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Integration of retrovirus DNA is a specific process catalyzed by the integrase protein acting to join the viral
substrate DNA (att) sequences of about 10 bases at the ends of the long terminal repeat (LTR) to various sites
in the host target cell DNA. Although the interaction is sequence specific, the att sequences of different
retroviruses are largely unrelated to one another and usually differ between the two ends of the viral DNA. To
define substrate sequence specificity, we designed an “in vitro evolution” scheme to select an optimal substrate
sequence by competitive integration in vitro from a large pool of partially randomized substrates. Integrated
substrates are enriched by PCR amplification and then regenerated and subjected to subsequent cycles of
selection and enrichment. Using this approach, we obtained the optimal substrate sequence of 5*-ACGACAA
CA-3* for avian sarcoma-leukosis virus (ASLV) and 5*-AACA(A/C)AGCA-3* for human immunodeficiency
virus type 1, which differed from those found at both ends of the viral DNA. Clonal analysis of the integration
products showed that ASLV integrase can use a wide variety of substrate sequences in vitro, although the
consensus sequence was identical to the selected sequence. By a competition assay, the selected nucleotide at
position 4 improved the in vitro integration efficiency over that of the wild-type sequence. Viral mutants bearing
the optimal sequence replicated at wild-type levels, with the exception of some mutations disrupting the U5
RNA secondary structure important for reverse transcription, which were significantly impaired. Thus, max-
imizing the efficiency of integration may not be of major importance for efficient retrovirus replication.

Following retrovirus infection, the viral RNA genome is
reverse transcribed into a linear blunt-ended DNA molecule,
which has to be integrated into the host cell chromosome to
complete the viral replication cycle (15). The integration step
is catalyzed by the viral enzyme integrase (IN), whose recog-
nition sequence (att) is located at the very ends of the viral
DNA (12, 13, 16, 17, 36, 42). The att sequence is necessary for
integrase to first catalyze the removal of a dinucleotide from
the 39 ends of viral termini in a 39 end processing reaction and
to then join the processed viral ends to the target DNA in a
strand transfer reaction.

The most important feature of the viral att sequence for
integration is the sequence 59-CAXX-39. The conserved CA is
almost always located exactly 2 bases away from the end of the
long terminal repeat LTR in unintegrated DNA. Substituting
either one of the two bases substantially impairs 39-end pro-
cessing and strand transfer, although it does not completely
abolish activity (8, 10, 11, 18, 29, 30, 38–40, 43). Alteration of
both the U3 and U5 conserved CA to TG results in severe
reduction in integration and thus in replication in vivo (6, 34).

The sequence internal to the conserved CA plays a signifi-
cant but less important role in integration. In vitro mutational
analysis shows that sequence specificity resides within 12 bases
from the termini (8, 9, 16, 26, 29, 30, 35, 37, 38, 40, 43) and that
most sequence specificity resides in the terminal 8 bases (8, 26,
29, 30, 35, 38, 40). However, extensive mutational analysis has
not revealed a consensus sequence to account for the varia-

tions in activity that result from differences at these internal
sites.

With the exception of the conserved CA dinucleotide, dif-
ferent retroviruses have largely unrelated att sequences (7),
implying that integrases of different retroviruses have different
substrate sequence specificities. In most viruses, the subtermi-
nal sequences on either end of the same virus are different,
resulting in consistent differences in integration efficiency be-
tween oligonucleotide substrates corresponding to the U5 and
U3 ends (8, 29, 30, 38, 45). For example, in avian sarcoma-
leukosis virus (ASLV), the U3 end is a more efficient substrate
than U5, while in human immunodeficiency virus type 1 (HIV-
1), the U5 end is a more efficient substrate than U3 (8, 29, 30,
38, 45). The natural att sequences may not be the optimal
substrate sequence for the integration since certain mutations
of wild-type WT nucleotides of Rous sarcoma virus and Molo-
rey murine leukemia virus substrate sequences result in a sig-
nificant increase of integration efficiency in vitro (5, 44).

In an effort to define a consensus sequence for integrase, we
designed a functional “in vitro evolution” system to competi-
tively select an optimal substrate sequence from a large pool of
substrate sequences. In this system, the nucleotide positions in
the region of interest were randomized in a starting substrate
pool. The selective force of “evolution” was conferred through
a competitive integration reaction catalyzed by purified viral
integrase. Integrated substrates were selectively enriched by
PCR. The selected and enriched viral substrates were regen-
erated by digestion with a restriction enzyme that cuts at the
substrate-target joining site. Regenerated substrates were sub-
jected to subsequent selection and enrichment until an optimal
sequence emerged. The sequences selected by ASLV and HIV
integrases were distinct from one another and differed some-
what from those found in the viral DNA by a few bases.
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Insertion of the optimal sequence in place of the natural se-
quence in the ASLV genome did not enhance the rate of
integration or overall replication, implying that integration
may not be a rate-limiting step in replication. Rather, other
constraints, such as the secondary structure of the genome-
primer complex, may be more important than the att site
sequence.

MATERIALS AND METHODS

Oligonucleotides. Oligonucleotides were purchased from the Tufts University
synthesis facility. All oligonucleotides used as starting substrates for the integra-
tion-selection procedure consisted of three parts (from 59 to 39): an 11-base
sequence complementary to the 39 end of U3 (underlined), some portion of
which was randomized, the 5-base sequence for FokI (bold), and a 19-base
sequence derived from the U3 region, which served as a site of primer binding for
amplification and sequencing.

