UNIVERSITA DI PARMA

ARCHIVIO DELLA RICERCA

University of Parma Research Repository

Virtual Screening and Biological Validation of Novel Influenza Virus PA Endonuclease Inhibitors

This is the peer reviewd version of the followng article:

Original

Virtual Screening and Biological Validation of Novel Influenza Virus PA Endonuclease Inhibitors / Pala,
Nicolino; Stevaert, Annelies; Dallocchio, Roberto; Dessi, Alessandro; Rogolino, Dominga; Carcelli, Mauro;
Sanna, Vanna; Sechi, Mario; Naesens, Lieve. - In: ACS MEDICINAL CHEMISTRY LETTERS. - ISSN 1948-5875.
- 6:(2015), pp. 866-871. [10.1021/acsmedchemlett.5b00109]

Availability:
This version is available at: 11381/2795696 since: 2021-10-04T09:10:54Z7

Publisher:
American Chemical Society

Published
DOI:10.1021/acsmedchemlett.5pb00109

Terms of use:

Anyone can freely access the full text of works made available as "Open Access". Works made available

Publisher copyright

note finali coverpage

(Article begins on next page)

14 November 2024



cdz00 | ACSJCA | JCA10.0.1465/W Unicode | research.3f (R3.6.i9:4386 | 2.0 alpha 39) 2015/05/14 15:05:00 | PROD-JCAVA | rq_4797519 |

ACSMedicinal

6/19/2015 09:34:25 | 6 | JCA-DEFAULT

Chemistry Letters)

pubs.acs.org/acsmedchemlett

. Virtual Screening and Biological Validation of Novel Influenza Virus

. PA Endonuclease Inhibitors

s Nicolino Pala,*" Annelies Stevz»:lert,]t Roberto Dallocchio,’ Alessandro Dessi,® Dominga Rogolino,“
+ Mauro Carcelli,” Vanna Sanna,” Mario Sechi,” and Lieve Naesens**

s TDipartimento di Chimica e Farmacia, Universita di Sassari, Via Vienna 2, 07100 Sassari, Italy

6 iRega Institute for Medical Research, KU Leuven, Minderbroedersstraat 10, B-3000 Leuven, Belgium

7 Mstituto di Chimica Biomolecolare, CNR—Consiglio Nazionale delle Ricerche, Sassari, 07100 Li Punti Italy
s IDipartimento di Chimica, Universitd di Parma, Parco Area delle Scienze 17/A, 43124 Parma, Italy

9 @ Supporting Information

10 ABSTRACT: The influenza virus RNA-dependent RNA
11 polymerase complex (RdRp), a heterotrimeric protein
12 complex responsible for viral RNA transcription and
13 replication, represents a primary target for antiviral drug
14  development. One particularly attractive approach is interfer-
15 ence with the endonucleolytic “cap-snatching” reaction by the
16 RdRp subunit PA, more precisely by inhibiting its metal-
17 dependent catalytic activity which resides in the N-terminal
18 part of PA (PA-Nter). Almost all PA inhibitors (PAIs) thus far

Influonza EC, 32M
EC,, 5.74M

EC,, 16 M

19 discovered bear pharmacophoric fragments with chelating motifs able to bind the bivalent metal ions in the catalytic core of PA-
20 Nter. More recently, the availability of crystallographic structures of PA-Nter has enabled rational design of original PAIs with
21 improved binding properties and antiviral potency. We here present a coupled pharmacophore/docking virtual screening
22 approach that allowed us to identify PAIs with interesting inhibitory activity in a PA-Nter enzymatic assay. Moreover, antiviral
23 activity in the low micromolar range was observed in cell-based influenza virus assays.

24 KEYWORDS: Influenza virus PA endonuclease, polymerase, metal chelation, pharmacophore—structure virtual screening,

25 PA inhibitors (PAls), dihydroxy-1H-indole-2-carboxamides

2% S easonal influenza A and B virus infections are a worldwide
27 concern, causing each year 3—5 million severe infections
28 and 250000—500000 fatalities." The current influenza vaccines
29 are only partially effective in some populations® and require
30 annual updating. Also, antiviral therapy is not fully satisfactory
31 because only two classes of antiviral drugs are available.
32 Resistance is already widespread for the M2 blockers and
33 increasingly recognized for the neuraminidase inhibitors.>*
34 Hence, there is an urgent need for new anti-influenza drugs.

