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ABSTRAKT 
RNA-dependentní RNA polymerasa viru chřipky je heterotrimerický komplex, který má 

zásadní roli v životním cyklu viru. Je zodpovědná za virovou replikaci a transkripci. Jedna z 

jejích podjednotek, PA podjednotka, interaguje s PB1 podjednotkou prostřednictvím důležité 

protein-proteinové interakce na své C-koncové doméně. Tato interakce, která je 

zprostředkovaná 310 helixem, je nutná k utvoření celého heterotrimerického komplexu. 

N-koncová doména navíc obsahuje místo s endonukleasovou aktivitou se dvěma manganatými 

ionty. Obě tyto domény jsou považovány za slibné terapeutické cíle. V současnosti jsou 

přístupy v léčbě a prevenci chřipkového onemocnění limitované na sezónní očkování a existuje 

pouze několik léků, které ve velké většině cílí na jiné proteiny viru chřipky. U řady z nich však 

dochází k rychlému vývoji rezistentních mutací, nebo mají závažné vedlejší účinky.  

Tato práce nabízí strukturní náhledy na dvě domény PA podjednotky. První část se věnuje 

charakterizaci a optimalizaci minimálního peptidu odvozeného z PB1 podjednotky, který 

interaguje s C-koncovou doménou PA podjednotky a brání jejich dimerisaci. Výsledky z této 

části mohou být považovány za počáteční bod pro racionální vývoj prvních inhibitorů PA-PB1 

protein-proteinové interakce proti viru chřipky. V druhé polovině jsme zkoumali rostlinné 

chemické látky flavonoidy a sloučeniny z nich odvozené jako možné inhibitory endonukleasové 

domény. Pomocí rentgenové krystalografie jsme popsali vazebné módy těchto látek v aktivním 

místě PA podjednotky a identifikovali tak cílový protein těchto látek, které jsou hojně 

používané při chřipkovém onemocnění. 
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ABSTRACT 
Influenza RNA-dependent RNA polymerase is a heterotrimeric complex and has an essential 

role in the life cycle of the virus. It is responsible for viral replication and transcription. One of 

its subunits, the polymerase acidic protein, interacts with the PB1 subunit via a crucial protein-

protein interaction at its C-terminal domain. This 310 helix-mediated intersubunit interaction is 

required for the whole heterotrimer assembly. The N-terminal domain carries the endonuclease 

active site with two manganese ions. Both domains are considered promising drug targets. 

Current strategies to fight the influenza virus are limited to seasonal vaccines, and there are 

only a few anti-influenza drugs targeting mostly other viral proteins. Many used antivirals are 

susceptible to rapid resistance mutations development or cause severe side effects.  

This thesis provides structural insights into the two domains of the PA subunit. The first part is 

devoted to the characterization and optimization of a PB1-derived minimal peptide interacting 

with the C-terminal domain. Results from this part may be considered as a starting point for the 

rational design of first-in-class anti-influenza inhibitors of the PA-PB1 protein-protein 

interaction. In the other half, we have explored the inhibitory potency of flavonoids and their 

derivatives against the endonuclease domain. Using X-ray protein crystallography, we have 

described the binding modes of those inhibitors in the PA endonuclease active site. Ultimately, 

we have identified the target protein of those compounds which are being broadly used as 

supplements during influenza viral infection. 
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1. INTRODUCTION 

1. 1. THE INFLUENZA 
The influenza virus can cause an acute infection of the upper respiratory system among humans 

and animals all around the world. There are four circulating species: the influenza A virus 

(IAV), which has a pandemic potential; the influenza B virus (IBV), responsible together with 

IAV for seasonal epidemics; the influenza C virus (ICV), generally causing mild illness; and 

the influenza D virus (IDV), which does not infect humans. The IAV and IBV cause local 

outbreaks of annually recurring epidemics. They affect up to 30% of the global population and 

kill 290,000 – 650,000 people each year (Iuliano et al., 2018; WHO, 2019). The ICV has a 

milder course of the disease. Occasionally, IAVs of animal origin undergo antigenic shift and 

infect humans causing a pandemic level of influenza infection. There is no doubt about the 

devastating consequences of pandemic outbreaks in terms of impact on mental health, mortality, 

and economic loss.   

Influenza viruses belong to the family of Orthomyxoviridae with seven genera: the 

Alphainfluenzavirus, Betainfluenzavirus, Deltainfluenzavirus, Gammainfluenzavirus, Isavirus, 

Quaranjavirus, and Thogotovirus. Within the genera, there are influenza virus A-D, Quaranfil 

quaranjavirus, Salmon isavirus, Thogoto thogotovirus, Dhori thogotovirus, and Johnston Atoll 

quaranjavirus. Generally, they differ in morphological characteristics, range of hosts, and 

ability to cause a pandemic.  

Although aquatic birds are the original reservoir of the IAVs, they can infect a diverse range of 

mammals. The IAV transmits rapidly from person to person, mostly in crowded areas through 

droplets dispersed in the air. The classification of the influenza virus is based on the host of 

origin, the “avian influenza” for example. Two major antigens, which are the viral surface 

proteins, determine further subtypes. So far, there are 18 subtypes of hemagglutinin (HA) and 

11 of neuraminidase (NA) for the IAV. The antigen combination is a part of the IAV 

nomenclature system established by the World Health Organization (WHO) in 1979 (WHO, 

1980). Altogether, the strain designation for influenza virus type A contains information on the 

HA and NA subtypes, host of origin (for strains of non-human sources), geographical origin, 

strain number, and year of isolation. For example, A/California/07/2009 (H1N1), or 

A/duck/Fujian/01/2002 (H5N1). 
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1.2. INFLUENZA PANDEMICS 
A global outbreak of a new IAV can lead to an influenza pandemic. As IAVs constantly mutate, 

there is a high probability of non-human influenza viruses shifting and consequently infecting 

humans. The 18 different HA and 11 NA subtypes can theoretically combine and form a new 

subtype of influenza virus. However, not all have been found to infect all animals, or humans. 

There are two different ways the influenza virus can mutate. The “antigenic drift” stands for 

minor mutations of the influenza virus genome. It is associated with viral replication and may 

lead to the virus escape from the host immune system. The antigenic drift is the main reason 

for annual revisions and updates of flu vaccines (Kim et al., 2018). On the other hand, the 

“antigenic shift” results in major mutations of the influenza virus genome. A genetic 

reassortment is the combination of two influenza virus strains, which forms a new subtype with 

mixed surface antigens (R. G. Webster et al., 1982). The newly created subtype may infect 

humans and have a pandemic potential. This can happen when human IAV reassorts its genes 

with avian IAV, resulting in novel IAV containing HA and NA from either avian or human 

influenza virus, or both.  

In the past 140 years, there have been five major outbreaks of pandemic influenza. The first one 

was recorded in 1889-1890 with five years of recurrences. This last pandemic in the nineteenth 

century, the Asiatic flu, was likely to be of influenza origin (Dowdle, 1999; Valleron et al., 

2010).  

In 1918, the most serious pandemic in the last century emerged, known as the Spanish flu, and 

continued in four waves. The first isolation of an influenza virus from human patient was 

performed much later (Smith et al., 1933). However, this isolation started a speculation about 

the possible role of a similar virus in 1918. The sequence analyses of the infected lung tissue 

sample indicated, that the 1918 pandemic was caused by the H1N1 influenza A subtype (Reid 

et al., 1999; Taubenberger et al., 2005). In two years, it infected 25% of the world’s population 

and killed between 50 – 100 million people (Barry, 2004). Interestingly, there was a higher rate 

of mortality in young adults and lower mortality peak within elderly (Luk et al., 2001). This is 

likely accredited to a dysregulated immune response, or insufficient T cell repertoire (Gagnon 

et al., 2013). Nevertheless, this pandemic occurred at the end of World War II, and the worsened 

conditions and exhausted personal in hospitals, including the overcrowdedness and poor 

hygiene connected with subsequent bacterial infection, might have increased the virus spread 

and overall mortality (Brundage & Shanks, 2007; Hirsch & Mckinney, 1919; Morens & 

Taubenberger, 2011).  
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Almost forty years later, the Asian flu emerged in 1957 in southern China. The subtype H2N2 

was most probably a recombination of avian and human influenza viruses (Kilbourne, 2006). 

The anti-influenza vaccine development started in 1942 (Salk et al., 1944), but was ineffective 

against the H2N2 influenza strain. There was an enormous effort put into the development of a 

novel pandemic influenza vaccine. A great step forward in dealing with influenza was in 1957 

when six pharmaceutical companies licensed the vaccine against Asian flu (Influenza Vaccine, 

the New York Times, 1957).  

The H2N2 strain reassorted into the H3N2 subtype, causing the Hong Kong pandemic in late 

1968 (Coleman et al., 1968; Robert G. Webster et al., 1993). The vaccine was developed a year 

later, preventing the majority of deaths and illnesses associated with the emerging pandemic 

strain. The H3N2 subtype remained in the population and causes seasonal IAV disease. 

The last recorded influenza pandemic occurred in April 2009 in North America (influenza A 

(H1N1)pdm09) and spread around the world by June 2009. It was described to have at least two 

swine flu ancestors (Trifonov et al., 2009). As the virus was very different from circulating 

H1N1 viruses, vaccination with seasonal flu vaccines did not offer sufficient cross-protection 

against (H1N1)pdm09 virus (Garten et al., 2009). According to the Centers for Disease Control 

and Prevention (CDC), 2009 influenza pandemic caused 150,000-570,000 deaths worldwide 

(Dawood et al., 2012). Out of that, 80 percent of (H1N1)pdm09 virus-related deaths occurred 

in people younger than 65 years. 

 

1.3. IAV STRUCTURE  
The IAV is an enveloped virus containing eight segmented negative-sense single-strand 

ribonucleic acids (RNAs) (Figure 1A). The viral ribonucleoprotein complexes (RNPs) consist 

of the viral RNA (vRNA), RNA-dependent RNA polymerase (RdRp), and scaffold 

nucleoproteins (NPs). In the vRNP, the vRNA genome is pseudo-circularized by promoter 

binding to the viral polymerase with the rest of the RNA forming a supercoiled helical loop 

coated by NPs (Figure 1B) (Arranz et al., 2012). Influenza NPs are believed to bind to 24–26 

nucleotides RNA each (Area et al., 2004; Hutchinson et al., 2014; Martín-Benito et al., 2001), 

although recent studies show that the coating is not uniform and RNA stem-loops may extrude 

between the NPs (Le Sage et al., 2018; Lee et al., 2017).  

The IAV membrane is of host origin and displays several types of viral surface proteins. 

Hemagglutinin is a homotrimeric glycoprotein coded by 1778 nucleotides. It attaches the viral 

particle to the sialic acid receptor on the host cell surface and also mediates fusion with the 
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endosomal membrane. Each of its three monomers is formed by the HA1 and HA2 chains, 

connected with two disulfide bridges (Wilson et al., 1981). The monomer has a top globular 

domain and a highly conserved long coiled-coil stalk. When the virus enters the low pH 

endosome, HA undergoes major conformational changes leading to membrane fusion 

(Bullough et al., 1994; Chen et al., 1999).  

The other viral surface protein is neuraminidase coded by 1413 nucleotides. It releases nascent 

virions budding from the host cell by enzymatic cleavage of the sialic acid (Itzstein Von, 2007).  

It is a tetrameric glycoprotein bedded into the viral membrane via its hydrophobic region. The 

catalytic head has a mushroom-shaped structure of nearly spherical subunits connected to the 

cytoplasmic tail via the stalk and transmembrane region (Bossart-Whitaker et al., 1993; J. N. 

Varghese & Colman, 1991). Even though the sequences for NA are different in influenza A and 

B, their catalytic sites were closely similar (Air, 2012; Ellis et al., 2022). This feature made the 

NA one of the targets for the influenza treatment. 

The last of the viral surface proteins is M2 protein which forms a transmembrane channel. The 

M2 channel forms a helical homotetrameric pore and mediates the H+ transfer from the 

endosomal environment to the endocytosed viral particle. It was historically the first-thought 

anti-influenza drug target. The M2 crystal structure was a starting point for a rational drug 

design (Joseph N. Varghese et al., 1992), though more details on the inhibitor binding site were 

described just recently (Thomaston et al., 2018).  

The virus also contains nonstructural proteins with various roles within the virus life cycle. By 

transcribing different reading frames of the vRNA segment for matrix proteins, the M1 protein 

is synthetized and is involved in the assembly of virions (Ye et al., 1987). The nonstructural 

protein 1 (NS1) is coded by the same sequence coding the nonstructural protein 2 (NEP/NS2), 

and is also transcribed from a different reading frame. The NS1 directly interacts with the 

Retinoic acid-inducible gene I (RIG-I) and consequently prevents induction of the host 

intracellular pathogen sensor, interferon-β (Guo et al., 2007; Mibayashi et al., 2007). It also 

prevents the export of host mRNA from the nucleus and therefore contributes to the inhibition 

of host immunity (K. Zhang et al., 2019). The NS2 protein is involved in the export of nascent 

vRNPs into the cytosol (Neumann et al., 2000). The PA-X protein, coded by vRNA sequence 

on the segment for PA, modulates the host response to infection (Hayashi et al., 2015; Jagger 

et al., 2012). The PA-X selectively degrades host DNA-dependent RNA polymerase II (Pol II) 

transcripts (Khaperskyy et al., 2016). The last of the viral proteins discovered so far is the PB1-

F2 protein. It is a pro-apoptotic protein nonessential for the virus viability (Wise et al., 2009). 



 

 8  

Nonetheless, its expression delays the clearance of the virus by the host immune system (Kamal 

et al., 2017).  

Finally, the IAV viral genome codes the essential RNA-dependent RNA polymerase. This large 

heterotrimeric complex is composed of three subunits, the polymerase basic protein 1 (PB1), 

the polymerase basic protein 2 (PB2), and the PA polymerase acidic protein (PA). Their 

cooperation leads to the transcription and replication of the vRNA (see below). 

Figure 1. Schematic illustration of the virus. A) Particle of the influenza A virus with 

representations of surface proteins – Hemagglutinin (HA, cyan) and Neuraminidase (NA, 

violet); proton channel (M2, yellow); non-structural proteins (NS1, NS2/NEP, light pink); and 

eight vRNP complexes with genes for the viral proteins. B) Close-up view onto the viral 

ribonucleoprotein complex (vRNP). Heterotrimeric RdRp is bound to the viral RNA (vRNA) 

via PB1 subunit (light blue), PA and PB2 are shown as blue and dark blue spheres respectively; 

nucleoproteins (NP) are presented as gray spheres. Created with BioRender.com. 
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1.4. IAV LIFE CYCLE 
The life cycle of the influenza virus begins with the binding of the surface homotrimeric 

hemagglutinin to the cellular sialic acid receptor (Figure 2). Once bound influenza enters the 

host cell mostly by clathrin-mediated endocytosis (Rust et al., 2004). The low pH of the 

endosome triggers an opening of the M2 channel and the translocation of H+ ions. This 

consequently leads to a conformational change of HA proteins, followed by a fusion of the 

endosomal membrane with the viral membrane (Cady et al., 2009).  

Viral RNPs are released into the cytoplasm and transferred to the nucleus (Banerjee et al., 

2013). This energy-dependent mechanism is mediated by the adaptor protein importin-α, which 

recognizes basic nuclear localization signals (NLS) arginine- and lysine-rich motif of the RdRp 

PB2 subunit (Tarendeau et al., 2007). Importin-α recruits importin-β, which transports the 

vRNP complex through the nuclear pore complex (NPC) (Cros et al., 2005; Stewart, 2007). The 

complex is then dissociated by the activated form of the Ran GTPase, and the vRNP-importin-

α complex is released (Eisfeld et al., 2015).  

In the nucleus vRNAs are transcribed and replicated (see below), resulting in the synthesis of 

viral messenger RNA (mRNA), complementary RNA (cRNA), and nascent vRNA. 

Consequently, the viral mRNA is exported outside the nucleus for the host cell-mediated 

translation. Viral mRNAs coding the PA, PB1, and PB2 (subunits of RdRp), together with the 

NP, NS1, NS2 (nuclear export protein, NEP), and M1 coding mRNAs are translated at cytosolic 

ribosomes. The mRNAs for membrane glycoproteins (HA, NA) and the M2 proton channel 

contain hydrophobic targeting sequences, which interact with the signal recognition particle 

(SRP), and are sent to the endoplasmic reticulum-associated ribosomes (Bos et al., 1984; 

Daniels et al., 2003; Dou et al., 2018; Hull et al., 1988).  

The endoplasmic reticulum-associated ribosomes translate the HA0, a precursor of HA, which 

has to be cleaved into the subunits HA1 and HA2 within the trans-Golgi (GA) (Klenk et al., 

1975; Stieneke-Grober et al., 1992). Other translated viral proteins are later transported through 

the Golgi apparatus toward the cell membrane. Moreover, the viral NS1, PB1-F2 and PA-X are 

involved in the regulation of host cell processes (Ayllon & García-Sastre, 2014), and the NS1 

may contribute to the viral mRNA export from the nucleus  (Satterly et al., 2007).  

Nascent viral proteins required for the vRNP formation are imported back into the nucleus. 

Translated PA and PB1 are imported as a heterodimer, unlike PB2 and NP, which are 

translocated into the nucleus independently (Huet et al., 2010). Inside the nucleus, novel vRNPs 

are formed by binding of NP monomers to the vRNAs and the translated RdRp subunits (Lee 

et al., 2017).  
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The  M1 and NS2 protein are necessary for the export of vRNPs from the nucleus (Matthew 

Bui et al., 2000; O’Neill et al., 1998), although the exact mechanism of vRNPs nuclear export 

is not clear. Conversely, there is a model where M1 serves as an adaptor protein connecting the 

NS2 to vRNPs (Akarsu et al., 2003; Shimizu et al., 2011). Through the cooperation of 

established interactions with the CRM1 (‘exportin-1’) (Huang et al., 2013), NS2 directs the 

vRNP complex to the CRM1 nuclear export pathway. The NPs contain a leucine-rich nuclear 

export signal (NES) motif (Elton et al., 2001). The M1 protein blocks the NP, preventing the 

re-import of vRNPs, and the complex is transported to the cytoplasm (M Bui et al., 1996). 

Alternatively, vRNPs are associated with chromatin (Matthew Bui et al., 2000; Chase et al., 

2011; Sakaguchi et al., 2003) and the M1 protein (Zhirnov & Klenk, 1997), and their interaction 

is needed for the vRNPs release from the chromatin to proceed with the nuclear export. The 

complex together with the Ran-GTP is exported outside the nucleus through the NPC. 

The Ran GTPase-activating protein (RanGAP) hydrolyses Ran-GTP to Ran-GDP. The 

complex dissociates releasing the vRNPs into the cytoplasm.  

The vRNPs move through the cytoplasm most likely via vesicular transport connected to the 

microtubular network (Momose et al., 2007). After the transportation of vRNPs and vRNAs 

from the nucleus, their co-localization was detected at the microtubule organizing center 

(MTOC) and Rab-11, indicating the vRNPs utilize intracellular vesicles via Rab-11 for a 

transport to the plasma membrane (Amorim et al., 2011; Eisfeld et al., 2011).  

The nascent viral particle is formed by the assembly of synthetized viral proteins at the cell 

plasma membrane. Once the newly assembled IAVs bud, their release is dependent on the 

sialidase activity of NA. It catalyzes the hydrolysis of the glycosidic linkage, which attaches 

sialic acid to the sugar molecule in receptors, thus preventing the HA binding to the cell surface 

(Barman et al., 2004; Gottschalk, 1957). 

Even though a considerable effort was made to better understand the influenza virus life cycle, 

there are still some open questions. Not all the possible viral or cellular phosphorylation targets 

involved in the virus life cycle were yet discovered, nor the atomic structure of the full-length 

HA and NA in the membrane, as well as the regulation of the timing and expression levels of 

the viral mRNA transcription. Moreover, the structure determination of novel influenza anti-

virals bound to target protein domains would be a great benefit for further drug development.   
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Figure 2. Influenza virus life cycle. The influenza virus infects the cell by the attachment of 

hemagglutinin to the host cell sialic acid receptor. Endosome-mediated endocytosis creates an 

acidic environment, and the H+ transfer causes a release of viral proteins. Viral RNA is 

transcribed and replicated in the host cell nucleus, and viral mRNA is translated in the 

cytoplasm. Viral proteins necessary for the vRNPs formation are translocated to the nucleus, 
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and the assembled vRNP complex is exported. The Rab-11 linked to vesicles transports vRNPs 

to the cytoplasmatic membrane, where the viral particle assembles. The final step of the viral 

budding is the cleavage of the sialic acid by neuraminidase and the nascent viral particle is 

released.  

 

1.5. IAV RNA-DEPENDENT RNA POLYMERASE 
The IAV RdRp is responsible for the transcription and replication of vRNA. This 

multifunctional complex is over 260 kDa, and consists of three heteromeric subunits. The 

vRNAs for each subunit are located in the viral segments 1 – 3. The activation and consequent 

cooperation of the whole complex with several host factors, including proteins involved in the 

host proteosynthesis, leads to the synthesis of nascent viral particles. It is highly conserved 

among influenza viruses (see Supplementary material S1). Especially the PA-PB1 protein-

protein interaction (PPI) is almost unmodified across the species. 

As the polymerase contains over 2000 amino acids, it was difficult to achieve the entire RdRp 

structure. In 2014, the inter-subunit interactions were observed in bat-specific influenza virus 

(bat IAV) as a complete heterotrimeric complex was published (Reich et al., 2014). It revealed 

a large U-shaped protein complex (Figure 3A – C). 

The PB1 subunit (polymerase basic protein 1) is in the centre of the polymerase complex 

containing catalytic residues for RNA synthesis (Fan et al., 2019; Peng et al., 2019; Pflug et al., 

2014; Reich et al., 2014; Wandzik et al., 2020). It embodies an internal RNA-binding cavity 

with three inner narrow-sided tunnels. PB1 is surrounded with two subunits, PA (polymerase 

acidic protein) and PB2 (polymerase basic protein 2). The PA subunit consists of two domains, 

the N-terminal endonuclease domain (NPA) and the C-terminal domain (CPA), which creates 

the bottom-U polymerase part. They are connected by a long linker that wraps around the PB1 

and interacts via extensive interface. The PB2 subunit is composed of several domains (Figure 

3D), and is linked to the PB1 domain via the N-terminus. The C-terminus of PB2 is divided 

into more domains, all connected by flexible linkers. The PB2 cap-binding domain (PB2) and 

the NPA form parallel arms facing each other and reach out of the core of the protein complex.  

There are already several high-resolution RdRp structures of influenza A (human, avian, and 

bat), influenza B, C, and D (Fan et al., 2019; Hengrung et al., 2015; Keown et al., 2022; Peng 

et al., 2019; Pflug et al., 2014; Reich et al., 2014). These structural insights revealed that 

influenza polymerases are flexible macromolecules, adopting several conformational states. 

Genes coding the viral polymerases are of the most conserved within the influenza viruses. 
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Therefore, they are ideal targets for the development of influenza antivirals. Besides small 

molecules targeting different sites within the RdRp complex, recently the single-domain 

antibodies also known as Nanobodies® were introduced (De Vlieger et al., 2018; Keown et al., 

2022). 

Figure 3. A), B) Two views of the IAV RdRp complex. The RdRp is in ribbon representation 

and color-coded according to the domains in D) except that PA-C, PB1, and PB2-N are 

uniformly green, cyan, and red, respectively. The vRNA 5’ and 3’ends are pink and yellow, 

respectively. The PB2-CBD is indicated as a black circle. C) Side-view of the vRNAs 

emergence at the interface of all three subunits in surface representation. D) Subunit domains 

layout with subdomain names and color scheme, the location of the conserved polymerase 

motifs in PB1 is indicated below. Reproduced from Pflug et al., 2014.  

B A 

C D 
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1.5.1. PB1 subunit 
The PB1 subunit is an RNA-directed RNA polymerase catalytic subunit. The sequence analyses 

characterized several motifs within the PB1 subunit before the crystal structure was obtained 

(Biswas & Nayak, 1994; Bruenn, 2003). The 757 amino acids long sequence encodes the 

polymerase active site and includes the highly conserved pre-A/F and A-E motifs, which are 

characteristic for the RdRps and are responsible for the polymerase function. The PB1 overall 

central structure is formed of the right-handed RdRp fold, with finger domains, fingertips, palm, 

and thumb (Figure 3D).  

The pre-A/F motif is located in the fingertips domain and in the loop extending from the fingers 

domain to the thumb domain. There are a few essential residues for the catalysis within the 

motifs A and C. The Asp-305 (at motif A) coordinates two divalent metal ions in cooperation 

with the motif C Asp-445 and Asp-446. The methionine-rich loop of PB1, stabilizing the base 

pair between entering nucleoside triphosphates (NTPs) and template, is placed in motif B 

(406-GMMMGMF). Motif D (including residues Lys-480, and Lys-481) is involved in the 

binding of NTP, and motif E stabilizes the position of substrate or priming NTP. 

In PB1, there are four channels leading to the polymerase active site cavity: the NTP channel, 

which is decorated by positively charged residues, the RNA entry and exit channel, and the 

product exit channel (Reguera et al., 2016). Every channel is formed by all three subunits of the 

heterotrimeric complex. 

 

1.5.2. PB2 subunit 
The IAV PB2 subunit is a multi-domain protein of 760 amino acids. PB2 subunit can be further 

divided into one third of the N-terminus (PB2-N, residues 1 – 247) and two thirds of the C-

terminus (PB2-C, residues 248 – 760), both consisting of several subdomains.  

PB2-N is of five subdomains interacting mostly with the PB1 C-terminus via bundles of 

α-helices. The PB2-Nter is located opposite to the PA linker, enfolding in the PB1 subunit. The 

amino acid sequence is continued by the helix α4, which interacts with the template in the entry 

channel. The PB2-N1 domain is structurally supporting the PB1 thumb domain and passes via 

linker into the PB2-N2 domain. The PB2-Lid domain is composed of another helical bundle 

(residues 153 – 212), which separates the template-product nucleobases complex during the 

transcription. The PB2-N ends with the other part of N2 domain, formed by two anti-parallel 

β-sheets with one inserted helix. It interacts with the PA C-terminus and the thumb and palm 

domains of PB1 with hydrophobic contacts. 
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The larger part of PB2 subunit is the arc-shaped PB2-C region. It starts with the Mid domain, 

composed of four helices with one inter-helical linker, linked to the N2 domain. Connected by 

a flexible linker, it is followed by the PB2 cap-binding domain (PB2-CBD). This region 

(residues 319 – 481) has a key role in the viral life cycle. The Cap-627 linker domain precedes 

the 627 domain of PB2. This domain is bound to the PB1 core in the pre-initiation of 

transcription (apoform). The Mid domain is partially inserted into the PB2-CBD, preventing 

the binding of the 5’cap (Hengrung et al., 2015; Thierry et al., 2016). Only after the interaction 

with the host Pol II, the PB2-CBD is unblocked, and the 5’cap can be bound. The PB2 subunit 

terminates with the NLS domain (residues 680 – 760), carrying the NLS, Lys-Arg-Lys-Arg 

(Tarendeau et al., 2007). 

During the pre-initiation, the 627 domain of PB2-C is bound to the core region of PB1. 

The transcription of vRNA begins with the process “cap snatching”, where the polymerase 

captures the five-prime cap from the host mRNA. This occurs on the PB2 subunit at the CBD. 

This domain is extremely flexible (Keown et al., 2022), which allows the PB2-CBD to explore 

the environment for a 5’cap. Moreover, the PB2-CBD orients the cap-bound host mRNA 

towards the NPA endonuclease and positions the cleaved primer into the polymerase active site, 

so the initiation of transcription can start.  

The PB2-CBD is a well-ordered structure, composed of five antiparallel β-sheet strands (β1 – 

β5), four α-helices (α1 – α4), and four short β-strands (β8 – β12) (Guilligay et al., 2008). 

Between the lower end of helical subdomains and the β-sheets is the binding site for the five-

prime cap. The binding is mediated by several interactions within the binding cavity. The ribose 

of 5’cap is positioned via the stacking interactions with a part of hydrophobic cluster, concretely 

with the Phe-404 (C-terminus of α1), Phe-323 (β1), and the His-357 (β4) (Figure 4A). The 

acidic Glu-361 (β5) forms a key hydrogen bond to the guanine (N1 and N2). Overall, the 

majority of the 5’cap is buried inside the binding cavity.  

There were several attempts to develop a cap-analog inhibitor targeting the PB2-CBD (M. Liu 

et al., 2017; Pautus et al., 2013). However, the first structure of a PB2-CBD inhibitor, the 

pimodivir, in complex with the domain was published in 2014 (Clark et al., 2014). From the 

crystal structure, it is bound at a similar position as the 5’cap (Figure 4B). It forms four 

hydrogen bonds with residues Asn-429, Arg-355, Lys-376, and Glu-361. Alike the 5’cap, it 

interacts via π-π stacking with the Phe-404, Phe-323, and His-357. The inhibitors’ azaindole 

part interacts with residue Gln-406. As it occupies the PB2-CBD it inhibits the binding of the 

cap, therefore the transcription of the vRNA. 
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Figure 4. Detailed view onto the PB2 cap-binding domain. A) Structure of the CBD binding 

site with bound 5’cap (light blue). Interacting residues are highlighted in ball-and-stick 

representation. The PB2 protein is in cartoon representation with α-helices (red) and β-sheets 

(yellow) in cartoon representation. Hydrogen bonds are indicated as black dashes. Chemical 

structures are shown in the down-left corner. PDB ID: 2VQZ (Guilligay et al., 2008). B) 

Structure of the CBD in complex with the pimodivir (teal). The additional loop in front of the 

pimodivir belongs to the Mid domain, as the crystallized construct was this region longer. Color 

coding and structure representation is in correspondence with A). PDB ID 6S5V (McGowan et 

al., 2019). All structural figures were prepared in Pymol (Schrödinger, LLC, 2015). 

 

1.5.3. PA subunit 
The complete structure of influenza RdRp revealed two distant major domains of the PA 

subunit. The NPA endonuclease domain is connected via long PA linker to the CPA domain. 

The PA subunit shares an extensive interface to the PB1 fingers and palm domains (Figure 5), 

mediated by the three helical segments (Pflug et al., 2014). The NPA (residues 1 – 195) is 

attached to the PB1 C-terminus. To this region of PB1 also binds the PB2-Nter, so there might 

be a possible crosstalk between the NPA and the PB2 subunit. The endonuclease active site is 

exposed to the solvent, opposite the PB2-CBD. The CPA lies on the other side of the PA subunit 
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(residues 396 – 713). It resembles a dragon’s head that clamps the PB1 N-terminal peptide (He 

et al., 2008; Obayashi et al., 2008). This small inter-subunit interaction is essential for the whole 

heterotrimer assembly. 

Figure 5. Two-side view on the IAV PA subunit. The PA (blue) and the PB1 (white) subunits 

are shown in the surface representation. The PB2 subunit is shown as gray relief for clarity. 

Two metal ions within the NPA endonuclease active site are pink spheres. PDB ID: 4WSB 

(Reich et al., 2014). 

 

1.5.3.1. N-terminal domain of PA 
Until 2009, the endonuclease activity was thought to take place at the PB1 (M. L. Li et al., 

2001) or PB2 (Shi et al., 1995). The first crystal structures revealed, that the NPA (residues 

1 to 195)  carries the endonuclease active site (Dias et al., 2009; P. Yuan et al., 2009). The NPA 

is approximately 25 kDa domain consisting of seven α-helices surrounding the five central β-

sheets. The endonuclease active site contains the (P)DXN(D/E)XK motif, inducing the binding 

of divalent metal ions. It consists of acidic residues Glu-80, Asp-108, and Glu-119, as well as 

His-41, and Ile-120. Importantly, Lys-134 is conserved among the type II endonucleases (Dias 

et al., 2009). This negatively charged pocket embeds two Mn2+, or one Mn2+ and one Mg2+ions 

(Figure 6A). Both metals are coordinated together with water molecules, to the scissile nucleic 

acid phosphodiester of the host mRNA substrate, together with the apically positioned 3’-O of 

90° 
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ribose (Figure 6B) (Xiao et al., 2014). The Mn2+ lowers the pKa of the attacking water 

molecule, Lys-134, and the adjacent 3’phosphodiester of the substrate. This leads to the 

activation of nucleophilic water molecule and the cleavage of the substrate. The product of 10-

13 nucleotides is inserted inside the polymerase active site cavity in the PB1 and is utilized as 

a primer for the viral transcription. 

 

Figure 6. A) Close-up view on the NPA endonuclease active site. The NPA is in sky blue 

cartoon representation, with interacting residues as sticks. Two manganese ions and the water 

molecules in the active site are yellow and red spheres, respectively. Color coding, nitrogen is 

blue, oxygen in red. PDB ID: 7NUG (Reiberger et al., 2021). B) A scheme of the RNA substrate 

NPA-mediated cleavage. Color coding is corresponds to the A). Adapted from Stevaert & 

Naesens, 2016. 

 

In past years, several compounds targeting the influenza endonuclease were described (Bauman 

et al., 2013; Cianci et al., 1996; DuBois et al., 2012; Fudo et al., 2016; Kowalinski et al., 2012; 

Z. Liu et al., 2016; Roch et al., 2015; Song et al., 2016; Stevaert et al., 2013; Xiao et al., 2014; 

S. Yuan et al., 2016). Even though, not all of them were structurally confirmed to bind the NPA, 

but showed anti-influenza effect in cell cultures (Figure 7) (Tomassini et al., 1996). All of them 

were designed to target the metal ions within the active site. 
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Figure 7. The NPA active site ligands. A) Model of the RNA substrate bound to two metal 

ions in the NPA active site (Xiao et al., 2014). The 3’end of RNA is in the up-right corner. B) 

Crystal structure of NPA with Compound 5 (4E5J, DuBois et al., 2012), with the chemical 

structure below; D) Crystal structures of Compound 7 (4M5U, Parhi et al., 2013); and crystal 

structure with Compound 2 (5I13, Fudo et al., 2016).  E) – G) Different positions of the L-

742,001 inhibitor obtained from the co-crystallization experiments (4E5H –  E, DuBois et al., 

2012, 5CGV – F, Song et al., 2016), and from the docking studies (Stevaert et al., 2013). H) – 

J) NPA active site with bound uridine monophosphate (UMP), from three published crystal 

structures (3HW3, Zhao et al., 2009; 4AWH, Kowalinski et al., 2012; 5CL0, Song et al., 2016; 

respectively). The UMP in I) and J) occupy the same position. The protein areas binding ligands 

are colored. The metal binding and catalytic residues (His-41, Glu-80, Asp-108, Glu-119, Ile-

120, and Lys-134) are highlighted in orange. Binding pockets are shown in yellow (P1, residues 

Ala-37, Ile-38, Leu-42, and Lys-34); blue (P2, residues Thr-40, Val-122, Arg-124, Tyr-130, 

and Phe-150); purple (P3, Arg-84, Trp-88, Phe-105, and Leu-106); red (P4, Leu-16, and Gly-

81), and in green color (P5, Ala-20, Tyr-24, and Glu-26). Compounds, including the RNA are 

cyan and metals of the active site in dark red. Chemical structures of published inhibitors 

lacking structural characterization are in panel K). Adapted from Stevaert & Naesens, 2016. 
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1.5.3.2. C-terminal domain of PA 
The CPA domain is 767 amino acids long and contains 13 α-helices and 9 β-strands. The 

domain can be further divided into subdomain I, the dragons’ “brain”, and subdomain II, the 

“mouth”. The resembling “brain” consists of seven central strands (β1 – β7) and five wrapped 

around α-helices (α1 – α3, and α6 – α7), together with a small η1-helix (Figure 8A, B). 

Subdomain II is formed by nine α-helices (α0, α4 – α5, α8 - α12) and two shorted β-sheets. The 

α-helices α11 and α10 form a hydrophobic pocket and enclose in between the N-terminal 

peptide derived from the PB1 subunit. This relatively short peptide adopts the secondary 

structure of the 310 helix (η2). This is a crucial “tail to head” PPI between the PA and PB1 

subunit. The interaction is mediated by hydrophobic contacts and a set of hydrogen bonds 

(Figure 9A).  

 

 

 

 

 

 

 

 

 

 

Figure 8. The CPA dragon’s head. A) The tertiary structure of the CPA. The dragons’ “brain” 

region is on the left with α-helices in red, and β-sheets in yellow. The right side represents the 

“mouth”, with nine α-helices in pale cyan, and two β-sheets in yellow. The PB1-derived peptide 

is in teal. B) Scheme of 2D composition of CPA secondary structures, corresponding to the A). 

PDB ID: 6SYI (Hejdánek et al., 2021). Adapted from Radilová et al., 2022. 

 

Residues Asp-2 to Asn-4 of the PB1 bind to the PA residues Ile-621 to Glu-623. More hydrogen 

bonds are formed between carbonyl oxygens of PB1 residues Asp-2, Val-3, Phe-9, Leu-10, and 

Val-12 to the PA residues Asn-412, Glu-623, Gln-408, Trp-706, Gln-670, and Arg-673. 

Moreover, the nitrogen atoms of Asp-2, Val-3, Asn-4, Leu-8, and Ala-14 (PB1) bind to the 

Glu-623, Asn-412, Ile-621, Pro-620, and Gln-670. Contributing to the peptide binding energy, 

the hydrophobic interactions were observed within the binding pocket (Figure 9B). The PB1 

residue Pro-5 interacts with the Phe-411 and Trp-706. The other interaction was characterized 
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between the Leu-8 and side chains of PA residues Met-595, Trp-619, Val-636, and Leu-640 

(He et al., 2008; Obayashi et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The PA-PB1 protein-protein interaction hydrophobic pocket. A close-up view 

onto the co-crystal structure of the CPA with bound PB1 N-terminal derived peptide. The CPA 

interacting residues are highlighted with three-code names and shown as gray sticks. The fifteen 

amino acids long PB1 peptide (teal) is in stick representation, with the 310 helix indicated in the 

background (cartoon representation). Hydrogen bonds are as black dashes. Other color coding; 

oxygen – red, nitrogen – blue, sulphur – yellow. PDB ID: 2ZNL (Obayashi et al., 2008).  

 

Shortly after the first structures of CPA was published in 2008 (He et al., 2008; Obayashi et al., 

2008), this PPI emerged as a next-generation drug target. The PA-PB1 binding domain is highly 

conserved among influenza A and B viruses (Wunderlich et al., 2011), and mutations of the 

residues would negatively affect the polymerase itself (Mänz et al., 2011). The assembly of the 

whole heterotrimeric RdRp can be inhibited by the disruption of the PA-PB1 PPI. The first 

PA-PB1 inhibitors were already designed a year before the protein structure was obtained 

(Ghanem et al., 2007). The inhibitor was a 25 amino acids long peptide, derived from the N-

terminus of PB1 subunit. Moreover, using the peptide array, Wunderlich et al., 2011 identified 

amino acid positions that could be replaced by affinity-enhancing residues. 

Several non-peptidic inhibitors of the PA-PB1 interaction were published (Massari et al., 2016). 

However, they lack structural characterization within the hydrophobic pocket (D’Agostino et 

al., 2018; Desantis et al., 2017; Lo et al., 2018; Massari et al., 2016; Nannetti et al., 2019; Trist 

et al., 2016; Watanabe et al., 2017; S. Yuan et al., 2017; J. Zhang et al., 2018, 2020). 

 



 

 22  

1.6. REPLICATION 

One of two major functions of the IAV RdRp is the replication of the viral genome to synthesize 

new viral particles. In contrast to viral transcription, replication is not dependent on the 5’cap. 

It can be divided into two-steps process. The first is the creation of cRNA, a replicative 

intermediate, and the second is the synthesis of vRNA with cRNA acting as a template. 

Replication begins with the translocation of the 3’end of vRNA into the polymerase active site 

(Figure 10A).  

A terminal initiation follows, which is a formation of pppApG dinucleotide on residues U1 and 

C2 of the vRNA 3’end (Deng et al., 2006). This de novo initiation is structurally supported by 

a priming loop, especially the conserved proline at the loop tip, providing a stacking platform 

for the NTP (Te Velthuis et al., 2016).  

During elongation, 9-10 nucleotides’ nascent strand remains in the polymerase pocket. The 

5’end of vRNA must be released from the polymerase active site to be replicated and is recruited 

together with NP by newly synthesized polymerase to form cRNP (Turrell et al., 2013). The 

termination of the cRNA synthesis is by yet unclear structural changes of the polymerase.  

Next, the vRNA is synthesized using the cRNA as a template. It starts with the internal initiation 

process, where the pppApG dinucleotide is formed on the 3’end of the cRNA at positions 4 and 

5. A second regulatory polymerase binds, creating a symmetrical dimer with replicating 

polymerase, and most likely causes a priming loop conformation change (Fan et al., 2019; 

Oymans & te Velthuis, 2018). This leads to a realignment of the dinucleotide to the 3’end of 

cRNA by backtracking the template (Figure 10B).  

