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a b s t r a c t

Due to its highly conserved zinc fingers and its nucleic acid chaperone properties which are critical for
HIV-1 replication, the nucleocapsid protein (NC) constitutes a major target in AIDS therapy. Different
families of molecules targeting NC zinc fingers and/or inhibiting the binding of NC with its target nucleic
acids have been developed. However, their limited specificity and their cellular toxicity prompted us to
develop a screening assay to target molecules able to inhibit NC chaperone properties, and more
specifically the initial NC-promoted destabilization of the nucleic acid secondary structure. Since this
destabilization is critically dependent on the properly folded fingers, the developed assay is thought to be
highly specific. The assay was based on the use of cTAR DNA, a stem–loop sequence complementary to
the transactivation response element, doubly labelled at its 50 and 30 ends by a rhodamine 6G fluorophore
and a fluorescence quencher, respectively. Addition of NC(12-55), a peptide corresponding to the zinc
finger domain of NC, to this doubly-labelled cTAR, led to a partial melting of the cTAR stem, which
increases the distance between the two labels and thus, restores the rhodamine 6G fluorescence. Thus,
positive hits were detected through the decrease of rhodamine 6G fluorescence. An ‘‘in-house’’ chemical
library of 4800 molecules was screened and five compounds with IC50 values in the micromolar range
have been selected. The hits were shown by mass spectrometry and fluorescence anisotropy titration to
prevent binding of NC(12-55) to cTAR through direct interaction with the NC folded fingers, but without
promoting zinc ejection. These non-zinc ejecting NC binders are a new series of anti-NC molecules that
could be used to rationally design molecules with potential anti-viral activities.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

The nucleocapsid protein of HIV (NCp7) is a small and basic
protein which contains two highly conserved CCHC boxes folded
around two strongly bound zinc atoms [1–3]. NC is critically
involved in both the early and late steps of the HIV-1 cycle, mainly
through its ability to chaperone nucleic acids toward their most
stable conformation [4]. These NC chaperone properties are notably
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essential during reverse transcription to anneal the primer tRNA to
the RNA primer binding site (PBS) and to promote the two oblig-
atory strand transfers (for a review, see [5–9]) which are required
for copying the HIV-1 RNA genome into double-stranded DNA.
Thus, NC appears as an ideal target for the development of new
compounds able to inhibit the HIV-1 replication cycle and
complement the so-called ‘highly active anti-retroviral therapies’
(HAART) based on drugs targeting the viral reverse transcriptase
(RT) and protease (PR). In addition, since NC is highly conserved in
all HIV-1 subtypes [10] anti-NC drugs are expected to provide
a sustained replication inhibition of a large panel of HIV-1 strains
including those which are resistant to anti-RT and anti-PR drugs.

Several strategies have already been developed against NC [11].
The most popular strategy was based on zinc ejectors such as
3-nitrobenzamide (NOBA), disulfide-substituted benzamides
(DIBA) or pyridinioalkanoyl thiolester derivatives (PATE) [12–15].
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Fig. 1. Primary sequences and principle of the assay based on cTAR destabilization by
NC(12–55). (a) Primary sequences of NC(12-55) and cTAR DNA. The NC(12-55)
sequence is from the MAL strain. The cTAR DNA is the cDNA of the TAR RNA sequence
from the HIV-1 MAL strain. (b) Fluorescence spectra of 0.1 mM Rh6G-cTAR-DABCYL in
the absence (solid line) and the presence of 1.1 mM NC(12-55) (dotted line). The
fluorescence increase in the presence of NC(12-55) is due to the increase of the
distance between Rh6G and DABCYL that accompanies the destabilization of the lower
half of cTAR stem (inset). Addition of 1 mM EDTA (dashed line) that removes zinc from
the NC fingers, leads to a complete loss of NC activity. Excitation wavelength was
480 nm. Spectra were corrected for buffer fluorescence.
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These compounds eject the zinc ions from NC and exhibit a broad
anti-viral activity towards laboratory and clinical HIV-1 isolates
[16–18]. Interestingly, these compounds show some virucidal
properties in primate models but their effect on cellular zinc finger
proteins leads to toxicity and poor specificity [19–21]. Alternative
approaches, using small Trp-containing peptides [22–24] RNA
aptamers [25] or gallein-related compounds [26,27] have been
developed to target the interaction of NC with its nucleic acid
targets. However, the efficiency of these approaches in therapeutic
applications has not been demonstrated yet.