(i) Oligonucleotide sequences. Oligonucleotides for ASLV were as follows:
59-AATGNNNNNNNCATCCCTCCGTATCACATTGACTGG-39 (AL-7NCA)
and 59-AANNNNNTCTTCATCCCTCCGTATCACATTGACTGG-39 (AL-5N);
oligonucleotides for HIV-1 were as follows: 59-ACTGNNNNNNNCATCCGAC
AGCACGAAATACACCTTG-39 (HVP-7NCA) and 59-ACNNNNNGAGACA
TCCGACAGCACGAAATACACCTTG-39 (HVP-5N); substrate oligonucleo-
tides for the 39-end processing assay were as follows: 59-ACGAGCACAGGAG
TATGGATGAAGACTACATT-39 (AL-1) (U3 WT), 59-ACGAGCACAGGAG
TATGGATGACGACAACATT-39 (AL-SA) (selected), 59-ACGAGCAC
AGGAGTATGGATGAAGGATTAGTT-39 (AL-M-1) (mutant); substrate
oligonucleotides for the IN-PCR competition assay were as follows: 59-CCA
GTCAATGTGATACGGAGGGATGAAGACAACA-39 (AL-31) (selected)
and 59-CCAGTCAATGTGATACGGAGGGATGAAGACTACA-39 (AL-41)
(U3 WT); complementary substrate oligonucleotides were as follows: 59-AA
TGTTGTCGTCATCCATACTCCTGTGCTCGT-39 (AL-SB) (complemen-
tary to AL-SA), 59-AACTAATCCTCCATCCATACTCCTGTGCTCGT-39
(AL-M-2) (complementary to AL-M-1), 59-AATGTAGTCTTCATCCATAC
TCCTGTGCTCGT-39 (AL-2) (complementary to AL-1), 59-TTTGTTGTCT
TCATCCCTCCGTATCACATTGACTGG-39 (AL-32) (complementary to
AL-31), and 59-TTTGTAGTCTTCATCCCTCCGTATCACATTGACTGG-39
(AL-42) (complementary to AL-41); primers (annealed to the randomized sub-
strates for synthesis of double-strand oligonucleotides and amplification of inte-
gration products) were as follows: 59-CCAGTCAATGTGATACGGAG-39 (SP)
(for AL-7NCA and AL-5N), 59-TCAATGTGATACGGAGGGAT-39 (SP-2)
(for ASLV), 59-CAAGGTGTATTTCGTGCTGTC-39 (HVP) (for HIV-1), and
59-CGAGCACAGGAGTATGGA-39 (NBP-2); biotinylated primers for fX174
DNA were as follows: Bio-59-AAACGTCGTTAGGCCAGT-39 (B-NEW1)
(1764–1781), Bio-59-GAGCTTGAGTAAGCATTTGG-39 (B-fX2) (1767–1748),
and Bio-59-TTTAGAGAACGAGAAGACGG-39 (B-fX3) (4355–4374); biotin-
ylated primers for pUC119 DNA were as follows: Bio-59-GTAAAACGACGG
CCAGT-39 (B-20) (2872–2856), Bio-59-GGGAGTCAGGCAACTATGG-39 (B-
UC1) (2148–2166), and Bio-59-GAAACAGCTATGACCATGAT-39 (B-OKT3)
(208–277); oligonucleotides for site-directed mutagenesis were as follows (in-
tended mutations are underlined) 59-GGGAAATGTTGTCGTATGCAATA
C-39 (U3M1) (pAD1: 300–323), 59-GTATTGCATACGACAACATTTCCC-39
(U3M2) (pAD1: 323–300), 59-GAATGAAGCAGACGACAACATTTGGTGA
CCC-39 (U5M3) (pAD1: 617–647), 59-GGGTCACCAAATGTTGTCGTCTGC
TTCATTC-39 (U5M4) (pAD1: 647–617), 59-GACGACAACATTTGGTGAC-39
(U5MC5) (pAD1: 627–645), and 59-TACAACATTCAGGTGTTCG-39 (U5MC6)
(pAD1: 626–608).

(ii) Preparation of double-stranded oligonucleotides. Substrate oligonucleo-
tides (AL-SA/SB, AL-1/2, AL-M-1/2, AL-31/32, and AL-41/42) resembling the
terminal sequences of the LTR were purified from 20% polyacrylamide gels.
They were annealed to complementary oligonucleotides to form double-stranded
substrates by boiling in 13 oligo buffer (100 mM NaCl, 10 mM Tris-HCl [pH 8.0],
1 mM EDTA) and cooling overnight at room temperature. For substrates with
random nucleotides, nonprocessing strand oligonucleotides with random nucle-
otides (AL and HVP) were annealed with three times the amount of the corre-
sponding primer (SP and HVP) in 13 oligo buffer. Their 59 overhangs were filled
in to form blunt-end substrates by using T4 DNA polymerase in 50 mM NaCl–10
mM Tris-HCl–10 mM MgCl2–1 mM dithiothreitol (pH 7.9 25°C)–0.1 mM each
deoxynucleoside triphosphate, (dNTP), 50 mg of bovine serum albumin per ml.
The reactions were stopped by addition of 20 mM EDTA. The DNAs were
phenol-chloroform extracted and precipitated with ethanol. The double-stranded
oligonucleotides were then purified in 20% nondenaturing polyacrylamide gels.

Viral constructs and DNA probe. All the viruses used in this study used the
same gag, pol, and env DNA, a 6,610-bp SacI fragment from pNTRE-4B (19).
The viruses were generated by cotransfecting cells with the gag-pol-env fragment
and another SacI fragment containing an LTR. The LTR-containing Sac I
fragment was from pAD1, pUC19 containing a 792-bp SacI fragment from pAS3
(4). Att mutants were generated by site-directed mutagenesis on the LTR frag-
ment. DNA probes were prepared by digesting the gag, pol, and env DNA with
PstI. The 900-bp fragment from the gag region, corresponding to bases 1775 to
2683 of pATV8, was gel purified and labeled using the random-prime labeling kit
supplied by Life Technology, Inc.

Cell culture. QT6 cells were maintained in modified Richter’s medium (Tufts
formula; Irvine Scientific, Irvine, Calif.) containing 5% fetal calf serum. The cells
were incubated at 37°C in an atmosphere containing 5% CO2. Cultures were
passaged by trypsinization every 2 days when the cells were confluent and were
seeded at a density of about 107 cells per 100-mm plate. All transfections were
done with Lipofectamine (Gibco-BRL) as recommended by the manufacturer.