Nascent vRNA is right away encapsidated during replication, recruited by the polymerase at 

5’end together with NPs to form vRNPs. The process is accompanied with another dimerization 

with cellular host factor acidic leucine-rich nuclear phosphoprotein 32 family member A 

(ANP32A) (Carrique et al., 2020). By forming an asymmetrical dimer it ideally positions and 

stabilizes the complex (Long et al., 2016). Moreover, the ANP32A contains the low complexity 

acidic (leucine-rich) region (LCAR) that could operate as a molecular whip recruiting NPs 

(Reilly et al., 2014). Different states of dimers and complex structural rearrangements are still 

not solved. 
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Figure 10. Influenza A virus RNA synthesis schemes. A) complementary RNA (cRNA) 

synthesis; B) viral RNA (vRNA) synthesis. Adapted from (te Velthuis et al., 2021). 

 

1.7. CAP-DEPENDENT vRNA TRANSCRIPTION 
Viral RNA transcription leads to the synthesis of a 5’-capped and 3’-polyadenylated viral 

mRNA, which is later translated by the host apparatus into viral proteins. Unlike replication of 

the virus, its transcription requires 5’-capped RNA, but viral RNA does not contain capped 

vRNA nor codes guanylyl transferase. IAV RdRp gets capped fragments from the nascent host 

capped RNAs, which serve as primers. The process of taking the host 5’cap is called “cap 

snatching” and is a result of the collaboration of two IAV RdRp subunits (Figure 11).  

The transcription is initiated by the binding of the viral polymerase to the serin-5-

phosphorylated C-terminal domain of host Pol II. The interaction is mediated by residues of the 

PB2 627 domain and NLS domain, together with the residues of the PA C-terminal domain 

(Engelhardt et al., 2005; Kouba et al., 2019; Lukarska et al., 2017; Serna Martin et al., 2018). 

During the pre-initiation, the 627 domain of PB2-C is bound to the core region of PB1. The 

binding to the host Pol II stabilizes the CBD. This was affirmed as the transcription of the virus 
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was sensitive to actinomycin D (transcription inhibitor), and α-amanitin (inhibitor of Pol II) 

(Mahy et al. 1972; Sugiura et al. 1969). The CBD of PB2 is exposed and can bind the host 

cellular mRNA. There is some preference for noncoding caps generated by the Pol II seized 

from small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and promoter-

associated capped small RNAs (Gu et al., 2015; Koppstein et al., 2015).  

The host cap binds to the PB2 CBD at the C-terminus. Following the cap snatching, the 

endonuclease  domain of PA N-terminus located facing the CBD cleaves the 10-13 nucleotides 

downstream from the 5’cap. Nascent primer is placed into the polymerase active site. This 

happens by the rotation of the PB2 CBD of approximately 70° and subsequent insertion of the 

3’ primer end through the exit channel (Kouba et al. 2019; Pflug et al. 2018; Reich et al. 2014). 

At the same time, the 3’end of the vRNA template transfers from the surface-close position to 

the polymerase active site through the entry channel.  

The transcription is initiated by the addition of G or C nucleotide at the 3’end of primer 

complementary to the penultimate C (C2) or G (G3) of the vRNA template. Elongating product 

is separated from the template by the helical PB2 lid domain. Nascent mRNA opens the PB1 

thumb domain and pushes the priming loop from the template exit channel. The cap is released 

from the PB2 CBD and can interact with the host cap-binding complexes during the 

transcription.  

Figure 11. Influenza A virus mRNA synthesis scheme. Four processes of viral mRNA 

synthesis: the cap-snatching, initiation, elongation, and termination. Adapted from (te Velthuis 

et al., 2021). 

 

While the elongation pulls the vRNA, it peels the template off the NPs and the RNA loop 

shrinks. After NPs unwind from the nucleobases, they are translocated from the incoming 

template site and reassociated with the outcoming template (Coloma et al., 2020; Wandzik et 

al., 2020). From the structural analyses of vRNP, a new mechanism ‘processive helical track’ 

was observed (Figure 12). Both 3’ and 5’ends of the template remain associated with the 
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transcribing polymerase, and the whole complex slides along the viral genome coiled around 

NPs. Transcribed template RNA bulges out from a different site of the polymerase, forming a 

growing loop.  

Elongation continues until it reaches the oligo(U) motif starting with U17. This polyadenylation 

motif is 5-7 nucleotides long. Polymerase stutters, and the U17 flips in and out from the active 

site chamber and repeatedly incorporates AMPs into the product (X. Li & Palese, 1994; Poon 

et al., 1999; Wandzik et al., 2020). Termination of polyadenylation might include interactions 

with host-factors (Landeras-Bueno et al., 2011). The conformation changes of the polymerase 

probably result in a destabilization of the (U-A)-rich product-template duplex. The nascent 

capped and polyadenylated viral mRNAs are released. 

 

Figure 12. Processive helical track. Polymerase (blue) sliding along the vRNA (red) in 

transcription steps: 1) initiation, 2) elongation, 3) polyadenylation, 4) release of capped, 

poly(A) tailed -mRNA. Nucleoproteins are orange and yellow spheres and their movement is 

indicated by green arrows. Reproduced from (Coloma et al., 2020). 
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1.8. CURRENT ANTI-INFLUENZA TREATMENT 
Vaccines are the most effective way to fight influenza as well as many other viruses. However, 

the IAV continuously escapes the immune system by antigenic drift (Kim et al., 2018). 

Therefore, there is a necessity to reformulate the vaccine composition and annual immunization. 

Moreover, the vaccines are not effective when the antigenic shift occurs, and the development 

of specific vaccines is usually delayed weeks after the pandemic outbreak. In such 

circumstances, antivirals can have an important role in controlling the impact of influenza. In 

addition, the immune response of the high-risk population groups and the vaccination coverage 

are suboptimal (Principi et al., 2018; Sano et al., 2017). Naturally, there is an intensive effort to 

develop anti-influenza drugs to overcome such obstacles. As several targets were described 

within the influenza virus, a class of viral surface protein inhibitors was among the first ones. 

These can be divided into two classes, the M2 channel inhibitors, and the neuraminidase 

inhibitors.  

The M2 proton channel inhibitors were the first anti-influenza inhibitors in use, introduced 

already in the 1960s. Adamantane (Gocovri®), and its derivative rimantadine (Flumadine®) 

(Figure 13A), sterically block the M2 proton channel and therefore restrain the proton 

translocation needed for a viral intracellular uncoating (Hay et al., 1985; Stouffer et al., 2008; 

Thomaston et al., 2018; Wang et al., 1993). Their use was limited only to influenza A, had 

severe side effects, and due to the resistance development, the use of M2 channel inhibitors is 

not recommended since 2004. 

Another viral surface protein neuraminidase is a glycoside hydrolase cleaving the sialic acid 

residues from the host cell glycoproteins. Its inhibition would prevent the viral particle from 

being released from the host cell. So far, there are four neuraminidase inhibitors (NAIs) 

developed (Figure 13B). Orally administrated Oseltamivir (Tamiflu®), inhaled Zanamivir 

(Relenza®), Laninamivir (Inavir®), and intravenously administrated Peramivir (Rapivab®) act 

on both influenza A  and influenza B viruses and have good tolerability (Barroso et al., 2005; 

Cass et al., 1999; Ishizuka et al., 2010). Among these, oseltamivir discovered by Gilead 

Sciences in the late 1990s, is most extensively used for the treatment of acute, uncomplicated 

seasonal influenza (Uyeki et al., 2019). Oseltamivir was introduced in clinical practice together 

with zanamivir between the years 1999 to 2002. Besides several side effects including nausea 

(Antipov & Pokryshevskaya, 2019), resistant variants of the virus against NAIs were detected 

(McKimm-Breschkin et al., 2003).  

The other NAI, peramivir, has different structural properties. It was characterized as a tightly-

bound inhibitor with slow dissociation (Bantia et al., 2006). However, the intravenous 
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administration requires medical assistance. The last of the four NAIs is the laninamivir 

octanoate, precursor of the active form of laninamivir. Like zanamivir, it is administrated by 

inhalation. It persists in a high concentration of its active form in the lungs for at least five days 

(Ikematsu & Kawai, 2011). The single dose administration of laninamivir is its major benefit, 

although the inhalation is not recommended for patients underlying airway diseases (such as 

asthma). Altogether, NAIs are first-in-hand for the treatment of uncomplicated influenza. 

However, influenza neuraminidase is affected by antigen drift, which may result in resistant 

viral variants. The complexity of the NAI-resistance development underlies challenges for 

surveillance of newly emerging influenza viruses or viruses isolated from the avian/human 

interface. 

Lately, as the structure of the influenza RdRp was published in 2014 (Reich et al., 2014), this 

protein became a novel target for drug development (Figure 13C). Favipiravir (trade name 

Avigan®), a purine analog, was developed in Japan as an anti-influenza inhibitor (Takahashi et 

al., 2003). It selectively inhibits the RdRp by incorporation into the nascent RNA strand and 

consequently causes the vRNA synthesis termination (Furuta et al., 2013; Sangawa et al., 2013). 

Later it was characterized as a broad-spectrum antiviral as it provided some inhibitory efficacy 

against other RNA viruses, including phleboviruses or Ebola virus (Shiraki & Daikoku, 2020). 

It was more efficient than oseltamivir while treating influenza (Tanaka et al., 2017). 

Nonetheless, influenza has a high intrinsic mutation rate enabling the development of resistance 

to antivirals (Goldhill et al., 2018; Pauly et al., 2017; Takashita et al., 2016). Also, favipiravir 

administration raised concerns regarding teratogenic risks (Nagata et al., 2015). 

The VX-787 (trade name Pimodivir®) is an azaindole-based compound targeting the unique 

“cap-snatching” mechanism of influenza RdRp (Clark et al., 2014). It showed significant anti-

influenza inhibitory potency, even against influenza pandemic strains. Pimodivir passed two 

phases of clinical trials, even though some amino acid mutations within the active site occurred 

(O’Neil et al., 2022; Trevejo et al., 2018; Zhu et al., 2012). However, it did not show added 

benefits to hospitalized patients with influenza A infection and the drug development program 

in the phase IIIb (no. NCT03376321) was discontinued by the commercial developer Jannsen 

Pharmaceutical in September 2020 (www.clinicaltrialsarena.com/news/janssen-pimodivir-

development/). Nonetheless, the PB2 CBD and more generally the influenza RdRp remain 

attractive targets for anti-viral drug development. 

It took almost 20 years to develop influenza antivirals with a novel mechanism of action, 

targeting the endonuclease located on the PA subunit of the RdRp. Baloxavir marboxil (BAM) 

with the trade name Xofluza® was licensed in Japan in 2018. It is among the four antiviral drugs 
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approved by the US Food and Drug Administration (FDA) and recommended by the US Centers 

for Disease Control and Prevention (CDC) for use against circulating influenza viruses this 

season (2022). It is a precursor for the hydrolyzed active antivirotics, baloxavir acid (BXA). 

This successful compound is a result of a rational drug design, which was developed based on 

the structure of dolutegravir, the human immunodeficiency virus inhibitor (Noshi et al., 2018). 

The BXA chelates two metal ions in the endonuclease active site prohibiting the production of 

primer, thus the viral transcription. Currently, it is used in Japan and USA in a single dose 

administrated perorally. In phase II of clinical studies, a significant mutation strain emerged 

(Hayden et al., 2018). The substitution of Ile-38 to Thr-38 within the endonuclease active site 

led to 20-40 times reduced susceptibility to the BXA. This mutation removes the methyl group 

required for the binding of BXA, and lowers the hydrophobicity of the binding surface, which 

is required for the binding of RNA (Omoto et al., 2018). Nevertheless, the approval of BAM as 

an anti-influenza drug was a great step forward. Its major advantage is that only one dose is 

required, it is well tolerated, and is capable of a viral load reduction within 24 hours of the 

treatment. It opened the door for drug design of a novel target, as well as the possibility of 

combination therapy of anti-influenza drugs, overcoming the easily arisen resistance mutations. 

  

Figure 13. Anti-influenza drugs available on the market. 

A) adamantane derivatives blocking the M2 proton channel; 

B) neuraminidase inhibitors; C) inhibitors targeting the 

RNA-dependent RNA polymerase.  

C B A 
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2. RESEARCH AIMS 
In this work, we plan to explore two domains of the PA subunit of influenza A RNA-dependent 

RNA polymerase and compounds able to bind and inhibit them. Specifically, its C-terminal 

domain (CPA) bears an essential protein-protein interaction with another RdRp subunit, and 

the N-terminal domain (NPA), which has endonuclease function.  

The first aim of the study is to recombinantly prepare optimized domain of 460 amino-acids, to 

develop a high-throughput screening assay, and to test a series of peptides for their PPI 

inhibitory potency. Furthermore, we want to structurally characterize the most promising 

peptides bound to the CPA using an X-ray protein crystallography and to utilize this for further 

optimization. Additionally, we intend to improve the peptide stability, intracellular delivery, 

and to structurally characterize whether those optimizations contribute to the binding. 

Furthermore, we set to analyze the second subunit of viral polymerase, the endonuclease, with 

the aim to decipher the mechanism of action of flavonoids, non-specific antiviral compounds 

of plant origin. We plan to recombinantly express the endonuclease domain, and to develop an 

inhibitor-testing assay. With this assay, we want to prove or disapprove our hypothesis that 

molecules from a polyphenolic class flavonoids target the NPA. If so, to structurally 

characterize compounds in the endonuclease active site and to utilize this information for 

further structure-based drug design.  
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3.3. PUBLICATION I. 
Structural characterization of the interaction between the C-terminal domain of the 

influenza polymerase PA subunit and an optimized small peptide inhibitor. 

 

The heterotrimeric RdRp complex of influenza A is an essential enzyme for viral replication 

and translation. Two subunits, PA and PB1 share an extensive interface. However, their 

assembly depends on a relatively small pocket formed by the C-terminus of PA. The PB1 N-

terminal domain clicks into the CPA in a form of 310 helix (He et al., 2008; Obayashi et al., 

2008). Disrupting such an important protein-protein interaction appears to be a promising drug 

target. The first 14 amino acids peptide from the N-terminus of PB1 were identified as a 

nanomolar inhibition of the PA-PB1 PPI (Wunderlich et al., 2009). Moreover, the peptide array 

residue revealed several introduced mutations as advantageous for the peptide binding, though 

without an X-ray structure (Wunderlich et al., 2011). 

 

3.3.1. SUMMARY 
To explore the relative importance of the core amino acids PPI between the two subunits 

(PA-PB1), we have truncated and mutated previously described 14 amino acid long peptide 

(PB1-0). We have developed a new assay based on the AlphaScreen technology to screen 

inhibitors of the PA-PB2 PPI (Figure 14).  

 

Figure 14. Schematic illustration of the AlphaScreen-based assay for PA-PB1 PPI. The 

streptavidin-coated donor beads are bound to the biotinylated PB1 peptide. The Glutathione SH 

(GSH) coated acceptor bead allows the Glutathione-S-transferase (GST) -tagged CPA binding. 

When the donor bead is excited (λ = 680 nm) and the PB1 peptide is in proximity with CPA, 
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the singlet oxygen is transferred and the acceptor bead emits a detectable signal (λ = 520 – 

620 nm). If an inhibitor disrupting this interaction is present, the signal is decreased. We tested 

twelve synthetic peptides to obtain their inhibition potency (Table 1).  

 

Truncation of PB1-0 from both sides resulted in 10 different peptides. None of them exceeded 

the initial peptide, but it revealed the importance of core amino acids. When truncated from the 

C-terminus (PB1-1 to PB1-5), the peptides remained fair inhibitory potency until the truncation 

to Lys-11. The truncation of the N-terminus (PB1-6 to PB1-9) was tolerated only for the two 

starting amino acids, otherwise led to the loss of inhibition potency. The PB1-10 peptide was 

N-terminal Met-1 cut short as well as three C-terminal amino acids. This combination caused a 

reduction in inhibition with an IC50 of 3.4 μM. Finally, inspired by the published peptide array, 

we introduced two affinity-enhancing substitutions (PB1-11) at peptide “hot-spots”. The 

replacement of Val-3 and Trp-6 both with tyrosines vastly improved the binding affinity (IC50 

of 13 nM). To evaluate the peptides in vivo activity we have modified them by the addition of 

commonly used cell-penetrating Tat peptide to either C-terminus or N-terminus. Unfortunately, 

the association with cell-penetrating peptide did not provide an effective antiviral in vivo effect. 

To observe the details of this interaction we cocrystallized the complex of CPA and PB1-11 

peptide. A high resolution crystal data were collected at BESSY II (Helmholtz-Zentrum, Berlin) 

and the structure was solved at 1.6 Å (PDB ID: 6SYI). Details of this modified peptide within 

the CPA groove may serve for further structure-based drug design of anti-influenza drug. 

 

 

 

 

 

 

 

 

 

 

Table 1. Inhibition potencies of peptide series determined by the AlphaScreen based 

technology. The 310 helix is highlighted in blue. The affinity enhancing “hot-spots” within the 

PB1-11 are red bold. 
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my contribution 
I expressed the CPA domain of influenza A RdRp in E.coli in high level and purified the protein. 

I collected the X-ray diffraction data at BESSY II synchrotron Macromolecular X-ray Structure 

Analysis (MX) beamline 1 (Helmholtz-Zentrum, Berlin). With help from Jiří Brynda I 

processed the data and solved the protein-peptide structure. Finally, the structure was released 

under PDB ID: 6SYI.  
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3.4. PUBLICATION II. 
Thermodynamic and structural characterization of an optimized peptide-based inhibitor 

of the influenza polymerase PA-PB1 subunit interaction 

 

In the light of recent years, there is no need to say that pandemic influenza outbreak caused by 

newly reassortment viruses could have disastrous global impact. Any effort for novel antiviral 

drugs as well as improved vaccines is necessary. The influenza RdRp heterotrimer is considered 

one of the anti-influenza drug targets. It was described that its assembly depends on highly 

conserved protein-protein interaction between the PA and PB1 subunit. At 2008 ((He et al., 

2008; Obayashi et al., 2008)) the first structure of PA C-terminal domain (CPA) with a small 

peptide derived from the N-terminus of PB1 subunit was solved. The interaction became a 

potential drug target. It is particularly formed by the peptide core 310 helix at positions 5-10. 

Disrupting such a small interaction with any compound and therefore prohibiting the whole 

heterotrimeric complex to assemble would be one small step ahead to a successful drug 

development. 

 

3.4.1. SUMMARY 
Predate to this manuscript we have published a decapeptide able to bind in the CPA cleft at 

nanomolar affinity (see manuscript I.). Within the PB1 N-terminal-derived peptide, three “hot-

spots” were described. Their substitution could lead to better inhibitory potency as well as 

peptide solubility. To explore this hypothesis, we have further optimized decapeptide “hot-

spots” and used the AlphaScreen assay for measurement of inhibitory potency. Compared to 

the previously published peptide DYNPYLLFLK (PB1-11), the final sequence 

DYNPYLLYLK (PB1-19, “hot-spots” underlined) had two times lower half maximal 

inhibitory concentration.  However, the main advantage of this peptide was its highly improved 

solubility. This enabled the first thermodynamic characterization of PB1-19 to the CPA. The 

dissociation constant of PB1-19 binding to CPA was estimated to be 1.7 nM. To get details of 

the decapeptide-protein interaction, we have co-crystallized CPA with PB1-19. Finally, we 

achieved protein crystals diffracting at 1.9 Å resolution. The intracellular delivery of peptides 

is usually quite difficult. Therefore, we have used recently published bicyclic strategy which 

improved the inhibition in the cell-based assay (Figure 15). One part of the bicyclic peptide 

contains the cell-penetrating peptide (CPP). The whole complex is via CPP  endosomally 

internalized. The bicyclic peptide then escapes the early endosome and intracellular glutathione 

reduces disulfide bonds. With this, the linear peptide PB1-19 with CPP at N-terminus 
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is released into the cytosol and can inhibit the PA-PB1 assembly. Also, the bicyclic strategy 

prolonged the peptide stability in human plasma and increased biovailibility. We have 

characterized the bicyclic PB1-19B peptide as a low micromolar inhibitor in CPE antiviral 

testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. A) Crystal structure of decapeptide PB1-19 in the CPA cleft. Water molecules 

forming hydrogen bonds with the protein and decapeptide are shown as red spheres. B) 

Schematic representation of bicyclic strategy for intracellular delivery. CPP sequence is shown 

in dark-blue beads; PB1-19 is presented as orange beads. C) The calorimetric titration curve 

from integrated peaks of CPA with PB1-19 in Tris-HCl buffer.  
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my contribution 
I expressed the CPA domain of influenza A RdRp in E.coli, purified the protein and set up 

initial crystallization conditions. I optimized crystallization conditions in several steps. In few 

days to two weeks, small crystals grew and I obtained larger protein crystals (~200 μm). I 

collected X-ray diffraction data at BESSY II synchrotron Macromolecular X-ray Structure 

Analysis (MX) beamline 1 (Helmholtz-Zentrum, Berlin), processed the data and solved the 

protein-peptide structure. After several steps of refinement, the structure was released under 

PDB ID: 7ZPY. I compared two CPA structures with either PB1-11 and PB1-19. 
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A B S T R A C T   

Influenza virus causes severe respiratory infection in humans. Current antivirotics target three key proteins in the 
viral life cycle: neuraminidase, the M2 channel and the endonuclease domain of RNA-dependent-RNA poly-
merase. Due to the development of novel pandemic strains, additional antiviral drugs targetting different viral 
proteins are still needed. The protein-protein interaction between polymerase subunits PA and PB1 is one such 
possible target. We recently identified a modified decapeptide derived from the N-terminus of the PB1 subunit 
with high affinity for the C-terminal part of the PA subunit. Here, we optimized its amino acid hotspots to 
maintain the inhibitory potency and greatly increase peptide solubility. This allowed thermodynamic charac-
terization of peptide binding to PA. Solving the X-ray structure of the peptide-PA complex provided structural 
insights into the interaction. Additionally, we optimized intracellular delivery of the peptide using a bicyclic 
strategy that led to improved inhibition in cell-based assays.   

1. Introduction 

Influenza virus is a major human pathogen, easily spread from per-
son to person during seasonal epidemics, that causes disease of the upper 
respiratory tract. Influenza-related respiratory illnesses cause up to 
640,000 deaths worldwide each year (Iuliano et al., 2018). Due to its 
high virulence and mutation rate, influenza virus remains a major threat 
to public health. Annual vaccines targeting the seasonal flu cannot 
replace anti-influenza drugs, especially in the event of unexpected 
influenza pandemics. 

Currently, several antiviral drugs are available, but certain limita-
tions remain. Drugs targeting the M2 proton channel (Symmetrel®, 
Flumadine®) are no longer in clinical use, due to rapid resistance 
development (Jalily et al., 2020; Wang et al., 2015; Deyde et al., 2007). 
Other commercial antivirals inhibit viral release from the host cells by 
targeting neuraminidase (Tamiflu®, Relenza®), although their useful-
ness can be compromised by the emergence and spread of a 
drug-resistant virus (Lee and Hurt, 2018). Favipiravir (T-705) is 

approved in Japan to treat influenza and infections caused by other RNA 
viruses (Shiraki and Daikoku, 2020). However, due to evidence sug-
gesting that favipiravir shows teratogenicity and embryo toxicity 
(Agrawal et al., 2020; Hurt, 2019), its more widespread use is unlikely 
(Duwe et al., 2021). 

As influenza virus RNA-dependent RNA polymerase (RdRp) is a 
heterotrimeric complex, it offers many potential approaches for phar-
maceutical targeting (Stevaert and Naesens, 2016; Zhou et al., 2018; 
Zhang et al., 2019). Each subunit of the RdRp is crucial for both viral 
replication and transcription. The FDA-approved drug baloxavir mar-
boxil inhibits the RdRp polymerase acidic (PA) subunit. It prevents the 
cleavage of host mRNA by the PA endonuclease and is recommended for 
treatment of acute and uncomplicated influenza (Ng, 2019). Another 
compound targeting RdRp, VX-787, acts as a polymerase basic 2 (PB2) 
subunit cap-binding inhibitor (Zhang et al., 2019), although clinical 
trials were terminated in 2021, due to insufficient effect compared to 
currently available standard care. 

In 2008, determination of the structure of the C-terminal domain of 
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PA (CPA) in complex with a fragment of the PB1 subunit illustrated a 
novel target for drug development (He et al., 2008; Obayashi et al., 
2008). These two proteins interact via an extensive interface, including a 
hydrophobic cavity in CPA and the N-terminal PB1 peptide (Fig. 1). This 
interaction, including a 310 helix, is necessary for complex assembly, and 
its disruption leads to reduced virus infectivity (Perez and Donis, 2001; 
Manz et al., 2011). The first peptide capable of preventing heterotrimer 
assembly and inhibiting viral replication at nanomolar concentrations 
was derived from the PB1 subunit (Wunderlich et al., 2009). 

The protein-protein interaction (PPI) between the RdRp PA and PB1 
subunits is also promising as a target for drug development because of its 
high conservation among influenza strains. Numerous compounds have 
been predicted to inhibit heterotrimer assembly at the PA-PB1 interac-
tion site (D’Agostino et al., 2018; Desantis et al., 2017; Lo et al., 2018; 
Massari et al., 2016; Nannetti et al., 2019; Trist et al., 2016; Watanabe 
et al., 2017; Yuan et al., 2017; Zhang et al., 2020; Zhang et al., 2018), 
but no structure of a protein-compound complex has been reported. 

We previously developed an assay suitable for PPI inhibition 
screening based on AlphaScreen technology (Hejdanek et al., 2021) and 
identified a decapeptide derived from the N-terminus of the PB1 subunit 
that inhibits RdRp at micromolar concentrations. Furthermore, we 
optimized the amino-acid “hotspots”, which improved the interaction 
affinity (Wunderlich et al., 2011). 

Here, we optimized the decapeptide sequence, which vastly 
improved its solubility and preserved inhibitory potency. This enabled 
us to determine the thermodynamics of protein-peptide binding by 

isothermal titration calorimetry (ITC). The optimized decapeptide was 
characterized as a high affinity nanomolar inhibitor. We also employed a 
bicyclic peptide strategy to assess peptide-based cytosolic delivery (Qian 
et al., 2015, 2017). We used a cell-penetrating peptide (CPP) coupled 
with a fluorescently labelled inhibitory decapeptide to visualize peptide 
pharmacodynamics. 

Additionally, we solved the crystal structure of the principal part of 
the RdRp PA subunit in complex with the inhibitory peptide used in our 
detailed thermodynamics analysis. This crystal structure may assist 
structure-inspired drug design efforts to inhibit this heterotrimer of 
major interest. 

2. Results 

2.1. Identification of a PA-PB1 peptide inhibitor suitable for 
thermodynamic analysis 

Previously, we developed a screening assay for inhibitors of the PPI 
between the PA and PB1 subunits of influenza A RdRp based on 
AlphaScreen technology (Hejdanek et al., 2021). We identified a 
decapeptide derived from the N-terminus of PB1 as a micromolar PPI 
inhibitor (peptide PB1-10). PPI peptide inhibitors contain hotspot 
amino acids that affect the affinity of the interaction substantially. 
PB1-10 contains hotspots at three positions, denoted A, B and C (Fig. 2). 
These positions were determined based on the structure with decapep-
tide (Hejdanek et al., 2021), from the results of the peptide array 

Fig. 1. A) The overall structure of CPA in complex 
with a PB1 decapeptide (310 helix, η2, teal) (Hejdanek 
et al., 2021). Helices are shown as cylinders, and CPA 
is divided into the red “brain” domain and light blue 
“mouth” domain; β-sheets are yellow and loops in 
blue. B) Topology diagram of CPA; coloring is 
consistent with the overall structure. Inspired by He 
et al. (2008). C) 2D pose for the interaction of PB1-11 
peptide into the CPA PPI site. Ligand plot created via 
Maestro from the Schrödinger suite (Schrödinger 
Release, 2021, 2022).   
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(Wunderlich et al., 2011) and based on the knowledge of helix 
mimicking inhibitors of protein-protein interaction (Ernst et al., 2003; 
Bullock et al., 2011). By replacing the amino acids at the A and B po-
sitions with tyrosines, we obtained a low nanomolar PPI inhibitor 
(PB1-11) (Hejdanek et al., 2021). 

Thermodynamic profiles of inhibitor binding, together with struc-
tural characterization, provide an important guide for optimization of 
medically relevant biomolecules. However, it was not possible to 
determine the thermodynamic interaction profile of these PA-PB1 in-
hibitors due to their limited solubility. Thus, we prepared a series of 
PB1-11 analogs with various substitutions at hotspots, aiming to iden-
tify a variant that would maintain nanomolar affinity for CPA. Substi-
tution of hotspot A with homo-tyrosine or p-carboxyphenylalanine 
(PB1-12 and PB1-13) led to affinity retention, but did not significantly 
improve solubility. Substitution of hotspot B with more polar residues 
led to a decrease in affinity, and solubility did not improve (PB1-14 and 
PB1-15). Subsequently, we replaced the phenylalanine in hotspot C with 
L-biphenylalanine and L-2-naphtylalanine. The resulting peptides, PB1- 
16 and PB1-17, were strong inhibitors, but their solubility decreased. 
Substitution with tryptophan (PB1-18), tyrosine (PB1-19) and p-car-
boxyphenylalanine (PB1-20) led to improved inhibition as well as 

increased solubility. We selected peptide PB1-19, the most soluble of 
this series, as a candidate for thermodynamic characterization by 
isothermal titration calorimetry. 

2.2. Isothermal titration calorimetry of the optimized peptide 
inhibitor PB1-19 

The thermodynamics of PB1-19 binding to CPA were monitored at 
25 ◦C using a VP-ITC microcalorimeter (MicroCal Inc./Malvern In-
struments Ltd., UK). 

Titrations performed in buffers with different enthalpies of ioniza-
tion yielded similar binding enthalpies (−18.8 ± 0.1 kcal mol−1 for Tris- 
HCl, −18.9 ± 0.1 kcal mol−1 for HEPES), indicating that under the 
experimental conditions there is no net proton transfer coupled to PB1- 
19 binding to CPA (Klebe, 2017). The titration was characterized by a 
high parameter c-value of 3400 and served to determine the enthalpic 
contribution only (Fig. 3A). Because the parameter c-value was higher 
than 1000, determination of the dissociation constant (Kd) would be 
inaccurate under these conditions (Leavitt and Freire, 2001). Displace-
ment titration using a weak competitive inhibitor is commonly used to 
determine the dissociation constants of high-affinity inhibitors. 

Fig. 2. Inhibition characteristics of PB1-derived 
decapeptides (IC50 values) determined by 
AlphaScreen assay. It is a proximity assay involving 
reduced glutathione-coated acceptor beads with 
bound GST-CPA, and a streptavidin-coated donor 
beads with biotinylated peptide PB1(1–25) that binds 
to the active site of the GST-CPA. Upon excitation of 
the donor bead, a singlet oxygen species is released 
and mediates energy transfer between the excited 
donor and acceptor bead, which can be detected as 
emission signal. If a potent inhibitor of the PA-PB1 
interaction is present, however, this interaction is 
disrupted, resulting in reduced emission signal.   
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Unfortunately, there is no such weak inhibitor of PA-PB1 PPI that is 
sufficiently soluble for titration experiments. However, the 
enthalpy-dominant interaction allowed us to use low concentrations of 
interactants and titrate 7 μM PB1-19 into 0.7 μM CPA, thus obtaining a 
titration curve with a low parameter c-value of 440, at which an accu-
rate determination of the Kd value was feasible (Fig. 3B). The dissocia-
tion constant of PB1-19 binding to CPA was estimated to be 1.7 nM, 
corresponding to a Gibbs energy of binding of −12 kcal mol−1. The 
peptide bound to CPA with a large favorable enthalpic contribution of 
−18.8 kcal mol−1 and an unfavorable entropic contribution of 6.9 kcal 
mol−1 (Fig. 3C). This dominant low enthalpy change suggests a large 
number of van der Waals and favorable hydrogen bonding interactions 
between PB1-19 and CPA. The unfavorable entropy change implies 
conformational changes in either or both of the biomolecules (O’ Brien 
and Haq, 2004). 

2.3. X-ray structural analysis of PB1-19 binding to the CPA subunit 

To observe structural changes within the hydrophobic pocket of CPA, 
we crystallized CPA in complex with PB1-19 (Fig. 4A, PDB accession 
number 7ZPY). The crystals exhibited P 212121 symmetry, which is 
consistent with the structure of CPA in complex with the peptide in-
hibitor PB1-11 (PDB accession number 6SYI) (Hejdanek et al., 2021). 
The crystal diffracted up to 1.9 Å and contained one CPA molecule in the 
asymmetric unit, and all PB1-19 residues could be modelled into a 
well-defined electron density map (Fig. 4B). The binding modes of the 
decapeptides in 6SYI (DYNPYLLFLK) and 7ZPY (DYNPYLLYLK) were 
nearly identical, similarly to the native PB1 N-terminal peptide in 2ZNL 
(Fig. S7). Superposition of peptides PB1-11 and PB1-19 in the CPA 
hydrophobic pocket gave an RMSD of 0.21 Å for 81 corresponding 
atoms. The mutation of Phe-9 to Tyr-9 yielded two additional 
water-mediated hydrogen bonds with OγSer-662 in the α13 helix 
(Fig. 4C and D) and created a water net (w1-w4) connecting Tyr-9 and 
Tyr-6 with Oδ1Asn-703 from helix α13. This resulted in the shift of 
residues ranging from Ala-651 (α11 helix) to Leu-694 (α12 helix) of 
RMSD of 0.84 Å for corresponding 332 atoms (Fig. 4E and D). The hy-
droxyl group of Tyr-3 forms a water-mediated hydrogen bond (w5) with 
the main chain carboxyl of Cys-415, as previously observed (Hejdanek 
et al., 2021). 

2.4. Bicyclic peptide delivery 

Intracellular peptide inhibitors are sensitive to degradation, rapid 
plasma clearance and low plasma membrane permeability. These poor 
pharmacokinetic properties are challenging to overcome even using cell- 
penetrating peptide (CPP) sequences such as Tat, which also decreases 
the antiviral effect. We used a recently described reversible bicyclization 
strategy (Qian et al., 2017) that yields enhanced proteolytic stability and 
efficient escape from the early endosome into the cytosol, providing 
protection from proteolysis in the endosome/lysosome (Qian et al., 
2015). 

Peptide PB1-11 with 3,5-bis(mercaptomethyl)benzoyl (BMB) was 
fused via cysteines with a short CPP motif (RRRRØF), and modified into 
a bicyclic peptide by formation of two disulfide bonds. Based on previ-
ous work (Qian et al., 2017), we expected the bicyclic peptide PB1–11B 
to enter cells by endocytosis and escape from the early endosome into 
the cytosol, where intracellular glutathione would reduce the pair of 
disulfide bonds (Fig. 5). The released linear peptide, PB1-21, could then 
inhibit the intracellular PA-PB1 interaction. Results from AlphaScreen 
indicated that PB1-21 retained inhibitory efficacy (IC50 = 10 nM). 

To observe the peptides’ intracellular delivery and escape from the 
early endosome into the cytosol, we labelled both linear and bicyclic 
peptides with naphthofluorescein (NF) and rhodamine B (RB) (Fig. 6). 

HeLa cells were treated with 5 μM NF- and RB-labelled peptides 
(PB1-11, PB1–11B) for 2 h and visualized using confocal microscopy 
(Fig. 7). Peptides labelled with the pH-insensitive RB were visible 
intracellularly across the entire pH range, giving a fluorescent signal 
both in cytosol and inside endosomes. On the other hand, NF-labelled 
PB1–11B exhibited diffuse fluorescence only in the cytosol, as the 
label is pH-sensitive. Consistent with previous work (Hejdanek et al., 
2021), the addition of a cell-penetrating sequence increased the pep-
tide’s cytosolic delivery. Compared to the linear PB1-11, the bicyclic 
PB1–11B showed greater fluorescence in both labelled variants. This 
suggests not only increased transmembrane transport, but also enhanced 
escape from the early endosome. 

2.5. Effect of bicyclic peptides targeting the PA/PB1 interaction in cell 
culture 

The effect of linear peptides PB1-11 and PB1-19 and their bicyclic 
variants was evaluated with two cell-based approaches: a minireplicon 

Fig. 3. Calorimetric titrations of CPA with PB1-19 in Tris-HCl buffer characterized by a parameter c-value of 3400 (A) or 440 (B). The upper panels show raw data 
from the following experiments: (a) heats of injection of PB1-19 into buffer and (b) heats of injection of an identical peptide solution into a calorimetric cell 
containing CPA solution. The lower panels show the integrated peaks plotted as a binding isotherm. C) Graphical comparison of the thermodynamic parameters of 
PB1-19 binding to CPA. 
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assay and a cytopathic effect (CPE) reduction assay. 
In the minireplicon assay, PB1-11 barely inhibited RdRp (EC50 of 64 

μM, Table 1) and PB1-19 did not have any effect. Although the 
replacement of phenylalanine with tyrosine in hotspot C improved the 
inhibitory ability, lower lipophilicity led to a decrease in cellular 
bioavailability. However, our bicyclic strategy significantly improved 
the properties of the peptide inhibitors in cell-based assays. PB1–11B 
showed a six-fold increase in influenza A RdRp inhibition. Considerable 
improvement was also seen for the bicyclic peptide PB1–19B, which was 
determined to be a low micromolar polymerase inhibitor (EC50 of 1 μM). 

To confirm the ability of bicyclic peptides to inhibit influenza virus in 
cell culture, we used a CPE reduction assay. MDCK cells were treated 
with peptides before infection with influenza A H1N1 virus. In accord 
with the minireplicon assay results, PB1-11 had only a weak effect on 
viral replication, and PB1-19 did not have any effect (Table 1). The 
bicyclic peptide PB1–11B exhibited a two-fold higher inhibitory effect 
than linear PB1-11. We observed a significant effect of bicyclic peptide 
delivery for PB1–19B, which had an EC50 value of 2 μM in the infectious 
assay. Both HEK293T and MDCK cells tolerated all peptides at 

concentrations up to 100 μM. Favipiravir, baloxavir marboxil and 
pimodivir were used as controls. 

In addition, we determined the effect of bicyclization on peptide 
stability in human plasma. Both linear peptides, PB1-11 and PB1-19, 
underwent rapid proteolytic degradation in human plasma with half- 
lives of 12 and 13 min, respectively (Table 1). In contrast, bicyclic 
peptides PB1–11B and PB1–19B had half-lives of about 175 and 123 
min, respectively. 

The results from these assays indicate that suitable peptide modifi-
cation together with reversible bicyclization led to significant im-
provements in pharmacokinetic characteristics and inhibitory potency 
in cell-based assays. 

3. Conclusion 

The PPI between the PA and PB1 subunits of influenza A polymerase 
is an important target for antiviral development. Here, we optimized a 
recently identified decapeptide derived from the N-terminus of the PB1 
subunit. By modifying hotspot amino acid residues, we obtained a 

Fig. 4. Structure of CPA with the inhibiting peptide 
PB1-19. (A) Overall structure of CPA in complex with 
the peptide. CPA is shown in surface representation. 
The peptide (purple-blue) is shown in cartoon repre-
sentation with side chains as sticks. Hydrophobic res-
idues within 5 Å of the decapeptide are highlighted in 
pale cyan ball-and-stick representation. Other colour 
coding: oxygen – red, nitrogen – blue, sulphur – or-
ange; (B) Close-up view of the hydrophobic binding 
pocket of CPA with aligned peptides PB1-11 (green) 
and PB1-19 (purple-blue) both in stick representation. 
Three “hotspots” (Tyr-3, Tyr-6 and Tyr-9/Phe-9) are 
highlighted. The 2Fo - Fc electron density map (con-
toured at 1.5σ) of PB1-19 is shown as blue mesh; (C) 
and (D) polar interactions between CPA and decap-
eptides. Dashed lines represent hydrogen bonds be-
tween PB1-19 (purple-blue) or PB1-11 (green), water 
molecules (w1-w5) and CPA. The Phe-9 to Tyr-9 mu-
tation site is indicated with an arrow. Side chains are 
shown as sticks and water molecules as red spheres; 
(E) and (D) alignment of 7ZPY (light blue) and 6SYI 
(yellow). Helices are in cartoon representation, PB1- 
11 and PB1-19 side chains are shown as sticks, water 
molecules as red spheres; Gln-415 (7ZPY) was 
modelled in two alternative conformations to better 
explain the electron density map.   
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peptide with better inhibitory potency and solubility. This enabled the 
first detailed thermodynamic analysis of PA/PB1 interaction inhibitor 
binding. PB1-19 binds to CPA with high affinity, with a Kd of 1.7 nM. It 
is an enthalpy-driven inhibitor, suggesting a high degree of van der 
Waals and favorable hydrogen bonding interactions between PB1-19 
and CPA. The unfavorable entropy change indicates conformational 
changes coupled to the binding process in either or both of the bio-
molecules. A detailed structural characterization of the PB1-19/CPA 
complex by X-ray crystallography revealed additional water-mediated 
hydrogen bonds between the protein and the modified peptide, 
compared to the original decapeptide PB1-11. 

