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To replicate, a retrovirus must synthesize a cDNA copy of the viral RNA genome and integrate that cDNA
into a chromosome of the host. We have investigated the role of a host cell cofactor, HMG I(Y) protein, in inte-
gration of human immunodeficiency virus type 1 (HIV-1) and Moloney murine leukemia virus (MoMLYV) cDNA.
Previously we reported that HMG I(Y) cofractionates with HIV-1 preintegration complexes (PICs) isolated
from freshly infected cells. PICs depleted of required components by treatment with high concentrations of salt
could be reconstituted by addition of purified HMG I(Y) in vitro. Here we report studies using immunopre-
cipitation that indicate that HMG I(Y) is associated with MoMLYV preintegration complexes. In mechanistic
studies, we show for both HIV-1 and MoMLYV that each HMG I(Y) monomer must contain multiple DNA bind-
ing domains to stimulate integration by HMG I(Y)-depleted PICs. We also find that HMG I(Y) can condense
model HIV-1 or MoMLYV c¢DNA in vitro as measured by stimulation of intermolecular ligation. This reaction,
like reconstitution of integration, depends on the presence of multiple DNA binding domains in each HMG I(Y)
monomer. These data suggest that binding of multivalent HMG I(Y) monomers to multiple cDNA sites com-

pacts retroviral cDNA, thereby promoting formation of active integrase-cDNA complexes.

Several well-studied recombination enzymes have been
found to require accessory proteins for efficient function. Many
of these cofactors are small DNA-binding proteins which help
the recombinase-DNA complexes adopt their active conforma-
tion. For example, in the case of phage lambda integration, the
host protein integration host factor (IHF) binds and bends
phage DNA, thereby facilitating formation of active lambda
integrase-DNA complexes (21). Architectural DNA-binding
proteins can also be important in formation of transcription
complexes, as has been shown for HMG I(Y) in vertebrate
cells (15, 28, 44, 45). Here we examine the role of HMG I(Y)
in another setting, as an architectural cofactor for retroviral
cDNA integration.

The DNA breaking and joining reactions mediating retrovi-
ral integration are well understood (Fig. 1, top panel) (for
reviews, see references 12 and 23). Initially, the virus-encoded
integrase enzyme binds the ends of the viral cDNA and cleaves
to remove two nucleotides from each 3’ end (Fig. 1, top panel,
parts A and B) (5, 13, 33, 42). The cleavage reaction may help
prepare a homogeneous substrate for subsequent reaction
steps. The recessed 3’ ends are then joined by integrase to the
target DNA (Fig. 1, top panel, part C) (6, 13, 32). The resulting
integration intermediate is then resolved, probably by host
DNA repair enzymes, to yield the integrated provirus (Fig. 1,
top panel, parts D and E).

Integration-competent replication intermediates can also be
isolated from virus-infected cells and studied in vitro. Such
preintegration complexes (PICs) can direct the joining of the
viral cDNA to an exogenously added target (2, 14, 18). The
c¢DNA ends in PICs are protected by bound proteins from
attack by nucleases or recombination complexes (11, 39, 46),
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and the two cDNA ends are apposed by bound proteins (39).
In the human immunodeficiency virus type 1 (HIV-1) system,
the virus-encoded integrase, matrix, and reverse transcriptase
proteins cofractionated with PICs, and some studies also indi-
cate association of nucleocapsid and Vpr (4, 17, 20, 39). The
host protein HMG I(Y) has also been found to cofractionate
(discussed below) (16).

In previous studies, it was found that PICs of HIV-1 could be
depleted of components by gel filtration in buffers containing
high concentrations of salt, resulting in a loss of integration
activity in vitro. Activity could be reconstituted by addition of
an extract from uninfected cells. Fractionation of such extracts
identified HMG I(Y) as the most prominent reconstitution
activity (16). HMG I(Y) was subsequently found to cofraction-
ate with PICs and to be removed by the salt-stripping proce-
dure. Importantly, the reconstituting activity could be depleted
with an anti-HMG I(Y) antibody, but not other antibodies
(16). HMG I(Y) was also found to boost activity of salt-
stripped PICs from Moloney murine leukemia virus (MoMLV)
(37) and stimulate the activity of purified integrases under
some (26), although not all (9), conditions in vitro.

The HMG I(Y) family consists of three members (Fig. 1,
bottom panel). HMG I and HMG Y are expressed from the
same gene, differing by alternative mRNA splicing. The two
are often referred to together as HMG I(Y). HMG I-C is
closely related, but transcribed from a different gene (7). Each
protein contains three A/T hook DNA binding domains, each
of which can bind to A/T-rich DNA sequences.

