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ABSTRACT

Chromatin regulates the selectivity of retroviral in-
tegration into the genome of infected cells. At the
nucleosome level, both histones and DNA structure
are involved in this regulation. We propose a strat-
egy that allows to specibcally study a single fac-
tor: the DNA distortion induced by the nucleosome.
This strategy relies on mimicking this distortion us-
ing DNA minicircles (MCs) having a bxed rotational
orientation of DNA curvature, coupled with atomic-
resolution modeling. Contrasting MCs with linear
DNA fragments having identical sequences enabled
us to analyze the impact of DNA distortion on the ef-
bciency and selectivity of integration. We observed a
global enhancement of HIV-1 integration in MCs and
an enrichment of integration sites in the outward-
facing DNA major grooves. Both of these changes
are favored by LEDGF/p75, revealing a new, histone-
independent role of this integration cofactor. PFV
integration is also enhanced in MCs, but is not as-
sociated with a periodic redistribution of integration
sites, thus highlighting its distinct catalytic proper-
ties. MCs help to separate the roles of target DNA
structure, histone modibcations and integrase (IN)
cofactors during retroviral integration and to reveal
IN-specibc regulation mechanisms.

INTRODUCTION

Integration of the DNA copy of the viral genome into the
DNA genome of infected cells is an essential step of retro-
viral replication. This is performed by a viral-encoded en-
zyme, called integrase (IN), whose enzymatic and biochemi-
cal properties have been well characterized (reviewed in (1)).
In the case of HIV-1, IN catalytic inhibitors are ef cient
anti-viral compounds included in highly active antiretrovi-
ral therapies (reviewed in (2)). A new generation of antiviral
compounds, targeting the interaction between IN and cell
host proteins, has emerged. In addition to their therapeutic
properties, these molecules have revealed new roles of the
targeted interactions during the viral replication cycle.
Retroviral integration is not random and the genomic dis-
tribution of integration sites differs between retroviruses. IN
selectivity is regulated at different levels and this regulation
requires speci ¢ virus-host protein...protein and protein...
DNA interactions (reviewed in (3,4)). In the case of HIV-1,
euchromatin domains located below the nuclear pores of the
infected cells constitute a rst level of IN selectivity, with a
speci crole of nuclear pore proteins (5,6). At a second level,
HIV-1 IN targets the bodies of active and highly spliced
genes presentin gene-dense regions of chromosomés.(L0).
Two cellular cofactors, LEDGF /p75 and CPSF6, interact-
ing with HIV-1 IN and Capsid respectively, are involved in
this selectivity (11...15). In the case of LEDGPB75, its in-
teraction with both HIV-1 IN and the H3K36me3 modi-
ed histone is responsible for the preferential integration
in active genes bodies, enriched in this histone mark (16...
18). In vitro, LEDGF /p75 speci cally stimulates integra-
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tion in chromatin templates (19,20), and also stabilizes the
tetrameric active form of HIV-1 IN (21).

The third and more local level of IN selectivity is the tar-
get DNA and its structure in nucleosomes.n vitro, HIV-

1, MLV and PFV INs integrate preferentially into nucle-
osomes or in curved DNA sequences (22...27). Chromatin
compaction, density and remodeling also affect the ef-
ciency of integration in poly-nucleosome reconstituted tem-
plates (22,23,28). In infected cells, if a weak consensus nu-
cleotide sequence is present around integration site$,29),
the same sites show a stronger consensus for highly exi-
ble DNA sequences 25,29...31). This exibility (also termed
bendability) allows the target DNA to be dramatically de-
formed by the enzyme, as observed in cryo-electron mi-
croscopy (cryo-EM) and crystal structures of the HIV-1,
PFV and RSV intasomes (21,32,33). In infected cells, HIV-
1 and MLV INs also target nucleosomes and more precisely
their widened DNA major grooves (9,25,34). At this local
level, both DNA and histones contribute to IN selectivity,
but the distinct roles of each component are not clearly de-
ned. For this purpose, we chose to construct DNA minicir-
cles (MCs) that mimic nucleosome-induced DNA curvature
in the absence of histones and to use them as integration
substrates.