Although PB1-11 and PB1-19 are potent inhibitors of the PA/PB1 
interaction, their peptide nature precludes their use in cell-based assays. 
Both peptides were unstable in human plasma, were not active in a 
polymerase minireplicon assay, and did not show any antiviral activity. 
To circumvent this, we applied a recently described strategy for efficient 
peptide delivery based on bicyclic peptides that are converted intra-
cellularly into linear peptides. The corresponding bicyclic peptides 
PB1–11B and PB1–19B exhibited greater stability in human plasma, 
increased bioavailability, and the ability to escape from the endosome 
into the cytosol. These qualities led to a significant improvement in in-
hibition in cell-based assays, where PB1–19B was characterized as a low 
micromolar inhibitor in minireplicon and CPE antiviral testing. 

4. Materials and methods 

4.1. Cloning, expression, and purification of recombinant proteins 

The expression and purification of amino acid region 257–716 of C- 
terminal domain of PA subunit (CPA) was performed as previously 

described (Hejdanek et al., 2021). CPA cloned in pETM11-SUMO3 
(EMBL, Heidelberg, Germany) was expressed in E. coli BL21 (DE3) 
RIL. Cells were harvested and resuspended in lysis buffer (50 mM 
Tris/HCl, pH 8.0, 200 mM NaCl, 10 mM imidazole) and lysed with 
EmulsiFlex (Avestin). His6-SUMO-tagged CPA was purified on Ni-NTA 
Agarose (Roche) and eluted with elution buffer (50 mM Tris/HCl, pH 
8.0, 200 mM NaCl, 250 mM imidazole), followed by cleavage of the 
His6-SOMO tag by ULP1 protease. 

4.2. Inhibitor screening assay based on AlphaScreen technology and 
maximal solubility testing 

AlphaScreen experiments were performed as described (Hejdanek 
et al., 2021). The assay conditions are described in the supplemental 
information. The maximal solubility of prepared peptides in the 
screening assay buffer was estimated by UV spectral analysis after 
centrifugation. The degree of precipitation was estimated by comparing 
the spectra of precipitates dissolved in DMSO with the spectra of com-
pounds in DMSO of known concentration. 

4.3. Isothermal titration calorimetry 

The binding of peptide PB1-19 to CPA was monitored at 25 ◦C using 
a VP-ITC microcalorimeter (MicroCal Inc./Malvern Instruments Ltd., 
UK). Reactant solutions were prepared in 20 mM Tris-HCl, pH 7.5, 
containing 150 mM NaCl, 5 mM 2-mercaptoethanol and 2% DMSO. The 
exact concentrations of peptide and protein were determined by HPLC 
amino acid analysis. Typically, 9 μl aliquots of 59.5 μM PB1-19 were 
injected stepwise into a sample cell containing 1.43 mL of 3.9–4.8 μM 
CPA until saturation was achieved. For a titration curve with a param-
eter c-value of 440, the aliquotes of 7 μM PB1-19 were injected into 0.7 
μM CPA. To estimate whether inhibitor binding was accompanied by 
proton transfer, titrations in two buffers with different ionization en-
thalpies (Fukada and Takahashi, 1998; Krimmer and Klebe, 2015) 
(Tris-HCl, HEPES) were performed. Experimental titrations were 
accompanied by a corresponding control experiment, where solely 
ligand was injected into the buffer. The thermodynamic parameters 
were determined by MicroCal software implemented in Origin 7.0 
(MicroCal Inc./Malvern Instruments Ltd., UK). 

Fig. 5. Bicyclic peptide strategy for efficient delivery of PB1-11 into cells.  

Fig. 6. Schematic presentation of labelled linear a bicyclic peptides: PB1-11- 
NF (A), PB1-11-RB (B), PB1–11B–NF (C) and PB1–11B-RB (D). BMB = 3,5-bis 
(mercaptomethyl)benzoyl; Ø = L-2-naphthylalanine. 
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4.4. Protein crystallography 

Purified CPA257-716 was dialyzed into crystallization buffer (10 mM 
Tris-HCl, pH 8.0, 1 mM TCEP) and concentrated to 15 mg/ml using 
Amicon 30 kDa centrifugal filter units (Merck). Concentrated protein 
was mixed with a solution of 50 μM PB1-19 in crystallization buffer and 
re-concentrated to 15 mg/ml. Crystallization experiments were per-
formed in EasyXtal 15-well plates (QIAGEN) using the vapor-diffusion 
hanging drop method at 18 ◦C. Crystallization drops (2 μl) were set up 
by mixing protein solution, precipitating solution and seed stock in a 5 : 
4: 1 ratio. Approximately 100 μm crystals grew after several days in 

conditions containing 0.1 M MOPS/HEPES, pH 7.5, 15% PEG 3350. 
Crystals were cryoprotected by soaking in the precipitation solution 
supplemented with 40% PEG 3350 and flash frozen in liquid nitrogen. 

4.5. Data collection and structure determination 

Diffraction data were collected at 100K on the MX14.1 beamline at 
the BESSY II synchrotron, operated by the Helmholtz-Zentrum Berlin, 
Germany (Mueller et al., 2015). The crystal of the CPA-PB1-19 complex 
diffracted up to 1.9 Å. The diffraction data were processed using XDS 
and its GUI XDSAPP (Krug et al., 2012; Kabsch, 2010). The crystal 

Fig. 7. Live-cell confocal microscopy snapshots of 
HeLa cells after 2 h of treatment with rhodamine B- 
and naphthofluorescein-labelled peptides PB1-11 and 
PB1–11B. Rhodamine B was captured at 561 nm, 3% 
laser power and an exposure time of 100 ms; naph-
thofluorescein at 633 nm, 3% laser power and an 
exposure time of 100 ms. Localization of NF- and RB- 
labelled peptides is shown in red; cell nuclei were 
visualized using Hoechst 33342 dye (blue). All snap-
shots were taken at 63x magnification.   

Table 1 
Activity, toxicity and plasma half-life of PB1 peptides and their bicyclic forms. BMB = 3,5-bis(mercaptomethyl)benzoyl; Ø = L-2-naphthylalanine.   

Peptide 
Peptide sequence EC50 [μM] 

minireplicon 
CC50 [μM] 
HEK293T 

EC50 [μM] CPE 
assay 

CC50 [μM] 
MDCK 

plasma half-life 
[min] 

PB1-11 DYNPYLLFLK-NH2 64 ± 13 >100 66 ± 9 >100 12 
PB1–11B 11 ± 1 >100 29 ± 4 >100 175  

PB1-19 DYNPYLLYLK-NH2 > 100 >100 >100 >100 13 
PB1–19B 0.99 ± 0.11 >100 1.9 ± 0.3 >100 123  

Controls 
Favipiravir  20 ± 10 >100 5.8 ± 1.0 >100  
Baloxavir 

marboxil  
0.022 ± 0.006 >100 0.053 ± 0.011 >100  

Pimodivir (VX- 
787)  

0.0042 ± 0.0009 >100 0.0029 ± 0.0004 >100   
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belonged to the P 212121 space group and contained one molecule in the 
asymmetric unit, with a solvent content of approximately 55%. The 
crystal parameters and data collection statistics are listed in Table S1. 
The structure was determined by molecular replacement with Molrep 
(Vagin and Teplyakov, 2000) using protein coordinates from structure 
6SYI (Hejdanek et al., 2021). Model refinement was performed using the 
program REFMAC 7.1.018 (Murshudov et al., 1997) from the CCP4 
package (Collaborative Computational Project, 1994) in combination 
with manual building and adjustments in Coot software (Emsley and 
Cowtan, 2004). PB1-19 was modelled in the final rounds of the structure 
refinement. The Molprobity server was used to evaluate the final model 
quality (Lovell et al., 2003). Final refinement statistics are summarized 
in Table S1. All figures showing structural representations were pre-
pared with PyMOL (Delano, 2002). Atomic coordinates and structure 
factors were deposited in the PDB under accession code 7ZPY. 

4.6. Confocal microscopy 

HeLa cells were grown in DMEM complete growth medium (10% 
FBS, 4 mM L-glutamine, 100U/100 μg/mL penicillin/streptomycin). 
Each of the labelled peptides was prepared as a 5 μM solution in phenol- 
red-free, high-glucose DMEM supplied with 4 mM L-glutamine. HeLa 
cells were seeded in a 35 mm, glass bottomed microwell dish (5x10 
(Deyde et al., 2007) cells per well) and cultured overnight at 37 ◦C, 5% 
CO2. Aliquots (100 μl) of the prepared 5 μM labelled-peptide solutions 
(PB1-11-RB; PB1-11-NF; PB1–11B-RB and PB1–11B–NF) were added 
to the cells and incubated for 2 h at 37 ◦C, 5% CO2. After washing with 
PBS, cells were treated with Hoechst 33342 nucleic acid stain solution 
(5 μg/ml), incubated for 10 min, washed with PBS, and imaged on a 
confocal microscope. Rhodamine B was captured at a wavelength of 561 
nm; naphthofluorescein was captured at a wavelength of 633 nm. 

4.7. Anti-influenza assays, minireplicon assay and cell viability 
determination 

Anti-influenza activity was measured by determining the extent to 
which the test peptides reduced the virus-induced cytopathic effect 
(CPE) on MDCK cells. To determine the effect of PB1 peptides on poly-
merase activity in cells, minireplicon assays were performed. Detailed 
methods are included in Supplemental Data. 

4.8. Peptide and bicyclic peptide syntheses 

General procedures for peptides synthesis and their bicyclization are 
described in the Supplementary Data. 
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3.5. PUBLICATION III. 
Unraveling the Anti-Influenza Effect of Flavonoids: Experimental Validation of Luteolin 

and its Congeners as Potent Influenza Endonuclease Inhibitors. 

 

A large group of polyphenolic phytochemicals called flavonoids was described to have a 

beneficial impact on human health. They are present in daily diet and beside many other effects 

have a role in cancer and bone loss prevention. One flavonoid – the quercetin was discussed for 

its antiviral effect on influenza. The exact mode-of-action was unknown even though number 

of in vitro and in vivo experiments were published. There was no consensus on influenza target 

protein. Several studies including molecular docking simulations suggested the binding of 

quercetin to the viral surface enzymes the hemagglutinin or neuraminidase, thus preventing the 

viral entry/escape (Choi et al., 2009; Z. Liu et al., 2016). One publication described the PB2 

subunit of the RdRp to be the targeted by quercetin (Gansukh et al., 2016). We were already 

concerned about the PA subunit of influenza RdRp, and the collaboration with chemists from 

Pavel Majer group at the Institute of Organic Chemistry and Biochemistry allowed us to widen 

our study target. With the theory of flavonoids binding to the endonuclease site, we could focus 

also on the N-terminal domain of PA subunit (NPA) and therefore complete both sides suitable 

as drug development targets. 

 

3.5.1. SUMMARY 
As the NPA bears two metal ions in the active site and quercetin and other flavonoids are known 

to have the ability to coordinate metal ions, we hypothesized the PA N-terminal domain as the 

potential inhibitory target. There were two thinkable binding modes dependent on the molecule 

structure (Figure 16). The binding mode A is analogous to the EGCG binding to the active site 

of NPA endonuclease.  Binding mode B utilizes the 3,5-dihydroxyflavone moiety. These were 

called for simplification the bidentate (two hydroxyls; A) and the tridentate (three hydroxyls; 

B) binding mode, respectively. To investigate a wide range of these polyols against the 

influenza endonuclease, we have developed an assay based on the AlphaScreen technology 

supported by data the from gel-based endonuclease assay. Out of the 83 tested compounds, 

three were selected for protein X-ray crystallography: luteolin, quambalarine B and myricetin. 

Out of those, two protein-inhibitor structures were obtained. Clear structure of myricetin in the 

active site was not achieved, as only partial electron density for the inhibitor was visible. To 

understand its flexibility, we employed the molecular modelling based on rough estimates from 

the protein crystallography. Finally, unlike all previously published data concerning the 
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neuraminidase, hemagglutinin, or the PB2 domain, we disclose the PA endonuclease domain 

of the RdRp to be the target protein for flavonoids during the influenza virus infection. The 

NPA structure in complex with luteolin at 2.0 Å revealed the bidentate motif as an advantage 

for the inhibitory activity. Hydroxyl presented at position C7 enhanced the binding of the 

inhibitor to the protein active site via an additional hydrogen bond to the Oε2 Glu-26. Moreover, 

we have structurally characterized the unfavoured novel binding mode B of compound 

quambalarine B at 2.5 Å. Combination of two different assays together with the X-ray 

crystallography, the molecular binding mode-of-action of flavonoids within influenza was 

elucidated for the first time. 

 

 

 

 

 

 

 

 

Figure 16. Schematic representation of quercetin including the numbering system and the 

binding modes to the Mn2+ ions in the endonuclease active site. The bidentate binding mode A 

utilizes the 3’,4’-dihydroxyphenyl moiety on ring B. The binding mode B possesses the 3,5-

dihydroxyflavone moiety, also named as the tridentate mode. 

 

my contribution 
I expressed the NPA domain of influenza A RdRp in E.coli, purified the protein and set up 

initial crystallization conditions. After several optimization steps, I soaked the selected ligands 

into protein crystals. With a help from Jiří Brynda, I collected all the data using X-ray 

crystallography for the first time, processed them, solved their structures, and refined them 

resulting in two protein-ligand complexes (PDB IDs: 6YA5, 6YEM). In collaboration with the 

computational chemist Jindřich Fanfrlík, we compared the obtained X-ray structures to the 

molecular model. 

 

“Unraveling the Anti-Influenza Effect of Flavonoids: Experimental Validation of Luteolin 

and Its Congeners as Potent Influenza Endonuclease Inhibitors.” European Journal of 

Medicinal Chemistry 208:112754. doi: 10.1016/j.ejmech.2020.112754. 
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a b s t r a c t

The biological effects of flavonoids on mammal cells are diverse, ranging from scavenging free radicals
and anti-cancer activity to anti-influenza activity. Despite appreciable effort to understand the anti-
influenza activity of flavonoids, there is no clear consensus about their precise mode-of-action at a
cellular level. Here, we report the development and validation of a screening assay based on AlphaScreen
technology and illustrate its application for determination of the inhibitory potency of a large set of
polyols against PA N-terminal domain (PA-Nter) of influenza RNA-dependent RNA polymerase featuring
endonuclease activity. The most potent inhibitors we identified were luteolin with an IC50 of 72 ± 2 nM
and its 8-C-glucoside orientin with an IC50 of 43 ± 2 nM. Submicromolar inhibitors were also evaluated
by an in vitro endonuclease activity assay using single-stranded DNA, and the results were in full
agreement with data from the competitive AlphaScreen assay. Using X-ray crystallography, we analyzed
structures of the PA-Nter in complex with luteolin at 2.0 Å resolution and quambalarine B at 2.5 Å
resolution, which clearly revealed the binding pose of these polyols coordinated to two manganese ions
in the endonuclease active site. Using two distinct assays along with the structural work, we have
presumably identified and characterized the molecular mode-of-action of flavonoids in influenza-
infected cells.
© 2020 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Influenza is a serious viral infection of the upper respiratory
tract that can spread easily from person to person during seasonal

epidemics and cause respiratory infections in other mammals and
birds. The virus remains a major threat to public health because of
its high virulence and mutation rate. Several human influenza
pandemics have occurred in the last century, each caused by a new
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strain of the virus. The most severe of these, the 1918 “Spanish flu”
caused by an H1N1 virus, resulted in more than 50 million deaths
worldwide over a two-year period. Seasonal influenza epidemics
typically lead to 3 to 5 million cases of severe disease and up to
650,000 deaths worldwide annually [1].

Vaccination and antiviral therapies are two of the treatment
methods used to control influenza infections. Three classes of an-
tivirals that target different influenza virus enzymes are clinically
available. Oseltamivir and zanamivir are neuraminidase inhibitors
that block the release of viral particles from the host cell and
consequently stop the infection from spreading [2]. Unfortunately,
continually emerging resistant strains have undermined their
effectiveness and compromised further development of neur-
aminidase inhibitors. The other two drug classes are RNA poly-
merase inhibitors with different modes of action. The prodrug
baloxavir marboxil [3e5], which is metabolized to baloxavir acid
(BXA), blocks initiation of mRNA synthesis, thus preventing viral
replication. The drug not only features a distinct mechanism of
action, but also is superior to neuraminidase inhibitors because it is
active against a wide range of influenza viruses, including
oseltamivir-resistant strains and avian strains (H7N9, H5N1).
Another RNA-polymerase targeting drug, favipiravir [6], was
approved with an indication limited for treatment of influenza
insufficiently responsive to current drugs and is being evaluated in
clinical trials in other countries. Favipiravir acts as a pseudo purine
nucleic acid in virus-infected cells and targets a different enzyme
site than BXA.

Influenza virus contains a single-stranded, negative sense RNA
genome in complex with RNA-dependent RNA polymerase. After
infection, the viral polymerase-RNA complex is transported into the
host cell, where it plays an essential role in viral replication and
transcription. Influenza RNA-polymerase is a heterotrimeric
enzyme comprising subunits PA, PB1 and PB2. It is unable to syn-
thesize the 50-mRNA cap required for eukaryotic translation. The
initiation of transcription of viral mRNA depends on primersdshort
oligomers of host pre-mRNAdgained by a unique “cap-snatching”
mechanism. This process begins with the PB2 subunit binding the
50-cap (m7GTP) of the host pre-mRNA. Subsequently, the PA subunit
cleaves the RNA strain approximately 10e13 nucleotides down-
stream from the 50-cap to acquire the primer. PB1 uses this de-
tached RNA segment as a template by subunit for viral mRNA
synthesis. The RNA-dependent RNA polymerase is highly conserved
across all influenza strains, the “cap-snatching” mechanism has
been observed in all viruses of the Orthomyxoviridae family. These
features make the RNA-dependent RNA polymerase an exception-
ally promising target for drug development [7e10].

The PA subunit is bridged dinuclear metalloenzyme, which does
not have a human counterpart, and is further subdivided into a C-
terminal domain (PA-Cter) tethered by a long peptide chain to an
N-terminal domain (PA-Nter) featuring the endonuclease active
site. PA-Cter forms an interface for binding of the N-terminal
domain of the PB1 subunit. The endonuclease active site of PA-Nter
is a negatively charged pocket consisting of His-41, Lys-134, and a

triad of acidic residues (Glu-80, Asp-108 and Glu-119) that can bind
either Mg2þ or Mn2þ ions, with stronger affinity for the latter [11].
Two ions positioned in the deep cleft of PA-Nter are critical for
endonuclease activity. Understandably, any inhibitor designed to
interfere with the PA-Nter active site must be able to chelate these
two ions efficiently. In theory, tight coordination provided by such a
compound would block the active site and prevent the enzyme
from executing its biological function.

Intensive effort has been made to develop PA-Nter inhibitors by
SAR-guided drug design. Several promising lead compounds with
metal-binding pharmacophores have been reported, including
BXA-like-compounds, diketo acid derivatives, hydroxylated het-
erocycles, flutimide congeners, catechol derivatives, and other
scaffolds [12e15].

BXA was developed by rational drug design using a two-metal
pharmacophore concept similar to that used to develop the HIV-1
integrase inhibitor dolutegravir. Screening of metal-chelating
compounds by enzymatic assay and subsequent optimization of
the chemical structure culminated in discovery of baloxavir mar-
boxil, which features enhanced oral absorption compared to BXA
(Fig. 1, left) [16]. BXA shows strong inhibitory potency against the
endonuclease activity of various RNA polymerases from influenza A
and B viruses with mean IC50 values of 1.4e3.1 nM and 4.5e8.9 nM,
respectively [4].

L-742,001 (2) is a typical example of the a,g-diketo acid class.
This compound possesses a piperidinyl moiety, which bears two
benzyl substituents that occupy different hydrophobic pockets.
According to an X-ray analysis of 2 bound to PA-Nter, the first Mn2þ

ion coordinates a carboxylate and an a-oxygen atom of 2, while the
second ion binds both a and g-oxo groups of the chelator (Fig. 1,
center). Compound 2 is one of the most potent inhibitors from this
class, with an inhibition potency in the submicromolar range
(IC50¼ 0.43 mM, EC50¼ 0.35 mM) [17]. Different substitutions on the
nitrogen atom of the piperidinyl moiety do not dramatically change
its inhibitory potency, allowing for further modification of 2.

Promising PA-Nter inhibitors from the catechol derivatives class
include the phytochemicals (#)-epigallocatechin gallate (3, EGCG;
Fig. 1, right) and its congener epicatechin gallate (not shown),
which are the major polyphenol components of green tea [18,19].
EGCG inhibited the endonuclease activity in a plaque inhibition
assay using MDCK cells with an EC50 ¼ 28.4 mM. Notably, the galloyl
moiety (30,40,50-trihydroxyphenyl motif) proved to be necessary for
anti-influenza activity. An X-ray structure of influenza PA-Nter with
EGCG clearly showed the binding pose of EGCG in PA-Nter and the
coordination of Mn2þ ions to the two hydroxyl groups of galloyl
moiety [11].

Flavonoids are a large group of polyphenolic phytochemicals
prominent in pharmacognosy (Fig. 2, left). Flavonoids are an inte-
gral part of daily diets; most humans consume approximately 1 g of
flavonoids and their glycosides daily. Many studies have suggested
that intake of flavonoids might have health benefits, due to their
role in prevention of cancer [20e23], bone loss [24], and other age-
related diseases [25]. Numerous reports have documented the anti-
inflammatory properties [26], as well as the antibacterial [27,28]
and antiviral activity, of flavonoids [29,30]. One flavonoid in par-
ticulardquercetin (4)dhas attracted attention due to its inhibitory
effect on viruses (Fig. 2, right).

Quercetin (3,30,40,5,7-pentahydroxyflavone) is one of the most
ubiquitous flavonoids in the plant kingdom. It is a common
component of green tea, various berries, vegetables such as onions
and raw capers, and fruits such as pomegranates and apples [31].
Quercetinmay have a beneficial effect on liver injury and fibrosis, as
found in animal studies [32]. Numerous publications have reported
its anti-inflammatory activity [33,34] and its antibacterial [35],
anticancer [36e40], and antiviral effects [30,41e46]. Some reports

Abbreviation used

DCM dichloromethane
DMF N,N-dimethylformamide
EtOAc ethyl acetate
IC50 half-maximal inhibitory concentration
THF tetrahydrofuran
TLC thin layer chromatography
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also suggest that quercetin [47e49] or its glycoside exhibit anti-
influenza activity [50e53].

The precise anti-influenza mode-of-action of quercetin has not
been elucidated to date despite numerous in vitro experiments and
experiments in mice [54,55]. These in vivo experiments showed
that treatment with quercetin or its glycosides leads to a reduction
in influenza-induced cytopathic effect and also reduces lung
damage and inflammation induced by viral infection [55]. Addi-
tionally, numerous docking simulation analyses have been per-
formed to explore the potential mechanism of quercetin’s anti-
influenza activity. Nearly all reports linked quercetin’s anti-
influenza activity with inhibition of the surface enzymes hemag-
glutinin and neuraminidase. In contrast, one paper concluded that
the inhibitory effects are due to interaction with PB2 of the viral
RNA polymerase [56]. Furthermore, there seems to be no consensus
on whether the flavonoid intervenes with influenza infection in its
early or in its late phase [57]. Mechanisms that may explain quer-
cetin’s anti-influenza activity include the following:

a) Hemagglutinin inhibitor. A mechanistic investigation suggested
that quercetin interacts with the HA2 subunit [58]. This hy-
pothesis arose from SPR and microscale thermophoresis ex-
periments; the interaction with HA2 has not been confirmed by
structural analysis.

b) Neuraminidase inhibitor. In vitro inhibitory activities of flavo-
noids were based on experiments with infectedMDCK cells. IC50
values were additionally determined by a fluorometric assay
(MUNANA) that mimics the cleavage of sialic acid in infected
cells [49,59,60]. In this assay the inhibition is examined by
measuring the fluorogenic product 4-methylumbelliferone (4-
MU) cleaved from 20-O-(4-methylumbelliferyl) a-D-N-ace-
tylneuraminic acid (4-MUNANA). The amount of 4-MU is
inversely proportional to the inhibitory activity of the tested
compound. However, conclusions about the anti-influenza

activities of flavonoids determined by the fluorometric assay
deserve careful interpretation because flavonoids have a strong
quenching effect on 4-MU fluorescence [61,62]. Reported IC50
values range from 20 to 90 mM (quercetin had IC50 ¼ 58 mM
against H1N1) [49].

c) PB2 cap-binding inhibitor. Quercetin and its glycoside have been
proposed to block RNA polymerase by occupying the binding
site of m7GTP [56]. The antiviral mechanismwas investigated by
time-dependent incubation assay and molecular docking
studies. In an in vitro assay with infected MDCK cells, quercetin
glycoside exhibited a 3- to 8-times higher anti-influenza activity
than oseltamivir. Results from a series of experiments indicated
that quercetin glycoside does not inhibit hemagglutinin and
pre-incubation of the virus does not alter its infectivity. The
same authors also performed a neuraminidase activity inhibi-
tion assay (NA-Star® Influenza NA Inhibitor Resistance Detec-
tion Kit). Interestingly, the neuraminidase activity of the virus
was 90% when 10 mg/mL (22 mM) glycoside was present. How-
ever, 1 mg/mL (3.5 mM) oseltamivir treatment had a potent
blocking effect. This indicates that potential neuraminidase in-
hibition by quercetin cannot account for the inhibitory effect
observed in infected MDCK cells.

We hypothesized that the anti-influenza effect of flavonoids
may stem from their ability to coordinate metal ions, as docu-
mented by various quercetin-metal ion complexes reported in the
literature [63e70]. We tentatively proposed two potential binding
modes for quercetin and the two Mn2þ ions in the endonuclease
active site (Fig. 3). Binding mode A is analogous to the binding of

Fig. 1. Structures of reported Mn2þ binding inhibitors of PA endonuclease. Left: Baloxavir acid (BXA, 1) binding manganese ions. Center: Two ions coordinated to L-742,001 (2) [17].
Right: Two manganese ions coordinated to EGCG (3).

Fig. 2. Left: Molecular structure of the flavonoid backbone including the numbering
system. Right: Structure of quercetin (4).

Fig. 3. Schematic representation of potential binding modes of quercetin with two
Mn2þ ions in the endonuclease active site. Binding mode A utilizes the 30 ,40-dihy-
droxyphenyl moiety on ring B, whereas binding mode B exploits the 3,5-
dihydroxyflavone moiety.
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the ions to EGCG at the PA-Nter active site. Proposed endonuclease
inhibition based on binding mode B is supported by a [Mn(quer-
cetin)2(H2O)2] complex [71] that utilizes the 3,5-dihydroxyflavone
moiety of quercetin. The metal binding properties of flavonoids
have generally been attributed to the 3,5-dihydroxyflavone moiety
rather than to the 30,40-dihydroxyphenyl moiety of the B ring.
However, the actual binding mode remains unsolved, as the com-
plexes characterized in the literature were prepared by combining
dissociated metal ions with quercetin and thus do not reflect the
complex binding interactions common in the active site of
enzymes.

The discovery of quercetin derivatives with potent anti-hepatitis
C virus (HCV) activity substantially supports our hypothesis that the
anti-influenza activity of flavonoids is associated with the inhibi-
tion of the PA endonuclease [72,73]. HCV also has an RNA poly-
merase (protein NS5B) with two divalent ions (Mg2þ or Mn2þ) that
play a pivotal role in the active site by mediating ligation of ribo-
nucleotide triphosphate substrates. The authors also performed
molecular docking calculations and concluded that binding mode B
(see Fig. 3) is most likely to occur.

Based on these assumptions we decided to conduct a thorough
investigation to account for the inhibitory potency of various pol-
yols, namely flavonoids, against influenza endonuclease. Further-
more, we also set out to evaluate flavonoids as potential inhibitors
of influenza neuraminidase using an assay recently developed in
our laboratory [74] based on a cutting-edge DIANA technology [75].

2. Results and discussion

2.1. Development and validation of the binding assay

We set to develop a new assay for screening PA-Nter inhibitors
based on the amplified luminescent proximity assay system
(AlphaScreen). In this competitive binding assay, the binding
interaction of a derivative of 2 tethered to donor beads with PA-
Nter bound to acceptor beads effectively brings the two beads
into proximity, resulting in a robust signal. Themetal-bindingmotif
of 2 was decorated with an u-biotinylated flexible linker, and this
adduct was noncovalently bound to donor beads coated with
streptavidin. PA-Nter was expressed in E.coli with an N-terminal
GST-tag, purified, and bound to acceptor beads coated with gluta-
thione. Upon excitation of the donor, molecules of oxygen are
converted to singlet oxygen, which diffuses approximately 200 nm
within its half-life. If an acceptor bead is present within this 200-
nm perimeter, the generated singlet oxygen mediates energy
transfer from excited donor beads to acceptor beads, and an
emission signal can be detected (Fig. 4A). On the other hand,
presence of potent PA-Nter inhibitor disrupts the binding interac-
tion of a tethered derivative of 2with PA-Nter and reduces emission
signal.

As replacement of the benzyl moiety in 2 with fluorescein did
not compromise the binding potency of this fluorescent adduct
[76], we assumed that the introduction of a suitable linker instead
of benzyl would be tolerated as well. Our hypothesis was also
supported by a meticulous study investigating a 2009H1N1 PA-
Nter complex with 2. Thus, we designed a u-biotinylated linker
based on 4-hydroxyisophthalate that partially mimics fluorescein
and is equipped with a short ethylene glycol linker bearing biotin.

Preparation of the linker started from the tert-butyl ester of
hydroxyisophthalic acid 5, which was prepared from the corre-
sponding dimethyl ester using reported conditions (Scheme 1) [77].
In the next step, its free phenol moiety was alkylated with N3-
PEG4-Ts reagent (see Supplementary Data). This was followed by
saponification of the methyl ester in the para position of adduct 6
and catalytic hydrogenation of the azide into an amino group. The

resulting crude product was protected with Boc to provide inter-
mediate 8, which was converted to corresponding NHS ester 9
using the TBTU coupling reagent.

Preparation of the key intermediate 10 followed a reported
procedure for the synthesis of 2 [78]. However, we introduced
several modifications based on different building blocks; these
modified procedures are provided in Supplementary Data. The as-
sembly of the probe for the competition assay (AlphaScreen) star-
ted with selective N-Boc-deprotection of the piperidine moiety of
10. Then, the reaction mixture was evaporated and intermediate 9
was added along with an excess of base. Adduct 11 was fully
deprotected with trifluoroacetic acid and reacted with biotin-
PEG6-NHS ester, furnishing 12, which was purified by preparative
HPLC.

A Surface Plasmon Resonance (SPR) analysis was performed to
test the binding parameters of the L-742,001-like probe 12 prior to
its usage in the AlphaScreen experiment (Fig. S1). The biotinylated
probe was attached to the chip through the interaction with neu-
travidin. Different concentrations of GST-PA-Nter were injected
into corresponding channels. SPR indicated binding of the modified
probe 12 to the protein and revealed a dissociation constant (Kd)
less than 9.3 nM.

Then the AlphaScreen assay was developed to screen inhibitors
affecting the GST-PA-Ntere12 interaction (Fig. 4A). A statistical
evaluation of the assay from octuplicates was performed as previ-
ously described [79]. The Z’ factor, a characteristic parameter of
assay quality, was estimated to be in the range of 0.83e0.87, indi-
cating excellent assay performance and suitability for high-
throughput screening. The assay was validated with 1 and 2,
revealing an IC50 value of 24 ± 1 nM and 26 ± 1 nM, respectively.
Quercetin exhibited an IC50 value of 0.67 mM (Fig. 4B), validating
our hypothesis linking the therapeutic effect of flavonoids to inhi-
bition of influenza endonuclease.

These results from the AlphaScreen assay were subsequently
evaluated by a gel-based endonuclease inhibitory assay based on
monitoring endonuclease-catalyzed cleavage of a single-stranded
DNA plasmid in the presence of an inhibitor [13]. Findings from
this assay further validated quercetin’s ability to inhibit the endo-
nuclease (Fig. 4C).

2.2. Compound synthesis

We aimed to thoroughly study the SAR of flavonoids and their
analogues. Methylations are the simplest way to access quercetin
congeners. Unfortunately, selective and facile mono-, di- and tri-
methylations of quercetin have not been described in the literature.
Therefore, we performed tetra- and pentamethylation of quercetin
to obtain 13 and 14, respectively [80]. Many flavonoids are
commercially available, but to access particular flavones with care-
fully selected polyhydroxylation on the A and B rings, we carried out
a three-step synthesis [81]. Aldol condensations of ortho-hydrox-
yacetophenones with meta-methoxybenzaldehydes under basic
conditions yielded corresponding 20-hydroxychalcones 15e19
(Scheme2). Subsequent cyclizationandoxidationwasaccomplished
by reactionwith 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
at elevated temperatures overnight [82]. This one-pot protocol
provided methoxylated flavones 20e24 in acceptable yields. Treat-
ment of 20e24 with concentrated hydrobromic acid under reflux
furnished O-demethylated products 25e29.

We also took the opportunity to study the chemistry and biology
of the aza-analogues of flavonoids. Replacement of an oxygen atom
at position 1 with a nitrogen atom could in theory change the
electron density of the metal-binding groups and affect the inhib-
itory potency. The synthesis of two azaflavonoids (Scheme 3) fol-
lowed a previously reported procedure with some modifications
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Fig. 4. A) Illustration of the AlphaScreen protein-protein interaction assay, using streptavidin-coated donor beads, GSH-coated acceptor beads, a biotinylated congener of L-742,001
(12), and GST-PA-Nter. B) Titration curve of quercetin using the AlphaScreen assay, revealing an IC50 value of 0.67 mM. C) Inhibition of endonuclease activity by quercetin, docu-
mented by a gel-based endonuclease inhibitory assay. The single-stranded circular DNA M13mp18 was used as substrate (lane C1). The substrate fully cleaved by endonuclease in
the absence of inhibitor (lane C2) was used as a control. The GelPilot 100bp Plus Ladder molecular weight marker (lane MW) is shown for reference.

Scheme 1. Reagents and conditions. (i) azide-PEG4-Ts, K2CO3, DMF, 60 !C, 24 h, 94% yield; (ii) NaOH 0.5 M, 1,4-dioxane, 24 h, r.t., 97% yield; (iii) Lindlar catalyst, H2 (1 atm), MeOH,
60 min, r.t. (iv) Boc2O, Et3N, DCM, 24 h, r.t., 64% yield. (v) TBTU, THF, Et3N, N-hydroxysuccinimide, 16 h, r.t., 81% yield; (vi) TFA/DCM (1:5), 15 min, r.t.; (vii) 9, Et3N, DCM, 24 h, r.t., 68%
yield; (viii) TFA/DCM (1:5), 15 min, r.t.; (ix) biotin-PEG6-NHS ester, Et3N, DCM, 24 h, r.t., 15% yield over two steps.
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[83]. Preparation of 30 and 31 from dimethoxyaniline was chal-
lenging, and subsequent acylationwith dimethoxybenzoyl chloride
required elevated temperatures but furnished 32 and 33 in satis-
factory yields. We then attempted to cyclize these acyl derivatives
in the presence of sodium ethoxide, but this resulted in low yields.
Replacing ethoxide with potassium tert-butoxide [84] led to
significantly improved yields. In the last step, intermediates 34 and
35 were subjected to O-demethylation in refluxing hydrobromic
acid, affording the desired compounds 36 and 37.

2.3. Relationship between chemical structure and inhibitory
potency

The inhibition activities of purchased compounds and those
synthesized in our laboratory were assessed by AlphaScreen
binding assay (Table 1). Flavone and flavonol congeners displayed a
relatively wide spread of inhibitory potencies with IC50 values
ranging from submicromolar to higher than 50 mM, calling for a
thorough SAR study.

Quercetin, the parental compound of the series, inhibited endo-
nuclease with an IC50 of 0.67 mM. Tetra- and pentamethylated quer-
cetin analogues 13 and 14 exhibited complete loss of inhibition.
Diosmetin (39), a 40-monomethylatedquercetin congener lacking the
C3 hydroxyl group, was also non-inhibitory, indicating that either an
unsubstituted 30,40-dihydroxyphenyl motif or the presence of a hy-
droxyl group at C3 are crucial for inhibition. Themoderate inhibitory
activity of 30,40-dihydroxyflavone (40) pointed to the key role of the
30,40-dihydroxyphenyl motif. The structurally similar luteolin (41)
was more potent than other compounds in the series
(IC50¼ 0.072mM), clearly demonstrating thepositive effect of the two
additional hydroxyl groups at C5 and C7 on inhibitory activity. This
finding fits well with literature data. Luteolin and its 5-O-glucosides
galuteolin have been already recognized as anti-influenza drugs but
its mode of action has never been associated with the RNA poly-
merase. Their effect were determined by an in vitro antiviral assay
using a cytopathic effect reduction assay in MDCK cells [85,86].

Guaijaverin (42), a quercetin 3-O-glycoside, had a more than
two-order-of-magnitude weaker binding potency than 41 but

Scheme 2. Reagents and conditions: (i) KOH, 24 h, r.t.; (ii) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), 1,4-dioxane, 12 h, 80 "C; (iii) 40% HBr in H2O, 4e12 h, reflux.

Scheme 3. Reagents and conditions: (i) 3,4-dimethoxybenzoyl chloride, DIPEA, DMAP, toluene, 12 h, 80 "C; (ii) potassium tert-butoxide, t-BuOH, 16 h, 80 "C, sealed tube; (iii) 40%
aqueous HBr in H2O, 4e12 h, reflux.
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Table 1
Inhibition assay of influenza endonuclease. Structure-activity relationship of quercetin congeners.

Compound Structure Trivial name IC50 (mM)
(AlphaScreen)

4 quercetin 0.67 ± 0.02

13 N/A >50

14 N/A >50

39 diosmetin >50

40 30 ,40-dihydroxy-flavone 2.4 ± 0.3

41 luteolin 0.072 ± 0.002

42 guaijaverin 17 ± 2

43 nepetin 0.93 ± 0.03

44 isoorientin >50

45 cynaroside 32 ± 3

(continued on next page)
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Table 1 (continued )

Compound Structure Trivial name IC50 (mM)
(AlphaScreen)

46 orientin 0.043 ± 0.002

24 N/A 1.8 ± 0.1

26 N/A 1.3 ± 0.1

47 fisetin 0.96 ± 0.05

29 N/A 0.16 ± 0.02

48 myricetin 0.76 ± 0.03

49 myricitrin 1.8 ± 0.1

25 N/A 17 ± 2

50 morin 9 ± 1
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demonstrated that substitution at C3 is tolerated. The introduction
of a methoxy group at C6 of the luteolin scaffold led to nepetin (43),
which exhibited an inhibition activity comparable to that of quer-
cetin (IC50 ¼ 0.93 mM versus IC50 ¼ 0.67 mM). However, the intro-
duction of a bulky glucose residue at the same position led to a loss
of inhibition (see 6-C-b-D-glucoside isoorientin 44), which may
indicate an unfavorable steric hindrance. Cynaroside (45), a luteolin
7-O-b-D-glucoside, showed an acceptable inhibitory potency
(IC50 ¼ 32 mM). Likely, the C7 position is not as sensitive to modi-
fication as C6. Orientin (46), originally chosen as another luteolin

glucoside to ensure comprehensive SAR data, unexpectedly sur-
passed the inhibition potency of luteolin (IC50 ¼ 0.043 mM versus
IC50 ¼ 0.072 mM of luteolin).

Constitutional isomers 24 and 26, along with fisetin (47),
exhibited a relatively flat SAR. This could be because the 30,40-
dihydroxyflavone scaffold of 40 is the actual pharmacophore, and
the introduction of a hydroxyl group at C5 or C7 is unable to
significantly improve the inhibitory potency. On the other hand, the
presence of a free hydroxyl group at both C5 and C7 on the 30,40-
dihydroxyflavone scaffold led to the most potent compound (see 4

Table 1 (continued )

Compound Structure Trivial name IC50 (mM)
(AlphaScreen)

51 apigenin >50

52 vitexin 1.9 ± 0.1

53 kaempferol 16 ± 3

27 N/A >50

54 N/A >50

55 N/A >50

36 azaluteolin 0.068 ± 0.002

37 azaquercetin 0.2 ± 0.02
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and 41 versus 40). The IC50 values determined for 29 and its C3eOH
congener 48 (myricetin) fit into this hypothesis. Our data also
showed the luteolin congener 29 to be slightly more active than
quercetin congener 48, in agreement with the trend observed for
parent compounds 4 and 41. Glycosidation of myricetin at C3 is
well-tolerated, as evidenced by the inhibitory potency of myricitrin
(49). This finding fits with the data provided for 4 and its glycoside
42.

We next set out to elucidate the effect of the 30,40-dihydroxy
motif on the activity. Compounds 25 and 50 carry two hydroxyl
groups on the B ring, although the 30,40-dihydroxy pattern is lack-
ing, and both exhibit a significantly decreased inhibitory activity
compared to luteolin. The presence of only one hydroxyl group on
ring B, regardless of dihydroxylation at C5 and C7, appeared
insufficient for binding potency, as is seen with apigenin (51).
Surprisingly, vitexin (52), an apigenin-8-C-glucoside, had an
IC50 ¼ 1.9 mM. Clearly, the introduction of a glycoside residue at C8
to some extent counterbalanced the lack of the 30,40-dihydroxy
motif on ring B. We observed a similar effect of the 8-C-glucoside in
the case of orientin (46). Kaempferol (53), with an IC50 ¼ 16 mM,
also indicated the positive effect of C3eOH on a substrate lacking
the otherwise required 30,40-dihydroxy motif. Compounds 27 and
54, 55 are other apigenin congeners that are monohydroxylated on
ring B and, accordingly, did not exhibit any activity in the assay.
Compounds 36 and 37, aza-analogues of luteolin and quercetin,
share structural features with the corresponding flavonoids and
showed a comparable inhibitory potency.

