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The nucleoprotein (NP) binds the viral RNA genome as oligomers assembled with the polymerase in a ribonucleoprotein
complex required for transcription and replication of influenza A virus (IAV). Novel antiviral candidates targeting the
nucleoprotein either induced higher order oligomers or reduced NP oligomerization by targeting the oligomerization loop
and blocking its insertion into adjacent nucleoprotein subunit. In this study, we used a different structure-based approach
to stabilize monomers of the nucleoprotein by drugs binding in its RNA-binding groove. We recently identified naproxen
as a drug competing with RNA binding to NP with antiinflammatory and antiviral effects against influenza A virus.
Here, we designed novel derivatives of naproxen by fragment extension for improved binding to NP. Molecular dynam-
ics simulations suggested that among these derivatives, naproxen A and CO were most promising. Their chemical synthe-
sis is described. Both derivatives markedly stabilized NP monomer against thermal denaturation. Naproxen CO bound
tighter to NP than naproxen at a binding site predicted by MD simulations and shown by competition experiments using
wt NP or single-point mutants as determined by surface plasmon resonance. MD simulations suggested that impeded
oligomerization and stabilization of monomeric NP is likely to be achieved by drugs binding in the RNA grove and
inducing close to their binding site conformational changes of key residues hosting the oligomerization loop as observed
for the naproxen derivatives. Naproxen CO is a potential antiviral candidate blocking influenza nucleoprotein function.
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1. Introduction

Protein self-assembly and homo-oligomerization modu-
late many biological functions associated with gene
expression. This is particularly true in a context of host—
virus interactions. For example, catalytically active
monomers of a human DNA-editing enzyme slowly oli-
gomerize on the viral HIV genome and inhibit HIV
reverse transcription (Chaurasiya et al., 2014). Nucleo-
proteins of negative-strand RNA viruses self-assembled
on viral RNA to form highly stable nucleocapsids
(Ruigrok, Crepin, & Kolakofsky, 2011). Moreover, viral
genomes are the only RNAs in infected cells that are
assembled with NP. It is therefore thought that NPs must
also exist in an autoinhibited form to avoid RNA binding
or oligomerization in the wrong biological context. This
can occur by intra- rather than intermolecular binding of
the flexible arms [e.g. La Crosse Orthobunyavirus
(Reguera, Malet, Weber, & Cusack, 2013)], influenza

(Chenavas et al., 2013), or chaperoning by another viral
or cellular protein [e.g. the rabies phosphoprotein
(Mavrakis et al., 2006)].

The nucleoprotein (NP) is a highly abundant protein
during influenza A virus (IAV) infection. NP covers the
segments of genomic RNA and assembles with the three
polymerase subunits in a ribonucleoprotein complex
(RNP). NP binds to single-stranded RNA; each strand of
NP-RNA oligomers are engaged in a double-helical
structure (Arranz et al., 2012; Moeller, Kirchdoerfer,
Potter, Carragher, & Wilson, 2012), suggesting an impor-
tant role of NP in the maintenance of this structure
requested for function (Chan et al., 2010; Elton,
Medcalf, Bishop, & Digard, 1999; Mena et al., 1999;
Ng, Wang, & Shaw, 2009; Ng et al., 2008; Ye, Krug, &
Tao, 2006). NP is a highly conserved protein (>90%
amino acids sequence identity) among the different
viral strains of influenza A virus and has no cellular
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counterpart. Therefore, the nucleoprotein constitutes a
good candidate for inhibition by antiviral compounds
(Chenavas, Crepin, Delmas, Ruigrok, & Slama-Schwok,
2013). Recent studies have highlighted the interest of tar-
geting proteins within the viral particle as the nucleopro-
tein NP and the RNP (Ruigrok et al., 2011), for which a
low probability of resistance has been reported in some
cases (Lejal et al., 2013; Shih et al., 2010). In contrast,
resistance to some presently used antivirals emerged in
circulating resistant strains of influenza A virus (Butler,
Hooper, Petrie, Lee, & Maurer-Stroh, 2014).

At present, our structural insight on the nucleoprotein
comes from RNA-free NP forming wt trimeric and
mutant monomeric structures. The trimer is stabilized by
a swapping loop protruding from one monomer to its
neighbour (Das, Aramini, Ma, Krug, & Arnold, 2010;
Krug & Aramini, 2009; Ng et al., 2008; Ye et al., 2006).
The swapping loop was considered to be a good target
for the design of new NP inhibitors that reduced NP
oligomerization (Ng et al., 2008; Shen et al., 2011; Ye
et al., 2006). Competing with viral RNA binding to NP con-
stitutes another strategy to develop novel inhibitors of NP.

We recently identified by in silico screening that
naproxen is both a known generic drug inhibiting the
inducible cyclooxygenase and also an antiviral candidate
(Lejal et al., 2013). Naproxen competed with RNA for
binding to NP (Lejal et al., 2013; Slama Schwok, Delmas,
Quideau, Bertrand, & Tarus, 2012); surface plasmon reso-
nance supported the binding site of naproxen defined by
MD simulations. Naproxen protected Madin Darby canine
kidney (MDCK) cells against a viral challenge with HIN1
and H3N7 strains of influenza A virus, with IC50 values
of ca 10 uM. In addition, we could not detect resistant
virus to naproxen treatment throughout eight cell passages,
whereas tamiflu-resistant virus were generated after four
passages. Naproxen had antiviral effects in a mice model
and reduced lung bleeding (Lejal et al., 2013).

