GACCCTTTTAGTCAGTGTGG----TCTCTAGCAGT
USDELUALQ GACCCTTTTA AAAATCTCTAGCAGT
USDEL19 GACCCTTTTAGT----—---——————=---~— CAGT
ULSCA>TG GACCCTTTTAGTCAGTGTGGAAAATCTCTAGTGGT

U3&USCA>1TG GACCCTTTTAGTCAGTGTGGAAAATCTCTAGTGGT
USGT>TT GACCCTTTTAGTCAGTGTGGAAAATCTCTAGCATT
USDELGT GACCCTTTTAGTCAGTGTGGAAAATCTCTAGCA--
USMuLV GACCCTTTTAGTCAGTGTGGAAGGGGTCTTTCATT
U3&USMULV  GACCCTTTTAGTCAGTGTGGAAGGGGTCTTTCATT

USFIV GACCCTTTTAGTCAGTGTGGAAAGAACTTCGCAGT
U3&USFIV GACCCTTTTAGTCAGTGTCGAAAGAACTTCGCAGT
UStoU3 GACCCTTTTAGTCAGTGTGCAAAAGCCCTTCCAGT
U3vsUS GACCCTTTTAGTCAGTGTGGAAAAGCCCTTCCAGT

B) HIV-1U3att mutant

Ulatt ACTGGAAGGGCTAATTCACTCCCAAAGAA
(WT) TGACCTTCCCGATTAAGTGAGGGTTTCTT
U3DEL10 AC--———————— AATTCACTCCCARAGAA
U3&USDEL10 AC--—----—----— AATTCACTCCCARAAGAA
U3DEL 8 ACTG----———- AATTCACTCCCAAAGAA
U3&U5DEL 8 ACTG-------- AATTCACTCCCAAAGAA
U3DEL8&GT --TG—--——-—-— AATTCACTCCCAAAGAA
U3CA>TG ACCAGAAGGGCTAATTCACTCCCAAAGAA
U3CA>TGX ACCAGAAGGGCTAATTCACTCCCARAGAA

U3&USCA>TG ACCAGAAGGGCTAATTCACTCCCAAAGAA

U3MuLV AATGAAAGACCCCATTCACTCCCAAAGAA
U3&USMULV AATGAAAGACCCCATTCACTCCCARAGAA
U3FIV ACTGGGATGAGTAATTCACTCCCAAAGAA
U3&USFIV ACTGGGATGAGTAATTCACTCCCAAAGAA
U3toUs ACTGCTAGAGATAATTCACTCCCARAGAA
U3vsU5 ACTGCTAGAGATAATTCACTCCCAAAGAA

FIG. 1. Mutation of HIV-1 U3 and US att sites. The boundary and nucleotide
sequences of the U5 (A) and U3 (B) att sites are shown. Both strands of the WT
DNA sequences are shown at the top. The highly conserved CA and TG dinucle-
otides in each att site are underlined. For att site mutants, only positive-strand
DNA sequences are shown. A deleted or altered nucleotide is indicated by a dash
or a bold letter, respectively. In MuLV or FIV att chimeric mutants, the terminal
13 bp of each HIV-1 att sequence were replaced with the corresponding terminal
13 bp of MuLV or FIV. The boundary of the primer binding site (pbs) for
tRNA;™* is shown by dashed underlining (A).