Having identified the inhibitory potency of flavones and flavo-
nols, we set out to explore analogues with a saturated double bond
between C2 and C3 in the C-ring (Table 2). Eiodictyol (56), taxifolin
(57), and dihydromyricetin (58) belong to a subgroup of com-
pounds with an (S)-configuration on stereocenter C2 and possess at
least four hydroxyl groups at C3’, C4’, C5, and C7. Both 57 and 58
have an additional hydroxyl group at C3, and 58 has one more at
C5’. Therefore, it shares similar structural features with myricetin
and EGCG (3). All three compounds exhibited reduced inhibition,
indicating that saturation of the flavonoid scaffold led to decreased
inhibitory potency. The purchased enantiomers of catechin (59 and
60) and their stereoisomer (")-epicatechin (61) displayed even
more reduced effects, with IC50 values close to or greater than
50 mM. On the other hand, epigallocatechin (62) and its gallate ester
EGCG (3) proved to be good inhibitors of influenza endonuclease
(IC50 ¼ 3.3 mM and IC50 ¼ 0.87 mM, respectively). Our results are
consistent with the literature data [12]. The inhibition potencies
indicated a favorable effect of the galloyl moiety of ring-B in 62 and
3. However, this moiety is not capitalized on in the case of struc-
turally similar 58. This could be attributed to sp2 hybridization of C4
in the structure of 58 rather than to a different spatial orientation of
the hydroxyl group at C3, as changes at this position are well-
tolerated. The 3-hydroxyflavanone derivatives silybin (63), sily-
christin (64), and silydianin (65) were inactive in the AlphaScreen
assay. This confirms our hypothesis that a lack of the 30,40-dihy-
droxy motif effectively suppresses the inhibition effect.

With two well-established assays at our disposal, we next eval-
uated several structurally diverse classes of compounds featuring
potential metal-binding moieties. From a set of selected polyols, ten
showed significant activity against endonuclease (IC50 < 50 mM,
Table 3). The isoflavonoid genistein (66) proved to be completely
inactive. This finding supported our hypothesis regarding the
essential 30,40-dihydroxyphenyl motif and pointed to the need for a
particular spatial orientation. Isocoumarin thunberginol A (67)
exhibited comparable inhibitory potency to flavone 24. A copper(II)-
mediated rearrangement of 4 furnished polyol 68 with a contracted
C-ring [87]. Obviously, 68 features some of quercetin structural
motifs, which seems to account for its moderate activity against PA

endonuclease. Compounds 69e71 did not display inhibitory activity,
although they possess a potential metal-binding motif. Acid 71 was
previously reported as an anti-influenza agent but themechanism of
action was not fully elucidated [88]. Clearly, it does not seem to
interfere with the PA-Nter domain of RNA-polymerase. The moder-
ate inhibitory activities of gossypol (72) and fenoldammesylate (73)
could be attributed to the presence of a dihydroxyphenyl moiety.
Purpurogallin’s structure (74) is a textbook example of an efficient
metal-binding aromatic polyol, and its strong inhibitory activity
(IC50 ¼ 1.5 mM) was not surprising. Both nalidixic acid (75) and
narciclasine (76) have a structurally rigid and well-arranged as-
sembly of hydroxyl and oxy groups, which apparently do not meet
the structural requirements of an endonuclease inhibitor. Both
compounds were completely inactive. On the other hand, the
structurally similar lapachol (77), mompain (78), and quambalarine
B (79) inhibited endonuclease. Lapachol had moderate activity
(IC50 ¼ 19 mM), and the other two were potent submicromolar in-
hibitors (IC50 ¼ 0.43 mM and IC50 ¼ 0.29 mM, respectively). Hence
2,5,7,8-tetrahydroxynaphthoquinone motif in compounds 78 and 79
is another metal-binding pharmacophore described in this work,
and its binding mode in the endonuclease calls for further investi-
gation. In addition to aromatic polyols, we also evaluated the
inhibitory potency of curcumins, which represent a privileged class
of natural compounds with diverse biological effects. Among the
curcumin derivatives, only bisdemethylcurcumin (83) possessed
appreciable inhibitory potencies with IC50 value of 1.7 mM. A brief
SAR study of congeners 80e83 clearly revealed the importance of
the dihydroxyphenyl moiety in their structures.

We verified the inhibition effects of the compounds listed in
Tables 1e3 with a complementary gel-based endonuclease inhibi-
tory assay. This assay confirmed results gained from AlphaScreen
testing in all cases; Fig. S2 (Supplementary Data) shows a repre-
sentative gel with selected endonuclease inhibitors (potent in-
hibitors 3, 4, 36, 41, 48, 79, and 83). Compounds 50 and 76 lacking
inhibitory potency were used as negative controls.

The antiviral activities of flavonoids are well documented.
However, for the most potent endonuclease inhibitors 4, 37, 41, 74
we analyzed their antiviral activity using an assay based on the
prevention of cytopathic activity and tested their cytotoxicity
(Fig. S7 in Supplementary Data). These experiments showed rather
weak antiviral activities of the tested compounds and confirmed
that they show very little if any cytotoxicity.

2.4. Crystal structure of the PA-Nter domain in complex with
luteolin and quambalarine B

To understand binding of mentioned polyols to the influenza
endonuclease enzyme, we selected two compounds for X-ray
crystallographic studies of protein-ligand complexes, taking into
account inhibitory potency and aqueous solubility. Luteolin (PDBe
ligand LU2) and quambalarine B (PDBe ligand OOH) were soaked
into unoccupied protein crystals. The structure of PA-Nter in
complex with luteolin was refined to 2.0 Å resolution; quamba-
larine B was refined up to 2.5 Å, likely due to a prolonged soaking
time. In the final crystallographic models, each asymmetric unit
consisted of one PA-Nter molecule.

Two octahedrally coordinated metal ions were embedded in the
active site (Fig. 5). Due to a strong anomalous signal observed up to
2.3 Å, we determined the proximal ion at site 1 to be fully occupied
by a Mn2þ cation. The octahedral coordination sphere is formed by
the central Mn2þ ion, four protein atoms of Nε2 His-41, Od2 Asp-108,
Oε2Glu-119, O Ile-120, and two hydroxyl groups of luteolin. The
distal cation at site 2 exhibited lower anomalous scattering, in
agreement with a previously reported structural analysis of PA-
Nter complexes [11]. This indicates partial occupation of the site
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Table 2
Structure-activity relationship of flavanones, flavanonols and flavanols.

Compound Structure Trivial name IC50 (mM)
(AlphaScreen)

56 eriodictyol 18 ± 3

57 taxifolin ~50

58 dihydromyricetin 22 ± 1

59 (þ)-catechin 42 ± 5

60 (")-catechin >50

61 (")-epicatechin >50

62 (")-epigallo-catechin 3.3 ± 0.6

3 (")-epigallo-catechin gallate
(EGCG)

0.87 ± 0.07

63 silybin >50

(continued on next page)
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with a Mg2þ cation, which is coordinated by Oε2 Glu-80, Od Asp-
1081, the C3’ hydroxyl group of luteolin, and three water molecules
(W1, W2, W3).

Metal ions in enzymatically active PA-Nter (PDB entry 5DES)
coordinate two molecules of water (not shown). In the luteolin
complex, these waters are replaced with the two hydroxyl groups
of the flavonoid’s B ring. Clearly, binding to the endonuclease active
site utilizes binding mode A (by the 30,40-dihydroxyphenyl moiety;
see Fig. 3). The flavone scaffold of luteolin creates van der Waals
interactions within the pocket between helices a2 and a3 (for
sequence and structural alignment of PA-Nter, see Figs. S5 and S6 in
Supplementary Data). Additionally, the hydroxyl group at position
C7 creates a hydrogen bond with Oε2 Glu-26 (Figs. 5 and 6A). We
can attribute the high affinity of the ligand to the surface comple-
mentarity and strong hydrogen bonding network. This satisfactory
binding is demonstrated by the well-defined electron density map
of luteolin in our crystal structure.

Quambalarine B acts as a tridentate ligand bound to PA-Nter via
its 7,8-dihydroxynaphthoquinone moiety (Fig. 6B). The ligand af-
finity is improved by the ketone moiety which contributes to van
der Waals interactionwith water molecule in first solvation shell of
protein. The rest of the ligand molecule is not engaged in direct
interactions with protein residues and is oriented towards the
solvent. Compared to mompain lacking ketone extension this
lipophilic residue slightly enhances affinity.

2.5. Molecular modelling of myricetin complex with PA-Nter
domain

We also attempted X-ray crystallographic characterization of a
PA-Nter complex with myricetin (48). However, the electron den-
sity of the flavonol was of poor quality; its position in the active site
was ambiguous and data did not meet requirements for their
deposition into PDB database. Thus, we applied molecular
modeling to the acquired data. Initially, we compared the stability
of four possible protonation states of boundmyricetin in the cluster
model. The most favorable state was deprotonated myricetin at
C3eOH. Dideprotonated myricetin (i.e., at C3eOH and C5eOH) was
less stable by 2.0 kcal/mol. The other two considered protonation
statesdmyricetin deprotonated at C5eOH and the neutral mole-
culedwere also considerably less stable (by 7.1 and 11.2 kcal/mol,
respectively). These results indicate that the C3eOH group of
myricetin should be deprotonated in the model. The C3eOH group
forms close contacts at 2.2 and 2.9 Å with Mn2þ and the ε-amino

group of Lys-115, respectively. Deprotonated myricetin was further
used to evaluate its flexibility while bound in the enzymatic site
(Graph S1 in Supplementary Data), indicating that the B ring
(30,40,50-trihydroxyphenyl) of myricetin has limited space available
for thermal motion. The dihedral angle varied from approximately
30 to 55", which corresponds to a relative ‘free’ energy under
0.3 kcal/mol (approximately equal to the energy of the thermal
motion at 150 K). This range might represent the lower limit of
myricetin’s flexibility, as the crystallization and soaking were per-
formed at 291 K. We also modelled a hypothetical complex with a
flipped myricetin molecule, in which the positions of C3eOH and
C5eOH were exchanged and the C5eOH group was deprotonated
(Fig. 7). Interestingly, the energy of the obtained structure was
comparable to that of the original model; the energy of the complex
with flipped myricetin was less negative by 0.5 kcal/mol. Myricetin
coordinated to the PA-Nter cations by binding mode B could likely
adopt two different poses, which may account for the deficient
electron density map of myricetin, a potent PA endonuclease
inhibitor.

2.6. Comparison of the binding modes of flavonoids and
quambalarine B to the PA-Nter domain

Two binding modes were observed for flavonoidsda bidentate
mode (A), which was ascertained in the luteolin complex, and a
tridentate mode (B) in the myricetin complex, which was sup-
ported by a combination of crystallographic data and molecular
modelling. Both binding modes allow the inhibition of endonu-
clease activity at submicromolar concentrations. Quambalarine B
binds to PA-Nter using a tridentate binding mode similar to mode B
exploited by flavonols. In general, this mode is advantageous over
the bidentate binding mode employing the 30,40-dihydroxyphenyl
moiety. However, luteolin is able to interact with PA-Nter at both
ends. At one end, it coordinates the metal ions (binding mode A)
and at the other end the C7 hydroxyl group forms a hydrogen bond
with Oε2 Glu-26. This increases the ligand affinity to an IC50
(AlphaScreen) of around 70 nM.

2.7. Evaluation of flavonoids as potential influenza neuraminidase
inhibitors

To determine the inhibitory potency of flavonoids against
influenza neuraminidase, we performed a DNA-linked inhibitor
antibody assay (DIANA, see Fig. S3) [74], which allowed

Table 2 (continued )

Compound Structure Trivial name IC50 (mM)
(AlphaScreen)

64 silychristin >50

65 silydianin >50
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Table 3
Inhibition assay of influenza endonuclease using a panel of various natural and synthetic compounds that could potentially bind metal ions.

Compound Structure Trivial name IC50 (mM)
(AlphaScreen)

66 genistein >50

67 thunberginol A 1.4 ± 0.2

68 N/A 9.8 ± 0.5

69 a-hydroxyhippuric acid >50

70 (þ)-usnic acid >50

71 chlorogenic acid >50

72 gossypol 13 ± 2

73 fenoldam mesylate 31 ± 6

74 purpurogallin 1.5 ± 0.04

75 nalidixic acid >50

(continued on next page)
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determination of dissociation constants (Kd). Screening of a set of
representative compounds ruled out any neuraminidase inhibitory
activity of flavonoids (3, 4, 41, 48, 52), chlorogenic acid (71),
quambalarine B (79), and bisdemethylcurcumin (83). None of these
compounds showed inhibition even at 400 mM concentration.
Oseltamivir carboxylate (OST), used as a control, exhibited an in-
hibition constant of 39 ± 8 nM, which is in agreement with recently
reported values [74,89].

3. Conclusion

Our findings do not support the notion that flavonoids might be
inhibitors of influenza neuraminidases [53,54,59,85,90e92]. The
data we present confirm some other previous reports suggesting
that neuraminidase is not a target for flavonoid inhibitors [56,61,62].

Instead, we identified the N-terminus of the PA subunit of
influenza RNA-dependent-RNA polymerase as a target of several
flavonoids. Using a novel assay based on AlphaScreen technology

and gel-based endonuclease inhibitory assay we identified luteolin
(41) and its 8-C-glycoside orientin (46) as the potent inhibitors of
the endonuclease.

We determined X-ray structures of the PA-Nter in complex with
luteolin at 2.0 Å resolution. We found that the 30,40-dihydroxy-
flavone motif is important for the inhibitory activity. The presence
of hydroxyl groups in positions C5 and C7 were highly advanta-
geous for the anti-influenza activity. Our SAR study also, indicate
that the presence of the C3 hydroxyl group of flavonoids is only
crucial for derivatives lacking a 30-hydroxyl group. Apigenin (51)
and its congeners are inactive unless a hydroxyl group is introduced
at C3, which results in moderate inhibitory activity (see 50 and 53).
A combination of protein crystallography and molecular modeling
revealed that flavonoids with a 3,5-dihydroxyflavone motif can
bind PA-Nter through these two hydroxyl groups (binding mode B).
In contrast, the introduction of a hydroxyl group at position C3 in
30,40-dihydroxyflavone derivatives and their aza-analogues either
does not alter their half maximal inhibitory concentration

Table 3 (continued )

Compound Structure Trivial name IC50 (mM)
(AlphaScreen)

76 narciclasine >50

77 lapachol 19 ± 1.5

78 mompain 0.43 ± 0.02

79 quambalarine B 0.29 ± 0.01

80 curcumin 25 ± 2

81 bisdemethoxycurcumin >50

82 dimethylcurcumin >50

83 bisdemethylcurcumin 1.7 ± 0.3
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significantly (compare 26 and 47) or it leads to reduced inhibitory
potency (compare 41 and 4, 36 and 37, and 29 and 48). A substi-
tution at C8 was not only well-tolerated but resulted in increased
inhibition potency when a C-glycoside was introduced.

In addition, we described a new metal-binding motif in PA
endonuclease inhibitors featuring a tetrahydroxynaphthoquinone
moiety and structurally characterized quambalarine B in complex
with the PA-Nter domain.

Through the use of two different assays, along with structural
analysis of the complexes of PA-Nter with luteolin and myricetin,
we identified and characterized the molecular mode-of-action of

flavonoids in influenza-infected cells. Our findings reveal two
distinct binding modes for flavonoids and identified an additional
point of interaction at C7 that could play a pivotal role in the design
of next-generation PA endonuclease inhibitors.

4. Experimental section

4.1. Cloning, expression, and purification of recombinant proteins

DNA encoding the N-terminal domain of influenza polymerase
acidic subunit (PA-Nter) from viral strain A/California/07/2009

Fig. 5. Polar interactions in the PA-Nter active site with bound luteolin (PDB entry 6YA5). The manganese ion at proximal site 1 is shown as a purple-blue sphere and the
magnesium ion at site 2 is in purple. The 30 ,40-dihydroxyphenyl moiety of luteolin coordinates the manganese ion, and the hydroxyl group at C7 forms a hydrogen bond with Oε2

Glu-26. Details of the 2Fo e Fc electron density map (contoured at 1.5s) are in blue, and electron density for anomalous scattering (Mn2þ) shown as grey mesh (contoured at 3.5s).

Fig. 6. A) Luteolin coordinates ions with the 30 ,40-dihydroxyphenyl moiety (PDB entry 6YA5). Luteolin coordinates metal ions in the protein active site in bidentate mode via two
hydroxyl groups. On the opposite side of the molecule, the hydroxyl group at C7 forms a hydrogen bond with Oε2 Glu-26. B). Quambalarine B acts as a tridentate ligand coordinating
two manganese ions with a pair of hydroxyls at C7 and C8 and the carbonyl of C1 (PDB entry 6YEM). PA-Nter is shown in cartoon representation; coordinating amino acid residue
side chains are in stick representation. Colour coding: Carbon of protein residues cyan (panel A) and salmon (panel B); oxygen, red; nitrogen, blue; manganese ion, purple-blue;
magnesium ion, purple.
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(H1N1) (GenBank accession No. CY121685.1) with the flexible
loop (residues 51e72) replaced with a GGS linker was prepared
by GenScript USA Inc [13]. Two constructs with affinity tags, GST-
PA-Nter and His6-SUMO-PA-Nter, were prepared. PA-Nter was
inserted into a plasmid pGEX-1lT. Second, PA-Nter with a (GS)4
linker N-terminal extension was inserted between the BamHI and
XhoI sites of plasmid pETM11-SUMO3. Both tagged PA-Nter
constructs were expressed in E. coli BL21 (DE3) RIL cells. Cells
were harvested and resuspended in lysis buffer [25 mM Tris/HCl,
pH 7.5, 150 mM NaCl, 1 mM EDTA (GST) or 50 mM Tris/HCl, pH
8.0, 200 mM NaCl, 10 mM imidazole (His6-SUMO)] and lysed with
an Emulsiflex device (Avestin) at a pressure of 1200 bar. For the
GST construct, soluble proteins were loaded onto a glutathione-
agarose column (ThermoScientific) and subsequently eluted
with 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 10 mM reduced L
glutathione, 1 mM EDTA. In the same manner, His6-SUMO-tagged
PA-Nter was purified on Ni-NTA Agarose (Roche) and eluted with
50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 250 mM imidazole. The
His6-SUMO tag was removed with ULP1 protease. Both proteins
were further purified by gel filtration chromatography, yielding
>95% purity as assessed by SDS-PAGE.

4.2. AlphaScreen assay

AlphaScreen experiments were performed using a Perkin Elmer
Enspire plate reader in 96 well ProxiPlates. Biotinylated 12 was
captured on Streptavidin-coated donor beads (Perkin Elmer).
Separately, GST-PA-Nter fusion protein was bound to GSH-coated
acceptor beads (Perkin Elmer). These solutions were incubated
for 60 min at RT in the dark and subsequently mixed together and
incubated for an additional 120 min. In experiments screening for
endonuclease inhibitors, compounds were mixed with both types
of beads prior to the 120-min incubation. We first evaluated the
optimal concentrations of GST-PA-Nter and biotinylated 12. For
further screening experiments, 15 nM biotinylated 12 and 50 nM
GST-PA-Nter were used. The concentrations of donor and acceptor
beads were 5 mg/mL in a 50 mL reaction volume. All experiments
were performed in 25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05%
Tween20, 1 mM MnCl2, 10 mM MgCl2, 1 mM 2-mercaptoethanol.

4.3. Gel-based endonuclease inhibitory assay

The endonuclease inhibitory activities of selected flavonoids
were verified by in vitro cleavage of single-stranded DNA substrate
M13mp18 (New England Biolabs). Each 10-mL reaction contained
1 mM GST-PA-Nter in digestion buffer (25 mM Tris-HCl, pH 7.4,
150 mMNaCl, 0.05% Tween20, 1 mMMnCl2, 10 mMMgCl2, 1 mM 2-
mercaptoethanol) incubated with 10 mM flavonoid and initiated by
addition of 0.2 mg M13mp18 plasmid. Reactions were incubated at
37 !C for 4 h, stopped by adding 1 mL of 0.2 M EDTA, and visualized
by agarose electrophoresis using a 1% agarose gel stained with
GelRed.

4.4. Crystallization and diffraction data collection

Hexagonal bifrustum crystals (Fig. S1) of the PA-Nter subunit
without ligand were obtained by the hanging-drop vapour diffu-
sion technique at 291 K by mixing 1 mL protein solution
(19.2 mg∙mL"1) with 1 mL crystallization reservoir solution (12.5%
w/v MDP, 12.5% w/v PEG 1000, 12.5% w/v PEG 3350, 0.1% M MOPS/
HEPES-Na pH 7.5, 0.06 M magnesium chloride, 0.06 M calcium
chloride) and 0.2 mL PA seed. Crystals appeared in 2 days and grew
up to 200 mm in diameter within one week. Crystals were soaked
for 2 h with luteolin or 12 h with quambalarine B in reservoir so-
lution supplemented with 100mM ligand solution (final 10% DMSO
concentration). Crystals were flash-cooled by plunging into liquid
nitrogen and were stored in liquid nitrogen.

Diffraction data were collected at 100 K on a home diffractom-
eter (MicroMax-007 HF microfocus equipped with a PILATUS 300 K
detector, Rigaku). The crystal of PA-Nter soaked with luteolin (LU2)
diffracted to a resolution of up to 2.0 Å and the quambalarine B
crystal (OOH) up to 2.5 Å. Diffraction data were processed, inte-
grated, and reduced using XDS [93] and scaled using XSCALE from
XDS suite [94]. The crystals belonged to the P6422 space group and
contained one molecule in the asymmetric unit, with a solvent
content of approximately 47%. There were clear anomalous signals
up to resolution of 2.3 Å and 3.7 Å, respectively; therefore, data
were processed with unmerged Friedel pairs. Crystal parameters
and data-collection statistics are given in Table S1.

Fig. 7. Comparison of the two modelled optimized QM/MM structures of myricetin bound to the N-terminus of PA. Two orientations are based on rough estimates of the myricetin
from the X-ray structure analyses. Carbon atoms of myricetin in its “native” binding mode are in white. Carbon atoms of the “hypothetical” complex with flipped myricetin are in
purple. Colour coding: oxygen, red; nitrogen, blue; manganese ion, purple-blue.

V. Zima et al. / European Journal of Medicinal Chemistry 208 (2020) 11275416



 

 72  

 

4.5. Structure determination and analyses

Structures of PA-Nter were determined by molecular replace-
ment with MOLREP [95] from the CCP4 package [96] interspersed
with manual adjustments in Coot [97], using a previously deter-
mined PA-Nter structure as template (PDB entry 5CGV [98]).
Refinement was carried out using REFMAC 5.8.0103 [99].

The quality of the final models was validated with MolProbity
[100]. Refinement statistics are given in Table S1. All figures
showing structural representations were prepared with PyMOL.
Atomic coordinates and experimental structure factors have been
deposited in the Protein Data Bank under codes 6YA5 and 6YEM for
PA-Nter!LU2 and PA-Nter!OOH, respectively.

4.6. Molecular modelling

4.6.1. Structure preparation
To study the flexibility of myricetin in the active site of the PA-

Nter domain computationally, we used rough estimates of the
myricetin position from the X-ray structure analyses. Hydrogens
were added with the Reduce and LeaP modules in the AMBER 14
package [101]. Protonation of histidines was assigned individually
based on visual inspection of their surroundings; histidine residues
41 and 109 were protonated at ND1 and histidine residues 55, 125,
and 127 at NE2. The protein N-terminus, lysines, and arginines
were positively charged, while the C-terminus, glutamates, and
aspartates were negatively charged. The protonation state of myr-
icetin was determined at the DFT-D3/B-LYP/DZVP [102] level with
the implicit solvent COSMO model [103] on a cluster model that
contained residues His41, Glu61, Asp89, Glu100, Ile101, Lys115, two
Mn2þ ions, two water molecules (Wat1 and Wat2), and myricetin
(186 atoms in total). To keep the number of atoms and charge
constant, we added the sum of the DFT-D3/B-LYP/DZVP energy and
experimental solvation free energy [104,105] of two H2O molecules
for neutral myricetin, of H2O and H3Oþ for deprotonated myricetin,
and of two H3Oþ for dideprotonated myricetin. The most favorable
protonation state of myricetinwas further used in a model with the
entire protein receptor. The added hydrogen atoms were relaxed by
annealing (10 ps) from 600 to 10 K and by gradient optimization in
the SANDER module of the AMBER 14 package [101].

4.6.2. Methodology used
A hybrid QM/MM methodology was utilized. The QM part was

treated with the DFT-D/B-LYP/DZVP method [102] and comprised
residues within 3 Å of myricetin and 2.5 Å of Mn2þ ions. The rest of
the system was described at the MM level. We used the parm14SB
force field [106] for the protein. The MM parameters for Mn2þ were
adopted from UFF [107]. The ligand atoms were described by the
General Amber Force Field (GAFF) [106]. The partial charges on the
ligand atoms were assigned according to the Restricted Electro-
static Potential (RESP) procedure calculated on the HF/6e31G level
[108]. The protein surroundings were modelled using the IGB7
implicit solvent model implemented in AMBER 14. Crystallographic
water molecules Wat1 and Wat2 were also considered. The
coupling between the QM and MM parts was performed with the
CUBY4 program [109], which called Turbomole 7.0 [110] for QM and
AMBER 14 [101] for MM. A harmonic potential applied on the
C3eC2eC10-C2’ dihedral angle of myricetin was utilized to study
the conformational space of the bound molecule. Myricetin, Tyr24,
Arg105, Tyr111, and all hydrogen atoms were optimized during
gradient optimizations; the remaining atoms were frozen in crys-
tallographic positions.

4.7. Chemistry

Unless otherwise noted, all reactions were carried out under
argon in oven-dried glassware. Solvents were distilled from drying
agents as indicated and transferred under argon: THF (Na/benzo-
phenone), toluene (Na/benzophenone), MeCN (CaH2), and DCM
(CaH2). Chromatography was performed using Fluka silica gel 60
(0.040e0.063 mm) or Merck silica gel 60; RP-18 F254 ecoated
aluminum sheets were used. Spots were detected both by UV light
and a solution of Ce(SO4)2$4H2O (1%) and H3P(Mo3O10)4 (2%) in 10%
sulfuric acid. All starting materials were used as purchased (Sigma
Aldrich, Alfa Aesar, Strem Chemicals), unless otherwise indicated.
All inhibitors were purified using a Jasco preparative HPLC (flow
rate 10 mL/min; gradient 2e100% ACN in 50 min), with a Waters
SunFire C18 OBD Prep Column, 5 mm, 19 # 150 mm. The purity of
compounds was tested on an analytical Jasco PU-1580 HPLC (flow
rate 1 mL/min, invariable gradient 2e100% ACN in 30 min) with a
Watrex C18 Analytical Column, 5 mm, length 250 mm. The final
inhibitors were of at least 95% purity. 1H NMR spectra were recor-
ded on Bruker instruments at 300, 400, or 600 MHz; 13C NMR
spectra at were recorded at 75, 100, or 150MHz. Chemical shifts are
provided in d-scale; coupling constants J are given in Hz. The EI
mass spectra were determined at an ionizing voltage of 70 eV; m/z
values are given alone with their relative intensities (%). ESI mass
spectra were recorded using a ZQ micromass mass spectrometer
(Waters) equipped with an ESCi multimode ion source and
controlled by MassLynx software. Methanol was used as the
solvent.

Compounds 67 [111], 68 [87], 74 [112], and 83 were prepared
according to literature procedures. Analytical data for these com-
pounds were in agreement with published data. Mompain (78) and
quambalarine B (79) were isolated from the fungus Quambalaria
cyanescens [113]. Compounds 3, 4, 39, 41, 46, 48, 49, 50, 51, 52, 53,
59, 60, 61, 62, 66, 69, 72, 73, 75, and 77were purchased from Sigma
Aldrich; 54 and 55 from BroadPharm; 44, 45, 56, and 58 from
MedChemExpress; 42 and 43 from BOC Sciences; and 40, 47, 70, 71,
80, and 81 from TCI Europe.

4.8. Probe synthesis

4.8.1. 3-(tert-Butyl) 1-methyl 4-(2-(2-(2-(2-azidoethoxy)ethoxy)
ethoxy)ethoxy)isophthalate (6)

The linker 11-azido-3,6,9-trioxa-undecanyl p-toluenesulfonate
(0.93 g, 2.5 mmol) was added to a solution of 3-(tert-butyl) 1-
methyl 4-hydroxyisophthalate (0.57 g, 2.2 mmol) and potassium
carbonate (0.62 g, 5.0 mmol) in DMF (10 mL). The reaction mixture
was stirred at 60 $C for 24 h. The reactionwas quenched with water
(100 mL), and the mixture was extracted with EtOAc (3 # 30 mL).
The combined organic layers were washed with water (2 # 15 mL)
and brine (10 mL), evaporated to dryness, and purified by flash
chromatography (hexane/EtOAc 1:1) to yield 6 (0.96 g, 94%). 1H
NMR (300 MHz, CDCl3) d 8.32 (d, J ¼ 2.3 Hz, 1H), 8.06 (dd, J ¼ 8.8,
2.3 Hz, 1H), 6.96 (d, J ¼ 8.8 Hz, 1H), 4.23 (dd, J ¼ 5.6, 4.4 Hz, 2H),
3.93e3.84 (m, 2H), 3.88 (s, 3H), 3.77e3.69 (m, 2H), 3.68e3.61 (m,
8H), 3.36 (dd, J ¼ 5.6, 4.6 Hz, 2H), 1.57 (s, 9H). 13C NMR (75 MHz,
CDCl3) d 166.3, 165.2, 161.3, 134.2, 132.9, 129.9, 128.1, 122.4, 112.7,
81.7, 71.1, 70.9, 70.8, 70.2, 69.5, 68.7, 52.2, 50.8, 28.3 (3x). HRMS
(ESI) m/z calcd for C21H31N3O8Na [MþNa]þ 476.2003, found
476.2003.

4.8.2. 4-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethoxy)-3-(tert-
butoxycarbonyl)benzoic acid (7)

An aqueous solution of sodium hydroxide (8.2 mL, 0.5 M) was
added to a solution of 6 (0.93 g, 2.05 mmol) in 1,4-dioxane (10 mL).
The reaction mixture was stirred for 24 h at room temperature
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under an inert atmosphere. Consumption of the starting material
was monitored by TLC. Once the reaction was complete, the pH of
the reaction was neutralized by addition of amberlite IR 120.
Amberlite was filtered out and the beads were rinsed with meth-
anol several times. The filtrate was then evaporated to dryness
under reduced pressure, and the remaining product was purified by
flash chromatography to afford the desired free acid 7 (0.90 g, 97%).
1H NMR (300MHz, CDCl3) d 8.38 (d, J¼ 2.3 Hz, 1H), 8.11 (dd, J¼ 8.8,
2.3 Hz, 1H), 6.98 (d, J ¼ 8.9 Hz, 1H), 4.24 (t, J ¼ 4.9 Hz, 2H), 3.90 (dd,
J ¼ 5.6, 4.2 Hz, 2H), 3.73 (dt, J ¼ 5.2, 2.0 Hz, 2H), 3.69e3.58 (m, 8H),
3.35 (t, J¼ 5.0 Hz, 2H), 1.57 (s, 9H). 13C NMR (75MHz, CDCl3) d 170.7,
164.9, 161.9, 134.8, 133.6, 123.0, 121.5, 112.7, 81.7, 71.0, 70.8, 70.7,
70.7, 70.1, 69.4, 68.7, 50.7, 28.3. HRMS (ESI) m/z calcd for
C20H29N3O8Na [MþNa]þ 462.1847, found 462.1848.

4.8.3. 3-(tert-Butoxycarbonyl)-4-((2,2-dimethyl-4-oxo-3,8,11,14-
tetraoxa-5-azahexadecan-16-yl)oxy)benzoic acid (8)

Compound 7 (0.64 g, 1.46 mmol) and Lindlar catalyst (0.19 g,
30 wt%) were suspended in methanol (15 mL). The flask was first
purged with argon, and hydrogen gas was bubbled through the
solution for 1 h. The catalyst was filtered out and the filtrate was
evaporated to dryness under reduced pressure. The resulting crude
product was dissolved in DCM (15 mL), the reaction was cooled
down in an ice bath, and triethylamine (0.4 mL, 2.92 mmol) and di-
tert-butyl dicarbonate (0.38 g, 1.75 mmol) were added. After stir-
ring the reaction for 24 h at room temperature, the mixture was
diluted with DCM (20 mL) and the organic phase was washed with
a saturated solution of ammonium chloride (2 # 5 mL) and brine
(5 mL). The organic layer was then evaporated to dryness and pu-
rified by flash chromatography (DCM/MeOH 20:1) to yield 8 (0.48 g,
64%). 1H NMR (300 MHz, CDCl3) d 8.36 (d, J ¼ 2.3 Hz, 1H), 8.09 (dd,
J ¼ 8.8, 2.3 Hz, 1H), 6.96 (d, J ¼ 8.9 Hz, 1H), 5.11 (s, 1H), 4.24 (dd,
J ¼ 5.7, 4.2 Hz, 2H), 3.90 (dd, J ¼ 5.5, 4.3 Hz, 2H), 3.74 (dt, J ¼ 4.5,
3.1 Hz, 2H), 3.68e3.55 (m, 6H), 3.52 (t, J¼ 5.2 Hz, 2H), 3.36e3.19 (m,
2H),1.57 (s, 9H),1.42 (s, 9H). 13C NMR (75MHz, CDCl3) d 170.1,165.0,
161.7, 149.5, 134.8, 133.5, 122.9, 122.0, 112.6, 81.7, 79.3, 71.0, 70.7,
70.6, 70.3 ( # 2), 69.5, 68.7, 40.5, 28.5 ( # 3), 28.3 ( # 3). HRMS (ESI)
m/z calcd for C25H40NO10 [MþH]þ 514.2647, found 514.2646.

4.8.4. 3-(tert-Butyl) 1-(2,5-dioxopyrrolidin-1-yl) 4-((2,2-dimethyl-
4-oxo-3,8,11,14-tetraoxa-5-azahexadecan-16-yl)oxy)isophthalate
(9)

Compound 8 (0.48 g, 0.94 mmol) was dissolved in THF (17 mL)
under an inert atmosphere followed by addition of O-(benzotriazol-
1-yl)-N,N,N0,N0-tetramethyl-uronium tetrafluoroborate (0.39 g,
1.22 mmol) and triethylamine (0.26 mL, 0.22 mmol). The reaction
was stirred for 10 min at room temperature, and N-hydrox-
ysuccinimide (0.016 g, 1.88 mmol) was added. After stirring for
16 h at room temperature, the solvent was evaporated under
reduced pressure and the resulting mixture was purified by flash
chromatography (DCM/MeOH 20:1) to afford the activated ester 9
(0.47 g, 81%). 1H NMR (300 MHz, CDCl3) d 8.40 (d, J ¼ 2.3 Hz, 1H),
8.13 (dd, J ¼ 8.8, 2.2 Hz, 1H), 7.02 (d, J ¼ 8.9 Hz, 1H), 5.01 (bs, 1H),
4.24 (t, J ¼ 5.0 Hz, 2H), 3.88 (q, J ¼ 5.1 Hz, 2H), 3.71 (dd, J ¼ 6.1,
3.5 Hz, 2H), 3.60 (dd, J ¼ 14.6, 3.6 Hz, 6H), 3.49 (t, J ¼ 5.3 Hz, 2H),
3.26 (q, J¼ 5.5 Hz, 2H), 2.86 (s, 4H),1.54 (s, 9H),1.39 (s, 9H). 13C NMR
(75 MHz, CDCl3) d 169.4 (x2), 164.3, 162.8, 161.0, 156.0, 135.2, 134.0,
123.4, 116.8, 113.0, 81.9, 79.1, 71.0, 70.6, 70.6, 70.2, 70.2, 69.3, 68.8,
40.4, 28.45 ( # 3), 28.2 ( # 3), 25.7 ( # 2). HRMS (ESI) m/z calcd for
C29H42N2O12Na [MþNa]þ 633.2630, found 633.2630.

4.8.5. tert-Butyl (Z)-5-(4-(4-(tert-butoxy)-3-hydroxy-4-oxobut-2-
enoyl)-4-(4-chlorobenzyl)- piperidine-1-carbonyl)-2-((2,2-
dimethyl-4-oxo-3,8,11,14-tetraoxa-5-azahexadecan-16-yl)oxy)
benzoate (11)

Compound 10 (0.065 g, 0.136 mmol) was dissolved in DCM
(1 mL), and the resulting solution was cooled down in an ice bath.
Trifluoroacetic acid (100%, 0.2 mL) was added, and the reactionwas
stirred for 15 min at room temperature. Once TLC showed total
consumption of the starting material, the solvents were evaporated
under reduced pressure, and the resulting oil was dried under high
vacuum for 2 h. The dried mixture was then dissolved in DCM
(1.5 mL) followed by addition of triethylamine (0.3 mL) and 9
(0.082 g, 0.136 mmol). The reaction mixture was stirred overnight
at room temperature. The solvents were removed under reduced
pressure, and the residue was purified by flash chromatography
(DCM/MeOH 20:1) to yield the desired amide 11 (0.080 g, 68%). 1H
NMR (400 MHz, CDCl3) d 14.76 (s, 1H), 7.73 (d, J ¼ 2.3 Hz, 1H), 7.44
(dd, J ¼ 8.6, 2.3 Hz, 1H), 7.20 (d, J ¼ 8.4 Hz, 2H), 6.95 (d, J ¼ 8.6 Hz,
1H), 6.93e6.86 (m, 2H), 6.37 (s, 1H), 5.02 (s, 1H), 4.20 (t, J ¼ 5.0 Hz,
2H), 3.90 (t, J ¼ 5.0 Hz, 2H), 3.78e3.69 (m, 2H), 3.69e3.57 (m, 8H),
3.53 (t, J¼ 5.1 Hz, 2H), 3.34e3.25 (m, 2H), 3.05 (bs, 2H), 2.84 (s, 2H),
2.25e2.02 (bs, 2H), 1.72 (bs, 2H), 1.56 (s, 9H), 1.56 (s, 9H), 1.43 (s,
9H). 13C NMR (100 MHz, CDCl3) d 205.2, 169.6, 169.1, 165.1, 161.0,
159.1,134.6,133.8,133.4,133.2,132.0,131.3 (# 2),130.7,128.6 (# 2),
127.6, 122.8, 113.3, 99.0, 84.3, 81.7, 71.1, 70.8, 70.7, 70.3, 70.3, 69.6,
68.8, 49.7 ( # 2), 45.7, 40.5, 38.7 ( # 2), 32.9, 28.6 ( # 3), 28.4 ( # 3),
27.9 ( # 3).