MCs (between 64 and 200 bp) have already been used
to study DNA structural parameters and their in uence
on protein...DNA interactions (reviewed in85)). Using the
ligase-assisted MC accumulation (LAMA) protocol (36),
they can be constructed with any nucleotide sequence and
can include any protein-binding site or enzymatic target

Nucleic Acids Research, 2016, Vol. 44, No. 16831

tion induces a major redistribution of HIV-1 integration
sites toward the outer surface of MCs. This redistribution
is favored by LEDGF /p75, even in the absence of histones.
DNA circularization also enhances PFV integration, but
this enhancement is not associated with a periodic redistri-
bution of integration sites in MCs. Thus, structurally con-
strained and protein-free MCs provide novel data on the
role of DNA structure in retroviral integration and reveal
differential regulations of retroviral INs.

MATERIALS AND METHODS
Oligonucleotides

Sequence of the oligonucleotides used in to clone the 75,
75S, 86 and 86S fragments and to quantify and sequence
integration products (IPs) are described in Supplementary
Table S1.

Plasmids and protein puri cation

Cloning of the DNA fragments (Fts) for MC produc-
tion: 75, 86, 75S and 86S sequences were cloned in two
shifted Fts (Nhel/Xbal or BamHI/Bglll) necessary for the
production of DNA MCs (Figure 1 and Supplementary
Figure S1). These Fts were cloned as eight tandem copies
in the pUC18 vector by the following protocol. Chrono-
logically, four DNA hybrids were made with synthetic
oligonucleotides H1(ML1F/ML1R), H2(ML2F/ML2R)
H3(ML3F/ML3R) and H4(ML4F/ML4R) and di-
gested with pairs of restriction enzymes (Acc6#Bglll or

sequence (37). MCs have several advantages compared to Nhel/Sall for H1 and H2, Acc65l /Xbal or BamHI/Sall

small DNA oligonucleotides, large linear DNA fragments
or supercoiled plasmids. Their structures can be studied by
chemical or enzymatic digestion or by cryo-EM (36,38,39).
Their small size is compatible with appropriate molecu-
lar modeling studies that can shed light on their structural
properties as a function of their xed sizes and different
degrees of superhelicity (35,39...42). Indeed, MCs offer the
possibility of controlling both curvature and torsion of the
DNA helix, by simply varying the number of nucleotides in
the circle. For example, a 75-bp MC should closely repro-
duce the DNA curvature present in a nucleosome. In addi-
tion, the rotational register of the MC (de ned as the ori-
entation of a given base pair with respect to the direction
of curvature induced by circularization) (43) can be con-
trolled by introducing phased poly-adenine tracts (A-tracts)
into the MC sequence. This allows the orientation of DNA
grooves to be de ned with respect to the inside and out-
side surfaces of the MC, in a similar way to that imposed by
protein...DNA interactions in nucleosomes, but in a histone-
free manner.

MC structural properties and preferential retroviral in-
tegration into nucleosomes prompted us to use MCs to
study the speci c role of nucleosome-induced DNA cur-
vature in this process. We observed a signi cant enhance-
ment of HIV-1 integration in MCs with respect to linear
DN A fragments (named Fts) of the same length and nu-
cleotide sequence. This enhancement is slightly increased
by LEDGF/p75, but is not changed by IN mutations that
modify the recognition of target DNA exibility. With or
without LEDGF /p75, we observed that DNA circulariza-

for H3 and H4). Digested hybrids were ligated by pairs
(Acc651/Bglll H1 or H2 with BamHI/Sall H3 or H4 and
Acc651/Xbal H3 or H4 with Nhel /Sall H1 or H2) and
cloned between the Acc65I-Sall restriction sites of pUC18.
This initial cloning step gave eight pUC18 derived plasmids
containing one copy of Nhel/Xbal Ft (H1 + H3, H2 + H3,
H1 + H4, H2 + H4), or one copy of BamHI/Bglll Ft (H3

+ H1, H3 + H2, H4 + H1, H4 + H2) and corresponding

to the 75, 86, 75S and 86S sequences respectively. The

second step was the ampli cation of these Fts, from one
to eight copies, using the Acc65l, Xhol, Sall restriction
sites and the strategy described in4d). Briey, at each
ampli cation step, the Acc65I-Sall Ft of each plasmid was
cloned between the Acc65I-Xhol sites of the same plasmid.
This operation was repeated three times in order to obtain
eight tandem-repeats. Plasmids obtained at intermediate
and nal steps of this cloning strategy were all sequenced.