HIV-1 (amphotropic) pseudotypes, and the nef gene was re-
placed with the firefly luciferase (Luc) gene (12) to allow effi-
cient monitoring of HIV-1 expression. Briefly, DNA fragments
for the mutagenesis of HIV-1 LTR termini were derived from
a HIV{ juc-eny Vector. For mutagenesis of the US terminal re-
gion, the Ncol-Spel fragment of HIV e (nt 10615 to
14267 and nt 1 to 1508) containing the entire U5 region of the
5" LTR was subcloned into pGEMS5Zf(+) (Promega), forming
pGEMUSNS. To introduce mutations at the U5 terminal re-
gion, two mutagenic primers were designed to span the HindlIII-
BssHII (nt 531 to 712) US att region. PCR was performed with
the mutagenic primers using HIV; e @S template DNA.
The amplified products were digested with HindIII and BssHII
and ligated to HindIII/BssHII-digested pGEMUSNS. After
confirmation of designed mutations by DNA sequence of the
entire amplified region, the HindIII-BssHII fragment contain-
ing each mutation at the U5 terminal region was inserted
back into the HIV e Vector, replacing the correspond-
ing HindIII-BssHII region of the vector. For mutagenesis of
the U3 terminal region, the XhoI-Sspl fragment of HIV 4.c-crn
(nt 8207 to 12677) containing the entire 3" LTR was subcloned
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into the Xhol and EcoRYV sites of pBluescript II SK(+), form-
ing pSKU3. To introduce mutations at the U3 terminal region,
two mutagenic primers were designed to span the Mlul-PmaCI
(nt 9876 to 10240) region containing the 5’ half of U3 in the 3’
LTR. PCR was performed with the U3 a#t mutagenic primers
as described above. The amplified products were digested with
PmaCl and Mlul and ligated to PmaCI/Mlul-digested vector
pSKU3. After confirmation of designed mutations by DNA
sequencing of the entire amplified region, the XhoI-Ncol frag-
ment containing each mutation at the U3 terminal region was
inserted back into the HIV e VECtOT, replacing the cor-
responding XholI-Ncol region of the vector. To remove the
U3 terminal region in the 5" LTR of the HIV j,.c.en VECtOT,
pGEMUSNS was digested with EcoRV (nt 112) and Stul (site
in the 5" flanking region). The large fragment was purified by
agarose gel electrophoresis, followed by self-ligation of the
EcoRV/Stul-digested pPGEMUSNS vector (pGEMUSNSdelS-
RV). The Ncol-Spel fragment of pGEMUSNSdelS-RV was
inserted back into the HIVy ¢, vector carrying a U3 CA>
TG mutation in the 3" LTR by replacing the corresponding
Xhol-Spel region of the vector (U3 CA>TGX). For certain att
mutations, we introduced mutations at both U3 and U5 att
sites simultaneously (U3&USCA>TG, U3&USDELS, U3&
USDEL10, U3&US5MuLV, U3&USFIV, and U3vsUS). To
prepare each U3&US5 att mutant, the Xho-Ncol fragment (nt
8207 to 10615) of the HIV j,c-eny VECtOT carrying each U3 att
mutation in the 3" LTR was replaced with the corresponding
region of the HIVyy ¢, Vector carrying each U5 att muta-
tion.

We previously showed that the single-round infection system
with HIV-1 (amphotropic) pseudotypes was useful for estima-
tion of integration efficiency in vivo by monitoring the level of
synthesized viral DNA and Luc activity expressed in infected
cells (38). We prepared a pseudotype virus of each att site
mutant by cotransfection of COS cells with the HIV; 1c-cnn
vector carrying each aff mutation and an amphotropic MuLV
envelope expression vector (pJD-1). We also prepared an
HIV-1 IN mutant, D116G, carrying an amino acid substitution
at the catalytic site of IN (38) for use as an integration-defec-
tive control virus. All of the mutants had comparable levels of
p24 and Luc activity within lysates of transfected COS cells and
comparable levels of p24 in culture supernatants harvested
from the transfected cells (data not shown). Thus, none of the
mutations had any effect on transfected proviral gene expres-
sion.

