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Integration of retroviral cDNA involves coupled joining of the two ends of the viral genome at precisely
spaced positions in the host cell DNA. Correct coupled joining is essential for viral replication, as shown, for
example, by the finding that viral mutants defective in coupled joining are defective in integration and
replication. To date, reactions with purified human immunodeficiency virus type 1 (HIV-1) integrase protein
in vitro have supported mainly uncoupled joining of single cDNA ends. We have analyzed an activity stimu-
lating coupled joining present in HIV-1 virions, which led to the finding that the HIV-1 nucleocapsid (NC)
protein can stimulate coupled joining more than 1,000-fold under some conditions. The requirements for
stimulating coupled joining were investigated in assays with mutant NC proteins, revealing that mutations in
the zinc finger domains can influence stimulation of integration. These findings (i) provide a means for
assembling more authentic integrase complexes for mechanistic studies, (ii) reveal a new activity of NC protein
in vitro, (iii) indicate a possible role for NC in vivo, and (iv) provide a possible method for identifying a new

class of inhibitors that disrupt coupled joining.

Integration of the reverse-transcribed retroviral cDNA into
host cell DNA is a required step in retroviral replication (for
reviews, see references 16 and 33). Correct integration requires
covalent attachment of viral cDNA to target DNA with a
specific number of target base pairs between the cDNA ends.
Such coupled joining is probably a consequence of correct
assembly of nucleoprotein complexes that hold the cDNA ends
in defined relative positions. Studies of retroviruses that gen-
erate aberrant integration products indicate that defects in
coupled joining are associated with impairments in replication
(17, 18, 47). To date, reactions with recombinant human im-
munodeficiency virus type 1 (HIV-1) integrase protein—the
virus-encoded protein responsible for the early steps of inte-
gration—have yielded almost exclusively uncoupled products,
probably indicating a defect in higher-order assembly in vitro
(10, 12, 14, 38).

The DNA cutting and joining reactions that mediate HIV
cDNA integration in vivo are well understood (16). Prior to
integration, two nucleotides are removed from each 3’ end of
the linear cDNA, possibly to remove heterogeneous additional
3’ nucleotides occasionally added by reverse transcriptase (45,
48). The recessed 3’ hydroxyls generated by cleavage then
become joined to protruding 5" ends in the target DNA. Melt-
ing of the 5 bp of target DNA between the points of joining
yields gaps at each host-virus DNA junction which are then
repaired, probably by host-encoded enzymes.

Integration in vivo is carried out by large nucleoprotein
complexes named preintegration complexes (PICs) (6, 20, 22).
Compositional studies have revealed that the viral integrase
(IN), matrix (MA), reverse transcriptase (RT) (7, 23, 27, 45),
and a cellular protein, HMG I(Y) (21), cofractionate with PICs
of HIV-1. Other proteins, such as viral protein R (Vpr) and
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nucleocapsid (NC) have been detected in some studies (7, 27).
The cDNA ends are bound by proteins (15, 45, 58) that bridge
the two cDNA termini (45). Coupled joining by PICs is evident
from the finding of correct 5-bp duplications at virus-host
DNA junctions after repair of integration intermediates (20,
32, 47a).

Although recombinant HIV-1 integrase carries out coupled
joining in vitro only poorly, avian sarcoma-leukosis virus
(ASLV) integrase and Moloney murine leukemia virus (MLV)
integrase can carry out coupled joining (1, 9, 19, 25, 40, 56, 57).
The reason for the difference between HIV integrase and
other integrases is unclear but serves to focus interest on the
unique determinants in HIV.

Progress in understanding the requirements for coupled
joining in the HIV system came from the finding that lysates of
virions could direct coupled joining of model cDNA substrates
in vitro (28, 29). We have analyzed the virion proteins in such
extracts and found that the HIV-1 NC protein can greatly
stimulate coupled joining by recombinant HIV-1 integrase.
Analysis of the activities of NC mutants revealed that muta-
tions altering the zinc fingers of NC influence the ability to
stimulate integration.

MATERIALS AND METHODS

DNA manipulation. General DNA manipulations were carried out essentially
as described previously (3). Oligonucleotides used in this study can be found in
Table 1. To construct pTA-LTR, the long terminal repeat (LTR) from NL4-3
was amplified with primers U3Ndel and U5Ndel, giving rise to a complete LTR
DNA containing an Ndel site at each end. The PCR product was cloned into the
pCR2.1 vector (Invitrogen, Carlsbad, Calif.). Plasmid pTA-LTRsupF, which
contains a supF gene within the LTR sequence, was constructed as follows. The
supF coding region was obtained from pUCsupF (a gift of Robert Naviaux), in
which the supF gene is cloned at bp 763 to 1254 of pUC19. The supF gene was
released from plasmid pUCsupF by cleavage with BamHI and ligated into the
PpuMI site of pTA-LTR, yielding pTA-LTRsupF. The zeocin-transducing plas-
mid pZeo+ (3,498 bp) was constructed by digesting pcDNA3.1/Zeo(+) (Invitro-
gen) with Pvul and EcoRV and reclosing by ligation. This manipulation removed
the beta-lactamase (Ap) coding region.

