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Abstract The histone chaperone nucleosome assembly
protein, hNAP-1, is a host cofactor for the activity of the
human immunodeficiency virus type 1 (HIV-1) transacti-
vator Tat. The interaction between these two proteins has
been shown to be important for Tat-mediated transcrip-
tional activation and for efficient viral infection. Visuali-
zation of HIV-1 transcription and fluorescence resonance
energy transfer experiments performed in this work dem-
onstrate that hNAP-1 is not recruited to the site of Tat
activity but the two proteins interact at the nuclear rim.
These data are consistent with a mechanism that requires
hNAP-1 for the transport of Tat within the nucleus rather
than for the remodeling of nucleosomes on the provirus.
Protein—protein docking and molecular modeling of the
complex suggest that this interaction occurs between
the basic domain of Tat and the histone-binding domain.
The combination of theoretical and whole cell studies
provided new insights into the functional significance of
the Tat:hNAP-1 recognition.
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Introduction

The nucleosome is the core structural unit of eukaryotic
chromatin. It consists of two copies each of the four core
histones H2A, H2B, H3 and H4 that form the histone
octamer, around which the DNA is wrapped (Luger et al.
1997). The nucleosome is not only a structural unit of the
chromosome but also a key hub for the signals that regulate
nuclear processes such as replication, gene expression and
repair (Groth et al. 2007; Li et al. 2007). Chromatin
architectural states can be modulated by enzymatic modi-
fications of histones and by the incorporation of histone
variants by active remodeling of chromatin (Kouzarides
2007). Histones are highly basic proteins and require pro-
tein chaperones that facilitate their proper interaction with
a specific chromatin location, but also prevent them from
making unwanted interactions with other proteins or with
DNA (Park and Luger 2006a). A number of histone
chaperones are involved in chromatin assembly, in con-
junction with ATP-dependent chromatin remodeling fac-
tors (Haushalter and Kadonaga 2003). Among them,
hNAP1 was originally identified in HeLa cells as the
human homolog of the yeast nucleosome assembly protein
1 (yNAP-1) that is the most characterized member of the
family (Ishimi and Kikuchi 1991). In addition to its role as
a chromatin-assembly factor and histone-storage protein,
NAP-1 has been implicated in cell-cycle regulation (Kel-
logg et al. 1995), transcription regulation (Walter et al.
1995), incorporation and exchange of histone variants
(Levchenko and Jackson 2004; Mizuguchi et al. 2004;
Okuwaki et al. 2005), the promotion of nucleosome sliding
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(Park et al. 2005) and the shuttling of histones into the
nucleus (Ito et al. 1996).

