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ABSTRACT: The assembly mechanism for the human
immunodeficiency virus type 1 (HIV) synaptic complex
(SC) capable of concerted integration is unknown. Molecular
and structural studies have established that the HIV SC and
prototype foamy virus (PFV) intasome contain a tetramer of
integrase (IN) that catalyzes concerted integration. HIV IN
purified in the presence of 1 mM EDTA and 10 mM MgSO4
was predominately a monomer. IN efficiently promoted
concerted integration of micromolar concentrations of 3′-OH
recessed and blunt-ended U5 long terminal repeat (LTR)
oligonucleotide (ODN) substrates (19−42 bp) into circular target DNA. Varying HIV IN to U5 DNA showed that an IN
dimer:DNA end molar ratio of 1 was optimal for concerted integration. Integration activities decreased with an increasing length
of the ODN, starting from the recessed 18/20 or 19/21 bp set to the 31/33 and 40/42 bp set. Under these conditions, the
average fidelity for the HIV 5 bp host site duplication with recessed and blunt-ended substrates was 56%. Modifications of U5
LTR sequences beyond 21 bp from the terminus on longer DNA (1.6 kb) did not alter the ∼32 bp DNaseI protective footprint,
suggesting viral sequences beyond 21 bp were not essential for IN binding. The results suggest IN binds differentially to an 18/
20 bp than to a 40/42 bp ODN substrate for concerted integration. The HIV IN monomer may be a suitable candidate for
attempting crystallization of an IN−DNA complex in the absence or presence of strand transfer inhibitors.

After retrovirus infection of cells, the reverse transcriptase
produces a linear viral DNA genome that results in the

formation of a cytoplasmic preintegration complex (PIC).1−4

The biochemical mechanisms by which integrase (IN) first
catalyzes the 3′-OH processing of two nucleotides from the
viral DNA blunt ends in the cytoplasmic PIC and the
subsequent concerted integration of the recessed ends into
the cell DNA have been elucidated.5

Efforts to evaluate the structure and function of nucleopro-
tein complexes assembled in vitro that have properties of the
PIC have been undertaken. The human immunodeficiency
virus type 1 (HIV) synaptic complex (SC)6−8 and the
prototype foamy virus (PFV) intasome9,10 have demonstrable
ability to catalyze both the 3′-OH processing and concerted
integration reactions. Both complexes possess a tetramer of
IN6,8,9 that produces their respective HIV 5 bp11,12 and PFV 4
bp13 host site duplications. The activity of the HIV SC is
effectively inhibited by clinically relevant strand transfer
inhibitors (STI) at low physiologically relevant nanomolar
concentrations.7,14 The three-dimensional structure of the PFV
intasome formed with 3′-OH recessed 17/19 bp oligonucleo-
tides (ODN)9 and the intasome in the presence of target
DNA15 have revealed numerous mechanistic insights into the
protein−protein and protein−DNA interactions necessary for
binding and catalysis. Modeling of the HIV SC or intasome16

suggests that the interactions of the HIV IN within this

nucleoprotein complex may be similar to those of the PFV
intasome.
The structure of the HIV SC has not been determined. The

mystery of why recombinant HIV IN was not capable of
efficiently using ODN for concerted integration, a necessary
requirement for atomic-resolution studies, has existed for 20
years. In this report, we show that our preparation of HIV IN,
which is purified in the presence of 1 mM EDTA and 10 mM
MgSO4, exists as a monomer and exhibits some of the
properties previously described for Zn2+-deficient HIV IN in
solution.17 We demonstrated that this preparation can use U5
long terminal repeat (LTR) ODN (20−42 bp) for highly
efficient concerted integration activity where both IN and
ODN are at near equal micromolar concentrations (Figure 1).
The ODN substrates are designated by the length of their
noncleaved strand and either blunt (B) or 3′-OH recessed
ended (R). The observed concerted integration activity of the
20R and 21R substrates used with HIV IN was similar to PFV
IN monomer activity with 19R.9,13 The relative concerted
integration activities of HIV IN decreased with an increasing
length of the ODN from the 20R or 21R set to the 33R and
42R set. Using a longer DNA substrate (1.6 kb) containing

Received: August 9, 2011
Revised: October 10, 2011
Published: October 12, 2011

Article

pubs.acs.org/biochemistry

© 2011 American Chemical Society 9788 dx.doi.org/10.1021/bi201247f |Biochemistry 2011, 50, 9788−9796

pubs.acs.org/biochemistry


varying lengths of U5 sequences, we determined that
modifications of the sequences just beyond 21 bp in the U5
LTR did not alter the concerted integration activity or the ∼32
bp DNaseI protective footprint previously observed,8,14,18

suggesting protection of these internal sequences by IN is
not dependent on viral sequences. In summary, the results
suggest that HIV IN appears to possess different DNA binding
modes on the U5 LTR for concerted integration depending
upon the length of the DNA substrate.