The Nhel/Xbal and BamHI/Bglll Fts were obtained
from the nal plasmids by two steps. First, the Acc65I-Sall
Ft of these plasmids (containing the eight copies) was pu-
ri ed by 1.5% agarose-TAE electrophoresis and gel extrac-
tion (nucleoSpin Gel and polymerase chain reaction (PCR)
Clean-up Macherey Nagel kit). Second, the Nh&Xbal or
BamHI/Bglll Fts were obtained by extensive overnight di-
gestion of the Acc65I-Sall Fts and puri ed by the same kit
(with no electrophoresis step). The quality and yield of -
nal DNA Fts were checked by 8% Polyacrylamide Gel Elec-
trophoresis (Figure1B) and nanodrop measurement.

To obtain standards of gPCR quanti cation of IP, the
HIV-1 or PFV SupF-Ndel integration substrate (see In-
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tegration assays) were lled with the Klenow Fragment
and cloned in the lled Ncol or EcoRV restriction sites
of plasmids containing one single copy of NhelXbal and
BamHI/Bglll Fts of 75 and 86 sequences (plasmids de-
scribed above). Plasmids corresponding to the insertion of
the SupF-Ndel integration substrate in the orientation that
mimics a U5 integration were selected. The NhéXbal and
BamHI/Bglll Fts were obtained from the selected plasmids
and puri ed by 1.5% agarose-TAE electrophoresis and gel
extraction.

HIV-1 1IN, the HIV-1IN...LEDGF/p75 complex and PFV
IN were puri ed as described in (21,45,46). S119G, S119T,
R231G and S119T/R231G mutations were introduced in
the pET15b-His-HIV-1 IN expression vector (45), using
the QuikChange Il Site-Directed Mutagenesis Kit (Agilent)
and speci ¢ mutated oligonucleotides. Mutated HIV-1 IN
were expressed and puri ed similarly as WT HIV-1 IN (45).

MCs synthesis and quality control

MCs of 75, 86, 75S and 86S sequences were produced fol-
lowing the LAMA protocol described in ( 36). Briey, this
protocol relies on repeated denaturation, annealing and lig-
ation of two DNA Fts that have complementary sequences
shifted by half of their size (Figure1lA and Supplementary
Figure S1). In our case, pairs of Fts corresponding to each
MC, are bordered by cohesive restriction ends (NhéKbal
or BamHI/Bglll). Eight repeats of these fragments were
cloned in a pUC plasmid (strategy adapted from the one
used to amplify DNA segments for MN assembly Dyeret
al., (44), Materials and Methodse section) and obtained by
restriction digestion and gel puri cation. No PCR ampli-
cation was used, in order to avoid mutations or deletion
in the A-tracts. After the LAMA protocol, DNA MC were
digested by both Exonucleases | and Ill to remove non cir-
cularized DNA Fts and puri ed with the nucleoSpin Gel
and PCR Clean-up Macherey Nagel kit.

MCs were digested by Bal31 and S1 nucleases from NEB.
A total of 50 ng of MC were digested in NEB reaction
buffers during 1 h at 25C by 0.015 U/ | or 0.005 U/ |
of Bal31 and 0.6 U/ lor0.2 U/ |of S1 nuclease and sep-
arated by 8% polyacrylamide gel electrophoresis (PAGE) in
Tris Borate EDTA buffer (Supplementary Figure S2).