To generate LTR DNAs for use in integration assays, plasmid pTA-LTR or
pTA-LTRsupF was cleaved with Ndel and the fragment corresponding to the
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TABLE 1. DNA oligonucleotides used in this study

Oligonucleotide Sequence Comment
U3Ndel 5" CATATGGAAGGGCTAATTTGGTCCC 3’ pNLA43 primer for preparing LTR substrate
US5Ndel 5" CATATGCTAGAGATTTTCCACACTG 3’ pNL43 primer for preparing LTR substrate
CH1 5" CAGGGAAGTAGCCTTGTGTGTGGTAG 3’ Primer for sequencing coupled products
HU3A 5" CTGGTAACTAGAGATCCCTCA 3’ Primer for sequencing coupled products
T7 20-mer 5" TAATACGACTCACTATAGGG 3’ Sequencing primer (T7 Universal)
FB 253 5" CGCCATATGAGTGAGTCGAGCTCGAAGTCC 3’ Primer for amplifying HMG I(Y)
FB 254 5" CTGGATCCTCACAGTTTTTTGGGTCTGCCCCTTGG 3’ Primer for amplifying HMG I(Y)
4658-333 5" AAGATCTGGACGACGACGACAAGATACAGAAAGGCAATTTTAGGAAC  Primer

3

4658-356 5" GTACGTGTCGACCCTAATTAATTAGCCTGTCTCTCAGT 3’ Antisense primer

LTR (1,090 bp) was purified on an agarose gel. LTR DNAs were end labeled by
sequential treatment with phosphatase and kinase in the presence of [y->*P]ATP.

Preparation of virions. HXB2 virus was obtained from supernatants of the
chronic producer line Molt IIIB. R9 and R9AIN were obtained from superna-
tants of cultures of 293T cells transfected with pR9 (53) or pROAIN (26). Virions
were purified from cell culture supernatants by centrifugation over a sucrose
cushion and size exclusion chromatography on Sephacryl S-1000, as described
previously (13).

Integration reactions with viral lysates. Virions (200 ng of p24 protein per
integration reaction) were lysed in a solution of 0.5% Triton X-100, 4 pg of
RNase (DNase free [Boehringer Mannheim]) per ml, 20 mM HEPES (pH 7.2),
and 150 mM KClI (6-pl final volume) and incubated for 10 min on ice. Subse-
quently 19 pl of buffer was added to the lysed virus to yield a 25-pl final volume
of 10 mM MgCl,, 20 mM HEPES (pH 7.2), 12% dimethyl sulfoxide (DMSO),
6% polyethylene glycol (PEG), 1 mM dithiothreitol (DTT), 40 mM KCl, 0.12%
Triton, and 0.96 pg of RNase A per ml. Samples were chilled on ice for another
10 min and then centrifuged for 10 min at 7,000 rpm in an Eppendorf centrifuge
at 4°C. To the pellet, a solution of 25 pl of 10 mM MgCl,, 20 mM HEPES (pH
7.2), 12% DMSO, 6% PEG, and 1 mM DTT was added together with 15 ng of
LTR and 100 ng of supercoiled plasmid pCR2.1 (3.9 kb; Invitrogen). The sam-
ples were incubated for 20 min on ice. The reaction was then carried out by
incubating samples for 30 min at 37°C. The reaction was stopped by addition of
sodium dodecyl sulfate to 1% and 1 pg of proteinase K, and the samples were
incubated at 56°C for 1 h. The proteins were extracted with an equal volume of
phenol-chloroform-isoamylalcohol and then chloroform only. The samples were
analyzed on 1.2% Tris-acetate-EDTA agarose gels containing ethidium bromide
(0.5 pg/ml). Gels were dried and visualized by autoradiography. Proteins from
both HIV strains HXB2 and R9 were both found to be active in this assay. Added
recombinant integrase (325 nM) was incubated in the viral lysis buffer and
centrifuged as above with or without the AIN viral lysate.

Purification of proteins used in this study. Recombinant HIV-1 integrase was
purified as described previously (2). His-tagged integrase containing the F185K
and C280S substitutions (37) was purified as described previously and used in
experiments with NC mutants.

Mutant and wild-type NC proteins were prepared from thioredoxin fusions.
The coding regions for the mutant or wild-type NC proteins were obtained by
PCR amplification of existing proviral or recombinant NC-encoding clones (30,
31, 59) with the sense primer 4658-333 and the antisense primer 4658-356 (Table
1). Oligonucleotide 4658-333 contains a Bg/II site and a sequence encoding an
enterokinase cleavage site (Asp-Asp-Asp-Asp-Lys), and the remaining 24 nucle-
otides (3" end) code for the eight N-terminal amino acid residues of the HIV-1
p7NC protein from the pNL4-3 proviral clone. Oligonucleotide 4658-356 contains
a Sall site, the complement of a TAA stop codon, and the complement of the
sequence that codes for the six C-terminal amino acid residues of NC. The
fragment that codes for the 55-amino-acid NC protein was amplified, digested
with Bg/IT and Sall, and ligated into the homologous sites of the pET32a vector
(Novagen, Inc., Madison, Wis.). Certain NC mutants were created by altering
existing pET32a clones with NC gene inserts and using the Stratagene (La Jolla,
Calif.) Quick Change mutagenesis kit.

