
1 

Mutational analysis of the binding pockets of the diketo acid inhibitor L-742,001 in the 1 

influenza virus PA endonuclease 2 

 3 

Annelies Stevaert1, Roberto Dallocchio2, Alessandro Dessì2, Nicolino Pala3, Dominga Rogolino4, 4 

Mario Sechi3, Lieve Naesens1,# 5 

 6 

1Rega Institute for Medical Research, KU Leuven, 3000 Leuven, Belgium 7 

2CNR-Consiglio Nazionale delle Ricerche - Istituto di Chimica Biomolecolare, 07040 Li Punti, 8 

Italy 9 

3Dipartimento di Chimica e Farmacia, Università di Sassari, 07100 Sassari, Italy 10 

4Dipartimento di Chimica, Università di Parma, 43124 Parma, Italy 11 

 12 

 13 

 14 

#Corresponding author: 15 

Dr. Lieve Naesens, Rega Institute for Medical Research, KU Leuven, 16 

3000 Leuven, Belgium. Tel. +32-16-337345; Fax +32-16-337340. 17 

E-mail: lieve.naesens@rega.kuleuven.be 18 

 19 

 20 

Keywords: influenza virus; endonuclease; polymerase; diketo acid; antiviral; docking studies 21 

Running title: Diketo acid inhibitor binding to influenza virus PA 22 

Abstract word count: 249 23 

Text word count: 8,503 24 



2 

ABSTRACT 25 

 26 

The influenza virus PA endonuclease, which cleaves capped host pre-mRNAs to initiate synthesis 27 

of viral mRNA, is a prime target for antiviral therapy. The diketo acid compound L-742,001 was 28 

previously identified as a potent inhibitor of the influenza virus endonuclease reaction, but 29 

information on its precise binding mode to PA or potential resistance profile is limited. 30 

Computer-assisted docking of L-742,001 into the crystal structure of inhibitor-free N-terminal 31 

PA (PA-Nter) indicated a binding orientation distinct from that seen in a recent crystallographic 32 

study with L-742,001-bound PA-Nter. A comprehensive mutational analysis was performed to 33 

determine which amino acid changes within the catalytic center of PA or its surrounding 34 

hydrophobic pockets, alter the antiviral sensitivity to L-742,001 in cell culture. Marked (up to 20-35 

fold) resistance to L-742,001 was observed for the H41A, I120T and G81F/V/T mutant forms of 36 

PA. Two- to threefold resistance was seen for the T20A, L42T and V122T mutants, and the 37 

R124Q and Y130A mutants were threefold more sensitive to L-742,001. Several mutations 38 

situated at non-catalytic sites in PA had no or only marginal impact on the enzymatic 39 

functionality of viral ribonucleoprotein complexes reconstituted in cell culture, consistent with 40 

the less conserved nature of these PA residues. Our data provide relevant insight into the binding 41 

mode of L-742,001 in the PA endonuclease active site. In addition, we predict some potential 42 

resistance sites to be taken into account during optimization of PA endonuclease inhibitors 43 

towards tight binding in any of the hydrophobic pockets surrounding the catalytic center of the 44 

enzyme.45 
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INTRODUCTION 46 

 47 

The annual influenza epidemics caused by human influenza A and B viruses are associated with 48 

substantial morbidity and mortality in susceptible patients, and considerable socio-economic and 49 

medical burden. Moreover, we are confronted with the eminent threat of unpredictable influenza 50 

pandemics, the most recent example being the 2009 pandemic caused by a novel H1N1 influenza 51 

virus (1). The existing influenza vaccines require annual updating and are only partially 52 

protective in some target populations such as the elderly (2). Two classes of antiviral drugs are 53 

available for prevention or treatment of influenza virus infections: the M2 ion channel blockers, 54 

amantadine and rimantadine, and the neuraminidase inhibitors, oseltamivir and zanamivir. 55 

Amantadine and rimantadine have limited usefulness, because of their neurological side-effects, 56 

lack of activity against influenza B virus and, particularly, the worldwide spread of amantadine-57 

resistant viruses (3). Likewise, during recent years, oseltamivir-resistant influenza viruses were 58 

isolated all over the globe (4), raising the urgent need for new anti-influenza virus agents with an 59 

entirely different mode of action (5). The influenza virus polymerase is widely recognized as a 60 

superior target for antiviral drug development (6). 61 

Within the virion, the influenza virus genome is assembled into eight viral ribonucleoprotein 62 

(vRNP) complexes, each containing one of the eight negative-stranded viral RNA (vRNA) 63 

segments, multiple copies of the nucleoprotein (NP) and one copy of the viral RNA-dependent 64 

RNA polymerase (RdRp) complex. The highly conserved influenza virus polymerase is a large 65 

heterotrimeric protein complex composed of three subunits: PB1, PB2 and PA (7). The actual 66 

polymerizing function for viral RNA synthesis resides in the PB1 subunit (8). Replication of the 67 

vRNPs proceeds via complementary RNP (cRNP) intermediates [made up of complementary 68 

RNA (cRNA), a single polymerase heterotrimer and multiple NPs], which act as the template for 69 
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vRNA synthesis. Recent data from cryogenic electron microscopy studies revealed the precise 70 

organization of native vRNPs and support a model in which viral genome replication is carried 71 

out by a second polymerase complex (9, 10). Besides, the vRNPs serve as the template for 72 

transcription to viral mRNAs. This process is initiated by an endonuclease reaction referred to as 73 

‘cap-snatching’, in which 5’-capped oligonucleotides are cleaved from cellular pre-mRNAs at 74 

10-13 nucleotides from the cap, to serve as primers for viral mRNA synthesis (11, 12). While cap 75 

binding is performed by an independently folding domain of PB2 (13), the endonuclease activity 76 

resides in the N-terminal domain of the PA subunit (PA-Nter, containing residues 1-256 or less) 77 

(14, 15). The crystal structure of PA-Nter shows a unique fold with five mixed β-strands forming 78 

a twisted plane surrounded by seven α-helices. The catalytic core houses one or two divalent 79 

metal ions (Mg2+ or Mn2+) coordinated by a histidine (His41) and a cluster of acidic residues 80 

(Glu80, Asp108 and Glu119), and a conserved lysine (Lys134) implemented in catalysis (14, 15). 81 

PA-Nter shares structural characteristics with other nucleases of the PD-(D/E)XK superfamily, 82 

which also includes most type II restriction endonucleases (16). Recently, structural similarity 83 

was reported for the catalytic domains of PA-Nter and the Prp8 endonuclease component of the 84 

yeast spliceosome (17). Intriguingly, influenza virus PA-Nter, the related endonuclease active site 85 

of Orthobunya L-proteins (18) and the yeast Prp8 endonuclease domain have a histidine in their 86 

active site, which appears to be a rather unique feature among the PD-(D/E)XK nucleases. 87 

Its unique structure and crucial role in influenza virus replication make the PA endonuclease a 88 

prime target for antiviral therapy. About two decades ago, researchers at Merck discovered a 89 

series of 4-substituted-2,4-dioxobutanoic acids as selective inhibitors of the influenza virus cap 90 

snatching activity (19, 20). One of the leads, the diketo acid (DKA) compound L-742,001 (Fig. 91 

1), showed strong and dose-dependent inhibition of the influenza virus endonuclease reaction in 92 

enzymatic assays with virus-derived vRNPs and, moreover, proved to be active in cell culture 93 
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and mouse models for influenza virus infection. Another endonuclease inhibitor identified by 94 

these investigators is flutimide, a fully substituted 1-hydroxy-3H-pyrazine-2,6-dione isolated 95 

from a fungus (21), that served as a lead compound for developing a series of more potent 96 

aromatic analogues (22). These discoveries were soon followed by others, resulting in a chemical 97 

variety of reported influenza virus endonuclease inhibitors, i.e. N-hydroxamic acid and N-98 

hydroxyimide compounds (23), tetramic acid series and diketobutanoates (24), polyphenolic 99 

catechins (25), phenethylphenylphthalimide analogs derived from thalidomide (26), macrocyclic 100 

bisbibenzyls (27), a group of compounds bearing distinct pharmacophoric fragments (28) and 101 

3‑hydroxyquinolin-2(1H)‑ones (29). An effort was also made to define the essential 102 

pharmacophore from the available structure-activity relationship (24). However, truly rational 103 

and structure-based drug design became possible only after the influenza virus PA protein was 104 

identified as the endonuclease subunit and the crystal structure of PA-Nter was available (14, 15). 105 

The insight into how endonuclease inhibitors interact with their target was further improved by 106 

two recently published crystallization studies of PA-Nter in complex with either L-742,001, 107 

closely related analogues or a few other endonuclease inhibitors (30, 31). The central scaffold of 108 

these molecules, composed of a diketo acid, diketo hydroxy, or trihydroxy moiety, binds to the 109 

catalytic core of PA-Nter by chelating the divalent metal ion(s) (normally coordinated by His41, 110 