Structural modeling and molecular dynamics simulation stud-
ies of MCs

The three-dimensional (3D) structures of the four MC con-
structs (MC75, MC86, MC75S and MC86S) were predicted
using the internal coordinate program JUMNA (47). In
particular, a closed, planar circular DNA molecule was cre-
ated using the standard value of rise (3.38), and twist cor-
responding to linking number 7 expected for 75 bp with a
helical repeat of 10.5 bp (i.e. 33.9. A similar procedure was
used to construct an 86 bp-long MC with linking number
8, using a value of twist of 33.5. The presence of phased
A-tracts in the sequence of the four constructs is expected
to limit variations in their rotational register. In order to
identify the most stable register, the sequence of each of the
four constructs was threaded through the MC, by replac-
ing each base pair with the preceding and then subjecting

the resulting structures to conjugate gradient energy min-
imization using the AMBER parm99 force eld (48) with

the parmBSCO0 modi cations (49). This is equivalent to pro-
gressively varying the register at each step of the procedure
by the value of the imposed twist. The resulting nal ener-
gies as a function of sequence step show, as expected, a pe-
riodic behavior, with sharp minima separated by about 10
bp. The minimum energy structures across the whole regis-
ter range were selected (Figur2) and used throughout this
work.

This structure prediction procedure was validated
through comparison with explicit-solvent molecular dy-
namics (MDs) simulation for the MC75 construct. The
predicted structure was centered in a truncated octahedral
box lled with SPC/E water ( 50) with the same sodium
chloride (51) concentration used in the integration exper-
iments. Simulations were run with GROMACS 5 (562...54)
using periodic boundary conditions, under controlled
temperature and pressure (298K and 1 atm), using the
Bussi thermostat (55) and the Berendsen barostat (56).
Long-range electrostatics were treated using the particle
mesh Ewald method 67) and bond lengths involving
hydrogen atoms were restrained using P-LINCS (58,59)
to allow for a 2-fs time step. The system was carefully
minimized and thermalized following a standard protocol
(60) before collecting 100 ns production simulation. Only
the nal 50 ns of the simulation were used for all further
analyses. Molecular graphics in Figures2 and 7 were
produced using Chimera (61).

Analysis of minicircle curvature

In order to de ne whether the major groove a given location
along the MC is facing toward the inside or the outside of
the MC, we studied the local curvature of the predicted MC
structures, using a procedure that uses the helical axis cal-
culated by the Curves+ program 62,63). First, a locally op-
timal circle is t through three equally spaced points along
the helical axis, corresponding to base pair levels. The spac-
ing of these points determines the sensitivity of the results
to local deformations of the helical axis: best results for the
present application were obtained using a spacing of 5 bp.
Next, the center of the tted circle is located, and its curvi-
linear helicoidal coordinates are measured using a proce-
dure similar to that described in (64). In particular, is de-
ned as the angle between the major groove dyad and the
vector connecting the helical axis to the center of the locally
optimal circle, measured in the plane of the central base pair
(note that = A- /2, where A is the curvilinear helicoidal
angular coordinate of the center of the tted circle). can
cover the range 0...360values around O indicate that the
major groove is facing toward the inside of the MC at that
base-pair location, while values around 180imply that the
minor groove is facing inward and the major groove is fac-
ing outside. As stated previously, several phased A-tracts
were inserted in the sequence of the four constructs consid-
ered in this work in order to bias the rotational register of
the MCs. This will limit the range of accessible values of at
each base-pair level, most strongly in the immediate vicin-
ity of the A-tracts. In order to quantify the residual vari-
ability in , we calculated the circular standard deviation of
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, S( ), for each base pair, during the second half of the
100 ns MD trajectory of the MC75 construct described in
the previous section. The rose plots representations shown
in Figures 5C, 5D and 6D were produced using Matplotlib
v1.5.0 (65).

Low-resolution 3D modeling

The structure of HIV-1 IN...LEDGF/p75 in complex with
MC75 and MC86 was modeled (Figurer), starting with the
14 A-resolution cryo-EM density map described in 1), on
which we tted the modeled structures of the MC75 and
MC86 constructs. Almost four turns of atomic-resolution
target DNA were tted into the cryo-EM density as de-
scribed (21). To obtain the best relative position of the
MCs with respect to the enzymatic complex, two turns of
DNA from the MC were rigid-body least-square tted to
the central two turns of the atomic-resolution DNA (using
only phosphate atoms), before measuring the heavy-atom
RMSD (root-mean-square deviation). This procedure was
repeated for each possible position and orientation of the
MC, and then the position with lowest RMSD was selected.
The RMSD values calculated during the procedure show a
clearly periodic behavior, with troughs roughly every 10
bp (data not shown). The procedure for MC86 was recorded
in a movie using Chimera (61), and is available as support-
ing information (Supplementary Movie SM1).

