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Abstract
To develop potent drugs that inhibit the activity of influenza virus RNA dependent RNA polymerase (RdRp), a set of 
compounds favipiravir, T-705, T-1105 and T-1106, ribavirin, ribavirin triphosphate viramidine, 2FdGTP (2′-deoxy-2′-
fluoroguanosine triphosphate) and AZT-TP (3′-Azido-3′-deoxy-thymidine-5′-triphosphate) were docked with a homology 
model of IAV RdRp from the A/PR/8/34/H1N1 strain. These compounds bind to four pockets A-D of the IAV RdRp with 
different mechanism of action. In addition, AZT-TP also binds to the PB1 catalytic site near to the tip of the priming loop 
with a highest ΔG of − 16.7 Kcal/mol exhibiting an  IC50 of 1.12 µM in an in vitro enzyme transcription assay. This shows that 
AZT-TP mainly prevents the incorporation of incoming nucleotide involved in initiation of vRNA replication. Conversely, 
2FdGTP used as a positive control binds to pocket-B at the end of tunnel-II with a highest ΔG of − 16.3 Kcal/mol inhibit-
ing chain termination with a similar  IC50 of 1.12 µM. Overall, our computational results in correlation with experimental 
studies gives information for the first time about the binding modes of the known influenza antiviral compounds in different 
models of vRNA replication by IAV RdRp. This in turn gives new structural insights for the development of new therapeutics 
exhibiting high specificity to the PB1 catalytic site of influenza A viruses.
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Introduction

Influenza is a highly contagious airborne viral infection with 
the potential to cause seasonal outbreaks ranging from mild 
fatigue to respiratory illness and death. The processes of 
viral replication and transcription is controlled by its RNA 
dependent-RNA polymerase which is a heterotrimeric 

protein containing three subunit proteins: polymerase basic1 
(PB1), polymerase basic2 (PB2), and polymerase acidic (PA) 
proteins. Both PB1 and PB2 appear in all influenza viruses, 
whereas the third subunit, polymerase acidic (PA) occurs 
only in influenza A and B viruses, while polymerase 3 subu-
nit (P3) is seen only in influenza C viruses [1, 2]. The cata-
lytic site of the IAV RdRp resides at the edge of a large cen-
tral cavity formed by PB1 and the N terminus of PB2 [3–5]. 
The nitrogenous base of the first NTP during de novo initia-
tion is stabilized by the priming loop (a β-hairpin structure) 
of the PB1 thumb domain that protrudes into the central cav-
ity of the active site [5–8]. Recently, the importance of the 
priming loop in the initiation of primer-independent replica-
tion on the vRNA template was clearly shown [9, 10]. Due 
to its high conservation among different strains, IAV RdRp 
contains multiple sites for potential antiviral drug develop-
ment. Using this information, different classes of drugs were 
developed including nucleoside analogs such as favipiravir 
(T-705), peramivir and 2′-deoxy-2′-fluoroguanosine, pyra-
zine carboxamide derivatives T-705 and T-1106, ribavirin 
and its amidine prodrug viramidine, and 2′F-2′dNTP that 
inhibits IAV RNA synthesis chain elongation [11–15]. In 
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addition, different types of phytochemicals, marchantins, 
plagiochin A and perrottetin F were developed to inhibit the 
endonuclease activity of IAV RdRp. Furthermore, a large 
number of cap-snatching inhibitors have been reported tar-
geting the endonuclease site of IAV RdRp such as 4-substi-
tuted 2,4-dioxobutanoic acid derivatives, diketo compounds 
and green tea catechin, N-hydroxamic acid/N-hydroxyimide 
and JNJ-872 that bind to the viral endonuclease and inhibits 
the cleavage of mRNA 11–13 nucleotides downstream of 
the cap [16–20]. Recently, the therauptic agent Baloxavir 
marboxil approved by FDA under the trade name Xofluza 
was developed by Shionogi Co to treat uncomplicated influ-
enza viral infection for the patients under 12 years of age 
or older with less than 48 h of infection [21]. Furthermore, 
both transcriptase and endonuclease inhibitors such as Flu-
tamide and 3-substituted 2,4-dioxobutanoic acids were iden-
tified to inhibit the cap-dependent endonuclease activity of 
RdRp [16]. Recently, several inhibitors that bind to the PA 
endonuclease domain were developed such as S-033188 and 
AL-794 (https ://clini caltr ials.gov/ct2/show/NCT02 58852 1), 
cycloheptathiophene-3-carboxamide, polyamido derivatives, 
AL18, benzbromarone, diclazuril, Benzofurazan-derivatives 
and licorice-derived compounds that inhibits IAV RdRp 
binding to the PA (C) subunit [22–30]. Finally, siRNA in 
combination with an RNA polymerase inhibitor suggested 
that the PA subunit of RNA polymerase is a promising target 
for anti-influenza virus agents [31]. Apart from small mol-
ecules, a 15-mer phosphorothioate oligonucleotide derived 
from the 5′-end of the PB2 segment-1 was developed as 
an inhibitor [32]. Subsequently, 5′-capped short phosphoro-
thioate RNA fragments and cap decoys synthesized by T7 
RNA polymerase in vitro were developed to inhibit RNA 
polymerase gene expression [33]. Similarly, short capped 
oligonucleotides were synthesized to inhibit cap-primed 
transcription at the initial step of cap binding and ApG-
primed viral transcription [34]. Although many drugs were 
proven experimentally both in vitro and in vivo, no approved 
drug targeting the catalytic site of this enzyme is currently 
available for human use.

In the present study, the three-dimensional structure of 
IAV RdRp from the A/PR/8/34/H1N1 strain was developed 
by homology modelling and its mechanism of vRNA rep-
lication was studied using the extended primer from Φ6 
polymerase and the elongation template from polio virus. 
Further, a set of known anti-influenza nucleotide triphos-
phates that are proven both in vitro and in vivo were success-
fully docked against the built homology model in different 
models I–IV (Fig. S1). To prove the accuracy of docking 
and their mode of binding, AZT-TP that was used as an anti-
viral compound for HIV was docked to the same homology 
model and were then confirmed as inhibitor in purified IAV 
polymerase assay from strain A/PR/8/34/H1N1. To further 
prove the effect of AZT-TP inhibition compared to known 

inhibitors, 2FdGTP that was proven as IAV RdRp inhibitor 
was used as a positive control. Finally, based on the correla-
tion between the docking and previous experimental stud-
ies, our model clearly differentiated IAV RdRp drugs using 
the structural features associated with the chemical modi-
fications of the compounds which provides new insights to 
develop effective influenza antivirals.

Methodology

Homology modelling and docking

The initial homology model of A/PR/8/34/H1N1 RdRp was 
built with the template structure of bat polymerase (PDB: 
4WSB) using the software MODELLER 9v7 on windows 
operating system [35]. The query sequences from A/
PR/8/34/H1N1 strain was searched to find out the related 
protein structure to be used as a template by the BLAST 
(Basic Local Alignment Search Tool) program against 
PDB (Protein Databank) [36]. Sequences of PA, PB1 and 
PB2 showed maximum identity of 70%, 79% and 68% with 
high score and less e-value with the reference structure to 
build a 3D model for A/PR/8/34_H1N1 polymerase. The 
domain sequences of PA, PB1 and PB2 (Accession Num-
bers: ABO21708.1, ABO21705.1 & ABD77683.1) of A/
PR/8/34_H1N1 polymerase was obtained from NCBI. The 
co-ordinates for the structurally conserved regions (SCRs) 
for A/PR/8/34_H1N1 sequences were assigned from the 
template using pair wise sequence alignment, based on the 
Needleman–Wunsch algorithm [37, 38]. The 3D model 
obtained was evaluated for its stereo chemical quality by 
Ramachandran’s map using PROCHECK (Programs to 
Check the Stereo Chemical Quality of Protein Structures), 
ERRAT and verify_3D programs [39]. The residue pack-
ing and atomic contact analysis was performed by using the 
Whatif program to identify bad packing of side chain atoms 
or unusual residue contacts. Secondary structures of pro-
teins were analyzed and compared by the SPDBV (Swiss 
Protein Databank Viewer) software [40]. The Site Finder 
module of the MOE was used to identify possible substrate-
binding pockets within the homology model of IAV RdRp 
[41–43]. Further, known IAV RdRp nucleotide triphosphates 
and AZT-TP were used for molecular docking against the 
homology model of A/PR/8/34/H1N1 polymerase in four 
different models (1) In the presence of influenzaA vRNA, (2) 
In the presence of capped primer mapped on to homology 
model of A/PR/8/34/H1N1 from ɸ6 polymerase, (3) Influ-
enza A vRNA is replaced with influenza B vRNA and IV. In 
the presence of influenzaA vRNA with extended primer and 
3′-elongation template. The partial charges for these models 
were assigned using Tripos Assisted Force Field (TAFF) 
parameterized for small organic molecules. Simultaneously, 

https://clinicaltrials.gov/ct2/show/NCT02588521
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hydrogens and lone pairs were adjusted using the same 
forcefield at pH 7. The ligand was optimized by energy mini-
mization with the same TAFF Force Field until the energy 
gradient is below 0.001 Kcal/Mol [44]. In silico docking in 
MOE (Chemical computing group, Montreal, Canada), the 
ligand placement method “Alpha PMI” was used to generate 
1000 docking poses in each case. The top best solution based 
upon the London dG scoring function using implicit gener-
alized born solvation model were further refined using the 
TAFF forcefield calculations and subject to rescoring using 
the same scoring function described above [45]. The simu-
lated annealing based on the Monte Carlo method was used 
to find the global minimum of the ligand [46]. Finally, affin-
ity scoring function, ΔG (Utotal in kcal/mol), was employed 
to rank a candidate poses as the sum of the electrostatic and 
Van der Waals energies. The dielectric function based on the 
reaction model with a cut-off between 8 and 10 Å was used 
for our docking studies with the pocket radius of 6 Å. All 
the solvent water was included during the alpha site finding 
and docking calculations. By default, thirty conformations 
docked as a cut-off were retained. Pharmacophore analy-
sis was also predicted using MOE software which is a set 
of structural features in a ligand that are directly related to 
the ligand’s recognition at a receptor site and its biological 
activity.