Several other candidates for integrase cofactors have been
proposed based on studies in vitro. PICs of MoMLV, when
treated with high salt concentrations, do not carry out normal
intermolecular integration, but instead use their own cDNA as
an integration target (autointegration). BAF protein was iso-
lated based on its ability to block autointegration by salt-
stripped PICs of MoMLV (35). BAF also displayed a high
specific activity for reconstitution of salt-stripped HIV-1 PICs
(11), though BAF has not been shown to be associated with
PICs or to be important in vivo. The virus-encoded nucleocap-
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FIG. 1. (Top) Diagram of the integration pathway. The HIV ¢cDNA is shown
by the thick lines, and proteins of the PIC are shown by the gray shading. Target
DNA is shown by the thin lines. DNA 5’ ends are marked with solid circles. Note
that product D corresponds to the integration intermediate marked “II” in later
figures. (Bottom) HMG I family proteins. The conserved A/T hook DNA binding
domains are shown in gray, and the acidic C-terminal domains are shown in
black.

sid (NC) protein has been found to promote activity of inte-
grase (8,9, 34). Under some conditions in vitro, NC can greatly
stimulate “coupled joining,” integration of pairs of cDNA ends
into target DNA with the correct biological spacing between
the points of joining (9). Ini-1 protein (31) and HMG-1 protein
[not to be confused with HMG I(Y), an unrelated protein] (1)
have also been proposed to serve as integration cofactors
based on studies in vitro. Clearly further studies are necessary
to distinguish factors that are important in vivo from proteins
displaying nonbiological in vitro activities.

Here we present data to (i) strengthen the idea that HMG
I(Y) family of proteins are important for cDNA integration in
vivo and (ii) elucidate aspects of the mechanism with studies in
vitro. Many of the experiments were carried out in both the
MoMLYV and HIV-1 systems to investigate the generality of
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our conclusions. Here we used immunoprecipitation to dem-
onstrate that HMG I(Y) is bound to MoMLV PICs isolated
from virus-infected cells, complementing data on cofraction-
ation from the HIV-1 system (16). In mechanistic studies, we
found that HMG I(Y) derivatives can support reconstitution of
depleted PICs as long as each HMG I(Y) monomer contains at
least two of the three DNA binding domains. Recently others
have proposed that multiple DNA binding domains are im-
portant for stimulating reactions with purified integrase
(26). We also demonstrated that the HIV-1 long terminal re-
peats (LTRs) contain multiple DNA binding sites for HMG I
(Y). Tests in vitro revealed that binding of HMG I(Y) apposed
LTR DNAs in a manner that promoted intermolecular ligation
of dilute DNA solutions. As with assays of PIC reconstitution,
these assays of DNA condensation required multiple DNA
binding domains in each HMG I(Y) monomer. Taken togeth-
er, these studies strengthen the idea that HMG I(Y) acts as an
architectural cofactor for retroviral cDNA integration com-
plexes and suggest a model for its role.

MATERIALS AND METHODS

Depletion and reconstitution of MoMLYV and HIV-1 PICs. For MoMLV PICs,
the salt-stripping and reconstitution procedure was performed as described pre-
viously (37). HIV-1 PICs for this study were generated with HIV-based vectors
as described previously (24). HIV-1 PICs were depleted by gel filtration under
high-salt conditions. The PICs were first incubated in buffer A (20 mM HEPES
[pH 7.5], 5 mM MgCl,, 1 mM dithiothreitol [DTT], 10 pg of aprotinin per ml)
containing 300 mM KCI for 10 min at room temperature and then centrifuged
through a Sepharose CL-4B column in buffer A-300 mM KCI. PICs were then
incubated in buffer A-600 mM KCl for 10 min and passed through a Sepharose
CL-4B column in buffer A—-600 mM KCI. The 600 mM KCl-stripped PICs were
then concentrated with a Microcon-100 ultrafiltration unit (Millipore). Twenty-
five microliters (~3 X 107 cDNA copies) was mixed with HMG 1(Y), the mixture
was incubated at room temperature for 10 min, and then the salt concentration
was lowered to 150 mM by the addition of 75 ul of buffer A-40% glycerol
(lacking KCl). The reaction mixture was then incubated at room temperature for
10 min. Integration reactions were carried out by addition of 1 pg of target DNA
(linearized $X174 RFII), and the mixtures were incubated at 37°C for 1 h. DNA
was purified by treatment with proteinase K-sodium dodecyl sulfate (SDS)-
EDTA, phenol extraction, and ethanol precipitation. DNAs were analyzed by
Southern blots and probed with *?P-labeled LTR sequences.

Purification of recombinant MoMLYV integrase. To prepare MoMLYV inte-
grase for affinity purification of antibodies, plasmid pETINH (30) (expressing
MoOMLYV integrase fused to a hexahistidine tag) was transformed into BL21
(DE3), and cultures were induced by the addition of 1 mM IPTG (isopropyl-B-
p-thiogalactopyranoside) when the optical density at 595 nm (ODsys) of bacteria
reached 0.6. After 2.5 h of induction at 30°C, the bacteria were pelleted, resus-
pended in 1X binding buffer (Novagen) with 10 mM B-mercaptoethanol and 10
pg of lysozyme per ml, and incubated at 4°C for 30 min. The lysate was then
sonicated and pelleted at 15,000 X g for 30 min. The pellet was resuspended in
1X binding buffer with 6 M guanidine-HCI and 10 mM B-mercaptoethanol. The
resuspended pellet was pelleted again at 15,000 X g for 30 min. The supernatant,
which contained integrase, was harvested and loaded on a nickel column pre-
equilibrated in 1X binding buffer with 6 M guanidine-HCl. The column was
washed with 10 bed volumes of 1X binding buffer with 6 M guanidine-HCI
followed by 10 bed volumes of 1X binding buffer containing 25 mM CHAPS
{3-[(3-cholamidopropyl)-dimethylammonio]-l-propanesulfonate}, but lack-
ing 6 M guanidine-HCI. Integrase was eluted by gradual increase of the imida-
zole concentration in 1X binding buffer with 25 mM CHAPS. Fractions were
collected, analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), and
found to yield a single band of the expected mobility. To raise antibodies against
MoMLYV integrase, proteins were further purified by SDS-PAGE and electro-
elution.