The human immunodeficiency virus type 1 (HIV-1) is a
retrovirus that requires integration of its genome into the
chromatin of the infected cell. A key step in the regulation
of HIV-1 gene expression is the activity of the viral Tat
trans-activator. Tat is a small polypeptide that binds the 5
end of all viral messenger RNAs via a cis-acting RNA
element called the transactivation-responsive region TAR
(Berkhout et al. 1989). Tat activates transcription from the
HIV long terminal repeat (LTR) by integrating several host
coactivators of transcription including p300, the p300/
CBP-associated factor (P/CAF) and the positive transcrip-
tion-elongation complex (P-TEFb) (Marcello et al. 2001b).
Tat is a basic protein that is subject of many post-transla-
tional modifications typical of histones including: acety-
lation, methylation, phosphorylation and ubiquitylation.
These modifications affect the activity of Tat in several
ways. For example, the p300/CBP-associated factor
(P/CAF) acetyltransferase binds to acetylated Tat at Lysine
50 and acetylates Lys28 (Bres et al. 2002; Dorr et al. 2002;
Kiernan et al. 1999; Ott et al. 1999). Acetylation at Lys50
is mediated by the p300 coactivator that is also involved in
histone acetylation at the HIV-1 LTR to promote tran-
scription (Benkirane et al. 1998; Hottiger and Nabel 1998;
Marzio et al. 1998). Subsequent steps of acetylation/dea-
cetylation control the association of Tat with P-TEFb and
TAR (Pagans et al. 2005). In addition, arginine methylation
of Tat negatively affects Tat-TAR-cyclin T1 ternary
complex formation and diminishes cyclin T1-dependent
Tat transcriptional activation (Xie et al. 2007). However,
how these complexes are temporally and spatially regu-
lated in the living cell remains debated. One model sug-
gests that P-TEFb remains associated with Tat to the
elongating RNA polymerase II (RNAPII) (Bres et al. 2002,
2005; Ping and Rana 2001). Alternatively, P-TEFb disso-
ciates from the elongating complex while Tat and P/CAF
remain associated (Kaehlcke et al. 2003). However,
analysis of the rates of association/dissociation of the
TAR:Tat:P-TEFb complex in living cells, by performing
fluorescence recovery after photobleaching experiments
at the HIV-1 transcription sites, demonstrated that while
RNAPII remains associated for the time required for
transcription of the whole viral genome, as expected for the
processing enzyme, Tat and P-TEFb undergo continuous
cycles of association/dissociation (Boireau et al. 2007,
Molle et al. 2007). Hence, transcription from the HIV-1
provirus is a dynamic process that requires a continuous
exchange of factors rather than a stepwise ordered assem-
bly. Understanding of the spatial regulation of HIV tran-
scription by the visualization of subnuclear dynamics of the
proteins involved in this process and the study of their
reciprocal interactions can be obtained by the exploitation
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of high-resolution microscopy approaches for the visuali-
zation of proteins labeled with fluorescent tags (Marcello
et al. 2004). In particular, protein—protein interactions can
be visualized in a single cell by fluorescence (Forster)
resonance energy transfer (FRET) (Marcello et al. 2001a).
FRET is a mechanism of non-radiative transfer of energy
between two fluorescent chromophores when in close
proximity (typically less than 10 nm) (Day et al. 2001).
FRET presents several advantages in comparison with
other techniques employed to detect protein—protein
interactions. Since FRET actually indicates protein—protein
interaction at distances of a few nanometers, the simple co-
localization of two proteins is not sufficient to yield energy
transfer. Furthermore, the use of gene-encoded green
fluorescent protein (GFP) variants allows also the visuali-
zation of the interactions in real time and in living cells,
particularly using FRET-dependent fluorescence lifetime
imaging microscopy (Voss et al. 2005). Therefore, FRET
can be used to determine if, when and where specific
protein pairs interact inside the cell. This is of particular
value since most biological processes occur within discrete
functional subcellular compartments in vivo (Cook 1999;
Sutherland and Bickmore 2009).

The histone chaperone hNAP-1 has been found to be
a novel cellular protein interacting with HIV-1 Tat
(Vardabasso et al. 2008). hNAP-1 significantly enhanced
Tat-mediated activation of the LTR and viral infection.
Conversely, knockdown of hNAP-1 decreased viral acti-
vity. In this work, we explored whether hNAP-1 is enriched
with Tat at the site of HIV-1 transcription by two com-
plementary approaches. hNAP-1 could not be detected at
the site of HIV-1 RNA biogenesis, where instead both Tat
and associated factors like Cyclin T1 were enriched.
However, we could visualize the interaction of hNAP-1
and Tat by FRET within the nuclear rim.

In an attempt to gain structural insights, we sought to
construct a structural model of the adduct. In support to our
hypothesis, protein—protein docking suggests that the basic
domain of Tat specifically recognizes the histone-binding
site of hNAP-1. Hence, we conclude that hNAP-1 acts by
chaperoning Tat into the nucleus rather than being recrui-
ted by Tat at the site of transcription for histone remodeling
purposes.

Materials and methods

Cells, plasmids and siRNA

Cells were cultivated at 37°C in Dulbecco’s modified Eagle
medium (DMEM) containing 10% FCS and antibiotics.