35 The influenza virus genome consists of eight negative-sense
36 RNA segments which encode at least 17 viral proteins.
37 Transcription and replication of viral RNA (VRNA) is carried
38 out by the viral RNA-dependent RNA polymerase (RdRp).®
39 The crystal structure of the large (~250 kDa) RdRp complex
40 was reported very recently.®” It is composed of three subunits,
41 PBI1, PB2, and PA, which are highly conserved among influenza
42 A and B viruses. During vRNA transcription, the RdRp cleaves
43 host pre-mRNAs at a distance of 10—15 nucleotides from their
4 §'-capped terminus.® While cap binding is performed by PB2,
45 the endonuclease activity resides in the N-terminal domain of
46 PA (PA-Nter; containing residues 1 to ~195).”'% After
47 endonuclease cleavage, the short S’-capped RNA serves as
48 primer for viral mRNA synthesis by the PB1 unit and,
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subsequently, the viral mRNAs are translated by the host cell 49
machinery. 50
Inhibition of the PA endonuclease appears a powerful s1
strategy to suppress influenza virus replication.” " In the last s2
two decades, several small molecule PA inhibitors (PAIs) have s3
been discovered."”>">">*72¢ Structurally diverse classes of s4
potential PAIs have been identified (Figure 1) such as flutimide ss fi
and derivatives,">'” N-hydroxamic acids and N-hydroxyi- s
mides,"® and epigallocatechin gallate (EGCG).*" Neither of s7
these have comparable antiviral potency as L-742,001'* and ss
closely related DKAs. More recently, a series of hydroxypyr- so
idazinones and hydroxypyri(mi)dinones'®*® were identified o
with particularly strong activity toward the PA-Nter enzyme. 61
The catalytic core of PA-Nter contains a (P)DXy(D/E)XK 62
motif formed by D108, E119, a proline (influenza A) or alanine 63
(influenza B) at position 107, and K134 or K137.”'° It 64
comprises a histidine (H41) and a cluster of three acidic 6s
residues (E80, D108, E119), conserved in all influenza viruses, 66
which coordinate (together with 1120) one,'® two,” or three'® ¢
divalent metal ions (Mg>" or Mn*, with Mg®* being the 6s
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Figure 1. Representative influenza virus endonuclease inhibitors. The
putative metal-chelating chemotype is marked in bold.

69 probable cofactor in vivo®®). To date, 35 crystal structures
70 related to the influenza virus PA endonuclease have been
71 deposited in the RCSB Protein Data Bank,”* and more than 20
72 are in complex with an inhibitor. In combination with
73 biochemical studies, these structural studies support the
74 assumption that all PAIs thus far identified inhibit the PA
75 enzyme through chelation of its metal cofactor(s) within the
76 catalytic core. The availability of these complementary PA-Nter
77 crystal structures has created the opportunity to rationally
78 design PAIs with novel chelating structures and enhanced
79 enzyme bindin§ properties to improve antiviral activity in cell
g0 culture,'$2047%6

81 Indeed, together with other traditional strategies, virtual
82 screening (VS) is recognized as a powerful tool in drug
83 discovery,””*® as previously explored by us to identify some
s4 novel and potent metalloenzyme inhibitors.”” To be effective,
8s the VS method should have a proper balance between
86 predictability and time consumption. With regard to the PA
87 enzyme, only a few examples of computer-aided inhibitor
88 design have thus far been reported, in which molecular diversity
89 was explored to recognize unique pharmacophores different
90 from the DKA scaffold.>*' Herein, we present a coupled
91 pharmacophore/docking virtual screening approach that
92 allowed us to identify novel PAIs with interesting inhibitory
93 activity in a PA-Nter enzymatic assay, as well as antiviral activity
94 in cell-based influenza virus yield and vRNP reconstitution
95 assays.