Experimental study

The effect of AZT-TP and 2′-deoxy-2′-fluoroguanosine 
triphosphate that binds and inhibits the catalytic activity of 
RdRp inhibiting the incorporation of GTP into TCA-precip-
itable material was investigated using the A/PR/8/34 (PR8) 
strain (Table 1). Further, purified influenza Virus A/PR/8/34/
H1N1 that was obtained from Charles river (MD) was dis-
rupted with 2.5% Triton N-101 and diluted 1:2 with 0.25% 

Triton N-101. Disruption provided the source of influenza 
ribonucleoprotein (RNP) containing the IAV RdRp and tem-
plate vRNA. Samples were stored on ice until use in the 
assay. Six serial half-log dilutions of the test drugs (twelve 
drugs) at concentrations of 0.001, 0.01, 0.1, 1, 10 and 
100 µM and positive control 2′-deoxy-2′-fluoroguanosine 
5′-triphosphate (high tests of 100 µM) were tested in trip-
licate. Each polymerase reaction contained the following: 
disrupted RNP, Tris–HCL, KCL, MgCl2, dithiothreitol, 
0.25% Triton N-101, [α-32P] GTP, ATP, CTP, UTP, GTP, 
and adenyl (3′–5′) guanosine. For testing the inhibitor, the 
reactions contained the inhibitor and the same was done for 
reactions containing the positive control. The reaction was 
incubated at 30 °C for 1 h, transferred onto glass-fiber fil-
ter plates and precipitated with trichloroacetic acid (TCA). 
Once the filter has dried, incorporation of [α-32P] GTP was 
measured using a scintillation counter (Microbeta). Negative 
control reactions were prepared by omitting RNP complexes 
whereas positive control reactions for polymerase inhibitors 
contained the specific inhibitor 2′-deoxy-2′-fluoroguanosine 
5′-triphosphate (2FdGTP). Inhibition of viral polymer-
ase activity was measured by  IC25,  IC50 and  IC95. Finally, 
the docking conformations of these polymerase inhibitors 
were defined by the dihedral angles ΦT C(2′)-C(1′)-N(1)-
N(5)/C(6) and ΦP O(5′)-C(1′)-N(1)-N(5)/C(6) (Fig. S2).

Results

Homology model of A/PR/8/34/H1N1 RdRp

For the purpose of this study, a full complex structure of 
the IAV RdRp from A/PR/8/34/H1N1 strain was built using 
homology modeling. Of the twenty structures calculated for 
the same target (A/PR/8/34/H1N1 RdRp) using the template 

Table 1  Residues lining the three tunnels of A/PR/8/34/H1N1 RdRp

Tunnel PA PB1 PB2

1 Arg512,  Asn513, 
 Asp514,  Thr515 
and  Asp516

Arg126,  Gln127,  Leu133,  Asn134,  Arg135,  Asn136,  Gln137, 
 Met356,  Tyr355,  Ser673,  Ile674,  Asn676 and  Gln679

2 Leu10,  Lys11,  Val12,  Pro13,  Asn16,  Ala17,  Leu271,  Pro272, 
 Val273,  Gly274,  Gly275,  Glu277,  Lys278,  Lys279,  Ala280, 
 Ala283,  Asn284,  Val286 and  Arg287,  Lys480,  Lys481 of motif 
IV,  Arg486,  Thr487,  Gly488,  Thr493,  Phe492,  Ser494,  Phe495, 
 Phe496,  Tyr497,  Arg498,  Tyr499,  Gly500,  Phe501,  Val502, 
 Ala503,  Asn504,  Phe505,  Met507,  Glu508,  Ser524,  Ile525, 
 Gly526,  Thr528,  Val529,  Lys531,  Asn532,  Asn533,  Ile535, 
 Asn536,  Asn537,  Asp538,  Leu604,  Ile606,  Glu656,  Tyr657 and 
 Asp658

Arg142,  Ile141,  Val640,  Arg641,  Ser653,  Asn652,  Pro654, 
 Asn659,  Ala661,  Lys660,  Thr662,  Lys663,  Arg664, 
 Leu668,  Gly669,  Lys670, and  Asp671

3 Gly657,  Phe658, 
 Alal660,  Glu661, 
 Glu688 and 
 Ala689

Asn306 (Motif-I),  Thr307,  Asn413,  Met414,  Thr417,  Asp445 and 
 Asp446 (Motif-III)
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(4WSB), with MODELLER 9v7 software, the one with the 
lowest energy (MODELLER objective function) which was 
predicted to be stable in the biological system was selected 
as the best model for A/PR/8/34/H1N1. The geometry of the 
final refined model evaluated with Ramachandran’s plot cal-
culations computed with the PROCHECK program reveals 
that 93.7%, 93.1% and 92.9% of the residue’s backbone φ 
and ϕ dihedral angles of PA, PB1 and PB2 domains of IAV 
RdRp falls within the most favored and allowed regions of 
the Ramachandran’s plot. The overall PROCHECK G-fac-
tor of − 0.16, − 0.17 and − 0.13 and quality factor of 63.4, 
71.5 and 70.5 in the ERRAT graphs for PA, PB1 and PB2 
domains indicate acceptable protein environments with the 
environment profiles of VERIFY_3D above zero. Further 
evaluation of the structural integrity of the final model of 
IAV RdRp using the Prosa web server showed a Z score 
of − 16.5 making from which we conclude that the refined 
model was very near to the crystal structure value of -16.63 
and therefore is highly reliable. The structure of A/PR/8/34/
H1N1 RdRp begins with  Asn53 and  Ser8 indicating that the 
N-terminal region from  Met1-Arg52 is highly exposed and 
susceptible to proteolytic cleavage. The RdRp model is 
mainly composed of three structural domains PA, PB1 and 
PB2. The PB2 domain is again subdivided into three sub 
domains comprising the fingers, palm and thumb adopting 
a typical right-handed RdRp structure. The 0.8 Å RMSD 
of the PB1 domain showed that the folds of finger, palm 
and thumb are similar to the template bat polymerase. The 
finger subdomain and the thumb domain are connected to 
each other with the linker that protrudes from the fingertips. 
The priming loop (residues  Asn641-Asp658) of PB1 contains 
the highly conserved motif 648-AHGP at the loop tip which 
points from the palm subdomain towards the active site of 
palm. The two tunnels were observed that are placed below 
and above the priming loop. The first tunnel was observed 
below the priming loop between the fingers and the thumb 
and the second tunnel which is roughly perpendicular to the 
first goes across the entire protein to allow exit of the viral 
RNA template (Fig. 1). The total length of the two tunnels 
starting from the PA promoter site to the end of the exit 
channel is approximately 32 Å that was not shown previ-
ously. The residues involved in the formation of both tunnels 
and their motifs that are important for catalytic activity are 
shown in Table 1 and Fig. 2. The residues of motif I and 
motif III from PB1 and from the PA domain help in the 
formation of the third tunnel for the incoming passage of 
NTPs near to the priming loop as show in Table 1 and Fig. 2.