U20S HIV_Exo 24 x MS2 cells were obtained as
described (Boireau et al. 2007). Plasmid transfections were
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done using Lipofectamin (Invitrogen Ltd, Paisley, UK).
Treatment with Leptomycin B was for 4 h at 40 ng/ml.

Plasmids encoding tagged versions of HIV-1 Tat, MS2
and ANP32B were previously described (Boireau et al.
2007; Marcello et al. 2001a). The FRET control plasmids
encoding CFP-YFP and ANP32B-YFP were generated by
PCR as described (Karpova et al. 2003; Pegoraro et al.
2006).

The mutated construct hNAP-EYFP* was constructed
by PCR into pEYFP-N1 (Clontech Laboratories, Mountain
View, CA, USA) between the HindIIl and BamHI restric-
tion sites. The mutations of the siRNA target site involved
only the DNA sequence, with no modifications at the am-
inoacidic level.

RNA interference (RNAi) for hNAP-1 was performed
against the target sequence 5% AAGGAACACGAUGAA
CCUAUU 3'. An siRNA targeted against the GFP RNA
was used as a control (5’ GGCTACGTCCAGGAGCGC
ACC 3'). Synthetic double-stranded RNA oligonucleotides
were purchased from Dharmacon. The RNAI transfections
were done using Oligofectamin (Invitrogen) according to
manufacturers’ protocols as described (Vardabasso et al.
2008).

Luciferase assay

A reporter cell line containing a single copy of the inte-
grated HIV-1 LTR-luciferase reporter construct (HeLa
LTR-Luc) was used (du Chene et al. 2007). Transactivation
with GST-Tat was carried out as previously described
(Lusic et al. 2003). Luciferase activity was measured 48 h
after transduction according to the manufacturer’s protocol
(Promega Corporation, Madison, WI, USA). Luciferase
activity was normalized to protein concentration using
Bradford (Bio-Rad Laboratories, Segrate (MI), Italy).

Immunofluorescence, image acquisition and FRET

Anti-hNAP-1 mouse monoclonal antiserum was a kind gift
from Y. Ishimi (Ishimi and Kikuchi 1991). Mouse mono-
clonal anti-tubulin was purchased from Sigma. Immuno-
fluorescence was performed as described with 1/10 dilution
of the anti-hNAP-1 antibody (Marcello et al. 2003).
FRET analyses were performed in two ways in order to
have a double check and a more precise measure of the
FRET efficiency. The first approach consisted in the
acquisition of the emission spectra from cells co-transfected
with ECFP and EYFP-conjugated proteins when excited at
405 nm. The analyses of the resulting spectra have been
conducted using Matlab (MathWorks, Natick, MA, USA)
and the FRET efficiency calculated as the difference in the
ratio between the signal at 524 nm and the signal at 502 nm.
The spectra where previously normalized for the signal at

470 nm. The second approach consisted in three subsequent
steps. First, cells co-transfected with ECFP and EYFP
fusion proteins have been imaged in order to get the signal
from the ECFP (em. 470-502 nm, ex. 405 nm). Then the
cells have been imaged for the EYFP signal (em. 524—
530 nm, ex. 514 nm). Third, images have been collected to
get the EYFP signal when excited using the ECFP settings
(em. 524-530 nm, ex. 405 nm). Analyses of data were done
using the ImageJ Plugln ‘PixFRET’ (Feige et al. 2005).

The Image acquisitions for immunofluorescence and
FRET experiments were performed using a confocal
microscope (Zeiss LSM510-META) with a 100x NA 1.4
objective.