For NC protein expression, plasmids were transformed into competent Esch-
erichia coli BL21 (DE3) cells and cultures were induced by adding isopropylthio-
B-galactoside to 0.4 mM and incubated with shaking for an additional 3 h.
Bacteria were pelleted and resuspended in 40 ml of 100 mM CAPS buffer, pH 10,
and sonicated for ~1.5 h. The lysate was centrifuged at 3,600 X g in a Beckman
JS-4.2 rotor for 20 min at 4°C. Ten milliliters of supernatant was mixed with 106
wl of 4 M Tris buffer (pH 8.5), 213 wl of 5 M NaCl, 0.7 nl of 30 mM zinc acetate,
and 21 pl of 1 M CaCl,. The solution was digested with 7 units of EKMax
enterokinase (Invitrogen) for 3 h at room temperature. NC proteins were puri-
fied by reverse-phase high-pressure liquid chromatography with a C,g reverse-

phase column, as described previously (35, 36). The purified NC proteins were
analyzed for the correct molecular mass by MALDI-TOF mass spectrometry.
Quantitation of purified NC proteins was performed by amino acid analysis on a
Beckman System 6300 amino acid analyzer (Beckman Coulter, Inc., Fullerton,
Calif.). Purified proteins were aliquoted, one equivalent of zinc acetate per Zn**
finger was added (unless otherwise noted), and the samples were lyophilized.

Sources for purified nucleic acid binding proteins were as follows: MA protein
was a gift of D. Trono (Geneva, Switzerland); Rev protein was a gift of M. Orsini,
D. Rekosh, and M.-L. Hammarskjold (University of Virginia, Charlottesville);
Tat protein was a gift of Kathy Jones (Salk Institute, La Jolla, Calif.) and J.
Brady; HIV-1 RT heterodimer was a gift of S. LeGrice (Case Western Reserve,
Cleveland, Ohio); HMG-1 was a gift of L. Li (Salk Institute); HMG-2 was a gift
of R. Johnson (UCLA); histone H1 was purchased from Boehringer Mannheim;
HU protein was a gift of A. Segal (SDSU, San Diego, Calif.); BAF protein was
a gift of L. Li (Salk Institute); RNase A was from Qiagen; and polylysine was
from Sigma Chemical Co. HMG I(Y) amino acids 1 to 90 was purified as
described previously for the full-length protein (21).

Integration reactions with recombinant HIV-1 integrase. A 35 nM concentra-
tion of integrase was incubated on ice in a buffer containing 20 mM HEPES (pH
7.2), 1 mM DTT, 12% DMSO, 6% PEG 8000 (buffered at pH 7.2 with HEPES),
0.1 mg of bovine serum albumin (BSA) per ml, and 40 mM NaCl in a volume of
20 pl. Integrase was diluted in a solution of 1 M NaCl, 10 mM DTT, 0.1 mg of
BSA per ml, and 50 mM HEPES (pH 7.6). DNA binding proteins to be tested
for stimulation were also added at this stage as appropriate. DNA binding
proteins were diluted in a solution of 20 mM HEPES (pH 7.2), 150 mM KClI, 1
mM DTT, and 0.1 mg of BSA per ml. After 10 min, 5 pl of a mix containing 40
ng of labeled LTR (20 nM LTR), 200 ng of pZeo+ target, and 50 mM MgCl, was
added and further incubated on ice for 20 min. To carry out reactions, samples
were incubated for 1 h at 37°C. Labeled products were quantitated with a
Molecular Dynamics PhosphorImager.

Different preparations of HIV-1 integrase and NC were found to support
coupled joining to different degrees (unpublished data). For integrase, most
active was protein purified according to Allen et al. (2). Next most active was
integrase purified by the original method of Sherman and Fyfe (52). Least active,
though still sufficient for coupled joining, was His-tagged integrase containing
the F185K and C280S mutations (37). Different integrase preparations purified
by the same method were not extensively compared. The basis for this difference
is unknown. In the case of NC, different batches of NC displayed different
activities, and batches with initially high activities sometimes lost activity during
storage. This variability probably reflects at least in part the sensitivity of NC
protein to oxidation.