In the present work, we used a fragment-based
approach to extend the lead compound naproxen for
improved affinity towards the nucleoprotein. This study
was guided by a structure-based design and MD simula-
tions. Molecular dynamics is a powerful method to
investigate structural and dynamical properties of macro-
molecules in atomic details, and used to predict many
functional aspects associated with protein dynamics as
drug resistance and drug binding (Lopez-Martinez,
Ramirez-Salinas, Correa-Basurto, & Barron, 2013;
Purohit, 2014; Purohit, Rajendran, & Sethumadhavan,
2011a, 2011b; Rajendran, Purohit, & Sethumadhavan,
2012; Rajendran & Sethumadhavan, 2014; Wang et al.,
2011). MD simulations are well suited to address protein
flexibility, in particular of NP flexibility (Tarus, Cheva-
lier, et al., 2012). In this work, two naproxen derivatives
were synthesized and tested for their binding and
inhibition of NP oligomerization. The novel naproxen

derivatives stabilized the monomeric form of the NP pro-
tein, likely by providing assistance to folding, in particu-
lar of the C-terminal and of flexible loops. This led to
inhibition of NP oligomerization in the presence of
RNA, a process required for RNP function.

2. Results

2.1. Fragment-based design of novel naproxen
derivatives and their binding to NP

To improve recognition of the nucleoprotein, we gener-
ated novel naproxen derivatives by fragment extension
from the lead naproxen compound (Lejal et al., 2013)
using a structure-based approach derived from the struc-
ture of one NP subunit (subunit A) within NP trimer
(PDB 2IQH (Ye et al., 2006)). Naproxen bound at a site
located in the putative RNA-binding groove of the nucle-
oprotein. This site comprised Y148, a residue with pro-
posed interactions with viral RNA nucleobases (Ye et al.,
2006), that may constitute a binding platform for a NP
inhibitor; Y148 was surrounded by basic residues R361,
R355 and R152 (Figure 1(A)). To target additional
charged residues from the other face of Y148, potentially
R152 and/or nearby R150, the carboxylate moiety of
naproxen that recognized R361 was extended (Supple-
mentary Figure 1). We also investigated extension of the
methyl moiety of the methoxy group CH;0O of naproxen
by various short aliphatic groups either polar: naproxen
Cl1: CH;-CH,NH,, naproxen C2: CH3CONH, or non-
polar: naproxen C3: CH,CH; for increased hydrophobic
interactions, but these derivatives were unsuccessful
according to MD simulations (see Section 8). The most
successful derivatives according to the calculation of their
interaction energies with NP (Supplementary Figure 1)
were naproxen A and naproxen CO deriving from
naproxen by an additional carboxylate substituent, either
aliphatic or aromatic, as compared with a single carboxyl-
ate moiety in naproxen (Figure 1). Naproxen A and CO
were designed to keep the same stacking interactions with
the aromatic residues Y148 and F489 (not shown) as
naproxen did. At the end of 10 ns dynamics, one carbox-
ylate of naproxen A and CO bound to R355. In the
naproxen complex, a strong -electrostatic interaction
between R361 and naproxen carboxylic group, and a cat-
ion — m aromatic ring interaction between the guanidium
groups of R355 and naproxen were observed (Lejal et al.,
2013). The additional carboxylate of the naproxen CO
derivative targeted R152 and made transient interactions
with R150. In all three compounds (naproxen, naproxen
A and CO0), the oxygen of the methoxy moiety formed a
hydrogen bond with Q149, while the methyl group was
in hydrophobic interaction with F489 (not shown).

We expected that naproxen A and CO would stabilize
monomers of NP and consequently destabilize NP-RNA
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Figure 1. Structures of naproxen and two of its derivatives bound to nucleoprotein (NP) of influenza A virus. (A) After 10 ns of
MD, naproxen converged to a conformation that involves the naphthalene ring in hydrophobic interaction with Y148 and cation—z
interaction with R355, while the naproxen carboxylate made a salt bridge with R361 and the methoxy oxygen atom made a hydrogen
bond with Q149. (B) The interactions made by the naphthalene ring and methoxy group of naproxen with NP were conserved in the
naproxen A derivative. The two carboxylate groups of naproxen A were involved in salt bridges with R152 and R355, respectively.
(C) As previously noted, the naphthalene ring and the methoxy of naproxen CO derivative conserved their interactions with NP. The
salt bridges with R152 and R355 were stabilized by the 1,3-dicarboxylated phenyl group of naproxen CO.

oligomers required for NP function. We tested these
hypotheses by a combination of MD simulations and
experimental studies using wt and mutants NP.

An intrinsic property of NP is its flexibility associ-
ated with three flexible regions in NP monomer: the
basic loop 1 and loop 2 on one face of the protein, and
the oligomerization loop 3 on the other face of the pro-
tein (swapping domain), highlighted by MD simulations;
the role of these flexible loops in promoting RNA bind-
ing and oligomerization was suggested from experimen-
tal studies (Tarus, Chevalier, et al., 2012). To test
whether binding of naproxen and its derivatives altered
the flexibility of NP, root mean-square fluctuations
(rmsf) of the free NP and the ligand-bound protein were
calculated. Naproxen A and CO binding decreased the