Computational details

The starting model of the fusion protein Tat-fluorescent
module used as one of the docking partners was con-
structed from: (1) the NMR structure of the Tat variant Bru
(PDB code: 1JFW model 8) (Peloponese et al. 2000). This
is the more similar variant to the strain used in our
experiments, for which the structure has been solved; (2)
the structure of the Yellow Fluorescent Protein (PDB code:
1YFP) (Wachter et al. 1998). Note that the fluorescent
protein was included only to explicitly consider the gross
steric hindrance in the docking. Therefore, the minor dif-
ferences with the actual sequence used in the FRET
experiments are not likely to influence the results. The
model of the Tat-YFP fusion protein was constructed and
structurally relaxed by molecular dynamics simulations
using a previously established procedure (Pantano 2008).
The second docking partner was the X-ray structure of the
yeast variant of hNAP-1 (PDB code: 2AYU) (Park and
Luger 2006b). Since the last 44 residues are missing in the
X-ray structure of yeast NAP-1, we conducted a series of
MD-based simulated annealing simulations to estimate the
average distance between the last residues determined by
crystallography and the YFP fluorophore. Due to the
roughness of the information obtained from this technique,
the position of these residues were not included in the
docking. This information was only used to get an
approximate gauge of the geometrical determinants
between the donor—acceptor FRET pair (see “Results™).
MD Simulations were performed using the generalized
Born (GB) model for implicit solvation as implemented in
Amber (Case et al. 2004; Cornell et al. 1995). The standard
implementation (Hawkins et al. 1996) and parameters (Tsui
and Case 2000) were used (option igb = 1 in the sander
module of the Amber package). A cutoff radius of 1.8 nm
and the Amber99 parameterization were adopted. The
SHAKE method (Ryckaert et al. 1977) was used to con-
strain all the bonded interactions involving hydrogen atoms
after energy minimization. A thermalization period of 2 ns
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was adopted, in which the systems were heated up from 0
to 298 K using loose harmonic restraints of 5 Kcal/mol A2,
After that point, production runs of 18 ns, without
restraints, was performed and recorded for analysis every
2 ps. Docking runs were performed using Hex 5.1
(http://www.csd.abdn.ac.uk/hex/) (Ritchie 2008). The rigid
rotational search was performed with the 3D FFT algo-
rithm using a 0.6 A grid taking into account the proteins
shape and electrostatic. For two NAP-1:Tat-CFP initial
conformations, ~ 60,000 possible orientations were com-
puted. Top 2,000 docking solutions were then retained for
which Newton-like energy minimizations were applied.
These energies were calculated using “soft” Lennard-Jones
and hydrogen bond potentials, adapted from the OPLS
force-field parameters, along with an explicit charge—
charge electrostatic contribution.

Results
Characterization of hNAP-1-YFP*

In order to study the dynamic behavior of hNAP-1 we
generated a fusion construct with the enhanced yellow
fluorescent protein (YFP). In order to avoid overexpression
artefacts in the analyses, we wanted to substitute ectopically
expressed hNAP-1 to the endogenous one. Therefore, taking
advantage of a very efficient siRNA designed previously
(Vardabasso et al. 2008), we mutagenized its target site in
the hNAP-1 cDNA of the hybrid construct (h(NAP-YFP*)
(Fig. 1a). The construct showed the expected size and was
resistant to a siRNA against hNAP1 (Fig. 1b). In order to
establish if the hybrid construct carrying the additional YFP
moiety was functional, we used the reporter cell line HeLa
LTR-Luc that responds to Tat transactivation. As shown in
Fig. lc, the effect of the knockdown of endogenous hNAP-1
on Tat transactivation could be rescued by hNAP-YFP*.

The subcellular localization of hNAP-1 was analyzed in
HeLa cells by immunofluorescence against hNAP-1. As
shown in Fig. 2a, hNAP-1 staining appears mostly cyto-
plasmic. However, it has been observed that hNAP-1 car-
ries both a nuclear localization signal and a nuclear export
signal consistent with its role as a shuttling protein.
Therefore, we incubated cells for 4 h with Leptomycin B at
40 ng/ml. Leptomycin B, an inhibitor of nuclear export,
induced nuclear relocalization of hNAP-1 as well as of the
hybrid construct hANAP-YFP*.

