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The HIV integrase enzyme (IN) catalyzes the initial DNA breaking and
joining reactions that integrate viral DNA in the host chromosome.
Structures for individual IN domains have been determined by X-ray
crystallography and NMR spectroscopy, but the structure of the complete
IN-DNA complex has remained elusive. Homogeneous complexes of IN
tetramers were assembled on DNA three-way junction substrates
designed to resemble integration intermediates. Electron microscopy and
single-particle image analysis of these complexes yielded a three-
dimensional reconstruction at ~27 A resolution. The map of the IN-
DNA complex displays four lobes of density ~50 A in diameter. Three of
the lobes form a roughly triangular base with a central channel ~20 A in
diameter. The fourth lobe is centered between two lobes and extends
~40 A above the base. We propose that the central channel tethers the
target DNA, and two of the lobes may bind the ends of the viral DNA.
The asymmetry of the complex is a feature not incorporated in previous
structural models and potentially provides the first view of an asymmetric
reaction intermediate.

© 2006 Elsevier Ltd. All rights reserved.
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Introduction

The retroviral-encoded integrase (IN) enzymes are

because there is no close counterpart in host
cells."'** Understanding the correctly assembled
IN-DNA complex is crucial for structure-based

members of a large family of recombinases that
contain the D,D-35-E active site motif.'"” X-ray
crystallography and NMR spectroscopy have been
used to determine high-resolution structures of the
three protein domains and two domain fragments of
retroviral INs.* ! However, there is no structure
available for the complete three-domain IN protein
or the IN-DNA complex.

IN is a promising target for antiviral drugs
because it is essential for HIV replication, and
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design of improved integrase inhibitors. Properly
assembled IN-DNA complexes respond to small-
molecule inhibitors in vitro differently than do
dissociated mixtures of free IN and DNA substrates.
That is, integration reactions containing preas-
sembled IN-DNA complexes are less prone to
inhibition by nuisance compounds,'”"'® and screens
using such reactions have yielded molecules that are
showing success in clinical trials.'*'” Thus, further
improvement of IN inhibitors would be aided
greatly by structural information on the correctly
assembled HIV IN-DNA complex.

The DNA-breaking and joining reactions med-
iating HIV integration are illustrated by Figure
1(a).'82* The immediate precursor for integration
is the linear viral cDNA (Figure 1(a), part 1). Before
integration, two nucleotides are removed from each
3’ end by IN (Figure 1(a), part 2), a reaction that may
serve to generate a homogeneous substrate for
subsequent reaction steps,?>2¢ and may stabilize
the IN-DNA complex.?”-28 A coupled transesterifi-
cation reaction mediated by IN joins the recessed 3’
ends of the viral DNA to the protruding 5’ ends in the

0022-2836/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Figure 1. A schematic model for HIV DNA integra-
tion and the DNA substrate used in this study. (a) The
DNA breaking and joining reactions involved in
integration. See the text for details. (b) An integration
intermediate synthesized from oligonucleotides. Two
double-stranded oligonucleotides model the ends of the
viral DNA. Note that the molecule is not stably paired in
the grey region. (c) The stably paired DNA three-way
junction substrate used to assemble the IN-DNA
complexes.

target DNA (Figure 1(a), part 3).% The specific
enzymes responsible for repair of the resulting DNA
gaps at each end of the viral DNA (Figure 1(a), parts
4 and 5) are not fully clarified, but host cell gap repair
enzymes are likely candidates.®

The complex that carries out integration in vivo is
expected to involve a multimer of IN. Support for
this idea can be inferred from the substrate sym-
metry, since the two viral DNA ends can be
reasonably modeled with each bound by a different
IN subunit in an IN multimer.*”'?" Additional
evidence is based on the results of genetic comple-
mentation studies, in which different IN mutants
were found to complement each other when present
in the same complex.”" Furthermore, purified IN
forms multimers readily in vitro.*