flexibility of loop 2, shown by its rmsf decrease in
Figure 2. Such a decrease was observed by mutation of
the R361 residue and is consistent with naproxen A and
CO0 binding site being located in the RNA binding
groove (Tarus, Chevalier, et al., 2012). In addition, the
fluctuations of a C-terminal region (residues 428-438 of
the linker between helices al9 and 020, called Cy) were
markedly reduced by the binding of the naproxen deriva-
tives without significantly affecting the flexibility of the
oligomerization loop (swapping domain aa 402-428).
This Cf linker may also participate in oligomer formation
based on experimental data and our comparison of the
fluctuation of NP monomer and trimer by MD simula-
tions (Tarus, Chevalier, et al., 2012). The reduced flexi-
bilities of loops 1 and 2 and of C, (Figure 2) suggest
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Figure 2. Root mean-square fluctuations (rmsf) of the complexes of NP with naproxen and its derivatives. RMSF show that the
positions of flexible domains defined in the free NP are preserved. The flexibility of the loops 1 and 2 are lowered by the interaction
with the naproxen and its derivatives. The fluctuations of the oligomerization loop (loop 3) are similar for the free NP and the NP —
bound naproxen CO (red and green curves in B, respectively). Observable decreases of the fluctuations of NP-naproxen and NP-
naproxen CO derivative are seen in the C-terminal domain compared to free NP (blue and green curves of Cr (residues 429-436) in A
and B, respectively compared to free NP shown in red in A and B).
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that RNA binding and further RNA-induced oligomeriza-
tion could be impeded by naproxen and its derivatives.
To give experimental support to the hypothesis that
the naproxen CO and A derivatives stabilize monomeric
NP, we expressed wt NP and Y148A, RI52A and
R361A mutants. Binding of the naproxen CO and A
derivatives to these proteins and their subsequent thermal
stabilization were tested by melting temperature and sur-
face plasmon resonance experiments. The chemical syn-
thesis of these derivatives is described below.

2.2. Synthesis of the naproxen derivatives
2.2.1.

Naproxen A (3) was synthesized in three steps as
depicted in Scheme 1. Commercially available 2-bromo-
6-methoxynaphthalene (1) was first submitted to a halo-
gen/metal exchange using n-BuLi in anhydrous tetrahy-
drofuran (THF) and the resulting lithiated intermediate
was then directly formylated by adding dimethylformam-
ide (DMF) into the reaction mixture to furnish 6-meth-
oxy-2-naphthaldehyde (2) in 90% yield (Matsunaga
et al., 2004). This aldehyde was then reacted with two
equivalents of ethyl acetoacetate in ethanol (EtOH) in
the presence of a catalytic amount of piperidine (Sharma
& Ray, 2008), (Sulyok et al., 2001). This Knoevenagel
condensation/Michael addition reaction sequence gave
the expected bis(ethyl acetoacetate) intermediate, which
was hydrolysed and decarboxylated using aqueous potas-
sium hydroxide (KOH) in refluxing EtOH (Sharma &
Ray, 2008), (Sulyok et al., 2001) to furnish the desired

Synthesis of naproxen A

MeO 53% MeO
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Scheme 1.
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3-naphthylglutaric acid derivative 3, i.e. naproxen A, in
64% yield from 2 (Scheme 1, see the supporting
information for details).

2.2.2. Synthesis of naproxen C0

Naproxen CO (9) was synthesized in four steps starting
from commercially available bromo-m-xylene (4), as
shown in Scheme 1. Oxidation of the two methyl substit-
uents of 4 using potassium permanganate (KMnOy) in a
refluxing 1:1 tertio-butanol (--BuOH)/H,O solvent mix-
ture led to the known isophtalic acid derivative S
(Courchay, Sworen, Ghiviriga, Abboud, & Wagener,
2006), which was esterified with methanol (MeOH) in
the presence of concentrated H,SO,4. The resulting 2-bro-
moisophthalate 6 was then coupled with commercially
available 6-methoxy-2-naphthaleneboronic acid (7) under
Suzuki conditions (Harvey, Dai, Ran, & Penning, 2004)
to afford the 2-naphthylisophthalate derivative 8 in 58%
yield. Naproxen CO (9) was finally obtained in high
yield by saponification of 8 using aqueous lithium
hydroxide (LiOH) in refluxing THF (Scheme 1, see the
supporting information for details).

2.3. Experimental Binding of Naproxen C0 and A to
NP

2.3.1. Naproxen A and CO stabilized NP against
thermal denaturation

As suggested by MD simulations, we expected that
naproxen and its derivatives binding to NP could

HO,C

OO e

3: naproxen A

64% over
2 steps

68%

Br
" MeOEC@COZMe
—_— .

. OO
COsMe —————
2\e MeO

6
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COzH

9: naproxen C0O

Chemical synthesis of naproxens A (3) and CO (9). Reagents and conditions: (i) n-BuLi (1.1 equiv.), anhydrous THF,

=78 °C, 30 min, then DMF (2.1 equiv.), =78 °C to rt; (ii) Ethyl acetoacetate (2.0 equiv.), EtOH, cat. piperidine, 0 °C to rt, 3 days
(70%); (iii) ag. KOH (32 equiv., 24 M), EtOH, reflux, 3.5 h (92%); (iv) KMnOy4 (2.0 equiv.), -BuOH/H,0O (1:1), reflux, 4 h, then
KMnOy (2.0 equiv.), reflux, 16 h; (v) MeOH, conc. H,SOy, reflux, 16 h; (vi) 6 (0.9 equiv.), Pd(PPh3), (0.03 equiv.), aq. K,CO3 (2.0
equiv.), 1,4-dioxane, reflux, 2 h; (vii) aq. LiOH (10.0 equiv.), THF, reflux, 17 h.
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Figure 3.