Purification of antibodies on antigen affinity columns. Purified HMG I(Y) and
MoMLYV integrase (IN) proteins were coupled to immobilized diaminodipro-
pylamine (DADPA) resins according to the manufacturer’s instructions (Pierce).
Sera were loaded on HMG I(Y) and IN affinity columns, the columns were
washed, and the antibodies were eluted by Tris-glycine buffer (pH 2.5). The
eluate was immediately neutralized by addition of 1/20 volume of 1 M Tris (pH
8.0) and dialysis against phosphate-buffered saline.

Immunoprecipitation of partially purified PICs. MoMLV PICs were har-
vested from infected cells as described previously (2, 37). Partially purified PICs
were obtained by gel filtration through a Sepharose CL-4B column. Fifty micro-
liters of partially purified PICs or salt-stripped PICs (about 3 X 107 cDNA
copies) was mixed with 5 pl of antigen affinity-purified antibodies or control
preimmune serum and incubated on ice for 1 h. Thirty microliters of protein A/G
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FIG. 2. Immunoprecipitation (IP) of active PICs with antigen affinity-purified antibodies against HMG I(Y). Partially purified or salt-stripped PICs were
immunoprecipitated with the indicated antibodies and protein A/G beads. Integration reactions were carried out with PICs bound to beads. The cDNA arrows mark
the unreacted cDNA. II, integration intermediate. (A) IP with antibodies against MOMLYV integrase. Lane 1, IP with preimmune serum; lane 2, IP with affinity-purified
anti-integrase antibody (a- IN). (B) IP with HMG I(Y) antibody. Lane 1, IP with preimmune serum; lane 2, IP with anti-HMG I(Y) antibody; lane 3, IP with anti-HMG
I(Y) antibody and free HMG I(Y) added as a competitor. (C) Salt stripping blocks immunoprecipitation with the anti-HMG I(Y) antibody. Lane 1, IP of partially
purified PICs with anti-HMG I(Y) antibody; lane 2, IP of salt-stripped PICs with anti-HMG I(Y) antibody. Note that the production of the circular autointegration
product seen in subsequent figures is a consequence of salt stripping and so is absent here. Characterization of the structures of integration products can be found in

references 3, 19, 35, 37, and 40.

beads (Santa Cruz Biotechnology) was added, and the reaction mixtures were
rocked at 4°C for 1 h. The beads were washed three times with buffer A-150 mM
KCI and suspended in 100 wl of buffer A-150 mM KCI with 30% glycerol. One
microgram of linear $X174 DNA was added to the beads, and integration
reactions were carried out at 37°C for 1 h. DNA products were purified from
beads by SDS-EDTA-proteinase K treatment followed by phenol-chloroform
extraction and ethanol precipitation. The recovered DNA was separated by
electrophoresis on 0.75% agarose gel and analyzed by Southern blotting with a
32p_labeled MOMLV LTR probe. For a control reaction, the affinity-purified
anti-HMG I(Y) antibody (15 pg) was incubated with 10 wg of HMG I(Y) for 1 h
prior to addition of PICs.

Purification of HMG I family proteins. HMG I family proteins [HMG I(Y),
HMG I(Y) 1-90, and HMG I-C] were expressed in BL21(DE3) cells and induced
by IPTG. The cell pellet was resuspended in 10 mM Tris (pH 8.0). The cells were
lysed by the addition of lysozyme (10 pg/ml) and sonication. Two volumes of
7.5% perchloric acid was then added, and the suspension was Dounce homog-
enized 20 times at 4°C. The suspension was spun at 1,000 X g at 4°C for 30 min.
Concentrated HCI (0.3 volume) and acetone (6 volumes) were added to the
supernatant and incubated at 4°C for 2 h. The mixture was spun at 3,000 rpm at
4°C for 30 min. The pellet was washed with cold acetone and dried. The pellet
was resuspended in buffer B (20 mM Tris [pH 8.0], 0.1 mM EDTA, 1 mM DTT)
and loaded onto a fast protein liquid chromatography Mono-S column and
eluted by a gradient with buffer B containing 0 to 1 M NaCl. The fractions
containing HMG I family proteins were combined and dialyzed against buffer B
with 100 mM NaCl and 20% glycerol. SDS-PAGE analysis revealed a single band
of the expected mobility. It has recently been reported that purification of HMG
I family proteins by acid extraction, while convenient, yields HMG I preparations
with reduced activity compared to other methods (41). This may account for the
large amounts of protein required for in vitro reactions reported here.