■ EXPERIMENTAL PROCEDURES

HIV IN Purification. Bacterial recombinant wild-type (wt)
HIV and F185K IN (pNY strain) were expressed in Escherichia
coli BL21(DE3) and purified to near homogeneity as described
previously.11,19 In the Heparin-HiTrap purification step, the
buffer contained 50 mM HEPES (pH 6.8), 10 mM MgSO4, 1
mM EDTA, 3 mM DTT, and 10% glycerol (HEPES buffer). IN
was eluted with a linear NaCl gradient in HEPES buffer.
HEPES buffer was used for storage of IN at approximately 0.75
M NaCl. This purified IN was used for analysis and strand
transfer assays unless otherwise indicated. HIV IN was free of
DNA endonuclease activities using supercoiled DNA as a
substrate. RSV IN was purified in the presence of EDTA using
a method similar to that described previously.20

Analysis by Size Exclusion Chromatography. IN was
concentrated to 0.5−1.1 mg/mL using an Amicon Ultra-4
(30K) ultrafiltration device at 2 °C. There was essentially no
aggregation of the IN as judged by light scattering. IN was
analyzed by size exclusion chromatography (SEC) on a
Superdex 200 10/300 GL column (GE Healthcare) at 4 °C.
HIV IN was incubated on ice for 30 min without or with 50 μM
ZnCl2 in 250 μL of HEPES buffer. IN was loaded (250 μL
loop, autoinjector) onto the column attached to a BioLogic
DuoFlow system. The elution was performed at a rate of 0.5
mL/min with 20 mM HEPES (pH 6.8), 500 mM NaCl, 10 mM
MgSO4, 0.2 mM EDTA, 3 mM DTT, and 5% glycerol, without
and with 25 μM Zn2+. Elution of IN was monitored at 280 nm.
Six molecular mass protein standards (17−670 kDa) (Bio-Rad)
with added apoferritin and bovine serum albumin (Sigma) were
used for column calibration. The molecular mass (M) was
determined from a plot of log M versus Ve/V0 [where Ve is the

elution volume of the particular protein and V0 is the void
volume (8 mL)].
Viral DNA Substrates. The ODN substrates containing

U5 LTR sequences were prepared by annealing the respective
length of the cleaved and noncleaved strand. All the ODN were
synthesized and PAGE purified by Integrated DNA Tech-
nologies (IDT). A 1.6 kb blunt-ended U5 DNA substrate
containing 168 bp of U5 sequences was prepared as described
previously.21 To prepare the 1.5 kb DNA substrate containing
varying lengths of U5 LTR sequences, the ODN containing U5
LTR sequences with a BglII site at the non-LTR terminus
(Figure 4a) were synthesized, annealed, and ligated to a
pUCLTRKanII plasmid digested with BglII and ScaI. The
pUCLTRKanII plasmid was constructed by cloning the SalI
(blunt-ended) kanamycin cassette from pUC4K (GE Health-
care) into the blunt-ended BspHI−SalI fragment of pUCLTR.
pUCLTR contained the blunt-ended KpnI−PstI fragment
possessing the U5−U3 HIV LTR from pU3U522 ligated to
the blunt-ended SspI−AflIII fragment of pUC19. The 1.5 kb
DNA ScaI−HindIII fragment containing 21, 42, and 42 bp U5
sequences interrupted by a 10 bp spacer at position 25 are
termed 21U5L, 42U5L, and 42spU5L, respectively (Figure 4a).
Concerted Integration Assay. Concerted integration