96  The outline of the experimental plan was as follows. First, a
97 hybrid library of roughly S million compounds was built by
9¢ merging the Clean Lead Database retrieved from ZINC and an
99 in-house database of compounds bearing metal chelating
100 functionalities, hence having the potential to inhibit PA-Nter
101 on the basis of their previously evaluated activities against other
102 metalloenzymes such as HIV-1 integrase and carbonic
103 anhydrases.

104 Second, a suitable pharmacophore model was obtained.
105 Generation of consistent models depends on the quality of
106 both training and testing sets mainly in terms of structural
107 diversity. As already shown by Parkes** and Kim,*® the minimal
108 pharmacophore motif is composed of two or three donor (i.e.,
109 0xygen or nitrogen) atoms capable of chelating the two metal
110 ions. Besides, the spatial disposition of these metal ligator (ML)
111 moieties is critical to achieve effective inhibition of the influenza
112 virus PA endonuclease. In particular, the oxygens should be
113 displaced at the vertices of a triangle with dimensions of 2.60—
114 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 11
that put forward by Kim.>> Our best three pharmacophore 116
models shown in Figure 2 (PH4-2, PH4-3, and PH4-9) were in 117 £

T, A

Y A

Iyl Ar 1

PH4-3

Figure 2. Influenza virus PA endonuclease pharmacophore models
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 centroids of the
pharmacophore features are indicated as red or gray dashed lines.

nice agreement with these requirements (ie, ML1-ML2-ML3 118
interfeature distances are 2.75, 2.96, and 4.46 A). Moreover, 119
together with these three coordinating functionalities, our 120
pharmacophore models combine one or two aromatic or 121
hydrophobic regions that allow for additional stabilizing 122
interactions of PAIs within the catalytic site (see Figure 2). 123
Among these three models, model PH4-3 was found to 124
properly distinguish between inactive and active compounds 125
when applied to a test set of SO structures (of which 10 were 126
known to be active PAIs). 127

In the third step, a VS procedure on the above-mentioned 128
database by means of combined pharmacophore-filtration and 129
structure-based docking procedures was carried out. To speed 130
up the process, the database was partitioned into 36 sublibraries 131
that were processed in a parallel way using the software 132
platform MOE.** Each library was first filtered using the 133
Pharmacophore Search implemented in MOE. The derived 134
five-points pharmacophore model PH4-3 was chosen as query, 135
and all structures that matched at least four pharmacophore 136
features where stored, thus realizing a ~7-fold reduction in the 137
number of structures (see Figure 3). In the last steps of our in 1383
silico studies, the MOE Docking protocol was applied to the 139
resulting libraries. After running the docking process, the best 140
400 hits from all libraries were collected, and the top-ranked 141
energy hits (about 100 molecules) with immediate availability 142
were selected for the AutoDock refinement. 143

Pharmacophore filtration
MOE Docking protocol
Scoring optimization

AutoDock docking refinement

Figure 3. Scheme of the virtual screening approach.
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144 Once these molecules were scored, clusterization by scaffold
cl 145 similarity was done, and compounds 1—15 (Chart 1) were

Chart 1. Chemical Structures of the Hit Compounds
Identified by the Virtual Screening Procedure
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146 finally selected for subsequent biological evaluation by three
147 complementary methods, ie., the enzymatic plasmid-based
148 endonuclease assay with influenza virus PA-Nter and cell-based
149 influenza VRNP reconstitution and virus yield assays.