Comparison of the apparent Tm of NP (5 pM) alone and NP complexes with naproxen, naproxen C0O and A. The melting

curves were obtained by monitoring the mean diameter as a function of temperature (inset, Figure 3A). The first derivatives of the
melting curves are shown in the presence of: A: 1/1 ligand /NP ratio compared to NP alone (black), green: NP + naproxen, blue:
NP + naproxen CO, red NP + naproxen A; B: 3/1 NP ratio, same colour as in A. C: comparison of the stabilization of NP quantified
by the difference in Tm value of NP + ligand compared to free NP alone as a function of the ratio ligand over NP (Dose response),
green: naproxen, blue: naproxen C0. The dotted lines correspond to fits of the data to a simple dose response curve.

stabilize NP monomer against thermal denaturation as a
result from tight NP-ligand associations. Melting curves
were obtained by monitoring the mean size of free NP
and NP-ligand complexes as a function of temperature
by dynamic light scattering (DLS) (Figure 3(A), insert).
The first derivative of the melting curve was taken as the
apparent melting temperature, Tm, being Tm =40 £ 1 °C
for free NP monomer. The Tm was significantly raised
by 5-6 °C by adding 5 uM of the naproxen CO and A
derivatives, but only very slightly by 5 pM naproxen,
Tm=46+1°C, 45+1°C and 41 £1 °C, respectively.
Addition of ligands in excess relative to NP
further increased the apparent Tm up to a plateau
(Figure 3(B), (C)).

Figure 3(B) shows that the derivatives were more
effective in stabilizing NP than naproxen itself.
Naproxen A in excess with respect to NP had an unex-
pected effect, inducing some aggregation already at low
temperatures and presenting a very high apparent melting
temperature. The dose response of the apparent Tm as a
function of the concentration of naproxen CO suggests
that this derivative formed with NP not only a 1/1 com-
plex as expected and observed in (below) surface plas-
mon resonance (SPR) experiments but also an additional
complex was obtained at a different stoichiometry, likely
2-3 ligands per NP. A similar behaviour was observed
for naproxen, in agreement with previous results (Lejal
et al., 2013).
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Figure 4. Comparison of the binding of naproxen CO and A
derivatives (100 nM) in competition with RNA binding to NP
analysed by SPR.

The RNA fragment was attached by its 5' biotin end to sur-
face-bound streptavidin. The maximum RU (RU,,,,) and RU
are the signals observed with NP in the absence and presence
of naproxen derivatives, respectively. Data are the means of the
results of three experiments that could be fitted (blue dashed
line) by a simple dose-response isotherm (1/1 complex) for
naproxen CO, yielding IC50 = 0.32 £ 0.09 uM. The lines con-
necting between the points of the naproxen A curve are only
guidelines for the eye.

2.3.2.  Affinity of naproxen derivatives for NP
determined by SPR experiments

Naproxen and its derivatives were designed to compete
with RNA for binding to NP (1/1 complex). Experimen-
tally, this competition can be observed by SPR using
immobilized RNA on the sensor surface and adding NP
to form the NP-RNA complex in the absence or pres-
ence of naproxen derivatives. Naproxen competing with
RNA on NP was deduced from the decrease of the NP—
RNA complex formed upon co-addition of naproxen
with NP on immobilized RNA. SPR signals are propor-
tional to the molecular weight of the added analytes and
the respective molecular weights of NP and naproxen are
57 kDa and 252 Da. Therefore, only indirect competition
experiment in which NP binds to a surface-bound RNA

in the presence or absence of naproxen derivatives can
yield a good signal-to-noise ratio. The Kp values for NP
trimer and monomer binding to RNA were 14 and 40
nM, respectively (Chan et al., 2010; Ng et al., 2008;
Tarus, Bakowiez, et al., 2012; Ye et al., 2006). Addition
of increasing concentrations of naproxen CO to NP
decreased the signal due to the NP-RNA complex. A
plateau was obtained at 50% inhibition and the IC50
value of this inhibition by naproxen CO was 320 + 90
nM, based on a 1/1 stoichiometry (Figure 4 and Supple-
mentary Figure 2). We could not get evidence for a 1/2
NP-ligand complex by SPR as expected from the Tm
data even upon increasing naproxen CO concentrations
up to 50 uM. In this SPR experiment, 300 mM NaCl
was used to avoid unspecific binding to the sensorchip,
which may also disfavour the complex with 2-3 ligands
observed in the DLS experiment at 50 mM NaCl. In
these conditions, the IC50 obtained with naproxen was
3.0+ 0.9 uM (Table 1), consistent with an increased
affinity of the naproxen CO derivative as compared to
that of naproxen. Repeating these experiments at various
NP concentrations in the range 50-300 nM and using
the Cheng-Prusoff equation, the inhibitory constant of
the CO derivative K; =IC50/(1+[NP]}/Kd) was found to
be K;=97 + 25 nM. The naproxen A derivative exhib-
ited an unexpected biphasic behaviour while it only
partly competed with RNA binding to NP. We did not
evaluate the IC50 value deriving from the low concentra-
tion range due to the small extent of inhibition (Table 1).

The SPR experiments were also performed with the
R361A and R152A mutants in the presence or absence
of naproxen and naproxen CO. These mutants were used
based on the expected binding site of the naproxen
derivatives (Figure 1) and also because they form mono-
mers; in contrast, the derivatives would not bind the
R355A or Y148A mutants exclusively forming trimers/
tetramers (Tarus, Bakowiez, et al., 2012). The R361A
mutation was expected to reduce naproxen binding but
not binding of its derivatives (Figure 1) and indeed
naproxen could not bind to this mutant, in contrast with
naproxen CO (Lejal et al., 2013; Tarus, Bakowiez, et al.,
2012). Naproxen binding was unaffected by the R152A
mutation and the IC50 was similar to the value
determined for naproxen-wt NP interactions. In contrast,

Table 1. Comparison of the binding of naproxen, Naproxen CO and Naproxen A derivatives to monomeric wt NP and selected

monomeric mutants by competition with NP-RNA complexes.