assays with the 1.6 kb U5 blunt-ended DNA substrates were
performed as described previously.19 Briefly, IN was
preassembled with DNA substrates in 20 mM HEPES (pH
7.0), 100 mM NaCl, 5 mM dithiothreitol, 10 mM MgCl2, 25
μM ZnCl2, and 10% poly(ethylene glycol) 6000 at 14 °C for 15
min. The assay with ODN substrates was slightly modified and
supplemented with 10% dimethyl sulfoxide (DMSO). IN (0.2−
3.0 μM as dimers) was preincubated with DNA substrates
(0.2−4.0 μM) for 15 min at 14 °C. Upon addition of target
DNA (8−24 nM), strand transfer proceeded for 1 h at 37 °C.
Reactions were stopped via addition of EDTA to a final
concentration of 25 mM, and samples were deproteinized with
0.5% SDS and 1 mg/mL proteinase K for 1 h at 37 °C. Strand
transfer products were separated on a 1.8% agarose gel, stained
with SYBR Gold (Invitrogen), and identified by being scanned
on Typhoon Trio Variable Imager (GE Healthcare).
DNaseI Footprint Analysis of IN−DNA Complexes.

DNaseI treatment of IN−DNA complexes and the isolation of
the treated DNAs were performed as described previously.8

Sequencing of Concerted Integration Products.
Concerted integration products obtained with ODN substrates
were excised from the agarose gel, and the DNA was purified
with the Qiaquick gel extraction kit (Qiagen). The integration
products were amplified by polymerase chain reaction (PCR)
with a single primer (5′-GTCAGTGTGGAAAATCTCTAGC-
3′) using Accuprime Taq DNA polymerase (Invitrogen). PCR
products (∼2.7 kb) were purified from agarose gels and cloned
in pCRII-TOPO (Invitrogen). Recombinant clones were
sequenced using the SP6 primer and a custom primer (KKP-
TA392R, 5′-CTAGATGCATGCTCGAGCGGCC-3′) to ana-
lyze the LTR−target junction and host site duplications.

■ RESULTS
Different purification procedures for recombinant HIV IN have
resulted in a variety of arrangements of IN subunits, including
monomer, dimer, tetramer, octamer, and aggregates, depending
on the concentration and other factors.17,23−26 His-tagged HIV
IN and IN with the tag removed by a protease usually form
dimers and/or tetramers that are in equilibrium.27−30 It is not
apparent what form of IN is required for efficient assembly of

Figure 1. HIV IN monomer forms a tetramer in solution and on DNA.
Purified IN monomers form tetramers upon preincubation with Zn2+

(top). In the presence of viral DNA, IN forms the synaptic complex
(SC) containing a tetramer. Upon addition of circular target DNA, the
SC produces the linear concerted integration product as well as
products resulting from multiple concerted events when ODN
substrates are used.
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the HIV SC. In contrast, PFV IN is predominately a monomer
in solution but assembles into a tetramer in the presence of a
19R ODN.13

Determination of the Oligomeric Form of HIV IN. We
have observed that HIV IN purified in the presence of 1 mM
EDTA and 10 mM MgSO4 in HEPES buffer (pH 6.8)11,19 is a
monomer in solution and is converted to a tetramer in the
presence of Zn2+ (Figure 2). IN was concentrated to 15 μM (as
monomers) by an ultrafiltration device and applied to a
Superdex 200 column. IN eluted predominately as a monomer
(95%) with a small quantity of tetramer (3%) present (Figure
2a). A similar elution profile was obtained at 5.0 μM IN. At 26
μM, a similar elution profile for the IN monomer was observed
with a slight increase in the quantity of tetramer. The calculated
molecular masses of the monomer and tetramer were 35 and
131 kDa, respectively. Removal of MgSO4 in the buffer did not
affect the elution profile of IN monomers. Preincubation of 15
μM IN in the presence of 50 μM ZnCl2 on ice for 30 min
resulted in the almost exclusive conversion to a tetramer
(Figure 2a). Minimal quantities of IN dimers were observed in
the absence or presence of Zn2+. The elution profiles of HIV IN
F185K23 and wt Rous sarcoma virus (RSV) IN20 showed these
proteins to be dimeric (panels b and c of Figure 2,
respectively). Preincubation of F185K IN with Zn2+ resulted
in a 65% conversion to tetramers but did not significantly affect
the RSV IN dimer−tetramer equilibrium. In summary, HIV IN
purified in the presence of 1 mM EDTA and 10 mM MgSO4
resulted in predominately monomers, but they were converted
to tetramers in the presence of Zn2+, confirming earlier studies
of HIV IN.17 Analytical ultracentrifugation studies of HIV IN
lacking Zn2+ followed by reconstitution with Zn2+ demon-
strated a monomer−tetramer−octamer equilibrium without
formation of a dimer intermediate.17