4.8.6. 5-(4-((Z)-3-Carboxy-3-hydroxyacryloyl)-4-(4-chlorobenzyl)
piperidine-1-carbonyl)-2-((13,35-dioxo-39-((3aR,4R,6aS)-2-
oxohexahydro-1H-thieno[3,4-d]imidazole-4-yl)-
3,6,9,16,19,22,25,28,31-nonaoxa-12,34-diazanonatriacontyl)oxy)
benzoic acid (12)

Compound 11 (0.020 g, 0.023 mmol) was dissolved in DCM
(1 mL), and the solution was cooled down in an ice bath. Neat tri-
fluoroacetic acid (0.2 mL) was added dropwise, and the reaction
was stirred for 15 min. Once TLC showed complete consumption of
the starting material, the solvents were evaporated under reduced
pressure, and the remaining oil was dried for 3 h under high vac-
uum. The dried product was dissolved in DCM (1 mL) followed by
addition of triethylamine (0.3 mL) and biotin-PEG6-NHS ester
(0.016 g, 0.023 mmol). After stirring the reaction for 24 h at room
temperature, the solvent was removed under reduced pressure and
the remaining mixture dried under high vacuum for 2 h. The crude
mixture was dissolved in DCM (1 mL), trifluoroacetic acid (0.5 mL)
was added, and the reaction was stirred for 1 h at room tempera-
ture. After removing the solvents under reduced pressure, the
mixture was purified by preparative HPLC to yield the desired
compound 12 (0.004 g, 15%). 1H NMR (600 MHz, Methanol-d4)
d 7.87 (d, J ¼ 2.3 Hz, 1H), 7.59 (dd, J ¼ 8.6, 2.3 Hz, 1H), 7.29e7.20 (m,
4H), 7.07e6.99 (m, 2H), 4.49 (ddd, J¼ 7.9, 5.0, 1.0 Hz,1H), 4.39e4.25
(m, 4H), 3.94e3.88 (m, 2H), 3.79e3.73 (m, 2H), 3.71 (t, J ¼ 6.2 Hz,
3H), 3.69e3.55 (m, 26H), 3.53 (td, J ¼ 5.5, 4.1 Hz, 4H), 3.35 (td,
J ¼ 5.5, 2.5 Hz, 4H), 3.20 (ddd, J ¼ 8.9, 6.0, 4.6 Hz, 1H), 3.06 (bs, 2H),
2.96 (s, 2H), 2.92 (dd, J ¼ 12.7, 5.0 Hz, 1H), 2.70 (d, J ¼ 12.7 Hz, 1H),
2.44 (t, J ¼ 6.2 Hz, 2H), 2.27e2.12 (m, 4H), 1.78e1.55 (m, 6H),
1.49e1.38 (m, 2H). 13C NMR (150 MHz, Methanol-d4) d 207.3, 176.1,
174.0, 171.2, 168.6, 167.7, 166.1, 164.7, 160.7, 135.9, 133.9, 133.9, 133.1,
132.7 ( # 2), 132.0, 129.2 ( # 2), 129.2, 129.0, 121.9, 114.9, 71.9, 71.6,
71.6 (# 7), 71.5, 71.5, 71.4, 71.3, 71.3, 70.6, 70.5, 70.4, 70.3, 68.3, 63.4,
61.6, 57.0, 51.1, 46.6, 45.7, 41.1, 40.4, 40.4, 37.6, 36.7, 34.0, 33.4, 29.8,
29.5, 26.9. HRMS (ESI) m/z calcd for C57H82ClN5O20S [MþH]þ

1224.5035, found 1224.5035.
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4.9. General procedure I: preparation of chalcone

Potassium hydroxide (3 eq.) was added to a solution of aldehyde
(1.2e1.4 eq.) and ketone (1 eq.) in ethanol (7 mL) at 0 !C. The re-
actionmixturewas stirred overnight at room temperature under an
inert atmosphere. The reaction mixturewas acidified by addition of
aqueous hydrogen chloride (5%) and extracted with DCM
(3 " 12 mL). The combined organic layers were washed with brine
(10 mL), dried over MgSO4, and evaporated to dryness under
reduced pressure. The products were purified by column chroma-
tography and crystallized if needed.

4.9.1. (E)-3-(2,3-dimethoxyphenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (15)

The title compound was synthesized from 1-(2-hydroxy-4,6-
dimethoxyphenyl)ethan-1-one (0.20 g, 1.00 mmol) and 2,3-
dimethoxybenzaldehyde (0.20 g, 1.20 mmol) following general
procedure I. The product was purified by column chromatography
(cyclohexane/EtOAc 2:1) to furnish the chalcone 15 (0.26 g, 75%). 1H
NMR (400 MHz, CDCl3) d 14.33 (s, 1H), 8.08 (d, J ¼ 15.8 Hz, 1H), 7.96
(d, J¼ 15.8 Hz,1H), 7.23 (dd, J¼ 8.0,1.4 Hz,1H), 7.08 (t, J¼ 8.0 Hz,1H),
6.95 (dd, J¼ 8.1,1.5 Hz,1H), 6.11 (d, J¼ 2.3 Hz,1H), 5.96 (d, J¼ 2.3 Hz,
1H), 3.91 (s, 3H), 3.89 (s, 6H), 3.84 (s, 3H). 13C NMR (100MHz, CDCl3)
d 193.0, 168.5, 166.3, 162.7, 153.4, 149.0, 137.3, 129.9, 129.0, 124.3,
119.9, 113.8, 106.6, 93.9, 91.4, 61.4, 56.0, 56.0, 55.7. HRMS (ESI) m/z
calcd for C19H21O6 [MþH]þ 345.1332, found 345.1333.

4.9.2. (E)-3-(3,4-dimethoxyphenyl)-1-(2-hydroxy-6-
methoxyphenyl)prop-2-en-1-one (16)

The title compound was synthesized from 1-(2-hydroxy-6-
methoxyphenyl)ethan-1-one (0.50 g, 3.01 mmol) and 3,4-
dimethoxybenzaldehyde (0.70 g, 4.21 mmol) following general
procedure I. The product was purified by column chromatography
(cyclohexane/EtOAc 2:1) and crystallized from ethanol to furnish
the chalcone 16 (0.70 g, 73%). 1H NMR (400 MHz, CDCl3) d 13.20 (s,
1H), 7.88e7.68 (m, 2H), 7.35 (t, J ¼ 8.3 Hz, 1H), 7.24 (dd, J ¼ 8.3,
2.0 Hz, 1H), 7.14 (d, J ¼ 2.0 Hz, 1H), 6.91 (d, J ¼ 8.3 Hz, 1H), 6.62 (dd,
J ¼ 8.4, 1.0 Hz, 1H), 6.43 (dd, J ¼ 8.3, 1.0 Hz, 1H), 3.95 (s, 3H), 3.94 (s,
3H), 3.94 (s, 3H). 13C NMR (100 MHz, CDCl3) d 194.3, 165.0, 161.0,
151.4, 149.3, 143.4, 135.8, 128.5, 125.6, 123.0, 112.2, 111.3, 111.2, 110.6,
101.7, 56.2, 56.1, 56.0. HRMS (ESI) m/z calcd for C18H18O5Na
[MþNa]þ 337.1046, found 337.1047.

4.9.3. (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(3-
methoxyphenyl)prop-2-en-1-one (17)

The title compound was synthesized from 1-(2-hydroxy-4,6-
dimethoxyphenyl)ethan-1-one (0.32 g, 1.61 mmol) and 3-
methoxybenzaldehyde (0.285 g, 2.10 mmol) following general
procedure I. The product was purified by column chromatography
(toluene) to obtain the chalcone 17 (0.20 g, 38%). 1H NMR (400MHz,
CDCl3) d 14.27 (s, 1H), 7.88 (d, J ¼ 15.6 Hz, 1H), 7.74 (d, J ¼ 15.6 Hz,
1H), 7.32 (t, J¼ 7.9 Hz,1H), 7.23e7.19 (m,1H), 7.12 (dd, J¼ 2.6,1.6 Hz,
1H), 6.94 (ddd, J ¼ 8.2, 2.6, 1.0 Hz, 1H), 6.11 (d, J ¼ 2.4 Hz, 1H), 5.96
(d, J ¼ 2.4 Hz, 1H), 3.92 (s, 3H), 3.85 (s, 3H), 3.84 (s, 3H). 13C NMR
(100 MHz, CDCl3) d 192.7, 168.5, 166.4, 162.6, 160.0, 142.3, 137.1,
130.0, 128.0, 121.1, 115.7, 113.8, 106.5, 93.9, 91.4, 56.0, 55.8, 55.4.
HRMS (ESI) m/z calcd for C18H19O5 [MþH]þ 315.1227, found
315.1228.

4.9.4. (E)-3-(3,4-dimethoxyphenyl)-1-(2-hydroxy-4-
methoxyphenyl)prop-2-en-1-one (18)

The title compound was synthesized from 1-(2-hydroxy-4-
methoxyphenyl)ethan-1-one (0.75 g, 4.51 mmol) and 3,4-
dimethoxybenzaldehyde (0.97 g. 5.87 mmol) following general
procedure I. The product was purified by column chromatography

(cyclohexane/EtOAc 2:1) and crystallized from ethanol to furnish
the chalcone 18 (0.18 g, 13%). 1H NMR (400 MHz, CDCl3) d 13.53 (s,
1H), 7.89e7.85 (m, 1H), 7.83 (s, 1H), 7.44 (dd, J ¼ 15.3, 0.5 Hz, 1H),
7.26 (dd, J ¼ 8.2, 2.2 Hz, 1H), 7.16 (d, J ¼ 2.0 Hz, 1H), 6.91 (d,
J ¼ 8.3 Hz, 1H), 6.52e6.46 (m, 2H), 3.97 (s, 3H), 3.94 (s, 3H), 3.86 (s,
3H). 13C NMR (100 MHz, CDCl3) d 191.9, 166.8, 166.2, 151.7, 149.4,
144.7, 131.3, 127.9, 123.5, 118.2, 114.3, 111.3, 110.4, 107.8, 101.2, 56.2,
56.2, 55.7. HRMS (ESI)m/z calcd for C18H18O5Na [MþNa]þ 337.1046,
found 337.1047.

4.9.5. (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(3,4,5-
trimethoxyphenyl)prop-2-en-1-one (19)

The title compound was synthesized from 3,4,5-
trimethoxybenzaldehyde (0.57 g, 2.91 mmol) and 1-(2-hydroxy-
4,6-dimethoxyphenyl)ethan-1-one (0.48 g, 2.43 mmol) following
general procedure I. The product was purified by column chroma-
tography (cyclohexane/EtOAc from 3:1 to 1:1) to furnish the chal-
cone 19 (0.35 g, 38%). 1H NMR (300 MHz, CDCl3) d 14.32 (s, 1H), 7.81
(d, J ¼ 15.5 Hz, 1H), 7.75e7.66 (m, 1H), 6.84 (d, J ¼ 0.4 Hz, 2H), 6.12
(d, J ¼ 2.4 Hz, 1H), 5.97 (d, J ¼ 2.4 Hz, 1H), 3.91 (s, 6H), 3.91 (s, 3H),
3.90 (s, 3H), 3.84 (s, 3H). 13C NMR (75 MHz, CDCl3) d 192.5, 168.6,
166.3, 162.5, 153.5, 142.5, 131.3, 127.1, 106.4, 105.7, 100.1, 94.0, 91.5,
61.2, 56.3, 55.9, 55.8. HRMS (ESI) m/z calcd for C20H22O7Na
[MþNa]þ 397.1257, found 397.1258.

4.10. General procedure II: cyclization of chalcones

2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (2.0 eq) was added
to a solution of chalcone (1.0 eq) in dry 1,4-dioxane (0.1 M). The
solution was stirred in a sealed tube at 80 !C for 12 h. The reaction
mixture was quenched by addition of water or saturated sodium
bicarbonate (10 mL) and extracted with EtOAc (3 " 10 mL). The
combined organic layers were washed with brine (10 mL), dried
over MgSO4, and evaporated to dryness under reduced pressure.
The products were purified by column chromatography.

4.10.1. 2-(2,3-Dimethoxyphenyl)-5,7-dimethoxy-4H-chromen-4-
one (20)

Compound 15 (0.061 g, 0.17 mmol) was cyclized using general
procedure II. Column chromatography (DCM/MeOH 20:1) of the
residue furnished the flavone 20 (0.058 g, 95%). 1H NMR (400 MHz,
CDCl3) d 7.32 (dd, J¼ 7.9, 1.5 Hz, 1H), 7.17 (t, J¼ 8.0 Hz, 1H), 7.05 (dd,
J ¼ 8.2, 1.6 Hz, 1H), 6.85 (s, 1H), 6.52 (d, J ¼ 2.3 Hz, 1H), 6.38 (d,
J¼ 2.3 Hz,1H), 3.95 (s, 3H), 3.92 (s, 3H), 3.90 (s, 3H), 3.88 (s, 3H). 13C
NMR (100MHz, CDCl3) d 178.2,164.3,161.1,160.3,159.4,153.5,127.7,
126.4, 124.3, 120.8, 115.0, 113.7, 96.3, 92.9, 67.2, 61.1, 56.5, 56.2, 55.9.
HRMS (ESI) m/z calcd for C19H19O6 [MþH]þ 343.1176, found
343.1178.

4.10.2. 2-(3,4-Dimethoxyphenyl)-5-methoxy-4H-chromen-4-one
(21)

Compound 16 (0.20 g, 0.63 mmol) was cyclized using general
procedure II. Column chromatography (DCM/MeOH 20:1) of the
residue furnished the flavone 21 (0.13 g, 66%). 1H NMR (400 MHz,
CDCl3) d 7.58e7.47 (m, 2H), 7.32 (d, J ¼ 2.1 Hz, 1H), 7.11 (dd, J ¼ 8.4,
1.0 Hz,1H), 6.95 (d, J¼ 8.5 Hz,1H), 6.80 (dd, J¼ 8.3, 0.9 Hz,1H), 6.65
(s, 1H), 3.98 (s, 3H), 3.95 (s, 3H), 3.93 (s, 3H). 13C NMR (100 MHz,
CDCl3) d 178.4, 161.1, 159.8, 158.3, 151.9, 149.3, 133.7, 124.0, 119.8,
114.6,111.2, 110.2,108.7,108.1, 106.5, 56.6, 56.2 (2" ). HRMS (ESI)m/
z calcd for C18H17O5 [MþH]þ 313.1070, found 313.1071.

4.10.3. 5,7-Dimethoxy-2-(3-methoxyphenyl)-4H-chromen-4-one
(22)

Compound 17 (0.10 g, 0.32 mmol) was cyclized using general
procedure II. Column chromatography (DCM/MeOH 20:1) of the
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residue furnished the flavone 22 (0.095 g, 94%). 1H NMR (400 MHz,
CDCl3) d 7.45 (dt, J¼ 7.8, 1.3 Hz,1H), 7.40 (d, J¼ 8.0 Hz,1H), 7.37 (dd,
J ¼ 2.5, 1.5 Hz, 1H), 7.03 (ddd, J ¼ 8.0, 2.6, 1.1 Hz, 1H), 6.66 (s, 1H),
6.56 (d, J ¼ 2.3 Hz, 1H), 6.37 (d, J ¼ 2.3 Hz, 1H), 3.95 (s, 3H), 3.90 (s,
3H), 3.87 (s, 3H). 13C NMR (100 MHz, CDCl3) d 177.8, 164.2, 161.0,
160.6, 160.1, 160.0, 133.0, 130.1, 118.5, 117.0, 111.4, 109.4, 109.4, 96.3,
92.9, 56.6, 55.9, 55.6. HRMS (ESI) m/z calcd for C18H16O5Na
[MþNa]þ 335.0889, found 335.0890.

4.10.4. 2-(3,4-Dimethoxyphenyl)-7-methoxy-4H-chromen-4-one
(23)

Compound 18 (0.18 g, 0.57 mmol) was cyclized using general
procedure II. Column chromatography (cyclohexane/EtOAc 1:1) of
the residue furnished the flavone 23 (0.074 g, 41%). 1H NMR
(400 MHz, CDCl3) d 8.16 (dd, J ¼ 8.7, 0.5 Hz, 1H), 7.57 (dd, J ¼ 8.5,
2.1 Hz, 1H), 7.40 (d, J ¼ 2.2 Hz, 1H), 7.03 (d, J ¼ 2.6 Hz, 1H), 7.00 (q,
J¼ 2.4 Hz, 2H), 6.73 (s, 1H), 4.01 (s, 3H), 3.99 (s, 3H), 3.97 (s, 3H). 13C
NMR (100 MHz, CDCl3) d 178.0, 164.2, 163.2, 158.1, 152.1, 149.4,
127.2, 124.5, 120.0, 118.0, 114.4, 111.3, 108.9, 106.6, 100.6, 56.3, 56.2,
56.0. HRMS (ESI) m/z calcd for C18H17O5 [MþH]þ 313.1070, found
313.1071.

4.10.5. 5,7-Dimethoxy-2-(3,4,5-trimethoxyphenyl)-4H-chromen-4-
one (24)

Compound 19 (0.37 g, 0.94 mmol) was cyclized using general
procedure II. Column chromatography (EtOAc/MeOH 50:1) of the
residue furnished the flavone 24 (0.21 g, 57%). 1H NMR (300 MHz,
CDCl3) d 7.07 (s, 2H), 6.63 (s, 1H), 6.56 (d, J ¼ 2.2 Hz, 1H), 6.39 (d,
J ¼ 2.3 Hz, 1H), 3.97 (s, 3H), 3.95 (m, 6H), 3.93e3.90 (m, 6H). 13C
NMR (100 MHz, CDCl3) d 177.8, 164.4, 161.1, 160.9, 160.0, 153.7, 141.1,
126.8, 109.2, 108.8, 103.6, 96.4, 93.0, 61.2, 56.6, 56.5, 56.0. HRMS
(ESI) m/z calcd for C20H21O7 [MþH]þ 373.1281, found 373.1282.

4.11. General procedure III: O-demethylation

An aqueous solution of hydrogen bromide (48%; 1 mL per
0.10 mmol of substrate) was mixed with flavone. The reaction
mixturewas refluxed for 6e9 h, during which the reaction progress
was monitored by UPLC-MS. After the disappearance of partially O-
demethylated intermediates, the reaction mixture was evaporated
under reduced pressure.

4.11.1. 2-(2,3-Dihydroxyphenyl)-5,7-dihydroxy-4H-chromen-4-one
(25)

Compound 25 was obtained from 20 (0.047 g, 0.18 mmol) using
general procedure III. The residue was purified by column chro-
matography (DCM/MeOH 10:1), and crystallized from chloroform/
acetone to furnish the flavone 25 (0.012 g, 30%). 1H NMR (400 MHz,
DMSO‑d6) d 12.89 (s,1H),10.85 (s,1H),10.02 (s,1H), 9.62 (s,1H), 7.31
(dd, J¼ 8.1, 1.6 Hz, 1H), 7.03 (s, 1H), 6.99 (dd, J¼ 7.8, 1.6 Hz, 1H), 6.82
(t, J ¼ 8.0 Hz, 1H), 6.45 (d, J ¼ 2.1 Hz, 1H), 6.20 (d, J ¼ 2.1 Hz, 1H). 13C
NMR (100 MHz, DMSO‑d6) d 181.9, 164.3, 161.7, 161.4, 157.5, 145.9,
145.5, 119.2, 118.4, 117.8, 117.7, 109.1, 103.7, 98.8, 93.9. HRMS (ESI)m/
z calcd for C15H10O6Na [MþNa]þ 309.0369, found 309.0367.

4.11.2. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-4H-chromen-4-one
(26)

Compound 26 was obtained from 21 (0.13 g, 0.42 mmol) using
general procedure III. The residue was purified by column chro-
matography (DCM/MeOH 100:3) and crystallized from ethanol to
obtain the flavone 26 (0.040 g, 35%). 1H NMR (400 MHz, DMSO‑d6)
d 12.84 (s, 1H), 10.01 (bs, 1H), 9.44 (bs, 1H), 7.65 (t, J ¼ 8.3 Hz, 1H),
7.48 (dd, J¼ 8.3, 2.3 Hz, 1H), 7.46 (d, J¼ 2.3 Hz, 1H), 7.14 (dd, J¼ 8.4,
0.9 Hz, 1H), 6.91 (d, J ¼ 8.3 Hz, 1H), 6.83 (s, 1H), 6.80 (dd, J ¼ 8.2,
0.9 Hz, 1H). 13C NMR (100 MHz, DMSO‑d6) d 182.9, 164.8, 159.9,

155.8, 150.1, 145.8, 135.7, 121.3, 119.4, 116.0, 113.6, 110.9, 109.9, 107.3,
103.4. HRMS (ESI) m/z calcd for C15H11O5 [MþH]þ 271.0601, found
271.0599.

4.11.3. 5,7-Dihydroxy-2-(3-hydroxyphenyl)-4H-chromen-4-one
(27)

Compound 27 was obtained from 22 (0.10 g, 0.32 mmol) using
general procedure III. The residue was purified by preparative HPLC
to obtain the flavone 27 (0.030 g, 34%). 1H NMR (400 MHz,
DMSO‑d6) d 12.84 (s, 1H), 10.92 (s, 1H), 9.90 (s, 1H), 7.53e7.47 (m,
1H), 7.42e7.33 (m, 2H), 7.01 (ddd, J ¼ 8.3, 2.6, 1.0 Hz, 1H), 6.86 (s,
1H), 6.50 (d, J ¼ 2.1 Hz, 1H), 6.23 (d, J ¼ 2.1 Hz, 1H). 13C NMR
(100 MHz, DMSO‑d6) d 181.8, 164.4, 163.3, 161.5, 157.9, 157.4, 132.0,
130.3, 119.1, 117.3, 112.8, 105.1, 104.0, 99.0, 94.0. HRMS (ESI) m/z
calcd for C15H11O5 [MþH]þ 271.0601, found 271.0599.

4.11.4. 2-(3,4-Dihydroxyphenyl)-7-hydroxy-4H-chromen-4-one
(28)

Compound 28 was obtained from 23 (0.074 g, 0.23 mmol) using
general procedure III. The residue was purified by preparative HPLC
to obtain the flavone 28 (0.044 g, 68%). 1H NMR (400 MHz,
DMSO‑d6) d 10.75 (bs, 1H), 9.80 (bs, 1H), 9.38 (bs, 1H), 7.85 (d,
J ¼ 8.6 Hz, 1H), 7.43e7.35 (m, 2H), 6.93e6.86 (m, 3H), 6.60 (s, 1H).
13C NMR (100 MHz, DMSO‑d6) d 176.2, 162.6, 162.5, 157.3, 149.1,
145.7, 126.5, 122.1, 118.5, 116.1, 116.0, 114.8, 113.2, 104.5, 102.4. HRMS
(ESI)m/z calcd for C15H10O5Na [MþNa]þ 293.0420, found 293.0418.

4.11.5. 5,7-Dihydroxy-2-(3,4,5-trihydroxyphenyl)-4H-chromen-4-
one (29)

Compound 29 was obtained from 24 (0.21 g, 0.56 mmol) using
general procedure III. The residue was purified by preparative HPLC
to obtain the flavone 29 (0.060 g, 28%). 1H NMR (400 MHz,
DMSO‑d6) d 6.96 (s, 2H), 6.51 (s, 1H), 6.39 (d, J ¼ 2.1 Hz, 1H), 6.17 (d,
J ¼ 2.1 Hz, 1H). 13C NMR (100 MHz, DMSO‑d6) d 182.0, 164.9, 164.5,
161.9, 157.7, 146.8, 138.5, 120.7, 106.1, 104.0, 103.3, 99.3, 94.2. HRMS
(ESI) m/z calcd for C15H11O7 [MþH]þ 303.0499, found 303.0498.

4.12. Synthesis of aza-flavones

4.12.1. N-(2-Acetyl-3,5-dimethoxyphenyl)-3,4-
dimethoxybenzamide (32)

N,N-Diisopropylethylamine (1.00 mL, 5.93 mmol) and 4-
dimethylaminopyridine (0.024 g, 0.19 mmol) were added to a so-
lution of 30 (0.38 g, 1.97 mmol) and 3,4-dimethoxybenzoyl chloride
(0.44 g, 2.17 mmol) in toluene (3 mL). The reaction mixture was
stirred overnight at 80 #C in a sealed tube. The reaction was
quenched by addition of water and extracted with DCM
(3 $ 20 mL). The combined organic layers were dried over MgSO4
and evaporated to dryness under reduced pressure. The residue
was crystallized from ethanol to obtain the amide 32 (0.70 g, 95%).
1H NMR (400 MHz, CDCl3) d 12.88 (s, 1H), 8.25 (d, J ¼ 2.4 Hz, 1H),
7.66 (dd, J ¼ 8.4, 2.2 Hz, 1H), 7.63 (d, J ¼ 2.1 Hz, 1H), 6.97 (d,
J¼ 8.4 Hz, 1H), 6.22 (d, J¼ 2.4 Hz, 1H), 3.99 (s, 3H), 3.95 (s, 3H), 3.92
(s, 3H), 3.89 (s, 3H), 2.63 (s, 3H). 13C NMR (100 MHz, CDCl3) d 203.1,
166.1,164.9,162.9,152.3,149.2,144.3,127.6,120.5,110.8,110.7,108.7,
96.6, 94.4, 56.2, 56.2, 55.8, 55.7, 34.4. HRMS (ESI) m/z calcd for
C19H21O6NNa [MþNa]þ 382.1272, found 382.1267.

4.12.2. N-(3,5-dimethoxy-2-(2-methoxyacetyl)phenyl)-3,4-
dimethoxybenzamide (33)

N,N-Diisopropylethylamine (1.00 mL, 5.93 mmol) and 4-
dimethylaminopyridine (0.044 g, 0.36 mmol) were added to a so-
lution of 31 (0.40 g, 1.80 mmol) and 3,4-dimethoxybenzoyl chloride
(0.38 g,1.90mmol) in DCM (4mL). The reactionmixture was stirred
overnight at 80 #C in a sealed tube. The reaction was quenched by
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addition of water and extracted with DCM (3 ! 20 mL). The com-
bined organic layers were dried over MgSO4 and evaporated to
dryness under reduced pressure. The residue was crystallized from
ethanol to obtain the amide 33 (0.50 g, 67%). 1H NMR (400 MHz,
CDCl3, mixture of two rotamers) d 13.23 (bs, 1H), 8.37 (d, J ¼ 2.4 Hz,
1H), 7.75 (dd, J ¼ 8.4, 2.2 Hz, 1H), 7.65 (d, J ¼ 2.1 Hz, 1H), 6.95 (d, J ¼
8.4 Hz, 1H), 6.21 (d, J ¼ 2.4 Hz, 1H), 4.62 (s, 2H), 3.98 (s, 3H), 3.95 (s,
3H), 3.93 (s, 3H), 3.90 (s, 3H), 3.50 (s, 3H). 13C NMR (100 MHz,
CDCl3) d 200.4, 166.2, 165.5, 163.0, 152.3, 149.1, 145.6, 127.3, 120.6,
110.8, 110.6, 110.5, 105.8, 96.7, 96.7, 94.0, 79.6, 59.3, 59.2, 56.1, 56.1,
56.0, 56.0, 55.8, 55.7, 55.7, 55.6. HRMS (ESI) m/z calcd for
C20H23O7NNa [MþNa]þ 412.1377, found 412.1379.

4.12.3. 2-(3,4-Dimethoxyphenyl)-5,7-dimethoxyquinolin-4(1H)-
one (34)

Compound 32 (0.074 g, 0.205 mmol) and potassium tert-but-
oxide (0.12 g, 1.03 mmol) were suspended in tert-butanol (4 mL),
and the reaction mixture was stirred overnight at 80 $C in a sealed
tube. The reaction mixture was quenched by addition of water
(20 mL) and extracted with EtOAc (3 ! 20 mL). The combined
organic layers were extracted with brine (20 mL), dried over
MgSO4, and evaporated to dryness under reduced pressure. The
product was purified by column chromatography (DCM/MeOH
20:1) to furnish the flavone 34 (0.060 g, 84%). 1H NMR (400 MHz,
CDCl3) d 7.67 (d, J¼ 2.1 Hz, 1H), 7.55 (dd, J¼ 8.4, 2.1 Hz, 1H), 7.02 (d,
J ¼ 2.2 Hz, 1H), 6.98 (s, 1H), 6.95 (d, J ¼ 8.4 Hz, 1H), 6.42 (d,
J¼ 2.2 Hz, 1H), 4.01 (s, 2H), 4.00 (s, 3H), 3.93 (s, 3H), 3.91 (s, 3H). 13C
NMR (100 MHz, CDCl3) d 161.3, 161.2, 157.5, 156.2, 154.6, 150.4,
149.2, 149.2, 119.9, 111.0, 110.2, 106.5, 103.1, 97.0, 91.1, 56.3, 56.0,
56.0, 55.6. HRMS (ESI) m/z calcd for C19H20O5N [MþH]þ 342.1336,
found 342.1336.

4.12.4. 2-(3,4-Dimethoxyphenyl)-3,5,7-trimethoxyquinolin-4(1H)-
one (35)

Compound 33 (0.20 g, 0.51 mmol) and potassium tert-butoxide
(0.29 g, 2.60 mmol) were suspended in tert-butanol (4 mL). The
reactionmixturewas stirred overnight in a sealed tube at 80 $C. The
reaction mixture was quenched by addition of saturated ammo-
nium chloride (25 mL) and extracted with DCM/propan-2-ol 5:1
(3 ! 15 mL). The combined organic layers were evaporated to
dryness under reduced pressure. The residue was purified by col-
umn chromatography (DCM/MeOH 20:1) and crystallized from
methanol to furnish the flavone 35 (0.15 g, 78%). 1H NMR (400MHz,
DMSO‑d6) d 10.95 (bs, 1H), 7.28e7.02 (m, 4H), 6.67 (d, J ¼ 2.3 Hz,
1H), 6.26 (d, J ¼ 2.3 Hz, 1H), 3.83 (s, 3H), 3.83 (s, 3H), 3.80 (s, 3H),
3.78 (s, 3H), 3.60 (s, 3H). 13C NMR (100 MHz, DMSO‑d6) d 171.8,
161.5, 160.8, 149.7, 148.2, 142.8, 139.7, 139.1, 124.3, 121.7, 112.5, 111.4,
111.0, 93.8, 91.2, 59.0, 55.6, 55.6, 55.2, 48.6. HRMS (ESI)m/z calcd for
C20H22O6N [MþH]þ 372.1441, found 372.1440.

4.12.5. 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxyquinolin-4(1H)-one
(36)

Compound 36 was obtained from 34 (0.074 g, 0.23 mmol) using
general procedure III. The reaction mixture was neutralized with
aqueous sodium bicarbonate and extracted with DCM/propan-2-ol
5:1 (3 ! 15 mL). The combined organic layers were evaporated to
dryness under reduced pressure, and the residue was purified by
preparative HPLC to obtain the flavone 36 (0.026 g, 42%). 1H NMR
(400 MHz, DMSO‑d6) d 11.55 (s, 1H), 10.20 (s, 1H), 9.35 (s, 1H), 7.15
(d, J ¼ 2.3 Hz, 1H), 7.11 (dd, J ¼ 8.2, 2.3 Hz, 1H), 6.89 (d, J ¼ 8.2 Hz,
1H), 6.50 (d, J ¼ 2.1 Hz, 1H), 6.05 (d, J ¼ 1.7 Hz, 1H), 6.00 (d,
J ¼ 2.1 Hz, 1H). 13C NMR (100 MHz, DMSO‑d6) d 181.3, 162.9, 162.6,
151.6, 148.6, 146.1, 143.1, 125.0, 119.5, 116.3, 115.0, 106.8, 104.0, 97.7,
92.7. HRMS (ESI) m/z calcd for C15H12O5N [MþH]þ 286.0710, found
286.0707.

4.12.6. 2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxyquinolin-4(1H)-
one (37)

Compound 37 was obtained from 35 (0.074 g, 0.23 mmol) using
general procedure III. After complete consumption of the starting
material, the reaction mixture was neutralized with aqueous so-
dium bicarbonate, and a precipitate appeared. The precipitate was
collected, washed with water, and crystallized from methanol to
obtain the flavone 37 (0.030 g, 50%). 1H NMR (500 MHz, DMSO‑d6)
d 14.11 (s, 1H), 11.31 (s, 1H), 10.04 (s, 1H), 9.40 (s, 1H), 9.24 (s, 1H),
8.24 (s,1H), 7.20 (d, J¼ 2.2 Hz,1H), 7.05 (dd, J¼ 8.2, 2.2 Hz,1H), 6.88
(d, J¼ 8.2 Hz, 1H), 6.44 (d, J¼ 2.1 Hz, 1H), 5.97 (d, J¼ 2.1 Hz, 1H). 13C
NMR (125 MHz, DMSO‑d6) d 172.3, 161.2, 146.8, 144.6, 140.0, 134.6,
133.6, 122.8, 120.7, 116.7, 115.3, 105.5, 96.2, 91.1, 39.5. HRMS (ESI)m/
z calcd for C15H12O6N [MþH]þ 302.0659, found 302.0660.
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3.6. PUBLICATION IV. 
Synthesis and In Vitro Evaluation of C-7 and C-8 Luteolin Derivatives as Influenza 

Endonuclease Inhibitors.  

 

As mentioned above, PA subunit carries the endonuclease active site at its N-terminus with two 

metal ions embedded. Depending on the environment, those are either two Mn2+ ions or mixed 

Mn2+ and Mg2+ ions. It is responsible for the host mRNA segment cleavage, necessary for the 

viral transcription initiation. The NPA endonuclease inhibitors must be a metal-binding 

pharmacophore able to bind either Mn2+ or Mg2+. Only few of all inhibitors approved by the 

FDA target metalloenzymes and those lack of structural diversity. For the treatment of 

influenza, there is only one FDA-approved inhibitor targeting the NPA endonuclease. The 

baloxavir marboxil (BXA) is administrated as a prodrug under a trade name Xofluza. During 

the clinical studies of BXA a key mutation within the endonuclease active site occurred. The 

post-treatment monitoring of patients detected Ile-38 substitution to Thr-38 (I38T). This one-

point mutation reduced susceptibility to BXA up to 30- to 50-fold. Viruses with the I38T 

mutation possess impaired endonuclease activity in vitro. The crystal structures of I38T variant 

in complex with BXA confirmed reduced van der Waals contacts with the inhibitor (Omoto et 

al., 2018). To consider any efficient NPA endonuclease inhibitor, this emerging mutation 

should be surveyed.  

 

3.6.1. SUMMARY 
In our preceding work, we have characterized the molecular mode-of-action of flavonoids and 

developed a high-throughput screening assay based on AlphaScreen technology. This we 

utilized to evaluate a series of compounds from the flavonoid polyols and its derivatives. From 

the previous study, we learned that the hydroxyl group of luteolin at position C-7 forms a 

hydroxyl bond with the Glu-26 residue of NPA and its two hydroxyls from ring B chelate two 

metal ions in the endonuclease active site. This made luteolin a starting scaffold for its derivate 

compounds (Figure 17). To explore the structure-activity relationship (SAR) of luteolin 

derivatives, we have prepared 21 compounds with different groups at C-7 and 33 compounds 

of C-8 introduced moieties. We tested them using two different assays, the AlphaScreen and 

the gel-based endonuclease assay. No compound of the C-7 derivatives was better inhibitor than 

luteolin (IC50 = 73 nM ± 3 nM). Out of the C-8 series one compound, orientin containing 

glucose at position C-8 turned out to be a potent inhibitor of the NPA endonuclease (IC50 = 

42 nM ± 2 nM). However, vitexin lacking the requisite 3’,4’-dihydroxyphenyl motif, retained 
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some inhibitory potency (IC50 = 1.9 μM ± 0.1). That indicated additional protein-ligand 

interactions of the glucose moiety. To get the answers for the actual chemical space of these 

inhibitors, we have crystallized both the wild type and the I38T mutant variant in complex with 

orientin, best of our series. Glucose moiety from orientin molecule forms supplementary 

interactions in the NPA active site via water-mediated net of hydrogen bonds while maintaining 

the luteolin binding mode. The I38T mutation revealed an additional water molecule in the 

endonuclease active site compared to the wild type. Nonetheless, the I38T mutation which was 

observed in BXA clinical trials should not influence the binding mode of orientin to the NPA 

active site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 17. Overview of selected compounds from the SAR study of luteolin derivatives. The 

hydroxyl group at C-7 position was characterized as advantageous compared to other reactive 

groups at this position. On the other hand, moiety introduced at the C-8 position of flavone 

backbone enhanced the inhibitory potency (orientin). This C-8 addition led to moderate 

inhibition even when the 3’,4’-dihydroxyphenyl motif was missing (vitexin), unlike the solely 

4’-hydroxyphenyl motif (apigenin) which lost its inhibitory potency completely. 
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my contribution 
I expressed the wild-type and I38T mutant variant of NPA domain of influenza A RdRp in 

E.coli. I purified proteins and crystallized both variants without any ligand for further ligand 

soaking. The hexagonal bifrustum crystals were then soaked in several time points with 

orientin. I tested several crystals at BESSY II, collected all the data at home diffractometer, 

processed them, and solved their structures. After refining them two protein-ligand complexes 

(PDB IDs: 7NUG, 7NUH) diffracted at 1.9 Å and 2.2 Å respectively. I compared the obtained 

structures and characterized an additional water-mediated hydrogen bond of the I38T mutant 

variant with the orientin molecule. To confirm the data from the AlphaScreen assay, I 

performed the gel-based endonuclease assay (see Supplementary Material for more 

information). 
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Abstract: The part of the influenza polymerase PA subunit featuring endonuclease activity is a
target for anti-influenza therapies, including the FDA-approved drug Xofluza. A general feature
of endonuclease inhibitors is their ability to chelate Mg2+ or Mn2+ ions located in the enzyme’s
catalytic site. Previously, we screened a panel of flavonoids for PA inhibition and found luteolin
and its C-glucoside orientin to be potent inhibitors. Through structural analysis, we identified the
presence of a 30,40-dihydroxyphenyl moiety as a crucial feature for sub-micromolar inhibitory activity.
Here, we report results from a subsequent investigation exploring structural changes at the C-7 and
C-8 positions of luteolin. Experimental IC50 values were determined by AlphaScreen technology.
The most potent inhibitors were C-8 derivatives with inhibitory potencies comparable to that of
luteolin. Bio-isosteric replacement of the C-7 hydroxyl moiety of luteolin led to a series of compounds
with one-order-of-magnitude-lower inhibitory potencies. Using X-ray crystallography, we solved
structures of the wild-type PA-N-terminal domain and its I38T mutant in complex with orientin at
1.9 Å and 2.2 Å resolution, respectively.

Keywords: bio-isosterism; cross-coupling; endonuclease inhibitor; flavonoids; influenza; Mannich
reaction; RNA polymerase

1. Introduction
Influenza viruses cause illness in a variety of species, including humans. Despite

the availability of vaccines and antiviral drugs, influenza remains a serious threat to hu-
man health, causing 290,000–650,000 deaths worldwide annually [1]. Influenza virus
RNA-dependent RNA polymerase (RdRP) lacks proof-reading activity, which leads to
an accumulation of point mutations known as antigenic drift. This is responsible for the
emergence of new viral variants causing seasonal flu, which requires the flu vaccine to be re-
formulated every year. Antigenic drift also contributes to increasing viral resistance against
antiviral drugs. Additionally, antigenic shift—the reassortment of viral RNA segments
from two or more different influenza strains in animals or humans—could lead to a new
pandemic strain. In fact, various zoonotic strains are considered “ticking time bombs”, as
these pathogens have the potential to mutate to facilitate human transmission given enough

Int. J. Mol. Sci. 2021, 22, 7735. https://doi.org/10.3390/ijms22147735 https://www.mdpi.com/journal/ijms



 

 83  

  

Int. J. Mol. Sci. 2021, 22, 7735 2 of 28

time and infected organisms. Generally, vaccination is the best intervention against viral
pathogens including influenza. However, the last influenza pandemic in 2009 reminded us
that effective vaccines are often not available at the onset of a pandemic. Reformulation of
vaccines is time-consuming, and many human lives can be taken by the disease during this
process. The intricacies of vaccine development, in combination with influenza’s genomic
variability, makes the development of novel anti-influenza therapeutics imperative.

Influenza viruses contain a single-stranded, negative-sense RNA genome in complex
with RdRP [2–4]. RdRP comprises the subunits PA (polymerase acidic protein), PB1 and
PB2 (polymerase basic protein 1 and 2). The virus itself is unable to synthesize the 50-mRNA
cap required for eukaryotic translation; this represents the “Achillies heel” of influenza
virus. The virus obtains host primers—short oligomers of host pre-mRNA that initiate
transcription—by a unique “cap-snatching” mechanism [5–9], which serves as a target
for pharmaceutical intervention. The process begins with binding of the PB2 subunit
to the 50-cap (m7GTP) of the host pre-mRNA. Subsequently, the PA subunit cleaves the
RNA strain approximately 10–13 nucleotides downstream from the 50-cap to acquire the
cap/primer [10]. The PB1 subunit uses this detached RNA segment as a template for viral
mRNA synthesis. RdRP is highly conserved across influenza strains, and the three subunits
involved in the cap-snatching mechanism have been recognized as attractive targets for
drug development in the past decade [11–18].

The PA subunit is a bridged binuclear metalloenzyme with an N-terminal domain (PA-
Nter) harboring the endonuclease active site that carries out cleavage of the RNA segment.
The active site is a negatively charged pocket that accommodates either Mg2+ or Mn2+ ions,
with stronger affinity for the latter [19]. These ions are critical for endonuclease activity.
Evidence suggests that PA-Nter endonuclease inhibitors must possess a metal-binding
pharmacophore with the ability to bind either Mg2+ or Mn2+ ions efficiently [9].

Even though metalloenzymes comprise more than one-third of all known enzymes,
clinical development of metalloenzyme inhibitors is rather limited and few such inhibitors
have been approved by the Food and Drug Administration (FDA) [9,20–22]. Less than 5%
of all FDA-approved drugs target metalloenzymes [23]. Unsurprisingly, metal-binding
pharmacophores exhibit a lack of structural diversity.

There is currently only one FDA-approved influenza endonuclease inhibitor: baloxavir
marboxil (trade name Xofluza), which is administrated as a prodrug [24,25]. Successful
antiviral drugs must be able to block at least the existing variant of the target enzyme and
should have a high resistance barrier. One key mutation in the influenza A/H1N1 2009
pandemic (A/H1N1pdm) and A/H3N2 viruses is Ile-38 to Thr-38 in PA-Nter. This mutation
reduced patient susceptibility to baloxavir marboxil and impaired the virus’ replicative
fitness in cells [26]. Resistance development could eventually lead to the loss of the clinical
relevance of Xofluza. Furthermore, fewer than a dozen PA-Nter endonuclease inhibitor
classes have been reported in the literature to date. These classes include diketo acids [27],
dopamine derivatives [28], hydroxylated heterocycles [29–31], flutimide congeners [32],
green tea catechins [33,34], catechol derivatives [35], hydroxylated N-acyl-hydrazones [36]
and others [18]. Recently, we identified the molecular mode of action of flavonoids in
influenza-infected cells [37]. We developed a screening assay based on AlphaScreen
technology and determined the inhibitory potency of 38 flavonoids, of which luteolin (IC50
of 73 ± 3 nM) and its 8-C-glucoside orientin (IC50 of 42 ± 2 nM) were the most potent
inhibitors (Figure 1). A gel-based endonuclease inhibitory assay confirmed our findings
from the competition assay. Finally, we performed structural analysis of complexes of
PA-Nter with luteolin and myricetin and described various binding poses of flavonoids in
the PA-Nter active site.
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Figure 1. Selected hits from previous screening campaigns are shown. The tight coordination of
metal ions and interactions with PA-Nter residues are indicated on the structure of luteolin.