Glu80, Asp108 and Glu119), and interacting with the catalytic Lys134 and an ordered water 111 

molecule. Both crystallization studies revealed the possibility to exploit different hydrophobic 112 

pockets around the catalytic core of PA-Nter. A logical next step is to design optimized 113 

endonuclease inhibitors which are able to fully occupy one or more of these pockets, a criterion 114 

that was not fulfilled with the existing compounds used during crystallization.  115 
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Although these structural data create obvious possibilities for inhibitor design, there is a lack of 116 

biological data that support the proposed binding mode of the endonuclease inhibitors in the 117 

context of the entire viral polymerase complex, as present in influenza virus-infected cells. To 118 

identify which residues within or around the catalytic center of PA-Nter are involved in binding 119 

and antiviral activity of L-742,001, we here created a series of influenza viruses carrying specific 120 

mutations in the PA-Nter sequence. The mutated sites were selected on the basis of 121 

computational docking of L-742,001 within the structure of inhibitor-free PA-Nter (14), as well 122 

as by analyzing the published crystal structure of PA-Nter in complex with L-742,001 (30). We 123 

included the T20A PA mutation, which was detected in an influenza virus selected after cell 124 

culture passage with L-742,001, and shown to afford 3-fold resistance to the compound (32). The 125 

impact of all these PA mutations on the inhibitory activity of L-742,001 was studied in two cell 126 

culture assays: a virus yield replication assay and a reporter-based vRNP reconstitution assay. 127 

Our data shed a new light on the binding mode of L-742,001 in the PA protein, and provide a 128 

more accurate picture of its mode of action. We also evaluated which of the PA mutations reduce 129 

the polymerase activity of the vRNP complex, and analyzed the naturally occurring variation at 130 

the relevant amino acid sites. In this way, we provide a first prediction of potential resistance 131 

sites in the PA protein that may be taken into account during development of influenza 132 

endonuclease inhibitors.  133 
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MATERIALS AND METHODS 134 

 135 

Cells and media 136 

Madin-Darby canine kidney (MDCK) cells (a kind gift from M. Matrosovich, Marburg, 137 

Germany) and human embryonic kidney 293T (HEK293T) cells (purchased from Thermo 138 

Scientific) were cultivated in Dulbecco's modified Eagle medium (DMEM) supplemented with 139 

10% fetal calf serum (FCS), 1 mM sodium pyruvate, and 0.075% sodium bicarbonate. During 140 

virus experiments, the MDCK cells were maintained in MDCK infection medium, consisting of 141 

Ultra MDCK medium (Lonza) supplemented with 0.0225% sodium bicarbonate, 2 mM L-142 

glutamine, and 2 μg/ml tosylphenylalanylchloromethylketon (TPCK)-treated trypsin (Sigma). 143 

The cells were incubated in a humidified atmosphere containing 5% CO2. 144 

 145 

Antiviral compounds 146 

Ribavirin (Virazole; ICN Pharmaceuticals) was included as the reference compound. The 147 

procedures for chemical synthesis and analysis of the DKA compound L-742,001 [full chemical 148 

name: (Z)-4-(1-benzyl-4-(4-chlorobenzyl)piperidin-4-yl)-2-hydroxy-4-oxobut-2-enoic acid; see 149 

Fig. 1 for chemical structure] are not shown here, but will be published in due course. 150 

Epigallocatechin gallate (EGCG) was purchased from Sigma. The lipophilic aglycoristocetin 151 

derivative SA-19 (33) was synthesized by P. Herczegh (University of Debrecen, Hungary). These 152 

test compounds were stored as a 25-50 mM stock solution in dimethylsulfoxide (DMSO). In all 153 

cellular assays, the final DMSO concentration was kept below 0.8%, a concentration that was 154 

free of aspecific effects on cell viability or luciferase activity. 155 

 156 

Plasmids 157 
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A bidirectional eight-plasmid system, generously donated by M. Kim (Korea Research Institute 158 

of Chemical Technology, Daejeon), was used to generate mutant A/PR/8/34 influenza viruses 159 

and perform a vRNP reconstitution assay. These eight plasmids (encoded pVP-HA; pVP-NA; 160 

pVP-NP; pVP-NS; pVP-M; pVP-PB1; pVP-PB2; and pVP-PA) contain the A/PR/8/34 genomic 161 

sequences flanked, in antisense, by a polI promoter and polI terminator [obtained from the 162 

pHH21 plasmid (34)], and ligated, in the sense orientation, between the CMV polII promoter and 163 

BGH polyadenylation signal of the pVAX1 vector (Invitrogen). To introduce specific mutations 164 

into the pVP-PA plasmid, the QuikChange II Site-Directed Mutagenesis kit (Stratagene) was 165 

used. The absence of any unwanted mutations was verified by sequencing the entire expression 166 

cassette (i.e. from the beginning of the CMV polII promotor until the end of the BGH 167 

polyadenylation signal), using the Big Dye Terminator Sequencing kit (Applied Biosystems). 168 

Plasmid preparations were made with the PureYield Plasmid Midiprep System kit (Promega), 169 

followed by ethanol precipitation. For each mutant pVP-PA plasmid, two independently prepared 170 

midipreps were tested, to exclude the possibility that observed reductions in vRNP activity were 171 

related to inadvertent impurities in the midiprep which might affect protein expression. 172 

The pHH21-FLuc reporter plasmid, also kindly provided by M. Kim, contains the firefly cDNA 173 

(originating from the pEGFPLuc vector; Invitrogen) flanked by the 3’- and 5’-UTR sequences of 174 

the A/PR/8/34 NS gene, and ligated, in antisense orientation, between the polI promoter and polI 175 

terminator of the pHH21 backbone plasmid (34). 176 

 177 

Computational docking procedures 178 

Ligand. Model compound L-742,001 was constructed with standard bond lengths and angles 179 

from the fragment database with MacroModel 6.0 (35). Minimization of structures was 180 

performed with the MacroModel/BachMin 6.0 program using the AMBER force field. An 181 
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extensive conformational search was carried out using the Monte Carlo/energy minimization (36) 182 

(Ei-Emin <5 kcal/mol, energy difference between the generated conformation and the current 183 

minimum). The atomic charges were assigned using the Gasteiger-Marsili method (37). 184 

Representative minimum energy conformations were optimized using the ab initio quantum 185 

chemistry program Gaussian 09 with method B3LYP/6-311G basis set (38), and data were 186 

visualized with GaussView 5.0 (39). Considering that the experimentally determined (40) 187 

protonation constants of the carboxylic group and the keto-enol function of DKA inhibitors are 188 

~4 pKa1 and ~10-11 for pKa2, we presumed that L-742,001 is predominantly in the mono-189 

deprotonated form under physiological conditions, and the compound was modelled for docking 190 

in this way. Furthermore, since a possible protonation at the piperidine nitrogen can occur at pH 191 

7.4, we also included the zwitterionic form (Fig. 1) in our docking analysis. 192 

Protein. From the two published X-ray structures of inhibitor-free PA-Nter (14, 15), we used the 193 

2.05 Å resolution crystal structure of the PA-Nter protein (residues 1-209) of influenza virus 194 

A/Victoria/3/1975 (H3N2) containing two Mn2+ ions in the catalytic site (14). This crystal 195 

structure [PDB ID: 2W69, chain A] was retrieved from the RCSB Protein Data Bank (41). Before 196 

docking, the water molecules and sulfate ions were stripped, and hydrogen atoms were added 197 

using the ADT module. The Gasteiger charges of Autodock were used, giving special attention to 198 

the protonation state of the acidic residues in the active site, i.e. Glu80, Asp108 and Glu119. 199 

Docking. Calculations were carried out with the method that we previously used and validated 200 

for the HIV-1 integrase protein (42-45), with relevant modifications. Binding of the compound 201 

was analyzed using AutoDockTools 1.5.6 (46, 47) and AutoDock 4.2 (47, 48). The structures 202 

were docked using the Lamarckian genetic algorithm [LGA, (49)] defined through a grid 203 

centered [coordinates: X) 0.0, Y) 30.0, Z) 85.0], with 100, 100, 100 grid points in X, Y, Z 204 

dimensions, respectively. The default grid spacing (0.375 Å) was used and 100 docking runs 205 
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were performed, treating the docking active site as a rigid or partially flexible structure, and the 206 

ligand as flexible. The missing residues at positions Leu72 and Asn142 in this chain A were 207 

incorporated from chain B of the same protein after superimposition of the backbones from 208 

His41, Glu80, Pro107, Asp108, Leu109, Glu119 and Ile120 (rms = 0.2541) and substitution by 209 

fitting on Leu71, Lys73 and His74; and Thr143 and His144, for Leu72 and Asn142, respectively. 210 

The partially solved residues Phe105 and Arg185 were also refined based on chain B, and the 211 

protein structure was analyzed with the leap module of AMBER 11 (50), using Amber ff03.r1. 212 

To include Mn2+ ions, the parameters Mass Mn 54.938, nonbond Mn 1.69 0.014 were inserted 213 

into the frcmod file. Na+ ions were also added to obtain charge neutrality. 214 

 215 

Generation of influenza viruses with mutant forms of PA 216 

Wild-type (WT) and PA mutant viruses were generated from the eight pVP plasmids, using the 217 

reverse genetics procedure published by Martínez-Sobrido (51), with minor modifications. 218 