The HIV IN Monomer and Tetramer Equally Promote
Concerted Integration. We examined whether the purified
IN monomer and tetramer fractions were equally proficient in
promoting the concerted integration reaction using a 1.6 kb
blunt-ended U5 DNA substrate.7 IN monomer and tetramer
fractions were purified by Superdex 200 chromatography in the
absence of ZnCl2. The integration reactions were performed
with 1.6 kb blunt-ended U5 DNA and IN at 25 nM. Under
these assay conditions in the presence of Zn2+, both the purified
IN monomer and tetramer equally promoted concerted and
circular half-site (CHS) integration into supercoiled DNA
target (Figure S1 of the Supporting Information).
Submicromolar and Micromolar Concentrations of

HIV IN Efficiently Produce Concerted Integration
Products Using ODN. In the past, it has not been possible
to effectively promote concerted integration using ODN
substrates by HIV IN. We investigated whether IN preparations
that contained predominately monomers were capable of
performing efficient concerted integration with ODN sub-
strates. Varying quantities of IN and ODN of various sizes
(20−42 bp) with blunt or 3′-OH recessed ends (Figure 3a)
were preincubated at 14 °C prior to strand transfer at 37 °C for
1 h. The 20B and 20R substrates (Figure 3d) were the most
efficient substrates for concerted integration in comparison to
the 33B and 33R or 42B and 42R substrates (panels c and b of
Figure 3, respectively). At a constant IN concentration (0.5
μM) with a varying DNA concentration, a calculated IN
dimer:DNA end molar ratio near 1 was optimal for concerted
integration with the both 20B and 20R substrates (Figure 3d,
lanes 6 and 7 and lanes 15 and 16, respectively). The efficiency

Figure 2. HIV IN exists predominantly as a monomer. (a) SEC profile
of wt HIV IN. HIV IN (15 μM, 115 μg) was predominantly a
monomer with a minor quantity of tetramer (blue line). The IN
monomer was converted to a tetramer after incubation in 50 μM
ZnCl2 (red line). A minimal quantity of dimers was present in both IN
samples. (b) SEC profile of HIV F185K IN without and with
incubation in ZnCl2. F185K IN (18 μM) was exclusively a dimer (blue
line). Upon incubation of F185K IN (16.5 μM) with 50 μM ZnCl2,
dimers and tetramers were present. (c) The SEC profile of wt RSV IN
(286 residues) was unaffected by the ZnCl2. RSV IN (25 μM) eluted
predominantly as a dimer without (blue line) or with incubation in 50
μM ZnCl2 (red line).
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of the 20R substrate (Figure 3d, lanes 11 and 12 and lanes 14−
17) or the 21R substrate (Figure S2 of the Supporting
Information) in promoting concerted integration by IN
monomers was sufficiently high to promote multiple concerted
integrations into the same DNA target that resulted in smearing
of the DNA immediately below the linear concerted integration
product (Figures 1 and 3). A similar efficiency was observed for
PFV IN with the cognate 19R ODN substrate.9,13 The
efficiency of the 20B substrate for concerted integration is
significantly lower (Figure 3d, lanes 2−8) than that of the 20R
substrate because 3′-OH processing occurs slowly in the
context of the HIV SC.6−8 At the highest IN dimer:DNA end
molar ratio of 5, both the 20B and 20R (Figure 3d, lanes 2−4
and lanes 11−13, respectively) reactions were inhibited as were
the same reactions using the 33 and 42 bp ODN sets (Figure
3b,c). Finally, the quantities of the CHS products are smaller
than the quantities of the concerted products with the 20R

substrate (Figure 3d and Figure S3 of the Supporting
Information). In summary, the 20R substrate was significantly
better than the 20B substrate for concerted integration.
Similar results were obtained with the 42B and 42R

substrates and the 33B and 33R substrates (panels b and c of
Figure 3, respectively) as observed with 20B and 20R
substrates. Both the 42R and 33R substrates were significantly
better than their blunt-ended counterparts. As noted above, the
42R and 33R groups were less effective than the 20R (Figure
3d) and 21R (Figure S3 of the Supporting Information) groups
for concerted integration because the former group had
significantly fewer multiple concerted integrations events that
produced smearing below the linear product.
As shown previously, the purified HIV IN monomer and

tetramer at 25 nM possessed equivalent concerted integration
activities with the 1.6 kb U5 DNA substrate (Figure S1 of the
Supporting Information). Likewise, tetrameric IN produced by