In vitro integration and subsequent PCR. Preparation of the MalE-ASLV
integrase fusion protein has been described previously (27). HIV-1 integrase was
a generous gift from A. Engelman. In vitro integration reactions were performed
as described previously with minor modifications (27). Briefly, 1 pmol of oligo-
nucleotide substrate, 6 pmol of recombinant MalE-IN fusion protein, and 0.1
pmol of target DNA (pUC119 and fX174) were incubated in 20 ml of 20 mM
Tris (pH 8.0)–0.01% bovine serum albumin–1 mM dithiothreitol–10% dimethyl
sulfoxide, 2 mM MnCl2 or 10 mM MgCl2 at 37°C for 30 min. The reactions were
stopped by addition of 20 mg of proteinase K and 0.5 mmol of EDTA. DNA was
extracted with phenol-chloroform and then precipitated with ethanol. PCR was
used to amplify the plasmid-substrate junction of integration products. One
primer (SP or HVP) annealed to the substrate; the other, biotinylated, primer
(B-NEW1, B-UC1, B-OKT3, B-20, or B-fX) annealed to a fixed position on the
plasmid target. One-tenth of each integration product was incubated in 100 ml of
10 mM Tris (pH 8.3)–50 mM KCl–3 mM MgCl2–200 mM each dNTP–1 mM
primers with 2.5 U of AmpliTaq (Perkin-Elmer) and 1 U of PerfectMatch
polymerase enhancer (Stratagene) for 35 cycles (94°C for 1 min, 60°C for 2 min,
and 74°C for 2 min.). To reduce nonspecific amplification, the reaction mix was
heated to 85°C before the AmpliTaq and dNTP were added.

Regeneration of selected substrates. PCR products (600 to 1,000 ml) were first
cleaned by passage through QIA (Qiagen) PCR purification columns and were
then purified by gel electrophoresis on a 1% agarose gel to exclude nonspecific
PCR products. Gel-extracted (Qiagen gel extraction kit) PCR products were
then digested with 8 U of FokI (New England Biolabs) per 100 ml of PCR
products. Digested substrates were separated by electrophoresis on a 15% poly-
acrylamide gel and extracted by the “crush-and-soak” method (33).

3*-end processing assay. Oligonucleotides (AL-1, AL-SA, and AL-M-1) rep-
resenting the processing strand of various substrates were 59 phosphorylated with
[g-32P]ATP using T4 polynucleotide kinase (New England Biolabs) to a specific
activity of approximately 3 3 106 cpm/pmol. The radiolabeled oligonucleotides
were purified from a 20% denaturing polyacrylamide gel and then annealed to
the complementary oligonucleotide to form blunt-ended substrate oligonucleo-
tides. Reactions were performed at 37°C in 20 ml of 20 mM Tris (pH 8.0)–0.01%
bovine serum albumin–1 mM dithiothreitol–8% glycerol–10% dimethyl sulfox-
ide–10 mM MgCl2 with 1 pmol of 32P-labeled oligonucleotide substrate and 6
pmol of recombinant MalE-IN fusion protein. The reactions were stopped at
10-min intervals by addition of 20 mg of proteinase K and 0.5 mmol of EDTA.
After an equal volume of formamide was added, 1/10 of the reaction products
were loaded onto a 20% denaturing polyacrylamide gel. After electrophoresis,
the extent of 39 processing was determined by phosphorimage analysis of the
relative amounts of unprocessed and processed DNA.

Pool sequencing on magnetic beads. Dynabeads M-280 streptavidin (Dynal
Corp.) bound with single-stranded DNA were prepared using a magnetic particle
concentrator (Dynal Corp.) as specified by the manufacturer. The sequence of
the immobilized single-stranded DNA pool was determined by the dideoxynucle-
otide chain termination method (USB) with some modification of the protocol.
Substrate primers were 59-end labeled with [g-P32]ATP to a specific activity of
1 3 106 to 3 3 106 cpm/pmol and purified on a 15% polyacrylamide gel. Labeled
primers (106 cpm) were annealed to bound single-stranded PCR products in a
12-ml reaction volume that contained 2 ml of 53 Sequenase buffer (USB). The
mixture was incubated at 65°C for 5 min and then at room temperature for 30
min. Extension and termination reactions were carried out by adding 1 ml of 0.1
M dithiothreitol and 2 ml of diluted T7 DNA polymerase (Sequenase 2.0) (1:8 in
ice-cold Sequenase dilution buffer [USB]). A portion of this mixture (3.3 ml) was
added to 2.5 ml of each of the four Sequenase dGTP termination mixes (USB)
prewarmed at 45°C and incubated at 45°C for 5 min. Reactions were stopped by
adding 4 ml of Sequenase stop solution (USB). To sequence the starting substrate
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pool, 1 pmol of starting substrate was mixed with 1 pmol of labeled primer (106

cpm) in a 12-ml reaction volume that contained 1 ml of Sequenase manganese
buffer and 2 ml of 53 Sequenase buffer. This mixture was incubated at 95°C for
5 min and cooled on ice. The extension and termination reactions were same as
above.

Cloning analysis. PCR-amplified specific integration products were purified
on a 1% agarose gel and cloned using the TA cloning kit (Invitrogen Corp.).
Purified DNA was ligated into pCR2.1 and transformed into One Shot compe-
tent cells (Invitrogen) as suggested. Recombinant plasmids were analyzed by
PCR for orientation and size.

Computer analysis of RNA structure. RNA secondary-structure predictions
were made by using a computer program (46). Nucleotides 1 to 270 of the U5
region and 8730 to 9180 of the U3 region were analyzed. Analysis of overlapping
fragments of equal or smaller size did not produce different secondary-structure
predictions in the region discussed in this study.

Site-directed mutagenesis. Mutants with att substitution mutations at the U3
end (U3M) and the U5 end (U5M) were made using the QuikChange site-
directed mutagenesis kit (Stratagene). Mutants with substitution mutants at the
U5 end with correct secondary structure (U5MC) were made using the ExSite
PCR-based site-directed mutagenesis kit (Stratagene).