A complication in studying IN-DNA complexes
has been the poor solubility of the protein in vitro. In
one approach to this problem, several studies have
reported surface mutations that improved solubility
and allowed 3D crystallization and X-ray structural
analysis of IN domains.”®>> Another strategy has
been to assemble IN with DNA fragments. The use
of exact mimics of integration intermediates, how-
ever, results in a molecule that is not base-paired
stably (Figure 1(b)). However, DNA stabilization
can be accomplished by linking the structures
together as a pair of DNA three-way junctions,
and such modified structures have been shown to be
substrates for Rous sarcoma virus (RSV) IN.*°
Alternatively, the addition of oligonucleotides re-

sembling the viral DNA ends yielded more homo-
geneous and soluble RSV-IN complexes.”

In this study, we examined soluble HIV IN
derivatives with DNA three-way junction sub-
strates. Physical and spectroscopic analysis sug-
gested that IN formed a tetramer bound to a single
DNA substrate. Since the complexes were soluble
and monodisperse, we used electron microscopy
and image reconstruction to derive a 3D map at 27 A
resolution. A remarkable feature is that the trian-
gular base of the complex encloses a central channel
that we propose binds the target DNA. The structure
was found to be asymmetric, a feature not pre-
viously considered in structural models for IN-
DNA complexes. However, a recent functional
study in vitro did conclude that the two viral DNA
ends become integrated sequentially into target
DNA in a defined order, implying the existence of
an asymmetric intermediate.?®

Results and Discussion

Optimizing IN-DNA complex formation

IN complexes were assembled on DNA substrates
designed to resemble the product of the IN-
catalyzed DNA strand transfer reaction (Figure
1(a) and (b)). Pilot studies suggested that a DNA
formed by annealing five oligonucleotides as shown
in Figure 1(c) yielded the optimal DNA for
assembly. The horizontal parts of the DNA as
drawn mimic the integration target DNA, and the
two diagonal DNA duplexes match the viral DNA
ends (U3 and U5). In the intermediate shown in
Figure 1(b), note that each viral DNA end is joined to
the target DNA on one DNA strand only. The
branched DNA molecule in Figure 1(c) differs from
the authentic intermediate by the DNA loop that
attaches the 5’ end of the right viral DNA end to the
free 3’ end of the adjacent target DNA. This prevents
dissociation of the annealed oligonucleotides due to
melting of the five bases of target DNA between the
points of joining of the two viral DNA ends (grey
circle in Figure 1(b)), which is expected to take place
at physiological temperatures and i is known to take
place in the authentic intermediate.”® The substrate
that we used (Figure 1(c)) differs from prev1ously
reported paired DNA three way ]unctlons by
having the non-biological connection in only one
half of the DNA complex, a modification that was
required for efficient assembly of HIV IN-DNA
complexes (data not shown). The lengths of the
DNA arms in the paired DNA three-way junction
substrate were selected on the basis of pilot
assembly experiments testing DNAs with different
arm lengths (data not shown).

Several IN mutants were prepared and tested for
improved complex formation and integration activ-
ity, including C565/W131D/F139D/F185K/C280S,
C565/W131D/F139D/F185H/C280S, C56S/W131D/
F139D/C280S, C565/W131D/F139D/F185H /E246C/
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C280S, and C565/W131D/F139D/E246C/C280S.
The substitutions at positions 131, 139, and 185 im-
proved solubility,®3> while the substitutions of
Cysb6 and Cys280 were well tolerated and may
have reduced formation of oxidative s1de-products

assess DNA-binding efficiency, IN mutants were
further modified to contain the E246C substitution
and were tested for efficient cross-linking to DNA
substrates that contained tethered sulfur atoms at
LTR position 7 as described.”” The DNA substrates

during protein purification and storage.”>* To  were end-labeled and incubated with the IN