Interactions of the vRNA template promoter with A/
PR/8/34/H1N1 RdRp shows that the cavity formed by both 
PA_C and PB1 subunits are involved in binding the 3′-nucle-
otides 6–9 of the purine rich 5′-activator, whereas nucleo-
tides 1–5 only interact with PB1 of the 5′-activator (Fig. 3). 
Residues 670–679 of PB1 are involved in binding the single 

stranded 3′-extremity, U9, U10 and U12 of the 5′-activator. 
In addition, the residues from the PB1-ribbon  Lys188 (3.1 Å) 
and  Thr201 (2.6 Å) interacts with the proximal 3′-nucleo-
tide G2. Furthermore, PB2 residues  Ser36 (3.3 Å) and  Arg38 
(3.1 Å) are involved in binding to U12 of the single stranded 
3′-extremity. The PA domain from  Arg508-Phe520 forms a 
wedge that separates the 5′- and 3′-strands into the binding 
pockets that create contacts between  Arg512 and 3′-single 
strand bases U9 (3.6 Å) and U12 (3.1 Å) of the template 
strand of the vRNA. In turn,  Arg508 and  Val517 of the beta 
sheet shows contacts with the 3′A6 phosphate backbone 
(4.1 Å) and the 3′-C7 of the side chain (3.4 Å). The posi-
tively charged residues in the semicircular groove of PA_C, 
namely  Arg566 and  lys572 of the antiparallel beta sheet shows 
contact with C11 and U14 of both strands of the vRNA. 
However,  Arg279 (3.5 Å),  Lys281 (3.3 Å),  Lys328 (2.8 and 
3.3 Å) and  Lys539 (3.9) of PA_C shows contacts with U14 
and A16 of the template 3′-strand of the vRNA. Further-
more, the arch motif of PA_C domain comprising 367-Lys-
Trp-Ala-Leu-Gly-Glu-Asn-Met-Ala-Pro-Glu-Lys-Val-379 
forms a binding loop that shows contacts with the phosphate 
backbone of A6 and A7 of the template vRNA. Replacing 
the vRNA promoter of influenza A with influenza B pro-
moter allows the 3′-end of nucleotides U13- C17 to interact 
with PB1 in the narrow template entrance tunnel. The resi-
dues  Asn225 and  Gln127 of PB1 are involved in binding the 
single stranded 3′-nucleotide C14. Also, PB1 residues  Arg126 
(3.4 Å),  Ala242 (2.8 Å),  Thr243 (2.5 Å),  Arg249 (2.9 Å) and 
 Gly410 of Motif B loop (3.1 Å) shows contacts with G16 
while,  Asn413 (2.9 and 2.8 Å) and  Glu256 (2.8 Å) interacts 
with C17 of single stranded 3′-extremity of the activator 
strand. However, only two residues from PB2  Arg38 (3.2 and 

Fig. 1  Internal tunnels predicted for the homology model of IAV 
RdRp from A/PR/8/34/H1N1 strain using MOE software suite. The 
template entrance and exit, NTP entrance and product exit are indi-
cated in surface representation. Both charged and hydrophobic sur-
faces are indicated in red and grey colours respectively
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2.8 Å) and  Lys41 (3.3 Å) are involved in binding to the U15 
backbone phosphate group.

Mapping the oligonucleotide TTCC from ɸ6 polymerase 
shows that the capped primer binds inside a tunnel lined 
with predominantly basic amino acids  Lys121,  Arg126 and 
 Arg249 from PB1 and  Lys33,  Arg38 and  Lys41 from PB2 
that leads to the active site of A/PR/8/34/H1N1 polymer-
ase (Fig. 4). The residues  Lys121 and  Lys33 from PB1 and 
PB2 lies away from the active site of the polymerase at the 
other end of the tunnel. In addition,  Arg126 and  Arg249 from 
PB1 and  Lys41 from PB2 resides close to the polymerase 
active site. The PB1 residues  Lys121-Gln127 and  Lys33-Lys41 
close to motif F3 of PB1 forms the platform for the primer 

nucleotides 3′ DT2, 3′ DC3 and DC4. This causes DC4 to 
interact with  Gln124 while the residues from  Gln137-Thr141 of 
PB1 forms the roof of the furanose ring of 3′-DT2 contacting 
with  Pro138 at of 2.99 Å. In addition, the methyl group of 
pyrimidine interacts with one of the oxygen atoms of 3′-U12 
of the activator strand. The observed primer nucleotide DT1 
is placed far away from the active site close to  Arg670 of PB1 
peptide (671–684) and allows pyrimidine nitrogen to interact 
with oxygen atom of 3′-UT2. On the other side,  Arg249 from 
the PB1-linker (196–257) which covers the external face of 
the PB1 fingers and palm domain form the terminal end for 
primer nucleotide DC4. Apart from the above,  Arg126 stays 
close to the primer nucleotide DC3 without showing any 

Fig. 2  Catalytic site and motifs 
of A/PR/8/34/H1N1 RNA 
dependent RNA polymerase 
predicted using MOE software 
suite

Fig. 3  Electrostatic interactions 
of the vRNA promoter with the 
homology model of IAV RdRp 
from A/PR/8/34/H1N1 strain. 
IAV RdRp domains PA, PB1 
and PB2 are indicated in green, 
yellow and cyan colours and 
their hydrogen bonding contacts 
with vRNA promoter are repre-
sented in pink colour
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steric hindrances. The mapping studies also shows that the 
oligonucleotide TTCC lies exactly in parallel to the 3′-ter-
minal nucleotides 13UCUGC17 of the influenzaB vRNA 
activator strand with a distance of ~ 10.44 Å between the 
backbone oxygens of DT2 and CT14. This predicts that 
the 3′-terminal nucleotides 13UCUGC17 of influenzaB 
vRNA activator may act as complementary base pairs for 
the capped RNA primer that transfer from the active site of 
polymerase endonuclease into the active site of the poly-
merase through the product exit channel (Fig. 5). Further 
superimposition of the poliovirus elongation complex (PDD: 
1HI0) with A/PR/8/34/H1N1 polymerase places the PB1 
β-hairpin tip (PB1 642–658) close to the 3’-sugar base of 
the initiating nucleotide GTP1 (Fig. 6). In addition, the ter-
minal phosphate of GTP1 interacts with  His649 and  Ala648 at 
the tip of the priming loop. Additionally, the imidazole ring 
of guanosine shows H-Pi stacking with  pro651 stabilized by 
the interaction between nitrogen and  Met646. The terminal 
oxygen of the guanine nucleobase also contacts with DC4 
of the capped primer. This shows clearly that the β-hairpin 
of PB1 might support internal initiation without obstructing 
the progress of the template strand.

Modeling with the polio template product elongation 
complex allows the 3′-extremity of the primer nucleotides 
DC3 and DC4 to base pair with the 5′nt 11–13 of the com-
plementary RNA (cRNA) pulling the UCUCU of 5′-end 
of the cRNA towards the active site (Fig. 7). Furthermore, 
the vRNA showed a steric inherence at the PB2 N termi-
nal domain with two stranded parallel β-ribbons (β4–β7 
and β5–β6) from residues  Lys214-Leu218 and the outgo-
ing template is blocked by helices α8–α10 of the PB2 lid 

domain exhibiting showing seven hydrogen bonds with 
the terminal nucleotide C1. The residues of the helical lid, 
 Arg175,  Thr178 and  Gln182 interacts with three hydrogen 

Fig. 4  Surface representation 
of the Φ6 polio vRNA primer 
template in the homology model 
of IAV RdRp from A/PR/8/34/
H1N1 strain. PA, PB1 domains 
are represented in red, and 
green colours. Both GTP1 and 
GTP2 are indicated in orange 
and cyan colours.  Mg2+ ions 
are represented in light green 
colour balls

Fig. 5  Electrostatic interactions of 13UCU GCU 18 bases of the acti-
vator strand of the vRNA after translocation into the homology model 
active site of IAV RdRp from A/PR/8/34/H1N1 strain



393Journal of Computer-Aided Molecular Design (2019) 33:387–404 

1 3

bonds at 3.5, 3.0 and 2.9 Å while, the residues of the PB2-
N2 subdomain  Ser155 and  Glu158 shows four other contacts 
with the backbone phosphate group at 2.4, 2.7, 3.4 and 
2.8 Å respectively. However,  Lys157 of PB2-N2 subdomain 
contacts with sub-terminal nucleotide A3 at a distance of 
3.1 Å. Furthermore, the residues  Tyr205,  Glu208, and  Arg209 
of the helical bundle (α9–α11, residues 160–212) makes 
seven hydrogen bonds with A10 and G11, while  Lys214 
and  Thr215 of β4 shows contact with G9 of the outgoing 
template. On the other hand,  Arg213 of β4 shows contact 
with C14 of the cRNA at the 5′-extremity, while  Asp146 
of β5 interacts with both C14 of cRNA and G6 of the 

outgoing template at the 5′-extremity of the elongation 
template. The residues of the linker region  Arg216-Leu218 
&  Ala221-Gln226 almost cover the major grove of the 
duplex RNA near the exit channel while the residues from 
 Phe130-His151 pass between the duplex RNA from the exit 
channel towards the PB2-N2 subdomain of the helical 
bundle. The residues of the NLS domain cover the 5′-end 
of the outgoing template showing three hydrogen bond-
ing contacts with the 5′-terminal nucleotide G17. Finally, 
two helices from PB1,  Glu109-Gln127 and  Arg249-Glu264 
appear very close to the outgoing template near G4 and 
G5 without any contacts with cRNA, while the residues 
of the PA_C terminal helix  Glu436 and  Val432 stay very 
close to the 3′-terminal nucleotide of the vRNA at the 
exit channel. Energy minimization of the enzyme vRNA 
complex displaces the cRNA of the elongation template 
and penetrates between the priming loop without causing 
any steric inherences with the amino acid side chains. This 
helps the β-hairpin to stabilize the vRNA for internal ini-
tiation and viral replication by stabilizing the assembly of 
the initiation complex. In addition, RNA elongation causes 
structural changes of the two-stranded parallel β-ribbons 
(β4–β7 and β5–β6) to unfold which may prevent steric 
hindrances allowing vRNA to further pass through the 
exit channel (Fig. 8). Overall, our homology model not 
only satisfy previous experimental results but also clearly 
shows all the interactions between vRNA and IAV RdRp 
responsible for initiation and elongation phases of IAV 
replication.