Effect of each mutation on integration efficiency. We as-
sessed the ability of a#t mutants with deletions or point muta-
tions at either the U5 or the U3 terminus or both to form viral
DNA following infection of susceptible RD cells (Fig. 2A). For
this purpose, PCR was used to monitor the formation of com-
plete or nearly complete viral DNA (R/gag) with primers M667
and M661 (58). For each virus, RD cells (10°) were infected by
inoculating an aliquot (1 ml) of DNase-treated COS cell virus-
containing supernatant. The amount of p24 in each 1-ml ali-
quot was around 50 ng. At 24 h or 10 days, as indicated on the
left of Fig. 2, the entire cell culture was harvested. Total DNA
was extracted from infected RD cells by the urea lysis method
as previously described (38, 58). Each DNA sample was sub-
jected to quantitative PCR analysis with primer pairs specific
for the R/gag region of HIV-1 (38, 58) by 30 cycles of ampli-
fication (94°C for 1 min, 65°C for 2 min, and 72°C for 2 min)
in a reaction mixture containing 20 mM Tris-HCI (pH 8.4),
50 mM KCI, 0.2 mM deoxynucleoside triphosphates, 1 mM
MgCl,, and 2 U of Taq DNA polymerase (GIBCO BRL). For
an internal control, total DNA from 4 X 10% to 5 X 10* RD
cells was amplified in parallel as human DNA standard prim-
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FIG. 2. Analysis of att mutants. (A) For each virus, 10° RD cells were in-
fected by inoculating a 1-ml aliquot of DNase-treated, virus-containing COS cell
supernatant. After 24 h or 10 days, as indicated on the left, the entire cell culture
was harvested. Total DNA was extracted from infected RD cells and subjected to
quantitative PCR analysis with primer pairs specific for the R/gag region of
HIV-1 (38, 58). For HIV-1 DNA standards, 50 to 100,000 copies of linearized
HIVNtie-eny Were amplified in parallel. Amplified products were resolved on a
2% agar gel and visualized by Sybr Green staining (FMC Bio Product, Rockland,
Maine). Quantitative analysis of amplified products was performed by the Epi-
Light UV FA1100 system with a Luminous Imager (Aisin Cosmos R&D Co.). An
aliquot of each virus preparation was incubated at 65°C for 30 min and used as
a heat-inactivated control (HI). (B) At 3 days postinfection, the entire culture
was harvested and washed twice with phosphate-buffered saline. The cell pellet
was resuspended with 200 pl of cell lysate buffer (Promega Corp.). Ten micro-
liters of each cell lysate was subjected to a Luc assay. Luc activity was determined
after subtraction of the background level and normalization to 1 pl of lysate,
corresponding to about 103 cells. Luc activity was measured in duplicate for each
virus inoculate, and mean values are shown. The standard error for each repli-
cate was less than 10% of the mean. This experiment was performed three times
with independently prepared virus. The results of a representative experiment
are shown. A virus prepared with a parental (WT) vector or an IN catalytic
mutant (D116G) vector was infected in parallel as a WT or integration-defective
control, respectively. Mock, mock-transfected COS cells (no virus).

er pairs specific for the human B-globin gene (33) (data not
shown). All of the mutants produced comparable levels of
complete or nearly complete virus DNA at 24 h postinfection,
except the USDEL GT and U3DEL 8&GT mutants (Fig. 2A).
It is noteworthy that the amplified product (R/gag) of each US
att deletion mutant (Fig. 1A, USDEL10, U5DEL 8, USDEL
UA10, or USDEL19) showed a single band with slower mo-
bility than that of the wild type (WT) (200 bp), corresponding
to the size of its deletion (Fig. 2A, lanes 2, 3, 5, and 0),
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indicating that each a#f mutation was indeed introduced into
the de novo-synthesized viral DNA after infection and that a
revertant was not generated during the transfection and infec-
tion procedures. Replacement of the terminal GT with TT in
the US att region (Fig. 1, USGT>TT) did not affect viral DNA
synthesis (Fig. 2A, lane 8). Thus, the low levels of viral DNA
produced by USDEL GT and U3DEL 8&GT suggested that
deletion of the terminal nucleotide (T/A) in the US and U3 att
regions might affect efficient priming of reverse transcription
by tRNA,™* or selection and processing of the polypurine
tract to initiate plus-strand DNA synthesis. Deletion of the A-
rich loop consisting of a four-adenosine tract in the U5 termi-
nal region (nt +169 to +172) (Fig. 1A, USDEL4A), which was
previously reported to be important for interaction with the
tRNA;™* primer and subsequent negative-strand DNA syn-
thesis in vitro (23, 24), did not affect viral DNA synthesis in our
infection system (Fig. 2A, lane 4). Although we cannot exclude
the possibility that minor effects of the mutation might accu-
mulate during repeated cycles of virus replication, our obser-
vation was consistent with a previous in vivo experiment show-
ing no apparent function of the A-rich loop in viral replication
(53). We also examined the stability of viral DNA by monitor-
ing its levels over time in infected cells. The IN catalytic site
mutant, D116G, showed low stability, less than 0.5% of the
level of the WT (Fig. 2A, compare lanes 1 and 18). Although
all of the mutants, except USDEL GT and U3DEL 8&GT,
produced equivalent levels of viral DNA at 24 h postinfection,
the levels at 10 days varied with integration efficiency.