In the present manuscript, we developed a new strategy to
select molecules able to inhibit NC nucleic acid chaperone activity.
This activity can be divided into three different components,
binding of NC to the nucleic acid sequence, destabilization of the
nucleic acid secondary structure and promotion of the annealing of
the destabilized complementary sequences [7,8]. Interestingly, the
destabilization step is mediated through the specific binding of the
hydrophobic platform at the top of the properly folded zinc fingers
of NC [28–31]. In this respect, our objective was to develop
a highly specific high throughput screening (HTS) assay to select
compounds able to block the NC(12-55)-mediated destabilization
of the stem–loop structure of cTAR DNA, the complementary
sequence of the transactivation response element, involved in
minus strand DNA transfer during reverse transcription [32–35]. An
‘‘in house’’ chemical library containing 4800 molecules with a large
diversity of structures [36,37] was screened on this assay. Five
positive hits with micromolar range Ki were identified. Electrospray
ionization mass spectroscopy and fluorescence anisotropy titration
data further indicated that the hits prevent the binding of NC(12-55)
to cTAR through direct interaction with the NC folded fingers, but
without promoting zinc ejection.

2. Materials and methods

2.1. Reagents

NC(12-55) (Fig. 1a) and the SSHS NC(12-55) mutant (where all
Cys residues were substituted by Ser residues to prevent zinc
binding) were synthesized and purified as reported [38]. To
determine the peptide concentration, an extinction coefficient of
5700 M�1 cm�1 at 280 nm was used. Peptides were lyophilized and
stored at �20 �C.

Oligonucleotides were synthesized at a 2 mmol scale and HPLC-
purified by IBA GmbH nucleic acid product support supply (Göt-
tingen, Germany). For HTS, we used cTAR (Fig. 1a) labelled at the 50

and 30 terminus by 6-carboxyrhodamine (Rh6G) and 4-(40-dime-
thylaminophenylazo)benzoic acid (DABCYL) referred to as Rh6G-
cTAR-DABCYL while for fluorescence anisotropy experiments,
we used cTAR labelled at the 50 end by 5(and 6)-carboxyfluorescein
(Fl-cTAR). To calculate the cTAR concentration, an extinction coef-
ficient of 521,900 M�1 cm�1 at 260 nm was used [33].

Binding experiments were carried out in 25 mM Tris–HCl (pH 7.5),
30 mM NaCl and 0.2 mM MgCl2 (referred to as binding buffer) [34].

2.2. High throughput screening

HTS was performed with an ‘‘in house’’ chemical library that
contains 4800 molecules with a large diversity of structures such as
heterocyclic molecules, small peptides and amino acid derivatives
[36,37]. The structures of the molecules of the library are in open
access (http://chimiotheque-nationale.enscm.fr). This library is
available in 96-well plates (Costar� 3686) with 80 molecules and 16
empty wells for controls. Each compound was dissolved in DMSO to
a concentration of 10 mM and the plates were stored at �20 �C. For
the screening, each substance from the stock plates was first diluted
to 100 mM in the binding buffer, and then added to 0.1 mM cTAR.
Finally, 1.1 mM NC(12-55) was added to the mixture and plates were
incubated for 15 min at room temperature before reading. The final
volume in each well was 50 ml. Dilution and mixing of all compo-
nents was carried out using a Biomek 2000 workstation (Beckman
Coulter). Control wells contained the same percentage of DMSO as
the wells with the library molecules (1% v/v). The fluorescent
signals were recorded using a microplate reader Victor2 1420
(Wallac Perkin Elmer) with 485 and 535 nm as excitation and
emission wavelengths. On each plate, the controls with labelled
cTAR in the absence and in the presence of NC(12-55) were used to
calculate the value of the NC(12-55)-induced fluorescence increase.
The percentage of inhibition by a given molecule from the library
was calculated in comparison to this value. The hit threshold was
set at 100% inhibition. From the ratios obtained with the controls on
each plate, the Z0 factor, a statistical coefficient reflecting the quality
of the assay [39] was calculated. This coefficient that integrates
a number of parameters such as the signal to noise ratio and data
dispersion was used to accept or reject the data of a given plate. The
stability of the measured fluorescence was tested as a function of
time and no significant change in the fluorescence was observed for
30 min. Confirmation of the primary hits was performed in dupli-
cate at 1 and 10 mM.