Cloning and sequencing of coupled integration products. In order to clone
integration products for sequencing, a standard integration reaction was carried
out in the presence of viral lysates (see Table 2) or recombinant integrase and
NC (see Table 3) by using LTR-supF as donor and pZeo+ as target. The
integration reaction was stopped by the addition of proteinase K-SDS, and
DNAs were deproteinized by phenol-chloroform extraction and purified by eth-
anol precipitation. Integration products were then cleaved with EcoRI, which
cleaves within the LTR-supF DNA, and ligated. This step converted coupled
joining events involving two LTRs into single-LTR-coupled products. Only
events involving one U3 end and one U5 end religated to yield an intact LTR-
supF DNA. The ligated DNAs were then transformed into MC1061/p3 cells. The
bacteria were plated on Luria-Bertani agar containing zeocin, tetracycline, am-
picillin, and kanamycin. Zeocin selected for the integration target; kanamycin
selected for the p3 plasmid, containing the ampicillin and tetracycline resistance
genes bearing amber mutations; and ampicillin and tetracycline selected for the
supF gene. Plasmids were isolated from quadruply resistant colonies, and LTR-
target DNA junctions were sequenced. Base numbering in Tables 2 and 3 is as
in the original pcDNA3.1+/Zeo plasmid (Invitrogen).
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FIG. 1. Diagram of the integration reaction and reaction products.

RESULTS

Integration in vitro directed by extracts from HIV-1 virions.
Our studies of coupled joining by HIV-1 integrase initially
employed a viral lysate system based on that used by Goodarzi
and coworkers (29) (Fig. 1). As a model of the viral cDNA, a
636-bp DNA molecule matching one HIV LTR was used. LTR
DNAs were ?P labeled at each 5’ end to permit detection of
integration products. A circular plasmid was used as target.
HIV virions were lysed by exposure to 0.5% Triton X-100 and
then preincubated with LTR DNA, target DNA, and 10 mM
MgCl, on ice. Reactions were carried out by warming the
mixture to 37°C for 30 min. Products were then deproteinized,
separated by gel electrophoresis, and visualized by autoradiog-
raphy.

Figure 2 presents a comparison of integration products gen-
erated in reactions containing purified recombinant HIV-1 in-
tegrase (lane 2) and lysates of HIV-1 virions (lane 3). The
structures of integration products are shown beside the gel. In
the presence of recombinant integrase, two main DNA prod-
ucts were seen. One corresponded to joining of one end of the
labeled LTR substrate to the circular DNA target, yielding a
“tagged circle” (illustrated in Fig. 1). The second corresponded
to integration of one LTR DNA into a second LTR DNA and,
as expected, was seen in reactions without added target (data
not shown). The population of these “uncoupled LTR into
LTR products” (illustrated in Fig. 1) ran as a broad band, since
different molecules in the population had different branch
points and hence different electrophoretic mobilities. Both the
tagged circle and the uncoupled LTR into LTR products in-
volved only one LTR end and hence are products of uncoupled
joining (10, 29).

In reactions containing lysates from wild-type HIV-1 virions,
several further integration products were seen (Fig. 2, lane 3).
One new form had the DNA length expected for coupled
joining of two LTR molecules to target DNA (“two LTR
coupled product,” Fig. 1). This reaction resembled coupled
joining in vivo in that one end on each of two LTR molecules
was recruited for integration and joined in a coupled fashion,
thereby linearizing the target DNA.

The tagged circle and coupled integration products were
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FIG. 2. Integration products generated in the presence of lysed HIV-1 viri-
ons or purified integrase. Lanes: 1, unreacted substrate; lane 2, 325 nM purified
integrase protein; lane 3, lysed HIV-1 (HXB2) virions; lane 4, lysed HIV AIN;
lane 5, mixture of R9 AIN and 325 nM recombinant integrase. Expected struc-
tures of integration products are indicated beside the gel; LTR DNAs are
indicated by arrows, and target DNA is indicated by thin lines.

characterized by isolation of the product DNA and cleavage
with diagnostic restriction enzymes. Cleavage of the purified
tagged circle (Fig. 3A, lane 2) or two-LTR product (Fig. 3A,
lane 3) with PpuM1, which cleaves in the LTR DNA, yielded
fragments of the lengths expected (Fig. 3A, lanes 4 and 5) from
the product structure diagrams in Fig. 3B and C. Products
involving the U5 LTR end were more abundant, as expected
from the previous finding that the U5 end was more reactive
than the U3 end (10, 29). Previous product characterization by
Goodarzi et al. (29) yielded essentially identical conclusions.
Products of coupled joining were then characterized by clon-
ing and sequencing (Table 2). The LTR substrate used for this
purpose was modified to contain a supF gene between the LTR
ends. Integration was carried out into a target containing a
zeocin resistance gene. Integration products were recovered
after transformation into E. coli by selecting for zeocin resis-
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substrates have U3 sequences at one end and U5 sequences at the other end. (A) Autoradiogram of integration products analyzed by cleavage with restriction enzymes.
Lane 1 displays the isolated integration product. Lane 2 presents the partially purified tagged circle form. Lane 3 presents the isolated two-LTR coupled form. Lanes
4 and 5 show these two forms cleaved with PpuMI. Lanes 6 to 8 contain the indicated markers. (B) Expected structure of the predominant tagged circle form. (C) Major
coupled two-LTR products. The target DNA used was circular pCR2.1 (3.9 kb); the LTR DNA was 636 bp in length. The major products detected in panel A are as
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4,700 and 4,530 bp. Due to preferential joining of the U5 end, coupled products contained either two U5 ends or one U5 end and one U3 end joined to the target (C).
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TABLE 2. Junction sequences from reactions with lysed