Figure 3. Concerted integration with ODN possessing 3′-OH recessed and blunt-ended U5 LTR sequences. (a) Sequences of ODN containing U5
LTR sequences. The blunt-ended (designated B) counterparts of each recessed (designated R) ODN had the normal GT bases on the top cleaved
strand. The 20R substrate had a cytosine at nucleotide position 20 on the noncleaved strand instead of adenine. (b−d) Strand transfer reactions were
performed with varying amounts of IN (0.2−1.0 μM as dimers) and 42B, 42R, 33B, 33R, 20B, and 20R substrates (0.2−0.8 μM). The ODN are
marked on the top. The filled triangles show increasing concentrations of IN with a fixed quantity of ODN (0.2 μM). The empty triangles indicate a
fixed concentration of IN (0.5 μM) with increasing quantities of ODN. In each separate panel, blunt-ended ODN are on left and recessed ODN on
the right. Strand transfer occurred for 1 h at 37 °C. Concerted and circular half-site (CHS) products are marked at the right. The proficiency of
producing multiple concerted products (marked at the right) was highest with the 20R substrate. O.C. and S.C. denote the open circle and
supercoiled target, respectively. Molecular mass markers are on the left and the donor ODN on the right.

Table 1. Sequence Analysis of HIV Concerted Integration Products Obtained with U5 LTR ODN Substratesa

no. of deletions

substrate no. of clones analyzed no. of correct duplications total 1−20 21−50 51−100 100−500 500−2000

20B 20 11 9 1 4 2 0 2
33B 20 9 11 1 2 3 5 0
42B 18 11 7 3 0 1 2 1
21R 31 19 12 1 3 1 6 1
total 89 50 39 6 9 6 13 3

aIn total, 89 clones were analyzed and 50 of them were found to have the HIV 5 bp host site duplication (∼56% fidelity). Deletions were categorized
on the basis of their length in base pairs.
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Zn2+ and monomeric IN possessed similar activities for
concerted integration at 0.5 μM IN using 21B and 21R
substrates (Figure S4 of the Supporting Information). At
optimal IN:DNA end molar ratios, micromolar concentrations

of the IN monomer and ODN were also efficient in promoting
concerted integration (Figure S5 of the Supporting Informa-
tion).
HIV 5 bp Host Site Duplications with ODN Sub-

strates. Integration of HIV DNA into target DNA results in a
5 bp host site duplication.12,31,32 The concerted integration
products derived from 42B, 33B, 20B, and 21R substrates were
purified and cloned. Restriction analysis of the transformants
demonstrated ∼87% of the DNA clones were of the expected
size. Sequence analysis of 89 clones revealed an average fidelity
of 56% for the 5 bp duplication with the rest of the clones
containing various size deletions (Table 1). The highest fidelity
rate was 61% using the 21R substrate. Fidelity rates obtained
with larger size DNA substrates (>300 bp) using either 3′-OH
recessed or blunt-ended DNA substrates12,33−35 were also
similar to these ODN results. As anticipated,14 MK-2048
(Figure S6 of the Supporting Information) and Raltegravir
(RAL) effectively inhibited the production of the linear
concerted and multiple concerted integration products
obtained with ODN substrates.
Modification of LTR Sequences Upstream of 21

Nucleotides from the DNA Terminus Does Not Alter
the ∼32 bp DNaseI Protective Footprint by HIV IN. We
had established that wt IN binds ∼32 bp of U5 and U3 LTR
sequences in the HIV SC in the absence and presence of L-
841,411 and RAL,8,14 the strand transfer complex,8 and the
IN−single DNA (ISD) complex formed in the presence of the
inhibitors mentioned above.18 Using DNaseI footprint analysis,
we determined whether modification of viral sequences 21
nucleotides upstream from the terminus affected concerted
integration activity and DNA binding interactions of IN. Blunt-
ended U5 ODN of sizes 21 bp (21U5L), 42 bp (42U5L), and
modified 42 bp (42spU5L) were cloned (Figure 4a). The
42spU5L ODN contained a 10 bp spacer with nonspecific
sequences inserted between nucleotides 25 and 26 of U5. All
three modified U5 DNA substrates (1.5 kb) (Figure 4b, lanes
6−21), including the U5 1.6 kb substrate containing 168 bp of
contiguous U5 sequences (Figure 4b, lanes 1−5), equally
promoted both concerted and CHS integration activities.
We determined whether the ∼32 bp DNaseI protective