NP/Compound Naproxen Naproxen CO Naproxen A
Wt NP IC50 (uM) 3.0£0.9 0.32 +0.09 1.1 £0.3

% Inhibition at 1 pM 5 29 16

% Total inhibition 70 £ 7 50+£5 ~30

R152A IC50 (uM) 25+0.6 20+0.5

R361A IC50 (uM) No binding 0.5+0.1
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competition of naproxen CO with the R152A-RNA com-
plex was less efficient than with wt NP-RNA, and the
IC50 value for interacting with R152A was reduced com-
pared with the value determined for wt NP (Table 1,
Supplementary Figure 2). Altogether, both MD simula-
tions and SPR data were consistent with the tighter bind-
ing mode of naproxen CO to NP compared to that of
naproxen. Isothermal dynamic light scattering were then
used to test the ability of the naproxen derivatives at
destabilizing oligomeric structures of NP as a conse-
quence of their stabilization of the monomeric form. To
check if the derivatives may perturb oligomeric inter-
faces differently, various NP oligomers were generated
in the presence of RNA fragments of selected sizes.

(A): RNA-free NP

1905

2.4. Impeded NP oligomerization by naproxen and its
derivatives: experimental evidence and calculation of
domain swapping volume

24.1.

DLS is a very useful tool to monitor changes in the
(self-) assembly of proteins and well suited to follow the
oligomerization of monomeric NP (Tarus, Bakowiez,
et al., 2012). In RNA-free solutions, the apparent diame-
ter of monomeric NP was 6.5+ 1.0 nm, while its tri-
meric/tetrameric form had a diameter of 14.6 + 1.0 nm
(Figure 5(A), blue and red curves, respectively). The
RNA-free self-association of NP (10 uM) took place in
17 h at 50 mM NaCl; in these conditions, naproxen
stabilized monomeric NP and avoided trimers/tetramers

DLS experiments
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Figure 5.

Naproxen and its derivatives perturbed RNA-induced NP oligomerization. (A) Size distribution of RNA-free NP alone in

monomeric form and in NP trimer/ tetramers; Blue: monomers; red: trimers/tetramers; ((B)—(E) NP (10 uM) was mixed with various
RNA oligonucleotides (3.3 uM) in the presence or absence of the ligands (10 uM). The size distributions are shown after 3 h
(B)—~(D)) or 1 h (E) equilibration, corresponding to the end of the oligomerization kinetics. Naproxen and its derivatives interfered
with NP oligomerization induced by RNA binding: B: NP +24mer RNA, C: R361A + 24mer RNA, D: NP + 16mer RNA, E:

NP + 48 mer RNA.
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formation (data not shown). Moreover, naproxen could
not disrupt already assembled trimers as those obtained
with wt NP at high salt concentration (500 mM NaCl) or
mutants that only formed trimers—tetramers as Y148A or
R355A (Tarus, Bakowiez, et al., 2012).

In the presence of short 24-mer RNA oligonucleo-
tides, oligomerization of NP monomers into trimers—
tetramers with an apparent size of 15-17 nm occurred
within ca 2-3 h (Figure 5(B), black and blue curves,
respectively (Tarus, Bakowiez, et al., 2012). Addition of
stoichiometric amounts of naproxen to NP stabilized the
monomeric form (green curve, Figure 5(B)). Similar
results were obtained with the naproxen CO and A deriv-
atives (data not shown).

To test whether naproxen could also affect the
dimeric interface and compete with dimer formation, two
other experiments were performed based on previous
findings: (i) the R361A mutant had a limited ability to
oligomerize and formed dimers in the presence of
24-mer RNA; however, the R361A mutation markedly
reduced binding of naproxen (Lejal et al., 2013; Tarus,
Chevalier, et al., 2012) and (ii) the wt NP only formed

dimers with short 16-mer RNA fragments (Tarus,
Bakowiez, et al., 2012). Naproxen and its derivatives
were added in these two conditions to monomeric NP.
No stabilization of R361A monomers by naproxen could
be observed as expected in the absence of the salt bridge
between A361 and naproxen (Figures 1(A) and 5(C). In
contrast, naproxen and its CO derivative impeded dimer
formation in the presence of rU16 (Figure 5(D)).

To test the ability of the derivatives to perturb rings
formation, we used a longer RNA fragment of 48 nucle-
otides (nt) that quickly induced NP oligomerization. It
yielded species of about 25 nm, shown by electronic
microscopy to be rings (Figure 5(E) and (Chenavas,
Estrozi, et al., 2013; Tarus, Bakowiez, et al., 2012).
Naproxen or its derivatives were added to monomeric
NP and the formation of rings was partly impeded; while
naproxen only slightly decreased the size of the
NP-RNA complex to 21-23 nm, naproxen A or CO fur-
ther reduced the apparent size of the complexes to
15-17 nm. This suggests that the interface between NP
subunits in rings in the presence of RNA is not identical
to the interface between NP subunits in trimers—tetramers

Table 2. Selected distances close to C-terminal where the ligand binding site is located showing that structural changes in residues
important for trimer formation takes place upon binding of naproxen, naproxen C0O and A derivatives to wt NP; see also Figure 6.

Distance (A) NP trimer NP monomer NP monomer NP monomer NP monomer

+ naproxen + Naproxen A | + Naproxen CO
S165-R267 10.5+0.4 109+ 0.7 10.1£0.8 10.6 £ 0.5 10.3+0.6
S165-E339 83+0.7 8.5+0.6 82+0.7 8.7+0.4 7.6+0.4
S165-P453 16.2+0.5 128+ 1.5 148+ 1.4 12.7+0.6 14.6 £0.7
S165-Y487 10.2+0.5 82+0.7 84+0.7 9.6+0.5 10.0£0.2
R267-E339 13.4+0.4 11.0£0.6 11.2+0.7 12.4+0.6 13.8+0.6
R267-P453 13.7+£0.9 9.6+1.3 9.8+1.1 9.0+0.6 11.2+£0.6
R267-Y487 17.1+0.6 142+0.6 143+£0.8 159+0.6 17.7+0.7
E339-P453 148+0.4 12.7+ 1.0 141+1.5 13.7+0.5 16.8 0.7
E339-Y487 7.1+0.6 72+04 72404 74+0.4 6.6+04
P453-Y487 14.0+ 0.6 11.3+£0.7 13.8+2.0 13.3+0.7 17.0+0.8