HXB?2 virus
Product Duplication Duplication or Integration site
sequence deletion in pZeo
pll GTGAG 5-bp duplication 1991-1995
pIl7 CGCAG 5-bp duplication 2224-2228
pELS GTAAT 5-bp duplication 2192-2196
pEL9 GTTTG 5-bp duplication 2097-2101
pEL14 ACTCA 5-bp duplication 2181-2185
pEL25 55-bp deletion 2163-2208
pEL34 38-bp duplication 2141-2279
pEL38 36-bp duplication 2097-2133
pEL40 GGATA 5-bp duplication 2218-2222

tance and SupF function. Sequencing revealed that six of nine
contained the 5-bp duplications of target DNA sequences at
integration junctions characteristic of coupled joining (Table
2) (29). Other products contained longer duplications or a
deletion, the origins of which were unclear.

As a first step in identifying factors capable of stimulating
coupled joining, extracts from integrase-deleted virions were
prepared and analyzed. Extracts from HIV-1 AIN virions failed
to support integration, as expected (Fig. 2, lane 4). However,
mixture of extracts from the HIV-1 AIN virus with recombi-
nant integrase resulted in the appearance of a new band of the
mobility expected for the coupled two-LTR product (Fig. 2,
lane 5 [dot]). These data support the hypothesis that extracts of
virions contain factors in addition to integrase that stimulate
coupled joining.

Stimulation of coupled joining by HIV-1 NC and other pro-
teins. To identify HIV-1 virion factors capable of stimulating
coupled joining, lysed virions were fractionated by differential

J. VIROL.

centrifugation. Analysis by Western blotting revealed that in-
tegrase, MA, RT, and NC cofractionated with the integration
activity while CA did not (data not shown). The viruses studied
were mutant in Vpr, consistent with the idea that Vpr protein
is also not important. These fractions proved difficult to purify
further but did provide some initial indications of candidate
stimulatory proteins.

Purified viral proteins were then tested individually for the
ability to stimulate coupled joining by purified integrase (Fig.
4A). Of particular interest was NC protein, which in previous
studies has been reported to stimulate uncoupled joining (14,
41) or integration by PICs (20). HIV-1 NC protein (Fig. 4A,
lanes 3 to 5), MA protein (lanes 8 to 10), Rev (lanes 11 to 13),
Tat (lanes 14 to 16), and RT (p66/p51 heterodimeric form,
lanes 17 to 19) were each titrated into reaction mixtures with
recombinant HIV-1 integrase. Some stimulation of both cou-
pled and uncoupled joining was seen upon addition MA, Tat,
or RT p51 homodimer (data not shown), but the stimulatory
effect was greatest by far with NC. NC increased the recovery
of coupled products up to 1,000-fold in the presence of low
concentrations (35 nM) of purified integrase. Under the con-
ditions in Fig. 4A, lane 5, 26% of the input labeled LTR was
converted to the coupled joining product and another 48% was
converted to the uncoupled product, corresponding to a 1,200-
fold increase in coupled joining and a 230-fold increase in
uncoupled joining.

To assess the specificity of the NC effect, several cellular
nucleic acid-binding proteins were also tested for the ability to
stimulate coupled joining (Fig. 4B). HMG I(Y) DNA binding
domain, HMG-1, and BAF proteins were tested, since they
have previously been proposed to be involved in integration (1,
21, 42), together with several other DNA binding proteins for
comparison. Slight stimulation was seen with HMG-1 (lanes 8
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FIG. 4. Stimulation of coupled joining by various nucleic acid binding proteins. (A) Products generated in the presence of 35 nM purified integrase and the indicated
viral proteins. Expected structures of integration products are shown beside the gel. Maximum concentrations for each (right-most lane in each titration) are as follows:
NC, 8 pg/ml (1 pM); MA, 16 pg/ml (0.94 pM); Rev, 4 pg/ml (0.2 uM); Tat, 4 pg/ml (0.28 uM); RT, 4 pg/ml (78 nM). Each protein was diluted 1:10 and 1:100 in the
two left lanes. (B) Products generated in the presence of 35 nM purified integrase and the indicated cellular DNA binding proteins. Maximum concentrations for each
(right-most lane in each titration) are as follows: NC, 8 pg/ml (1 pM); HMG I(Y), 16 pg/ml (1.4 pM); HMG-1, 4 pg/ml (0.16 pM); HMG-2, 8 pg/ml (0.64 wM); histone
H1, 8 pg/ml (0.4 uM); Hu, 2.4 ug/ml (0.13 pM); BAF, 2 pug/ml (0.2 puM); RNase A, 4 wg/ml (0.3 uM); polylysine, 4 pg/ml (4 wM). Each protein was diluted 1:10 and