Figure 2. Analysis of HIV IN-DNA complexes by gel-filtration and DNase I nuclease protection. (a) Spectroscopic
analysis of IN-DNA complexes (0.1 mg/ml) separated by gel-filtration chromatography using Superose 12. Blue trace,
IN-DNA complex measured at 254 nm; red trace, the same elution profile analyzed at 280 nm; black trace, IN alone
analyzed at 280 nm; grey trace, (inverted) molecular mass markers. The greater absorbance at 254 nm versus 280 nm is as
expected for a protein-DNA complex. The molar extinction coefficients were calculated to be 44,860 for IN (280 nm) and
1,144,100 for the DNA (260 nm). (b) Determination of the IN-DNA dissociation constant. IN-DNA complexes were
diluted to different final concentrations and subjected to Superose 12 chromatography. Concentrations (mg/ml) of IN—
DNA complex loaded onto the columns were: black, 0.10; red, 0.05; pink, 0.025; purple, 0.02; cyan, 0.01; and green, IN
only. Peak heights were normalized to facilitate comparisons. (c) DNase I protection analysis of paired three-way junction
DNA bound to IN. The paired DNA three—way junction substrate shown in (d) was labeled on the 5’ end indicated by the
asterisk (*) by treatment with kinase and [y-**P]ATP. Concentrations of IN are as indicated above the gel. (d) The paired
DNA three-way junction substrate used for the nuclease protection study. The asterisk indicates the position of the **P
label.
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derivatives, followed by electrophoresis of the
reaction products. Relative affinity was assessed
by monitoring the formation of complexes in the

presence of increasing concentrations of salt. This
analysis indicated that IN C56S5/W131D/F139D/
F185H/C280S formed DNA complexes with rela-
tively high affinity (unpublished results), so IN
derivatives containing these substitutions were used
in further experiments.

Assembly and characterization of IN-DNA
complexes

To assemble complexes, purified IN protein was
mixed with the annealed DNA three-way junction in
the presence of 1 M NaCl and 5 mM Chaps detergent.
It is known that IN does not bind to DNA in high
ionic strength buffers. Consequently, dialysis against
buffers containing 100 mM NaCl and 5 mM Chaps
allowed assembly of IN-DNA complexes.

Size-exclusion chromatography showed that the
IN-DNA complexes eluted as a single peak with a
mobility slightly greater than the 158 kDa marker
(Figure 2(a)). The expected size of an IN tetramer
bound to one molecule of the paired DNA three-
way junction is 168 kDa. The ratio of absorbance at
254 nm and 280 nm was consistent with a 4:1
stoichiometric ratio of protein and DNA (Figure 2(a)
and data not shown). The dissociation constant of
the IN-DNA complex (Kp=120 nM) was estimated
by dilution of IN-DNA complexes followed by gel-
filtration (Figure 2(b)).

IN-DNA interactions in the assembled complexes
were also characterized by DNAse I protection
(Figure 2(c)). One strand of the DNA substrate was
end-labeled with **P (asterisk in Figure 2(d)), and
labeled substrates were incubated with various
concentrations of IN. The entire substrate within
the complex became protected from DNAsel diges-
tion at ~150 pg/ml of IN. Thus, we infer that the IN
tetramer binds the paired three-way junction so that
there is steric interference with DNAsel attack over
most of the DNA length.

Figure 3. Single-particle image reconstruction of HIV
IN-DNA complexes. (a) Electron micrograph of nega-
tively stained complexes showing a homogeneous popu-
lation of compact particles. The scale bar represents 500 A.
(b) Fourier shell correlation to determine the map re-
solution. The total data set of images was divided into two
equal groups, the particles in each data set were aligned
independently with projections of the final model, and
two independent maps were correlated in Fourier space.
The curve crosses the 50% threshold at ~27 A resolution.
(c) Histogram of the raw images in each view of the final
model showing that all views of the complex are well
represented and there is no preferential orientation.
Images were aligned translationally (x and y) and
rotationally in-plane (w), and each particle was assigned
to the group to which it correlated best. Each circle
represents a projection of the final model for a given 6 and
¢ value. (d) Three representative images and their refined
6 and ¢ Euler angles. (e) Class averages for the particle
orientations shown in (d). (f) Back projections of the final
3D reconstruction according to the same Euler angles.
There is a progressive increase in the clarity of the images
from (d) to (f).
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Electron microscopy and single particle image
analysis