IN integration assays

Integration assays were performed using a protocol
adapted from (19,25). HIV-SupF-Ndel or PFV-SupF-Ndel
donor substrates were mixed with HIV-1 IN, HIV-1 IN...
LEDGF/p75 or PFV IN (1 m, 1 m and 100 nM of
monomeric concentration respectively) in the integration
buffer (20 mM Hepes pH 7.4, 50 mM NaCl, 5 mM MgCI2,
10 uM ZnClI2, 1 mM 1,4-Dithiothreitol and 100 g/ml
bovine serum albumin). After 10 mn at 4C and 10 mn at
37 C, acceptor linear fragment or MC (50 nM) was added
to the reaction mixtures and incubated during 1 h at 37C.
Reaction was stopped by addition of 0.1% sodium dodecyl
sulphate, 10 mM ethylenediaminetetraacetic acid, 1 g/ul
PNK enzyme and one hour incubation at 37C. IPs were
puri ed with the nucleoSpin PCR Clean-up kit (Macherey
Nagel) and digested by EcoRV (for IPs obtained in MCs
and Nhel-Xbal Fts) or Ncol (for IPs obtained in MCs and
BamHI/Bglll Fts). This digestion step allows the compari-
son of integration ef ciencies between linear fragments and
MCs.

IPs were quanti ed by real-time PCR using a set of
two primers, one complementary to the donor substrate
(P1HIV, P3HIV of P3HIV) and one complementary to the
acceptor template and bordering the target integration seg-
ment (MCF, MCR3 or MCR4) (Supplementary Figure S1).
Arti cial IPs, containing one integrated copy of viral donor
substrate cloned in the ECORV or Ncol restriction site of the
75 and 86 bp constructs, were used for the gPCR standard
curves. Each integration sample was analyzed in triplicate
by real-time PCR and integration assays were repeated be-
tween two and six times. At-test was used to compare the
weighted means of ratios of integration ef ciency in MC

Nucleic Acids Research, 2016, Vol. 44, No. 16833

compared to Ft (named Ratio (MC/Ft)), for each condi-
tion, with a level of signi cance of 5%. The Benjamini...
Hochberg method was used to correct for multiple testing.

IPs were ampli ed by regular PCR using primers pairs
identical as for real-time PCR, with Pfusion DNA poly-
merase and a small number of ampli cation cycles. Ampli-
cation products were quanti ed and mixed to obtain the
resulting sequencing libraries.

Sequencing librairies were performed using
NEXT ex PCR-Free DNA-Seq kit for lllumina (Bio
Scienti c) and sequenced on MiSeq machine (lllumina)

the

in single reads of 250 bases. Sequence les were generated

using lllumina Analysis Pipeline version 1.8 (CASAVA).

Mapping of integration sites and correlative studies

In order to identify the absolute position of the integration
sites for each sequence of the 24 libraries, a custom python
script was implemented to read these sequences and count,
for each position within the region of interest, the number of
integrations achieved. These positions are calculated from
the distances between the acceptor and the donor primers.
The output is a list of counts per position, for each library.

In this study, 24 libraries of FastQ les have been ana-
lyzed, containing from 15 000 to 74 125 sequences. A rst
step of Itering excluded sequences without the two good
primers (acceptor and donor) expected. A second ltering
allowed the exclusion of sequences having the integration
site outside the region of interest. Around 52% of the initial
sets of sequences were nally conserved for this analysis.

As a pre-processing step, the data were log-transformed
and the median normalization scheme was used for its ro-
bustness to outliers. A Spearman correlation coef cient was
calculated between the integration sites of each pair of li-
braries. This leads to a clustering of all the libraries (Sup-
plementary Figure S5). To quantify the effect of DNA cir-
cularization on the distribution of integration sites, we cal-
culated the ratio of normalized integration frequencies in
the MC versus the normalized integration frequencies in the
linear Ft, at each position along the integration target se-
quence (ITS). The logg value of this ratio (called CAI for
circular activated integration) was plotted along the studied
sequences (FiguredB, 6A and B). To evaluate the period-
icity of the CAIl values, we calculated the cross-correlation
between CAI measured on same strands (US/US, LS/LS)
or complementary strands (LS/US), for each pair of target
sequence and IN (Supplementary Figure S6).