http://chimiotheque-nationale.enscm.fr
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2.3. Inhibition and competition experiments

Fluorescence intensity and anisotropy measurements were
performed on a FluoroMax3 and an SLM 48000 spectrofluorometer,
respectively.

Inhibition of NC(12-55)-induced cTAR melting was monitored by
adding increasing concentrations (10�7–10�4 M) of the selected hit to
a mixture of 0.1 mM Rh6G-cTAR-DABCYL and 1.1 mM NC(12-55).
Each hit concentration was tested in triplicate. To check the impor-
tance of the addition order, each hit was either pre-incubated with
the doubly-labelled cTAR for 10 min before addition of NC(12-55) or
incubated with pre-formed NC(12-55)–cTAR complex. To calculate
the IC50 values, the experimental data were fitted using Origin soft-
ware with the equation:

IðCINHÞ ¼ Io þ
If � I0

1þ ðIC50=CINHÞP
(1)

where I0 and If are respectively the initial and final fluorescence,
CINH is the concentration of the inhibitor and P is the Hill coefficient.
To deduce the inhibition constant, Ki, the Cheng and Prussof
equation [40] was used:

Ki ¼
IC50

1þ ½cTAR�=Kd
(2)

with [cTAR] ¼ 100 nM and Kd ¼ 5.9 � 10�6 M [28].
Dissociation constants of the complexes of NC(12-55) with the

inhibitors were obtained from fluorescence anisotropy titrations of
0.1 mM Fl-cTAR by NC(12-55) in the presence and in the absence of
an excess of inhibitors (30 mM). In a first approach, the titration
curves were fitted with:

r ¼ r0 �
ðr0 � rtÞKdapp

2nN

��
1þ ðnN þ PÞ=Kdapp

�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

1þ ðnN þ PÞ=Kdapp

�2
�4nPN=K2

dapp

r �
(3)

where r and rt are the fluorescence anisotropy at a given and
a saturating protein concentration, respectively, r0 is the anisotropy
in the absence of NC, N is the total oligonucleotide concentration, P
is the total concentration of the protein and n is the number of
NC(12-55)-binding sites [41]. In the absence of inhibitor, Kdapp is
equal to the dissociation constant Kd of the complex of NC(12-55)
with cTAR. In the presence of inhibitor, Kdapp is equal to (1 þ CINH/
Kd0)�Kd, where CINH is the inhibitor concentration and Kd0 is the
dissociation constant of the NC(12-55)/inhibitor complex. Alter-
natively, the titration curves were fitted assuming a competitive
binding of the peptide to inhibitor and Fl-cTAR using the Dynafit
software [42] that allows numerical simulation of equilibrium
systems.
2.4. Electrospray ionization mass spectrometry

Mass analyses were performed using an ESI-TOF mass spec-
trometer (LCT, Micromass, Manchester, UK) calibrated with horse
heart myoglobin (Sigma Aldrich). Samples were continuously
infused into the ESI ion source at a flow rate of 6ml/min. Both gas
and source temperatures were set at 80 �C. ESI-mass spectra were
deconvoluted using the MaxEnt3 algorithm provided by the Mas-
sLynx software.