Electron micrographs of negatively stained IN-
DNA complexes showed a homogeneous distribu-
tion of compact, globular particles (Figure 3(a)).
Cross-correlation analysis using the EMAN soft-
ware suite was used to sort individual particle
images into classes of similar views that were then
averaged; the data quality measures are presented
in Figure 3(b) and (c). Representative individual
particle images and their class averages are shown
in Figure 3(d), (e) and (f), respectively. The class
averages were then merged to yield a starting 3D
map of the complex. Comparison of the raw images
with 3D back projections of the 3D model generated
an improved set of class averages and subsequently
an improved 3D map. The iterative refinement was
continued until there was no further statistical
improvement in the 3D map. The resolution was
based on the Fourier shell correlation method in
which the data set was randomly divided in half
and the two maps were compared in resolution
shells (Figure 3(b)). Using a correlation coefficient
cut-off value of 0.5, the resolution was estimated to
be 27 A

The 3D map of the IN-DNA displays four
domains

Since we do not expect duplex DNA to be visible in
a low-resolution 3D map of negatively stained
particles, the observed density is interpreted as
representing predominantly the 128 kDa IN tetramer
only (Figure 4(a)). The map displays four lobes of
density ~50 A in diameter. Three of the lobes form a
roughly triangular base with a central channel ~20 A
in diameter (Figure 4(a), top row). The fourth lobe is
centered between two lobes and extends ~40 A
above the base (Figure 4(a), bottom row). We
propose that the central channel tethers the target
DNA, and two of the lobes may bind the ends of the
viral DNA.

Comparison to previously proposed models for
the IN-DNA complex

Several models for the structure of the IN-DNA
complex have been proposed on the basis of the
available high-resolution structural data for IN
domains, IN-DNA crosslinking data,” ™ as well
as other biochemical experiments. We generated
low-resolution molecular envelopes for each model

(Figure 4(b), (c), and (d)) to allow visual comparison
with our 3D map.

Model 1 (Figure 4(b)) satisfied constraints from
structural and crosslinking studies, with particular
emphasis on the results of disulfide-mediated
cross-linking experiments.”> Model 2 (Figure 4(c))
emphasized constraints on particle dlmenswns
derived from fluorescence anisotropy studies.**
Model 3 (Figure 4(d)) attempted to merge two of
the two-domain IN structures, and DNA binding
was modeled using the structure of a transposon—
DNA Complex.lo'4 A fourth model, emphasizing
photo-crosslinking data, proposed that an octamer
of IN was the binding moiety, but this is
inconsistent with both the gel-filtration data
(Figure 2(a)) and the dimensions of the recon-
structed particle.*’

A common feature of models 1, 2, and 3 is that the
IN-DNA complex has 2-fold rotational symmetry
(C2). IN dimers are bound to each viral DNA end,
and these assemble as a symmetric tetramer.
However, the map in Figure 4(a) does not display
C2 symmetry. Image reconstruction from negatively
stained images must be interpreted with some
caution, due to possible artifacts arising during
sample preparation. Nevertheless, uranyl acetate is
itself a mordant, which can rapidly fix and preserve
even transient biological structures. * Although
comparable in size to the 3D reconstruction of the
IN-DNA complex, it is clear that none of the
previously proposed models is a close match to the
map shown in Figure 4(a).

Implications for structure and function of
IN-DNA complexes

The image reconstruction reported here suggests
that the IN-DNA complex has a triangular base
with a central channel, which resembles a variety of
other DNA-binding protelns that wrap around their
substrates, including PCNA,*” topoisomerases,**°
and polymerases.>'>3> For the case of IN, the
simplest interpretation is that the channel tethers
the target DNA, and the lobes of density may anchor
the viral DNA ends during catalysis. Circumferen-
tial binding around the target DNA may serve to
exclude solvent from the IN active site during the
strand transfer reaction, thereby favoring use of the
viral DNA 3’ end instead of water as a nucleophile.

