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ABSTRACT: The influenza virus RNA-dependent RNA polymerase complex (RdRp), a heterotrimeric protein complex responsi-
ble for viral RNA transcription and replication, represents a primary target for antiviral drug development. One particularly attrac-
tive approach is interference with the endonucleolytic “cap-snatching” reaction by the RdRp subunit PA, more precisely by inhibit-
ing its metal-dependent catalytic activity which resides in the N-terminal part of PA (PA-Nter). Almost all PA inhibitors (PAISs)
thus far discovered bear pharmacophoric fragments with chelating motifs able to bind the bivalent metal ions in the catalytic core of
PA-Nter. More recently, the availability of crystallographic structures of PA-Nter has enabled rational design of original PAIs with
improved binding properties and antiviral potency. We here present a coupled pharmacophore/docking virtual screening approach
that allowed us to identify PAIs with interesting inhibitory activity in a PA-Nter enzymatic assay. Moreover, antiviral activity in the
low micromolar range was observed in cell-based influenza virus assays.

Seasonal influenza A and B virus infections are a worldwide
concern causing each year 3-5 million severe infections and
250,000-500,000 fatalities.' The current influenza vaccines are
only partially effective in some populations” and require annu-
al updating. Also, antiviral therapy is not fully satisfactory
since only two classes of antiviral drugs are available. Re-
sistance is already widespread for the M2 blockers and in-
creasingly recognized for the neuraminidase inhibitors.™*
Hence, there is an urgent need for new anti-influenza drugs.

The influenza virus genome consists of eight negative-sense
RNA segments which encode at least 17 viral proteins. Tran-
scription and replication of viral RNA (vRNA) is carried out
by the viral RNA-dependent RNA polymerase (RdRp).” The
crystal structure of the large (~250 kDa) RdRp complex was
reported very recently.®’ It is composed of three subunits,
PB1, PB2 and PA, which are highly conserved among influen-
za A and B viruses. During VRNA transcription, the RdRp
cleaves host pre-mRNAs at a distance of 10-15 nucleotides
from their 5’-capped terminus.® While cap binding is per-
formed by PB2, the endonuclease activity resides in the N-
terminal domain of PA (PA-Nter; containing residues 1 to
~195).>"" After endonuclease cleavage, the short 5’-capped
RNA serves as primer for viral mRNA synthesis by the PB1
unit and, subsequently, the viral mRNAs are translated by the
host cell machinery.

Inhibition of the PA endonuclease appears a powerful strat-
egy to suppress influenza virus replication.”'? In the last two
decades, several small molecule PA inhibitors (PAls) have

been discovered."*"*** Structurally diverse classes of poten-
tial PAIs have been identified (Figure 1) such as flutimide and
derivatives,"'” N-hydroxamic acids and N-hydroxyimides,'®
and epigallocatechin gallate (EGCG).”' Neither of these have
comparable antiviral potency as L-742,001'* and closely relat-
ed DKAs. More recently, a series of hydroxypyridazinones
and hydroxypyri(mi)dinones'*’ were identified with particu-
larly strong activity towards the PA-Nter enzyme.
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Figure 1. Representative influenza virus endonuclease inhibitors.
The putative metal-chelating chemotype is marked in bold.

The catalytic core of PA-Nter contains a (P)DXy(D/E)XK
motif formed by D108, E119, a proline (influenza A) or ala-
nine (influenza B) at position 107, and K134 or K137.>" It
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comprises a histidine (H41) and a cluster of three acidic resi-
dues (E80, D108, E119), conserved in all influenza viruses,
which coordinate (together with 1120) one'’, two’ or three'®
divalent metal ions (Mg”" or Mn>", with Mg”" being the proba-
ble cofactor in vivo™). To date, 35 crystal structures related to
the influenza virus PA endonuclease have been deposited in
the RCSB Protein Data Bank,” and more than 20 are in com-
plex with an inhibitor. In combination with biochemical stud-
ies, these structural studies support the assumption that all
PAISs thus far identified inhibit the PA enzyme through chela-
tion of its metal cofactor(s) within the catalytic core. The
availability of these complementary PA-Nter crystal structures
has created the opportunity to rationally design PAIs with
novel chelating structures and enhanced enzyme binding prop-
erties to improve antiviral activity in cell culture.'******°

Indeed, together with other traditional strategies, virtual
screening (VS) is recognized as a powerful tool in drug dis-
covery,””*® as previously explored by us to identify some nov-
el and potent metalloenzyme inhibitors.” To be effective, the
VS method should have a proper balance between predictabil-
ity and time consumption. With regard to the PA enzyme, only
a few examples of computer-aided inhibitor design have thus
far been reported, in which molecular diversity was explored
to recognize unique pharmacophores different from the DKA
scaffold.’®™' Herein, we present a coupled pharmaco-
phore/docking virtual screening approach that allowed us to
identify novel PAIs with interesting inhibitory activity in a
PA-Nter enzymatic assay, as well as antiviral activity in cell-
based influenza virus yield and vRNP reconstitution assays.