Purity and homogeneity of NC(12-55) were verified by mass
analysis in denaturing conditions. The protein was diluted to
5 pmol/mL in a 1:1 water–acetonitrile mixture (v/v) acidified with 1%
formic acid. In these conditions the non-covalent interactions are
suppressed, which allows the measurement of the molecular weight
of the apo form of NC (zinc-free protein) with good precision (better
than 0.01%). Mass spectra were recorded in the positive ion mode on
the mass range 200–3000 m/z. Accelerating voltage was set to 25 V
and the pressure in the interface region of the mass spectrometer
was 1.4 mbar. In this condition, a mass of 5009.6 � 0.1 Da was
measured, which is in agreement with the theoretical molecular
mass of 5009.8 obtained from the amino acid sequence [38].

For analysis in non-denaturing conditions, NC(12-55) was
directly infused in ammonium acetate (AcNH4) 50 mM, pH 7.0,
which enables native structure of proteins to be preserved and is
compatible with ESI-MS analysis [43]. Samples were diluted to
20 pmol/mL in the previous buffer and continuously infused into the
ESI ion source at a flow rate of 5 mL/min.

Interaction of NC(12-55) with hits was performed by adding 5
and 10 time equivalents of the hits (CO7, HO2, A10, EO3, HO4 and
GO8) to a 20 mM NC(12-55) solution diluted in ammonium acetate
50 mM pH 7.0, followed by 30 min incubation at room temperature.
Great care was exercised so that the non-covalent interactions
would survive the ionization/desorption process. To prevent
dissociation in the gas phase during the ionization and desorption
process, the cone voltage was optimized to 5–10 V and the pressure
in the interface region was optimized to 5 mbar. Pressure and Vc are
parameters controlling the energy given to ions in the interface of
the mass spectrometer and must be optimized in each case. Mass
data were acquired in the positive ion mode on a mass range of
500–3000 m/z. The relative abundance of the different species
present on the ESI mass spectra was measured from their respec-
tive peak intensities, assuming that the relative intensities dis-
played by the different species faithfully reflect their actual
distribution in solution [44]. The reproducibility of the determi-
nation of the relative proportions of the different species was
estimated to be �2–3%.

3. Results

3.1. Rational design of the screening assay

The assay was based on the use of cTAR (Fig. 1a) labelled at its 50

and 30 ends by a Rh6G fluorophore and a DABCYL fluorescence
quencher, respectively. The NC(12-55) peptide, that corresponds to
the finger domain of NC, was preferred to the native NC since it
preserves the nucleic acid binding and chaperone properties of the
native NC [28,45] but does not aggregate the oligonucleotides [46].
In the absence of NC(12-55), the proximity of cTAR ends induces
a strong fluorescence quenching of Rh6G by the DABCYL group
(Fig. 1b, solid line) [47,48]. Due to its destabilizing activity, NC(12-
55) melts the lower half of the cTAR stem, increasing the distance
between the two dyes and thus, eliciting an approximately six- to
seven-fold increase of Rh6G fluorescence (dots). Addition of 1 mM
of EDTA, a chelator of divalent ions that fully depletes zinc from NC
[2], leads to the restoration of the low initial fluorescence of the
doubly-labelled cTAR (dashed line). As a consequence, a positive hit
able to inhibit the NC destabilizing activity will be detected in this
assay through the partial or total reversal of the NC(12-55)-induced
increase of Rh6G fluorescence. This assay is simple, being based on
a one-step mixture of only two partners. Moreover, it is highly
sensitive (leading to up to seven-fold decrease in Rh6G fluores-
cence) and the changes in fluorescence intensities can be read with
a basic fluorescence plate reader.

3.2. High throughput screening results

A library of 4800 substances representing a large range of
structures with potential pharmacologic activities [36,37] was
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screened on the aforementioned assay. Using a hit threshold of
100% inhibition at 10 mM, five positives were identified (Table 1).
The quality of the assay was validated by the average value of 0.854
for the Z0 factor [39]. None of these hits was found to affect the
fluorescence of the doubly-labelled Rh6G-cTAR-DABCYL or the
singly-labelled Rh6G-cTAR (data not shown), indicating that they
do not correspond to false positives that quench the Rh6G fluo-
rescence. The A10, EO3 and HO4 compounds exhibit a catechol-like
moiety with a polar group in the fourth position. CO7 is a pyr-
idazone with an apolar phenyl group. HO2 consists of two phenyl
rings connected by a hydrazone spacer.