All of the att site mutants showed comparable levels of Luc
activity following transfection of COS cells and produced com-
parable levels of viral DNA after infection, with the exception
of USDEL GT and U3DEL 8&GT (Fig. 2). Thus, we could
estimate relative integration efficiency directly by measuring
Luc activity following infection. The WT construct yielded
1.1 X 10* light units (U) of Luc activity per ul of cell lysate
(corresponding to about 10° cells) at 3 days postinfection (Fig.
2B, WT). On the other hand, the IN catalytic-site mutant,
D116G, yielded only 200 U/ul of cell lysate (Fig. 2B, D116G),
indicating that the relative integration efficiency of D116G with
respect to the WT level was estimated to be less than 0.2%. In
att site mutants, by deletion at each terminus of 10 nt (Fig. 1A,
US5DELL10, and B, U3DEL10) which span the highly conserved
CA dinucleotide and its 5’ internal region, the relative inte-
gration efficiency was reduced to less than 5% of the WT level
(Fig. 2B, USDEL 10 and U3DEL10). When we kept the con-
served terminal 4 nt (CAGT) intact and deleted the 8 nt 5’
internal to the conserved CA (Fig. 1A, USDEL 8; Fig. 1B,
U3DEL 8), efficiency was reduced to 20 to 50% of the WT
level (Fig. 2B, USDEL 8 and U3DEL 8). Deletion of the four-
adenosine tract in the U5 terminal region (Fig. 1A, USDEL4A)
or 10 nt of its upstream region (Fig. 1A, USDELUA10) had no
drastic effect on integration efficiency (Fig. 2B, USDEL 4A and
USDEL UA10). These results indicated that the boundary for
interaction with IN lies within 11 to 12 nt of each viral DNA
terminus. Alteration of the highly conserved CA dinucleotide
in each art site (Fig. 1A, USCA>TG, and B, U3CA>TG)
reduced integration efficiency to 10 to 30% of the WT level
(Fig. 2B, U5 CA>TG and U3 CA>TG). Similar alterations of
the conserved CA dinucleotide resulted in deterioration of the
effect on IN activity in vitro (9, 10, 31, 35, 49, 54). Importantly,
when we altered the CA dinucleotides of both the U3 and U5
att regions at same time (Fig. 1A and B, U3&USCA>TG),
integration efficiency was synergistically reduced to as low as
1% of the WT level. Thus, consistent with previous in vitro IN
studies (8, 10, 31, 35), the results of our in vivo experiment also
showed the importance of the CA dinucleotide for integration.
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FIG. 3. Analysis of att chimeric mutants. A 1-ml aliquot of each virus con-
taining about 50 ng of p24 was inoculated into 10° RD cells. (A) At 24 h or 10
days after infection, as indicated on the left, total DNA was extracted and
subjected to quantitative PCR analyses of de novo-synthesized viral DNA as
described in the legend to Fig. 2. (B) For each virus, at 3 days postinfection of the
same virus preparation used for the PCR experiment in panel A, the entire
culture was harvested. The cell pellet fraction was subjected to a Luc assay as
described in the legend to Fig. 2. Luc activity was measured in duplicate for each
virus inoculate, and mean values are shown. The standard error for each repli-
cate was less than 10% of the mean. A virus prepared with a parental (WT) or
an IN catalytic mutant (D116G) vector was infected in parallel as a WT or
integration-defective control, respectively. This experiment was performed three
times with independently prepared virus. The results of a representative exper-
iment are shown.