footprints by IN observed with wt U5 sequences on the 1.5 kb
substrates were modified by disruption of U5 sequences
upstream of nucleotide 21 (Figure 4a).8,14 IN−DNA complexes
formed in the integration reaction were subjected to DNaseI
protective footprint analysis prior to isolation of the concerted
and CHS integration products on agarose gels. The wt U5 LTR
sequences within these two products were protected from
DNaseI digestion by IN up to ∼32 bp (Figure 5a,b, left panel).
IN binding also enhanced DNaseI cleavage near position 32G
with both the concerted and CHS products (Figure 5a,b, lanes
7 and 8) in comparison to control digests of naked DNA
(Figure 5a,b, lanes 5 and 6). Both the 21U5L and 42spU5L
substrates also produced similar ∼32 bp DNaseI protective
footprints (Figure 5a,b, right panel). The boundary for DNaseI
protection by IN with both modified U5 substrates was clearly
evident (Figure 5a,b, lanes 9 and 10) in comparison to control
digests of naked DNA (Figure 5a,b, lanes 11 and 12). Enhanced
DNaseI cleavages mapped at ∼32 nucleotides were more
evident with 42spU5L substrate than with 21U5L substrate. In
summary, concerted integration and binding of IN to ∼32 bp
on U5 were independent of viral sequences upstream of 21
nucleotides.

Figure 4. Concerted integration activity of IN with a large DNA
containing varying lengths of U5 LTR sequences. (a) Construction of
1.5 kb DNA substrates containing varying lengths of U5 LTR
sequences at the termini. ODN containing a BglII restriction site along
with 21 bp (21U5L) and 42 bp (42U5L) of blunt-ended U5 LTR
sequences were cloned into a vector. A 10 bp spacer containing
nonspecific sequences inserted at nucleotide position 25 of U5 was
also constructed (42spU5L). The clones were digested with restriction
enzymes to yield a 1.5 kb U5 blunt-ended DNA substrate. The cleaved
strand is colored red and the noncleaved strand blue, while the spacer
region is colored purple. The BglII restriction site and the vector
sequence in 21U5L are colored black. (b) Strand transfer activities of
varying length U5 substrates. IN (20 nM) was preassembled with 0.5
nM 5′-32P end-labeled 1.6 kb wt blunt-ended U5 DNA (lanes 1−5),
21U5L (lanes 6−10), 42U5L (lanes 12−16), and 42spU5L (lanes 17−
21) for 15 min at 14 °C. Upon addition of target DNA (1.5 nM),
strand transfer was allowed to proceed for the indicated time (marked
on the top) at 37 °C. Reactions were stopped with EDTA added to a
final concentration of 25 mM, and samples were deproteinized. Strand
transfer products were separated on a 0.7% agarose gel, dried, and
analyzed by being scanned on a Typhoon Trio Variable Mode Imager.
At 120 min, the percentages of donor incorporated into the concerted
and CHS products were 8.6, 10.1, 9, and 10 and 7.9, 9.5, 8.6, and 9.2 in
lanes 5, 10, 16, and 21, respectively.
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■ DISCUSSION

We employed several new strategies to address the long-
standing mystery of why HIV IN was not capable of efficiently
producing concerted integration products using ODN sub-
strates. First, we verified that IN purified in the presence of 1
mM EDTA and 10 mM MgSO4 was predominantly
monomeric17 and highly soluble, up to at least ∼1 mg/mL at
0.5 M NaCl. Second, these preparations efficiently promoted
concerted integration with ODN substrates (18−42 bp), a
prerequisite for crystallization attempts of HIV SC without and
with strand transfer inhibitors. The 20R and 21R ODN
substrates were better substrates for promoting concerted
integration than the larger 33R and 42R substrates. The blunt-
ended ODN counterparts were less efficient for concerted
integration than the recessed ODN. With the 1.6 kb DNA
substrate, IN bound to sequences beyond the 21 nucleotides of
U5, and as we show here, this binding is nonspecific. The
binding extended to ∼32 bp in length that resulted in DNaseI-
enhanced cleavages at this boundary, suggesting distortion of
the DNA by IN.
Why is HIV IN predominately a monomer upon purification

in the presence of 1 mM EDTA and 10 mM MgSO4? We
established that IN was a monomer by SEC at pH 6.8 (Figure
2a), a finding similar to that of a previous report.17 In the
presence of 50 μM ZnCl2, monomers are converted to
tetramers (Figure 2). Some Zn2+ remains associated with IN