1:100 in the two left lanes.
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FIG. 5. Improvement of the yield of coupled-joining products by optimizing
the concentrations of MgCl, and NC. Concentrations of NC were 100 nM (lanes
3 and 8), 500 nM (lanes 4 and 9), 1 uM (lanes 5 and 10), and 2 uM (lanes 6 and
11). The integrase concentration was 35 nM. For this experiment, the LTR-supF
donor was used. Other markings are as in Fig. 2.

to 10), HMG-2 (lanes 11 to 13), and polylysine (lanes 26 to 28).
No detectable stimulation was seen with HMG I(Y) (lanes 5 to
7), histone H1 (lanes 14 to 16), bacterial HU (lanes 17 to 19),
BAF (lanes 20 to 22), or RNase A (lanes 23 to 25). The protein
concentrations used were selected based on preliminary titra-
tions to optimize activity. In the presence of high concentra-
tions, BAF and HMG I(Y) inhibited integration (data not
shown). None of the cellular proteins stimulated coupled join-
ing as well as did NC protein (Fig. 4B, lane 4).

Optimizing conditions for coupled joining. Titrations of re-
action components revealed that high concentrations of Mg?™"
favored production of coupled joining products over uncou-
pled products (Fig. 5). Little or no coupled joining is detect-
able at 10 mM MgCl, in the absence of NC (Fig. 5, lane 2),
while in the presence of NC both the coupled and uncoupled
products are greatly increased in abundance (Fig. 5, lanes 3 to
6). At 30 mM MgCl,, the coupled product predominates even
in the absence of NC (Fig. 5, lane 7) and is increased in
abundance in the presence of NC (Fig. 5, lanes 8 to 11). MnCl,,
the divalent metal used in many previous studies, did not
support coupled joining under the conditions studied here
(unpublished data). Addition of zinc (8, 60) also did not stim-
ulate coupled joining (unpublished data). Six percent PEG was
required for coupled joining (unpublished data). In contrast,
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under conditions reported previously for stimulation of uncou-
pled joining by NC (i.e., in the presence of 10% glycerol) (14),
high concentrations of MgCl, were inhibitory. These findings
highlight the fastidious nature of the requirements for coupled
joining.

The conditions of the coupled-joining reaction strongly in-
fluence the magnitude of stimulation by NC. In the presence of
30 mM MgCl,, the degree of stimulation is reduced because
the basal level of coupled joining is higher and added NC does
not stimulate coupled joining to as high a final level. The
greatest stimulation by NC is seen in the presence of 10 mM
MgCl, and minimal concentrations of integrase.

Characterization of products made in the presence of puri-
fied integrase and NC. The products generated in reactions
with purified recombinant integrase comigrated with those
generated in reactions with viral lysates, suggesting that they
were identical in structure. Nevertheless, DNA products made
with purified integrase were characterized by digestion with
restriction enzymes and DNA sequencing. Diagnostic diges-
tions were carried out with PpuM1, as in Fig. 3, and also with
HindIII and Xhol (Fig. 6). Cleavage tests were carried out for
both the uncoupled tagged circle (Fig. 6A) and the two-LTR
coupled product (Fig. 6B). Structures of digestion products
were fully consistent with assignment of the DNA forms as
tagged circle and two-LTR coupled product (Fig. 6C and D).
In this case also, joining of the US end was favored over the U3
end. Similar analysis confirmed the structure of the coupled
product generated with 30 mM MgCl, in the absence of NC
(data not shown).

Further characterization of coupled-joining products was
carried out by cloning and sequencing of junctions between
viral and target DNA (Table 3). Integration reactions were
carried out with LTR-supF and a pZeo DNA as target. DNAs
were transformed into bacteria, and resistance to zeocin and
supF function was selected; 517 colonies were recovered from
a typical reaction with recombinant integrase and NC. In con-
trast, reactions without NC or without integrase yielded no
colonies (data not shown).

Seven of 15 insertion products sequenced displayed 5-bp
duplications of target sequences at host-viral DNA junctions
characteristic of HIV-1 integration. The other eight products
contained deletions of unclear origin. The larger deletions
would not be expected to comigrate with the coupled-joining
product seen on gels and presumably arose from other DNA
forms. Taken together, these data indicate that coupled-joining
products are generated efficiently in reactions with recombi-
nant integrase and NC.