In the current study, we aimed to pursue structure-assisted drug design guided
by our previously reported crystal structure of PA-Nter in complex with luteolin (PDB
entry 6YA5, 2.0 Å resolution) [37]. The structure revealed that the hydroxyl group at
position C-7 forms a hydrogen bond with the Glu-26 residue of PA-Nter. The surface
complementarity and the strong interaction of hydroxyls at the B-ring with metal ions
contribute to the high affinity and inhibitory potency of luteolin. Thus, luteolin may
serve as a useful scaffold to introduce modifications that improve the inhibitory potency
and pharmacokinetic properties. Luteolin itself has low bioavailability [38,39] and is
prone to oxidation. Therefore, we replaced the C-7 hydroxyl with other moieties capable
of creating hydrogen bonds with Glu-26. Bio-isosteric replacement is a proven tool for
modulating the drug-like properties of promising therapeutics [40]. The C-7 hydroxyl
group has slightly higher acidity [41] compared to the other hydroxyls of luteolin. This
allowed us to selectively modify the C-7 position using Pd-catalyzed cross couplings via
the corresponding C-7 triflate.

We then continued to leverage the known structure–activity relationships (SAR) in
30,40-dihydroxyphenyl flavones. Moreover, we expanded our research effort to explore the
chemical space around the C-8 position of the luteolin scaffold. Specifically, we set out
to investigate whether moieties introduced at the C-8 position by Mannich reaction [42]
would be tolerated or even enhance inhibitory potency. Our goal was to find additional
points of interaction between luteolin derivatives and PA-Nter and, more importantly, to
explain why vitexin exhibits moderate inhibitory potency even though it does not have the
30,40-dihydroxyphenyl motif. This ortho-hydroquinone motif was originally identified as
the metal-binding pharmacophore and as such was considered indispensable for inhibition.
That paradigm explains the lack of inhibitory potency of apigenin but fails to rationalize
vitexin’s moderate potency (see Figure 1).

2. Results and Discussion
2.1. Compound Synthesis

Based on the SAR outlined in Figure 1, our initial efforts focused on exploring bio-
isosterism at the C-7 moiety of luteolin. Guided by general knowledge of hydrogen bond
formation and prior crystallographic study, we proposed that the hydroxyl group could
be replaced with a small group featuring either N-H or O-H bonds. We also decided
to introduce heterocyclic moieties that are not necessarily associated with textbook OH
bio-isosteric replacement. Preparation of this C-7 series started from luteolin, which
was per-acetylated. Compound 1 was then selectively mono-deacetylated at C-7 using
previously reported conditions [43] (Scheme 1). This regioselective deprotection takes
advantage of the higher acidity of the C-7 hydroxyl group in the luteolin scaffold caused
by the electron-withdrawing pyrone carbonyl moiety in the para position. Therefore,



 

 85  

  

Int. J. Mol. Sci. 2021, 22, 7735 4 of 28

thiophenolate-mediated O-deacetylation selectively generates the corresponding phenolate
(2), which was next treated with triflic anhydride to provide intermediate 3 in a decent yield.

Scheme 1. Reagents and conditions: (i) Ac2O, pyridine, 145 �C, 3 h, 77%; (ii) thiophenol, imidazole, NMP/THF (1:3), 0 �C
to r.t., 5 h, 68%; (iii) Tf2O, pyridine, DCM, 0 �C, 3.5 h, 41%.

Triflate 3 was subjected to a wide range of palladium-catalyzed cross-couplings. In ad-
dition to the desired products, certain reactions also yielded C-5 O-deacetylated analogues
(Scheme 2). However, formation of such byproducts was not an obstacle, because we sub-
sequently performed global deprotections of the flavone scaffolds. Hirao coupling [44] of 3
resulted in a high yield of diethyl phosphonate 4. Subsequent standard dealkylation using
trimethylsilyl bromide [45] resulted in phosphonic acid 5. Molybdenum hexacarbonyl
was used as a source of carbon monoxide for Pd-catalyzed methoxy-carbonylation. This
approach was superior to methoxycarbonylation with dicobaltoctacarbonyl [46] in terms
of yield and subsequent cleaning of the reaction apparatus. The pre-purified mixture of
methyl esters 6 and 7 was subjected to hydrolysis and to different aminolysis reactions,
which produced 8, 9 and 10.

Scheme 2. Reagents and conditions: (i) Pd(PPh3)4, (EtO)2P(O)H, DIPEA, MeCN, 70 �C, 3 h, 78%; (ii)
(a) TMS-Br, DCM, r.t., 32 h, (b) MeOH, r.t., 1 h, (c) KOH, THF/MeOH, r.t., 1 h, 25%; (iii) Mo(CO)6,
Pd(OAc)2, dppp, Et3N, DMSO/MeOH (3:2), 70 �C, 20 h, 40% (6), 48% (7); (iv) 2M LiOH (aq.), THF,
45 �C, 1 h, 71%; (v) 7M NH3 (MeOH), 50 �C, 4 d, 21%; (vi) 2-aminoethanol, K2CO3, EtOH, 50 �C,
24 h, 23%; (vii) a) DPPA, Et3N, DMF, 100 �C, 16 h, b) H2O, DMF, 100 �C, 3 h, 30%; (viii) AcOSu,
Et3N, DMF, r.t., 36 h, 23%; (ix) Zn(CN)2, XantPhos Pd G2, DIPEA, DMF, 85 �C, 24 h, 61%; (x) NaN3,
AcOH, DMF, 130 �C, 3h, 38%; (xi) 2M LiOH (aq.), THF, r.t., 24 h, 46%; (xii) potassium [[(t-butoxy-
carbonyl)amino]methyl]trifluoroborate, SPhos Pd G2, K2CO3, THF/H2O (25:1), 100 �C, 2 h, 43%;
(xiii) TFA, THF/H2O (4:1), 50 �C, 48 h, 73%.
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One-pot Curtius rearrangement converted 3,4,5-trihydroxyflavone-7-carboxylic acid
(8) to amino-derivative 11 in an acceptable yield of 30%. In general, electron rich anilines are
prone to quick degradation, and thus the corresponding acetamide 12 was prepared from
11 using AcOSu. Palladium-catalyzed cyanation of triflate 3 by a modified Buchwald’s
procedure [47] gave rise to tetrazole derivative 14 and nitrile 15. Amino-methyl transfer
to triflate 3 was accomplished by protected potassium aminomethyltrifluoroborate under
slightly modified conditions, reported by Molander [48]. The crude product of cross-
coupling was then subjected to trifluoroacetic-acid-mediated de-tert-butylation, affording
17 as a homolog of amine 11.

Our well-established method for preparation of the key intermediate 3 enabled us
to execute heteroarylations of the flavone scaffold. We hypothesized that replacement of
the hydroxyl group with pyrazole and azaindole could, in principle, ensure engagement
of Glu-26 while improving the metabolic stability of the flavone. Synthesis of 18–20 was
mediated by Pd(PPh3)4 or by Buchwald 2nd generation pre-catalysts. Regardless of which
catalyst was used, 18–20 were obtained in low yields (Scheme 3).

Scheme 3. Reagents and conditions: (i) 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrrolo[2,3-
b]pyridine, Pd(PPh3)4, Cs2CO3, DMF, 90 �C, 16 h, 10%; (ii) (1H-pyrazol-3-yl)boronic acid, SPhos
Pd G2, K2CO3, THF, 100 �C, 16 h, 25%; (iii) (5-methyl-1H-pyrazol-3-yl)boronic acid, SPhos Pd G2,
K2CO3, THF/H2O (25:1), 100 �C, 16 h, 19%.

Although efficient Mannich reactions with luteolin [49] and quercetin [50,51] have
been previously described, we found this type of C–C formation reaction very challenging.
In our hands, formation of the desired products was in all cases accompanied by formation
of C-6 regioisomers, contrary to reports in the literature. We also observed formation
of other byproducts with a methylendioxy group on the B-ring serving as a 2:1 adduct
of formalin to luteolin. The very limited solubility of luteolin further complicated our
effort to optimize the Mannich reaction. Methanol worked least poorly among a variety
of solvents screened (methanol, ethanol, propan-2-ol, trifluoroethanol, 1,4-dioxane and
DMF). Room temperature and equimolar loading of formalin and the secondary amine
with respect to luteolin efficiently suppressed the double Mannich reaction at both the
C-6 and C-8 positions. To avoid issues with low regioselectivity and to exclude methyl-
endioxy formation, we attempted Mannich reactions with tetraacetate 1 and triacetate
2. These reactions led to complex reaction mixtures due to low conversions and the
lability of acetates in the presence of secondary amines. According to HPLC analysis,
subsequent methanolysis resulted in a simplified mixture of compounds, but yields of
products were low (~15%). Considering the need to prepare triacetate 2, this approach
is clearly not advantageous to the Mannich reaction of parental luteolin in methanol.
Data resulting from screening of the Mannich reaction with 1 and 2 are provided in the
Supplementary Materials.

To explore the chemical space around C-8 as much as possible, we used structurally
different secondary amines possessing additional functional groups (Scheme 4). Mannich
reactions were stirred at room temperature overnight until almost all luteolin was con-
sumed. The ratio between C-8 Mannich adduct and unwanted C-6 regioisomer ranged
from 1.7:1 to 3.0:1. Since both regioisomers have similar retention factors, the purification
of 21–32 was very laborious. Products were purified by multiple HPLC preparations
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that further negatively influenced the yields. Alkyl esters of secondary amines were
used for preparation of 30–32, and after the Mannich reaction, these ester moieties were
trans-formed into carboxylic acids.

Scheme 4. Mannich reaction of luteolin with secondary amines in methanol. The asterisk indicates the
overall yield of the Mannich reaction with subsequent acidic hydrolysis of corresponding alkyl esters.

2.2. Relationship between Chemical Structure and Inhibitory Potency
The inhibition potencies of the prepared compounds were assessed by an assay that

we recently developed for screening PA-Nter inhibitors based on the amplified luminescent
proximity assay system (AlphaScreen) [37]. Examples of titration curves are shown in
Figure 2A and Figure S1. The series of C-7 luteolin congeners displayed moderate inhibitory
potencies with one- to two-order-of-magnitude higher IC50 values compared to luteolin
(Table 1).

Figure 2. (A) Titration curve of orientin using the AlphaScreen assay, revealing an IC50 value of 42 nM. (B) Inhibition of
endonuclease activity by orientin, documented by a gel-based endonuclease inhibitory assay. The single-stranded circular
DNA M13mp18 was used as substrate (lane C1). The substrate fully cleaved by endonuclease in the absence of inhibitor
(lane C2) was used as a control. The GelPilot 100 bp Plus Ladder molecular weight marker (lane MW1) and the GelPilot
Wide Range Ladder molecular weight marker (lane MW2) are shown for reference.
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Table 1. Inhibition assay of influenza endonuclease. Structure-activity relationship of C-7 luteolin
derivatives.

Compound Structure IC50 (µM)
(AlphaScreen)

luteolin 0.073 ± 0.003

5 9.2 ± 2.3

8 0.98 ± 0.13

9 2.0 ± 0.6

10 7.6 ± 1.2

11 1.3 ± 0.2

12 3.0 ± 0.4

14 1.4 ± 0.3

15 1.3 ± 0.3

17 6.7 ± 0.8
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Table 1. Cont.

Compound Structure IC50 (µM)
(AlphaScreen)

18 3.4 ± 0.6

19 0.81 ± 0.12

20 2.6 ± 0.3

cynaroside 32 ± 3

Phosphonic acid 5 inhibited PA-Nter with an IC50 of 9.2 µM, which was one of the
weakest inhibitory potencies of the whole series. On the other hand, carboxylic acid 8 was a
sub-micromolar inhibitor (IC50 = 0.98 µM). Related amides 9 and 10 were less potent than 8
(IC50 = 2.0 and 7.6 µM, respectively), which might indicate relatively confined C-7 proximal
space. The amino derivative 11 had approximately 20-times weaker binding potency than
luteolin. Clearly, the anticipated interaction between the C-7 amino group and side chain
of Glu-26 did not result in superior binding. We speculate that solvation of the protonated
amino group disrupted the effective formation of a salt bridge with Glu-26. Acetamide 12,
tetrazole derivative 14, and nitrile 15 exhibited relatively flat SAR with IC50 values of 3.0, 1.4
and 1.3 µM, respectively. Amino-methyl derivative 17 exhibited a significantly decreased
inhibitory activity compared to luteolin (IC50 = 6.7 µM). Apparently, neither strongly acidic
nor basic moieties at C-7 are tolerated (see the inhibitory potencies of phosphonic acid 5
and aminomethyl derivative 17). The relatively bulky azaindole congener 18 exhibited
appreciable inhibitory potency with an IC50 value of 3.4 µM. Pyrazoles 19 and 20 differed
slightly in inhibitory potency; the former was more potent than its methylated analogue 20,
but both exhibited IC50 values comparable with that of tetrazole 14 (0.81 and 2.6 versus 1.4
µM). Considering the almost identical half-maximal inhibitory concentrations of weakly
basic pyrazoles 19 and 20 and acidic tetrazole 14, we surmise that interaction with PA-Nter
is not susceptible to the “proton affinity” of the moiety introduced at C-7. The inhibitory
potencies of 5 and 17 further strengthen our hypothesis. On the other hand, it seems that
steric effects play a key role in this specific point of interaction with the endonuclease. To
confirm this, we screened cynaroside, a commercially available luteolin 7-O-�-D-glucoside.
The introduction of a bulky glucose residue at C-7 led to an almost complete loss of
inhibition (IC50 = 32 ± 3 µM; three orders of magnitude worse than luteolin). We conclude
that relocation of amino acids surrounding Glu-26 within PA-Nter and/or a clash with the
Glu-26 side chain leads to a significant drop of inhibitory potency.

Next, we assessed the effect of C-8 substituents. As shown in Table 2, almost all
aminomethylene moieties were well-tolerated. Compounds 21, 23–25 and 29–32 exhibited
inhibitory potencies roughly comparable to that of orientin (IC50 = 0.042 µM). Moieties
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with additional basic (25) or acidic residues (30–32) had IC50 values within the same range.
This suggests the lack of a PA-Nter amino acid featuring proton affinity in the chemical
space around C-8. The bulky nor-tropine (27, IC50 = 0.075 µM) and dihydroxytetrahydro-
isoquinoline (28, IC50 = 0.12 µM) scaffolds were not found to be significantly unfavorable.
It is likely that both bulky residues are oriented away from the PA-Nter active site and
into the solvent. This hypothesis fits well with the findings presented in Section 2.3. 4-
Hydroxypiperidine derivative 22 showed a slightly decreased potency in comparison with
3-hydroxy analogue 21 (0.14 versus 0.083 µM). However, the micromolar inhibitory potency
of alcohol 26 (IC50 = 1.2 µM) has no rational explanation based on the acquired SAR. Rather,
we anticipated that 26, as a cyclic analogue of 21, would be a sub-micromolar inhibitor.

Table 2. Inhibition assay of influenza endonuclease. Structure–activity relationship of C-8 luteolin
derivatives.

Compound Structure IC50 (µM)
(AlphaScreen)

orientin 0.042 ± 0.002

21 0.083 ± 0.009

22 0.14 ± 0.01

23 0.077 ± 0.013

24 0.054 ± 0.009
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Table 2. Cont.

Compound Structure IC50 (µM)
(AlphaScreen)

25 0.066 ± 0.009

26 1.2 ± 0.2

27 0.075 ± 0.015

28 0.12 ± 0.02

29 0.073 ± 0.012

30 0.078 ± 0.013



 

 92  

 

Int. J. Mol. Sci. 2021, 22, 7735 11 of 28

Table 2. Cont.

Compound Structure IC50 (µM)
(AlphaScreen)

31 0.080 ± 0.022

32 0.074 ± 0.008

To assess the inhibition of endonuclease activity by selected compounds by a di-
rect mechanism-based method, we applied a gel-based endonuclease inhibitory assay
(Figure 2B). This assay was performed for five selected ligands (orientin, baloxavir acid,
luteolin, 21 and 30) with wild-type PA-Nter (see Supplementary Materials, Figure S2). The
analysis showed that orientin had a higher inhibitory potency than luteolin, in agreement
with the AlphaScreen assay. The gel-based assay also confirmed similar inhibition activities
for baloxavir acid, orientin, 21 and 30. We also attempted this assay with the PA-Nter I38T
variant, but the mutation of Ile-38 to Thr-38 led to complete loss of ssDNA cleavage ability
(see Figure S3). Thus, we used a fluorescent-labelled ssRNA substrate and performed a
FRET-based endonuclease assay with this variant. Compared to wild-type PA-Nter, the
I38T variant had only 1.9% activity (see Figure S4) toward the ssRNA substrate and none for
ssDNA. This result is in line with a recently reported observation of significantly reduced
fitness and ssRNA nuclease activity of a virus harboring the I38T variant [26].

2.3. Crystal Structures of Wild-Type and I38T PA-Nter Domains in Complex with Orientin
To reveal the structure of orientin bound to wild-type PA-Nter and the I38T mutant,

we prepared both proteins for X-ray crystallographic studies. Thanks to its high inhibitory
potency and aqueous solubility, orientin (PDBe ligand USE) was soaked into the unoccupied
protein crystals. The structure of wild-type PA-Nter in complex with orientin was refined to
1.9 Å resolution (PDB ID 7NUG), and the I38T mutant complex (PDB ID 7NUH) was refined
to 2.2 Å resolution. Both crystallographic models consisted of one protein molecule per
asymmetric unit. Two metal ions were embedded in the endonuclease active site. Based on
the strong anomalous signal observed, we speculate a mixed occupancy of Mn2+ and Mg2+

cations. The majority (0.8 occupancy) proximal ion was Mn2+, coordinated by four protein
atoms (N"2His-41, O�2Asp-108, O"2Glu-119, O Ile-120) and two hydroxyl groups from the
30,40-dihydroxyphenyl moiety of orientin. The distal octahedrally coordinated sphere was
partially assigned as the central Mg2+ cation (0.4 occupancy), which corresponds to lower
anomalous scattering and is in agreement with previously reported PA-Nter complexes
(Figure 3) [19,37].
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Figure 3. Comparison of crystal structures of PA-Nter in complex with orientin (A; PDB ID 7NUG)
and luteolin (B; PDB ID 6YA5). The active site pocket containing two metal ions (purple-blue spheres)
is presented as a grey surface. Interacting residues and ligands are in stick representation. Hydrogen
bonds are shown as black dashes. Coordinating water molecules (W1, W2 and W3) are presented as
red spheres.

The distal ion was coordinated by O"2Glu-80, O�2Asp-108, the 40-hydroxyl group of
orientin, and three water molecules (W1, W2, W3). Unoccupied PA-Nter (PDB entry 5DES,
not shown) harbors metal ions coordinated by two additional water molecules, which are
replaced by the two hydroxyl groups from the flavonoid’s B ring in our wild-type and I38T
variant structures. Orientin adopts a similar position as luteolin in a previously described
PA-Nter structure (PDB ID 6YA5) [37]. Ligands in both structures form a hydrogen bond
with O"2Glu-26 at the C-7 position. The previously observed high affinity of luteolin for
PA-Nter is likely to be enhanced by the additional hydrogen bonding network surrounding
orientin’s glucosyl moiety. This was observed in both protein variants, as most of the
water molecules in the first solvation shell are located at similar positions (Figure 4).
However, there is a little ligand shift visible in the mutant variant. Wild-type Ile-38 moves
orientin towards the solvent and differs from the mutant variant with an RMSD of 0.466 Å.
Moreover, there is a visible movement of the Tyr-24 side chain in the mutant variant, likely
to be due to the ligand shift.
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Figure 4. Structural alignment of wild-type PA-Nter (pale cyan) and its I38T mutant (yellow), both in complex with orientin
(PDB ID 7NUG, 7NUH). The active site (A) containing two metal ions (purple-blue spheres) is presented as a surface
cavity in grey. Closeup view, 90� clockwise rotated (B), onto interacting residues, Ile-38/Thr-38, and ligands (all in stick
representation) reveals shift of the glucoside moiety. The hydrogen bond between ligand and the Glu-26 side chain is shown
as a grey dash. Common waters contributing to protein-ligand binding, with a maximum distance of 3 Å from the ligand,
are presented as spheres with color coding corresponding to each structure. Metal-coordinating water molecules (W1, W2
and W3) and W21 (red) are shown as spheres.

The side chain of Tyr-24 in the mutant variant approaches the active site pocket,
whereas in the wild-type, Tyr-24 is pushed away from the cavity (RMSD of 0.029 Å for side
chain atoms). Thr-38, which is one atom shorter than Ile-38, helps accommodate orientin.
O�1Thr-38 forms a hydrogen bond through W21 to the glucosyl moiety of the ligand (O6)
(Figure 5). This is not observed in the wild-type, as Ile-38 does not contain a hydroxyl
group capable of such interaction.
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Figure 5. Closeup view of the active site pocket of I38T PA-Nter. Metal ions are shown as purple-blue
spheres. Ligand and amino acid residues are shown in stick representation, where red represents
oxygen atoms. The hydrogen bonds between the ligand and the Glu-26 side chain and between the
ligand, W21, and the Thr-38 side chain are depicted as grey dashes. Water molecules are shown as
yellow spheres, except for W21 which is shown as a red sphere with its 2Fo–Fc electron density map
in magenta mesh contoured at 1.5 �.

3. Materials and Methods
3.1. AlphaScreen Assay

AlphaScreen experiments were performed using a Perkin Elmer Enspire plate reader
in 96-well ProxiPlates. Biotinylated L-742.001 derivative [37] was captured on Streptavidin-
coated donor beads (Perkin Elmer). Separately, GST-PA-Nter fusion protein was bound to
GSH-coated acceptor beads (Perkin Elmer). These solutions were incubated for 60 min at
room temperature in the dark and subsequently mixed and incubated for an additional
120 min. In experiments screening for endonuclease inhibitors, compounds were mixed
with both types of beads prior to the 120-min incubation. The optimal concentrations of
biotinylated L-742.001 derivative and GST-PA-Nter were 15 nM and 50 nM, respectively.
The concentrations of donor and acceptor beads were 5 µg/mL each in a 50 µL reaction
volume. All experiments were performed in 25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05%
Tween20, 1 mM MnCl2, 10 mM MgCl2, and 1 mM 2-mercaptoethanol.

3.2. Cloning, Expression and Purification of Recombinant Proteins
DNA encoding the first 196 amino acids of the N-terminal domain of the influenza

polymerase acidic subunit (PA-Nter) from the viral strain A/California/07/2009 (H1N1)
(GenBank accession No. CY121685.1) was prepared using GenScript USA Inx. The flexible
loop (residues 51–72) was replaced with a GGS linker [52]. Constructs with affinity tags
(GST-PA-Nter and His6-SUMO-Nter) were prepared for both wild-type and I 38T PA-Nter.
First, DNA encoding PA-Nter was inserted into the plasmid pGEX-1�T. Next, PA-Nter with
a (GS)4 linker and N-terminal extension was cloned into the plasmid pETM11-SUMO3
(EMBL, Heidelberg, Germany) using BamHI and XhoI sites. The I38T mutation was
introduced into both GST- and His6-SUMO-tagged constructs using the following primers
for site-directed mutagenesis: 50–CAAGTTTGCTGCAACATGCACACAT TTG–30 and
50–CAAATGTGTGCATGTTGCACAAACTTG–30. All tagged PA-Nter constructs were
expressed in E. coli BL21 (DE3) RIL. Cells were harvested and resuspended in lysis buffer
(25 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA (GST) or 50 mM Tris/HCl, pH
8.0, 200 mM NaCl, 10 mM imidazole (His6-SUMO)) and lysed with an EmulsiFlex device
(Avestin, Ottawa, ON, Canada) at a pressure of 1200 bar. GST-tagged PA-Nter soluble
proteins were loaded onto a glutathione-agarose column (ThermoFisher Scientific) and



 

 96  

 

Int. J. Mol. Sci. 2021, 22, 7735 15 of 28

eluted with elution buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 10 mM reduced L
glutathione, 1 mM EDTA). Analogously, His6-SUMO PA-Nter was purified using Ni-NTA
Agarose (Roche Diagnostics GmbH, Mannheim, Germany) and eluted with Ni-NTA elution
buffer (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 250 mM imidazole). The His6-SUMO
tag was removed by the ULP1 protease. All proteins were purified on a Superdex 75
(GE Healthcare/Amersham Pharmacia, Uppsala, Sweden) gel filtration chromatography
column, yielding >95% purity as estimated by SDS-PAGE.

3.3. Gel-Based Endonuclease Inhibitory Assay
To compare the endonuclease activities of wild-type and I38T PA-Nter in the presence

of selected compounds (baloxavir acid, luteolin, orientin), we used a gel-based endonucle-
ase inhibitory assay. The single-stranded DNA substrate M13mp18 (New England Biolabs)
was cleaved in vitro by either protein. Each reaction (10 µL) contained 1 µM protein (GST-
PA-Nter wild type/GST-PA-Nter I38T mutant) in digestion buffer (25 mM Tris-HCl, pH
7.4, 150 mM NaCl, 0.05% Tween20, 1 mM MnCl2, 10 mM MgCl2, 1 mM 2-mercaptoethanol)
and was incubated with various concentrations of inhibitors (BXA/LU2/OTN/21/30).
Reactions were initiated by the addition of 0.2 µg of M13mp18 plasmid. Reactions were
incubated at 37 �C for 5 h and stopped by adding 1 µL of 0.2 M EDTA. Finally, cleavage
of DNA substrate was visualized by agarose electrophoresis using 1% agarose gel stained
with GelRed.

3.4. Crystallization and Diffraction Data Collection
Hexagonal bifrustum crystals of empty wild-type and I38T PA-Nter subunits were

obtained by the hanging-drop vapor diffusion method. Protein solution (12 mg/mL) was
mixed with crystallization reservoir solution (12.5% w/v PEG 1000, 12.5% w/v PEG 3350,
0.1% M MOPS/HEPES-Na pH 7.5, 0.06 M magnesium chloride, 0.06 M calcium chloride)
and PA-Nter seed in a 1:1:0.2 ratio. Crystals grew at 18 �C until they reached approximately
0.2 mm in diameter. Ligands (100 mM solution in DMSO) were soaked in for 15 min (the
final DMSO concentration did not exceed 5%). Crystals were harvested, flash-cooled by
plunging into liquid nitrogen and stored at �196 �C.

Diffraction qualities were tested at BESSY II and data were collected at �173 �C on
a home diffractometer (MicroMax-007 HF microfocus equipped with a PILATUS 300 K
detector, Rigaku). The crystal of wild-type PA-Nter soaked with orientin diffracted to a
resolution of up to 1.87 Å, and the I38T PA-Nter/orientin crystal diffracted up to 2.15 Å.
Diffraction data were processed, integrated, and reduced using XDS [53] and scaled using
XSCALE from the XDS suite [54]. Both crystals belonged to the P6422 space group and
contained one molecule per asymmetric unit, with a solvent content of 47.5% (wild-type
PA-Nter), and 48.2% (I38T PA-Nter). We observed anomalous signals up to a resolution of
3.0 Å for wild-type and 3.5 Å for the I38T variant. Therefore, the data were processed with
unmerged Friedel pairs. Detailed crystal parameters and data collection statistics are given
in Table S1.

3.5. Structure Determination and Analyses
Structures of wild-type and I38T PA-Nter were determined by molecular replacement

with MOLREP [55] from the CCP4 package [56] using a previously reported structure of
PA-Nter as a template (PDB entry 6YA5 [37]). The final step of complex structure polishing
was carried out by cycles of manual adjustments using Coot software [57] followed by
refinement in REFMAC 5.8.0103 [58]. MolProbity [59] was used to validate the quality
of the final models. Refinement statistics are given in Table S1. All figures illustrating
structural representations were prepared with PyMOL (The PyMOL Molecular Graphics
System, Version 2.4.2 accessed on 10 March 2020; Schrödinger, LLC., New York, NY, USA).
Atomic coordinates and experimental structure factors are deposited in the Protein Data
Bank under codes 7NUG for wild-type PA-Nter in complex with orientin and 7NUH for
I38T PA-Nter in complex with orientin.
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3.6. Chemistry
Unless otherwise noted, all reactions were carried out under argon in oven-dried

glassware. Solvents were distilled from drying agents as indicated and transferred under
nitrogen: THF (Na/benzophenone), toluene (Na/benzophenone), MeCN (CaH2), and
DCM (CaH2). Chromatography was performed using a Teledyne ISCO Combi Flash Rf+
flash chromatography system with RediSep Rf Gold Silica or RediSep Rf Gold Reversed-
phase C18 columns. All starting materials were used as purchased (Sigma Aldrich, Alfa
Aesar, TCI, Fluorochem, Combi-Blocks), unless otherwise indicated. Compounds luteolin
and orientin were purchased from Sigma-Aldrich (product numbers L9283 and O9765).
All inhibitors were purified using an ECOM TOY18DAD800 compact preparative system
[flow rate 15 mL/min; gradient 0–60% MeCN/H2O (0.1% trifluoroacetic acid) over 60
min], with a ProntoSIL 120-10-C18 ace-EPS column, 10 µm, 20 ⇥ 250 mm. The purity of
compounds and composition of the reaction mixtures were tested on a Waters UPLC-MS
Acquity with QDa Mass Detector (flow rate 0.5 mL/min, gradient 0–100 % MeCN/H2O
(0.1% formic acid) over 7 min) with an ACQUITY UPLC BEH C18 Column, 130 Å, 1.7 µm,
2.1 mm ⇥ 100 mm with a 2.1 mm ⇥ 5 mm pre-column. The final inhibitors were of at least
90% purity. 1H-NMR spectra were recorded on Bruker instruments at 400, 500 or 600 MHz;
13C-NMR spectra were recorded at 100, 126 or 150 MHz. Chemical shifts are provided
in d-scale; coupling constants J are given in Hz. ESI high resolution mass spectra were
recorded using a Thermo Scientific LTQ Orbitrap XL (Termo Fisher Scientific, Waltham,
Massachusetts, USA) controlled by MassLynx software.

Compounds 1 and 2 were prepared according to literature procedures [43]. Analytical
data for these compounds were in agreement with published data.

3.7. 4-(5,7-Diacetoxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene Diacetate (1)
Neat acetic anhydride (10 mL) was added to luteolin (1.43 g, 5.0 mmol), followed by

the addition of pyridine (1.0 mL). The reaction mixture was heated to 145 �C for 3 h. The hot
mixture was poured into ice and stirred for 30 min. The suspension was filtered off, and the
solids were mixed with a boiling mixture of MeOH/CHCl3 (9:1, 15 mL). The product was
isolated by filtration from the cool suspension to furnish the desired compound 1 (1.75 g,
77%). 1H NMR (400 MHz, CDCl3) d = 7.74 (dd, J = 8.4, 2.2 Hz, 1H), 7.70 (d, J = 2.1 Hz, 1H),
7.38–7.32 (m, 2H), 6.85 (d, J = 2.2 Hz, 1H), 6.61 (s, 1H), 2.44 (s, 3H), 2.35 (s, 6H), 2.33 (s, 3H)
ppm. 13C NMR (101 MHz, CDCl3) d = 176.3, 169.5, 168.1, 167.9, 160.9, 157.7, 154.2, 150.4,
145.0, 142.8, 129.8, 124.6, 124.5, 121.8, 115.0, 114.0, 109.2, 109.1, 21.3, 21.2, 20.8, 20.8 ppm.

3.8. 4-(5-Acetoxy-7-hydroxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene Diacetate (2)
4-(5,7-Diacetoxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene diacetate (1) (1.70 g, 3.7 mmol,

1.00 eq.) was dissolved in THF (56 mL) and NMP (19 mL). Then, imidazole (88.5 mg,
1.3 mmol, 0.35 eq.) was added at 0 �C followed by addition of thiophenol (0.45 mL, 4.4
mmol, 1.18 eq.) via septum under a nitrogen atmosphere at 0 �C. The reaction mixture
was stirred and slowly warmed to room temperature over 2 h until the starting material
was fully consumed (TLC, UPLC-MS). Volatiles were evaporated and the oily residue was
dissolved in EtOAc (150 mL). The organic phase was washed with 5% HCl (aq., 5 ⇥ 45 mL),
and organic solvents were evaporated. The solids were mixed with EtOH, and the product
was isolated by filtration to furnish the desired compound 2 (1.05 g, 68%). 1H NMR (400
MHz, DMSO-d6) d = 11.17 (s, 1H), 8.08–7.95 (m, 2H), 7.49 (d, J = 9.0 Hz, 1H), 6.97 (d, J = 2.3
Hz, 1H), 6.80 (s, 1H), 6.60 (d, J = 2.3 Hz, 1H), 2.35 (s, 3H), 2.34 (s, 3H), 2.32 (s, 3H) ppm. 13C
NMR (101 MHz, DMSO-d6) d = 175.2, 168.9, 168.2, 168.0, 162.3, 159.4, 158.2, 150.1, 144.6,
142.5, 129.5, 124.8, 124.5, 121.7, 109.5, 108.8, 108.0, 101.0, 21.0, 20.4 (2C) ppm.
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3.9. 4-(5-Acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-1,2-phenylene
Diacetate (3)

A flask with 4-(5-acetoxy-7-hydroxy-4-oxo-4H-chromen-2-yl)-1,2-phenylene diacetate
(2) (1.00 g, 2.4 mmol, 1.0 eq.) was purged with nitrogen. The solids were mixed with
dry CH2Cl2 (12 mL) and the suspension was cooled to 0 �C. Pyridine (0.39 mL, 4.9 mmol,
2.0 eq.) was added dropwise. After 10 min, trifluoromethanesulfonic anhydride (0.53 mL,
3.2 mmol, 1.3 eq.) was added dropwise at 0 �C under a nitrogen atmosphere. The resulting
red-colored reaction mixture was stirred for 3.5 h until the starting material was fully
consumed (TLC, UPLC-MS). Then, the reaction mixture was diluted with additional
CH2Cl2 (15 mL) and washed with sat. NH4Cl (aq., 1 ⇥ 10 mL), sat. CuSO4 (aq., 2 ⇥ 10 mL)
and water (1 ⇥ 10 mL). The organic phase was dried over anhydrous MgSO4 and then
evaporated under reduced pressure. The residue was purified by flash chromatography
(SiO2, cyclohexane/EtOAc = 100:0 ! 50:50) to afford the desired triflate 3 (533 mg, 41%).
1H NMR (400 MHz, CDCl3) d = 7.74 (dd, J = 8.5, 2.3 Hz, 1H), 7.71 (d, J = 2.1 Hz, 1H), 7.44
(d, J = 2.4 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 6.99 (d, J = 2.4 Hz, 1H), 6.65 (s, 1H), 2.45 (s, 3H),
2.35 (s, 3H), 2.33 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) d = 175.6, 169.1, 168.1, 167.8,
161.3, 157.6, 151.6, 151.3, 145.3, 142.9, 129.2, 124.7, 124.6, 121.9, 120.4, 117.1, 113.6, 109.5,
109.4, 21.1, 20.8, 20.7 ppm. 19F NMR (376 MHz, CDCl3) d = �72.4 ppm. HRMS (ESI) m/z
calcd for C22H16F3O11S [M+H+]+ 545.0359, found 545.0356.

3.10. 4-(5-Acetoxy-7-(diethoxyphosphoryl)-4-oxo-4H-chromen-2-yl)-1,2-phenylene Diacetate (4)
A tube with 4-(5-acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-

1,2-phenylene diacetate (3) (100 mg, 0.184 mmol, 1.0 eq.) and Pd(PPh3)4 (64 mg, 0.055 mmol,
0.3 eq.) was sealed, and the mixture was dissolved in anhydrous MeCN (1.8 mL) followed
by an addition of diethylphosphite (30 µL, 0.221 mmol, 1.2 eq.) and DIPEA (42 µL, 0.240
mmol, 1.3 eq.) via septum. The mixture was degassed with a stream of argon for 15 min
followed by heating to 70 �C for 3 h until the starting material was fully consumed (TLC,
UPLC-MS). The reaction mixture was cooled to room temperature, filtered through Celite,
and washed with EtOAc. Solvents were evaporated and the resulting mixture was purified
by flash chromatography (SiO2, cyclohexane/EtOAc = 100:0 ! 0:100) to afford the desired
phosphonate 4 (76 mg, 78%). 1H NMR (400 MHz, CDCl3) d = 7.93 (dd, J = 14.9, 1.3 Hz, 1H),
7.76–7.70 (m, 2H), 7.39–7.31 (m, 2H), 6.65 (s, 1H), 4.27–4.04 (m, 4H), 2.42 (s, 3H), 2.32 (s, 3H),
2.30 (s, 3H), 1.34 (td, J = 7.0, 0.6 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3) d = 176.3, 169.5,
168.0, 167.8, 161.2, 156.8 (d, J = 23.5 Hz), 149.6, 149.4, 145.1, 142.8, 135.9, 134.0, 129.4, 124.6,
124.5, 121.8, 121.5 (d, J = 9.5 Hz), 120.3 (d, J = 10.3 Hz), 119.4 (d, J = 2.6 Hz), 109.2, 63.1, 63.0,
21.1, 20.7, 20.6, 16.4, 16.4 ppm. 31P NMR (162 MHz, CDCl3) d = 16.58 ppm. HRMS (ESI)
m/z calcd for C25H25O11PNa [M+Na+]+ 555.1026, found 555.1023.

3.11. (2-(3,4-Dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromen-7-yl)phosphonic Acid (5)
4-(5-Acetoxy-7-(diethoxyphosphoryl)-4-oxo-4H-chromen-2-yl)-1,2-phenylene diacetate (4)

(312 mg, 0.58 mmol, 1.0 eq.) was dissolved in dry CH2Cl2 (18 mL). Then, bromo-trimethyl-
silane (0.77 mL, 5.86 mmol, 10 eq.) was added dropwise under a nitrogen atmosphere. The
reaction mixture was stirred for 31 h until the starting material was fully consumed (TLC,
UPLC-MS). The solvent was evaporated and MeOH (3.1 mL) was added. The white suspension
was allowed to stir for 1 h followed by evaporation of the solvent. THF (5.8 mL) was added,
followed by an addition of 1 M KOH in MeOH (2.9 mL, 2.9 mmol, 5.0 eq). The reaction mixture
was allowed to stir for 1 h. Solvent was evaporated, and the resulting mixture was purified by
flash chromatography (SiO2-C18, H2O (0.1% TFA)/MeCN= 100:0 ! 30:70) to afford the desired
final phosphonic acid 5 (51 mg, 25%). 1H NMR (400 MHz, DMSO-d6) d = 12.83 (s, 1H), 7.51 (dd,
J = 8.3, 2.3 Hz, 1H), 7.48 (d, J = 2.3 Hz, 1H), 7.34 (dd, J = 14.0, 1.2 Hz, 1H), 6.97 (dd, J = 13.7, 1.2
Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 6.87 (s, 1H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 183.1,
165.7, 159.9 (d, J = 19.7 Hz), 155.8, 155.6, 150.7, 146.3, 143.6, 141.9, 121.6, 120.0, 116.5, 114.2, 112.5
(d, J = 9.9 Hz), 111.5 (d, J = 2.6 Hz), 109.6 (d, J = 9.9 Hz), 104.2 ppm. 31P NMR (162 MHz, DMSO)
d = 11.98 ppm. HRMS (ESI) m/z calcd for C15H10O8P [M�H+]– 349.0118, found 349.0118.
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3.12. Palladium-Catalyzed Methoxycarbonylation of Triflate 3
A tube with 4-(5-acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-1,2-

phenylene diacetate (3) (100 mg, 0.184 mmol, 1.0 eq.), 1,3-bis(diphenylphosphino)propane
(7.50 mg, 0.018 mmol, 0.1 eq.), Mo(CO)6 (24 mg, 0.092 mmol, 0.5 eq.) and palladium acetate
(4.00 mg, 0.018 mmol, 0.1 eq.) was sealed, and dry DMSO (1.1 mL) and dry MeOH (0.7 mL)
were added via septum. The mixture was degassed with a stream of argon for 15 min followed
by addition of triethylamine (57 µL, 0.405 mmol, 2.2 eq.). The reaction mixture was heated to
70 �C for 20 h until the starting material was fully consumed (UPLC-MS). The reaction mixture
was cooled to room temperature, diluted with MeOH (5 mL), and filtered through a syringe
filter. The solvents were evaporated, and the residue was purified by flash chromatography
(SiO2-C18, H2O (0.1% TFA)/MeCN = 100:0 ! 20:80) to afford the desired monoacetylated
ester 6 (28 mg, 40%) and deacetylated ester 7 (29 mg, 48%).