150 To enable biological testing, compounds 1-8 were
151 purchased while compounds 9—15 were retrieved from our
152 collection.> ™37 Compounds 10, 11, and 15 have been

resynthesized in our laboratory using a previously described 153
(and slightly modified) procedure, which is depicted in 154
Scheme 1. 10, 11, and 15 were obtained in moderate yields 15551
(58%, 46%, and 65%, for 10, 11, and 15, respectively) by 1s6
deprotection of the catechol moiety of the respective 157
intermediates 21—23, with boron tribromide in dichloro- 1ss
methane at low temperature (Scheme 1). Amides 21—23 were 159
prepared by conversion of 2-carboxylic indole 16 to the acyl 160
chloride 17, and next coupling with the appropriate amines. 161
The key synthone 16 was easily obtained using a previously 162
validated three-steps synthetic route.*® 163
Among the 15 test compounds evaluated in the PA-Nter 164
enzymatic assay (see Table 1), only compounds 10, 11, and 15 165 t1

Table 1. Activity of the 15 Test Compounds in the Plasmid-
Based Enzymatic Assay with PA-Nter

compd ICso (uM)“ compd ICyy (uM)“

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

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

8 >500 L-742,001 0.48

“ICsp: S0% inhibitory concentration, calculated using nonlinear
regression analysis. Values are the result of at least three independent
experiments.

demonstrated inhibitory activity, with ICg, values of 0.94, 65, 166
and 7.0 uM for 10, 11, and 15, respectively. Interestingly, 10 167
was only 2-fold less active than the prototype PAI L-742,001 168
(ICqy: 0.48 M), which is one of the more active PAIs reported 169
thus far. Compounds 10, 11, and 15 possess a similar 170
dihydroxyindole scaffold structure which thus appears to be 171
an important structural determinant for PA-Nter inhibitory 172
activity. However, (pseudo) dimerization of this scaffold to 173
obtain 11 and 185 leads to a significant reduction in activity. The 174
dihydroxyindole scaffold of all three active compounds fits well 175
within the pharmacophore model PH4-3 (see Supporting 176
Information, Figure 1). 177

Scheme 1. Synthesis of Compounds 10, 11, and 15
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“Reagents and conditions: (i) PCl;, diethyl ether, rt, 2 h; (i) diethyl ether, rt, 2 h; (jii) 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.
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178 As far as antiviral activity in cell culture is concerned, all three
179 compounds 10, 11, and 185 inhibited virus replication in a virus
180 yield assay in influenza virus-infected MDCK cells, with ECy,
181 and ECgyg values of 3.2 and 5.7 uM for 10, 32 and 73 uM for 11,
182 and 6.3 and 12 uM for 15 (see Table 2). It is remarkable that

Table 2. Anti-Influenza Virus Activity of Selected
Compounds 10, 11, and 15 in Cell-Based Influenza Virus
Assays

VRNP reconstitution
assay in HEK293T ¢

virus yield assay in MDCK cells® ells?
ompd G G G G G
L-742,001 54+ 03 84+ 03 181 34 >100
10 32 +09 57+ 1.6 >50 16 110
11 32+7 73+ 6 >200 64 >200
15 63 + LS 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. “Compound concentration (uM)
causing 1-log;, (ECy) or 2-log;, (ECy) reduction in virus yield at
24 h pi, as determined by real time RT-PCR. Values shown are the
mean = SEM of at least four experiments. “CCyy S50% cytotoxic
concentration determined by MTS cell viability assay at 24 h. “ECqy:
50% effective concentration, i.e. compound concentration producing
50% reduction in VRNP-driven firefly reporter signal, estimated at 24 h
after transfection, and calculated by nonlinear regression analysis from
data of 3 independent experiments.

183 derivatives 10 and 15 had a potency comparable to that of the
184 reference compound L-742,001 (which had ECyy and ECq,
1ss values of 5.4 and 8.4 uM, respectively). Moreover, 10 was 2-
186 fold more active than ribavirin, a broad antiviral molecule that
187 was included as a reference molecule. In the vRNP
188 reconstitution assay, compounds 10, 11, and 15 reached ECj,
189 values of 16, 64, and 24 uM, respectively, while the reference
190 compounds L-742,001 and ribavirin had ECs, values of 3.4 and
191 8.4 uM, respectively. Hence, compounds 10 and 15 are relevant
192 candidates for further lead optimization and antiviral/
193 mechanistic studies.