To compare the inhibitory potency of the selected hits, we
determined their inhibition constant Ki (Fig. 2). To this end, cTAR
was incubated with various hit concentrations under the same
experimental conditions as for the screening, prior to the addition
of NC(12-55). By plotting the percentage of fluorescence decrease of
Rh6G-cTAR-DABCYL as a function of the hit concentration, it was
possible to calculate the Ki value of each molecule. All five hits show
Ki values in the micromolar range. It should be pointed out that, for
this calculation, all the compounds were freshly dissolved in DMSO.

To explore whether the inhibition of the nucleic acid destabili-
zation properties of NC(12-55) was dependent on the order of the
addition of the reagents, two different protocols were compared. In
one case, the hits were pre-incubated with cTAR for 10 min prior to
Table 1
Structure and Ki values of the positive hits.

Ref. Structure MW Ki

CO7

N NH

O

OH

202.07 8

HO2

COOH

N

HN
268.32 1

A10

OH

OH
N

S

H2N

HCl

208.24 1

EO3

O

OH

HOOC

S

226.20 10

HO4

OH

OH

-O

O

Na+
190.02 1

For HTS, doubly-labelled cTAR was pre-incubated with each compound before addition
the addition of NC(12-55) (Fig. 3, solid line). In the second case, the
hits were added to the pre-formed NC(12-55)-Rh6G-cTAR-DABCYL
complex (Fig. 3, dotted line). With both protocols, the signal was
monitored after 15 min. As depicted with CO7 taken as an example,
similar inhibition curves were obtained irrespective of the addition
order (Fig. 3).

In a next step, we examined the chemical library to find out
related compounds and get a preliminary structure activity rela-
tionship study. In the case of the thiazolylpyrocatechol (A10),
alkylation of the thiazol part induces a complete loss of inhibition,
while replacement of the catechol by a phenyl or a fluorophenyl
causes a two-fold increase of the Ki value. For the hydroxymethyl
phenyl-pyridazone (CO7), addition of aminoethylmorpholine or
alkylation of the hydroxyl by a b-phenylethyl group results in
a strong decrease of the inhibition activity (data not shown).

3.3. Binding of the hits to NC(12-55)

To determine the mechanism of NC(12-55) inhibition, electro-
spray ionization mass spectrometry (ESI-MS) was performed. Using
appropriate non-denaturing conditions and carefully controlled
instrumental optimization, electrospray ionization (ESI) is able to
transfer non-covalent complexes into the gas phase of the mass
spectrometer without dissociation [49].
(mM)

.5 � 0.9 4-(Hydroxymethyl)-6-phenyl-2,3-dihydropyridazin-3-one

3 � 1.0 2-{2-[1-(2-Phenylhydrazin-1- ylidene)ethyl]phenyl}acetic acid

1 � 1.0 4-(2-Amino-1,3-thiazol-4-yl) benzene-1,2-diol

.5 � 0.9 3-(4-Hydroxy-3-methoxyphenyl)-2- sulfanylidenepropanoic acid

5 � 1.0 2-(3,4-Dihydroxyphenyl)acetic acid

of NC(12-55).
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Purity and homogeneity of NC(12-55) was first checked by ESI-
MS analysis in denaturing conditions (Fig. 4a). The measured
molecular mass of 5009.6 � 0.1 Da was fully consistent with the
theoretical mass of the apo-protein (5009.8 Da) deduced from the
amino acid sequence. Under non-denaturing conditions, in
ammonium acetate 50 mM, pH 6.8 (Fig. 4b), a molecular weight of
5137.4 � 0.2 Da was measured, which corresponds to the mass of
NC(12-55) bound to two zinc ions. At the low accelerating voltages
(5–10 V) used in this study, additional TFA adducts (labelled with *)
resulting from incomplete ion desolvation are also observed.