3.13. Methyl 5-acetoxy-2-(3,4-dihydroxyphenyl)-4-oxo-4H-chromene-7-carboxylate (6)
1H NMR (401 MHz, DMSO-d6) � 9.98 (s, 1H), 9.37 (s, 1H), 8.12 (t, J = 1.5 Hz, 1H), 7.56 –

7.52 (m, 1H), 7.50 – 7.43 (m, 2H), 6.90 (d, J = 8.2 Hz, 1H), 6.69 (s, 1H), 3.92 (s, 3H), 2.33 (s,
3H) ppm. 13C NMR (101 MHz, DMSO-d6) � 175.2, 169.0, 164.2, 162.9, 156.4, 149.9, 148.8,
145.8, 133.9, 121.1, 119.3, 119.2, 118.8, 117.4, 116.0, 113.6, 106.2, 53.0, 20.9 ppm. HRMS (ESI)
m/z calcd for C19H14O8Na [M+Na+]+ 393.0581, found 393.0580.

3.14. Methyl 2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromene-7-carboxylate (7)
1H NMR (401 MHz, DMSO-d6) � 12.91 (s, 1H), 10.11 (s, 1H), 9.42 (s, 1H), 7.64 (d, J =

1.6 Hz, 1H), 7.55 (dd, J = 8.4, 2.3 Hz, 1H), 7.51 (d, J = 2.3 Hz, 1H), 7.22 (d, J = 1.6 Hz, 1H),
6.93–6.91 (m, 2H), 3.91 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) � 182.9, 166.5, 165.3,
160.4, 156.0, 150.9, 146.3, 135.8, 121.4, 120.2, 116.5, 114.3, 113.0, 111.1, 108.7, 104.3, 53.3 ppm.
HRMS (ESI) m/z calcd for C17H12O7 [M+H+]+ 329.0656, found 329.0655.

3.15. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromene-7-carboxylic acid (8)
A solution of methyl 2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromene-7- car-

boxylate (7) (136 mg, 0.41 mmol, 1.0 eq.) in THF (8.4 mL) was heated to 45 �C under a
nitrogen atmosphere, followed by addition of 2 M aq. LiOH (4.2 mL, 8.3 mmol, 20 eq.)
via septum. The reaction mixture was stirred for 1 h until the starting material was fully
consumed (UPLC-MS). The solvents were evaporated and the residue was purified by flash
chromatography (SiO2-C18, H2O (0.1% TFA)/MeCN= 100:0 ! 20:80) to afford the desired
final carboxylic acid 8 (93 mg, 71 %). 1H NMR (400 MHz, DMSO-d6) d = 12.87 (s, 1H), 10.09
(s, 1H), 9.43 (s, 1H), 7.61 (d, J = 1.3 Hz, 1H), 7.53 (dd, J = 8.4, 2.3 Hz, 1H), 7.49 (d, J = 2.3 Hz,
1H), 7.21 (d, J = 1.3 Hz, 1H), 6.91 (d, J = 9.0 Hz, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) d
= 182.6, 165.8, 165.6, 159.9, 155.5, 150.4, 145.9, 136.9, 121.1, 119.7, 116.1, 113.8, 112.3, 110.8,
108.2, 103.8 ppm. HRMS (ESI) m/z calcd for C16H10O7 [M�H+]– 313.0354, found 313.0351.

3.16. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromene-7-carboxamide (9)
A tube with a mixture of methyl 5-acetoxy-2-(3,4-dihydroxyphenyl)-4-oxo-4H-chromene-

7-carboxylate (6) (21.5 mg, 0.058 mmol, 1.0 eq.) and methyl 2-(3,4-dihydroxyphenyl)-5-
hydroxy-4-oxo-4H-chromene-7-carboxylate (7) (22 mg, 0.067 mmol, 1.15 eq.) was sealed, and
7 M ammonia in MeOH (10 mL) was added via septum. The reaction mixture was heated to
50 �C and stirred for 4 days until the starting materials were fully consumed (UPLC-MS). The
solvents were evaporated and the residue was purified by preparative HPLC to obtain the
final amide 9 (8.0 mg, 21%). 1H NMR (600 MHz, DMSO-d6) d = 12.82 (s, 1H), 10.07 (s, 1H),
9.45 (d, J = 2.5 Hz, 1H), 8.20 (s, 1H), 7.68 (s, 1H), 7.60 (d, J = 1.5 Hz, 1H), 7.51 (dd, J = 8.4, 2.3 Hz,
1H), 7.47 (d, J = 2.3 Hz, 1H), 7.25 (d, J = 1.3 Hz, 1H), 6.92 (d, J = 8.5 Hz, 1H), 6.89 (s, 1H) ppm.
13C NMR (151 MHz, DMSO-d6) d = 182.6, 166.1, 165.5, 159.8, 155.5, 150.3, 145.9, 140.7, 121.2,
119.5, 116.1, 113.7, 111.3, 109.6, 106.6, 103.8 ppm. HRMS (ESI) m/z calcd for C16H11NO6Na
[M+Na+]+ 336.0479, found 336.0479.
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3.17. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-N-(2-hydroxyethyl)-4-oxo-4H-chromene-7-carboxamide (10)
Methyl 2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromene-7-carboxylate (7) (70 mg,

0.213 mmol, 1.0 eq.) was mixed with dry EtOH (2 mL). Potassium carbonate (100 mg, 0.723
mmol, 3.4 eq.) was added, followed by 2-aminoethanol (0.6 mL). The reaction mixture was
heated to 50 �C and stirred for 48 h until the starting materials was fully consumed (UPLC-MS).
The solvents were evaporated and the residue was purified by preparative HPLC to obtain the
final amide 10 (17 mg, 23%). 1H NMR (400 MHz, DMSO-d6) d = 12.81 (s, 1H), 10.07 (s, 1H), 9.45
(s, 1H), 8.68 (t, J = 5.6 Hz, 1H), 7.59 (d, J = 1.5 Hz, 1H), 7.51 (dd, J = 8.3, 2.3 Hz, 1H), 7.48 (d, J
= 2.3 Hz, 1H), 7.23 (d, J = 1.5 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 6.89 (s, 1H), 3.53 (t, J = 6.1 Hz,
2H), 3.35 (q, J = 5.2, 4.4 Hz, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 182.6, 165.4, 164.6,
159.8, 155.5, 150.3, 145.9, 140.9, 121.2, 119.5, 116.1, 113.7, 111.2, 109.3, 106.4, 103.7, 59.5, 42.4 ppm.
HRMS (ESI) m/z calcd for C18H15NO7Na [M+Na+]+ 380.0741, found 380.0742.

3.18. 7-Amino-2-(3,4-dihydroxyphenyl)-5-hydroxy-4H-chromen-4-one (11)
2-(3,4-Dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromene-7-carboxylic acid (8) (32 mg,

0.102 mmol, 1.0 eq.) was dissolved in dry DMF (1 mL) followed by dropwise addition
of triethylamine (21 µL, 0.143 mmol, 1.4 eq.) and diphenylphosphoryl azide (31 µL,
0.143 mmol, 1.4 eq.) under a nitrogen atmosphere. The reaction mixture was heated to
100 �C and stirred for 16 h. Water (1 mL) was added and the reaction mixture was stirred
for 3 h at 100 �C. The solvents were evaporated and the residue was purified by preparative
HPLC to obtain the final amine 11 (8.7 mg, 30%). 1H NMR (500 MHz, DMSO-d6) d = 12.93
(s, 1H), 9.83 (s, 1H), 9.39 (s, 1H), d = 7.36–7.33 (m, 2H), 6.87 (d, J = 8.1 Hz, 1H), 6.51 (s, 1H),
6.12 (d, J = 1.8 Hz, 1H), 5.92 (d, J = 2.0 Hz, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) d =
181.1, 163.2, 161.6, 158.1, 156.3, 149.7, 146.1, 122.3, 119.0, 116.5, 113.6, 103.0, 101.5, 96.3, 90.7
ppm. HRMS (ESI) m/z calcd for C15H12NO5 [M+H+]+ 286.0710, found 286.0710.

3.19. N-(2-(3,4-Dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromen-7-yl)acetamide (12)
7-Amino-2-(3,4-dihydroxyphenyl)-5-hydroxy-4H-chromen-4-one (11) (30 mg, 0.10 mmol,

1.0 eq.) was dissolved in dry DMF (0.5 mL), followed by addition of DIPEA (37 µL, 0.21 mmol,
2.0 eq.) and N-succinimidyl acetate (33 mg, 0.15 mmol, 1.5 eq.). The reaction mixture was
allowed to stir at room temperature for 36 h until the starting material was fully consumed
(UPLC-MS). The reaction mixture was directly purified by preparative HPLC to obtain the final
product 12 (7.9 mg, 23%). 1H NMR (400 MHz, DMSO-d6) d = 10.57 (s, 1H), 7.78 (dd, J = 8.6, 2.3
Hz, 1H), 7.73 (d, J = 2.2 Hz, 1H), 7.06 (d, J = 8.6 Hz, 1H), 6.67 (s, 1H), 6.17 (d, J = 1.8 Hz, 1H),
5.94 (d, J = 2.0 Hz, 1H), 2.30 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 180.6, 168.7, 161.7,
161.1, 157.6, 155.9, 152.5, 138.7, 125.2, 122.0, 121.5, 117.3, 103.2, 101.1, 95.9, 90.4, 20.6 ppm. HRMS
(ESI) m/z calcd for C17H12NO6 [M�H+]– 326.0670, found 326.0671.

3.20. 4-(5-Acetoxy-7-cyano-4-oxo-4H-chromen-2-yl)-1,2-phenylene Diacetate (13)
A tube with 4-(5-acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-

1,2-phenylene diacetate (3) (100 mg, 0.184 mmol, 1.00 eq.), zinc cyanide (12.0 mg, 0.101 mmol,
0.55 eq.), and XantPhos Pd G2 (2.00 mg, 0.002 mmol, 0.01 eq.) was sealed and purged
with nitrogen. Dry DMF (0.9 mL) and DIPEA (15 µL, 0.084 mmol, 0.15 eq.) were added.
The reaction mixture was heated to 85 �C and stirred for 16 h until the starting material
was fully consumed (TLC, UPLC-MS). Then the reaction mixture was cooled to room
temperature, and EtOAc (5 mL) was added. The reaction mixture was washed with water
(2 ⇥ 10 mL), and the organic phase was dried over anhydrous MgSO4 and then evaporated
under reduced pressure. The resulting mixture was purified by flash chromatography
(SiO2, cyclohexane/EtOAc = 100:0 ! 60:40) to afford the desired nitrile 13 (47 mg, 61 %).
1H NMR (400 MHz, CDCl3) d = 7.79 (d, J = 1.5 Hz, 1H), 7.75 (d, J = 2.2 Hz, 1H), 7.73–7.71
(m, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.27 (d, J = 1.5 Hz, 1H), 6.67 (s, 1H), 2.46 (s, 3H), 2.35 (s, 3H),
2.34 (s, 3H) ppm. 13C NMR (101 MHz, CDCl3) d = 175.5, 169.2, 168.0, 167.7, 161.4, 156.8,
150.2, 145.3, 142.8, 128.9, 124.6, 124.5, 122.1, 121.8, 120.6, 120.2, 116.9, 116.2, 109.5, 21.0, 20.7,
20.6 ppm. HRMS (ESI) m/z calcd for C22H15NO8Na [M+Na+]+ 444.0690, found 444.0691.
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3.21. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-7-(2H-tetrazol-5-yl)-4H-chromen-4-one (14)
A tube with 4-(5-acetoxy-7-cyano-4-oxo-4H-chromen-2-yl)-1,2-phenylene diacetate (13)

(58 mg, 0.134 mmol, 1.0 eq) and NaN3 (36 mg, 0.562 mmol, 4.0 eq.) was sealed and the mixture
was dissolved in dry DMF (0.5 mL). The mixture was degassed with a stream of argon for 10
min, followed by addition of glacial acetic acid (2 drops) via septum and the reaction mixture
was heated to 130 �C for 16 h until the starting material was fully consumed (TLC, UPLC-MS).
The reaction mixture was cooled to room temperature, and 4 M HCl was added until the pH
reached 2. The solvents were evaporated, and the residue was purified by preparative HPLC to
obtain the final tetrazole derivative 14 (18 mg, 38%). 1H NMR (400 MHz, DMSO-d6) d = 13.02
(s, 1H), 10.09 (s, 1H), 9.45 (s, 1H), 7.77 (d, J = 1.5 Hz, 1H), 7.52 (dd, J = 8.4, 2.4 Hz, 1H), 7.49 (d, J
= 2.3 Hz, 1H), 7.39 (d, J = 1.6 Hz, 1H), 6.98 –6.86 (m, 2H) ppm. 13C NMR (101 MHz, DMSO-d6)
d = 182.3, 165.4, 160.5, 156.1, 150.4, 145.9, 130.5, 121.0, 119.6, 116.1, 113.7, 111.2, 108.7, 105.8, 103.9
ppm. HRMS (ESI) m/z calcd for C16H11N4O5 [M+H+]+ 339.0724, found 339.0724.

3.22. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromene-7-carbonitrile (15)
4-(5-Acetoxy-7-cyano-4-oxo-4H-chromen-2-yl)-1,2-phenylene diacetate (13) (47 mg,

0.11 mmol, 1.0 eq.) was dissolved in THF (1.1 mL), followed by addition of 2 M aq. LiOH
(0.33 mL, 0.66 mmol, 6.0 eq.). The reaction mixture was allowed to stir for 24 h at room
temperature under a nitrogen atmosphere until the starting material was fully consumed
(UPLC-MS). Then, solvents were evaporated and the residue was purified by preparative
HPLC to obtain the final nitrile 15 (25 mg, 77%). 1H NMR (400 MHz, DMSO-d6) d = 13.12
(s, 1H), 10.15 (s, 1H), 9.46 (s, 1H), 7.72 (d, J = 1.3 Hz, 1H), 7.50 (dd, J = 8.3, 2.3 Hz, 1H), 7.46
(d, J = 2.3 Hz, 1H), 7.25 (d, J = 1.5 Hz, 1H), 6.94 (s, 1H), 6.91 (d, J = 8.3 Hz, 1H) ppm. 13C
NMR (101 MHz, DMSO-d6) d = 182.3, 165.7, 160.3, 155.5, 150.6, 145.9, 120.8, 119.8, 117.4,
116.6, 116.0, 113.9, 112.8, 111.8, 104.2 ppm. HRMS (ESI) m/z calcd for C16H10NO5 [M+H+]+

296.0554, found 296.0551.

3.23. Tert-Butyl ((2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromen-7-yl)methyl)carbamate (16)
A tube with 4-(5-acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-

1,2-phenylene diacetate (3) (100 mg, 0.184 mmol, 1.0 eq.), potassium (((tert-butoxy- car-
bonyl)amino)methyl)trifluoroborate (66 mg, 0.276 mmol, 1.5 eq.), K2CO3 (127 mg, 0.552 mmol,
3.0 eq.) and SPhos Pd G2 (15 mg, 0.018 mmol, 0.1 eq.) was sealed, and THF/water (25:1, 3.5
mL) was added via septum. The mixture was degassed with a stream of argon for 15 min,
followed by heating to 100 �C for 2 h until the starting material was fully consumed (TLC,
UPLC-MS). The reaction mixture was cooled to room temperature, diluted with EtOAc (2 mL),
and filtered through a syringe filter. The solvents were evaporated and the residue was puri-
fied by flash chromatography (SiO2-C18, H2O/MeCN= 100:0 ! 0:100) to afford the desired
carbamate 16 (32 mg, 43%). 1H NMR (400 MHz, DMSO-d6) d = 12.78 (s, 1H), 7.54 (t, J = 6.2
Hz, 1H), 7.47 (dd, J = 8.3, 2.3 Hz, 1H), 7.44 (d, J = 2.3 Hz, 1H), 6.98 (s, 1H), 6.91 (d, J = 8.3 Hz,
1H), 6.81 (s, 1H), 6.67 (d, J = 1.3 Hz, 1H), 4.21 (d, J = 6.1 Hz, 2H), 1.42 (s, 9H) ppm. 13C NMR
(101 MHz, DMSO-d6) d = 183.0, 165.2, 160.2, 156.2, 150.7, 149.8, 146.3, 121.6, 119.8, 116.5, 113.9,
109.5, 109.1, 105.5, 103.8, 78.6, 43.9, 28.7 ppm. HRMS (ESI) m/z calcd for C21H22NO7 [M+H+]+

400.1391, found 400.1386.

3.24. 7-(Aminomethyl)-2-(3,4-dihydroxyphenyl)-5-hydroxy-4H-chromen-4-one (17)
Tert-butyl ((2-(3,4-dihydroxyphenyl)-5-hydroxy-4-oxo-4H-chromen-7-yl)methyl) car-

bamate (16) (25 mg, 0.063 mmol) was dissolved in THF/water (4:1, 1.5 mL), followed by
addition of trifluoroacetic acid (0.6 mL). The reaction mixture was heated to 50 �C and
allowed to stir for 48 h. The solvents were evaporated and the residue was purified by
preparative HPLC to obtain the final amine 17 (19 mg, 73%). 1H NMR (400 MHz, DMSO-d6)
d = 12.85 (s, 1H), 10.12 (s, 1H), 9.52 (s, 1H), 8.40 (s, 2H), 7.51–7.42 (m, 2H), 7.24 (d, J = 1.6
Hz, 1H), 6.97–6.90 (m, 2H), 6.87 (d, J = 1.8 Hz, 1H) ppm. 13C NMR (101 MHz, DMSO-d6) d
= 182.5, 165.1, 159.9, 155.6, 150.3, 145.9, 142.1, 121.1, 119.3, 116.1, 113.6, 110.9, 109.5, 107.3,
103.7, 42.0 ppm. HRMS (ESI) m/z calcd for C16H14NO5 [M+H+]+ 300.0867, found 300.0870.
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3.25. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-7-(1H-pyrrolo[2 ,3-B]pyridin-3-yl)-4H-chromen-4-one (18)
A tube with 4-(5-acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-

1,2-phenylene diacetate (3) (100 mg, 0.184 mmol, 1.0 eq.), 3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-pyrrolo[2,3-b]pyridine (54 mg, 0.221 mmol, 1.2 eq.), Cs2CO3 (240 mg,
0.736 mmol, 4.0 eq.) and Pd(PPh3)4 (21 mg, 0.018 mmol, 0.1 eq.) was sealed, and dry THF
(3.5 mL) was added via septum. The mixture was degassed with a stream of argon for 15
min. then heated to 100 �C for 16 h until the starting material was fully consumed (TLC,
UPLC-MS). The reaction mixture was cooled to room temperature, diluted with MeOH
(5 mL), and filtered through a syringe filter. The solvents were evaporated and the residue
was purified by preparative HPLC to obtain the final product 18 (6.6 mg, 10%). 1H NMR
(400 MHz, DMSO-d6) d = 12.87 (s, 1H), 12.27 (s, 1H), 10.02 (s, 1H), 9.42 (s, 1H), 8.49 (dd, J =
8.1, 1.6 Hz, 1H), 8.34 (dd, J = 4.6, 1.6 Hz, 1H), 8.25 (d, J = 2.8 Hz, 1H), 7.60 – 7.43 (m, 3H),
7.28–7.23 (m, 1H), 7.20 (d, J = 1.5 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 6.81 (s, 1H) ppm. 13C
NMR (101 MHz, DMSO-d6) d = 182.6, 165.1, 160.6, 156.9, 150.4, 149.5, 146.3, 143.7, 143.2,
128.5, 127.3, 122.0, 119.8, 117.6, 117.2, 116.4, 114.2, 113.3, 108.3, 108.2, 104.4, 103.8 ppm.
HRMS (ESI) m/z calcd for C22H13N2O5 [M�H+]– 385.0830, found 385.0827.

3.26. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-7-(1H-pyrazol-3-yl)-4H-chromen-4-one (19)
A tube with 4-(5-acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-

1,2-phenylene diacetate (3) (100 mg, 0.184 mmol, 1.0 eq.), (1H-pyrazol-3-yl)boronic acid (31
mg, 0.276 mmol, 1.5 eq.), K2CO3 (127 mg, 0.920 mmol, 5.0 eq.), and SPhos Pd G2 (15 mg,
0.018 mmol, 0.1 eq.) was sealed, and dry THF (3.5 mL) was added via septum. The mixture
was degassed with a stream of argon for 15 min, then heated to 100 �C for 16 h until the
starting material was fully consumed (TLC, UPLC-MS). The reaction mixture was cooled
to room temperature, diluted with MeOH (5 mL), and filtered through a syringe filter. The
solvents were evaporated and the residue was purified by preparative HPLC to obtain the
final product 19 (15 mg, 25%). 1H NMR (400 MHz, DMSO-d6) d = 12.84 (s, 1H), 7.83 (d, J =
2.3 Hz, 1H), 7.59 (d, J = 1.5 Hz, 1H), 7.52–7.46 (m, 2H), 7.27 (d, J = 1.5 Hz, 1H), 6.96 (d, J =
2.3 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.81 (s, 1H) ppm. 13C NMR (101 MHz, DMSO-d6) d
= 182.4, 164.9, 160.1, 157.3, 156.3, 150.0, 147.3, 145.8, 140.1, 132.2, 121.4, 119.3, 116.0, 113.7,
109.0, 107.2, 103.6, 103.5 ppm. HRMS (ESI) m/z calcd for C18H13N2O5 [M+H+]+ 337.0819,
found 337.0819.

3.27. 2-(3,4-Dihydroxyphenyl)-5-hydroxy-7-(5-methyl-1H-pyrazol-3-yl)-4H-chromen-4-one (20)
A tube with 4-(5-acetoxy-4-oxo-7-(((trifluoromethyl)sulfonyl)oxy)-4H-chromen-2-yl)-

1,2-phenylene diacetate (3) (100 mg, 0.184 mmol, 1.0 eq.), (5-methyl-1H-pyrazol-3-yl)boronic
acid (35 mg, 0.276 mmol, 1.5 eq.), K2CO3 (127 mg, 0.920 mmol, 5 eq.), and SPhos Pd G2
(15 mg, 0.018 mmol, 0.1 eq.) was sealed, and THF/water (25:1, 3.5 mL) was added via
septum. The mixture was degassed with a stream of argon for 15 min, then heated to 100 �C
for 16 h until the starting material was fully consumed (TLC, UPLC-MS). The reaction
mixture was cooled to room temperature, diluted with MeOH (5 mL), and filtered through
a syringe filter. Then solvents were evaporated and the residue was purified by preparative
HPLC to obtain the final product 20 (12 mg, 19%). 1H NMR (400 MHz, DMSO-d6) d = 7.51
(d, J = 1.5 Hz, 1H), 7.51–7.46 (m, 2H), 7.19 (d, J = 1.3 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.80 (s,
1H), 6.66 (d, J = 1.0 Hz, 1H), 2.28 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 182.3,
164.8, 160.1, 158.4, 158.1, 156.2, 150.0, 145.8, 140.3, 121.4, 119.3, 116.0, 113.7, 108.9, 107.0,
103.5, 103.3, 102.7, 10.9 ppm. HRMS (ESI) m/z calcd for C19H15N2O5 [M+H+]+ 351.0976,
found 351.0975.
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3.28. 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-8-((3-hydroxypiperidin-1-yl)methyl)-4H-chromen
-4-one (21)

Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by
addition of 3-hydroxypiperidine (35 mg, 0.35 mmol, 1.0 eq.) and a 35% formalin solution
(27 µL, 0.35 mmol, 1.0 eq.). The reaction mixture was allowed to stir at room temperature
for 16 h. The solvents were evaporated and the residue was purified by preparative HPLC
to obtain the final product 21 (27 mg, 20%). 1H NMR (500 MHz, DMSO-d6, 330 K) d = 13.27
(s, 1H), 9.89 (s, 1H), 9.35 (s, 1H), 7.47 (dd, J = 8.2, 2.3 Hz, 1H), 7.45 (d, J = 2.3 Hz, 1H), 6.94 (d,
J = 8.2 Hz, 1H), 6.74 (d, J = 0.6 Hz, 1H), 6.39 (s, 1H), 5.33 (s, 1H), 4.63–4.29 (m, 2H), 4.01–2.80
(m, 5H), 2.11–1.31 (m, 4H) ppm. 13C NMR (126 MHz, DMSO-d6, 330 K) d = 181.7, 164.1,
163.7, 162.5, 156.5, 150.0, 145.9, 121.5, 119.3, 116.2, 113.7, 103.9, 103.2, 98.4, 95.5, 57.3, 51.9,
49.1 ppm. HRMS (ESI) m/z calcd for C21H20NO7 [M�H+]– 398.1245, found 398.1244.

3.29. 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-8-((4-hydroxypiperidin-1-yl)methyl)-4H-chromen-
4-one (22)

Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by
addition of 4-hydroxypiperidine (35 mg, 0.35 mmol, 1.0 eq.) and a 35% formalin solution
(27 µL, 0.35 mmol, 1.0 eq.). The reaction mixture was allowed to stir at room temperature
for 16 h. The solvents were evaporated and the residue was purified by preparative HPLC
to obtain the final product 22 (58 mg, 32%). 1H NMR (400 MHz, DMSO-d6) d = 13.32 (s,
1H), 12.17 (br s, 1H), 10.12 (br s, 1H), 9.38 (br s, 1H), 7.56–7.44 (m, 2H), 6.95 (d, J = 9.0 Hz,
1H), 6.79 (s, 1H), 6.43 (s, 2H), 4.43 (br s, 2H), 3.91 (br s, 1H), 3.39 – 2.97 (m, 4H), 1.89–1.48
(m, 4H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 182.2, 164.5, 164.2, 162.8, 156.8, 150.4,
146.3, 121.8, 119.7, 116.6, 113.8, 104.2, 103.5, 98.8, 96.1, 59.9, 51.1, 47.9, 31.7 ppm. HRMS
(ESI) m/z calcd for C21H22NO7 [M+H+]+ 400.1391, found 400.1387.

3.30. 1-((2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-chromen-8-yl)methyl)piperidin-4-one (23)
Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by

addition of 4-piperidone monohydrate hydrochloride (54 mg, 0.35 mmol, 1.0 eq.), 35%
formalin solution (27 µL, 0.35 mmol, 1.0 eq.), and triethylamine (49 µL, 0.35 mmol, 1.0 eq.).
The reaction mixture was allowed to stir at room temperature for 16 h. Then, solvents were
evaporated and the residue was purified by preparative HPLC to obtain the final product
23 as a 3:1 mixture of C-8 and C-6 regioisomers (38 mg, 21%). Spectral data includes the
C-8 regioisomer only. 1H NMR (400 MHz, DMSO-d6) d = 13.09 (s, 1H), 7.49–7.45 m, 2H),
6.93–6.91 (m, 1H), 6.73 (s, 1H), 6.29 (s, 1H), 3.97 (s, 2H), 2.93 (t, J = 5.8 Hz, 4H), 2.41 (t, J =
6.1 Hz, 4H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 208.1, 183.3, 164.2, 164.0, 161.0, 155.8,
150.2, 146.2, 122.2, 119.5, 116.5, 113.9, 104.1, 103.1, 98.9, 94.1, 52.5, 49.4, 40.8 ppm. HRMS
(ESI) m/z calcd for C21H18NO7 [M�H+]– 396.1089, found 396.1085.

3.31. 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-8-(morpholinomethyl)-4H-chromen-4-one (24)
Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by

addition of morpholine (30 µL, 0.35 mmol, 1.0 eq.) and a 35% formalin solution (27 µL,
0.35 mmol, 1.0 eq.). The reaction mixture was allowed to stir at room temperature for 16 h.
Then, solvents were evaporated and the residue was purified by preparative HPLC to
obtain the final product 24 (46 mg, 26%). 1H NMR (400 MHz, DMSO-d6, 330 K) d = 13.33 (s,
1H), 12.13 (br s, 1H), 10.07 (br s, 1H), 9.59 (br s, 1H), 7.51 (dd, J = 8.3, 2.3 Hz, 1H), 7.48 (d, J
= 2.3 Hz, 1H), 6.93 (d, J = 8.3 Hz, 1H), 6.79 (s, 1H), 6.42 (s, 1H), 4.47 (s, 2H), 4.01–3.20 (m,
8H) ppm. 13C NMR (101 MHz, DMSO-d6, 330 K) d = 181.8, 164.1, 163.9, 162.5, 156.4, 150.0,
145.9, 121.3, 119.4, 116.2, 113.6, 103.7, 103.0, 98.4, 95.2, 63.2, 51.5, 48.9 ppm. HRMS (ESI) m/z
calcd for C20H18NO7 [M�H+]— 384.1089, found 384.1087.
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3.32. 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-8-((4-methylpiperazin-1-yl)methyl)-4H-chromen-
4-one (25)

Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by
addition of N-methyl-piperazine (40 µL, 0.35 mmol, 1.0 eq.) and a 35% formalin solution
(27 µL, 0.35 mmol, 1.0 eq.). The reaction mixture was allowed to stir at room temperature
for 16 h. Then, solvents were evaporated and the residue was purified by preparative
HPLC to obtain the final product 25 (44 mg, 31%). 1H NMR (500 MHz, DMSO-d6, 330 K) d
= 13.10 (br s, 1H), 7.46–7.41 (m, 2H), 6.93 (d, J = 8.7 Hz, 1H), 6.68 (s, 1H), 6.34 (s, 1H), 4.01
(br s, 2H), 3.34–2.87 (m, 8H), 2.75 (s, 3H) ppm. 13C NMR (126 MHz, DMSO-d6) d = 181.9,
164.0, 163.3, 161.2, 155.9, 149.9, 145.9, 121.7, 119.1, 116.2, 113.6, 103.8, 102.9, 98.4, 51.9, 49.1,
48.4, 42.3 ppm. HRMS (ESI) m/z calcd for C21H21N2O6 [M�H+]– 397.1405, found 397.1403.

3.33. 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-8-(((2-hydroxyethyl)(methyl)amino)methyl)-4H
-chromen-4-one (26)

Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by
addition of N-methylethanolamine (28 µL, 0.35 mmol, 1.0 eq.) and a 35% formalin solution
(27 µL, 0.35 mmol, 1.0 eq.). The reaction mixture was allowed to stir at room temperature
for 16 h. Then, solvents were evaporated and the residue was purified by preparative
HPLC to obtain the final product 26 (42 mg, 32%). 1H NMR (400 MHz, DMSO-d6) d = 13.96
(s, 1H), 12.21 (br s, 1H), 10.08 (br s, 1H), 9.54 (br s, 1H), 7.47 – 7.41 (m, 2H), 6.91 (d, J =
9.0 Hz, 1H), 6.76 (s, 1H), 6.65 (s, 1H), 5.34 (br s, 1H), 4.27 (br s, 2H), 3.80 (t, J = 5.4 Hz, 2H),
3.25 (br s, 2H), 2.75 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 181.8, 164.4, 163.5,
161.3, 157.6, 150.1, 145.9, 121.2, 119.2, 116.1, 113.5, 103.3, 102.9, 100.3, 93.5, 57.6, 55.4, 47.7,
40.5 ppm. HRMS (ESI) m/z calcd for C19H20NO7 [M+H+]+ 374.1234, found 374.1235.

3.34. 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-8-((3-hydroxy-8-azabicyclo[3.2.1]octan-8-yl)methyl)-
4Hn -chromen-4-one (27)

Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by an
addition of nortropine hydrochloride (58 mg, 0.35 mmol, 1.0 eq.), a 35% formalin solution
(27 µL, 0.35 mmol, 1.0 eq.), and triethylamine (49 µL, 0.35 mmol, 1.0 eq.). The reaction
mixture was allowed to stir at room temperature for 16 h. Then, solvents were evaporated
and the residue was purified by preparative HPLC to obtain the final product 27 (10 mg,
7%). 1H NMR (500 MHz, DMSO-d6) d = 13.27 (s, 1H), 11.94 (br s, 1H), 10.09 (br s, 1H),
9.51 (br s, 1H), 8.83 (br s, 1H), 7.48 (dd, J = 8.3, 2.4 Hz, 1H), 7.43 (d, J = 2.4 Hz, 1H), 6.93
(d, J = 8.4 Hz, 1H), 6.81 (s, 1H), 6.38 (s, 1H), 4.95 (br s, 1H), 4.27 (s, 2H), 4.17–3.66 (m, 4H),
2.47–2.35 (m, 4H), 2.18 (br d, J = 15.4 Hz, 2H), 1.88 (br d, J = 14.3 Hz, 2H) ppm. 13C NMR
(126 MHz, DMSO-d6) d = 181.9, 164.3, 163.7, 162.5, 156.6, 150.2, 146.1, 121.7, 119.5, 116.3,
113.8, 104.0, 103.4, 98.5, 96.7, 62.1, 60.6, 44.9, 37.2 (2C), 24.4 (2C) ppm. HRMS (ESI) m/z calcd
for C23H22NO7 [M�H+]– 424.1402, found 424.1400.

3.35. 8-((6,7-Dihydroxy-3,4-dihydroisoquinolin-2(1H)-yl)methyl)-2-(3,4-dihydroxyphenyl)-5,7-
dihydroxy-4H-chromen-4-one (28)

Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in MeOH (5 mL), followed by
addition of 6,7-dihydroxy-1,2,3,4-tetrahydroisoquinolin-2-ium chloride (71 mg, 0.35 mmol,
1.0 eq.), a 35% formalin solution (27 µL, 0.35 mmol, 1.0 eq.), and triethylamine (49 µL, 0.35
mmol, 1.0 eq.). The reaction mixture was allowed to stir at room temperature for 16 h.
Then, solvents were evaporated and the residue was purified by preparative HPLC to
obtain the final product 28 (46 mg, 23 %). 1H NMR (400 MHz, DMSO-d6) d = 13.29 (s, 1H),
12.07 (br s, 1H), 10.07 (br s, 1H), 9.62 (br s, 1H), 9.12 (br s, 1H), 9.06 (s, 1H), 7.52–7.46 (m,
1H), 7.45 (d, J = 2.3 Hz, 1H), 6.92 (d, J = 8.3 Hz, 1H), 6.79 (s, 1H), 6.57 (s, 1H), 6.53 (s, 1H),
6.41 (s, 1H), 4.54 (s, 2H), 4.36 (s, 2H), 3.58 (br s, 2H), 2.91 (t, J = 6.9 Hz, 2H) ppm. 13C NMR
(101 MHz, DMSO-d6) d = 182.2, 164.4, 164.2, 162.8, 156.8, 150.4, 146.3, 145.9, 144.9, 121.8
(2C), 119.7, 118.9, 116.6, 115.3, 114.0, 113.5, 104.2, 103.4, 98.7, 96.1, 53.0, 49.8, 48.2, 24.8 ppm.
HRMS (ESI) m/z calcd for C25H20NO8 [M�H+]– 462.1194, found 462.1193.
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3.36. (S)-1-((2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-chromen-8-yl)methyl)pyrro-
lidine-2-carboxamide (29)

Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in EtOH (5 mL), followed by
an addition of L-prolinamide hydrochloride (71 mg, 0.35 mmol, 1.0 eq.), a 35% formalin
solution (27 µL, 0.35 mmol, 1.0 eq.), and triethylamine (49 µL, 0.35 mmol, 1.0 eq.). The
reaction mixture was allowed to stir at room temperature for 16 h. Then, solvents were
evaporated and the residue was purified by preparative HPLC to obtain the final product
29 (19 mg, 10%). 1H NMR (400 MHz, DMSO-d6) d = 13.31 (s, 1H), 11.85 (br s, 1H), 10.08 (br
s, 1H), 9.52 (br s, 1H), 9.38 (br s, 1H), 7.96 (s, 1H), 7.69 (s, 1H), 7.55 (dd, J = 8.4, 2.3 Hz, 1H),
7.47 (d, J = 2.3 Hz, 1H), 6.93 (d, J = 8.4 Hz, 1H), 6.77 (s, 1H), 6.34 (s, 1H), 4.54 (d, Jgem = 13.7
Hz, 1H), 4.48 (d, Jgem = 13.7 Hz, 1H), 4.16 (br d, J = 9.3 Hz, 1H), 3.56 (br s, 2H), 2.47–2.35 (m,
1H), 2.04–1.93 (m, 1H), 1.89–1.77 (m, 2H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 181.8,
169.3, 164.1, 163.6, 162.4, 156.4, 150.0, 145.8, 121.3, 119.6, 116.0, 113.9, 103.7, 103.0, 98.3, 96.0,
65.9, 53.9, 45.5, 29.2, 22.3 ppm. HRMS (ESI) m/z calcd for C21H21N2O7 [M+H+]+ 413.1343,
found 413.1344.

3.37. ((2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-chromen-8-yl)methyl)-L-proline (30)
Luteolin (100 mg, 0.35 mmol, 1.0 eq.) was dissolved in EtOH (5 mL), followed by

addition of L-proline tert-butyl ester hydrochloride (72 mg, 0.35 mmol, 1.0 eq.) and a 35%
formalin solution (27 µL, 0.35 mmol, 1.0 eq.). The reaction mixture was stirred at room
temperature for 16 h. The solvent was evaporated under reduced pressure and the residue
was purified by preparative HPLC to obtain the monosubstituted luteolin C-8 derivative
as tert-butyl ester (UPLC-MS: m/z = 470). The monosubstituted luteolin C-8 derivative was
used in the next step without further characterization. The tert-butyl ester was dissolved
in a mixture of TFA/DCM (1:1, 1 mL) with 1,3-dimethoxybenzene (25 µL, 0.19 mmol, 0.54
eq.) as a scavenger. The reaction mixture was allowed to stir at room temperature for 16 h.
The reaction mixture was concentrated using a stream of nitrogen, and the product was
precipitated with tert-butyl methyl ether. The precipitate was collected and purified by
preparative HPLC to obtain the product 30 (9.5 mg, 7% – over two steps). 1H NMR (500
MHz, DMSO-d6) d = 13.25 (s, 1H), 9.91 (br s, 1H), 7.68 (d, J = 2.3 Hz, 1H), 7.48 (dd, J = 8.4,
2.3 Hz, 1H), 6.88 (d, J = 8.2 Hz, 1H), 6.77 (s, 1H), 6.31 (s, 1H), 4.50 (d, Jgem = 13.7 Hz, 1H),
4.39 (d, Jgem = 13.7 Hz, 1H), 4.03 (m, 1H), 3.39 (m, 1H), 3.13–2.98 (m, 1H), 2.39–2.31 (m, 1H),
1.96 (m, 2H), 1.79 (m, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) d = 181.9, 170.8, 164.0,
163.7, 161.9, 156.0, 149.8, 145.9, 121.2, 119.0, 116.1, 114.3, 103.7, 102.7, 98.3, 97.4, 67.0, 53.6,
46.1, 28.4, 22.5. HRMS (ESI) m/z calcd for C21H18NO8 [M�H+]– 412.1035, found 412.1037.

3.38. 1-((2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-chromen-8-yl)methyl)piperidine-
4-carboxylic acid (31)

Luteolin (143 mg, 0.50 mmol, 1.0 eq.) was dissolved in MeOH (7 mL), followed by
addition of ethyl 4-piperidinecarboxylate (77 µL, 0.50 mmol, 1.0 eq.) and a 35% formalin
solution (38 µL, 0.35 mmol, 1.0 eq.). The reaction mixture was allowed to stir at room
temperature for 16 h. The solvent was evaporated under reduced pressure and the residue
was purified by flash chromatography (SiO2-C18, H2O (0.1% TFA)/MeCN= 100:0 ! 20:80)
to obtain the monosubstituted luteolin C-8 derivative as an ethyl ester (UPLC-MS: m/z
= 456). The monosubstituted luteolin C-8 derivative was used in the next step without
further characterization. The ethyl ester was dissolved in THF (2 mL) and 5% aq. HCl
(2 mL) was added. The reaction mixture was allowed to stir at 70 �C for 7 h until the
starting material was fully consumed (UPLC-MS). Then, solvents were evaporated and
the residue was purified by preparative HPLC to obtain the final product 31 (60 mg, 22% –
over 2 steps). 1H NMR (400 MHz, DMSO-d6) d = 13.31 (s, 1H), 12.07 (br s, 1H), 10.09 (br s,
1H), 9.56 (br s, 1H), 7.49 (dd, J = 8.3, 2.3 Hz, 1H), 7.46 (d, J = 2.2 Hz, 1H), 6.93 (d, J = 8.3 Hz,
1H), 6.79 (s, 1H), 6.40 (s, 1H), 4.41 (s, 2H), 3.73–3.37 (m, 4H), 3.28–3.08 (m, 1H), 2.13–1.69 (m,
4H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 181.8, 174.7, 164.1, 163.8, 162.5, 156.4, 150.0,
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145.9, 121.3, 119.3, 116.2, 113.6, 103.8, 103.1, 98.4, 95.6, 51.5 (2C), 48.7, 37.6, 25.4 (2C) ppm.
HRMS (ESI) m/z calcd for C22H20NO8 [M�H+]– 426.1194, found 426.1190.