Briefly, a co-suspension of HEK293T and MDCK cells was prepared in DMEM with 10% FCS, 219 

at a density of ~15×106 cells per ml for each cell line. The cells were transferred to a 12-well 220 

plate (125 µl per well), followed by addition of 650 µl transfection mixture containing 0.5 µg of 221 

each of the eight pVP plasmids, diluted in opti-MEM I and pre-incubated with 4 µl 222 

Lipofectamine 2000 (both from Invitrogen). Twenty-four hours post-transfection, the medium 223 

was replaced by DMEM containing 0.3% bovine serum albumin and 2 μg/ml TPCK-treated 224 

trypsin. Virus-containing supernatants were collected at 5 days post-transfection and centrifuged 225 

(650 x g, 10 min, RT) to remove cell debris. To propagate the rescued viruses, serial dilutions of 226 

the clarified supernatants were added to 96-well plates with fresh MDCK cells, seeded one day 227 

earlier at 7,500 cells per well, in MDCK infection medium. After three days, the mutant viruses 228 

were harvested from selected wells showing full-blown CPE, pooled and stored in aliquots at -229 
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80°C. For all the mutant viruses, the PA, PB1 and PB2 coding sequences were determined to 230 

verify that only the desired mutations in PA-Nter were present, and investigate whether 231 

compensatory mutations may have emerged in the polymerase heterotrimeric complex. 232 

 233 

Antiviral assay with mutant viruses 234 

To determine the antiviral susceptibility of the mutant influenza viruses, a virus yield assay was 235 

performed as described in Meneghesso et al. (52), with minor modifications. 236 

One day prior to infection, MDCK cells were suspended in MDCK infection medium and seeded 237 

into 96-well plates at 25,000 cells per well. At day 0, serial dilutions of the test compounds were 238 

added, immediately followed by infection with the mutant viruses, generated as described above. 239 

The multiplicity of infection (MOI) was 150 CCID50 per well [50% cell culture infectious dose; 240 

determined by the method of Reed and Muench (53)]. After 24 h incubation at 35°C, the 241 

supernatants were collected and stored at -80°C. The virus amount in these samples was 242 

estimated by determining the viral genome copy number in a one-step quantitative real-time 243 

reverse transcription (qRT)-PCR assay. Four µl of each harvested supernatant was mixed with 20 244 

μl resuspension buffer and 2 µl lysis reagent (CellsDirect One-Step qRT-PCR kit; Invitrogen) to 245 

disrupt the virus particles. After 10 min heating at 75°C, 10 μl lysate was transferred to qPCR 246 

plate containing the qRT-PCR enzymes and buffer (CellsDirect One-Step qRT-PCR kit; 247 

Invitrogen), and influenza virus M1-specific primers and probe [as described in (54)]. The qRT-248 

PCR program was performed on an ABI 7500 Fast Real-Time PCR apparatus (Applied 249 

Biosystems) and consisted of: 15 min at 50°C; 2 min at 95°C; and 45 cycles of 15 s at 95°C 250 

followed by 90 s at 60°C. Absolute quantification of vRNA copies was performed by including 251 

an M1-plasmid standard. The EC99 and EC90 values were calculated by interpolation and defined 252 

as the compound concentration causing respectively a 2-log10 and 1-log10 reduction in vRNA 253 
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copy number, as compared to the virus control receiving no compound. Pairwise comparison for 254 

statistical significance was assessed on data of at least five experiments, using an unpaired two-255 

tailed Student’s t-test with Welch’s correction (GraphPad Prism Software, San Diego, CA). In 256 

parallel, compound cytotoxic activity was determined in uninfected MDCK cells, which were 257 

incubated with serial dilutions of the compounds for 24 or 72 h, using the MTS cell viability 258 

assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay; Promega). The 259 

spectrophotometric data were used to calculate the 50% cytotoxic concentration (CC50), i.e. the 260 

concentration reducing cell viability by 50%, as compared to the wells receiving medium instead 261 

of compound. 262 

 263 

One-cycle virus replication assay 264 

A simplified time-of-addition experiment was performed as described in Vanderlinden et al. (54), 265 

with minor modifications. MDCK cells were seeded into 24-well dishes at 125,000 cells per well. 266 

After 16 h incubation at 35°C, influenza virus (WT A/PR/8/34) was added at the same MOI as in 267 

the virus yield assay. The compounds were added at either 30 min before or 1 h after virus 268 

infection. At 8 h p.i., the supernatant was removed and total cellular RNA extracts were prepared 269 

with the RNeasy Mini Kit (Qiagen). In order to quantify the negative-sense viral RNA (vRNA), 270 

the samples were analyzed by two-step real-time qRT-PCR (54). cDNA synthesis was performed 271 

on 0.5 μg of total cellular RNA using Moloney murine leukemia virus (M-MLV) reverse 272 

transcriptase (Invitrogen) and 80 nM M1-FOR primer. Then, real-time PCR was performed, 273 

using influenza virus M1-specific primers and probe (54), and quantitative PCR (qPCR) 274 

MasterMix (Eurogentec). All samples were analyzed in duplicate. The vRNA copy number was 275 

quantified by including an M1-plasmid standard. 276 

 277 
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vRNP reconstitution assay 278 

To determine the inhibitory effect of the compounds on reconstituted influenza virus vRNPs 279 

containing mutant forms of PA, the four relevant plasmids [i.e. pVP-PB1, pVP-PB2, pVP-NP and 280 

pVP-PA (WT or mutant)] were combined with the firefly luciferase reporter plasmid, and 281 

cotransfected into HEK293T cells. The procedure was derived from the reverse genetics method 282 

described above. Specifically, the five plasmids, diluted in opti-MEM I, were incubated with 283 

Lipofectamine 2000, mixed with DMEM plus 10% FCS, and added to a suspension of HEK293T 284 

cells. The cells were then transferred to a 96-well plate containing serial dilutions of the test 285 

compounds so as to obtain, per 60 µl volume per well: 120,000 HEK293T cells; 0.26 µl 286 

Lipofectamine 2000; 11 ng of each of the four pVP plasmids and 4 ng of the pHH21-FLuc 287 

plasmid. After 24 h incubation at 37°C, luciferase activity was determined using the Dual-Glo 288 

assay system from Promega. The 50% effective concentration (EC50) was defined as the 289 

compound concentration causing 50% reduction in the vRNP-driven firefly luciferase signal, as 290 

compared to cells receiving medium instead of compound. These EC50 values were calculated by 291 

interpolation assuming a semi-log dose-response effect. Finally, for each mutant form of PA, the 292 

firefly signal from the cells receiving no compound was used to calculate the vRNP activity of 293 

the mutant PA relative to WT-PA, defining the signal for the WT as 100%. 294 

 295 

Protein sequence analysis 296 

To assess the extent of naturally occurring variation at the relevant amino acid sites in PA, we 297 

performed a comprehensive PA protein sequence analysis covering more than 12,000 influenza 298 

viruses belonging to various (sub)types from different hosts, using the Influenza Research 299 

Database online single nucleotide polymorphisms (SNP) tool (55). 300 
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RESULTS 301 

 302 

Docking of L-742,001 in the catalytic site of the PA endonuclease 303 

In Figure 2, the result is shown from our docking study with L-742,001 in the inhibitor-free 304 

crystal structure of PA-Nter (14), assuming either a rigid receptor (Fig. 2, panels A and B; 305 

structures in cyan) or flexible protein structure (Fig. 2, panels A and B; structures in magenta). A 306 

similar docking study as ours was published before (56), but these researchers considered the 307 

dianionic form of L-742,001, whereas we assumed the DKA to be in its mono-deprotonated form 308 

(Fig. 1) (40). Since the catalytic center of PA-Nter is considered to be acidic (57), mono-309 

deprotonated L-742,001 appears the more relevant form. Also, since the diketo acid moiety of L-310 

742,001 is directly connected to position 4 of a piperidine ring, its pKa2 value is expected to be 311 

higher than the value of ~10-11 that we experimentally established for α,γ-diketo acid inhibitors 312 

of HIV integrase which, instead, contain an electron withdrawing aromatic ring (40). Finally, 313 

since the tertiary amine of the piperidine ring could be partially protonated at pH 7.4, we 314 

performed an additional docking experiment with the zwitterionic form (Fig. 1) of L-742,001. 315 

A second difference is that the flexible docking performed by Ishikawa and Fujii (56) was built 316 

around the flexible Arg84 residue whereas, in our study, the flexible residues taken into account 317 

were the metal binding and catalytic residues His41, Glu80, Asp108, Glu119, Ile120 and Lys134, 318 

as well as Cys45, which is close to the catalytic site. 319 

Both our approaches (i.e., rigid and flexible protein structure) suggested a similar binding mode 320 

for L-742,001, giving a largely overlapping orientation in the catalytic site of PA-Nter (Fig. 2, 321 

panels A and B) and indicating that the compound interacts with both Mn2+ ions [referred to as 322 

Mn1 and Mn2 by DuBois et al. (30)]. More specifically, the carboxylate group of the DKA motif 323 

chelates the first Mn2+ ion, which agrees with our predictions on the binding mode for DKA 324 
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inhibitors of HIV integrase (40, 58-60). In addition, our docking predicts that the interaction of L-325 