RT assay. Production of virus was assayed by determining the amount of
reverse transcriptase (RT) activity in the culture medium. Filtered culture me-
dium (12 ml) was incubated with 50 ml of assay buffer [50 mM Tris-Cl (pH 8.3),
6.5 mM NaCl, 10 mM MgCl2, 1% 2-mercaptoetanol, 100 mM ATP, 0.04 U of
poly (A)-oligo(dT) (Sigma Chemical Co.), 2% NP-40, 1.0 mCi [a-32P]dTTP] at
37°C for 1 h. The assay made use of 96-well plates (MADENOB; Millipore
Corp.) that have a DEAE paper at the bottom of every well. The plate was placed
on a vacuum manifold. The reaction mixture was filtered through DEAE paper
that was preequilibrated with 23 SSC (0.3 M NaCl, 30 mM Na3C6H5O7 [pH
7.0]). The wells were then washed five times with 150 ml of 23 SSC. The filters
were punched out of the wells, dried for 5 min in a 70°C oven, added to 3 ml of
scintillation fluid, and counted in a scintillation counter.

RNA isolation and RT-PCR sequencing. The RNeasy minikit (Qiagen) was
used to isolate viral RNA from virions for use in RT-PCR assays. Reverse
transcription of an RNA sample and subsequent PCR amplification were carried
out using an Access RT-PCR kit (Promega Corp.).

Isolation and Southern analysis of whole-cell DNA. Whole-cell DNA was
isolated as previously described (47). It was separated by electrophoresis through
a 0.8% SeaKem LE agarose gel in 13 Tris-borate-EDTA (TBE) at 30 V over-
night. The gel was soaked for 15 min in 0.25 N HCl, followed by 30 min in 0.5N
NaOH–1.5 M NaCl, and then by 30 min in 1 M Tris-HCl (pH 8)–1.5 M NaCl.
The gel was rinsed with distilled H2O between each step. The DNA was trans-
ferred to an Immobilon-Ny1 membrane (Millipore Corp.) in 203 SSC overnight,
as specified by the manufacturer. Following transfer, the membrane was washed
with 53 SSC. The membrane was then exposed to UV light for 30 s using a
Stratalinker to cross-link the DNA to the membrane. The membrane was incu-
bated in hybridization solution (53 SSPE [13 SSPE is 0.18 M NaCl, 10 mM
NaH2PO4, and 1 mM EDTA, pH 7.7], 53 Denhardt’s solution [0.1% bovine
serum albumin, 0.1% polyvinylpyrrolidone, 0.1% Ficoll], 100 mg of sheared
salmon sperm DNA per ml, 0.5% sodium dodecyl sulfate [SDS]) for 2 h at 68°C.
It was then hybridized overnight at 65°C after the addition of fresh hybridization
solution to which the probe (106 cpm/ml) had been added. The following day, it
was washed twice for 15 min at room temperature in 23 SSC–0.1% SDS and
then twice for 15 min at 68°C in 0.23 SSC–0.1% SDS. The membrane was air
dried and then exposed to BIOMAX MS film (Kodak) and an intensifying screen
at 270°C or exposed to a phosphorimager screen.

RESULTS

Strategy. To define substrate sequence specificity, we de-
signed an in vitro evolution scheme to select an optimal sub-
strate from a large pool of oligonucleotides, in which the nu-
cleotide sequence of the region important for integrase
recognition was randomized. The principle of our approach is
shown in Fig. 1. Substrate oligonucleotides consisted of three
parts: a 20-base sequence complementary to the primer oligo-
nucleotide used for amplification and sequencing, the 5-base
recognition site for Fok 1, and a sequence based on the ter-
minal 11 bases of U3, but with different numbers of bases (3 to
7) replaced by random sequence. Substrates were selected by

competitive integration in vitro. The conditions of the reaction
were such that every possible variant of sequence in the ran-
dom region was present in sufficient amounts (1,000 to 15,000
molecules) in the starting pool, ensuring detection of the op-
timal substrate. Integrated substrates were enriched by PCR
amplification using primers complementary to the end of the
substrate oligonucleotide and a sequence in the target DNA
and regenerated by digestion with FokI, which cuts 9 and 13
bases from its recognition site, at the junction of the substrate-
target joining site. Regenerated substrates were subjected to
subsequent rounds of integration selection and enrichment
until an optimal sequence emerged. To monitor the selection
process, a fraction of each amplified pool was sequenced either
directly or (in some cases) after cloning.

Selection of optimal substrates for ASLV integrase. In pre-
liminary experiments, an oligonucleotide pool containing all
nine randomized nucleotides provided too few integration
products to be amplified efficiently (data not shown). There-
fore, two different substrates with overlapping random nucle-
otides were used in in vitro selection. First, we used a starting
substrate pool with the terminal 5 nucleotides randomized
(AL-5N). Figure 2A shows the pool sequencing of substrates
after each round of integration selection and amplification.
Round 0 was the initial substrate pool without any selection.
The predominance of C in the randomized sequences did not
seem to affect the outcome of the selection. After one round of
selection, no nucleotide was obviously selected in the random
region, but after another round of selection and amplification,
59-CAACA-39 was obviously the dominant sequence. This se-
quence was preceded by the fixed U3 substrate sequence 59-G
GATGAAGA-39 and followed by the mixture of sequences in
the target plasmid to which the substrate had been joined.

Next, a starting pool in which 7 nucleotides adjacent to the
conserved CA dinucleotide were randomized (AL-7NCA) was
used (Fig. 2B). After two rounds of selection, 3 nucleotides
(59-CAA-39) at positions adjacent to the conserved CA dinu-
cleotide were visible. This is the identical sequence selected at
the same position in the previous experiment (Fig. 2A). The
preceding 4 bases emerged more slowly, taking seven rounds of
selection to become visible.

Several conclusions can be made from the experiments in
Fig. 2. First, the optimal sequence for the ASLV substrate was
59-ACGACAACA-39. This conclusion was supported by clonal
analysis of the last pool sequence (see below). Second, the
closer to the target-joining site of the substrate, the more
rapidly the selected nucleotides emerged, implying that sub-
strate nucleotides closer to the integration site played a more
important role in integrase recognition and joining. Third, all
bases were again approximately equally represented in the
target sequence at each round of selection. This observation
supports the idea that there is no strong preference for any
specific base in the target sequence. Fourth, the optimal se-
quence selected resembled that found at the ends of the viral
DNA but differed from that found at either end (59-AAGAC
TACA-39 at the U3 end and 59-AAGGCTTCA-39 at the U5
end of ASLV [conserved nucleotides are in boldface]). The
selected sequence more closely resembled that at the U3 end,
differing by only 2 bases (underlined), as compared to a 4-base
difference from that at the U5 end. This result is consistent
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with previous reports that U3 ends are better substrates than
U5 ends for in vitro integration (44).