Fig. 6  Hydrogen bonding 
interactions of the incoming 
GTP with the homology model 
active site of IAV RdRp from 
A/PR/8/34/H1N1 strain

Fig. 7  Hydrogen bonding contacts between the 5′-elongation and 
3′-primer templates from Φ6 vRNA polymerase mapped on to the 
homology model of IAV RdRp from A/PR/8/34/H1N1 strain
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Docking of known influenza polymerase 
drugs and AZT‑TP with the homology model 
of A/PR/8/34/H1N1 RdRp

Model I: In the presence of influenza‑A vRNA

Initial docking studies showed that favipiravir binds to the 
pocket located in the cleft between the helices α3 and α12 
of the PB1 central domain and the 5′-hook of the template 
strand. The pyrazine base and carboxyamide orients oppo-
site to each other towards the N-and C-terminal ends at 
approximate distances at 3.23 and 2.77 Å distances. This 
orientation allows pyrazine nitrogen (N5) and carboxymide 
to interact with  Asp41 and  Thr385 of PB1 with ΦT = 145.4° 
and ΦP = − 172.9° (Fig. 9a). In contrast, T-705 binds at the 
end of the tunnel II in the pocket between PB1 and PB2627 
with ΦT = − 151.7° and ΦP = 51.6°. The pyrazine carboxy-
mide projects deeper into the cleft with fluorine pointing 
towards the PB2 627 linker and hydroxyl towards  Arg287 
of PB1 α9 interacting with  met290 at a distance of 4.31 Å. 
In addition, the pyrazine ring also shows H-Pi interaction 
with PB1  Tyr497 of β19. Furthermore, the 2′-hydroxyl group 
of ribose along with its triphosphate contacts with  Arg287 
(2.84 Å),  Phe501 (2.76 Å) in the loop between β19 and α20 of 
PB1,  Arg142 (2.99 Å) of PB2 N-terminal and  Gly669 (2.87 Å) 
of the PB2 627 linker. This shows that T-705 is surrounded 
by mostly positively charged and aromatic residues (Fig. 9b). 
Deflourination allows T-1105 to bind between the vRNA 
strands near the PA_C domain. This causes pyrazine and 
carboxymide (C6) to contact with  Glu538 of PA_C and the 

3′-hydroxyl group of the G2 5′-template strand with the dis-
tances of ~ 2.68 and 2.78 Å. The 1′-carbon of the ribose 
sugar also interacts with O6′ (3.43 Å) and phosphate oxy-
gen (2.81 Å) of G2 5′-template strand with ΦT = 134.2° and 
ΦP = − 52.3°. However, the terminal oxygen of the β phos-
phate shows contacts with A4 nitrogen’s N1 (2.71 Å) and 
N2 (2.74 Å) while the γ phosphate interacts with G5 of the 
5′-template strand through C8 along with  Asp697 (3.26 Å) of 
the PA_C domain (Fig. 9c). Replacing the pyrazine hydroxyl 
group of T-1105 with oxo, allows the compound (T-1106) to 
bind in a similar orientation to T-705 in the second tunnel of 
the IAV polymerase. Instead, the carboxymide shows con-
tacts with  Thr487 (2.47 Å) of PB1,  Asn652 (2.89 Å) through 
nitro and oxo while the pyrazine ring interacts with  Asn652 
(2.89 Å) and  Asn657 (2.97 Å) of the PB2 627 linker domain 
keeping both domains intact. The α and γ phosphates show 
contacts with  Gly500 of PB1 (2.89 and 2.64 Å),  Gly669 of 
PB2_C (3.28 Å) and  Lys140 (2.88 and 3.0 Å) of PB2_N with 
ΦT = − 178.6° and ΦP = 1.5° (Fig. 9d). Similarly, ribavirin 
triphosphate also binds at the same site similar to T-1106 but 
in an opposite orientation. The triazole and ribose sugar ori-
ents towards the N-terminus of PB2 interacting with  Arg142 
(2.84 Å),  Leu668 (3.27 Å) and  Gly669 (3.13 Å) of the PB2_N- 
and C-terminal domains through carboxamide oxo, C2 of 
pyrazine and the C1′ of ribose sugar with ΦT = 81.4° and 
ΦP = 156.4°. Furthermore, the α and β phosphates towards 
the PB1 central domain interacts with the hydroxyl group of 
 Tyr497 and  Pro654 of the cyclic ring with distances of ~ 2.73, 
2.78 and 3.10 Å (Fig. 9e). In its dephosphorylated form, 
ribavirin occupies the binding site between PB2_N terminal 
and NLS domains with ΦT = 77.9° and ΦP = 150.7°. The 
2′-hydroxyl group of ribose sugar orients towards the PB2_
Nterminal showing contact with  Arg136 while its 3′-hydroxyl 
group interacts with the back-bone carbon of  Ile539 with the 
distances of 4.26 and 2.94 Å. In addition, the triazole car-
bons 2′,3′ and 4′ along with the 5′ oxygen interacts with 
 Glu241 (3.06 & 2.82 Å) and  Glu538 (3.18 Å) while the tria-
zole-3-carboxamide orients towards the NLS domain inter-
acting with  Ile539 (3.72 Å) and  Asn540 (3.47 Å) through their 
nitrogen atoms. The triazole also shows H-Pi interaction 
with the bone nitrogen atom of  Asn540 of the NLA domain 
(Fig. 9f). In comparison, the prodrug viramidine binds at the 
surface of the template vRNA with ribose pointing towards 
the 5′-hook and triazole-3 carboxymide facing towards the 
PA_C domain. This allows the 6′-hydroxy group to interact 
with phosphate oxygen and the 3′-carbon of A4 while its 
5′ and 1′ carbons contacts with  Ala651 of the PA_C domain 
with distances of 2.71 and 3.07 Å. In addition, the triazole 
also shows H-Pi and hydrogen bonding with  Lys574 of the 
PA_C domain with ΦT = 178.9° and ΦP = 104.8° (Fig. 9g). 
Similarly, AZT-TP also shows H-Pi stacking between the 
thymidine ring,  Arg45, and  Arg239 of motif F3 involved in the 
formation of the putative NTP tunnel. Also, thymidine and 

Fig. 8  Electrostatic interactions of elongation template of Φ6 vRNA 
polymerase with the priming loop of IAV RdRp homology model 
from A/PR/8/34/H1N1 strain
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its ribose sugar shows contacts with  Lys235,  Ly237 and  Arg239 
though the terminal oxo and backbone oxygen. Addition-
ally, the terminal oxygen atoms of the β-phosphate interact 
with  Met409 and  Gly410 of the motif-B methionine-rich loop 
through the back-bone nitrogen and the side chain α-carbon 
(Fig. 9h). This binding orientation clearly shows that AZT-
TP orients into the NTP tunnel with the triphosphate pro-
jecting towards the PB1 priming loop with ΦT = 178.1° and 
ΦP = 14.1°. In comparison, the purine group of 2FdGTP 
projects deeper into the cleft with the hydroxyl pointing 
towards the PB2 627 yielding a stronger hydrogen bond with 
PB2  Lys670. In addition, the imidazole ring shows contacts 
with PB2  Thr238 with two weaker hydrogen bonds at dis-
tances of 3.16 and 3.86 Å. Furthermore, the hydroxy groups 
of triphosphates show contacts with  Ser594 (3.45 Å) of PA, 
 Ala503 (3.01 Å) of PB1, and  Thr238 (3.08 Å) of PB2 near 
to the catalytic site of IAV RdRp (Fig. 9i). This shows that 
2FdGTP occupies the end of tunnel II in the pocket between 

the PB1 and PB2 627 domains with ΦT = − 82.7 and nega-
tive ΦP = 163.0.