The outline of the experimental plan was as follows. First, a
hybrid library of roughly 5 million compounds was built by
merging the Clean Lead Database retrieved from ZINC and an
in-house database of compounds bearing metal chelating func-
tionalities, hence having the potential to inhibit PA-Nter on the
basis of their previously evaluated activities against other
metalloenzymes such as HIV-1 integrase and carbonic anhy-
drases.

Second, a suitable pharmacophore model was obtained.
Generation of consistent models depends on the quality of
both training and testing sets mainly in terms of structural di-
versity. As already shown by Parkes® and Kim,” the minimal
pharmacophore motif is composed of two or three donor (i.e.
oxygen or nitrogen) atoms, capable to chelate the two metal
ions. Besides, the spatial disposition of these metal ligator
(ML) moieties is critical to achieve effective inhibition of the
influenza virus PA endonuclease. In particular, the oxygens
should be displaced at the vertices of a triangle with dimen-
sions of 2.60-2.80, 2.60-2.80, and 4.50-5.50 A for the model
proposed by Parkes,”” and of 2.56-2.87, 2.22-2.62, and 3.49-
4.51 A for that put forward by Kim.” Our best three pharma-
cophore models shown in Figure 2 (PH4-2, PH4-3 and PH4-9)
were in nice agreement with these requirements (i.e. ML1-
ML2-ML3 interfeature distances are 2.75, 2.96, and 4.46 A).
Moreover, together with these three coordinating functionali-
ties, our pharmacophore models combine one or two aromatic
or hydrophobic regions that allow for additional stabilizing
interactions of PAIs within the catalytic site (see Figure 2).
Among these three models, model PH4-3 was found to
properly distinguish between inactive and active compounds
when applied to a test set of 50 structures (of which 10 were
known to be active PAIs).
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Figure 2. Influenza virus PA endonuclease pharmacophore mod-
els generated by MOE; (a) three-dimensional arrangement of the
best three models; (b) representation of pharmacophore model
PH4-3 that was selected for further study. Distances between cen-
troids of the pharmacophore features are indicated as red or grey
dashed lines.

In the third step, a VS procedure on the abovementioned da-
tabase by means of combined pharmacophore-filtration and
structure-based docking procedures was carried out. To speed
up the process, the database was partitioned into 36 sub-
libraries that were processed in a parallel way using the soft-
ware platform MOE.>* Each library was first filtered using the
Pharmacophore Search implemented in MOE. The derived
five-points pharmacophore model PH4-3 was chosen as query,
and all structures that matched at least four pharmacophore
features where stored, thus realizing a ~7-fold reduction in the
number of structures (see Figure 3). In the last steps of our in
silico studies, the MOE Docking protocol was applied to the
resulting libraries. After running the docking process, the best
400 hits from all libraries were collected, and the top-ranked
energy hits (about 100 molecules) with immediate availability
were selected for the AutoDock refinement.

Pharmacophore filtration
MOE Docking protocol
Scoring optimization

AutoDock docking refinement

Figure 3. Scheme of the virtual screening approach.

Once these molecules were scored, clusterization by scaf-
fold similarity was done, and compounds 1-15 (Chart 1) were
finally selected for subsequent biological evaluation by three
complementary methods, i.e. the enzymatic plasmid-based en-
donuclease assay with influenza virus PA-Nter and cell-based
influenza VRNP reconstitution and virus yield assays.

Chart 1. Chemical structures of the hit compounds identi-
fied by the virtual screening procedure.
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28 To enable biological testing, compounds 1-8 were pur-
29 chased while compounds 9-15 were retrieved from our collec-
30 tion.”>” Compounds 10, 11 and 15 have been re-synthesized
31 in our laboratory using a previously described (and slightly
32 modified) procedure,35 which is depicted in Scheme 1. 10, 11,
33 and 15 were obtained in moderate yields (58%, 46%, and
34 65%, for 10, 11, and 15, respectively) by deprotection of the
35 catechol moiety of the respective intermediates 21-23, with
36 boron tribromide in dichloromethane at low temperature
37 (Scheme 1). Amides 21-23 were prepared by conversion of 2-
38 carboxylic indole 16 to the acyl chloride 17, and next coupling
39 with the appropriate amines. The key synthone 16 was easily
40 obtaingd using a previously validated three-steps synthetic
41 route.