Next, using the same conditions, ESI-MS was performed on
mixtures of 20 mM NC(12-55) with a five-fold molar excess of the
hits. With CO7 (Fig. 4c), the main species detected (w80%) was the
zinc bound NC(12-55), but an additional compound (w20%) with
a molecular weight of 5340.2 � 0.7 Da corresponding to a 1:1
NC(12-55):CO7 non-covalent complex appeared. Raising the
concentration of CO7 to 200 mM increased the relative ratio of the
NC(12-55):CO7 complexes to w 30% and a peak corresponding to
a complex of NC(12-55) with two CO7 appeared (data not shown).
Interestingly, no peak with the molecular mass of the apo-protein
or its complex with CO7 was observed, indicating that CO7 does not
eject zinc.

A direct interaction between NC(12-55) and HO2 was also evi-
denced from the formation of a 1:1 complex with a measured mass
of 5405.2 � 0.1 Da (Fig. 4d). This complex corresponds approxi-
mately to 16% of the species detected on the ESI mass spectrum.
Again, raising the HO2 concentration to 200 mM increased the
amount of NCp7:HO2 complex to w23% and led to a new peak
%
 
o

f
 
i
n

h
i
b

i
t
i
o

n

log[C07]

-7.0 -6.5 -6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0

0.0

0.2

0.4

0.6

0.8

1.0

Fig. 3. Effect on the pre-incubation protocol on the CO7 inhibition activity. Rh6G-
cTAR-DABCYL was pre-incubated with increasing concentrations of CO7 in the binding
buffer for 10 min followed by addition of NC(12-55) (solid line). Alternatively, cTAR and
NC(12-55) were pre-incubated prior to the addition of CO7 (dotted line). Ki values
deduced from both curves are 8.5 mM and 12 mM, respectively.
corresponding to the binding of two HO2 molecules per NC(12-55).
Similar conclusions were obtained with EO3 (data not shown). In
the case of HO4, a more limited interaction was observed since the
NC(12-55):HO4 complex represented only about 5% at 200 mM of
the hit (data not shown).

Interestingly, no binding with NC(12-55) was observed using
A10 (Fig. 4e), suggesting that this compound binds with only a low
affinity or that its complex with the peptide is dissociated in the gas
phase. Alternatively, A10 may bind to cTAR or the complex of
NC(12-55) with cTAR. Moreover, it should be pointed out that the
electrostatic contribution of the interaction may not be critical in
the binding process since experiments performed at 25 mM and
100 mM ammonium acetate gave similar relative ratios of NC/hit
complex to free NC (data not shown). Thus, ESI-MS analysis under
non-denaturing conditions shows that all the hits with the excep-
tion of A10 bind to NC(12-55), forming 1:1 and 1:2 complexes.
Since the last complex only appears at the highest tested concen-
tration of the hits, the second binding site is likely of lower affinity
than the first one. Importantly, none of the hits seems to induce
zinc ejection.
3.4. Competition of the hits with cTAR for binding to NC(12-55)

To determine whether the inhibitory activity of the hits on
NC(12-55)-induced cTAR destabilization result from an inhibition
of NC(12-55) binding to cTAR, we performed fluorescence anisot-
ropy titrations using fluorescein-labelled cTAR (Fl-cTAR). In the
absence of hits, addition of increasing NC(12-55) concentrations
leads to a large increase of the fluorescence anisotropy of Fl-cTAR
(from 0.06 to 0.18), due to the mass increase of cTAR when it was
fully coated with peptides (Fig. 5, squares). Assuming a binding
stoichiometry of eight peptides per cTAR, the fit of the titration
curve with Eq. (3) gives a dissociation binding constant Kd ¼ 6 �
10�6 M, in excellent agreement with the literature [28].

In the presence of 30 mM CO7 or HO2, the titration curves were
strongly shifted to high NC(12-55) concentrations, the strongest
effect being seen with the most potent CO7 inhibitor. Using the
above mentioned Kd for NC(12-55)/cTAR and assuming that the hits
compete with cTAR for the binding to NC(12-55), we could calculate
the dissociation constant Kd0 of the protein–inhibitor complexes,
using a numerical simulation method [42] or from the apparent
binding constants of NC(12-55) to cTAR in the presence of an excess
of inhibitor (Eq. (3)). With both methods, the obtained Kd0 values
(7.7 � 10�6 M for CO7 and 1.7 � 10�5 M for HO2) were close to the
corresponding Ki values calculated from cTAR melting inhibition
experiments (Table 1), indicating that the inhibitory activity of
these compounds appears to be related to their ability to block the
binding sites of NC(12-55) for cTAR. In contrast, the hits were
unable to inhibit the binding of the fingerless SSHS NC(12-55)
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mutant to cTAR (data not shown), suggesting that the hits bind
specifically to the zinc finger domain of NC.