Model II: In the presence of influenza‑A vRNA 
with extended primer

In the presence of the extended primer from Φ6 polymerase, 
favipiravir binds in the cleft between 3′-end of the activa-
tor strand, η12 and PB2 α4 showing contacts between G10 
ribose sugar (3.58 and 2.16 Å) and the pyrazine ring through 
oxo and nitrogen with ΦT° = − 1.3 and ΦP = 172.1° (Fig. 
S3A). Instead, T-705 binds to the same site as shown in 
model-I with ΦT° = − 95.6 and ΦP = 172.8°. The ligand 
interacts with  Lys140 through pyrazine C6 with 2.89 Å. Addi-
tionally, β and γ-phosphates along with the backbone oxygen 
of γ-phosphate shows contacts with  Ala280 (2.87 Å),  Arg287 
(3.40 Å) and  Arg142 (2.68 and 2.89 Å) of both PB1 and PB2 
domains respectively. This shows that T-705 mainly interacts 

Fig. 9  Ligand protein interaction of Favipiravir (a), T-705 (b), T-1105 (c), T-1106 (d), Ribavirin Triphosphate (e), Ribavirin (f) Viramidine (g), 
AZT-TP (h) and 2FdGTP (i) with the homology model of IAV RdRp from A/PR/8/34/H1N1
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with positively charged residues at the end of tunnel-II below 
the PB2 627 linker domain (Fig. S3B). Defluorination allows 
the compound (T-1105) to bind with an orientation simi-
lar to the fluorinated compound T705. However, the pyra-
zine ring can approach more closely towards the PB2 NLS 

binding domain showing contact with  Glu543 through the C6 
carbon at a distance of 3.54 Å. Both β and γ-phosphate oxy-
gens along with the β-backbone oxygen contacts with  Ile141 
(2.71 and 2.95 Å) and  Arg142 (2.51 &3.0 Å) of PB2 and 
 Arg287 (2.67, 2.76 and 2.92 Å) of PB1 with ΦT° = − 118.6 

Fig. 9  (continued)
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and ΦP = − 160.4° (Fig. S3C). Further modification of the 
hydroxyl group with oxo, allows the compound (T-1106) to 
bind more towards the PB2 627 domain with ΦT = − 138.2 
and ΦP = 170.2. This orientation allows the pyrazine to con-
tact with  Gly500 and  Gly669 of both PB1 and PB2 domains 
through oxo with distances of 3.22 and 3.0 Å. This in turn 
allows the attached ribose sugar to interact with  Val139 
(3.01 Å) and  Gly669 (2.57 and 3.35 Å) of PB2 and  phe501 
(2.64 and 2.73 Å) of PB1 through the 2′- and 3′-hydroxy 
groups including the 6′-carbon. This conformation allows 
the γ-phosphate to move freely in the binding pocket without 
showing any contacts with the viral polymerase. However, 
the α and β phosphates shows contacts with  Ly279 (2.64 Å) 
and  Phe501 (2.59 and 3.37 Å) of PB1 and  Arg142 (2.82 Å) 
of PB2_N with both terminal and backbone oxygens (Fig. 
S3D). Similarly, ribavirin triphosphate also binds at the 
same site interacting more or less with the same residues 
as for the other compounds shown above. The nitro and oxo 
groups of triazole interacts with  Tyr499 of the PB1 central 
domain and  Leu688 of PB2 627 at a distance of 2.55 and 
2.90 Å. Both the 2′- and 3′-hydroxyl groups of ribose sugar 
also contacts with  Phe501 of PB1 and  Arg142 of PB2_N with 
2.61 and 3.13 Å distances. In addition, the α and β phos-
phates also interact with  Lys140 (2.84 Å),  Arg142 (2.80, 2.73 
and 3.52 Å) of PB2 and  Arg287 (2.74 and 3.07 Å) of PB1 
with ΦT = − 157.7° and ΦP = 162.4° (Fig. S3E). In com-
parison, the dephosphorylated form of ribavirin also binds 
to the pocket between the 3′-end of the activator strand, η12 
and PB2 α4 similar to favipiravir. In this case, the ribose 
sugar orients towards the activator strand and shows con-
tacts with  Asn671 (2.63 Å) of PB1, G10 (2.94 Å) and C11 
(3.13 Å) of the 3′-activator strand via 3′ and 4′ carbons along 
with the 4′ hydroxyl group. In addition, the triazole also 
interacts with  Pro56 (3.16 Å) and  Met81 (4.01 Å) through 
pyrazine and carboxamide nitrogens with ΦT = − 17.0° and 
ΦP = 158.0° (Fig. S3F). However, viramidine binds at the 
end of the exit channel between PA_C and PB2 627 domains 
with the ribose sugar facing towards the PB2 linker domain 
with ΦT = − 159.1° and ΦP = − 132.4°. This orientation of 
ribose allows the 2′ and 3′ hydroxy groups along with the 2′ 
and 3′ carbons to interact with  Ser601 (3.22 Å) and  Asp671 
(2.78 Å) of both PA_C and PB2 627 domains. In addition, 
the 3-carboximidamide nitrogen shows contact with  Ser594 
of PA_C domain 2.82 Å away (Fig. S3G). Similarly, AZT-TP 
penetrates deeply below the PB2 627 linker domain showing 
interaction with  Arg664 through the oxo group of thymine. 
The α and γ-triphosphates also interact with  Phe501,  Lys140 
and  Thr238 of PB2_N through the terminal oxygen. Both 
the thymidine base and ribose sugar also show interactions 
with PB2  Asn137 through their backbone carbon and oxy-
gen atoms. In addition, the azido group also makes contacts 
with  Val502 of PB1 central domain (Fig. S3H). This shows 
that AZT-TP mostly occupies tunnel2 near to the PB2 linker 

domain. In comparison, the purine group of 2FdGTP pro-
jects deeper into the cleft below the PB2 627 linker domain 
with the hydroxyl pointing opposite to PB2 627 showing 
stronger hydrogen bond with  Asp538 of PB2 3.02 Å away. 
In addition, the furanose ring shows contacts with the 
PB1  Phe501 and  Val502 with two stronger hydrogen bonds 
at distances of 2.91 and 2.86 Å respectively. Furthermore, 
the terminal hydroxy group of triphosphate interacts with 
 Lys670 (3.40 Å) of the PB2 linker (Fig. S3I). This shows 
that, 2FdGTP occupies the end of the tunnel II in the pocket 
between the PB1 and PB2 627 domains similar to model-I 
with ΦT = 168.7° and ΦP = − 78.7.1°.

Model III: In the presence of influenza‑B vRNA

In the presence of influenzaB vRNA, favipiravir binds 
deeper into the cleft between PA_C, PB1 central and PB2 
627 domains contacting with  Asn657 and  Asn659 through oxo 
and pyrazine nitrogen with ΦT = − 33.4° and ΦP = 169.3° 
(Fig. S4A). Surprisingly, T-705 binds between the 3′-end 
of the activator strand, η12 and PB2 α4 which is com-
pletely different in comparison to model-I and model-II 
with ΦT = − 177.1° and ΦP = − 169.1°. In this orientation, 
the carboxymide nitrogen shows contacts with 3′ C14 (2.48 
and 2.63 Å) and U15 (3.24 Å) through 2′ hydroxyl and the 
backbone phosphate oxygen, while the oxo group shows 
contact with  Arg135 (2.82 Å) and  Asn136 (2.88 Å) of the 
PB1 central domain above the 3′-end of the vRNA through 
α carbon and back bone nitrogen bonding. In addition, the 
pyrazine nitrogen (N4) also interacts with  Arg135 of PB1 
through the α carbon with a distance of 2.91 Å. On the other 
hand, the ribose sugar and the attached γ-phosphate shows 
contacts with 3′ U12 (2.89 and 3.0 Å) and U13 (3.25 Å), 
 Gln137 (2.65&2.88 Å),  Pro138 (3.22 Å) and  Ala140 (2.95 Å) 
of PB1 through 2′ and 3′-hydroxy groups along with 3′ and 
6′-carbons (Fig. S4B). Defluorination allows the compound 
(T-1105) to bind between the two vRNA strands near to the 
PA_C domains with ΦT = − 153.9° and ΦP = − 164.3°. In 
this binding orientation, the pyrazine ring forms H-Pi inter-
action with  Tyr30 of PB1 through the α-carbon with addi-
tional contact with  Ile573 (3.78 Å) of PA_C domain through 
N4 nitrogen. Simultaneously, the ribose sugar interacts with 
 Asn513 (3.13, 2.77 & 3.12 Å) of the PA_C domain using 
1′- and 4′-carbons including the 2′-hydroxy group. Apart 
from these contacts, the terminal oxygens of triphosphates 
also show contacts with  His32 (2.69 Å) of the PB1 second 
loop (24–38) which crosses from thumb to fingers through 
the backbone oxygen. Additionally, the triphosphate oxy-
gens also contact with C14 (2.84, 3.56 and 2.75 Å) and 
U15 (3.42 Å) of the 3′vRNA activator stand through their 
back-bone oxygen and side chain oxo including the carbon 
of nucleobase C14 (Fig. S4C). Interestingly, the compound 
with an oxo group, T-1106 binds to the same site as shown 
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in model-I and model-II with ΦT = 90° and ΦP = − 177.9°. 
However, in this conformational change, the 3-oxo-3,4-dihy-
dropyrazine-2-carboxamide does not show any contact with 
the IAV RdRP while the ribose sugar interacts with  Lys670 
(3.03 Å) and  Gly669 (2.83 Å) of PB2 nearer to the NLS 
domain (685–760) via the 2′-carbon and hydroxy groups. 
The α and γ phosphates which orients towards the entry 
channel shows contacts with  Asn16 (2.78 Å),  Ala503 (2.74 Å), 
 Asp538 (3.31 Å) of PB1 and  Ser594 (3.31 Å) of PB2 of which 
 Asp538 and  Ser594 of PB1 reside in the central region of the 
typical right-handed RdRp fold (Fig. S4D). Similarly, riba-
virin triphosphate almost binds at the same site similar to 
T-1106 interacting with ΦT = − 131.0° and ΦP = − 173.6°. 
The triazole that orients towards the entry channel interacts 
with  Gln591 of PA through the carboxymide nitrogen while 
the ribose sugar contacts with  Gln669 (3.47 Å) and  Lys670 
(3.34 Å) of PB2 627 through 2′- and 6′-carbons. Further-
more, the β and γ phosphates also interacts with the residues 
of the central region,  Val502 (2.88 Å) and  Ala503 (1.88 Å) 
with their terminal and backbone oxygens (Fig. S4E). In 
comparison, the dephosphorylated form of ribavirin binds at 
the surface of the 5′-hook without showing any contacts with 
the template strand of the vRNA. The ribose sugar shows 
contacts with  Ser648 (3.27 Å),  Leu649 (2.59 Å) and  Ala651 
(3.36, 3.25 and 2.96 Å) of PA_C through 1′,3′ and 6′-car-
bons including the 2′-hydroxyl group. In addition, triazole 
interacts with  Asn466 (2.84 Å),  Ly574 (3.03 Å) and  Leu649 
(4.07 Å) of the PA-C domain through triazole and car-
boxymide nitrogen’s (Fig. S4F). Furthermore, the ribavirin 
analog viramidine also binds similarly to the same binding 
site at the surface of the template vRNA with eleven hydro-
gen bonds. The 5-hydroxy methy shows H-Pi and hydrogen 
bonding with G5 and A4 of the 5′-hook of template vRNA 
while the carbon and oxygen atoms of tetrahydrofuran 
show H-Pi and hydrogen bonds with  Ala651 and  Arg279 of 
PA_C domain. In addition, the triazole also shows H-Pi and 
hydrogen bond with  Lys574 and  Lys281 of PA_C domain and 
backbone oxygens of A4 of template vRNA 5′-hook (Fig. 
S4G). Overall, these binding orientations clearly indicate 
that favipiravir and its derivatives adopt a trans conformation 