Notes: The values highlighted in yellow display significant differences between the NP-ligand(s) complex(s) and free NP either as monomer or trimer.
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(A)

R267

(B)

Figure 6. Modifications of the oligomerization pocket (pink volume in A) of NP monomer A in the presence of the naproxen deriv-
atives. The oligomerization pocket is represented as a protomol built around the oligomerization loop of monomer B based on the
pdb structure 2IQH. The black points in A and B define distances (blue lines in B) between Co atoms of residues localized at the
edge of the oligomerization domain of monomer A and that are changed by binding of the naproxen CO derivative. The Ca atoms of
targeted residues by the naproxen CO derivative are represented as brown spheres (A and B). The naproxen CO derivative binding
domain is connected to the oligomerization domain of NP (brown spheres and pink volume in A) through the C-terminal of NP

(F489 in B).

being formed with 24-mer RNA. Additionally, this dif-
ference may arise from larger cooperative -effects
between NP subunits in rings than in trimers (Tarus,
Bakowiez, et al., 2012).

2.4.2. Calculation of the swapping pocket of NP with
and without naproxen derivatives

The above DLS data showed that the ligands modified
NP-RNA oligomerization. To further bring a mechanis-
tic/structural insight on how the naproxen derivatives
affected the oligomerization interface, we calculated the
swapping pocket, i.e. the volume occupied by the oligo-
merization loop from monomer B protruding into mono-
mer A by building the protomol obtained from the trimer
structure of HIN1 NP (Figure 6(A), pink volume). We
calculated the distances between Co atoms of all residues
localized within that protomol volume and identified
those distances that were modified by the binding of
naproxen or its derivatives. These distances are listed in
Table 2 and compared with the same distances deter-
mined in ligand-free NP monomer or trimer. The key
residues affected by binding of the naproxen CO deriva-
tive were S165, R267, P453 and Y487. These residues
formed a pyramid that became distorted by binding of
the naproxen CO derivative as shown in Figure 6(B).

At the basis of this pyramid, Y487 was located on
the same linker than F489, close to E339. The distances
P453-Y487and E339-P453 increased in the presence of
naproxen and the CO derivative compared to the same
distances found in NP monomer, reaching with naproxen
CO0 binding values even larger than that of the trimer. In

addition, the distances S165-P453 and R267 - P453 were
intermediate between the same distances in trimeric and
monomeric NP. S165 is a residue that can be phosphory-
lated and its mimic S165D was found to be exclusively
in a monomeric form (Chenavas, Estrozi, et al., 2013).
In contrast, E339 is involved in the stabilization of NP
trimer by a salt bridge with R416 of the next protomer.
Taken together, these data suggest that binding of
naproxen and its derivatives likely promote structural
changes that disfavour domain swapping required for tri-
mer/ oligomer formation.

3. Discussion

3.1. Naproxen and naproxen C0 targeted the RNA-
binding groove of NP

In this work, we aimed at inhibiting the binding of the
nucleoprotein to RNA and RNA-induced NP oligomeri-
zation for interference with NP function. Naproxen, a
generic antiinflammatory drug identified by virtual
screening, competed with RNA by binding within the
RNA-binding groove of NP (Lejal et al., 2013). Further
extension of naproxen by fragment addition yielded the
naproxen A and CO derivatives designed to form addi-
tional salt bridges with basic residues R150 and/or R152
close to Y148 and keep the same stacking interactions
with the aromatic residues Y148 and F489 as observed
with naproxen (Figures 1 and 6(B)). The binding site of
naproxen CO suggested by MD simulations was sup-
ported by the use of monomeric proteins with point
mutations in residues involved of their binding to NP
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such as R152A and R361A (Table 1). Naproxen CO
formed a 1:1 complex with NP that competed with NP—
RNA association (Figure 4) and showed a better affinity
for NP than naproxen did, leading to the inhibition con-
stant K; =97 £25 nM. R152 participation in the stabil-
ization of the naproxen CO derivative was supported by
an increase of IC50 for R152A compared with IC50 for
wt NP; in contrast, R152 did not interfere with naproxen
binding, expected from Figure 1(A) (Figure 1, Table 1
and supplementary Figure 2). Naproxen CO and A bind-
ing stabilized NP thermal denaturation by 5 °C compared
with free NP melting using stoichiometric amount of the
ligands compared to NP (1:1 complex), (Figure 3(A)).
Besides the 1/1 complex, it is likely that naproxen CO as
naproxen itself also forms a second type of complex
between 2 and 3 ligands per NP (Figure 3(C)). The bind-
ing site of naproxen CO within this second complex is
likely to differ from the first complex being found in the
RNA groove (Figure 1). This hypothesis accounts for
both increased stability (Figure 3) and incomplete com-
petition with RNA binding at high naproxen CO concen-
tration (Figure 4), in agreement with alternative
naproxen binding site(s) suggested by docking experi-
ments (Lejal et al., 2013). The biphasic SPR data and
the evidence for aggregation at temperatures lower than
the Tm both suggested that naproxen A is likely to adopt
multiple binding modes with NP, the conformation
shown in Figure 1 not being experimentally the most
populated at 20 °C.