742,001 with the second Mn2+ ion of PA-Nter involves the oxygen lone pair of its α-hydroxyl 326 

group and the oxygen atom of its carboxylate moiety (Figure 2, panels A and B). In contrast, in 327 

the crystal structure model (PDB entry 4E5H), the oxygen atom at the γ-position also participates 328 

in metal chelation, which largely determines how L-742,001 is positioned within PA-Nter. This 329 

two metal binding model involving all three coplanar oxygen atoms was also observed in the 330 

docking study of Ishikawa and Fujii, who assumed the dianionic form of L-742,001 (56).  331 

The different binding mode of the DKA moiety in the catalytic center of PA-Nter probably 332 

explains why the orientation of the two aromatic ‘wings’ of L-742,001 (i.e., its benzyl and 333 

chlorobenzyl substituents) is clearly different in our docking models (Fig. 3A; structures in cyan 334 

and marron), compared to that observed in the L-742,001-PA-Nter complex (Fig. 3B; pink 335 

structure). In our docking study, the two aromatic parts of the compound are reversed by about 336 

180° for the binding pose with the most favorable binding energies (Fig. 3A; cyan structure), 337 

compared to that with the most diffuse population (Fig. 3A; maroon structure). The first binding 338 

pose (cyan structure) places the benzyl moiety in close proximity to pockets P4 and P5, whereas 339 

the chlorobenzyl group is directed towards pockets P1 and P2. In the second pose (maroon 340 

structure), L-742,001 is positioned with its chlorobenzyl substituent towards pocket P5 and its 341 

benzyl group towards pockets P1 and P2 at another side of the PA-Nter protein. The 342 

conformation of both aromatic rings in opposite direction, and perpendicularly to the DKA 343 

moiety (T-shape), as observed in our docking models, is confirmed in the crystal structure but, in 344 

the latter, the compound is tilted about 90° compared to the orientation that we predicted (Fig. 345 

3B; molecule in pink). Thus, in the crystal structure (Fig. 3B; molecule in pink), the chlorobenzyl 346 

moiety of L-742,001 is positioned towards pocket P5 around Ala20, whereas the benzyl ring is 347 

located in a narrow hydrophobic cavity made up of Arg84, Trp88, Phe105 and Leu106 (pocket 348 
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P3). Finally, when we docked L-742,001 in its zwitterionic form (Fig. 2C), the binding 349 

conformation was similar to that obtained with the mono-deprotonated structure (Fig. 2, panels A 350 

and B), suggesting that potential protonation of the piperidine ring does not affect either metal 351 

binding or orientation of the molecular scaffold within the protein. 352 

 353 

Activity and selectivity of L-742,001 in virus yield and vRNP reconstitution assays 354 

We initially attempted to determine the antiviral activity of L-742,001 in our standard cytopathic 355 

effect (CPE) reduction assay, performed in proliferating influenza virus-infected MDCK cells, in 356 

which the compound’s effect is evaluated at day 3 p.i. (54). Unfortunately, under these 357 

conditions, L-742,001 exhibited pronounced cytotoxicity (minimum cytotoxic concentration, as 358 

assessed by microscopy: 20 µM; data not shown). We therefore switched to a 24-h virus yield 359 

assay in which the number of virus particles released in the supernatant of infected MDCK cells 360 

was determined by real-time qRT-PCR. As shown in Table 1, L-742,001 displayed favorable 361 

EC90 and EC99 values (i.e. concentrations causing a 10-fold and 100-fold reduction in virus yield, 362 

respectively) of 4.3 and 6.6 µM, respectively, compared to 7.8 and 11 µM for the reference 363 

compound ribavirin. The antiviral concentrations we obtained for L-742,001 are higher than the 364 

value reported in the initial publication [IC50 in a virus yield assay: 0.35 µM, (20)], but in the 365 

same range (3-11 µM) as recently published by others (28, 32). For L-742,001 as well as 366 

ribavirin, antiviral activity in the virus yield assay nicely correlated with their inhibitory activity 367 

in the luciferase reporter-based vRNP reconstitution assay in HEK293T cells, as summarized in 368 

Table 1 and displayed in Fig. 4, showing the dose-response curves for both compounds against 369 

WT virus and vRNP. Likewise, the CC50 values (50% cytotoxic concentrations assessed by MTS 370 

cell viability assay) of L-742,001 were in the same range in MDCK and HEK293T cells (i.e. 371 

~200 µM after 24 h incubation). 372 
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 373 

Inhibitory effect of L-742,001 when added after virus entry 374 

In the past, some experimental anti-HIV compounds with a putative metal chelating scaffold, 375 

were initially identified as HIV integrase inhibitors, but were later shown to act on HIV entry 376 

when evaluated in cell culture (61-63). To exclude that such a dual effect might also apply to L-377 

742,001, we determined its anti-influenza virus effect when added at 1 h p.i. We previously 378 

demonstrated (33) that, under the experimental conditions used here in MDCK cells, at 1 h p.i., 379 

the influenza virus has completed its subsequent stages of viral adsorption, endosomal uptake and 380 

escape, and nuclear entry. As shown in Fig. 5, the virus control receiving no compound, showed a 381 

200-fold increase in viral RNA copies compared to virus input. In the L-742,001 condition, viral 382 

RNA synthesis was inhibited by 100%, whether added at -30 min or 1 h p.i., and the same 383 

observation was made for ribavirin. In contrast, the entry inhibitor SA-19 (33) and the 384 

polyphenolic compound EGCG [which acts as a PA endonuclease inhibitor in enzymatic assays 385 

(25, 31)] were devoid of inhibitory activity when added 1 h p.i. This means that the anti-influenza 386 

virus effect of EGCG in cell culture is based on inhibition of virus entry, as also reported for 387 

some other unrelated viruses (64). Although EGCG inhibits the PA endonuclease in enzymatic 388 

assays quite effectively (25, 31), this effect appears to be irrelevant in virus-infected cell cultures.  389 

 390 

Activity of L-742,001 against influenza viruses or vRNPs carrying mutant forms of PA  391 

The models for binding of L-742,001 to the catalytic domain of PA-Nter (Fig. 3) served as the 392 

starting point to construct a large series of influenza viruses carrying single amino acid 393 

substitutions in PA. A first set of changes were located at sites with a known and crucial role in 394 

metal binding or endonuclease cleavage (i.e. H41A, I120T and K134A). Also, changes nearby 395 

these catalytic residues (i.e. of Gly81, which is adjacent to Glu80; of Leu42, next to His41; and of 396 
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Val122, close to Ile120) were evaluated. A second set of mutations were introduced to reduce the 397 

hydrophobicity in the predicted binding pockets for either the benzyl or chlorobenzyl ring of L-398 

742,001. Aromatic residues were substituted by a smaller hydrophobic amino acid (i.e. Y24L, 399 

W88L, F105L and Y130A). Small hydrophobic residues were substituted by a Thre (i.e. A37T, 400 

I38T, L106T and V122T) to introduce a hydrophilic uncharged moiety that is small enough to 401 

have no obvious steric effect on local protein structure. The Arg84 residue, contacting L-742,001 402 

according to the crystal structure model, was substituted by a hydrophobic Leu. The Arg124 403 

residue was substituted by a neutral Gln residue. In a third instance, residue changes found to 404 

alter the antiviral activity of L-742,001 (i.e. at positions Gly81, Ile120 and Arg124) were further 405 

varied by introducing other non-conservative changes at these sites. Finally, we included the 406 

T20A change that was shown to confer 3-fold resistance to L-742,001 in an influenza virus 407 

passaged in cell culture in the presence of L-742,001 (32). It should be noted here that the PA-408 

Nter sequence used in our docking study contains an Ala20 residue, whereas the WT pVP-PA 409 

plasmid used in our biological experiments contains Thr20. 410 

 411 

The impact of these PA mutations on the activity of L-742,001 in cell culture was evaluated both 412 

in the context of virus replication (by virus yield assay at 24 h p.i.) and after reconstitution of the 413 

vRNP (using the luciferase reporter assay). As shown in Table 2, the antiviral data obtained by 414 

both assays showed a nice correlation. The strongest resistance to L-742,001 (EC90 or EC50 415 

values increased by up to 20-fold compared to WT virus or vRNP) was seen for changes located 416 

at or nearby sites that are involved in metal binding and thus directly relevant for binding of the 417 

DKA moiety of L-742,001. Substitution of the metal-binding His41 to Ala conferred 20-fold 418 

resistance to L-742,001 in the vRNP assay and 3- to 4-fold resistance in the virus yield assay. 419 

Conversion of Ile120, of which the backbone carbonyl function is involved in metal chelation, to 420 
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Thr caused >15-fold resistance to L-742,001 in both cell assays, whereas the conservative I120V 421 

change had no effect. As expected, the K134A catalytic site mutation rendered the virus and 422 

vRNP non-viable, and could thus not be evaluated for resistance to L-742,001. An intriguing 423 

observation was made for Gly81, which is adjacent to the metal chelating residue Glu80. A 424 

positively (Lys) or negatively (Asp) charged residue at this site rendered the virus and vRNP non-425 

viable. Three other mutations at this position yielded a viable virus that was >22- (G81V), >12- 426 