in all the four models. However, both phosphorylated and 
dephosphorylated forms of ribavirin adopt a cis conforma-
tion with a small deviation in both the dihedral angles in the 
presence of influenza-A vRNA (Table 2). However, both 
favipiravir and ribavirin shows a large deviation of ΦT in 
the presence of influenza-A vRNA with extended primer 
(Table 3) while only favipiravir adopts a large deviation of 
ΦT in the presence of influenza-B vRNA (Table 4) com-
pared to other known compounds studied. The presence of 
thymidine allows, AZT-TP to interact with the backbone and 
side chain of  Ala140 of the PB1 N-terminal region through 
2′-oxygen at a distance of 2.00 and 3.29 Å respectively. In 
addition, the azido group also shows contacts with PB1 
 Gln127 (2.80 Å),  Thr128 (3.33 Å) and  Pro138 (2.72 Å) with 
three strong hydrogen bonds. However, the triphosphate pro-
jects towards the catalytic site contacting with PB1 Gly125 
and C17 backbone carbon and oxygen atoms at a distance of 
2.70, 3.02 and 3.56 Å respectively (Fig. S4H). This shows 
that AZT-TP mostly occupies away from the catalytic site 
adjacent to the 3′-activator strand. In comparison, the purine 
group of 2FdGTP projects deeper into the cleft below the 
PB2 627 linker domain with amino nitrogen interacting 
with  Phe501 of PB1 central domain (2.76 Å). In addition, 
pyrazine nitrogen also contacts with  Val503 (3.49 Å) of PB1 
central domain with a weaker hydrogen bond. However, 
furanose ring shows no contacts with either the PB1 or PB2 
domains while the terminal and second hydroxy groups 

Table 2  Calculated torsional angles (ΦT and ΦP) for the known 
inhibitors of InfluenzaA RdRp in the presence of FluA vRNA

Compound ΦT
Deg

ΦP
Deg

Favipiravir 145.4 − 172.9
T-705 − 151.7 51.6
T-1105 134.2 − 52.3
T-1106 − 178.6 1.5
Ribavirin-TPT 81.4 156.4
Ribavirin 77.9 150.7

Table 3  Calculated torsional angles (ΦT and ΦP) for the known 
inhibitors of InfluenzaA RdRp in the presence of FluA vRNA with 
extended primer

Compound ΦT
Deg

ΦP
Deg

Favipiravir − 1.3 172.1
T-705 − 95.6 172.8
T-1105 − 118.6 − 160.4
T-1106 − 138.2 170.2
Ribavirin-TPT − 157.7 162.4
Ribavirin − 17.0 158.0

Table 4  Calculated torsional angles (ΦT and ΦP) for the known 
inhibitors of InfluenzaA RdRp in the presence of in the presence of 
FluB vRNA

Compound ΦT
Deg

ΦP
Deg

Favipiravir − 33.4 169.3
T-705 − 177.1 − 169.1
T-1105 − 153.9 164.3
T-1106 90.0 − 177.9
Ribavirin-TPT − 131.0 174.3
Ribavirin 125.9 − 173.6
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of triphosphates interacts with  Phe501 (2.64 Å) and  Val503 
(3.40 Å) of the PB1 central domain and  Arg142 of PB2 N-ter-
minal domain (Fig. S4I). This shows that, 2FdGTP occupies 
the end of the tunnel II in the pocket between the PB1 and 
PB2 627 domains similar to model-I and II with dihedral 
angles of ΦT = 56.5° and ΦP = − 66.3°.

Model IV: In the presence of influenza‑A vRNA 
with extended primer and 3′‑elongation template

In the presence of the extended primer and the elongation 
strand, favipiravir binds close to catalytic site forming a Pi-
stack with  Arg126 of Motif B loop (3.58 and 2.16 Å) with 
ΦT° = − 49.8 and ΦP = 173.8° (Fig. S5A). Similarly, T-705, 
T1106, ribavirin and ribavirin-TP also occupy the same site 
with ligand protein interactions at different distances. T705 
interacts with  Asn413 through pyrazine nitrogen while the 
hydroxyl groups of the nucleobase show Pi-stacking with 
C15 of the 3′-elongation strand. The sugar ring also shows 
contacts with  Gln127 (3.41 Å)  Pro244 (2.87 Å) and  Arg249 
(2.96 Å) of the PB1 central domain. Additionally, α and 
γ-phosphates shows contacts with  Arg126 (2.52, 2.93 and 
3.26 Å) and  Arg249 (3.18 Å) of PB1 central domain respec-
tively. (Fig. S5B). Defluorination allows T-1105 to bind to 
the PB1 catalytic site interacting with  Phe495 (3.7),  Gly234 
(3.33 & 3.76 Å),  Lys235 (2.87 Å) and  Ala648 (3.18 Å) of 
the PB1 priming loop. In this conformation, the nucle-
obase orients towards the NTP tunnel while the triphos-
phate approach close to the priming loop placing the ribose 
sugar close to  Lys664 (2.81 and 3.03 Å) of the PA_C domain 
with ΦT° = 141.5° and ΦP = − 95.8° (Fig. S5C). Replacing 
the hydroxyl group with oxo, allows T-1106 to bind more 
towards the PB1 central domain with ΦT = − 143.0° and 
ΦP = − 21°. This orientation makes the pyrazine to contact 
with C15 of the 3′-elongation strand through oxo at a dis-
tance of 2.8 Å. This in turn allows the α and γ phosphates 
to interact with  Pro244 (3.27 Å),  Arg249 (3.11 Å) and  Tyr253 
(3.10 Å) of the PB1 central domain through terminal and 
backbone oxygens (Fig. S5D). Similarly, ribavirin triphos-
phate also binds to the same site interacting more or less 
with the same residues as for the other compounds shown 
above. The nitro and oxo groups of triazole interacts with 
 Lys121 of the PB1 central domain and C15 of 3′-elongation 
strand with 2.56 and 2.98 Å distances. In addition, both 
2′-hydroxyl group and back bone oxygen atom of ribose 
sugar contacts with C15 of 3′-elongation strand and  Arg249 
with 3.26 Å distances. This orientation in turn allows the tri 
phosphates to interact with  Pro244 (2.70 Å),  Arg249 (3.50 Å), 
 Phe412 (3.78 Å) and  Asn413 (3.52 Å) of PB1 central domain 
with ΦT = − 166.3° and ΦP = − 52.4° (Fig. S5E). In com-
parison, the dephosphorylated form of ribavirin also binds to 
the same pocket nearer to the 3′-end of the elongation strand, 
similar to its triphosphate form. In this case, the ribose sugar 