Recruitment of hNAP-1 at the HIV-1 transcription site
Next, we explored the recruitment of hNAP-1 at the site of

HIV-1 transcription. For this purpose, we took advantage
of a recently developed cell line that carries an integrated
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Fig. 1 Characterization of hNAP-YFP*. a Sequence of the wild type
(top) and of the mutated (bottom) siRNA target into hNAP-YFP*
cDNA. Base changes are in red. Amino acid sequence that is not
changed is shown below. b Immunoblot of endogenous hNAP-1 and
transfected hNAP-YFP* in the presence of the siRNA against hNAP-
1. Tubulin, loading control. ¢ Functional analysis of the hNAP-YFP*
construct. A luciferase assay was conducted on HeLa LTR-Luc
transactivated by Tat and in the presence of a siRNA against hNAP-1.
The siRNA against GFP was used as control that also targets the
hNAP-YFP* construct (color figure online)

proviral DNA that encodes for a taggable mRNA. The
system consists of the insertion of the binding sites of the
MS2 phage coat protein into the transcribed RNA (Boireau
et al. 2007) and allows visualization of associated cofactors
(Molle et al. 2007). This allows co-transcriptional binding
of the hybrid MS2-Cherry protein and consequent visual-
ization of the site of HIV-1 transcription (bright red spot in
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Fig. 2 Subcellular localization (A)
of hNAP-1. a Subcellular
localization of endogenous
hNAP-1 and transfected
hNAP-YFP* in the presence

of Leptomicin B (LMB).

HeLa cells were treated as
indicated, fixed and incubated
with the anti-hNAP-1 antibody.
b Subcellular localization of
endogenous hNAP-1 and
transfected hNAP-YFP* (green)
with respect to the site of HIV-1

hNAP-YFP*

+ LMB
— _

hNAP-YFP*

transcription (arrow) tagged YT
with MS2-Cherry (red) (color
figure online)
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Fig. 2b). Both endogenous hNAP-1 (Fig. 2b, top panels)
and transfected hNAP-YFP* (Fig. 2b, bottom panels) were
never associated to the HIV-1 transcription site. Hence, the
association of hNAP-1 with Tat must occur elsewhere. In
order to explore the localization of the association we
performed a FRET experiment.

Fluorescence resonance energy transfer

FRET experiments were performed by transfection of
HeLa cells with plasmids expressing hNAP-YFP* together
with a Tat fusion with the cyan fluorescent protein (Tat-
CFP). Fusion proteins of Tat with spectral variants of the
GFP at its carboxyl-terminus were previously shown to be
transcriptionally competent (Marcello et al. 2001a). As a
positive control, we used an engineered in-frame fusion
protein between CFP and YFP that is capable of intramo-
lecular FRET in the same experimental conditions

MS2-cherry merge
(Karpova et al. 2003). As a negative control, we used the
MS2-YFPnls fusion protein that localizes to the nucleus
when overexpressed (Boireau et al. 2007). In addition, also
as a negative control, we used the acid nuclear protein 32B
(ANP32B) that forms a complex with the template-acti-
vating factor I/Set oncoprotein (TAF-I/Set), which belongs
to the NAP-1 family of histone chaperones (Pegoraro et al.
2006). As shown in the histogram of Fig. 3a, FRET mea-
sured for the whole cell was significant for the hNAP-
YFP*:Tat-CFP pair and was independent on Leptomycin B
treatment that increases the concentration of hNAP-YFP*
in the nucleus. Consistently, only background FRET was
observed in the nucleus both in the presence or absence of
Leptomycin B. In order to confirm FRET data and to avoid
possible artefacts, we performed an emission spectral
analysis with 405 nm laser excitation (Fig. 3b). Also in this
case, the hNAP-YFP* and Tat-CFP pair showed the
appearance of the FRET emission peak at 524 nm as the
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positive control CFP-YFP. Finally, we wished to visualize
the subcellular localization of the FRET signal. As shown
in Fig. 3c, the localization of hNAP-YFP* was cytoplasmic
(top left panel) and the localization of Tat-CFP nuclear
(middle). A positive FRET signal was evident at the
nuclear rim (right). It may be argued that the signal
depends simply by partial colocalization of the two pro-
teins. However, when the cells where incubated with
Leptomycin B increasing the nuclear concentration of
hNAP-YFP* (bottom left panel), FRET signal disappeared
from the cytoplasm, in agreement to reduced levels of the
acceptor, but remained at the nuclear rim (Fig. 3c, bottom
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<« Fig. 3 a Quantification of FRET. Histogram showing the FRET