purified in the presence of EDTA (0.12 equiv of Zn2+ per IN
monomer) or with Zn2+ during purification (0.67 equiv of Zn2+

per monomer).17 This metal ion binds at the HH-CC motif in
the N-terminal domain of IN.36 Further studies suggested that
Zn2+ and Mg2+ are critical for enzymatic activities and IN
multimerization properties.17,28,37 As previously stated, ana-
lytical ultracentrifugation studies with HIV IN lacking Zn2+

followed by reconstitution with Zn2+ demonstrated a
monomer−tetramer−octamer equilibrium without the forma-
tion of a dimer intermediate.17 Our SEC studies support such a
model for HIV IN in solution purified in the presence of EDTA
(Figure 2a). In contrast, both HIV F185K and RSV IN were
purified in the presence of EDTA but formed mostly dimers
(Figure 2b,c).
The mechanisms of assembly of HIV IN onto two viral DNA

ends to promote 3′-OH processing and concerted integration
are unknown. The formation of an active IN−DNA complex is
directly dependent on the correct positioning of IN on viral
DNA ends, and the dimers that are formed on viral DNA ends
rather than on nonspecific DNA ends are not functionally
similar.26,38,39 Lesbats et al.38 concluded that active dimers can
be formed from monomers only after oligomerization of IN on
a U5 21 bp ODN; however, no concerted integration was
reported with this ODN substrate. The exact reasons for the
inability of IN monomers to catalyze concerted integration
using ODN substrates are unknown but may be due to the

Figure 5. Binding of HIV IN to the U5 LTR ends is independent of internal sequences beyond 21 nucleotides from the terminus. (a) DNaseI
protective footprint located on the concerted and CHS products of the wt blunt-ended U5 LTR sequences and 21U5L. Lanes 1−8 contained the
products derived from wt blunt-ended U5 DNA. Lane 1 contained the input DNA. Lanes 2−4 contained the Maxam−Gilbert chemical sequence
marker prepared from the input DNA. Lanes 5 and 6 contained input DNA digested with DNaseI for 2 and 3 min, respectively. Lanes 7 and 8
contained DNaseI-treated samples producing concerted and CHS integration products, respectively. Lanes 9−16 contained the products derived
from 21U5L. Lanes 9 and 10 contained the DNaseI-treated samples producing CHS and concerted products, respectively. Lanes 11 and 12
contained the input DNA digested with DNaseI for 3 and 2 min, respectively. Lanes 13−15 contained the Maxam−Gilbert chemical sequence
marker for 21U5L. Lane 16 contained the untreated input DNA. (b) DNaseI protective footprint by IN on 1.6 kb DNA wt U5 LTR sequences and
1.5 kb DNA 42spU5L with the 10 bp spacer. Lanes 1−8 contained the same samples as described in panel A. Lanes 9−13 contained the products
derived from 42spU5L. Lanes 9 and 10 contained the DNaseI-treated samples producing CHS and concerted integration products, respectively.
Lanes 11 and 12 contained the input DNA digested with DNaseI for 3 and 2 min, respectively. Lane 13 contained the untreated input DNA.
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presence of the nonionic detergent CHAPS during purification
of IN or NP40 in the reaction mixture.28,38,40 However, with a
longer viral DNA substrate (300 bp) and HIV IN purified with
CHAPS and stored in the presence of ZnSO4 (50 μM), Lesbats
et al.38 demonstrated that purified IN containing monomers,
dimers, and tetramers was capable of promoting concerted
integration. Our HIV IN purified without detergents contains
predominately monomers and was capable of efficient
concerted integration with ODN substrates (Figure 3 and
Figures S2−S5 of the Supporting Information) and 1.6 kb
DNA substrates.7,8,14

The oligomeric state of HIV IN without DNA under the
reaction conditions for concerted integration was determined
by BS3 cross-linking. In presence of Zn2+, multimeric forms of
IN (dimers, trimers, and tetramers) were observed (Figure S7
of the Supporting Information, lanes 2 and 3), besides the
monomers. The proportion of multimeric forms of IN was
much higher under the reaction conditions (Figure S7 of the
Supporting Information, lanes 6 and 7) in which the IN was
preincubated with only ZnCl2 to form IN tetramers (Figure
2a). Under the reaction conditions for concerted integration in
the absence of Zn2+, only the monomer and dimer species of
IN were observed, suggesting that Zn2+ was essential for
multimerization of IN (Figure S7 of the Supporting
Information, lanes 4 and 5). Additionally, IN was unable to
perform concerted integration in the absence of Zn2+ (data not
shown). A similar pattern of multimeric forms of IN upon DSS
or BS3 cross-linking of IN in the absence of DNA substrate was
observed under reaction conditions that included Zn2+.6,16