Stimulation of coupled joining by NC mutants. To investi-
gate the determinants in NC important for stimulating coupled
joining, a panel of NC variants was tested (Fig. 7). NC is a basic
protein of 55 amino acids, with two Cys-X,-Cys-X,-His-X,-Cys
(CCHC) sequences that bind zinc (4, 34). Mutants tested in-
cluded amino acid substitutions (F16A or F16W) or changes in
zinc fingers. The F16A mutant reduced the efficiency of the
acceleration of nucleic acid annealing by NC (24), thus allow-
ing the relationship between accelerating of annealing and
stimulating of integration to be probed. Mutants in which the
types of zinc-binding residues were swapped (Cys to His or vice
versa) were also studied. These mutants were chosen in an
effort to preserve zinc binding while introducing subtle changes
in NC. These NC mutants have also been studied for their
effects on viral replication, offering a chance to begin connect-
ing in vitro observations to replication in vivo (31). Zinc finger
mutants included ones in which the first zinc finger sequence
was replaced with the second (2.2) or in which the order of zinc
fingers (2.1) was reversed (30). Several further mutants con-
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FIG. 6. Characterization of integration products generated in reactions with recombinant integrase and NC. The suspected tagged circle product (A) and coupled
two-LTR product (B) were isolated from gels and characterized by digestion with restriction enzymes (diagrammed in panels C and D). The target DNA used was
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tained substitutions of the C or H residues, including CCCC/
CCHC, CCCC/CCCC, CCHH/CCHH, CCCC/CCHH, CCHC/
CCCC, CCHH/CCHC, and CCHH/CCHH F16W (C and H
indicate the types of zinc-binding residues in the first or second
finger). Wild-type NC lacking zinc was also tested (apo-NC) as
was the NC of MLV.

Several NC proteins, including CCCC/CCCC, CCCC/
CCHC, CCHC/CCCC, CCHH/CCCC, apo-NC, and MLV NC,
showed reduced abilities to stimulate coupled joining. Similar
though less-pronounced effects were seen for uncoupled join-
ing. Two other mutants, CCHH/CCHH and CCHH/CCHH
F16W, consistently stimulated coupled integration to a greater
degree than wild-type NC. The other mutants stimulated cou-
pled and uncoupled joining at levels close to wild-type NC.

The NC mutants were then tested for the ability to acceler-
ate annealing of complementary DNA strands, a well-charac-
terized activity of NC protein (data not shown). Annealing
assays were carried out in integration buffer to facilitate com-
parison to integration assays. Wild-type NC and all mutants,
with the exception of CCCC/CCCC (inactive) and CCCC/
CCHH and CCHH/CCCC (partially active), displayed this ac-
tivity. The apo-NC protein was active in accelerating annealing
though inactive for stimulating coupled joining. Thus, the re-
quirements in vitro for stimulating integration could be sepa-
rated from the requirements for accelerating annealing. Taken
together, the data support the view that intact NC zinc fingers
are important for stimulating coupled joining in vitro.

DISCUSSION

Here we present conditions under which purified recombi-
nant HIV-1 integrase carries out correct coupled joining of
pairs of cDNA ends in vitro. The previous finding of Goodarzi
and coworkers (29) that HIV-1 viral lysates could support
coupled joining raised the question of whether recombinant
HIV-1 integrase was defective as purified from bacteria. Data
presented here indicate that purified recombinant integrase
can carry out coupled joining relatively efficiently in the pres-
ence of a viral cofactor (NC) and optimized solution condi-
tions.

Studies of HIV-1 viruses containing mutations in NC have
the potential to clarify whether or not NC is important for
integration in vivo. However, many mutations in NC disrupted
steps in replication prior to integration, such as RNA packag-
ing or reverse transcription (31, 54). Thus, it was not possible
to determine whether these mutants also impaired integration.
The CCHH-containing mutants that hyperstimulated integra-
tion, for example, produced little or no viral cDNA after in-
fection, so their effects on integration could not be assessed
(31).

The CCCC/CCHC NC mutant, however, may affect integra-
tion in vivo at least in part. The mutant protein displayed
reduced stimulation of coupled integration in vitro. In vivo,
viruses containing this substitution can form cDNA to within
10% of the wild type, but infectivity is reduced by greater than
10*-fold (31). Thus, the CCCC/CCHC mutant may be blocking
integration in those viruses that successfully carry out reverse
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TABLE 3. Junction sequences from reactions with purified
integrase and NC

Product Duplication Duplication or Integration
sequence deletion site in pZeo
pN1 50-bp deletion 1047-1097
pN2 CGTTT 5-bp duplication 38-42
pN3 28-bp deletion 1889-1917
pN4 GGTGG 5-bp duplication 215-219
pN5 1,300-bp deletion 878-3064
pNo6 250-bp deletion 3168-3413
pN7 850-bp deletion 424-3072
pN8 CTGTA 5-bp duplication 1852-1856
pN11 820-bp deletion 156-973
pN12 GTGAG 5-bp duplication 1205-1209
pN13 CAATT 5-bp duplication 1932-1936
pN15 AAGGT 5-bp duplication 1202-1206
pN16 AAGGC 5-bp duplication 2258-2262
pN17 51-bp deletion 3034-3085
pN18 37-bp deletion 1987-2024

transcription. Further studies are needed to support the pos-
sible effect of this NC mutant in integration in vivo.