efficiency normalized for the positive control in cells transfected with
the indicated constructs: CFP-YFP positive FRET control, Tat-
CFP + MS2-YFPnls negative control, Tat-CFP + ANP32-YFP neg-
ative control. The measurements were taken for the whole cell, only
for the nucleus or in the presence of Leptomycin B. As shown the
interaction between Tat-CFP and hNAP-YFP* was significant in the
whole cell, both with and without Leptomycin B, but the contribution
from the nucleus was irrelevant. b Spectral analysis of FRET.
Emission spectra at 405 nm excitation of cells transfected with the
positive control CFP-YFP (red, top), the negative control Tat-
CFP + MS2-YFP (blue, bottom) and Tat-CFP + hNap-YFP* (green,
middle). Y-axis: emission intensity normalized to the values at
470 nm, x-axis: emission wavelengths. ¢ FRET experiments showing
that the localization of the interaction between Tat and hNAP is in the
perinuclear region. HeLa cells where transfected with hNAP-YFP*
and Tat-CFP, fixed in paraformaldehyde and subjected to fluores-
cence microscopy. Relative FRET signal intensity is quantified in the
rainbow indicator (from low/bottom to high/top). Addition of
Leptomycin B (LMB) changed the localization of hNAP-YFP* as
expected but did not change the localization of the FRET signal
(bottom panels) (color figure online)

panels). We conclude that hNAP-YFP* and Tat-CFP
interact only close to the nuclear membrane.

Structural model of the interaction

Aiming at a structural perspective of the interaction, we
constructed a model of the complex starting from the
structure of the isolated components using a blind rigid
docking procedure. Our FRET data implies that both pro-
teins interact despite the presence of the bulky fluorescent
modules that generates a considerable steric hindrance.
This is particularly important in the case of the small (86
residues long) Tat protein. To explicitly consider this in our
docking trials, we generated and relaxed a structural model
of Tat fused to a spectral variant of the GFP protein using
MD techniques (Fig. 4a, b). This model was used as the
‘ligand’ in the docking trials. For the ‘receptor’, we used
the X-ray structure of the yeast homolog of hNAP-1, which
shares 81% of identity with the human counterpart for
which structural information is not yet available. All the
different reciprocal orientations calculated in the docking
runs were clustered and the lowest energy member of each
cluster was considered as representative. The two best
scoring sets corresponded to a symmetry rotation of the
hNAP-1 homodimer and can be considered as the same
solution. Biochemical analysis indicated that Tat:hNAP-1
binding is mediated by the basic domain of Tat (Vardab-
asso et al. 2008). Therefore, all docking solutions in which
Tat residues from Arg49 to Arg57 were not in contact with
the hNAP-1 surface were filtered out. The best docking
solutions correspond to structural models that place the
basic domain of Tat within the histone-binding site pro-
posed by Park and Luger (2006b).
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Fig. 4 Structural model of the Tat:hNAP-1 interaction. a, b Top and
side views of a cartoon representation of the best scoring docking
solution. Tat (thick tube) fused to a fluorescent module (cartoon) are
depicted in cyan. The core structure of the two monomers of the
hNAP-1 dimer is colored in light and dark blue, respectively. The
YFP module together with the C-terminal segment of hNAP-1, not
determined in the X-ray structure, are shown in yellow. The
coordinates of these C-terminal segments where obtained from a
simulated annealing simulation. Therefore, they have to be considered
only as a reasonable conformation included in the figure only to
illustrate a possible molecular scenario. Orange balls indicate the
geometrical centers of Tat and its fused fluorescent module (i.e. two
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points per docking solution are shown). The symmetry between the
two most populated poses is evident from the two clouds of points
corresponding to the fluorophore centers. ¢ Energy profile of the
docking solutions. The inset shows the distribution of the top 100
results. Notice that the binding energy is obtained from an effective
force field and has to be taken simply as a scoring function.
d Molecular electrostatic profiles mapped onto the solvent accessible
surface of hNAP-1 (red = —10 kT/e, white = 0 kT/e, blue =
+10 kT/e). Residues of the Tat basic domain docked within the
acidic pocket of hNAP-1 are shown in black sticks. The figure is a
cross section on the plane indicated by the red dashed line shown in a.
e Top view of d (color figure online)