RESULTS
DNA minicircles mimic nucleosome-induced DNA curvature

MCs were constructed to mimic the major structural defor-
mations of DNA within a nucleosome, without requiring
histones. Four sequences were selected, two of 75 bp (75 and
75S) and two of 86 bp (86 and 86S). In fact, 75 bp MCs cor-
respond to seven helical turns of DNA and mimic one of
the two DNA gyres in a nucleosome (66), while 86 bp MCs
correspond to a slightly larger circular DNA (eight helical
turns) and are characterized by a smaller average curvature
angle (45 per helical turn for 86 bp MCs compared to 51.4
per helical turn for 75 bp MCs). The four MCs should not
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Phased A-tracts
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Integration Target

Sequence (ITS)

NX fragments (Fts) : _._H }

Nhel Bglll/BamHI Xbal
+
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Figure 1. Linear DNA fragments (Fts) and Minicircles (MCs) used for the study. (A) Selected sequences and circularization strategy. The four selected
sequences, called 75, 86, 75S and 86S, were obtained as two overlapping Fts, Rttedl (NX) and BamHI/Bglll (BB), that were used to synthesize
the corresponding MCs. 8) Control of the circularization. Ethidium-bromide staining of linear Fts and MCs separated by 8% PA-TBE electrophoretic

migration.

exhibit signi cant superhelicity since their lengths were cho-
sen to achieve an integer number of helical turns. These MC
structures can be predicted at atomic resolution41) and
the modeled structures can be used to study the speci c role
of DNA structure in the selectivity of nucleosome-binding
proteins (or enzymes), in the absence of histones.

electrophoretic migration was retarded with respect to Fts
of the same sequence. MC75 and MC86 were resistant to
Bal31 and S1 nucleases digestion (at dilutions used i8q))
suggesting the absence of unpaired bases, DNA kinks, back-
bone lesions or B-Z junctions in these constructs (Supple-
mentary Figure S2). Therefore, the DNA helix in the 75 and

The 75, 75S, 86 and 86S sequences are composed of two 86 bp MCs is expected to adopt a canonical B conforma-

domains (Figureland Supplementary Figure S1). One con-
tains three or four phased A-tracts that bias the rotational
register of the MCs @3). The second contains a 40-bp se-
guence that will be studied for its integration properties (the
Integration Target Sequence, or ITS). These ITSs contain
an identical 23 bp segment, derived from the TPT construct
(67) and inserted at two different distances from the phased
A-tracts. These distances are shifted by 5 bp between the
75/86 and 75S/86S constructs. This 5 bp shift changes the
rotational register of this segment by roughly 180, provid-
ing information on the speci c effects of sequence and struc-
ture on integration.

MCs were produced by the LAMA protocol (36) with
pairs of Nhel/Xbal and BamHI/Bglll Fts (Figure 1A,
Supplementary Figure S1 and eMaterials and Methodse
section). MCs were digested by Exonucleases | and Il
to remove non-circularized DNA and their quality was
checked by PAGE in native conditions (Figure1lB). MCs

tion, at least within the ITS. Before using these MCs as in-
tegration substrates, we studied their structure using molec-
ular modeling and MDs simulation.

Structural properties of the MCs

In order to rationalize differences in integration ef ciency
between linear and circular constructs, we predicted a rep-
resentative 3D structure of the four MCs at atomic reso-
lution. Phased A-tracts inserted in the sequence of the four
constructs should restraint the rotational freedom (register)
of DNA within the MCs. To evaluate this effect, we calcu-
lated the deformation energy for each construct as a func-
tion of register variation. The results are presented in Figure
2A (see Methods for details of calculations). Deformation
energies show a roughly periodic behavior and sharp min-
ima separated by roughly 360, con rming that the phased
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Figure 2. Structural modeling of DNA MCs. ( A) Deformation energy as a function of register variation for the MC75 and MC86 constructs and the MC75S
and MC86S constructs, showing sharp troughs everyt0 bp. (B) Representative 3D structures of the MC75, MC75S, MC86 and MC86S constructs shown
as sticks, colored according to the base type (A red, C green, G blue and T orange); the Curves+ DNA helical axis is shown as a thin black line, with thicker
regions to highlight speci ¢ portions of the MCs: black and purple for the ITS (purple is speci ¢ of the 23-bp segment common to the four constructs) and
red for the phased A-tracts. Molecular graphics were produced using Chimera.
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A-tracts indeed induce a strong preference for a restricted
range of register values.