Peptides matching A/T hooks were synthesized on an Applied Biosystems
Synergy 432A peptide synthesizer and confirmed by mass spectrometry. The
peptide sequences were as follows: AT-1 peptide, DGTEKRGRPRKQPPVSPG;
AT-2 peptide, VPTPKRPRGRPKGSKNKGAA; and AT-3 peptide, TTPGRKP
RGRPKKLEK.

DNase I footprinting of HMG I bound to the HIV-1 LTR. The LTR DNA used
for footprinting was derived from the plasmid pTA-LTR (9), which contains an
HIV-1 LTR flanked by artificial Ndel sites. pTA-LTR was cleaved with Aval,
which cuts within the LTR DNA, or Ndel. DNA strands were labeled on the 5’
end by sequential treatment with phosphatase, then kinase and [y-*P]ATP, or
on the 3’ end by filling in with 3?P-labeled deoxynucleoside triphosphates
(dNTPs) and Klenow fragment. LTR DNA was then further cleaved with Ndel
or Aval to liberate labeled fragments. Labeled DNA fragments were gel isolated
and recovered by binding to glass powder. Footprinting reaction mixtures con-
tained 10 mM Tris (pH 7.5), 50 mM NaCl, 5 mM MgCl,, 1 mM DTT, 0.1%
Triton X-100, 100 pg of bovine serum albumin (BSA) per ml, and 0.1 U of
DNase I per ml in a final volume of 25 ul. Reaction mixtures were incubated for
2 min at room temperature, and then the reactions were stopped by addition of

75 ul of 92% ethanol, 0.7 M NH,OAc, and 70 pg of tRNA per ml. Reaction
mixtures were precipitated, rinsed with 70% ethanol, and resuspended in 5 ul of
Tris-EDTA. Reaction products were denatured by heating in 10 wl of sequencing
gel loading dye and then separated on 6% denaturing polyacrylamide gels and
visualized by autoradiography.

DNA gel retardation analysis of HMG I family proteins. Oligonucleotide
probes were labeled at the 5" end with 3?P. Binding of HMG I, HMG Y, and
HMG I-C was assayed in a mixture of 10 mM Tris (pH 7.5), 50 mM KCl, 0.5 mM
MgCl,, 0.1 mM EDTA, 5% glycerol, 0.25 p.g of BSA per ml, and 2 nM annealed
oligonucleotide in a final volume of 30 pl. Proteins were added to a final
concentration of 200, 400, or 800 pM and incubated at room temperature for 30
min. Five microliters of the reaction mixture was loaded onto a 6% native gel in
0.4X Tris-borate-EDTA and run at 300 V at 4°C. Gels were dried and analyzed
by autoradiography.

Assay of condensation of LTR DNA by HMG I(Y) and mutant derivatives. The
reaction mixture contained 10 ng of 5’ 3?P-labeled LTR (bearing Nde-comple-
mentary ends), 4 pl of 10X ligation buffer (New England Biolabs), and HMG
I(Y) protein or mutant derivatives in a final volume of 40 pl. The reaction was
initiated by the addition of 1 pl of T4 DNA ligase (400 U/ul; New England
Biolabs) and incubated at 16°C. Five microliters of the reaction mixture was
withdrawn at the indicated time points, and the reaction was terminated by
addition of 35 pl of stop solution (0.5% SDS, 10 mM EDTA, 1 mg of proteinase
K per ml). After overnight incubation at 50°C, the DNA was purified by phenol-
chloroform extraction and separated on a 1% agarose gel. The gels were then
dried and visualized by autoradiography and PhosphorImager analysis.

RESULTS

Immunoprecipitation of active MoMLYV PICs with antibod-
ies against HMG I(Y) or MoMLYV integrase. To complement
studies in the HIV-1 system showing that HMG I(Y) cofrac-
tionated with PICs (16), we have investigated by immuno-
precipitation, whether HMG I(Y) is bound to MoMLV
PICs. PICs were prepared by infection of NIH 3T3 cells with
MoMLYV virus, followed by detergent permeabilization as de-
scribed previously (2, 37). PICs were partially purified by gel
filtration, and then affinity-purified antibodies were added and
complexes were captured by incubation with protein A/G
beads. Beads were washed to remove the unbound material
and resuspended in integration reaction buffer. Target DNA
was then added, and the integration reaction was carried out
with PICs bound to the beads. Product DNAs were released
from the beads by treatment with proteinase K and SDS, pu-
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rified, and separated by electrophoresis in agarose gels. DNAs
were transferred to a nylon support and probed with labeled
MoMLYV LTR DNA sequences.