However, if nucleotide substitution of the conserved CA was
introduced into either the U3 or the US a#f region, the effect
was tolerated, as shown above and in our previous report (38).
To rule out the possibility that genetic rearrangement of a
mutated fragment with the WT sequence at another LTR on
the plasmid DNA might generate revertant DNA during the
transfection procedure, we generated a U3 CA>TG mutant
plasmid with a deletion of another U3 terminal region (Stul-
EcoRV) at the 5" LTR (U3 CA>TGX). U3 CA>TGX mu-
tants showed a phenotype indistinguishable from that of the
U3 CA>TG mutant (Fig. 2, U3 CA>TG and U3 CA>TGX).
Although the exact mechanism of the observed tolerance of a
mutation at one of the art sites in vivo is not clear, similar
tolerance effects were also observed when a 10-bp deletion
(Fig. 2, USDEL10, USDEL 10, and U3&US5DEL 10) and an
8-bp deletion (Fig. 2, U3DEL 8, USDEL 8, and U3&U5 DEL
8) were introduced into only one of the two att sites. Since the
in vitro integration assays analyze the integration events at one
att site, compensation of a critical mutation at one of the att
sites might happen during the concerted integration of both att
sites in vivo. Thus, we hypothesized that binding of IN or the
3’ cleavage product at one of the a# sites might help another
att processing step, probably by lowering the stringency of the
att sequence’s specificity for IN. Recent in vitro studies suggest
that IN facilitates the flipping of the terminal bases during
catalysis (48). Alteration of the terminal GT to TT (Fig. 1A,
US5GT>TT) failed to change viral DNA synthesis (Fig. 2A,
USGT>TT) or integration efficiency (Fig. 2B, US GT>TT),
indicating that sequence of the G nucleotide at the 3’ end of
the US att region might not be rigidly required for efficient
integration in vivo.