(G81F) or >9-fold (G81T) resistant to L-742,001. The strong antiviral resistance of the G81T and 427 

G81F mutants was confirmed in the vRNP assay, whereas the G81V mutant vRNP was not active 428 

in the vRNP assay.  429 

A second site conferring resistance to L-742,001 was the T20A change outside the catalytic 430 

center of PA. In the virus yield assay, this substitution caused a 3-fold increase in EC90 and EC99. 431 

In the vRNP assay, the increase in EC50 was 2-fold (P<0.05 for comparison of T20A mutant 432 

versus WT vRNP). According to our docking results (Fig. 3A), Ala20 was predicted to lie in a 433 

hydrophobic pocket binding the benzyl or chlorobenzyl group of L-742,001; in the 434 

crystallographic model (30), this pocket is proposed to accommodate the compound’s 435 

chlorobenzyl group (Fig. 3B). The proximity of Leu42 agrees with the two- to threefold 436 

resistance of the L42T mutant. The Y24L, A37T, I38T changes had no consistent effect, 437 

indicating that these residues are located too far to form relevant hydrophobic interactions with 438 

L-742,001. In the crystallographic model (Fig. 3B), the benzyl moiety of L-742,001 binds to a 439 

narrow hydrophobic pocket (P3) comprising Arg84, Trp88, Phe105 and Leu106 (30). Although 440 

we evaluated only selected changes at these positions (i.e. R84L, W88L, F105L and L106T), our 441 

antiviral data make a role for these residues in the activity of L-742,001 quite ambiguous. The 442 

F105L and R84L substitutions rendered the vRNP ~2-fold more sensitive to L-742,001; in the 443 

virus yield assay these mutants displayed 2-fold decreases in EC90 (p<0.05) whereas their EC99 444 
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values were not significantly changed compared to WT. The W88L mutation had no impact in 445 

the virus yield assay, but gave a slight (~2-fold) increase in the vRNP assay. Finally, for the 446 

L106T mutant virus and vRNP, the sensitivity to L-742,001 was unchanged. 447 

An intriguing observation was the significant increase in antiviral sensitivity for the PA mutant 448 

carrying a substitution of Arg124. The R124Q mutant virus displayed 2-to 3-fold higher 449 

sensitivity to L-742,001 (P<0.05 compared to WT) and this was confirmed in the vRNP assay. 450 

Tyr130 and Val122, which are two residues located nearby Arg124 (Fig. 3B), also appeared to be 451 

associated with sensitivity to L-742,001. The Y130A change caused a ~3-fold reduction in the 452 

EC50 value (vRNP assay) or EC90 value (virus yield assay). Regarding Val122, the V122T mutant 453 

vRNP was 5-fold resistant to L-742,001; in the virus yield assay, its increase in EC90 and EC99 454 

was 2-fold (P<0.01 versus WT virus). In combination, these data favor a role for Val122, Arg124 455 

and Tyr130 in the activity of L-742,001. 456 

All virus yield data were carefully analyzed to exclude the possibility that the observed resistance 457 

for L-742,001 might be related to diminished replication fitness of some specific PA mutant 458 

viruses. First, the WT and mutant viruses all yielded comparable values for viral genome copy 459 

number per ml at 24 h p.i. [i.e. log10 values in the range of 10.2 ± 0.1, which is a similar order of 460 

magnitude as reported by others (65)]. Second, an experiment was performed in which the EC99 461 

values of L-742,001 were determined for WT and G81T mutant virus used at different MOIs (i.e. 462 

40-fold difference between highest and lowest MOI), giving a virus yield at 24 h p.i. in the same 463 

range as above (i.e. 9.3-11.0 log10 viral genome copies per ml). The antiviral activity of L-464 

742,001 was consistent over the MOI range tested, with EC99 values of 7.1 ± 0.3 µM for WT 465 

virus and 86.9 ± 6.0 µM for the G81T mutant (data not shown). Finally, ribavirin was 466 

consistently included as a reference in every resistance experiment to ensure that any bias due to 467 

reduced viral fitness would be recognized. For some mutant viruses or vRNPs, we observed 468 
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minor increases (up to two-fold) in the antiviral values for ribavirin. This nucleoside analogue 469 

affects viral RNA synthesis, either directly by acting on the viral polymerase, or indirectly by 470 

depleting the cellular GTP pools (66). This is in agreement with our general observation that 471 

mutations in the PB1, PB2 or PA subunit of the influenza virus polymerase complex that are 472 

associated with reduced fitness of the virus or vRNP complex, often result in an apparent 2- to 3-473 

fold resistance to ribavirin (Naesens, unpublished data). We therefore assume that this 474 

phenomenon is intrinsic to ribavirin rather than being related to specific mutations in PA. 475 

 476 

Polymerase activity of vRNP complexes carrying mutations in PA 477 

The luciferase-based vRNP reconstitution assay is well suited to estimate the enzymatic activity 478 

of vRNP complexes carrying mutations in any of the three polymerase subunits including PA 479 

(67). We therefore calculated the activity of our PA mutant vRNPs relative to WT. As shown in 480 

Fig. 6, the following PA mutations had no or only modest impact on vRNP activity (range: 481 

between 65-131% versus WT): T20A, Y24L, A37T, I38T, R84L, L106T, V122T and Y130A. 482 

This tolerance is consistent with the fact that neither of these residues has a catalytic function in 483 

PA-Nter. Two mutations outside the catalytic domain, i.e. F105L and in particular W88L, had a 484 

stimulating effect on vRNP activity. The Arg124 residue located outside the catalytic pocket was 485 

quite intolerant to mutation, since the R124E mutant was inactive and the R124Q mutant had a 486 

relative activity of 9%. In the case of the metal-binding residue Ile120, vRNP activity was 487 

reduced to zero for the I120K, I120D and I120F mutants, and to 14% for the I120T mutant; it 488 

was unaffected for the conservative I120V change. As expected and given the crucial role of 489 

Lys134 in catalysis, the K134A change yielded an inactive vRNP (14, 15). The H41A mutant still 490 

had 17% vRNP activity compared to WT, which is surprising since this His41 is generally 491 

considered to have a crucial role in metal chelation, substrate binding and structural integrity of 492 
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the polymerase (14, 15, 30, 31, 57, 68, 69). The L42T change in the site adjacent to His41 gave a 493 

reduction of 50%. Substitutions of the conserved Gly81 (which is adjacent to the catalytic 494 

Glu80), caused a dramatic reduction in vRNP activity, i.e. 100% for G81D, G81K and G81V; 495 

96% for G81F and 93% for G81T. Several PA mutations studied here elaborate on previous 496 

reports, in which the change was limited to an Ala (15, 57, 68). 497 
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DISCUSSION 498 

 499 

The study presented here was aimed at revealing the binding mode of the anti-influenza virus 500 

compound L-742,001, a DKA inhibitor of the influenza virus endonuclease identified already 501 

many years ago (19, 20). Rational optimization of this initial lead compound into more potent and 502 

selective antiviral agents became possible only after the protein structure of its viral target, the N-503 

terminal part of PA, was revealed. The crystal structure of PA-Nter indicates that its catalytic 504 

core contains three acidic residues (Glu80, Asp108 and Glu119) which, together with His41 and 505 

Ile120, coordinate two Mn2+ ions (14) or one single Mg2+ (15, 69), depending on the 506 

crystallization conditions. In biochemical experiments, the endonuclease activation by divalent 507 

metal ions is cooperative (70) and the endonuclease activity of isolated PA-Nter is higher in the 508 

presence of Mn2+ compared to Mg2+ (57). We therefore preferred to use the crystal structure with 509 

two Mn2+ ions when performing computational docking of L-742,001 in the inhibitor-free PA-510 

Nter protein. Importantly, our rigid and flexible docking approaches (which yielded comparable 511 

binding poses) were built on the assumption that L-742,001 is most prevalent in its mono-512 

deprotonated or zwitterionic form at the acidic pH inside the catalytic center of PA-Nter (40). In 513 

contrast, the docking experiments by Ishikawa and Fujii (56) considered the dianionic form of L-514 

742,001 and, also, the recently published crystallization study of L-742,001 in complex with PA-515 

Nter was performed at pH 8.0 (30). This could explain why the orientation of L-742,001 in our 516 

docking models differs from that observed in the crystal structure. According to our predictions, 517 

L-742,001 coordinates one of the two Mn2+ ions via its carboxylate group, whereas the second 518 

Mn2+ ion is bound by the α-hydroxyl and the carboxylate’s oxygen. In the crystal structure of the 519 

L-742,001-PA-Nter complex, the third coplanar oxygen (i.e. that in γ-position) is also involved in 520 

complexation of the second Mn2+ ion (30). The different binding mode of the DKA motif of L-521 
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742,001 in the active center of PA-Nter explains why the molecule is rotated about 90° in our 522 

docking models compared to its orientation in the crystal structure model. Consequently, the two 523 

approaches also differ in where to locate the aromatic ‘wings’ of L-742,001 in the hydrophobic 524 

pockets (Fig. 3) around the catalytic core of PA-Nter. In the crystal structure, the chlorobenzyl of 525 