Optimal conditions for integrase activity with purified en-
zyme differ from those for activity of preintegration complexes
isolated from infected cells (27, 31). To test the sensitivity of
the selected sequence to the reaction conditions, we repeated
the selection with some conditions altered in the system. The
differences included the divalent cation Mn21 instead of Mg21;
the divalent ion concentration, from 4 to 20 mM; the enzyme-

substrate ratio, from 6:1 to 2:1; and a different target DNA. In
all cases, although the efficiency of the integration reaction
varied, the same optimal sequence always emerged with ap-
proximately the same kinetics (data not shown).

Clonal analysis of selected sequences. Additional bands can
be seen in the sequential selection experiments in Fig. 2B,
implying the presence of sequences other than the predomi-
nant one in the selected pools. To better understand the se-
lection process and to ensure that the optimal sequence was

FIG. 1. In vitro evolution strategy. A pool of substrate oligonucleotides was synthesized with a sequence derived from the U3 end of the LTR,
except for the presence of randomized nucleotides (designated as N) at the positions of interest, preceded by a primer binding site and a site for
recognition by Fok 1 and followed by the pair of bases found in normal viral DNA. This pool was subjected to competitive integration into a circular
DNA target in vitro, followed by PCR amplification and regeneration by digestion with Fok 1, a restriction endonuclease which cleaves downstream
of its recognition site, at the junction of the substrate-target joining site. Regenerated substrate mixtures were subjected to subsequent cycles of
integration and enrichment by amplification until an optimal sequence emerged. A fraction of each PCR pool was sequenced either directly after
purification on streptavidin-coated magnetic beads or (in some cases) after cloning.
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indeed the predominant one, individual clones from the first
and last pools were sequenced and aligned with the substrate
sequence (Fig. 3A, C, E, and G). At each randomized nucle-
otide position, the nucleotides obtained from the sequence of

each individual clone were counted and a consensus sequence
was determined (Fig. 3B, D, F, and H). While clonal sequences
from the last pool showed a very strong predominance of the
optimal sequence, clonal analysis of the selected sequence

FIG. 2. Selection of substrates for ASLV integrase. Multiple rounds of selection by integration, amplification, and regeneration were carried
out using ASLV integrase and substrates with terminal 5 in which the nucleotides were randomized (AL-5N) (A) or the 7 nucleotides adjacent
to the conserved CA were randomized (AL-7NCA) (B). A sample of the reaction mixture of each round was sequenced, and lanes corresponding
to termination reaction mixtures are shown. Round 0 is the sequence of the starting pool of double-stranded oligonucleotide substrates without
any selection. The starting sequence is shown to the left of the gel, while specific nucleotide sequences emerging in the final round are shown to
the right of the gel. The cycling was terminated when the substrate pool showed stronger-than-WT integration efficiency, as judged by the intensity
of the integration-PCR product.
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after one round showed a diverse variety of sequences, indi-
cating that ASLV integrase is able to use a wide variety of
substrate sequences in vitro. Sequence variation was found at
all positions, including the terminal CA, and no base was
absolutely forbidden at any position. It is noteworthy that
many different terminal dinucleotides were used by integrase
and that A and T were approximately half as frequent as the
conserved C and A after one round of selection (Fig. 3F).
Despite the diversity of individual sequences of the first pool
and the absence of optimal sequence in individual clones se-
quenced, a weak consensus sequence can be seen which is
identical to the optimal sequence (Fig. 3A and B), an indica-
tion that each nucleotide of the optimal sequence contributes
independently to integration. This conclusion was supported
by a linkage analysis of every pair of nucleotides of the termi-
nal 5 nucleotides of the 38 clonal sequences in the first-round
pool (Fig. 3E and F). Using a x2 test (results not shown), we
determined that the probability that any apparent linkage of all
possible pairs of nucleotides was due to chance was well above
5%.

A possible exception to the apparent lack of linkage between
selected nucleotides was seen in the seventh-round pool. Of
the 16 sequences cloned from this pool, 10 were identical to the
optimal sequence, 59-ACGACAA-39. However, a second
group of six clones, 59-AGGGCAA-39 was also present. This
sequence was visibly present above random background in the
sequencing reaction performed on the seventh pool (Fig. 2B).
It did not diminish even after 10 rounds of selection (data not
shown). It was presumably a highly competent substrate com-
parable in efficiency to the optimal sequence.

The first 10 nucleotides of the target sequences were also
analyzed for consensus sequence (Fig. 3B, D, F, and H). Al-
though weak preferences could be seen in each individual pool,
they disappeared after all the target sequences from 89 clones
were aligned (Fig. 3I). This result indicates that the preference
for any specific base in the target sequence is weak, if it exists
at all.

Selection of optimal substrates for HIV-1 integrase. Retro-
viruses of different groups have quite different recognition
sequences for integrase, conserving only the terminal CA dinu-
cleotide (7, 32, 41). We took advantage of this fact to ensure
that the selection we observed was on the basis of integration
competence (not, for example, PCR amplification or Fok 1
cleavage), since HIV integrase should select a different se-
quence when used in the same system. Using HIV-1 integrase,
we first used an oligonucleotide pool (HVP-5N) in which the
terminal 5 nucleotides were randomized. After five rounds of
selection, the predominant sequence was 59-AAGCA-39 (Fig.
4A). For a starting pool in which 7 nucleotides adjacent to the
conserved CA dinucleotide were randomized (HVP-7NCA),
the selected sequence that emerged after 10 rounds of selec-

tion was 59-AACACAG-39 (Fig. 4B). Unlike ASLV, the opti-
mal nucleotide at position 5 depended on the initial substrate
pool. Like ASLV, the optimal sequence of HIV-1 differed
from either end of the viral DNA (59-TCTCTAGCA-39 at the
U5 end and 59-GCCCTTCCA-39 at the U3 end). The resem-
blance of the optimal HIV sequence to either natural end was
quite remote, with a slightly greater similarity to the sequence
at the U5 end than the U3 end, consistent with the observation
that the U5 end is a better substrate than the U3 end for HIV
integrase (8, 29, 30). Thus, the substrate sequence selected was
specific for the integrase used. This system should be useful for
defining the optimal sequences of other integrases.