42 Among the 15 test compounds evaluated in the PA-Nter en-
43 zymatic assay (see Table 1), only compounds 10, 11 and 15
a4 demonstrated inhibitory activity, with ICs, values of 0.94, 65
45 Scheme 1. Synthesis of compounds 10, 11, and 15.
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UM and 7.0 uM for 10, 11 and 15, respectively. Interestingly,
10 was only 2-fold less active than the prototype PAI L-
742,001 (ICsy: 0.48 uM) which is one of the more active PAIs
reported thus far. Compounds 10, 11 and 15 possess a similar
dihydroxyindole scaffold structure which thus appears to be an
important structural determinant for PA-Nter inhibitory activi-
ty. However, (pseudo) dimerization of this scaffold to obtain
11 and 15 leads to a significant reduction in activity. The di-
hydroxyindole scaffold of all three active compounds fits well
within the pharmacophore model PH4-3 (see Supporting In-
formation, Figure 1).

As far as antiviral activity in cell culture is concerned, com-
pounds 10, 11 and 15 all three inhibited virus replication in a
virus yield assay in influenza virus-infected MDCK cells, with
ECy and ECy values of 3.2 and 5.7 uM for 10, 32 and 73 uM
for 11, and 6.3 and 12 pM for 15 (see Table 2). It is remarka-
ble that derivatives 10 and 15 had a potency comparable to
that of the reference compound L-742,001 (which had EC,,
and ECy values of 5.4 and 8.4 uM, respectively). Moreover,
10 was 2-fold more active than ribavirin, a broad antiviral
molecule that was included as a reference molecule. In the
vRNP reconstitution assay, compounds 10, 11 and 15 reached
ECs, values of 16, 64 and 24 uM, respectively, while the ref-
erence compounds L-742,001 and ribavirin had ECs, values of
3.4 and 8.4 uM, respectively. Hence, compounds 10 and 15
are relevant candidates for further lead optimization and anti-
viral/mechanistic studies.

Table 1. Activity of the 15 test compounds in the plasmid-
based enzymatic assay with PA-Nter.

Compound (L?\j[(;a Compound  ICso (uM)?

1 >500 9 >500
2 >500 10 0.94
3 >500 11 65

4 >500 12 >500
5 >500 13 >500
6 >500 14 >500
7 >500 15 7.0

8 >500 L-742,001 0.48

ICsp: 50% inhibitory concentration, calculated using non-linear
regression analysis. Values are the result of at least three inde-
pendent experiments.
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Reagents and conditions: i) PCls, diethyl ether, rt, 2 h; ii) diethyl ether, rt, 2 h; iii)) 1 M BBr; solution in CH,Cl,, -70 °C to -40 °C (for 10),

or -70 °C to -0 °C (for 11 and 15), 4 h.

Table 2. Anti-influenza virus activity of selected com-
pounds 10, 11 and 15 in cell-based influenza virus assays.

Compound Virus yield assay VRNP reconstitu-
in MDCK cells® tion assay in
HEK293T cells®
ECy ECyy  CCs ECsy  CCsp
@M @M @M M) (M)
L-742,001 54+0384+03 181 34 > 100
10 32£0957+16 =50 16 110
11 32+7  73+x6 >200 64 >200
15 6315 12+3  >200 24 > 200
Ribavirin 6.8+0.5 11+1 >200 8.4 >200

*MDCK: Madin-Darby canine kidney cells; HEK293T cells:
human embryonic kidney 293T cells.

bCompound concentration (uWM) causing 1-log;y (ECyy) or 2-
log;o (ECy9) reduction in virus yield at 24 h p.i., as determined
by real time RT-PCR. Values shown are the mean + SEM of at
least 4 experiments.

°CCso: 50% cytotoxic concentration determined by MTS cell
viability assay at 24 h.

9ECsp: 50% effective concentration, i.e. compound concentra-
tion producing 50% reduction in VRNP-driven firefly reporter
signal, estimated at 24 h after transfection, and calculated by
non-linear regression analysis from data of 3 independent exper-
iments.