L-742,001 is positioned in pocket P5 (Fig. 3B) around Ala20, whereas the benzyl ring is situated 526 

in a cavity (indicated as P3 in Fig. 3B) made up of Arg84, Trp88, Phe105 and Leu106. According 527 

to our docking predictions, and depending on the type of top-ranked clusterized conformers, the 528 

aromatic ‘wings’ of L-742,001 are located in pockets P1, P2, P4 and P5 (Fig. 3A). Importantly, in 529 

neither of the binding models for L-742,001 (i.e., our docking predictions or the published crystal 530 

structure), optimal interactions (such as π-stacking) with the hydrophobic residues comprising the 531 

presumed binding pockets were observed. 532 

This suboptimal fitting of the compound most likely explains why only a modest (i.e. maximum 533 

5-fold) level of resistance to L-742,001 was seen with the PA mutant viruses and vRNPs bearing 534 

mutations within the predicted hydrophobic binding pockets for L-742,001. In contrast, a high 535 

level of resistance to L-742,001 was noted for mutations I120T and H41A within the catalytic 536 

core of PA-Nter, consistent with the notion that the metal-binding effect of the DKA moiety is a 537 

crucial factor in endonuclease inhibition by L-742,001. Since the H41A mutation affects the 538 

metal complexation at this site, it likely reduces the ability of L-742,001 to bind in the catalytic 539 

center. In the case of Ile120, it is the backbone carbonyl that is involved in metal complexation; 540 

this functionality is obviously not changed upon mutation. The strong resistance of the I120T 541 

mutant is possibly related to a local change in the protein structure. A Val at position 120 (the 542 

common residue in influenza B viruses; Table 3) did not alter the activity of L-742,001. 543 

A highly relevant observation is the pronounced resistance (at least 9-fold) for Gly81 mutations, 544 

near the metal binding residue Glu80. The resistance to L-742,001 was found to decrease in the 545 
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order G81V > G81F > G81T. A role for Gly81 was proposed in one of our two docking models 546 

(Fig. 3B; and shown in close-up in Fig. 7) which suggested that Gly81 may form a hydrophobic 547 

interaction with the benzyl moiety of L-742,001. This unsubstituted (Gly) residue may also be 548 

required to leave space for the benzyl group when positioning L-742,001 in the tunnel formed by 549 

Leu16, Leu65, Ile79, Glu80, Gly81 and Arg82 (Fig. 7A-C). Hence, substitution of Gly81 with a 550 

bulkier residue can affect the accommodation of the aromatic ‘wing’ inside the tunnel. An 551 

alternative interpretation is that Gly81 may be critical to shape the binding pocket for L-742,001. 552 

The finding that, in terms of sensitivity to L-742,001, a Phe at position 81 is less detrimental than 553 

a Val, could indicate that the resistance is partially reversed by a π-stacking interaction between 554 

the aromatic ring of the Phe residue and the benzyl of L-742,001. Alternatively, it could relate to 555 

an opposite disposition of the aromatic ring of the Phe residue within the tunnel, thus limiting its 556 

capacity to contribute to the hydrophobic binding site. Whatever the precise role of Gly81 may 557 

be, our resistance data convincingly show that this residue is directly or indirectly involved in the 558 

binding of L-742,001 to PA-Nter. 559 

Regarding the binding pockets for L-742,001 outside the catalytic center of PA, our antiviral data 560 

confirm a role for the cavity around Ala20. The threefold resistance of our T20A mutant virus 561 

fully agrees with a previous report describing a threefold increase in antiviral EC50 value for an 562 

influenza virus selected in cell culture in the presence of L-742,001, and found to contain this 563 

T20A mutation in PA (32). This change is a naturally occurring polymorphism among influenza 564 

A viruses, whereas a conserved Thr20 is present in influenza B viruses (Table 3). The slightly 565 

larger Thr (as compared to Ala) is thought to give a better interaction with one of the two 566 

aromatic rings of L-742,001, i.e. the chlorobenzyl group in the crystal structure model (30), or the 567 

chlorobenzyl/benzyl according to our docking models. Although our resistance data with the 568 

T20A mutant do not resolve which of the two aromatic wings of L-742,001 is involved, they do 569 
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support a role for pocket P5 in binding L-742,001. The lack of resistance for the Y24L mutant is 570 

noteworthy, since the crystal structure suggested close hydrophobic contact between the 571 

compound’s chlorobenzyl moiety and the aromatic ring of Tyr24 (30).  572 

Of note, our resistance data implicate a role for Arg124, Val122 and Tyr130 situated in pocket P2 573 

(Fig. 3A) which, according to our docking models, accommodate the chlorobenzyl or benzyl ring 574 

of L-742,001. The higher (2-3-fold) sensitivity of the R124Q and Y130A mutants and lower (2-5-575 

fold) sensitivity of the V122T mutant are consistent with a role for pocket P2 in binding L-576 

742,001. On the other hand, our resistance data with L-742,001 are unclear about the role of 577 

hydrophobic pocket P3 (made up of Arg84, Trp88, Phe105 and Leu106), as proposed by the 578 

crystal structure model (30). The changes introduced in this pocket caused no (L106T) or a 579 

maximum 3-fold change in sensitivity to L-742,001. Leu106 is situated in the center, and Trp88 580 

and Phe105 are lying at the borders of the proposed binding cavity and their narrowest distance to 581 

L-742,001 was estimated to be 3-4 Å (Fig. 7B). The W88L and F105L changes implicate a 582 

dramatic reduction in the size of the hydrophobic moiety, and yet they did not markedly alter the 583 

activity of L-742,001. Hence, a close binding interaction between L-742,001 and any of these 584 

two residues appears unlikely. 585 

 586 

Several reasons may account for the apparent discrepancy between the crystallographic data 587 

(based on isolated PA-Nter) and our biological data obtained in cell culture. A first hypothesis 588 

that, in terms of catalytic functionality, isolated PA-Nter may not adequately reflect the entire PA 589 

in the native influenza polymerase complex, was contradicted in enzymatic experiments with 590 

mutant forms of PA-Nter by Crépin et al. (57). However, Noble et al. (71) produced recombinant 591 

full-length PA protein to determine its metal ion dependence and substrate selectivity. These 592 

authors hypothesized that the full length PA protein may interact with inhibitors differently than 593 
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the truncated PA-Nter, possibly due to stabilization of the active site by the C-terminal domain. 594 

Another controversy is related to the number (one or two) and identity (Mn2+ or Mg2+) of the 595 

divalent metal ions in the active site of PA (14, 15, 30, 31, 69). This issue is directly relevant for 596 

inhibitors such as L-742,001, since the potency of DKA inhibitors of HIV integrase for wild-type 597 

or mutant HIV integrase was found to depend on whether the enzymatic assays were performed 598 

with Mn2+ or Mg2+ and, moreover, this metal selectivity was dependent on the structure of the 599 

DKA inhibitor (72). Finally, the large difference in the intracellular concentrations of Mg2+ and 600 

Mn2+ (mM versus µM range) has been used to argue that Mg2+ is a more plausible cofactor for 601 

influenza virus endonuclease (69). Although our cell culture data do not answer these specific 602 

issues, they draw attention to the importance of cell culture evaluation during early design of 603 

influenza virus endonuclease inhibitors.  604 

 605 

Though not the first aim of our study, our vRNP data with mutant forms of PA allowed to 606 

estimate the impact of the PA mutations on the overall polymerase activity of the vRNP 607 

complexes. The changes which totally destroyed the activity of the reconstituted vRNPs (G81K; 608 

G81D and G81V; I120K; I120D and I120F and K134A) are all located in the catalytic center of 609 

PA (14, 15). As far as we know, only the K134A (15, 57, 68) and G81A mutation (68) have been 610 

described before. The dramatic impact of R124E and, to a lesser extent, R124Q could be related 611 

to a local change in the protein’s structure, although a role for Arg124 in binding the RNA 612 

substrate or cleavage product might also be a valid hypothesis (15). The following mutations 613 

associated with strong resistance to L-742,001 showed 83-96% reduction in vRNP activity: 614 

H41A; G81F, G81T and I120T. This heavily compromised polymerase activity implies that 615 

selection of viruses carrying these single mutations, following prolonged exposure to L-742,001 616 

or another PA inhibitor (e.g. in cell culture or patients), is highly unlikely. This concurs with our 617 
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SNP analysis (Table 3), showing that Gly81 and His41 are 100% conserved among naturally 618 

occurring influenza A, B and C viruses, while for Ile120 and Arg124, only conservative 619 

variations are seen (i.e. Val120 and Lys124, the common residues in influenza B viruses). 620 

Surprisingly, we were able to recover influenza viruses bearing these highly disadvantageous 621 

mutations in PA. During our reverse genetics procedure, we allowed virus breakthrough during as 622 

long as 5 days. We therefore postulated that the replication-competent viruses that we obtained 623 

might contain some compensatory mutations in the polymerase heterotrimer to partially 624 

compensate the heavily affected endonuclease activity. However, in neither of the mutant viruses 625 

did we see evidence for compensatory mutations in PA, PB1 or PB2 when analyzing their entire 626 

coding sequences. Further genotyping of other viral proteins [such as the NP or the nuclear 627 

export protein (73)] and in-depth phenotypic analysis of these mutant viruses is currently 628 

ongoing. 629 

At the other side of the spectrum, we found that the following mutations in PA, lying in the 630 

predicted hydrophobic binding pockets for diverse endonuclease inhibitors (including L-742,001) 631 