These results suggested that in the presence of Zn2+, IN is
converted to multimeric forms of IN, which in the presence of a
viral LTR substrate were capable of efficient concerted
integration (Figure S4 of the Supporting Information). Dimers
and tetramers of IN were also observed within the SC and
strand transfer complex 8 and in the stable synaptic complex.6

We showed that our HIV IN preparations preferred the 20R
and 21R substrates over the larger 33R and 42R substrates for
concerted integration (Figure 3 and Figures S2 and S3 of the
Supporting Information). The data suggested that IN may be
binding to the shorter ODN substrates differently than the
longer ODN substrates. Previous reports have suggested that
the length of ODN also affected the 3′-OH processing activity,
the single insertion of a viral DNA end into a target, and the
cooperation and stability of HIV IN subunits associated with
the ODN.17,41−43 The preference of all of the recessed ODN
over their blunt-ended counterpart substrates for concerted
integration (Figure 3) suggests that 3′-OH processing is slow
for concerted integration as shown previously in the context of
the HIV SC using a 1.6 kb U5 substrate.6−8 In summary, the
apparent reason why the 33R and 42R substrates are less
efficient than the 20R and 21R substrates could be linked to
binding of IN to sequences upstream of nucleotide 21 of U5
(Figure 5), as shown by DNaseI protective footprint
analysis.8,14

HIV IN catalyzes concerted integration with longer DNA
substrates (>300 bp) without or with the assistance of the lens
epithelium-derived growth factor (LEDGF).11,21,27,33,34 Pre-
vious attempts to promote HIV concerted integration using 32
bp U5 ODN substrates (blunt-ended or recessed) were
successful with wt IN; however, activity occurred only in the
presence of LEDGF.27,44,45 The apparent need for LEDGF for
concerted integration activity with ODN may be linked to the
multimeric state of IN in these studies. HIV IN in solution

existed in a dimer−tetramer equilibrium,27 and 3′-OH
processing was independent of LEDGF.44 Our HIV IN purified
in the presence of EDTA was predominately a monomer with
minimal quantities of dimers or tetramers, except in the
presence of Zn2+ when the majority was tetramers (Figure 2a).
This IN preparation, or a Zn2+-induced tetramer of this
preparation, performed efficient concerted integration with
ODN in the absence of LEDGF (Figure 3) and possessed
efficient 3′-OH processing activity.18 These data suggest that an
HIV IN monomer−tetramer equilibrium (Figure 2a)17 has an
unknown advantage over a dimer−tetramer27 equilibrium for
concerted integration using ODN substrates.
HIV IN promotes concerted integration with 20R and 21R

substrates (Figure 3 and Figures S2 and S3 of the Supporting
Information) like the monomeric PFV IN with its cognate 19R
substrate.9,13 Therefore, both IN proteins are fully capable of
concerted integration by binding to either ODN or 1.6 kb DNA
substrates.13,21 What accounts for the extended binding by HIV
IN to ∼32 bp on U5 (Figure 5) as well as U3?8,14,18 Does the
extended protection by HIV IN on large U5 substrates (Figure
5) suggest different DNA binding modes in the presence of
different size DNA substrates? Perhaps the binding of the PFV
IN monomer to its cognate 19R DNA substrate offers a
possible explanation.9,30 The PFV intasome crystal structures
obtained with the 19R substrate clearly demonstrate that the
asymmetric unit contains a dimer of IN bound to a single DNA
molecule. The resolved inner PFV monomer only contacts the
DNA for catalysis, while the outer monomer forms the CCD−
CCD bridge between the two monomers bound per viral DNA
end. The functions of the unresolved N-terminal and C-
terminal domains of the outer monomer were suggested to
provide structural support for the intasome.30,46 Genetic and
molecular evidence suggests that the unresolved HIV C-
terminus or “tail” region (residues 270−288) appears to play a
role during the 3′-OH processing reaction and/or facilitate the
assembly of the intasome.44,47 Whether the extended protection
of U5 beyond nucleotide 21 involves the tail region of HIV IN
or the unresolved domains is unknown. Atomic-resolution
studies of HIV IN with 20R and 33R substrates will be
necessary to resolve a functional role for the extended
interactions of HIV IN with its different size substrates.
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