The selected nucleotide improves integration efficiency in
vitro over the WT nucleotide. The optimal sequence for the
ASLV substrate was different from that found at either end of
the viral DNA. Also, the linkage test implied that each nucle-
otide contributes independently to the productive interaction
between ASLV integrase and substrate DNA. To compare the
integration efficiency of the selected sequence to the wild-type
(WT) sequence, a single-nucleotide change from T to A was
introduced at position 4 of the U3 WT substrate and used to
compete with the U3 WT substrate in an integration-PCR
assay. The two substrates were mixed at different ratios, and
the mixture was used as a substrate for integration and subse-
quent PCR amplification. The PCR products were sequenced.
The relative amounts of A and T at position 4, representing the
two different substrate sequences, on the sequencing gel were
measured. The density ratio of A/(A 1 T) of the output was
plotted against the calculated input ratio, alongside the mea-
sured ratio for the starting mixture. The result (Fig. 5) showed
a greater ratio of selected to WT substrate in the product than
is the input for all ratios tested. This result shows that the
nucleotide change increases the integration efficiency over and
above that of the WT substrate and confirms that the original
selection was on the basis of enhanced integration efficiency
and not some other property of the system.

The selected sequence is a better substrate for 3*-end pro-
cessing than is the U3 WT substrate. Integrase catalyzes two
separate reactions: 39-end processing and strand transfer. Al-
though the two reactions are carried out by the same enzymatic
active site and by a similar transesterification reaction (21),
there are significant differences between these two reactions.
In 39-end processing, the viral substrate is attacked by a small
nucleophile, usually—but not necessarily—water, while in the
strand transfer reaction, the same viral substrate acts as a
nucleophile to attack target DNA. How the viral DNA is ar-
ranged around the active site in these two reactions is not
known, nor is the difference in substrate specificity in these two
reactions. In our selection process, integrase carried out only
the strand transfer reaction after the first round. It was possible
that the sequence selected might be an optimal sequence only

FIG. 3. Clonal analysis of integrase selected sequences. Amplified pools were cloned into pCR2.1, and the sequences of a number of
independent clones were determined. (A, C, E, and G) The sequences of the Fok 1 recognition region, the randomized region, and the target at
the joining site are shown, together with the original substrate sequences. The length of each amplified sequence (from the plasmid primer to the
target site) is shown on the right side of each table. The nucleotides identical to the starting sequence are indicated as dots, and deleted nucleotides
are indicated as dashes. Nucleotides matching the consensus are underlined. (B, D, F, and H) The selected nucleotides at each position from the
randomized as well as the target sequence are summarized from the table above. Strong consensus bases are shown in capital letters, and weak
consensus bases are shown in lowercase letters. (I) Summary of results for 89 target sequences.
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for strand transfer, not 39-end processing. It was therefore of
interest to determine whether a sequence selected for optimal
strand transfer was also more efficiently used as a 39-end-
processing substrate. A standard 39-end-processing reaction
using ASLV integrase was performed on blunt-ended U3 WT
substrate, the optimal substrate (AL-SA/SB), and a known
inactive substrate (AL-M-1/2). As shown in Fig. 6, the rate of
processing of the selected substrate was more than twice that
of the WT. A similar result has been reported for a related
mutant (44). Thus, selection for an efficient strand transfer
substrate also led to a sequence with increased cleavage effi-
ciency.

Growth of viral mutants bearing the optimal sequences. To
evaluate the significance of the selected sequence to viral rep-
lication and integration, the optimal nucleotides were inserted
into either one end or both ends of the WT virus, NTRE-4B
(19). Because the base substitutions at the U5 end disrupt a
secondary structure important for initiation of reverse tran-
scription (1, 2, 12, 14), a second group of compensatory mu-
tations that restore the secondary structure was also con-
structed (Fig. 7). Mutant and wild-type viral DNAs were
introduced into QT6 cells by transfection, and the resultant

virus production and spread were monitored by assaying for
reverse RT activity in cell supernatants. We found that placing
the mutation within U3 had no effect on the rate and extent of
virus spread whereas mutants with base substitutions that dis-
rupted the U5 secondary structure (mutants U5 and U3U5)
spread much more slowly (Fig. 8). The introduction of com-
pensatory mutations that restored the predicted secondary
structure at the U5 end led to virus that spread at a rate similar
to WT virus regardless of whether the U3 end was mutant or
WT (Fig. 8). Similar results were noted when QT6 cells were
infected with equal amounts (as estimated by RT units) of WT
and mutant viruses (data not shown). Based on the studies of
this U5 secondary structure by other groups, the slower growth
of the U5 mutants is most probably related to a defect in the
initiation of reverse transcription (1, 2, 12, 14). To detect
possible compensatory mutations that might have arisen dur-
ing repeated virus replication, sequences around the U3 and
U5 att sites were monitored at the end of the passaging exper-
iment using RT-PCR sequencing. We did not find any se-
quence changes in any of the passaged mutant viruses or in the
WT virus (data not shown).