Analysis of att site chimeric virus. The above analysis of art
site mutants showed that the boundary required for interaction
with IN lies within 11 or 12 nt of each terminus of the viral
DNA. We next examined the att specificity of HIV-1 IN. To
address this point, we generated an atf site chimeric HIV-1
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mutant in which the 13 bp of each terminal sequence of the U3
and/or US att region were replaced with the corresponding
region of MuLV (Fig. 1, USMuLV, U3MuLV, and U3&US5
MuLV) (35, 46) or FIV (Fig. 1, USFIV, U3FIV, and
U3&USFIV) (50, 51, 53). None of the replacement mutations
had any effect on gene expression of proviral DNA nor virus
release after transfection of COS cells (data not shown). Fol-
lowing infection of RD cells, each att chimeric mutant pro-
duced a level of viral DNA equivalent to that of the WT (Fig.
3A), indicating no effects of each mutation on reverse tran-
scription after infection. The relative integration efficiencies of
the U5 MuLV, U3 MuLV, U5 FIV, and U3 FIV mutants,
estimated by Luc activity, were calculated to be 15.6, 28.3, 74.0,
and 86.2%, respectively. The MuLV aft chimeric mutant
showed an integration efficiency as low as that of the corre-
sponding 8-bp deletion mutants (U3DELS and USDELS), in-
dicating that the 8 nt internal to the conserved CA dinucleotide
might be important in determining the att specificity of HIV-1
IN. In contrast, exchange of HIV-1 att with FIV att had less of
an effect on integration by HIV-1 IN in vivo. When both the 3’
and 5’ regions of att were replaced at the same time with those
of MuLV (U3&US5MuLV) or FIV (U3&USFIV), U3&USFIV
maintained a high integration efficiency of around 70% of the
WT level, while U3&US5SMuLV showed a markedly lower in-
tegration efficiency of less than 0.5% of the WT level (Fig. 3).
Here again, we observed a tolerance for mutations in the U3 or
US att region in the MuLV att chimeric virus. Thus, our results
clearly demonstrated the atf site specificity of HIV-1 IN in vivo,
consistent with previous in vitro studies (27, 28, 35). On the
other hand, replacement of the art sequence with FIV artt
showed less of an effect on integration in vivo. Similar com-
patibility of FIV US att site usage for HIV-1 IN was reported
in vitro (50). In conclusion, we showed that the terminal 11-bp
sequence of the U5 att region and the terminal 12-bp sequence
of the U3 att region are the minimum cis elements required for
specific interaction with HIV-1 IN. Although we did not ad-
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FIG. 4. Analysis of att exchange mutants. Each virus was inoculated into 10°
RD cells as described in the legend to Fig. 2. (A) At 24 h or 10 days after
infection, as indicated on the left, total DNA was extracted and subjected to
quantitative PCR analyses of de novo-synthesized viral DNA as described in the
legend to Fig. 2. (B) For each virus, at 3 days postinfection with the same virus
preparation used for the PCR experiment in panel A, the entire culture was
harvested and subjected to a Luc assay as described in the legend to Fig. 2. Luc
activity was measured in duplicate for each virus inoculate, and mean values are
shown. The standard error for each replicate was less than 10% of the mean. A
virus prepared with a parental (WT) vector or an IN catalytic mutant (D116G)
vector was infected in parallel as a WT or integration-defective control, respec-
tively. This experiment was performed three times with independently prepared
virus. The results of a representative experiment are shown.
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FIG. 5. Specific att site recognition by HIV-1 IN. The U3 and US atf regions
at both termini of the viral DNA (shown as open boxes) are recognized and
subjected to an integration reaction by IN. Removal of the terminal GT dinu-
cleotide by IN (illustrated with arrows) resulted in exposure of the conserved
dinucleotide CA-OH (shown in bold letters) at the 3’ ends of both strands. The
U3 (12-bp) and U5 (11-bp) att sequences of HIV-1, which are required for
efficient interaction with IN, are shown in the boxes. The nucleotides suggested
to be important for specific interaction with HIV-1 IN are indicated by asterisks.
The independent recognition of each att site by each IN promoter by dimer
formation is speculatively illustrated.

dress the importance of individual residues, the results of a
comparison of the att sequences suggested certain key nucle-
otides at positions 5, 6, 10, and 11 from the end of the US
region of att and at positions 5, 9, 10, and 12 from the end of
the U3 region of art (Fig. 5, indicated by asterisks). Our con-
clusion was compatible, at least in part, with previous in vitro
studies by (i) Katzman and Sudol (27) that indicated the im-
portance of nucleotides at positions 5 and 6 from the end of the
U3 region of aft and (ii) Reicin et al. (45) that showed the
importance of three Gs at positions 6 to 8 from the end of U3.
It is noteworthy that the important role of the nucleotides at
positions 5 and 6 from the end of the U5 region of att for
specific binding of HIV-1 IN has been indicated by an in vitro
UV cross-linking study with mismatched a## U5 mutagenic
oligonucleotides (57).