orients close to the motif-B loop and shows contacts with 
 Leu122 (2.63 Å) and  Arg249 of the PB1 central domain and 
C15 of 3′-elongation strand (2.94 Å) through 2′ and back-
bone oxygens. In addition, the triazole also interacts with 
 Arg249 (3.16 Å) through Pi-stacking with ΦT = − 117.1° and 
ΦP = 131.2° (Fig. S4F). Moreover, viramidine also binds 
at the same site as ribavirin interacting with the terminal 
nitrogen of the C15 elongation strand and  Gln127 of PB1 
motif-B loop through imidazole and the ribose sugar with 
ΦT = − 174.1° and ΦP = − 60.8° (Fig. S5G). However, 
AZT-TP binds to the PB1 catalytic site nearer to the prim-
ing loop interacting mainly with  Lys481 (2.72, 2.75, 2.56, 
3.18 & 3.63 Å) and  Ser494 (2.88 Å) through stronger hydro-
gen bonds (Fig. S5H). In addition, the thymidine oxo also 
contacts with the  Asp305 carbon through a weaker hydrogen 
bond. In comparison, the purine group of 2FdGTP orients 
towards the 3′-end of the positive elongation strand show-
ing weaker hydrogen bonding with  Phe412 of PB1 motif-B 
at a distance of 3.44 Å. In addition, the terminal hydroxy 
group of the triphosphate contacts with the terminal nitrogen 
atom of the C15 (3.08 Å) elongation strand (Fig. S5I). This 
shows that, 2FdGTP also occupies a site nearer to the PB1 
catalytic site above the elongation strand at the 3′-end with 
ΦT = 140.6° and ΦP = 20.9°.

Activity of AZT‑TP and 2FdGTP on InfluenzaA 
Virus transcription

Experimental studies using a purified influenzaA virus A/
PR/8/34/HIN1 in an NTP incorporation assay with an RdRp 
enzyme showed that 2FdGTP, a known inhibitor of FluA 
polymerase exhibited a 25%  (IC25) and 50%  (IC50) effec-
tive concentrations at 0.3 and 1.2 µM respectively. Similarly, 
AZT-TP (Fig. 10a, b) also inhibited the viral polymerase 
with an  IC25 and  IC50 at 0.2 and 1.2 µM respectively.

Discussion

Here we report for the first time the binding modes of the 
known influenza polymerase drugs, Favipiravir, T-705TP, 
T-1105TP, T-1106TP, ribavirin, ribavirinTP, viramidine and 
2FdGTP. In addition, we found that AZT-TP was also pre-
dicted to bind to our homologous model and this was con-
firmed in vitro polymerase transcription assays. We showed 
that AZT-TP binds to the homology model of the A/PR/8/34/
H1N1 influenza virus RdRp in four models 1. In the pres-
ence of influenzaA vRNA; II. In the presence of influenza-A 
vRNA with extended primer and III. In the presence of influ-
enzaB vRNA and IV. In the presence of the RNA promoter 
including the initiation primer and the 3′-elongation tem-
plate from polio virus. The docking results from all the four 
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models I, II, III and IV showed that 2′-deoxy-2′-
fluoroguanosnine 5′-triphosphate binds at the end of the tun-
nel2 with the highest binding affinity of − 16.3 Kcal/mol in 
model-I and inhibited the purified polymerase transcription 
with an  IC50 of 1.12 µM. The inhibition mechanism of the 
inf luenza polymerase revealed that the compound 
2′-fluorodGTP competitively inhibits incorporation of GMP 
into anti-genomic RNA. However, 2′-fluorodGTP known not 
to be incorporated into the growing RNA strand but com-
petitively inhibits incoming GTP to inhibit chain elongation 
[12]. Thus, our binding mode using docking in correlation 
with previous kinetic studies suggested that 2′-fluorodGTP 
may be incorporated and may cause chain termination of 
further transcription. Similarly, T-705 has been shown to be 
a chain-terminator and competitive inhibitor inhibits cap-
snatching and transcription initiation when p32-labelled 
5′-cap1 RNA was added to a virus derived RNA complex 
[47]. The higher observed polymerase inhibition of T-1106 
with respect to T-705 correlates well with the higher binding 
energy of T-1106 (− 23.8  Kcal/mol) over T-705 
(− 21.08 Kcal/mol) in model-I [48]. Furthermore, the lower 
predicted binding energy of ribavirin with − 19.3 Kcal/mol 
compared with T-705 (− 21.08 Kcal/mol) using our model 
and docking studies correlates with data from previous poly-
merase inhibition assays showing a greater potency of T-705 

than ribavirin [49, 50]. This clearly reveals that favipiravir 
binds at the 3′-end of the activator vRNA while its triphos-
phate derivatives T-705, T-1105 and T-1106, along with 
Ribavirin triphosphate binds in a cleft between PB2_N and 
NLS domain nearer the exit channel of the IAV RdRp. How-
ever, ribavirin binds to the PB2 627 linker domain while 
viramidine occupies the cleft near to the 5′-hook of the 
vRNA template strand. Even after the translocation of the 
3′-end of the activator strand into the active site, as shown 
in model-III, T-1105 occupies the 3′-end of the vRNA acti-
vator strand. In addition, T-1106 and ribavirin triphosphate 
but not favipiravir exhibits the same binding site nearer to 
the exit channel as shown in model-I. However, both ribavi-
rin and its prodrug viramidine bind at the 5′-hook of the 
vRNA template strand. Since ribavirin inhibits viral replica-
tion through potential additional mechanisms including 
immunosuppression and lethal virus mutagenesis, the mode 
of action is rather complex [51, 52]. It was demonstrated that 
mutation of V43I in PB1 close to the putative NTP entrance 
channel affects the activity of ribavirin [52]. Our docking 
results also show that ribavirin has the ability to bind to the 
NTP tunnel close to  Thr42 with a binding energy of -10 kcal/
mol. Ligand protein interactions of these compounds in com-
plex with the RNA promoter including the initiation primer 
and 3′-elongation template from polio virus (model-IV) 
shown that both AZT-TP and T1105_TP primarily interact 
with PB2_N, residues near motif-II and motif-IV, and the 
PB1 priming loop that plays an important role in stabilizing 
the ligand-target interaction. In particular,  His649 of the 
priming loop of PB1 may play an important role in stabiliz-
ing the compound within the catalytic site of the IAV RdRp. 
This binding orientation in turn shields  Asp445 and  Asp446 
which are essential for polymerase activity of influenza virus 
within the catalytic site [53]. These two residues coordinate 
the metal ions involved in the catalysis. When either of these 
Asp–Asp residues were mutated to  Asp445His,  Asp446Tyr, 
 Asp446Asn or  Asp446Glu, the catalytic activity of PB1 is 
completely abolished [54]. The  Asp446 may deprotonate the 
3′-hydroxy group of the priming NTP by acting as a general 
base and helps the α-phosphate of the NTP to be incorpo-
rated into the activator strand. The suitable geometry for the 
reaction to happen is provided by  His649 of the priming loop. 
Mutational analysis of  His649A or  Pro647A individually, 
impair terminal de novo initiation on a vRNA promoter with 
 P651A having the strong effect [55]. To coordinate with the 
catalytic magnesium ion, the conformational change of 
 Asp446 side chain with 3.5 Å is required to allow the poly-
merase to initiate polymerization. Apart from these interac-
tions, these compounds have the ability to disturb the struc-
tural stability of the priming loop by interacting with the 
nearby residues  Gly650 of the PB1 central domain. However, 
compounds other than AZT-TP and T1105 bind at the 3′-end 
of the elongation strand of vRNA and may inhibit the 
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Fig. 10  Inhibition concentration  (IC50) of the IAV RdRp inhibition 
from A/PR/8/34/H1N1 strain with the compounds (a), 3′-azido-3′-
deoxy-thymidine-5′-triphosphate and 2′-deoxy-2′-fluoroguanosine 
triphosphate (b) using TCA precipitation assay. Percentage of virus 
inhibition is shown in Y-axis and Inhibitor concentration is shown in 
y-axis and  IC50 values are shown in X-axis
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process of initiation and elongation. Based on the binding 
modes, it might be speculated that AZT-TP and 1105 may 
induce some structural changes of motifs II and IV involved 
in catalytic mechanism and the putative NTP tunnel forma-
tion. Mutational analysis of  Lys481 of motif-IV to Gln and 
Arg caused a drastic reduction in the catalytic activity of 
PB1 ranging from 1 to 7% compared to wild-type which 
shows the importance of this amino acid in viral replicase 
transcriptase activity of PB1 [54]. The conserved residues 
of motif D,  Lys480 and  Lys481 involved in NTP binding is 
further stabilized by contacts with PA helix α20 (656–663) 
and the PA peptide 671–684 [4]. Thus, these compounds 
interfere in stacking interactions between  His649 and  Pro651 
with the incoming NTP by binding to the catalytic site and 
inhibit the activity of viral polymerase. Previous mutational 
analysis of  P651A resulted in impairment of terminal de novo 
initiation of a vRNA to cRNA replication but had little effect 
on cRNA to vRNA replication or on cap-dependent replica-
tion [55]. This mutational effect is stronger compared to 
individual mutations of other two fully conserved  (H649A, 
 G650A) and partially conserved amino acid  (P647A), at the 
tip of the PB1 β-hairpin. Further mutational analysis of 
 P651F showed increased activity in the formation of the tri-
meric complex and promoter RNA binding compared to 
 P651A. Also, previous mutational analysis of  His649Phe or 
 His649Arg showed decreased activity compared to  His649Ala, 
while  His649Arg was active as  His649Ala. However, both 
these mutants showed trimer formation and endonuclease 
activity similar to wild type RdRp [55]. These previous 
experimental studies which are consistent with our model-
ling studies showed that  His649 nearby the triphosphate 
group of AZT-TP and T1105 might play an important role 
in internal initiation of vRNA. The experimental results also 
reveal that AZT-TP showed equally potent with 
2′-fluorodGTP used in the study with 1.12 µM. This may be 
due to inhibition of influenza virus RNA polymerase by pre-
venting the incorporation on incoming NTPs. Based on the 
docking conformation, it was observed that AZT-TP interac-
tions were mediated primarily by the thymidine and its azido 
group exhibiting only a modest  IC50 of 1.12 µM using a TCA 
precipitation assay. Thus, these docking studies in model-IV 
confirm that known influenza antiviral compounds that bind 
to the cavity at the 3′-end of the vRNA activator strand or 
catalytic site could impair the conformational change of the 
priming loop necessary for the transition to elongation. 
Binding of the compounds at the end of the exit channel may 
act as chain terminators by being incorporated into the elon-
gating nascent RNA molecule. However, compounds that 
bind nearer to the PB2 linker domain may inhibit the process 
of cap-snatching to generate short capped primers that initi-
ate the synthesis of viral mRNAs. Lastly, compounds that 
bind nearer to the 5′-hook may disturb the passage of incom-
ing natural NTP substrates to bind in a site very close to its 