(30, 31), resulted in either no significant change (T20A, Y24L, A37T, I38T, R84L, V122T and 632 

Y130A); a modest decrease (L42T and L106T); or an increase in vRNP activity [W88L and 633 

F105L (p<0.05)]. Analysis of the naturally occurring variation of these residues (Table 3) showed 634 

that several (i.e. Ile38, Arg84, Leu106 and Tyr130) are ≤99.9% conserved among influenza A, B 635 

and C viruses. As mentioned above, the T20A change is a natural variation in influenza A; in 636 

influenza B virus, the common residue is Thr20. The other residues included in our mutational 637 

analysis (i.e. Tyr24, Ala37, Leu42, Trp88, Phe105 and Val122) are more prone to intra- or inter-638 

(sub)type variation (Table 3). We also examined whether there may be species-dependent 639 

differences at these sites. Although the analysis included a lower number of PA sequences from 640 

avian or swine influenza viruses, compared to the number of human virus isolates analyzed, it 641 
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appears that these residues in PA show hardly any variation among avian influenza viruses. On 642 

the other hand, swine viruses display some variation at relevant sites in PA (i.e. A20T; Y24H; 643 

L42M and F105Y). This may be relevant for the development of endonuclease inhibitors, 644 

considering that a newly emerging influenza virus can carry a PA protein from avian or swine 645 

origin as exemplified by the 2009 pandemic H1N1 virus, which contains a PA segment derived 646 

from an avian virus (1). Our vRNP activity data also indicate that PA mutations at these positions 647 

(or, at least, the changes introduced in our study) do not markedly affect viral polymerase 648 

activity. Thus, an endonuclease inhibitor optimized for tight binding to any of these residues 649 

might select for escape mutants at the corresponding site. It is impossible to speculate on the 650 

consequences for the antiviral efficacy of such an inhibitor. Nevertheless, our biological data 651 

demonstrate that structure-based design of PA inhibitors should be accompanied by cell culture 652 

evaluation against specific PA mutants, to verify the proposed mode of action and anticipate on 653 

any potential resistance sites that might be encountered during future clinical use. Ideally, such 654 

mutant viruses should be obtained by repeated cell culture passage of influenza virus with 655 

increasing concentrations of the inhibitor. For compounds with a rather narrow window between 656 

antiviral activity and cytotoxicity (such as L-742,001), application of high compound 657 

concentrations may be impossible; in these cases, intentional and single PA mutations can be 658 

introduced, as done here. Another caveat pointed out by our data is that compounds such as 659 

EGCG, proposed as PA inhibitors on the basis of enzymatic assays (25, 31), may have an 660 

unrelated antiviral mode of action in cell culture, resulting in erroneous interpretations when 661 

investigating their structure-activity relationship (against PA) in virus-infected cells. This can be 662 

avoided by performing a one-cycle virus replication assay with compound addition after the virus 663 

entry stage (similar to the assay used in Fig. 5), or by switching to the vRNP reconstitution assay. 664 

In our experience, the last method is particularly relevant for investigating PA endonuclease 665 
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inhibitors, provided that the agents have sufficient cell-permeability and low cytotoxicity. In this 666 

way, the mutational approach and new insights presented here for L-742,001 should serve as a 667 

guide for further development of this new class of influenza virus inhibitors.  668 
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FIGURE 1: Chemical structure and protonation states of L-742,001. 915 

 916 

FIGURE 2: Binding models of L-742,001 predicted by docking in inhibitor-free PA-Nter. 917 

(A and B) Clusterized binding poses obtained by docking L 742,001 into the published (14) 918 

structure of inhibitor-free PA Nter (PDB entry: 2W69), using a rigid receptor (cyan) or flexible 919 

protein approach (magenta), and representing the most favorable binding energies (A) or most 920 

diffuse population of conformers (B). (C) Representative pose of L 742,001 when modelled in its 921 

zwitterionic form. Metal-binding and catalytic residues are shown in yellow. In case these 922 

residues are flexible, the alternative positions are shown in violet (A) or in pale blue (B). The two 923 

Mn2+ ions in the catalytic center are shown in orange. 924 

 925 

FIGURE 3: View of the binding pockets for L-742,001 in PA-Nter, as predicted by docking 926 

versus X-ray crystallography. 927 

(A) Graphical representation of the hypothetical disposition of L-742,001 in PA-Nter. An 928 

analogous disposition is seen for the two conformers predicted by docking, i.e. the one 929 

representing the most favorable binding energies (in cyan) and that representing the most diffuse 930 

population of conformers (in maroon). (B) The structure in pink represents the position of 931 

L-742,001 in the crystal structure of the L-742,001-PA-Nter complex (30). The two protein 932 

structures are shown in the same orientation after structural alignment using the DALI server 933 

(74). 934 

The different regions in PA-Nter are colored: in orange: metal binding and catalytic residues 935 

(His41, Glu80, Asp108, Glu119, Ile120 and Lys134); in yellow: pocket P1 (Ala37, Ile38, Leu42 936 

and Lys34); in blue: pocket P2 (Thr40, Val122, Arg124, Tyr130 and Phe150); in purple: pocket 937 

P3 (Arg84, Trp88, Phe105 and Leu106); in red: pocket P4 (Leu16 and Gly81); in green: pocket 938 
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P5 (Ala20, Tyr24 and Glu26). The residues included in our mutational analysis are shown in stick 939 

presentation and labelled. The two metal ions are colored dark red. 940 

 941 

FIGURE 4: Dose-response curves for (A) virus yield reduction in MDCK cells at 24 h p.i. and 942 

(B) inhibition of vRNP activity in HEK293T cells. 943 

Data are the mean ± SEM of three experiments 944 

 945 

FIGURE 5: The inhibitory effect of L-742,001 on viral RNA synthesis is situated after viral 946 

entry.  947 

Light grey bars: the test compounds L-742,001 (50 µM); EGCG (50 µM); ribavirin (20 µM) or 948 

SA-19 (20 µM) were added to MDCK cells, and after 30 min incubation at 35°C, influenza virus 949 

A/PR/8/34 was added. Dark grey bars: virus was added first and allowed to enter during 1 h 950 

incubation, after which the compounds were added at the same concentrations as above. In both 951 

conditions, total cellular RNA was extracted at 10 h p.i. (VC: untreated virus control). The 952 

number of vRNA copies was quantified by two-step real-time RT-PCR. On the Y-axis, the fold 953 

increase in vRNA copies is shown, relative to the viral copy number added at time zero. 954 

Ribavirin and L-742,001 remain fully effective when added after virus entry. In contrast, the 955 

reported entry inhibitor SA-19 (33) as well as EGCG are inactive when added at 1 h p.i. Data 956 

shown are the mean ± SEM of two independent tests. 957 

 958 

FIGURE 6: Polymerase activity of vRNP complexes carrying mutant forms of PA. 959 

HEK293T cells were co-transfected with the four vRNP-reconstituting plasmids (including the 960 

WT or mutant form of PA) and the reporter plasmid. On the horizontal axis, the vRNP-driven 961 



46 

firefly luciferase signal is shown, relative to the WT (top axis) or in absolute values (bottom 962 

axis). Data shown are the mean ± SEM of at least three independent tests. 963 

 964 

FIGURE 7: Hypothetical interaction between L-742,001 and residue Gly81 in PA-Nter. 965 

(A-C) Predicted disposition of L-742,001 into pocket P4. In the best-scoring binding poses 966 

predicted by our docking, the benzyl group of L-742,001 is directed towards pocket P4 which 967 

contains residue Gly81 (in red in all panels) inside the tunnel (panels A and B). Panel C shows 968 

that the benzyl group of L-742,001 may establish a favorable hydrophobic interaction with Gly81 969 

within a distance of ~3 Å. 970 



47 

TABLE 1: Activity and selectivity of L-742,001 in the virus yield and vRNP reconstitution assays. 971 

Compound Virus yield assay in MDCK cellsa vRNP reconstitution assay in HEK293T cells

 
Antiviral activityb Cytotoxicity Activity Cytotoxicity 

EC90 EC99 CC50
c EC50

d CC50
c 

24 h 72 h 24 h 

L-742,001 4.3 ± 0.8 6.6 ± 1.3 171 ± 23 62 ± 26 3.8 ± 1.5 255 ± 46 

Ribavirin 7.8 ± 0.8 11 ± 1 > 400 > 400 9.7 ± 1.8 >400 
 

aMDCK: Madin-Darby canine kidney cells. 972 

bCompound concentration causing a 1-log10 (EC90) or 2-log10 (EC99) reduction in virus yield at 24 h p.i., as determined by real-time 973 

RT-PCR. 974 

cCC50: 50% cytotoxic concentration determined by MTS cell viability assay. 975 

dEC50: 50% effective concentration, i.e. compound concentration producing 50% reduction in vRNP-driven firefly reporter signal, 976 

estimated at 24 h after transfection. 977 

Data shown are the mean ± SEM of at least 3 independent tests. 978 

  979 
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TABLE 2: Inhibitory activity of L-742,001 and ribavirin against influenza viruses or reconstituted vRNPs carrying mutant forms of 980 