194 In the last stage, we performed docking using AutoDock 4.2
195 to predict the PA-Nter binding mode of the three active
196 molecules, i.e., 10, 11, and 15 (Figure 4a). Our results indicate
197 that their common dihydroxyindole moiety is directed toward
198 the two catalytic metal ions. The orientation of the metal-
199 chelating hydroxyl groups appears more favorable for 10 and 11
200 compared to 1S. For 10 and 11, both hydroxyl groups chelate
201 metal ion B (Mg>*) and only one of the hydroxyls interacts with
202 metal ion A (M,**). The opposite is seen with 15 because both
203 its hydroxyl groups are predicted to chelate M,>*, while only
204 one hydroxyl can interact with M. Because My*" is generally
205 considered to be bound with higher affinity compared to M,**
206 (at least when no substrate is present in PA-Nter),'®** this
207 slight difference in orientation may be the basis for the 7-fold
208 higher potency of 10 compared to 15. A striking discrepancy
209 between 11 on the one hand and 10 and 15 on the other hand
210 involves the compounds’ disposition in the cavities surrounding
211 the active site. 10 and 15 engage opposite pockets compared to
212 11. The catechol functionality of 10 and the second
213 dihydroxyindole ring of 15 orientate toward the pocket lined
214 by Vall22, Argl24, and Tyr 130 (in blue, Figure 4a). In
215 contrast, 11 binds via its second dihydroxyindole functionality

—_

Figure 4. Comparison between the predicted poses of 10, 11, 15 (a)
and L-742,001 (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 server. The active site metal ions are
colored dark red. (a) Superimposition of the best pharmacophore-
fitting docking poses obtained for compounds 10 (cyan), 11 (yellow),
and 15 (green). (b) Disposition of L-742,001 in PA-Nter as predicted
by docking: the conformer representing the most favorable binding
energies (in blue) and that representing the most diffuse population of
conformers (in pink)."

in the pocket surrounded by Ala20, Tyr24, and Gly81 (Figure 216
4a, in green and red). The relevance of the pocket delimited by 217
Val122, Argl24, and Tyr130 was previously proposed in our 218
mutational analysis of the binding pockets of L-742,001 (see 219
Figure 4b)."” Likewise, this pocket also proved to be of critical 220
importance for the binding of three recently identified PAIs 221
with strong inhibitory activity, as demonstrated in PA-Nter 222
cocrystallization experiments.lg’20 Taken together, our docking 223
results suggest that the superior PA-Nter inhibitory activity of 224
10 (IC4y = 0.94 uM) is related to its optimal orientation for 225
metal chelation, combined with its engagement into the 226
Val122—Argl124—Tyr130 cavity. Compound 11 (ICgy: 65 227
#M) has a similar metal-chelating binding mode yet does not 223
occupy the Vall22—Arg124—Tyr130 pocket. The compound 229
with intermediate activity, i.e,15 (ICsy: 7.0 uM), is able to 230
occupy the Val122—Arg124—Tyr130 pocket but, compared to 231
10, has a less favorable orientation of the metal-chelating 232
functionality. The nice correlation between the results from the 233
enzymatic assay and cell-based (i, virus yield and vRNP 234
reconstitution) methods supports our hypothesis that the 235
antiviral activity in cell culture is related to inhibition of PA- 236
Nter. Mechanistic studies are underway to verify this 237
assumption. 238

To summarize, a large database of roughly S million 239
structures was screened to identify novel influenza virus 240
endonuclease inhibitors by applying pharmacophore and 241
structure-based docking procedures. Fifteen hits were then 242
evaluated in a PA-Nter enzymatic assay, and three compounds 243
bearing an original Dbis-dihydroxy-1H-indole-2-carboxamide 244
scaffold demonstrated interesting inhibitory activity, with 245
compounds 10 and 15 having ICy, values in the low 246
micromolar range. Both prototypes also showed antiviral 247
activity in cell-based assays and had comparable potency 248
compared to the reference PAI L-742,001 and the nucleoside 249
analogue inhibitor ribavirin. Follow-up studies are warranted to 250
further assess the full potential of the bis-dihydroxy-1H-indole- 251
2-carboxamide scaffold to develop new influenza PAIs with 252
preclinical relevance. 253
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