FIG. 4. Selection of substrates for HIV-1 integrase. Multiple rounds of selection by integration, amplification, and regeneration were carried
out using HIV-1 integrase and the substrates with the terminal 5 nucleotides randomized (HVP5N) (A) or the 7 nucleotides adjacent to the
conserved CA randomized (HVP7NCA) (B). A sample of the reaction mixture of each round was sequenced, and lanes corresponding to
termination reaction mixtures are shown. Round 0 is the sequence of the starting pool of double-stranded oligonucleotide substrates without any
selection. The starting sequence is shown on the left of the gel, while specific nucleotide sequences emerging in the final round are shown on the
right of the gel. The final round is determined by a stronger-than-WT integration efficiency, judging by the intensity of the integration-PCR
product.
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In vivo integration. The relative integration efficiencies of
WT and mutant viruses were examined by Southern analysis.
QT6 cells were infected with equal amounts (as estimated by
RT units) of the various viruses. At different time points,
whole-cell DNA was extracted, analyzed (without digestion) by
agarose gel electrophoresis, and probed with a 900-bp gag
fragment. Three forms of DNA were detected by this method:
high-molecular-weight DNA (integrated), unintegrated linear
DNA, and circular forms (Fig. 9). The linear form of viral
DNA, the precursor for integration, appeared earliest, and
then its level gradually diminished after reaching a peak
around 20 to 30 h after infection. The integrated proviral DNA
appeared later, and its appearance was correlated with the
decrease of the level of the linear DNA form. Circular DNA is
a dead-end product (37, 48), and it appeared before the inte-
grated form but persisted later after infection. The reduced
yield of all DNA forms from viruses with U5 mutations that
disrupted the RNA secondary structure is consistent with a
defect in reverse transcription. This defect was reversed by the
compensatory mutations. The integration efficiency, calculated
as the density ratio of high-molecular-weight to linear-form
DNA, was similar among the different mutants and WT virus
(data not shown). In other words, no difference in integration
efficiency between the viral mutants and the WT virus could be
detected in this assay. The conclusion of the in vivo study is
that substitution of U3 sequences by the optimal sequence did

not affect viral replication while substitution of U5 sequences
by the optimal sequence affected reverse transcription, due to
an effect on secondary structure, but not integration.

DISCUSSION

Design of a functional in vitro evolution system. In this
paper, we describe a novel functional in vitro evolution system
designed to obtain the optimal substrate sequence for strand
transfer by retroviral integrase. The system comprised three
steps repeated for multiple cycles: (i) selection of integration-

FIG. 5. Competitive integration-PCR assay. AL-31/32, represent-
ing the ASLV U3 WT substrate, was mixed with AL-41/42, whose
sequence is identical to AL-31/32 except for a single-nucleotide change
from T to A at position 4. The mixture were subjected to a single round
of integration and PCR amplification. The PCR products and initial
substrate mixture pool were sequenced on a 20% sequencing gel. The
relative amounts of A and T at position 4, representing the two inte-
grated substrates, were determined by phosphorimage analysis. The x
axis shows the ratio of the substrates added to the reaction mixture.
The solid bars represent the value of A/(A1T) of the initial substrate
mixture, determined by sequencing the pool prior to the integration-
PCR assay. The first solid bar is a background value since there is no
selected substrate. The shaded bars are values of A/(A1T) in the
integration-PCR products from duplicate experiments.

FIG. 6. 39-end processing of selected sequences. A standard 39-
end-processing reaction using ASLV integrase was performed on a 59
32P-labeled, blunt-ended U3 WT substrate (AL-1/2), the selected sub-
strate (AL-SA/SB), and a mutant substrate (AL-M-1/2). Reactions
were stopped at different time points. 59-end-labeled processed strands
were separated from unprocessed strands on a 20% polyacrylamide gel
and quantified by phosphorimager analysis. The percentages of sub-
strate cleaved by IN were determined.

FIG. 7. Substitutions with optimal nucleotides at the terminal se-
quences of LTR. Mutations substituted into the LTR are shown in
white. Secondary structures were predicted by using M-fold (46).
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competent substrates from a pool of substrate oligonucleotides
with a portion of the substrate sequence replaced by random
bases, (ii) amplification of the integrated sequences, and (iii)
regeneration of suitable substrates from the amplified pool for
the subsequent cycle of selection.

To the best of our knowledge, this report is the first use of an
in vitro evolution strategy to study the viral substrate sequences
based on the functional activity of the integrase. There are
reports of the selection of high-affinity RNA ligands (3) and
DNA substrate sequences for HIV-1 integrase (22). In the
former study, selection was based on the RNA binding activity
of HIV-1 integrase. The functional relevance of IN-RNA bind-
ing is unclear. In the latter study, selection was based only on
the 39-end-processing activity of HIV-1 integrase. Instead of
cycled selection, only one round of selection was applied on the
random oligonucleotides. In agreement with our result, Es-

posito and Craigie (22) identified the same first 4 nucleotides,
59-AGCA-39, after just one round of selection. Beyond these 4
nucleotides, from positions 5 to 9, as expected from our expe-
rience, they were not able to select a dominant nucleotide from
the random. Our strategy allows continuous selection of sub-
strates and thus is able to define an optimal sequence for the
integrase and provide a dynamic view of the selection process.

Selection of the optimal sequences and their implications.
Starting from a pool of substrates with random bases, a con-
sensus sequence emerged after 2 to 10 cycles, depending on the
bases randomized. Where the randomized bases overlapped in
separate runs, the same sequence was selected by ASLV inte-
grase. The selected sequence resembled the sequence at the
ends of the viral DNA, with bases nearer to the joined end
being more quickly selected than distal sequences were. The
type of integrase used in the integration reaction affected the
optimal substrate sequence selected. We obtained the optimal
substrate sequence of 59-ACGACAACA-39 for ASLV and 59-
AACA(A/C)AGCA-39 for HIV-1. The HIV-1 sequences dif-
fered much more than the ASLV sequences from those natu-
rally found at the two ends of the viral DNA (Fig. 10). With
ASLV, the selected sequence differed by 2 and 4 bases from
the U3 and U5 ends, respectively. With HIV-1, the equivalent
differences were to 6 and 5 bases. This difference may reflect a
reduced specificity of the integrase-DNA interaction for HIV-1
compared to ASLV, consistent with the greater difference be-
tween the terminal sequences, or greater constraints imposed
on the natural sequence by other functions.