Immunoprecipitation with preimmune serum (Fig. 2A, lane
1), yielded little cDNA. Immunoprecipitation with an anti-
MoMLYV integrase antibody, in contrast, yielded abundant
cDNA products (Fig. 2A, lane 2). Some of these retained
integration activity (Fig. 2A, lane 2 [“II” indicates the integra-
tion intermediate produced by covalent joining to target DNA;
this species corresponds to D in Fig. 1, top panel]). Immuno-
precipitation with an anti-HMG I(Y) antibody was then com-
pared (Fig. 2B). Mock immunoprecipitation resulted in no
recovery of cDNA (Fig. 2B, lane 1), while addition of the pu-
rified anti-HMG I(Y) antibody yielded abundant cDNA (Fig.
2B, lane 2). Addition of HMG I protein blocked recovery (Fig.
2B, lane 3). Immunoprecipitation of salt-stripped PICs was
then tested, since previous work indicated that bound HMG
I(Y) should be removed by this treatment (16, 37). The anti-
HMG I(Y) antibody was unable to immunoprecipitate salt-
stripped PICs as expected (compare Fig. 2C, lanes 1 and 2).

In summary, antibodies against HMG I(Y) or MoMLYV in-
tegrase were able to immunoprecipitate PICs of MoMLV.
Immunoprecipitation with the HMG I(Y) antibody could be
blocked by addition of HMG I(Y) protein or prior salt strip-
ping of PICs. This complements data from the HIV-1 system,
in which HMG I(Y) was found to copurify with PICs and an
anti-HMG I(Y) antibody was able to deplete reconstitution
activity released from PICs by high-salt treatment (16). HMG
1(Y) also copurifies with MoMLV PICs (unpublished data).

Reconstitution of salt-stripped PICs with deletion deriva-
tives of HMG I. To investigate the mechanism of reconstitution
by HMG I, we tested deletion derivatives of HMG I protein for
the ability to restore activity to salt-stripped PICs. We and
others have found that HMG I(Y) can stimulate purified in-
tegrase from HIV-1 (26), but comparison with reactions with
salt-stripped PICs reveals that the degree of stimulation is
greater with the in vivo-assembled complexes (unpublished
data). Thus, we assayed stimulation by using PICs instead of
purified integrase.

PICs of MoMLYV and HIV-1 were first partially purified and
then subjected to gel filtration in high-salt buffers as described
in Materials and Methods. HMG I(Y) and derivatives (Fig.
3A) were added to complexes in the presence of high salt
concentrations, preincubated for 10 min at room temperature,
and then the salt concentration was reduced to 150 mM by
dilution. Target DNA was added and incubated with the re-
constituted PICs. Product DNAs were then deproteinized and
analyzed on Southern blots probed with labeled LTR DNA.

Lanes containing salt-stripped MoMLV PICs revealed two
DNA forms: the unreacted cDNA and a slow-migrating species
corresponding to the circular DNA product of autointegration
(Fig. 3B, lane 1). As was reported previously, depletion by salt
stripping promotes autointegration in the MoMLV system
(35-37). Reconstitution of PICs with HMG 1 yielded integra-
tion products (Fig. 3B, lane 2 [II, integration intermediate]).
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HMG Y also supported reconstitution (data not shown). A
derivative of HMG I lacking amino acids 91 to 108, the acidic
C-terminal domain, was also capable of reconstituting integra-
tion activity (Fig. 3B, lane 4). Derivatives containing amino
acids 9 to 75 or 50 to 91, either A/T hooks 1 plus 2 or 2 plus 3,
also reconstituted activity (Fig. 3B, lanes 6, 8, and 9). The
50-91 protein displayed the highest specific activity for recon-
stitution, retaining activity at 0.2 pg per reaction. Derivatives
containing single A/T hooks were unable to restore activity
(Fig. 3B, lanes 10 to 15). Single A/T hook-containing peptides
have been reported to have a K, for AT sites of around 150 nM
(27), but no reconstitution was seen here at peptide concen-
trations as high as 500 pM peptide (data not shown). Thus, the
peptide probably bound the cDNA, but failed to support inte-
gration.

A similar study of HIV-1 PICs revealed that derivatives with
two A/T hooks were sufficient for reconstitution in this system
as well (Fig. 3C, lanes 6 and 8). Single A/T hooks were not
sufficient for reconstitution of HIV-1 PICs, as with MoMLV
PICs (Fig. 3C, lanes 10 to 12). These observations suggest a
role for multivalent binding of HMG I(Y) monomers to pairs
of DNA sites.

To explore the requirements for reconstitution of salt-
stripped PICs further, HMG I-C, the third family member, was
also tested. PICs of MoMLYV or HIV-1 were salt stripped and
then incubated with HMG I-C (Fig. 3D and E). Addition of
HMG I-C restored activity to MOMLYV PICs and partial activ-
ity to HIV-1 PICs. Thus, HMG I-C is also a candidate inte-
gration cofactor. HMG I-C is expressed embryonically and so
is not likely to be important for HIV infection of adults, but the
protein is expressed in many cell lines. In summary, all three
members of the HMG I family are competent for stimulating
integration of salt-depleted PICs.

HMG I binding to the HIV-1 LTR. Next the HMG I(Y)
binding sites in the cDNA were mapped. Studies with retro-
viral vectors reveal that most of the cDNA sequences are
dispensable for integration, so our analysis focused on the
required LTR sequences. HMG I(Y) has been reported pre-
viously to bind to any stretch of five or more A/T or T/A base
pairs (38, 43). The LTR sequences of HIV-1 (NL4-3 strain)
and MoMLYV contain nine and seven candidate sites, respec-
tively, which thus constitute expected binding sites.