@ Springer



1590

A. De Marco et al.

Independent support for the robustness of the docking
solution comes from the localization of the best scoring
complexes. Figure 4a, b, show the geometric center of the
100 best scoring solutions. Regardless the clustering they
all concentrate in the same region of the top model and can
be considered as almost equivalent within roughness of the
model. The energy profile (Fig. 4c) shows that these first
100 poses include most of the energetically stable solu-
tions. Hence, significantly different docking solutions can
be neglected.

The position of Tat into the histone-binding site suggests
that it may compete for this pocket. Indeed, the polyargi-
nine tract of Tat shows a nearly linear structure (Pantano
and Carloni 2005; Pantano et al. 2006) similar to the
conformation of the basic histone tails (Davey et al. 2002).

The basic character of the binding peptides seems to be
a fundamental ingredient for binding in sight of the highly
acid characteristics of the pocket (Fig. 4d, e).

The conformation of the C-terminal residues of hNAP-1
was not determined in the X-ray structure. Therefore, to
evaluate the compatibility of our structural model with the
FRET data, we estimated the mean distance from the last
residue in the X-ray structure to the fluorophore using a
simulated annealing protocol. We obtained a large vari-
ability with values ranging from 4 to 7 nm. Nevertheless,
when translated this data into our structural model of the
complex (illustrated in Fig. 4), it comes out that the max-
imum expected interfluorophore distance remains always
below 9 nm. This indicates that the reciprocal positioning
of the two proteins in our model is consistent with the
range of distance needed for the two fluorescent modules to
perform FRET.

Conclusions

The histone chaperone hNAP-1 is a novel cellular cofactor
that significantly enhances HIV-1 Tat-mediated transacti-
vation (Vardabasso et al. 2008). Besides its role as a his-
tone chaperone, hNAP-1 has been shown to interact with
several transcription factors, particularly of viral origin. In
a yeast two-hybrid screen, hNAP-1 forms a complex with
the human papillomavirus transcriptional activator E2 able
to activate transcription in vitro (Rehtanz et al. 2004).
hNAP-1 binds to the Epstein—Barr virus nuclear antigen 1
(EBNA1) and contributes to EBNA1-mediated transcrip-
tional activation (Holowaty et al. 2003). hNAP-1 also
interacts with the Tax protein of the human T-lymphotropic
virus 1 (HTLV-1) to promote nucleosome eviction at the
HTLV-1 promoter (Sharma and Nyborg 2008). Further-
more, hNAP-1 was also shown to interact with HIV-1 Rev
and stimulate its RNA export activity (Cochrane et al.
2009). Interestingly, interactions of hNAP-1 with Tat, Rev
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and EBNA1 occur all through arginine-rich regions
(Cochrane et al. 2009; Holowaty et al. 2003; Vardabasso
et al. 2008). Furthermore, functional activity requires the
p300 acetyltransferase for HPV E2, HTLV-1 Tax and
possibly HIV-1 Tat (Holowaty et al. 2003; Rehtanz et al.
2004; Vardabasso et al. 2008). Cooperative association of
hNAP-1 with p300 appears to affect chromatin remodeling,
but also the acetyltransferase activity of p300 (Asahara
et al. 2002).