Several proteins in addition to NC have been reported to
affect integration in vitro, raising the question of which are
most likely to be important biologically. Diverse proteins have
been reported to stimulate uncoupled joining, among them NC
protein (14, 38, 41, 44). In addition, HMG-1 protein was re-
ported to stimulate coupled joining by ASLV integrase three-
to fivefold in vitro, providing another candidate (1). Studies of
PICs have also revealed candidates for stimulatory proteins. In
a study of HIV-1, PICs were depleted of required factors by
exposure to high concentrations of salt. Cellular fractions were
used to reconstitute activity, and purification of the activity
yielded HMG I(Y) protein. Further studies demonstrated that
HMG I(Y) protein is present in PIC fractions prior to deple-
tion and contributes the predominant reconstitution activity in
PIC preparations (21, 43). Another protein, BAF, can stimu-
late integration in these assays (15, 42), though BAF has not
yet been found in PICs or linked to integration in vivo. Purified
NC protein was also able to stimulate the activity of salt-
stripped PICs but was not detectable in the PIC fractions
studied (21). However, in one study, NC was detected in as-
sociation with HIV ¢cDNA in crude PIC fractions (27). NC is
likely associated with replication intermediates in target cells,
since NC is believed to be important for reverse transcription
during infection. Although more data is needed to assess in
vivo significance, the presence of NC and HMG I(Y) in prob-
able replication intermediates, together with their in vitro ac-
tivities, supports their potential importance in vivo.

As yet, the mechanism by which NC stimulates coupled
joining is not fully clarified. Models involving a direct interac-
tion between integrase and NC do not seem likely at present,
since coimmunoprecipitation studies have not revealed an in-
teraction (unpublished data). NC is known to promote dimer-
ization of viral RNA, packaging of viral RNA, and strand
transfer during reverse transcription, all reactions involving

heterogeneous branch points. The putative two-LTR coupled-joining product (panel B, lane 7) migrates at the molecular weight expected for a linearized target DNA
joined in a coupled fashion to two LTRs (4,770 bp [D]). Cleavage with HindIII (panel B, lane 8) yielded a shortened labeled form of the size expected for the joining
of two U5 ends (3,702 bp, diagrammed in panel D [top]). A longer form, of the size expected for joining of one U5 end and one U3 end, was also seen (4,134 bp,
diagrammed in panel D [bottom]). Cleavage with PpuMI yielded predominantly a form of the size expected for the U5-US coupled two-LTR product (4,298 bp [panel
B, lane 9]). The second expected PpuMI product, representing the U3-US form (expected size, 4,134 bp), migrated just below the U5-US form and is not clearly resolved
in this gel. Cleavage with Xhol in the target DNA yielded a smear of labeled products, as expected since the points of integration in the target differ from molecule
to molecule. The designation “hetero” indicates that this site is heterogeneously positioned in different product molecules due to the use of different integration sites.
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FIG. 7. Stimulation of integration in vitro by NC mutants. Mutants were
tested at a concentration of 1.4 pM and integrase was present at 137.5 nM
(His-tagged form), in otherwise standard reactions. The abundances of the two-
LTR coupled-joining products (shaded bars) and the tagged circle products
(open bars) were quantitated by PhosphorImager and normalized to wild-type
NC. Each bar denotes the average of three reactions; half of the standard
deviation is shown by the error bar.

nucleic acid condensation (16, 41, 50, 55). In the case of inte-
gration, condensation of duplex DNA by NC might facilitate
association of the two cDNA ends in an integration complex.
However, effects on DNA condensation alone may not be
sufficient to explain the stimulation of coupled integration.
Several proteins known to condense DNA [Apo-NC, MLV
NC, BAF, and HMG I(Y)] did not stimulate coupled joining,
suggesting that additional mechanisms may operate. Possibly
NC stimulates integration in part by promoting DNA distor-
tion. NC is known to melt DNA (55), and DNA distortion can
promote integration under some circumstances (5, 11, 39, 46,
49, 51). Whether any of these candidate mechanisms operate
in vivo remains to be determined.

The establishment of coupled joining in vitro by HIV-1 in-
tegrase may potentiate a variety of further studies. Mutants
of integrase can be analyzed in vitro for their effects on coupled
joining, aiding in understanding of the protein-protein inter-
faces important for higher-order assembly. Integration inter-
mediates formed by coupled joining in vitro may also be
useful as substrates for studying the DNA repair reactions
involved in completing integration. Inhibitory molecules can
now be screened for the ability to block coupled joining,
potentially allowing the development of a new class of inte-
grase inhibitors.
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ADDENDUM IN PROOF

C. Deminie has also observed stimulation of coupled joining
by NC protein (unpublished data). In addition, Hindmarsh et
al. (P. Hindmarsh, T. Ridky, R. Reeves, M. Andrake, A. M.
Skalka, and J. Leis, J. Virol. 73:2994-3003, 1999) have also
reported conditions for coupled joining by HIV IN.
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