To investigate whether the sites in the HIV-1 LTR indeed
bind HMG I, DNase I protection experiments were carried
out. DNA fragments from the HIV-1 LTR were end labeled,
incubated with HMG I, and treated with DNase 1. DNA frag-
ments were separated on a DNA sequencing-type gel and
visualized by autoradiography.

A representative experiment is shown in Fig. 4A, assaying
HIV-1 LTR DNA from residue 295 to residue 634 (coordi-
nates as in the NL4-3 genome, left LTR). The addition of
DNase I yielded a pattern of partial digestion (Fig. 4A, lane 4).
Addition of HMG I displayed several sites of protection, one at
residues 527 to 532, and a weaker site around 550 (Fig. 4A,
lanes 5 to 8, bar beside the gel). The degree of protection from

FIG. 3. Reconstitution of integration activity with HMG I(Y) deletion derivatives and HMG I-C. (A) Diagram of HMG I illustrating the locations of breakpoints
studied. (B) Reconstitution of salt-stripped MoMLV PICs with deletion derivatives of HMG I(Y) proteins. Integration was carried out in vitro and analyzed on
Southern blots probed with a labeled MoMLV LTR. HMG I(Y) derivatives used for reconstitution are indicated above the autoradiograms. II, integration intermediate
produced by integration in vitro; circle, autointegration product; cDNA, unreacted viral DNA; aa, amino acids. Triangles above the lane indicate 1 or 0.2 pg was added.
Lanes: 1, no added protein; 2 to 3, reconstitution with full-length HMG I; 4 and 5, reconstitution with an HMG I(Y) derivative lacking the acidic C-terminal domain;
6 to 9, reconstitution with HMG I(Y) derivatives containing two A/T hooks; 10 to 15, reconstitution with single A/T hooks. Molarities for 1 g in 100-ul reaction mixtures
were as follows: full-length HMG 1(Y), 0.85 uM; 1-90, 1 pM; 9-75, 1.25 uM; 50-91, 2 pM; AT-1, 4.7 uM; AT-2, 4.7uM; and AT-3, 5 uM. (C) Reconstitution of
salt-stripped HIV-1 PICs with deletion derivatives of HMG I(Y). Assay and labeling are as in panel B, except that the triangles indicate 5 or 1 pg was added. The assays
of single A/T hooks contained 5 pg. (D and E) Reconstitution of MoMLYV PICs (D) and HIV-1 PICs (E) with HMG I-C. The amounts added were 5, 1, or 0.2 pg for

MoMLYV or 5 pg for HIV-1.
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DNase I digestion by binding of HMG I was somewhat modest,
occurring near the concentration at which the DNA became
fully coated with protein. This could be due to weakly selective
binding by HMG I or easy displacement of bound HMG I by
the DNase I enzyme under the conditions tested. Seven sites
displayed the clearest reductions in DNase I digestion, located
at residues 11 to 15, 22 to 27, 113 to 116, 250 to 254, 426 to 431,
440 to 444, and 527 to 532 (Fig. 4A) (data not shown). All of
these contain five or more sequential A or T residues, except
site 113, which contains four sequential A/T base pairs. For
some of the sites predicted by the primary sequence, DNase I
cleavage of naked DNA was so weak in the region of the site
that possible protection could not be assessed. In summary, the
sequences bound by HMG I were mostly as predicted by the
primary DNA sequence.

To confirm and extend the findings with DNase I protection,
one pair of HMG I(Y) binding sites was studied in more detail
by gel retardation assays. The two sites at residues 404 to 467
(NL4-3 strain, left LTR) were chosen for study, since they
yielded strong DNase I footprints. A duplex oligonucleotide
matching the pair of sites was synthesized (Fig. 4B) and incu-
bated with either HMG I or HMG Y. Protein-DNA complexes
were separated by gel electrophoresis and analyzed by autora-
diography. Addition of 4 nM HMG I or Y yielded single
discrete complexes (Fig. 4C, lanes 3 and 7). Addition of higher
quantities yielded multiple slower-migrating species, probably
arising either from binding of multiple HMG I monomers to a
single probe DNA or binding of single HMG I monomers to
multiple probe DNAs.

The contacts between HMG I and the 404 to 467 sites were
next investigated. A-to-G substitution mutations in single
HMG 1 binding sites had little effect on binding (Fig. 4D,
compare lane 8 with lanes 9 and 11). Given that each of the
complex bands showed the same electrophoretic mobility, this
suggests that a single HMG I monomer is binding to the probe
DNA. Mutation of both sites, however, abolished binding at
the concentration tested (1 nM) (Fig. 4D, lane 13).

Substitution of inosine was then used to probe the mecha-
nism of specific binding. Inosine can pair with C or T. Inosine
resembles A in the minor groove and G in the major groove of
DNA. Thus, I substitutions can be used to probe the side of the
helix contacted by a protein. Substitution of an inosine residue
for a guanine residue is expected to promote binding if the
protein tested favors binding to A in the minor groove (45).