Although it is clear that hNAP-1 functions at the level of
nucleosome remodeling in some cases, like for example the
interaction with Tax (Sharma and Nyborg 2008), it is also
evident that this is not its unique mode of action since, for
example, the Rev protein typically moves in and out of the
nucleus to export viral RNAs (Cochrane et al. 2009).
Indeed, hNAP-1 functions also as a chaperone by shuttling
histones into the nucleus. In support of this notion, it was
found that Drosophila dNAPI is present in the nucleus
during S phase and is predominantly cytoplasmic during
G2 phase (Ito et al. 1996). Similar results were reported for
the human variant hNAP-2 (Rodriguez et al. 1997). Fur-
thermore, yeast yNAP-1 acts to mediate the interaction
between H2A/H2B and karyopherin required for the
nuclear import of histones (Mosammaparast et al. 2002).
The presence of a nucleus export signal ensures that yYNAP-
1 is exported once histones are released in the nucleus
(Miyaji-Yamaguchi et al. 2003).

In this work, we addressed the question of where the
functional interaction between hNAP-1 and HIV-1 occur-
red. To this end, we took advantage of the possibility of
visualizing viral transcription and the associated factors by
tagging the HIV-1 genome with the binding sites of the
MS?2 protein as described previously (Boireau et al. 2007;
Molle et al. 2007). However, although the signal marking
the transcription site was clearly evident, no recruitment of
hNAP-1 was observed. This finding suggests that the
functional interaction between Tat and hNAP-1 occurs
elsewhere or is extremely transient at the transcription site.
The latter hypothesis appears unlikely since (1) we were
able to detect several Tat interactors at the HIV-1 tran-
scription site by this method, including Cyclin T1, p300
and CDK9 (Boireau et al. 2007; Molle et al. 2007); (2) this
method, based on tagging nascent RNAs, marks the sites
where active transcription is taking place, where nucleo-
somes are actively remodeled (Marcello et al. 2001b).

FRET analysis shows that the interaction of Tat with
hNAP-1 occurs within the cell but is limited to the nuclear
rim. This information is consistent with a role of hNAP-1
in Tat shuttling similar to what has been proposed for
histones (Park and Luger 2006a). Structural modeling of
the complex between hNAP-1 and HIV-1 Tat suggests that
Tat binds within the same binding site used by histone tails.
Unfortunately, the biological/biochemical information
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available does not provide the necessary tools to construct
a reliable model at the single residue level. However, the
incorporation of restrictions coming from the FRET data
(excluded volume of the ligand, maximum inter fluoro-
phore distance) together with previously biochemical data
(Vardabasso et al. 2008) allow the theoretical method to
furnish a good indication of the binding region of the two
molecules.

Nuclear import of Tat is a non-classical energy-depen-
dent process selectively mediated by importin f (Eft-
hymiadis et al. 1998; Truant and Cullen 1999). This
involves the molecular recognition of the arginine-rich
motif of Tat by importin /5, with no apparent need for the
adapter protein importin o. Subsequently, importin f
interacts with nuclear pore complexes and mediates the
translocation of Tat into the nucleus. We found that the
interaction of hNAP-1 with Tat occurs on the nuclear rim
and involves the same domain also bound by Importin f. It
is possible that hNAP-1 helps Tat interacting with Importin
p for nuclear import. Accordingly, it has been shown that
yeast YNAP1 mediates the interaction between H2A/H2B
and the Kapl14p karyopherin and this interaction is nec-
essary for the nuclear import of histones (Mosammaparast
et al. 2002). In light of these observations, it will be
important to dissect the mechanism of Tat import and
release in the nucleus to provide a better understanding of
the process and possible new targets for antiviral therapy.
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