The consensus found with ASLV integrase was quite robust:
the sequence obtained was independent of salt and divalent ion
concentration, target sequence, and enzyme-substrate ratio in
the integration reaction. The selected sequence provided a
more active substrate for both strand transfer and 39 cleavage
than did the corresponding WT sequence. We conclude, there-
fore, that selection was based on integration efficiency and not
on other aspects of the system employed. While it is remotely
possible that the use of a MalE-IN fusion protein may have
affected specificity, the robustness of the sequences obtained
and their similarity to the natural substrates argue against this

FIG. 8. Replication of viral mutants in QT6 cells. The results of RT
assays performed on the culture medium of QT6 cells transfected with
10 mg of the indicated DNAs per ml are shown. Cells were passaged
when confluent (every 2 days). Error bars indicate the standard devi-
ation of values obtained from three separate transfections with the
same DNA.

FIG. 9. In vivo integration of viral mutants. QT6 cells were infected with equal amounts of freshly harvested WT and mutant viruses (as
estimated by RT units). At different time points, whole-cell DNA was extracted and loaded (undigested) onto agarose gels. The gels were blotted
and probed with a 900-bp gag fragment, corresponding to bases 1775 to 2683 of pATV8.
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possibility. The optimal sequence we obtained gives a good
prediction of the integration efficiency of natural viral sub-
strates. The optimal sequence for ASLV is supported by the
result of a mutagenesis analysis (44), in which a substrate of
Rous sarcoma virus integrase containing a TT-to AA-mutation
at positions 3 and 4 of the U5 LTR terminus showed a signif-
icant increase in strand transfer activity (as well as 39 cleavage)
relative to the WT U5 end.

The variety of bases found at each randomized site after the
first round (Fig. 2A and 3E) implies that a very large number
of different sequences provide usable substrates for strand
transfer, in agreement with previous studies using more limited
sets of variants (8, 26, 40, 43). The results of clonal analysis of
selected mixtures from the first round imply that any base is
possible at any site, although consensus sequences, identical to
the final selected sequence, are clearly visible. The absence of
significant linkage between any pair of bases in the terminal 5
bases implies that interaction between bases is not important
for function as a substrate. Rather, it is likely that each base (or
base pair) interacts with integrase independently. This conclu-
sion from the observed behavior of the ASLV substrate may
not be applicable to the HIV-1 substrate, however. In the
HIV-1 system, the choice of optimal nucleotide at position 5
depended on the initial region of randomization (Fig. 4 and
10). A was selected when the terminal 5 nucleotides were
randomized, and C was selected when the 7 nucleotides adja-
cent to CA were randomized. This difference may reflect in-
teraction of this base with one in the upstream sequence.

The two reactions catalyzed by integrase, viral substrate 39
cleavage and subsequent DNA strand transfer, are similar re-
actions but involve very different nucleophiles. In the 39 cleav-
age step, the viral substrate is attacked by a small nucleophile,
usually but not necessarily water. In the strand transfer step,
the viral substrate serves as a nucleophile to attack target DNA
(21). All evidence to date implies that both reactions occur at
the same active site (20, 25, 28). Whether the viral substrate is
bound to the same site for these two steps is an unanswered
question. It is therefore interesting that the optimal substrate
selected through the strand transfer reaction is also superior

for 39-end processing. This result suggests that the viral sub-
strate does not change position on the integrase enzyme to
accommodate the target DNA but that instead it is most prob-
ably bound in the same way for both reactions.

Limitation of our system. Our in vitro evolution system has
some potential limitations, but we do not believe that they
detract seriously from our conclusions. First, after the first
round of selection, the substrates we used have a 4-base over-
hang at the 59 end of the unprocessed strands instead of the
2-base overhang found under natural conditions. A previous
study concluded that a 59 extension up to 6 bp did not affect the
level of specific cleavage and strand transfer (43). The similar-
ity of the consensus from the first round of selection, when the
starting oligonucleotide is identical to the natural end, to the
final selected sequence implies that the selection is indepen-
dent of the structure of the end of the unprocessed strand.
Furthermore, replacement of the nucleotide 3 bases from the
target-joining site with the selected one improved the efficiency
of a blunt-ended substrate relative to the WT.

Another potential limitation of the system is that it encom-
passed only a single integration event, while, in nature, both
viral ends must be coordinated to integrate together at posi-
tions that are 4 to 6 bp apart on the target DNA (23, 24). The
way in which the optimal substrate sequence affects concerted
integration is not understood. It has been shown that muta-
tions of the substrate affect both the half-site and full-site
reactions in nearly a parallel quantitative fashion (44). Our in
vivo study has shown that substitution of WT sequence by the
optimal sequence at either end did not detectably affect inte-
gration.

In vivo analysis. The fact that the selected sequences are
different from those found in the virus suggests either that a
different sequence is optimal in the in vivo context or that the
sequences are under other constraints as well. For example,
the U5 end sequence is believed to be involved in a complex
secondary-structure interaction that is important in the initia-
tion of reverse transcription (1, 2, 12, 14). Our in vivo study of
viral mutants bearing the optimal nucleotide substitutions at
the U3 end did not show any obvious defect (or improvement)
in viral replication, while substitutions at the U5 end affected
reverse transcription but not integration. A similar finding
shows that many subterminal att mutants of HIV-1 did not
affect viral growth and integration in vivo (6). These mutations
obviously would affect in vitro integration efficiency. The rea-
sons for the discrepancy between in vivo and in vitro integra-
tion are not known. Integration may not be the rate-limiting
factor in viral growth. The integrase could naturally accommo-
date various substrate sequences without affecting the overall
growth of the virus. In the virion, integrase is in large excess
over the number of molecules required to join the two ends of
the viral DNA to cellular DNA targets. If this ratio persists in
the preintegration complex in the nucleus, where target DNA
is also in large excess, then even relatively low-affinity sub-
strates may be integrated quite rapidly. It is also possible that
the conditions in an infected cell alter the recognition speci-
ficity, so that different sequences may be optimal in the two
contexts. Further experimentation is required to distinguish
these possibilities.

FIG. 10. Summary of the in vitro evolution results. (A) Substrate
sequence selection from two overlapping random regions using ASLV
and HIV-1 integrases. (B) Comparison of the selected substrate se-
quences with the natural sequences. Differences are underlined. The
nucleotide selected at the position marked by an asterisk is either A or
C.
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