Substitution of I for G in the doubly mutant oligonucleotide
restored binding, indicating that HMG 1 is binding to the DNA
minor groove at the LTR 404 to 467 sites (Fig. 4D, compare
lanes 13 and 14). Substitutions in single sites improved binding
only slightly, since the single site mutations showed only mod-

FIG. 4. Analysis of binding of HMG I(Y) to the HIV-1 LTR. (A) Analysis by
DNase I protection. A restriction fragment containing sequences 295 to 634 from
the HIV-1 LTR was labeled with 3P on the 5’ end at an artificial Ndel site at the
U5 edge of the LTR. Lanes: 1, cleavage at pyrimidine (Py) residues; 2, cleavage
at purine (Pu) residues; 3, uncleaved DNA; 4 to 9, 0.1 U of DNase I per ml; 4, no
added HMG I(Y); 5, 0.8 nM HMG I(Y); 6, 2 nM HMG I(Y); 7, 7nM HMG I(Y);
8,22 nM HMG I(Y). (B) Oligonucleotide probes used in the gel retardation assay.
The wild-type probe corresponds to residues 404 to 467 of the HIV LTR (NLA4-3,
left LTR). MUT, mutant; sub, substitution. (C) Gel retardation analysis of binding
to the wild-type probe by HMG I or HMG Y. The mobilities of the free probe
and observed complexes are indicated beside the gel. Lanes 1 to 5 contained the
following concentrations of HMG I: 1, 0.13 nM; 2, 0.8 nM; 3, 4 nM; 4, 20 nM; 5,
100 nM. Lanes 6 to 9 contained the following concentrations of HMG Y: 6, 0.8
nM; 7, 4 nM; 8, 20 nM; 9, 100 nM. (D) Rescue of binding to mutant sites by
inosine substitution. The DNA substrates studied are marked above the gel.
W.T., wild type. Lanes 1 to 7, no added protein; lanes 8 to 14, 1 nM HMG 1.
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FIG. 5 DNA ligation promoted by HMG I(Y) and deletion derivatives. The HMG I proteins used in ligation reactions are as indicated above the gels (designations
as in Fig. 3). LTR, the end-labeled DNA substrate matching a single LTR DNA. (A) HIV-1 LTR. (B) MoMLV LTR. The time of ligation is indicated in minutes above
the gel. Lanes: 1 to 5, no HMG I; 6 to 10, 1 uM HMG I(Y); 11 to 15, 1.5 pM HMG I(Y) 9-75; 16 to 20, 1.5 uM HMG I(Y) 50-91; 21 to 25, 3 uM AT-1; 26 to 30,
3 uM AT-2; 31 to 35, 3 uM AT-3. Concentrations were adjusted to maintain the same molarity of A/T hook DNA binding domains.

est decreases in binding to begin with (Fig. 4D, lanes 10 and
12).

Gel retardation assays were also carried out to test binding
of HMG I-C to the 404 to 467 sites. Complex bands were seen,
generally paralleling results with HMG I(Y) (data not shown).

In summary, the sites predicted to bind HMG I(Y) in the
HIV LTR were mostly found to bind as expected. We did not
analyze the MoMLV LTR, but based on the HIV data, we
expect most of the predicted MoMLYV sites will support bind-
ing as well.

LTR DNA condensation by HMG 1. We next investigated
whether HMG I could promote the association of distant DNA
sites, since this is an activity potentially involved in reconstitu-
tion of salt-depleted PICs. Linear LTR DNA molecules in
dilute solution were incubated with HMG I or deletion deriv-
atives. We reasoned that the proximity of the LTR DNA ends
could be assayed by addition of T4 DNA ligase. Thus, associ-
ation of LTR DNAs mediated by HMG I would be revealed by
increased formation of intermolecular ligation product. For
this experiment, DNAs were used which contained a single
full-length LTR sequence flanked by artificial Ndel restriction
sites (9). LTR DNAs were end-labeled with **P, incubated
with HMG I proteins, and then treated with ligase. After liga-
tion, products were separated by gel electrophoresis and quan-
titated by PhosphorImager. The kinetics of ligation were mon-
itored over 1 h. LTR DNAs of HIV-1 and MoMLV were
studied (Fig. 5).

In the absence of HMG I (Fig. SA and B, lanes 1 to 5), little
ligation was seen, since the DNA concentration (0.06 nM) was
too low for efficient ligation. However, addition of 1 uM HMG
I resulted in efficient conversion of labeled LTR DNA to
higher-molecular-weight forms (Fig. 5, lanes 6 to 10). After
less than 5 min of incubation with ligase, more than 50% of the
starting DNA was converted to ligation products.