The structures with the smallest deformation energy were
chosen as representative for each MC (Figur@B). Over-
all, the predicted structures are roughly planar, as expected
for superhelically relaxed MCs. Curvature is rather uni-
formly distributed throughout each MC, apart from small
local heterogeneities due the different propensity of DNA
to bend toward the major or the minor groove. These small
variations in curvature give rise to slightly irregular MC
contours, in particular for the 75 bp constructs. We note
that the extent of these variations is well within the range
of curvature values resulting from thermal uctuations (see
below). In addition, we observe no major departures from
canonical B-DNA, such as sharp kinks (involving base un-
stacking), or broken base pairs.

The predictions presented above will serve as a basis for
the structural interpretation of differences in integration ef-
ciency between MCs and Fts of the same sequence. In
this context, these predictions suffer from two main lim-
itations. First, MCs in solution at room temperature will
undergo signi cant structural uctuations; using a single
structure gives no information regarding how stable the pre-
dicted structural features are to these uctuations. Second,
necessary approximations (notably in the treatment of the
effects of solvent and counterions) made in the prediction
procedure may hinder the accuracy of the results. We there-
fore performed a 100-ns explicit-solvent MD simulation of
MC75 to gain insight into the impact of these limitations.
The duration of the simulation, although much shorter than
the time scale of the experiments, nevertheless would allow
us to observe signi cant conformational rearrangements of
the MC, including register and curvature variations, as well
as kinking (41,68). The simulation mimics the salt concen-
tration and temperature conditions of the experiments, and
provides us with an accurate and reasonably complete pic-
ture of the conformations accessible to MC75 during the
integration assays.

Analysis of the MD simulation of MC75 con rms the
accuracy of the static structural predictions, especially in
terms of the predicted register along the MC. Furthermore;
we were able to quantify the effectiveness of phased A-tracts
in MC75, in terms of the residual variability in rotational
register. With this aim, we followed the time evolution of the

angle, which measures the direction of curvature at each
position along the MC (see <Materials and Methodse sec-
tion). Results con rm the register selectivity observed pre-
viously (Figure 2A), and in particular that within the ITS,
the average extent of register uctuations (in terms of circu-
lar standard deviation) is limited to £18 , and values lie
within 20 of the predicted values during 70% of the simu-
lation time.

Target DNA circularization enhances HIV-1 integration

Our goal is to evaluate how DNA curvature induced by
its circularization, and similar to that present in the nu-
cleosome, affects HIV-1 integration. We started this study
with the HIV-1 IN...LEDGF /p75 complex (21) and the 250-
bp HIV-SupF-Ndel viral donor substrate bordered by the
pre-processed U3 and U5 ends6Q). IPs were quanti ed

by qPCR using primers that border the ITS, and primers
complementary to the U5 or U3 ends (Supplementary Fig-
ure S1). This strategy allows us to avoid considering IPs
within A-tracts that were already shown to affect integra-
tion (70,71). It also distinguishes IPs obtained in the two
strands of the target substrate and from U3 and U5 viral
ends. Finally, IPs within MCs can be opened using a speci ¢
restriction enzyme after integration and before the gPCR
quanti cation (see *Material and Methodse section), allow-
ing a quantitative comparison of integration ef ciencies in
linear Fts and MCs.

We rst observed an enhanced integration, from the U5
end, on both strands of MC75 and MC86, compared to
Ft75 and Ft76 respectively (Supplementary Figure S3). The
enhancement ratios (MC/Ft) decrease with increasing con-
centrations of acceptor substrates and a plateau of 10- to
20-fold enhancement is reached at a ve to ten times excess
of acceptor versus donor substrate. In the following studies,
we chose to work at 50 nM of acceptor and 10 nM of donor
substrates, which corresponds to these plateau conditions.

Under these conditions, we studied the inte