The unexpected asymmetry in the complex is
intriguing. It is not excluded that the asymmetry
results from the averaging of images of particles
with different conformations. In this case, the map

Figure 4. (a) The 3D surface-shaded view of the IN-DNA complex at 27 A resolution. The complex is formed by four
lobes of density, three of which form a roughly triangular base (top row), and a fourth that is centered between two
domains and projects from the base (bottom row). Three models have been ]'%roposed for the IN-DNA complex and are

displayed as ribbon diagrams: (b) model 1; % (c) model 2;** and (d) model 3.

Density maps of the models shown in (b),

(c) and (d) were computed at the same resolution as the experimental map. Although comparable in size, the shape of
the experimental map is clearly different from the models. Compared with the view in the top row, the views in rows 2
and 3 are rotations of 45° and 90° towards the viewer, the views in rows 4 and 5 are rotations of 45° and 90° away from
the viewer, and the view in row 6 is a 90° anti-clockwise rotation about the vertical axis. The scale bar represents 50 A.
The resolution of the available EM structure did not permit de novo modeling of the IN-DNA complex.
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Figure 4 (legend on previous page)
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would be a composite and the variable features
would be smeared. It is attractive to consider a
model in which the structure reflects an authentic
asymmetric intermediate in the integration reac-
tion. It is possible, and perhaps likely, that strand
transfer at each of the two viral DNA ends is not
simultaneous but is instead sequential. If so, the
integration reaction would proceed through a
series of asymmetric reaction intermediates to
accomplish the sequential integration of the two
DNA ends and, indeed, a recent biochemical
study suggested that this is the case.”® The DNA
substrate in the complex is asymmetric in primary
sequence and contains the stabilizing DNA loop
at only one of the two junctions between the viral
DNA and the target DNA. Thus, the asymmetric
DNA may have stabilized a previously unappre-
ciated asymmetric reaction intermediate.

Materials and Methods

Assembly of IN-DNA complexes

The plasmid expressing IN C56S5/W131D/F139D/
F185H/C280S from a phage T7 promoter was constructed
by replacing segments of the IN-coding reglon of a
synthetic IN gene contammg a Hise affinity tag with
synthetic ohgonucleotldes The modified IN protein was
expressed in Escherichia coli strain BL21/DE3 by the
addition of IPTG. A cell pellet was resuspended in
20 mM Tris (pH 7.9), 0.2 M NaCl and lysed by sonication
in the presence of 2 mg/ml of lysozyme. The suspension
was adjusted to 1 M NaCl, 5 mM p-mercaptoethanol
(BME), 10 mM Chaps, 5 mM imidazole, and Protease
Inhibitor Cocktail 1 (Calbiochem) and then clarified by
centrifugation for 30 min at 15,000 rpm in a JA20 rotor.
Aggregates were removed by passage through a 0.45 pm
pore size filter and purified by binding and elution on Ni-
NTA agarose (Qaigen) as described.?* A Centriprep YM-30
concentrator was used to exchange the elution buffer for
thrombin buffer (20 mM Tris (pH 7.9), 1.0 M NaCl, 5 mM
BME, 10 mM Chaps) and to remove imidazole. The Hisg
tag was removed by overnight incubation with thrombin
(1.5 units/ml of IN solution) at 4 °C. The cleaved His, tag
was removed by repeated passage of the IN solution over
the Ni-NTA agarose. Thrombin was removed by chroma-
tography using benzamidine Sepharose 6B. IN was
concentrated using a Centriprep YM-30 and dialyzed
overnight at 0 °C against sample buffer (10 mM Hepes (pH
7.5), 1M NaCl, 10 mM BME, 10 uM ZnSOy, 10 mM Chaps).
IN activity was assayed using end-labeled DNA substrates
as described.”

The paired DNA three-way junction substrate was
prepared by annealing 80 nmol of each of five oligonu-
cleotides of sequence:

U3Bb 5" CAAGTCACTGCTTTTACTGGAAGGGCTAATTA 3/;
U3Tb 5" TAATTAGCCCTTCCACCGCGCGTAGCCACAC 3/;
U5B1b 5" pACTGCTAGAGATTTTCC 3/;

U5B2b 5" GTGTGGCTACG 3;

U5Tb 5" GGAAAATCTCAGCACGCGGGCAGTGACTTG 3'.