3.2 Structural insight

What are the structural features that led to: (i) stabiliza-
tion of monomeric NP; (ii) destabilization of oligomeric
NP-RNA complexes? To answer these questions, we
considered several regions of the NP shown in Figure 2:
loops 1 and 2 surrounding the putative RNA-binding
groove, the oligomerization loop 3 and the C-terminal
(aa 429-498), especially the flexible Cf linker located
between 19 and a20.

3.3. Stabilization of monomeric NP at the level of its
C-terminal and of the flexible loops

Figure 2 shows the stabilization of the C-terminal of NP
by the naproxen derivatives, including F489 and the Cf
linker aa 428-438 (Figure 2). F489 forming hydrophobic
stacking interactions with naproxen CO (Figure 6(B)) is
part of the C-terminal region shown to be important for
monomer stabilization (Chenavas, Estrozi, et al., 2013).
In agreement with naproxen binding involving interac-
tions with F489, NP was stabilized against proteolytic
cleavage of its C-terminal by addition of naproxen (Lejal
et al., 2013). Interestingly, residues 490-498 were disor-
dered in the original NP trimer crystal structure, and the

deletion of residues 491 to 498 had no effect on NP’s
ability to form trimers and larger oligomers (Ye et al.,
2012). The flexibility of the C-terminal of influenza A
NP is reminiscent to the flexibility of the C-terminal
extension of respiratory syncytial virus nucleoprotein
(partly invisible in the atomic structure), while the
homologous domains of measles and Sendai virus are
intrinsically disordered and bind to P (Longhi et al.,
2003; Ruigrok et al., 2011; Tawar et al., 2009). This
flexibility would confer NP the ability to adapt to vari-
ous partners and these interactions could be thus be per-
turbed by naproxen and naproxen CO. In that respect,
taking together that (i) the binding of naproxen CO
involves contribution of both R150 and R152 as sug-
gested by MD simulations and SPR data (Table 1) and
(i) R150 being a crucial residue for PB2 polymerase
subunit association with NP, it is suggestive that
naproxen CO may be able to interfere with PB2 binding.
Work along these lines is currently ongoing.

The binding site of naproxen CO partially overlapped
with the dimeric interface of NPA402-428 (Ye et al.,
2012). This site covers part of the helix-turn-helix motif
comprised of residues 148 to 167, including Y148, R152
and the C-terminal tail from residue 482 to the end, in
particular F489. Indeed, Figure 5(C) showed the inhibi-
tion of dimer formation by naproxen and the naproxen
CO0 derivative. In addition to mediating dimer interaction,
the C-terminal tail of NP may help regulating RNA bind-
ing to NP; it may adopt different conformations in differ-
ent functional states (e.g. monomeric vs. oligomeric NP
and RNA bound vs. RNA-free NP).

Modifications taking place in the RNA-binding
groove were linked with a decrease in loop 2 flexibility:
binding of the naproxen derivatives to NP reduced the
flexibility of loop 2 as previously observed with the
R361A mutation located in the RNA groove (Tarus,
Chevalier, et al., 2012). Moreover, the negative charges
introduced by binding of naproxen and its derivatives to
NP-RNA groove mimicked the post-translational phos-
phorylation taking place at S165: substituting S165 by
D165 added a negative charge in the RNA binding
groove that stabilized the S165D mutant in a monomeric
form (Chenavas, Estrozi, et al., 2013). Altogether, the
reduction of loop 2 movements, the stabilization of the
C-terminal and the presence of negative charges close to
S165 contributed to monomeric NP stabilization. These
features are also involved in the inhibition of oligomers
formation by the naproxen derivatives.

3.4. Destabilization of NP-RNA oligomers

A consequence of the competition between naproxen and
its derivatives and RNA for binding to NP (Table 1) was
the inhibition of NP oligomerization or its decrease
(Figure 5). Only the naproxen derivatives and not
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naproxen by itself partly impeded the formation of rings.
This may be linked with differences in affinity among
these derivatives, assuming a higher cooperativity of the
NP-RNA complexes in rings being formed faster than
trimers/ tetramers (Tarus, Bakowiez, et al., 2012).

The protomol shown in Figure 6(A) describing the
pocket occupied by the oligomerization loop of the
neighbour monomer in NP varies between NP monomer
and trimer, depending on NP homo-oligomerization, as
detailed in Table 2. Three main distances S165-P453,
R267-P453 and P453-Y487 were larger in the trimer
than in the monomer, suggesting an elongation of the
“pyramid” formed by the residues S165, R267, E339,
P453 and Y487 required for insertion of the oligomeriza-
tion tail loop. These distances were also modified in the
NP-naproxen derivatives complexes. These data suggest
that naproxen CO and A induced a modification in the
tail loop pocket (Figure 6(B)) that impeded trimer forma-
tion and indeed these derivatives kept NP in a mono-
meric form in the concentration range of 5-50 pM. It is
not known yet if the pocket remains the same or is mod-
ified in the presence of RNA.

4. Conclusion

The newly designed naproxen derivatives may provide
useful tools to probe interactions between NP and viral
proteins for mechanistic studies of the RNP. Further-
more, naproxen CO is an obvious candidate for antiviral
therapy, as it presents a larger affinity for NP than
naproxen, binds active monomeric NP requested for tran-
scription and replication, and impedes oligomerization.
Ongoing cellular experiments are suggestive of its
improved activity (Lejal, N, Delmas B and Slama-
Schwok A, unpublished data). Interfering with protein
self-assembly involved in viral gene expression by struc-
ture-based inhibitors of the monomeric nucleoprotein
may be extended to other viral nucleoproteins; this work
provides new perspectives of design principles for gener-
ating such inhibitors.