4. Discussion

The central role of the nucleocapsid protein during the repli-
cation cycle and the inability of the virus to escape from mutations
that affect the proper folding of its zinc finger domain explain the
sustained effort to develop small inhibitors directed toward this
protein. In this work, we screened an ‘in house’ library using
a specific in vitro assay based on NC zinc finger-mediated cTAR
destabilization. The developed assay was simple, being based on
a one-step mixture, highly sensitive, due to the six- to seven-fold
change in fluorescence that resulted from the inhibition of the NC
destabilizing activity and highly reproducible, due to the stability of
the partners as a function of time. Moreover, this assay appeared
more selective than the previously developed assay based on the
inhibition of NC binding to a TG-rich oligonucleotide, since it selects
compounds inhibiting an NC property directly involved in reverse
transcription [27].

Five positive hits with Ki values in the micromolar range were
selected in this screening. Using the ESI-MS technique in non-
denaturing conditions, which has been shown to be appropriate to
characterize non-covalent complexes with proteins [50–56],
including NCp7 [57–60], we found that four out of the five hits can
form a stable complex with NC(12-55). Interestingly, none of these
compounds was able to eject zinc, in sharp contrast with DIBAs,
PATEs, N-ethylmaleimide (NEM) and SAMTs [61]. Moreover, since
the inhibitory property of the hits was not modified in the presence
of an excess of free zinc (data not shown), we further concluded
that the hits do not interact with the zinc bound to NC(12-55). The
lack of zinc ejection by our compounds should avoid the targeting
of cellular zinc binding proteins, which caused the toxicity of most
anti-NCs based on zinc ejectors.

Non-zinc ejecting NC binders have already been identified in
previous screenings [26,27,62]. These active compounds belong to
the family of the gallein derivatives and contain a xanthenyl ring
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substituted with two hydroxyl groups. Interestingly, two hydroxyl
groups are also present in A10, EO3 and HO4, as well as in CO7,
taking into account the keto-enol equilibrium of the carbonyl group
in the pyridazin ring. By analogy to the gallein derivatives [27],
these hydroxyl groups likely play a critical role, since alkylation of
one hydroxyl group of CO7 strongly reduces its ability to bind and
inhibit NC(12-55). Noticeably, the two hydroxyls are significantly
closer in our hits than in the gallein derivatives, being separated
only by two or three carbons, while five atoms separated the
hydroxyl groups in the gallein derivatives. As a consequence, these
hydroxyl groups may not bind to the same NC residues.

Moreover, the hits of our study also differ from the gallein
derivatives, by their ability to inhibit NC(12-55) even when the
protein is already bound to cTAR. Indeed, the gallein derivatives
exhibit an inhibitory effect against free NC only and cannot
compete for NC binding with DNAs [26]. In contrast, both the
independence of the inhibitory activity of our hits on the addition
order of the compounds (Fig. 3) and the NC(12-55)/cTAR binding
experiments in the presence of the hits (Fig. 5) strongly suggested
that our hits compete with cTAR for binding to NC(12-55). Thus, the
gallein derivatives and our hits may have different binding sites on
the NC zinc fingers and thus, differ in their inhibition mechanism.

In conclusion, molecules inhibiting the nucleic acid destabilizing
activity of NC(12-55) in the micromolar range were identified. Their
inhibitory activity was related to their ability to compete with the
nucleic acids for binding to NC zinc fingers. Efforts are currently
underway to further characterize their binding site on NC through
NMR studies, a critical step to rationally design new compounds
with lower Ki values that will be tested for their anti-viral activities.
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