Oligonucleotides were mixed, heated to 95 °C and
cooled to 4 °C over 45 min.

To prepare IN-DNA complexes, 80 nmol of DNA
substrate was mixed with 320 nmol of purified IN in
10 mM Tris-HCI (pH 8.0), 1 M NaCl, 5 mM Chaps, 10 mM
DTT, 1 mM EDTA. The mixture was dialyzed against 5 mM
Hepes (pH 7.3), 5 mM DTT, 5 mM Chaps, 100 mM NaCl,
10 pM ZnSO,. For gel-filtration analysis, complexes were
diluted in running buffer (20 mM Hepes (pH 7.5), 80 mM
NaCl, 10 mM Chaps, and 10 mM BME) to 0.1 mg/ml, or as
indicated in Figure 2, and then separated in running buffer
by Superose 12 chromatography.

Electron microscopy and image analysis

IN-DNA complexes prepared as described above were
diluted to 0.35 mg/ml using 20 mM Hepes (pH 7.6),
10 mM Chaps, 80 mM NaCl, 10 mM DTT. Samples (~4 pl)
were incubated for 1 min at room temperature on carbon-
coated Maxtaform, 300-mesh Cu/Rh grids (Ted Pella, Inc.,
Redding, CA) rendered hydrophilic by glow-discharge in
the presence of amylamine. Excess solution was removed
by blotting, and the sample was stained for 30 s with 2%
(w/v) uranyl acetate. Images were recorded on Kodak
S0163 film using a CM100 electron microscope (FEI/
Philips) at a magnification of 52,000x(+1%) and an
underfocus of ~2.5 pm. Negatives were digitized on a
Zeiss SCALI flat-bed scanning densitometer (ZI/Zeiss)
with a step size of 7 um, followed by twofold pixel-
averaging, which resulted in a pixel size of 2.69 A on the
object scale.

Image processmg was performed with the EMAN
software suite;”> 2196 particles were manually selected
and extracted as 100> 100 pixel images. The absorbance
histograms for the pixels in each image were scaled to the
mean and standard deviation for all images. The contrast
transfer function (CTF) parameters for each micrograph
were determined using the routine ctfit from the computed
Fourier transform of the carbon film of each micrograph,
and phase corrections were applied to each particle image,
and the particles were then centered using cenalignint. To
minimize the influence of surrounding noise, the 100100
pixel images were masked at 64 x 64 pixels. Reference free
class averages of the particles were then generated using
startnrclasses with about 60 particles in each of the 25
classes. The starting 3D model for reference-based align-
ment was generated by a cross common lines approach
(program startany), using the 12 class averages with the
highest signal-to-noise ratlo The class averages were first
low-pass filtered to 20 A™!, and five rounds of iteration
were performed to determine the Euler angles for each
group of class averages. Projections of the 3D starting
model were computed at 9° intervals. The program refine
was used to determine the x,y origin and the Euler angles
for each particle by cross-correlation with the 216
projections of the starting model. Particle images with
the same Euler angles were averaged, and the distribution
of correlation coefficient values was determined. The
images with correlation coefficients that deviated by
>0.80 were rejected. The final set of 216 class averages
was used to generate a new 3D model. For the next round
of refinement, the new model was smoothed using
threed.1a.mrc. After 20 cycles of refinement, the process
was halted because the Fourier shell correlation with the
previous model did not yield any substantial differences
within the resolution cutoff. The final 3D map was
generated from 1783 particles without applying any
symmetry. To estimate the resolution of the final map,
these 1783 particles were divided randomly into two
groups, and two 3D maps were correlated in Fourier
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space. The resolution was defined using a Fourier shell
cut-off value of 0.5. The final 3D map was visualized by
the use of Chimera and Visbd softwaref. A protein partial
specific volume of 0.81 Da/A®> was used to set the
isosurface threshold that corresponded to the molecular
volume.
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