In the last stage, we performed docking using AutoDock
4.2 to predict the PA-Nter binding mode of the three active
molecules, i.e. 10, 11 and 15 (Figure 4, panel a). Our results
indicate that their common dihydroxyindole moiety is di-
rected towards the two catalytic metal ions. The orientation
of the metal-chelating hydroxyl groups appears more favora-
ble for 10 and 11 compared to 15. For 10 and 11, both hy-
droxyl groups chelate metal ion B (MBZ+) and only one of the
hydroxyls interacts with metal ion A (M,>"). The opposite is
seen with 15, since both its hydroxyl groups are predicted to
chelate M,>", while only one hydroxyl can interact with
Mjg*". Since My is generally considered to be bound with
higher affinity compared to M,>" (at least when no substrate
is present in PA-Nter),lO‘22 this slight difference in orientation
may be the basis for the 7-fold higher potency of 10 com-
pared to 15. A striking discrepancy between 11 on the one
hand and 10 and 15 on the other hand involves the com-
pounds’ disposition in the cavities surrounding the active
site. 10 and 15 engage opposite pockets compared to 11. The
catechol functionality of 10 and the second dihydroxyindole

ring of 15 orientate towards the pocket lined by Vall22,
Argl24 and Tyr 130 (in blue, Figure 4a). In contrast, 11
binds via its second dihydroxyindole functionality in the
pocket surrounded by Ala20, Tyr24 and Gly81 (Figure 4a, in
green and red). The relevance of the pocket delimited by
Vall122, Argl124 and Tyr130 was previously proposed in our
mutational analysis of the binding pockets of L-742,001 (see
Figure 4, panel b)."” Likewise, this pocket also proved to be
of critical importance for the binding of three recently identi-
fied PAIs with strong inhibitory activity, as demonstrated in
PA-Nter cocrystallization experiments.'®*" Taken together,
our docking results suggest that the superior PA-Nter inhibi-
tory activity of 10 (ICs, = 0.94 uM) is related to its optimal
orientation for metal-chelation, combined with its engage-
ment into the Vall22-Argl124-Tyr130 cavity. Compound 11
(ICs0: 65 uM) has a similar metal-chelating binding mode yet
does not occupy the Vall22-Argl24-Tyr130 pocket. The
compound with intermediate activity, i.e. 15 (ICsy: 7.0 uM),
is able to occupy the Vall22-Argl24-Tyr130 pocket but,
compared to 10, has a less favorable orientation of the metal-
chelating functionality. The nice correlation between the re-
sults from the enzymatic assay and cell-based (i.e. virus yield
and VRNP reconstitution) methods supports our hypothesis
that the antiviral activity in cell culture is related to inhibi-
tion of PA-Nter. Mechanistic studies are underway to verify
this assumption.

3 v A v
Argaa ) i &8 \
\ \ \
Leu106 5134 \ Leutos 01 Lys134
V > {/

Trp8s Lys137 \ Trpss. Lys137 \
! Phe105 ! Phe10!

SN

. —\ - —

Figure 4. Comparison between the predicted poses of 10, 11, 15
(panel a) and L-742,001 (panel b) obtained by docking into the
published’ structure of inhibitor-free PA-Nter (PDB entry
2W69). The protein structures are shown as surfaces and in the
same orientation after structural alignment using the DALI serv-
er. The active site metal ions are colored dark red. (a) Superim-
position of the best pharmacophore-fitting docking poses ob-
tained for compounds 10 (cyan), 11 (yellow), and 15 (green).
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(b) Disposition of L-742,001 in PA-Nter as predicted by dock-
ing: the conformer representing the most favorable binding en-
ergies (in blue) and that representing the most diffuse population
of conformers (in pink)."

To summarize, a large database of roughly 5 million struc-
tures was screened to identify novel influenza virus endonu-
clease inhibitors applying pharmacophore and structure-
based docking procedures. Fifteen hits were then evaluated
in a PA-Nter enzymatic assay, and three compounds bearing
an original bis-dihydroxy-1H-indole-2-carboxamide scaffold
demonstrated interesting inhibitory activity, with compounds
10 and 15 having ICs, values in the low micromolar range.
Both prototypes also showed antiviral activity in cell-based
assays, and had comparable potency compared to the refer-
ence PAI L-742,001 and the nucleoside analogue inhibitor
ribavirin. Follow-up studies are warranted to further assess
the full potential of the bis-dihydroxy-1H-indole-2-
carboxamide scaffold to develop new influenza PAIs with
preclinical relevance.
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