PA. 981 

Mutation 
in PA  

Virus yield assay in MDCK cellsa  vRNP reconstitution assay in HEK293T cellsb 

L-742,001 Ribavirin L-742,001 Ribavirin 
    EC90   EC99   EC90  EC99  EC50   EC50 

WT  4.3 ± 0.8 6.6 ± 1.3 7.8 ± 0.6 11 ± 1 3.8 ± 1.5 9.7 ± 1.8 
T20A  14 ± 1.9 [3] 21 ± 4 [3] 8.4 ± 1.2 [1] 14 ± 3 [1] 9.6 ± 1.2 [3] 12 ± 4 [1] 
Y24L  6.1 ± 1.3 [1] 14 ± 4 [2] 13 ± 2 [2] 28 ± 5 [2] 3.7 ± 0.7 [1] 13 ± 1 [1] 
A37T  4.8 ± 0.7 [1] 7 ± 0.9 [1] 7.6 ± 0.9 [1] 11 ± 2 [1] 5.7 ± 3 [1] 9.3 ± 3.5 [1] 
I38T  4.8 ± 0.7 [1] 7.7 ± 0.8 [1] 8.2 ± 1.2 [1] 12 ± 2 [1] 8 ± 2.3 [2] 9.2 ± 2.4 [1] 
H41A  14 ± 5 [3] 28 ± 9 [4] 12 ± 1 [2] 19 ± 2 [2] 77 ± 8 [20] 10 ± 2 [1] 
L42T  9.1 ± 2.2 [2] 15 ± 3 [2] 8.6 ± 1.2 [1] 12 ± 2 [1] 13 ± 4 [3] 7.6 ± 1.5 [1] 
G81D NV NV NV NV NV NV 
G81F  49 ± 9 [12] >90 ± 6 [>14] 6.7 ± 0.5 [1] 12 ± 1 [1] 136 ± 45 [35] 14 ± 6 [1] 
G81K NV NV NV NV NV NV 
G81T  >37 ± 6 [>9] >81 ± 10 [>12] 6.6 ± 1.2 [1] 11 ± 2 [1] 130 ± 35 [34] 7.5 ± 2.1 [1] 
G81V  >96 ± 4 [>22] >100 ± 0 [>15] 10 ± 1 [1] 14 ± 1 [1] NV NV 
R84L  1.6 ± 0.3 [0.4] 3.9 ± 0.8 [0.6] 6.8 ± 0.7 [1] 12 ± 2 [1] 2.7 ± 0.8 [0.7] 4.7 ± 0.3 [0.5] 
W88L  3.6 ± 0.5 [1] 8.7 ± 1.1 [1] 11 ± 1 [1] 17 ± 2 [1] 7.1 ± 0.2 [2] 9.7 ± 1.7 [1] 
F105L  2 ± 0.3 [0.5] 4.2 ± 0.8 [0.6] 7.5 ± 0.8 [1] 12 ± 2 [1] 1.6 ± 0.4 [0.4] 6.7 ± 0.8 [1] 
L106T  3.6 ± 1.1 [1] 8.9 ± 1.5 [1] 7 ± 0.3 [1] 11 ± 1 [1] 4.4 ± 1.1 [1] 6.5 ± 2.3 [1] 
I120D NV NV NV NV NV NV 
I120F NV NV NV NV NV NV 
I120K NV NV NV NV NV NV 
I120T  >78 ± 9 [>18] >100 ± 0 [>15] 5.1 ± 0.5 [1] 11 ± 2 [1] 113 ± 29 [29] 12 ± 3 [1] 
I120V  2.7 ± 0.6 [1] 6.1 ± 1.6 [1] 6.7 ± 1 [1] 11 ± 1 [1] 3 ± 0.9 [1] 9.8 ± 0.8 [1] 
V122T  9.3 ± 1.2 [2] 15 ± 2 [2] 6.8 ± 0.5 [1] 8.8 ± 1.2 [1] 20 ± 9 [5] 11 ± 3 [1] 
R124E NV NV NV NV NV NV 
R124Q  <1.3 ± 0.2 [0.3] 3.2 ± 0.6 [0.5] 6.9 ± 0.5 [1] 12 ± 1 [1] 1.3 ± 0.5 [0.3] 7.1 ± 2.7 [1] 
Y130A  <1.7 ± 0.3 [0.4] 5.4 ± 0.5 [0.8] 10 ± 0 [1] >29 ± 4 [>3] 1.3 ± 0.3 [0.3] 6.7 ± 1.8 [1] 
K134A   NV     NV     NV    NV    NV     NV   
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aAntiviral activity expressed as the compound concentrations (in µM) producing a 1-log10 (EC90) or 2-log10 (EC99) reduction in virus 982 

yield at 24 h p.i., as determined by real-time RT-PCR. 983 

bEC50: 50% effective concentration (in µM), i.e. compound concentration producing 50% reduction in vRNP-driven firefly reporter 984 

signal, estimated at 24 h after transfection of HEK293T cells. 985 

Between brackets: fold increase compared to WT 986 

NV, non-viable mutation: no virus recovered by reverse genetics, or vRNP activity in HEK293T cells <2% relative to WT. 987 

Data shown are the mean ± SEM of at least 3 independent tests.  988 
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TABLE 3: Polymorphism of the residues relevant in this study amongst published influenza virus PA protein sequences 989 

Position 
 

Amino 
Acid 

Virus (sub)type 

Human 
H1N1 

2009 
Pandemic* 

Human 
H3N2 

Human 
H5N1 

Avian 
H3N8 

Avian 
H4N6 

Avian 
H5N1 

Avian 
H7N3 

Avian 
H9N2 

Swine 
H1N1 

Swine 
H3N2 

B C 

Number of sequences analyzed 
5681 4352 3577 246 295 209 333 150 122 726 331 455 90 

20 

Ala 98.1 99.6 97.1 91.1 99.7 99.5 98.5 100 91.0 62.5 97.0 98.9
Thr 1.9 0.3 2.8 8.9 0.3 1.5 9.0 37.1 1.2 100 
Ile 0.02 
Val 0.1 0.03 0.4 1.1 
Ser 0.5 1.8 

24 

Tyr 99.9 100 99.9 100 98.6 100 99.7 100 100 74.0 89.4 100
His 0.1 0.02 0.1 1.4 0.3 26.0 10.6 
Cys 0.02 
Phe 0.1 100.0

37 

Ala 99.9 99.9 100 100 100 100 100 100 91.0 100 100 
Thr 0.02 0.02 
Ser 0.02 0.02 9.0 1.1 
Asn 100 
Gln 98.9

38 

Ile 99.9 99.9 99.9 100 96.9 100 100 100 99.1 99.9 99.4 100 98.9
Val 0.04 0.05 3.1 0.9 0.1 0.6 1.1 
Thr 0.02 
Met 0.02 0.02 0.1 

41 
His 99.9 100 100 100 100 100 100 100 100 99.9 100 100 100
Tyr 0.02 0.02 
Arg 0.1 

42 

Leu 99.8 100 100 100 100 100 100 98.7 100 61.6 98.2 100 
Met 0.2 38.3 1.8 
Phe 0.7 100
Ser 0.7 
Gln 0.1 

81 Gly 100 100 100 100 100 100 100 100 100 100 100 100 100

84 
Arg 100 100 99.9 100 100 100 100 100 100 100 100 100 100
Lys 0.1 
Gly 0.03 
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88 

Trp 100 100 100 100 100 100 100 100 100 99.7 100 100 
Ser 0.1 
Arg 0.1 
Val 98.9
Ile 1.1 

105 

Phe 99.6 99.8 99.4 94.4 100 100 95.2 100 91.9 85.6 97.0 95.6
Tyr 0.1 1.2 8.1 13.8 1.5 100 
Leu 0.2 0.2 0.2 1.2 0.3 1.5 
Ser 0.3 3.2 4.8 
His 0.4 
Asn 1.1 

106 

Leu 99.9 100 100 100 100 100 100 100 100 100 100 100 100
Ile 0.02 0.02 
Phe 0.02 
Val 0.02 0.02 

120 
Ile 99.9 100 99.9 100 98.3 100 100 100 100 99.0 99.7 0.2 98.9
Val 0.04 0.02 0.1 1.7 1.0 0.3 99.8 1.1 

122 
Val 99.9 100 99.9 100 100 100 100 100 100 100 100 0.2 
Ile 0.04 0.03 99.8 100

124 

Arg 100 100 100 100 100 100 100 100 100 100 100 96.6
Lys 99.8 1.1 
Ile 2.3 

Asn 0.2 
130 Tyr 100.0 100 100 100 100 100 100 100 100 100 100 100 100

134 
Lys 99.9 100 100 100 100 100 100 100 100 100 99.7 100 100
Glu 0.04 0.05 0.3 
Thr 0.03 

 

*The 2009 pandemic H1N1 virus PA segment is derived from an avian influenza virus. 990 

A minority of the sequences contained a deletion or unspecified residue at the selected sites; these were omitted from the analysis. 991 
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