Analysis of att exchange mutants. There is little apparent
nucleotide sequence homology between the U3 and US regions
of HIV-1 att, except for the terminal 4 bp (Fig. 1). Importantly,
the critical nucleotides in each atf region that might determine
the substrate specificity of HIV-1 IN, as indicated in the chi-
meric att mutant experiment and previous in vitro studies (27,
56), were not conserved between the two atf regions. Thus, it is
suggested that IN might recognize U3 and U5 of aft indepen-
dently. Alternatively, IN may recognize both att sites sequen-
tially as a unit. To distinguish these two possibilities, we gen-
erated att site exchange mutants (Fig. 1, U5toU3, U3toUS5, and
U3vsUS5) and examined their effects on integration efficiency in
vivo. In the UStoU3 mutant, the 11-bp terminal region of US
of att was replaced with the 11-bp terminal sequence of the U3
att site to produce virus DNA with the 11-bp U3 terminal
sequence at both LTR termini. In the second mutant, U3toUS,
we replaced the 11-bp terminal sequence of U3 of att with the
corresponding US5 att region, resulting in virus DNA having
11-bp US att sequences at both termini. In the last mutant,
U3vsUS, we exchanged the 11-bp terminal sequences of the U3
and US att regions to produce a virus DNA with the US art
sequence in the U3 terminal region and the U3 atf sequence in
the US terminal region. By analyzing the U3vsUS5 mutant, we
also addressed the sufficiency of the terminal 11 bp as att, since
there is not homology between the U3 and US termini outside
the terminal 11 bp. All three aft exchange mutants produced
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comparable level of viral DNA (Fig. 4A) with a high integra-
tion efficiency of around 70 to 90% of the WT level (Fig. 4B).
Thus, our results demonstrated that the terminal 11 bp is
almost sufficient for interaction with HIV-1 IN and that HIV-1
IN might recognize the U3 and U5 a#t sequences not as a unit
but, rather, independently. The latter conclusion suggests the
importance of dimerization or multimerization of HIV-1 IN
for concerted integration of both atf sites in vivo.

As summarized in Fig. 5, the major findings of the present
study are the following. (i) The terminal 11 or 12 bp of the U5
and U3 att sites is the minimum cis element required and is
almost sufficient for integration or efficient interaction with
HIV-1 IN in vivo. (ii) The highly conserved dinucleotides CA
and TG are essential probably as an att substrate feature com-
mon to all retroviruses for IN-mediated action or 3’ process-
ing, as previously indicated by in vitro studies (10). (iii) The
subterminal region 7 to 8 bp 3’ internal to the highly conserved
CA might determine the att specificity of HIV-1 IN. (iv) Anal-
ysis of att exchange mutants suggested that HIV-1 IN might
recognize each att site independently but act in a concerted
manner, probably by forming dimers or multimers.

Mutational and complementation analyses of HIV-1 IN in
vitro studies of HIV-1 IN showed that IN can be divided into
three distinct function domains, the N-terminal, central, and
C-terminal domains, that complement each other for full en-
zymatic activity (17, 52). The central core domain contains the
conserved D, D 35E motif, which is essential for the catalytic
activity of IN (5, 18, 29, 32). In addition, both the N- and
C-terminal regions are required for full IN activities in vitro
(17, 52, 59). These in vitro studies indicated that IN might
function as a dimer or multimer form (17, 52). The three-di-
mensional structure of the central domain of HIV-1 has been
solved by X-ray crystallography (15). Recently, the structures
of the N-terminal (6) and C-terminal (16, 37) domains of
HIV-1 IN were also analyzed by nuclear magnetic resonance
spectroscopy, which showed that each domain forms a homo-
dimer or a tetramer. Considered together with the results of
these in vitro studies, our results obtained with a#t exchange
mutants suggest an important role in dimer or multimer for-
mation for each IN promoter that recognizes the U3 or U5 att
site independently for the concerted integration of both att
sites in vivo.

There are some important aspects of retroviral integration
that remain to be determined. These include, for example, the
exact feature of IN that determines atf specificity. Examination
of this point was hampered by the nonspecific DNA binding
ability of IN, as well as its specific binding ability. Results of
recent in vitro studies using chimeric IN of HIV-1 and FIV INs
(50) indicate that the determinant of IN for att specificity might
be located in the core central domain. Furthermore, lysine
residues in the central domain of HIV-1 IN located at position
136 (40) or positions 156 and 159 (25) have been suggested as
key sites for specific att binding. Combined with these in vitro
studies, further experiments using the in vivo system are nec-
essary for new insight into retroviral integration. Interestingly,
the recent studies of Du et al. (14) showed that a mutation in
IN can compensate for mutations in simian immunodeficiency
virus att.
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