5. Material and methods
5.1. Molecular modelling

The three-dimensional (3-D) crystal structure of NP
monomeric form (PDB ID: 2IQH) was used as a target
throughout the virtual screening in a volume centred on
Y148. The NP-naproxen structure selected after the vir-
tual screening (Lejal et al., 2013) was further used to set
the initial coordinates for molecular dynamics simulation.
Derivatives of naproxen were designed to additionally
target R152, R355, Q149 and F489. The first two resi-
dues were targeted by extending the carboxylate moiety
of naproxen. The last two residues were targeted by

extending the methoxy group of naproxen with short ali-
phatic or polar groups. The stability of naproxen deriva-
tives in the nucleoprotein binding pocket were
investigated through MD simulations of the complex.
The flexible groups added to the methoxy moiety
increased the entropy of the new derivatives without an
enthalpic compensation, resulting in unstable interactions
with the nucleoprotein. Consequently, we discarded the
compounds with modified methoxy group from further
theoretical and experimental analysis. The MD simula-
tions were carried out following a protocol detailed else-
where (Lejal et al., 2013). The programme NAMD
(Phillips et al., 2005) with the CHARMM?27 force field
(MacKerell, Banavali, & Foloppe, 2000) was employed
to perform the MD simulations. The NP-naproxen com-
plex was centred in a cubic cell of pre-equilibrated
TIP3P water model (Jorgensen, Chandrasekhar, Madura,
Impey, & Klein, 1983). The system was electrostatically
neutralized and set to an ionic strength of 0.15 M by
adding sodium and chloride ions. The electrostatic inter-
actions were calculated using the particle mesh Ewald
summation algorithm (Darden, York, & Pedersen, 1993).
The equations of motion were iterated using the velocity
Verlet integrator with a time step of 2 fs. An initial step
of system energy minimization was followed by heating
to 300 K. Molecular dynamics simulation in NPT ensem-
ble was further employed to equilibrate the system dur-
ing 1.6 ns and for production run. Five trajectories of
10 ns each were produced for the NP-naproxen and NP-
naproxen A derivative complexes and two trajectories of
10 ns for the NP-naproxen CO derivative (see Supple-
mentary Figure 1C for a convergence test).

5.2. Protein expression and purification of wt NP and
the Y1484, R355A and R361A mutants

Proteins expressions were performed as described (Tarus,
Bakowiez, et al., 2012) with modifications of the purifi-
cation protocol by replacing the Ni affinity column by
Ni magnetic beads (Pure proteome, Millipore), used as
recommended by the manufacturer followed by extensive
dialysis at 50 mM NaCl, 20 mM Tris buffer at pH 7.5.
After purification, the protein concentration was deter-
mined by the extinction coefficient & = 56,200 M~ cm ™"
at 280 nm.

5.3. Chemicals and antibodies

Oligonucleotides: biotinylated (5’ end) RNA fragments
were purchased from Dharmacon (Thermo-Fischer,
France) with HPLC purification; the following sequences
were used: rU,s and Flul: 5 UUU GUU ACA CAC
ACA CAC GCU GUG 3'. Naproxen was purchased
from Sigma.
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5.4. Chemical synthesis

Reagents and chemicals were purchased from Sigma-
Aldrich. Solvents were freshly distilled before use. 'H
and '*C NMR spectra were recorded on a Bruker Avance
300 using solvent residuals as internal references. Melt-
ing points (MP, uncorrected) were determined on a Biichi
Melting Point B-540. TLC analysis was carried out on
silica gel (Merck 60F-254) with visualization at 254 and
365 nm. Preparative flash chromatography was carried
out with Merck silica gel (Si 60, 40—63 pm). IR spectra
were recorded with a FTIR PerkinElmer Spectrum 100
spectrometer. Mass spectrometry low resolution data and
high resolution data were obtained from the Centre
d’Etudes Structurales et d’Analyses des Molécules Orga-
niques (CESAMO), Université de Bordeaux.

5.5. Dynamic light scattering

The measurements were performed on a Malvern Zetasizer
nanoS apparatus thermostated at 20 °C. The size distribu-
tion was calibrated with latex particles of 65 and 200 nm
radii. The scattering intensity data were processed using
the instrumental software to obtain the hydrodynamic
diameter (Dy,) and the size distribution of scatters in each
sample. A total of 10 scans with an overall duration of
5 min were obtained for each sample and time point. All
data were analysed in triplicate. Melting curves were
obtained by recording the mean size as a function of tem-
perature in the range 20 to 70 to 80 °C, using a tempera-
ture gradient of 1 °C/ minute The Tm value was obtained
from the maximum of the first derivative curve. The pro-
tein concentrations usually were in the range of 5—15 uM.
The samples for dynamic light scattering were prepared in
20 mM Tris buffer at pH 7.4 with 50 mM NaClL.

5.6. Surface plasmon resonance experiments

The binding competition kinetics were performed on a
Biacore 3000 apparatus using streptavidin-coated sensor-
chips (SA, Biacore) prepared as indicated by the
manufacturer. Immobilization of the biotinylated oligonu-
cleotide on the streptavidin-coated sensorchip was carried
out in PBS. The SPR kinetic measurements were per-
formed in 20 mM tris—HCI buffer, pH 7.4 at 20 °C, con-
taining 300 mM NaCl. The oligonucleotides were
denaturated at 80 °C and renatured slowly at room tem-
perature for one hour before any experiment. The NP
protein or its mutants were injected at concentrations of
100-500 nM in the presence or absence of naproxen
derivatives, up to 100 uM in some experiments. Mea-
surements were conducted at 20 °C and samples were
injected at 25 pl/min flow rate. The R152A, R361A or
Y148A proteins were attached to the surface of the same
chip at similar RU and a free flow cell was used for

blank subtraction. The data were fitted with a simple
dose-response isotherm assuming a 1: 1 NP: naproxen
CO0 stoichiometry (Supplementary Figure 2).
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