catalytic position. Ligand protein interactions of these com-
pounds show that the residues  Gln591,  Ser594,  Lys664, from 
PA;  Phe22,  Tyr30,His32,  Asp41,  Asn61,  Lys121,  Leu122,  Gly125, 
 Arg126,  Gln127,  Arg135,  Asn136,  Gln137,  Pro138,  Gly234,  Lys235, 
 Pro244,  Arg249,  Tyr253,  Lys279,  Met290,  Arg287,  Ala280,  Asp305, 
 Phe412,  Asn413,  Lys481,  Thr487,  Ser494,  Phe495,  Tyr497,  Tyr499, 
 Gly500,  Phe501,  Val502,  Ala503,  Asp538,  Ala648,  His649 from 
PB1 and  Pro56,  Arg138,  Val139,  Lys140,  Ile141,  Arg142,  Thr238, 
 Glu241,  Ile538,  Ile539,  Asn540,  Glu543,  Asn652,  Pro654,  Asn657, 
 Asn659,  Leu668,  Gly669,  Lys670,  Asp671 from PB2 act as com-
mon pharmacophores for these compounds preventing the 
activity of A/PR/8/34/H1N1 influenza-A polymerase. In 
particular, these computational studies reveal new insights 
that known compounds bind to four different pockets above 
and below the priming loop. Pocket-A (PB1:  Arg670,  Asn671, 
 Arg672; PB2:  Arg46,  Trp49,  Met50,  Met53,  Lys54,  Tyr55,  Pro56, 
 Met81,  Met90) is close to the 3′-end of the activator strand, 
pocket-B (PB1:Asn276,  Lys279,  Ala280,  Ala283,  Asn284,  Met290, 
 Thr487,  Arg486,  Gly488,  Tyr490,  Gly500,  Phe501; PB2:  Val139, 
 Arg142) at the end of the exit channel, pocket-C (PB2:  Gln138, 
 Lys140,  Ile141,  Arg143,  Phe217,  Leu218,  Pro219,  Val220,  Ala221, 
 Gly222,  Glu241,  Met243,  Arg641,  Met645,  Pro654,  Asn657,  Ile529, 
 Thr530,  Tyr531,  Glu538,  Ile539,  Gly541,  Asn540,  Asn657,  Gly669, 
 Lys670,  Val667) near to the PB2 linker domain and pocket-D 
(PB1:Gly37,  Tyr38,  Met40,  Arg45,  Tyr355,  Ly388,  Ser384,  Thr385, 
 Gln392) above the surface of the 5′-hook of the template 
strand. The size and the shape of the predicted cavities are 
compatible with the binding of small-molecule inhibitors in 
potential allosteric sites. They could thus represent “drug-
gable pockets”. Especially, Pocket-A might be used as a 
starting point for structure-based drug design as a first pos-
sible approach for virtual screening. Thus, our preliminary 
attempts to identify novel pharmacological tools binding to 
the catalytic site of influenza-A virus culminated in the iden-
tification of the small molecule AZT-TP as an inhibitor of 
influenza viral replication displaying an  IC50 of 1.12 µM. 
The results obtained also show for the first time that AZT-TP 
binds close to the catalytic site below the priming loop as 
shown in model-III and IV. This suggests that AZT-TP may 
bind to IAV RdRp after the translocation of the 3′-activator 
strand into the catalytic site using the capped primer (Model-
III) or to the catalytic site during the elongation phase of the 
activator strand (Model-IV) (Fig. S4H). Furthermore, bind-
ing mode analysis in model-II revealed that AZT-TP may 
disturb the structural stability of motif-IV by interacting 
with nearby residues mainly with  Phe501 and  Val502 of PB1 
central. More likely PB1  Phe501 plays a main role in IAV 
RdRp inhibition in tunnel2 above the PB1 priming loop. 
Plausibly, the side chain of  Lys140 and  Arg664 create a favora-
ble environment with a positive electrostatic potential for the 
binding of AZT-TP with the lesser binding affinity of 
− 13.9 Kcal/mol (Fig. S3H). Indeed, when the bound form 
of these structure is superposed with the unbound form, the 
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difference in all atom positions for these compounds varied 
between 0.18 and 0.21 Å. This clearly indicates that this 
compound may bind either to the catalytic site with higher 
affinity or to the tunnel2 site close to the PB2 linker domain 
with lower affinity of the polymerase. This causes a slight 
change in conformation from the closed to open state and 
might prevent the translocation of the template and product. 
Previously, it was also proposed that the influenza polymer-
ase PB2 627 domain is necessary to recruit replicating 
vRNPs in RNA-free polymerases [56]. Also, AZT-TP as 
show in model-I might have the tendency to disturb the sta-
bility of motif-F3 contacting with  Lys235,  Lys237 and  Arg239 
involved in the NTP tunnel that leads to the tip of the puta-
tive priming loop with the moderate binding energy of 
− 14.6 Kcal/mol [4]. This shows that the catalytic site is 
wide enough to accommodate a bulky 3′-azido group of 
L-AZT which could explain the observed polymerase inhibi-
tion activity. Specifically, projection of a 3′-azido towards 
the highly conserved SDD motif in the catalytic site of IAV 
RdRP clearly indicates that 3’-substitution is highly benefi-
cial for antiviral activity. This suggest that azido group on 
the five-membered ring could be used to improve either the 
binding affinity and/pharmacological properties of the com-
pound. These studies further validated that catalytic site as 
the most druggable target for influenza A viral infections. 
By determining the  IC50 profiles of AZT-TP tested experi-
mentally, it was proved that this compound competitively 
inhibits the incorporation of GTP into viral RNA of influ-
enza polymerase in a similar way to the positive control 
2FdGTP. This is in good agreement with our docking studies 
showing that this compound binds around the catalytic site 
and prevents the activity of influenza RdRp. This also 
implies that AZT-TP may disturb the initiation of replication 
by inhibiting the incoming NTPs and may terminate viral 
elongation suggesting that after AZT-TP binds to the cata-
lytic site, it inhibits the nucleophilic attack of the 3′-OH on 
the α-phosphorous of the incoming NTP. The demonstrated 
inhibitory activity of this compound  IC50 of 1.12 µM is simi-
lar to the known influenza-inhibitory compound 2FdGTP. 
Our docking studies and enzymic inhibition data clearly 
indicate that AZT-TP inhibits RdRp polymerase activity. 
Thus, our work provides novel mechanistic insights into 
inhibition of influenza RdRp for future drug discovery.

Conclusion

In this study, we have successfully combined computational 
docking studies and enzymic inhibition assays to identify 
AZT-TP as an inhibitor of the catalytic site of IAV RdRp 
from the A/PR/8/34/H1N1 viral strain. A good correla-
tion between the docking and experimental studies indi-
cate that AZT-TP binds to the catalytic site inhibiting the 

incorporating of natural NTPs for replication initiation and 
elongation of IAV RdRp. The compound AZT-TP exhibits 
significant anti-viral activity inhibiting viral replication with 
a lower  IC50 of 1.12 µM compared to the previously known 
inhibitor 2FdGTP. This study clearly emphasizes the impor-
tance of the catalytic site below and above the priming loop 
for the future development of novel anti-influenza drugs.
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