We next studied the HMG I deletion mutants used in the
tests of reconstitution of PICs described above. Concentrations
of deletion mutants were adjusted to maintain the same con-
centrations of A/T hook DNA binding domains in each reac-
tion. Addition of the peptides containing two A/T hooks also
resulted in more than half of the input DNA becoming ligated
after 5 min. Ligation in the presence of the deletions pro-
ceeded even more quickly than with wild-type HMG I (Fig. 5,
lanes 11 to 20). The peptides containing single A/T hooks did
not promote ligation efficiently (Fig. 5, lanes 21 to 35), failing

to convert half the starting DNA to ligation product even after
60 min. Thus the ability of each peptide to promote ligation of
LTR DNAs closely paralleled the ability to reconstitute PICs.
This supports the model that HMG I promotes integration by
bringing together distant DNA domains.

DISCUSSION

In this study and in previous work (16), we have presented
four lines of evidence supporting the idea that HMG I(Y) is a
likely cofactor for integration in vivo. (i) We found that HMG
I(Y) is associated with MoMLV PICs from infected cells by
using immunoprecipitation with an affinity-purified anti-HMG
I(Y) antibody. Salt stripping of PICs or preincubation of the
antibody with HMG I(Y) protein blocked immunoprecipita-
tion. (ii) In previous work, we demonstrated cofractionation of
HMG I(Y) with HIV-1 PICs through several purification steps
(16). Salt stripping of HIV-1 PICs depleted HMG I(Y). (iii)
Reconstitution activity derived from HIV-1 PICs could be de-
pleted with an anti-HMG I(Y) antibody (16). (iv) Northern
blot studies of HMG I(Y) revealed that it is expressed widely,
including in tissues known to support infection by HIV-1 and
MoMLYV, placing the cofactor protein in the tissue sites of viral
replication (7, 29, 47; unpublished data). Taken together, the
above data support the idea that HMG I(Y) is a cofactor for
replication in vivo.

Are the other proteins proposed as integration cofactors
(BAF, NC, HMG-1, and Ini-1) active as such in vivo? It will be
crucial to obtain further data to strengthen or disprove these
proposals. Some of the proteins that can reconstitute integra-
tion in vitro (BAF and NC), like HMG I(Y) can also promote
DNA aggregation, suggesting a common mechanism for in
vitro action. NC mutations have been reported that act in vivo
at a step after reverse transcription is mostly completed, indi-
cating a potential role in integration (22). NC proteins con-
taining these mutant changes are defective for stimulating in-
tegrase in vitro (9). Ongoing studies are investigating the role
of NC and these mutants during infection. BAF, Ini-1, and
HMG-1 have not yet been shown to be associated with PICs or
to stimulate integration in vivo.

How might binding of HMG I(Y) promote activity of PICs?
HMG I(Y) has not been found to bind to integrase directly (16,
26), consistent with models in which HMG I(Y) acts by binding
to the cDNA. Data presented here and previously support a
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model in which HMG I(Y) may act by bridging distant DNA
segments (16, 26, 37). HMG I(Y) contains multiple DNA bind-
ing domains (A/T hooks), so that binding of an HMG I(Y)
monomer to widely spaced DNA sites could appose distant
DNA domains (7). In the nuclear magnetic resonance struc-
ture of HMG I amino acids 51 to 90 bound to DNA, each of
the two A/T hooks binds a separate DNA oligonucleotide (27).
The HMG I(Y) derivatives that supported reconstitution of
PICs, which contained two or more A/T hooks, matched ex-
actly with those that could promote intermolecular ligation of
linear LTR DNAs in dilute solution. This parallel supports the
idea that apposition of distant DNA sites is the mechanism
operating in both assays.

One possible role for multivalent DNA binding by HMG
I(Y) could have been target DNA capture. An HMG I(Y)
monomer bound to LTR DNA might use a free A/T hook to
bind target DNA and promote integration at that site. How-
ever, a study of 61 HIV-1 integration sites in human DNA
showed no enrichment for HMG I(Y) sites, arguing against
this model (10).

HMG I(Y) may act by promoting conversion of integrase
from an inactive to an active conformation. For HIV-1, inte-
grase is apparently inactivated by salt stripping of PICs, but
reactivated by reconstitution with HMG I(Y). The inactive
HIV-1 integrase protein must remain bound to the cDNA in
high-salt buffer to survive gel filtration, providing evidence for
a bound but inactive conformation. Studies with inhibitors have
also suggested that integrase may exist in functional and nonfunc-
tional conformations (25). Perhaps high-salt treatment disrupts
integrase-DNA interactions at the active site, so that the viral
DNA end is no longer correctly positioned, but integrase is not
fully released from the cDNA. The situation differs for MoOMLV
integrase, in which some of the salt-stripped complexes are able to
carry out autointegration. However, upon reconstitution with
HMG I(Y), autointegration is not reduced, but new complexes
become active for intermolecular integration, again indicating
that HMG I(Y) causes previously inactive complexes to become
active. These results parallel studies of the role of the architec-
tural DNA-binding protein IHF in phage lambda integration.
Lambda integrase can bind to lambda DNA in the absence of
IHF, but does not carry out efficient integrative recombination.
Bending of DNA allows lambda integrase to make the multiva-
lent contacts with DNA that are required for full activity. Data
presented here support a related model in which condensation of
retroviral cDNA by HMG I(Y) stabilizes integrase in an active
conformation.
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