3.39. N-((2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-chromen-8-yl)methyl)-
N-methylglycine (32)

Luteolin (143 mg, 0.50 mmol, 1.0 eq.) was dissolved in MeOH (7 mL), followed
by addition of sarcosine methyl ester hydrochloride (70 mg, 0.50 mmol, 1.0 eq.), a 35%
formalin solution (38 µL, 0.35 mmol, 1.0 eq.), and triethylamine (70 µL, 0.50 mmol, 1.0 eq.).
The reaction mixture was allowed to stir at room temperature for 16 h. The solvent was
evaporated under reduced pressure and the residue was purified by flash chromatography
(SiO2-C18, H2O (0.1% TFA)/MeCN= 100:0 ! 40:60) to obtain the monosubstituted luteolin
C-8 derivative as a methyl ester (UPLC-MS: m/z = 402). The monosubstituted luteolin C-8
derivative was used in the next step without further characterization. The methyl ester
was dissolved in THF (2 mL) and 5% aq. HCl (2 mL) was added. The reaction mixture
was allowed to stir at 70 �C for 3 days until the starting material was fully consumed
(UPLC-MS). The solvents were evaporated and the residue was purified by preparative
HPLC to obtain the final product 32 (29 mg, 12% – over 2 steps). 1H NMR (400 MHz,
DMSO-d6) d = 13.30 (s, 1H), 10.09 (br s, 1H), 9.54 (br s, 1H), 7.52 (dd, J = 8.3, 2.3 Hz, 1H),
7.49 (d, J = 2.3 Hz, 1H), 6.92 (d, J = 8.3 Hz, 1H), 6.76 (s, 1H), 6.35 (s, 1H), 4.49 (s, 2H), 4.00 (s,
2H), 2.75 (s, 3H) ppm. 13C NMR (101 MHz, DMSO-d6) d = 181.8, 168.1, 164.0 (2C), 162.3,
156.4, 149.9, 145.9, 121.3, 119.3, 116.0, 113.8, 103.8, 103.0, 98.4, 96.1, 55.5, 48.2, 40.9 ppm.
HRMS (ESI) m/z calcd for C19H18NO8 [M+H+]+ 388.1027, found 388.1026.

4. Conclusions
Bio-isosteric replacement of the hydroxyl group at C-7 failed to provide luteolin

congeners with comparable inhibitory potency against the influenza PA-Nter domain.
However, the introduction of diverse substituents at C-8 increased the binding affinity
of the resulting compounds. Crystallographic study of the orientin complex with I38T
PA-Nter revealed an additional point of interaction of the flavonoid with Thr-38 mediated
by a water molecule.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
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4. CONCLUSION AND DISCUSSION 
As influenza remains a serious viral infection with pandemic potential, searching for a new 

antiviral drug is ongoing. Several viral drug targets have been identified. We have focused on 

two targets placed within the heterotrimeric influenza RNA-dependent RNA polymerase, both 

within the PA subunit.  

The intersubunit PA-PB1 interaction, located on the C-terminus of PA, is a highly conserved 

region. Moreover, this PPI is essential for the heterotrimer assembly, therefore the viral cycle 

itself. As the first structure of PB1 N-terminus derived peptide was crystallized within the CPA 

binding pocket, we have started a project to explore the peptide and its derivates PPI inhibitory 

potency. Generally, the development of PPI inhibitors represents challenging targets for small-

molecule inhibitors as the shared interface is most often wide and flat. However, this interaction 

is formed by a quite small hydrophobic pocket and an oligopeptide forming a 310 helix. As the 

wild-type PA N-terminus derived peptide was 14 amino acids long (PB1-0, 

MDVNPTLLFLKIPA), we generated, and in publication I. analyzed a truncation peptide set 

by sequentially removing amino acids from each terminus. We expressed, purified influenza A 

CPA, and developed a high-throughput screening assay that enabled the biochemical 

characterization and determination of potent PA-PB1 peptide inhibitors. In the first generation 

of peptides, the truncation from both the C-terminus and the N-terminus exposed the 

oligopeptide interacting core and confirmed the importance of the internal 310 helix. Truncation 

of the C-terminus amino acids was tolerated up to the Lys-11. When the peptide was cut shorter, 

the IC50 value worsened dramatically. Analogously we truncated the N-terminus up to Pro-5. 

These deletions were tolerated only to Asn-2, otherwise the half-maximal inhibitory 

concentration dropped in the order of magnitude. Minimal peptide PB1-10 (DVNPTLLFLK) 

was identified as a low micromolar inhibitor (IC50 = 3 400 nM). Being inspired by a published 

peptide array, we introduced substitutions at “hot-spots” to enhance peptide affinity. Two 

substitutions (V3Y and T6Y) improved the inhibition activity, resulting in decapeptide PB1-11 

(DYNPYLLFLK) of IC50 of 13 nM. To evaluate if the decapeptide binding is structurally 

consistent with the wild-type, I have co-crystallized the CPA with this inhibitor. Crystals of 

CPA/PB1-11 diffracted up to 1.6 Å resolution in P 212121 symmetry. PB1-11 was located at 

nearly the same position as the wild-type PB1-derived peptide. This high-resolution crystal 

structure also revealed a structural basis for the affinity increase. The introduction of two 

tyrosine residues into the inhibitor sequence resulted in the formation of two water-mediated 

hydrogen bonds with the CPA Cys-415, Arg-638, Ser-659, and Asn-703. This was not observed 

for the wild-type peptide of PB1. We have also tried to improve the intracellular delivery of 
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peptides. For this, we have joined the PB1-11 peptide with the commonly used cell-penetrating 

Tat-sequence. However, this strategy did not help to deliver the linear decapeptide inside the 

cell and therefore failed to have an antiviral effect in vivo. This might also be due to the cell 

lines used in the assay. HEK293T and MDCK are generally known to struggle with cell-

penetrating peptide-based delivery.  

To follow up on the results from publication I., we further modified and optimized the 

decapeptide to enhance its inhibitory potency and intracellular delivery in publication II.. 

Although many of the prepared oligopeptides were tested as nanomolar inhibitors, there were 

several subsequent issues needed to be overcome. Not mentioned above, the solubility of the 

first peptide set was very poor. Truncated, modified peptides, as well as the native PB1-0 

peptide, precipitated/aggregated in higher concentrations in an aqueous solution. We prepared 

a second set of decapeptides with modified hot-spots. One modification of all three hot-spots 

led to a decapeptide PB1-19 (DYNPYLLYLK) with IC50 of 5.5 nM. Its maximal solubility was 

over 200 μM. This enabled us to perform the first thermodynamic analysis of the PA-PB1 

peptide inhibitor. The binding of PB1-19 to the CPA was enthalpy-driven with a dissociation 

constant KD of 1.7 nM. This suggested a high degree of van der Waals interactions and 

favorable hydrogen bonding between the decapeptide and CPA. Conformational changes which 

are coupled to the binding process resulted in unfavorable entropy change. I have co-

crystallized the protein-decapeptide complex. Crystals of CPA/PB1-19 diffracted up to 1.9 Å 

resolution again in the P 212121 symmetry. Using the X-ray crystallography, I have found 

additional water-mediated hydrogen bonds in the binding pocket (PDB code 7ZPY), compared 

to the previously described decapeptide PB1-11 (PDB code 6SYI). These new water molecules 

binding between the CPA and hydroxyl from the introduced F9Y side chain shifted two CPA 

alpha helices α11 and α12 of RMSD of 0.84 Å for corresponding 332 atoms. To improve 

peptide intracellular delivery, we have employed a reversible bicyclic strategy approach. Both 

peptides PB1-11 and PB1-19 were fused with a short CPP motif (cyclo(RRRRØF), where Ø is 

L-2-naphtylalanine) and formed into the bicyclic peptide by the creation of two disulfide bonds. 

Hypothetically, the bicyclic peptide PB1-11B/PB1-19B would enter the cell via endocytosis 

and escape the early endosome into the cytosol. A PA-PB1 inhibiting linear peptide would be 

then released after the intracellular glutathione reduces the pair of disulfide bonds. To observe 

the peptide delivery, we have labelled the PB1-11 and PB1-11B with rhodamine B (RB) and 

naphtofluororescein (NF). We have treated HeLa cells with those peptides and visualized them 

on the confocal microscope. The pH-insensitive RB-labelled peptides were observed through 

the entire range of pH. But the fluorescence of NF-labelled peptides was detected only in the 
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cytosol, due to the pH sensitivity of the label. Comparing labelled linear and bicyclic peptides, 

the formation of bicyclic peptides enhanced the transmembrane transport, as well as the escape 

from the early endosome. We have further characterized the effect of bicyclic peptides targeting 

PA-PB1 interaction in cell cultures. Two approaches applied on HEK293T and MDCK cell 

lines, the mini-replicon assay and the cytopathic effect (CPE) reduction assay were used. In 

both, the introduction of the bicyclic strategy improved the inhibitory potency of bicyclic 

peptides. The PB1-19B was determined as a low micromolar RdRp inhibitor (EC50 of 1 μM, 2 

μM respectively). All peptides were cell-tolerated up to 100 μM concentration. Moreover, the 

peptides were tested for their stability in human plasma. The bicyclization prolonged the 

peptide’s half-lives over ten times.  

To conclude the CPA project, we developed a novel high-throughput method and tested two 

sets of peptide-based inhibitors of the PA-PB1 interaction. We optimized a selected decapeptide 

and structurally characterized its binding into the CPA pocket. This resulted in two structures 

of protein-peptide complexes with PDB codes 6SYI and 7ZPY. Thanks to the increased 

solubility of PB1-19, the very first ITC of this interaction was performed. In combination with 

the reversible bicyclic strategy, we have significantly improved the peptide stability and 

inhibition in cell-based assays. This could provide a starting point for a structure-based 

development of compounds targeting the protein-protein interaction between PA and PB1 

subunits. 

 

Our second project was focused on the PA endonuclease domain, located at the N-terminus 

(NPA). This domain can be considered a first-thought drug target, as it is a bridged 

metalloenzyme with a solvent-exposed binding pocket. Several compounds were designed to 

chelate the two manganese ions in the active site. Promising NPA inhibitors include the 

phytochemicals from the catechol derivatives, such as the epigallocatechin gallate (EGCG) and 

its congener epicatechin gallate. Both are contained in green tea and have exhibited some 

inhibitory potency against endonuclease activity. Other flavonoids share some structural 

similarities with EGCG. From the protein-inhibitor crystal structure (4AWM, Kowalinski et 

al., 2012), we have considered compounds of this class as promising compounds to target NPA. 

Besides being part of a daily diet, flavonoids were studied for their potential benefits for human 

health. One of them, quercetin was described to have some inhibitory effect on viruses including 

influenza. Several in vitro and in vivo experiments in mice had been previously performed. 

However, no structure-based proof of protein target was revealed. To test if quercetin and its 

derivatives act on the NPA, we have prepared DNA encoding the first 196 amino acids of NPA. 
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The sequence was optimized for crystallization as a flexible loop region was replaced by a GGS 

linker. We have expressed the NPA domain and purified it. For the testing of prepared 

compounds, we have developed a novel high-throughput AlphaScreen-based assay. This assay 

allowed us to confirm the NPA as a quercetin protein target. We have studied the SAR of 

flavonoids and their analogs in the endonuclease active site. A series of 83 compounds was 

prepared and tested (publication III.). The results from AlphaScreen were further verified by 

the in vitro cleavage endonuclease gel-based assay. To support our hypothesis, that the binding 

site is the endonuclease active site of the NPA, I have crystallized the NPA domain. When 

hexagonal bifrustum crystals were formed, luteolin, quambalarine B, and myricetin were 

soaked in. Due to the flavonoid’s natural colorful character, the crystal color change could be 

observed over time. All crystals belonged to the P 6422 space group and had a clear anomalous 

signal. Crystal of NPA/luteolin complex diffracted up to 2.0 Å and NPA/quambalarine B up to 

2.5 Å. Luteolin chelated the manganese ions in a bidentate binding mode A and formed an 

additional hydrogen bond via hydroxyl at C7 to the NPA Glu-26. On the other hand, 

quambalarine B exhibited the tridentate binding mode B. Atomic coordinates and experimental 

structure factors were deposited in the Protein Data Bank under codes 6YA5 and 6YEM. I 

obtained crystal structures of NPA in complex with luteolin and quambalarine B. The position 

of myricetin could not be determined from the electron density map. This was maybe due to 

myricetin flexibility within the active site. We have used rough estimates of myricetin position 

from the X-ray structure for molecular modelling. To conclude, we found that flavonoids target 

the NPA domain of influenza RdRp. Furthermore, we established a novel method for high-

throughput screening assay, which was correlated to the gel-based assay. For the first time, we 

identified the molecular mode-of-action of flavonoids bound to the endonuclease active site of 

the influenza RdRp. This could be a set off in a rational design of the NPA endonuclease next-

generation inhibitors. 

We continued to map the protein chemical space around the flavonoid ligand. In 

publication IV., we studied the next generation of luteolin-derived compounds. Specifically 

changes at the C-7 and C-8 positions. Another set of 24 prepared compounds was tested for its 

inhibitory potency of NPA endonuclease. Analogously to the previous work, we have utilized 

the AlphaScreen technology, as well as the generally used gel-based in vitro endonuclease 

cleavage assay. Moieties introduced to the C-7 position did not have any advantageous effect 

on the inhibitory potency. The C-8 derivatives exhibited generally decent submicromolar half-

maximal inhibitory concentration. The most promising NPA inhibitor of the set was orientin 

(IC50 of 42 nM), a C-8-glucose derivative of luteolin. In patients, a point mutation I38T of NPA 
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within the active site was observed, as a response to the treatment with an FDA-approved 

endonuclease inhibitor Xofluza (baloxavir marboxil). Therefore, we included this mutant 

variant in the endonuclease assay. We found out that this mutation in the endonuclease active 

site led to a complete loss of ssDNA cleavage ability. Nevertheless, the influenza polymerase 

is RNA-dependent. We have used a fluorescent-labelled ssRNA substrate for a FRET-based 

endonuclease assay to test the ssRNA cleavage. Compared to the wild-type NPA, the I38T 

variant had only 1.9% activity toward the ssRNA substrate. This observation was in correlation 

with a report of significantly reduced fitness and ssRNA nuclease activity of a virus carrying 

the I38T mutation. To characterize orientin in the active site, I have crystallized the protein of 

wild type NPA along with the I38T mutant variant. Both protein crystals exhibited the same 

P 6422 symmetry. Orientin was consequently soaked into empty crystals in a short period of 

time. The complex of wild type NPA/orientin diffracted up to 1.9 Å resolution (7NUG), and 

I38T/orientin up to 2.2 Å resolution (7NUH). In both structures, the ligands were clearly visible 

with the electron density map well defined. Orientin was bound to two manganese ions almost 

identically to the luteolin scaffold in our previous structure. It also remained the C-7 hydroxyl-

mediated hydrogen bond to the Glu-26. The introduction of the I38T mutation did not lead to 

any major changes in the binding mode of orientin. The enhanced affinity of orientin was likely 

due to the additional hydrogen bonding network surrounding orientin’s glucosyl moiety. This 

was observed in both protein variants as a vast majority of the water molecules in the first 

solvation shell were located at similar positions. One of only two differences was a small ligand 

shift in the mutant variant with an RMSD of 0.446 Å. The second one was an evident movement 

of Tyr-24. Its side chain was pushed away from the cavity with an RMSD of 0.029 Å. The Thr-

38 is one atom shorter than Ile-38 and better lodged the inhibitor in the active site and formed 

an additional hydrogen bond to an extra water molecule via its Oγ1. This suggested that this 

clinically relevant mutation should not affect the orientin binding into the NPA endonuclease 

domain.  

To conclude, the presented publications in this dissertation closely examine two different drug 

targets located within the influenza PA subunit. I must mention that I was lucky to obtain six 

X-ray structures with bound inhibitors altogether. This contributed to a detailed exploration of 

their interactions with binding sites of protein targets and follow up optimizations. Optimized 

minimal peptidic inhibitors derived from the PB1 subunit were found to be potent RdRp 

inhibitors. Any of the peptide-based inhibitors are considered as an attractive alternative to 

small molecule drugs. They can be specific, more efficient, and most importantly better 

tolerated. Generally, to translate peptide-based inhibitors into clinical application, they must be 
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potent, stable, and have good bioavailability. Improving these features may lead to a highly 

potent anti-influenza drug. One way to obtain such compound could be through their 

cyclization, which should possibly prevent their degradation in human plasma. This 

modification can also be considered as a first step towards synthetic inhibitor specifically 

targeting a viral protein. However, the peptide cyclization can negatively affect its inhibitory 

potency, as the binding site in the PA subunit is relatively closed. Another approach for an 

intracellular delivery and stability enhancement could be using a carrier systems, such as 

nanoparticles with inhibitory peptides as a cargo. A different way is the utilization of chemically 

synthesized non-peptidic compounds, which mimic the 310 helix structure. Nonetheless, such 

inhibitor might act differently, and may not be advantageous for intracellular delivery. 

Altogether, any of the suggested compounds can stand a chance in the development of novel 

influenza virostatics and could be classed beside other currently used therapeutic peptides. 

Biological effects of substances obtained from plants have been known for centuries. Natural 

products represent a huge reservoir of bioactive chemical diversity and a potential drug leading 

to new therapeutics for many human diseases. One class, the flavonoids, showed beneficial 

effects on the human health. Beside many others, the antiviral effect was mentioned. Although 

there were several proposals of their mechanism of action, there was no clear consensus for the 

protein target. For the first time, we present the structural characterization of this plant-derived 

compound as a nonspecific influenza inhibitor. Luteolin and its derivatives inhibit the influenza 

endonuclease by chelating its embedded metal ions. These observations of the active site with 

bound flavonoids may serve for the development of more potent influenza RdRp endonuclease 

inhibitors derived from this scaffold. 

RNA viruses typically adapt rapidly to new hosts. Their mutation rate is high, also caused by 

the impreciseness of the RNA-dependent RNA polymerase, which is prone to translation and 

replication errors. From past pandemics, it is clear that the emergence of antiviral-resistant 

influenza viruses is not easily predictable. The development of virostatics against all RNA 

viruses would need to be considered a suitable target. So far, the RdRp appears to be one of the 

promising ones. The above-presented targets in the PA subunit have the advantage of their 

essential role within the viral life cycle, and the C-terminal PPI is especially suitable for its 

highly conserved region within influenza viruses. The general therapeutic nucleoside analogue, 

favipiravir, targets not only influenza viruses. Though, it has severe negative side effects and 

did not pass the development of resistant mutations. It might be that a universal virostatic 

recquires a different approach. One of those may represent the targeted protein degradation or 

a novel class of optimized nucleoside analogues. 
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5. SUMMARY 
Influenza virus causes acute infection of the respiratory system among humans and presents a 

year-round disease burden. As the influenza virus is constantly mutating and has pandemic 

potential, new antiviral drugs need to be developed. Currently used antivirals in the majority 

target the viral surface protein neuraminidase and are used with limitations. In the past twenty 

years, several viral drug targets have been identified. This thesis focuses on the two of them, 

both located within the viral heterotrimeric RNA-dependent RNA polymerase (RdRp). The first 

is the PA subunit C-terminal domain (CPA) harboring the protein-protein interaction (PPI) with 

the PB1 subunit. The second is the PA subunit N-terminal domain (NPA), carrying the 

endonuclease active site. Revealing their structure with novel inhibitors would bring new 

aspects to rational structure-based drug development. 

The PA-PB1 PPI is mediated by the small 310 helix from the PB1 N-terminus inside the CPA 

hydrophobic pocket. The structure with a 25 amino acids long peptide inhibiting the assembly 

of RdRp heterotrimer was previously published. Therefore, we have decided to map the 

chemical space around the peptide,and to truncate and modify the peptide inhibitor maintaining 

the inhibitory potency. To study the first set of peptide inhibitors, we expressed the CPA domain 

and developed an AlphaScreen assay. Utilizing this assay, we tested ten peptides and selected 

one peptide to be modified according to the peptide array. This resulted in a nanomolar 

inhibitory potency of peptide PB1-11 (DYNPYLLFLK), and a high-resolution crystal structure 

of the CPA with bound peptide (publication I.). However, using the generally used cell-

penetrating Tat sequence connected to the peptide inhibitor did not improve the intracellular 

delivery of the inhibitory peptide. Therefore, the antiviral in vivo effect was not observed. To 

overcome this, we have further employed the recently published strategy, where the bicyclic 

peptide contains a cell-penetrating peptide in one cycle and the inhibitor peptide in the other 

cycle. The bicyclic strategy improved the intracellular delivery, and we were able to observe 

the peptide endosomal escape. Moreover, we have optimized the PB1-11 peptide to the final 

PB1-19 peptide (DYNPYLLYLK), resulting in a vastly improved solubility of the peptide in 

higher concentrations, allowing the first isothermal titration calorimetry (ITC) of this PA-PB1 

interaction (publication II.). The PB1-19 peptide was characterized as a low nanomolar 

inhibitor of the PA-PB1 PPI and was also observed from the X-ray protein crystallography data 

within the hydrophobic pocket of the CPA. These results may serve as a starting point for further 

peptide optimization or the design of non-peptidic PA-PB1 PPI inhibitors. 

The NPA endonuclease is essential for viral transcription, as it cleaves the primer from host 

mRNA. The enzyme embeds two solvent-exposed metal ions in the active site. Currently, there 



 

 117  

is one FDA approved compound, the baloxavir marboxil (BAM), targeting the NPA 

endonuclease. In the other part of this thesis, we were exploring the inhibitory potency of 

phytochemicals flavonoids and their derivatives against the NPA endonuclease domain. We 

have developed a high-throughput assay and tested over 80 compounds. Some of them were 

characterized as submicromolar inhibitors of the NPA, including luteolin and quambalarine B. 

The NPA endonuclease was identified as the target protein of those compounds which are 

broadly used as supplements during influenza viral infection. We crystallized the NPA with 

selected compounds and observed two binding modes (bidentate and tridentate) of the 

compounds to the metal ions in the active site. The molecular mode-of-action of flavonoids 

towards the influenza virus was revealed for the first time (publication III.). We continued to 

explore the structure-activity relationship (SAR) of luteolin derivatives. The second set of 21 

compounds was prepared and tested. Orientin is a luteolin derivative with the C-8 introduced 

glucose moiety. It was characterized as a nanomolar inhibitor of the NPA endonuclease. Its 

glucose moiety formed an additional water-mediated net of hydrogen bonds, while maintaining 

the luteolin binding mode. Moreover, we prepared a mutant variant carrying the substitution of 

Ile-38 to Thr-38, which emerged during the BAM clinical trials. Although it reduced the 

susceptibility to BAM 30- to 50-fold, it did not affect the binding of orientin to the NPA. From 

the analyses of the I38T mutant variant crystal structure, the mutation occurred at a distant 

region of the endonuclease active site (publication IV.). Even though subsequent optimizations 

of the chemical structure of the flavonoid derivatives are needed to enhance their 

bioavailability, the protein-compound structure analysis brought additional insights into the 

protein inhibitor interactions. 
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 6. SOUHRN 

Virus chřipky způsobuje akutní infekci respiračního systému u lidí a představuje riziko 

onemocnění v rámci celého roku. Jelikož virus chřipky neustále mutuje a zároveň má 

pandemický potenciál, je potřeba vyvíjet stále nová antivirotika. V současnosti se většinou 

používají léky cílící na povrchový protein viru, neuraminidasu, a jsou užívány s určitou limitací. 

V posledních dvaceti letech bylo na viru identifikováno několik možných cílů pro antivirotické 

léky. Tato práce se zaměřuje na dva z nich, oba obsažené ve virové RNA-dependentní RNA 

polymerase (RdRp). Prvním z nich je C-koncová doména PA podjednotky (CPA) obsahující 

protein-proteinovou interakci (PPI) s podjednotkou PB1. Druhým z nich je N-koncová doména 

PA podjednotky (NPA), která obsahuje endonukleasovou doménu. Pokud by se získala jejich 

trojrozměrná struktura s navázaným inhibitorem, přineslo by to důležitý poznatek do 

racionálního vývoje léků založeného na struktuře. 

PPI mezi PA a PB1 podjednotkou je zprostředkovaná malým 310 helixem, odvozeným z 

N-koncové části PB1 podjednotky, který se váže do hydrofobní kapsy uvnitř CPA. Již dříve 

byla zveřejněna struktura peptidu dlouhého 25 aminokyselin, který inhiboval zkompletování 

celého RdRp heterotrimeru. Na základě této práce jsme se rozhodli zmapovat chemický prostor 

kolem peptidu a dále zkrátit a upravit peptidový inhibitor tak, aby si stále zachoval inhibiční 

potenci. V bakteriích jsme vyprodukovali CPA doménu, abychom mohli studovat první sérii 

peptidových inhibitorů, a zároveň vyvinuli AlphaScreen metodu na testování inhibitorů. 

Pomocí této metody jsme testovali deset peptidů, z nichž jsme jeden dále modifikovali. 

Výsledkem byl nanomolární peptidový inhibitor PB1-11 (DYNPYLLFLK). Z krystalu 

komplexu s CPA jsme byli schopni určit jejich strukturu ve vysokem rozlišení (publikace I.). 

Ačkoliv jsme využili obecně používanou metodu, kdy se na peptid připojí Tat sekvence, 

nezlepšil nám tento přístup přenos peptidu přes buněčnou membránu. Kvůli špatné biologické 

dostupnosti jsme nepozorovali antivirový efekt in vivo. Abychom obešli prostupnost inhibitorů 

přes membránu, použili jsme nedávno publikovanou strategii využívající bicyklické peptidy. 

Jeden cyklus je tvořený peptidovou sekvencí, která prostupuje buněčnou membránou a druhý, 

který nese sekvenci peptidového inhibitoru. Tento příštup zlepšil dostupnost peptidového 

inhibitoru do buňky a zároveň jsme byli schopni sledovat únik peptidu z endosomu. Dále jsme 

optimalizovali PB1-11 peptid na výsledný peptid PB1-19 (DYNPYLLYLK), který byl daleko 

rozpustnější, což nám umožnilo vůbec první mikrokalorimetrickou charakterizaci vazby 

inhibitoru PA-PB1 interakce pomocí isotermální titrační kalorimetrii (ITC) (publikace II.). 

Peptid PB1-19 byl charakterizován jako nanomolární inhibitor PA-PB1 PPI, a současně jsme 

získali trojrozměrnou strukturu s CPA pomocí rentgenové krystalografie. Tyto výsledky mohou 
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sloužit jako výchozí bod pro další optimalizaci peptidu, nebo pro design nepeptidových 

inhibitorů PA-PB1 interakce. 

Endonukleasa v N-koncové části PA podjednotky (NPA) je nezbytná pro transkripci viru, 

jelikož vytváří primer z mRNA hositelské buňky. V aktivní části enzymu jsou usazené dva 

kovové ionty, které jsou vystavené do solventu. V současné době je dostupná jedna látka cílící 

na NPA endonukeasu, baloxavir marboxil (BAM). V druhé části disertační práce jsme zkoumali 

inhibiční možnosti rostlinných látek flavonoidů a z nich odvozených sloučenin proti NPA 

endonukleasové doméně. Vyvinuli jsme esej pro vysokokapacitní testování sloučenin a pomocí 

ní otestovali přes 80 látek. Některé z nich byly charakterizované jako submikromolární 

inhibitory NPA, včetně luteolinu a quambalarinu B. NPA endonukleasa byla identifikovaná 

jako cílový protein těchto sloučenin, které jsou běžně užívané při infekci způsobené virem 

chřipky. Povedlo se nám vykrystalizovat NPA protein s vybranými sloučeninami a ze struktury 

jsme identifikovali dva vazebné módy látek na kovové ionty v aktivním místě enzymu. Tímto 

jsme poprvé odhalili molekulární podstatu vazby flavonoidů proti viru chřipky (publikace III.). 

Nadále jsme pokračovali s prozkoumáváním vztahu mezi strukturou a aktivitou derivátů 

luteolinu. Připravili jsme a otestovali druhou série o 21 sloučeninách. Orientin je derivát 

luteolinu, který má na uhlíku C-8 glukosový zbytek. Byl charakterizovaný jako nanomolární 

inhibitor NPA endonukleasy. Glukosová část tvoří dodatečnou síť vodíkových vazeb s 

vedlejšími řetězci v aktivním místě, zprostředkovanou molekulami vody, zatímco si zachovává 

obdobný vazebný mód jako luteolin. V klinických studiích BAM se objevila varianta NPA 

proteinu, která nese substituci Ile-38 na Thr-38, a která zhoršila citlivost viru na BAM inhibitor 

30- až 50-krát. Variantu I38T jsme rovněž připravili a otestovali, ale nijak neovlivnila vazbu 

orientinu do NPA aktivního místa. Z analýzy krystalové struktury vyplývá, že se mutace 

nachází na odlehlém místě aktivního místa endonukleasy od vazebného místa orientinu 

(publikace IV.). Další optimalizace chemické struktury flavonoidových derivátů budou 

potřeba, aby se zlepšila jejich biodostupnost. I přesto přinesla analýza struktur komplexu 

proteinu se sloučeninami nová porozumění jejich vzájemných interakcí. 
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8. SUPPLEMENTARY MATERIAL 
S1. Sequence alignments of the RdRp of various influenza viruses 

The four influenza types (A – D) were selected for the sequence alignments: pandemic influenza 

A virus (A/California/07/2009 (H1N1)), pandemic influenza A virus (A/Brevig Mission/1/1918 

(H1N1)), pandemic influenza A virus (A/Northern Territory/60/1968 (H3N2)), influenza A 

virus (A/bat/Guatemala/060/202(H17N10), influenza B virus (B/Panama/45/1990), influenza 

C virus (C/Johannesburh/1/1966), and influenza D virus 

(D/bovine/Mississippi/C00046N/2014). The influenza D virus lacks the PA subunit, instead it 

contains the complementary P3 subunit. Multiple sequence alignment was performed using the 

Clustal Omega (Goujon et al., 2010; Sievers et al., 2011) and visualised using ESPript, with the 

4WSB (Reich et al., 2014) and 7NHX (Keown et al., 2022) as a secondary structure models 

(Robert & Gouet, 2014). 

 
8.1. PA SUBUNITs alignment 

                               TTT                          A/California/07/2009(H1N1)        
    1       10        20        30        40        50      

A/California/07/2009(H1N1)                            A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DPKIETN F A CT          FH  D 

A/Brevig_Mission/1/1918(H1N1)                         A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DLKIETN F A CT          FH  N 

A/Northern_Territory/60/1968(H3N2)                     A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DLKIETN F A CT          FH  N 

A/duck/Fujian/01/2002(H5N1)                           A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DPKIETN F A CT          FH  D 

A/bat/Guatemala/060/2010(H17N10)                      A     E                 H   C    D          ME FVR  FNPMIL   E  MK YGE       K A I   MEV FMYS   FI  ....  N   TN      ER  KT      NPQNEGN F A ST          FH  DL

B/Panama/45/1990                                      A     E                 H   C    D          MD FI   FQ  II      M  F E           I   LEV YV S   FL E....  T  TRN  TT  QK KNT A  S DPELQPAMLFN CV       I  MN  D 

C/Johannesburg/1/1966                                 A     E                 H   C    D            E A     P AV I   AV  YGD       K I I     V  MF        MSKTFA I EAFLE E  R  KE  E    HE....R I Q GI FQ  C  C EYLST.

D/bovine/Mississippi/C00046N/2014                     A     E                 H   C    D          I E AK     A I I E VVR YGD         I V     A  L S    L DMSSV R I  RFLEQ T N   E       HE....RTM S GV FQ  C I  EYT E 

                                                            A/California/07/2009(H1N1)        
  60         70        80        90       100       110     

A/California/07/2009(H1N1)                                EG  R  A                  L D  D     G S            LK RFEII      M WTV NSICNT GVE PKF   LY YK  R E IIVE.SGDPNAL  H       RD I     V      T   K    P      EN

A/Brevig_Mission/1/1918(H1N1)                             EG  R  A                  L D  D     G S            LK RFEII     TM WTV NSICNT GAE PKF   LY YK  R E IIVE.SGDPNAL  H       RD       V      T   K    P      EN

A/Northern_Territory/60/1968(H3N2)                         EG  R  A                  L D  D     G S            LK RFEII     TM WTV NSICNT GAE PKF   LY YK  Q E IVVE.LDDPNAL  H       RD       V      T   K    P      EN

A/duck/Fujian/01/2002(H5N1)                               EG  R  A                  L D  D     G S            LK RFEII     TM WTV NSICNT GAE PKF   LY YK  R E IIVE.SGDPNAL  H       RD       V      T   K    P      EN

A/bat/Guatemala/060/2010(H17N10)                          EG  R  A                  L D  D     G T            LK RFEII     NI WTI NSICN      PRF   LY YK  E N IVKE.NDDDNAM  H       QE       V     MTENSK    P      TN

B/Panama/45/1990                                          EG  R  A                  L D  D     G S            LR  YEVI     TI W V  SL Q  GIE PKY   LF YK  E K YTALEGQGKEQN  PQ      MP     M QR  A EH   T    A      TK

C/Johannesburg/1/1966                                     EG  R  A                  L D  D                       RF LI         SL N LC S  LE   F   IF     N...............GSD  V    RK GT V  Q E  K YD  PLP  C    REEK

D/bovine/Mississippi/C00046N/2014                         EG  R  A                  L D  D                       RY LL     Q   S  NNICST GLE  R    IF  K  E...............TTP  V    LK  E I KQ      L   PL N A    R TR

                                                            A/California/07/2009(H1N1)        
  120       130       140       150       160       170     

A/California/07/2009(H1N1)         F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI SF GE M T  D  LDEESRA I TR           E HI  L  A   K EKTH      T  E A KA YT         K   

A/Brevig_Mission/1/1918(H1N1)      F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI SF GE M T  D  LDEESRA I TR           E HI  L  A   K EKTH      T  E A KA YT         K   

A/Northern_Territory/60/1968(H3N2)  F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI SF GE M T  D  LDEESRA I TR           E HI  L  A   K ENTH      T  E A KA YT         K   

A/duck/Fujian/01/2002(H5N1)        F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI  F GE M T  D  LDEESRA I TR           E HI  L  A   K EKTH    P T  E A KA YT         K   

A/bat/Guatemala/060/2010(H17N10)   F E G T      Y   K  K          F                     R    LK I I V RR V   Y E  S L      IHI SF GE M T  E  LDEESRA I TR           K ED  Y  A   KGENVY      D  E A DD YI         K   

B/Panama/45/1990                   F E G T      Y   K  K          F                     R    LR I V I K  A   F      L N    L I SY  D      E  LDEE K  V SR          GL DD  WK KE  G .SME M    NQ .YSLSN SS    G G  L   

C/Johannesburg/1/1966              F E G T      Y   K  K          F                     R    L  V I I RK     F      L N    I V SY G  L         EEQKL I S  Q         ADDS  QS FG  G .SCK F    D R. DKN.CEGPM       F F 

D/bovine/Mississippi/C00046N/2014  F E G T      Y   K  K          F                     R    LR L V I KR     Y E  N I N    IHV TY G    S     LED QK  I T            ESDE  Q  F   G .DMD      E K.YF NNPNG   I  T  F F 

                                             TT             A/California/07/2009(H1N1)        
  180       190       200       210       220       230     

A/California/07/2009(H1N1)                                                  S P                 I  EM    LW     SE GE  I   F    T  KL D  L   F S EN R YVD FT RQ  ASRS  DSFRQ  R  ET EEK EITG MR  A Q   PN P L  F A   G

A/Brevig_Mission/1/1918(H1N1)                                               S P                 I  EM    LW     SE GE  I   F    T  RL D  L   F S EN R YVD FT RQ  ASRG  DSFRQ  R  ET EER EITG MR  A Q   PN S L  F A   G

A/Northern_Territory/60/1968(H3N2)                                           S P                 I  EM    LW     SE GE  I   F    T  RL D  L   F   EN R YVD FT RQ  ANRG  DSFRQ  R  ET EER EITG MR  A Q   PN SCL  F A   G

A/duck/Fujian/01/2002(H5N1)                                                 S P                 I  EM    LW     SE GE  I   F    T  RL D  L   F S EN R YVD FT RQ  ASRG  DSFRQ  R  ET EER EITG MR  A Q   PN S L  F A   G

A/bat/Guatemala/060/2010(H17N10)                                            S P                 L  EL    LW     SE GE  L   F    T  RL    L   F    Q K YV  FV RQ  ATAG  DSFRQ  K  ET EEE SYPP FQ  ANQ   PS KDYH F A  SS

B/Panama/45/1990                                                            S P                 L  EL    LW      E  E  I   F    T  RL D  V   F N E  R YID TE QA  SLKN  QVLIGE DV KG ..D KLGQ IS  R I   AG S F GM S   N

C/Johannesburg/1/1966                                                       S P                 A   L    MF      D  E  I        T   L D  V   F T EQ K Y E AT ADF RKEN  NEIFLP NE TI ..EMKKGK FLE R E   LP Q Y  M D C K

D/bovine/Mississippi/C00046N/2014                                           S P                 V  EL    MF     TE G   L            M D  V   Y N E  R   E SF SD  RKEN  TEMYV  E APE ..EMYKSKLFIA R E   LP I Y HL TRC T

                TT         TT                               A/California/07/2009(H1N1)        
  240        250       260              270       280       

A/California/07/2009(H1N1)                                       R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PL        L DGP     SK  LMDA E   .C  G  SQ  KE   K  P LR TP   .......R     LCHQR        

A/Brevig_Mission/1/1918(H1N1)                                    R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PL        L DGP     SK  LMDA E   .Y  G  SQ  KE   R  P LK TP   .......R     PCSQR        

A/Northern_Territory/60/1968(H3N2)                                R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PI        L DGP     SK  LMDA E   .Y  G  SQ  KE   K  P LK TP   .......R     PCFQR        

A/duck/Fujian/01/2002(H5N1)                                      R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PL        L DGP     SK  LMDA E   .C  G  SQ  KE   R  P LK TP   .......R     PCSQR        

A/bat/Guatemala/060/2010(H17N10)                                 R           P          FL    F  NG  IE KL  MS  VNA IE F       L        L EG      SK  LMDA KA  .N  A  GA  EK   Q  S DPRTI E .......E    KFCTQR        

B/Panama/45/1990                                                 R           P          FL      P G  IE  L  MS  VSA           PI        L E P     N   LM  ID K .A  RN AR  PL   TPKKLKWEDL   GPHIYNHE   V ....Y A    SD

C/Johannesburg/1/1966                                            R           P          FL    F GNP  L  KV  MQ  I L I  Y  N    I        L  GP      K  M EA K   RE AS  SQ  SN K P KH EQ KF Q .......R  K  MAPYTH    E  

D/bovine/Mississippi/C00046N/2014                                R           P          FL    F  N    E KV  V   L I LE    N   PL        I          K  M DA KR QAEC A  AD ASR K K  HLEE KL   .......E  KEKEAPYTH    K  

          TT                                                A/California/07/2009(H1N1)        
290       300       310          320           330       340

A/California/07/2009(H1N1)                                                   K             W    LSI   S      P   A  CM  FF  K      IVK HE          Y  A  QLK   EDP HEGEGI LYD IK  KT  GW ...EPN   P   ....GINPN LM  K 

A/Brevig_Mission/1/1918(H1N1)                                                K             W    LSI   S      P   A  CM  FF  K      VVK HE          Y  A  QLK   EDP HEGEGI LYD IK  RT  GW ...EPN   P   ....GINPN LL  K 

A/Northern_Territory/60/1968(H3N2)                                            K             W    LSI   S      P   A  CM  FF  K      IVK HE          Y     QLK   EDP HEGEGI LYD IK  RT  GW ...EPY   P   ....GINPN LLS K 

A/duck/Fujian/01/2002(H5N1)                                                  K             W    LSI   S      P   A  CM  FF  K      IIK HE          Y  A  QLK   EDP HEGEGI LYD IK  KT  GW ...EPN   P   ....GINPN LL  K 

A/bat/Guatemala/060/2010(H17N10)                                             K             W    LSV          P   A  CL  FW  K      IIK HE          Y  I  QMK   LNPAHEGEGI MKD KA  DT  GW ...KAT   K   ....GVNTN LM  E 

B/Panama/45/1990                                                             K             W    L L   T      P   A  CL  Y   R      LI   E             L   .E G ANM EGKSKK KTL KE  EK STL DQTDPI  MKS  ....ANENFLWK  RD

C/Johannesburg/1/1966                                                        K             W     T               A   L  FF         AIR KD          Y  L  QWMF KISDPER..SR.... GEI ID  KKG...NLS   P   PLQGKYPIH KN  N 

D/bovine/Mississippi/C00046N/2014                                            K             W          S              L  FF          M              Y  L  QWFFAKPHD ER..AQ....PQQI YD  EAA...NMGF TTSP PIFGKQGLM HS  G 

                                                   TT       A/California/07/2009(H1N1)        
       350       360       370       380           390      

A/California/07/2009(H1N1)                                      G      K                 Q    VL  L D  N         M RTS LKWA  E  A   V      D   D  DLK  DS   AE Q IE EEKIPRTKN K   Q    L  NM PE  D....F DCK VG    Y  D

A/Brevig_Mission/1/1918(H1N1)                                   G      K                 Q    VL  L D  N         M KTS LKWA  E  A   V      D   D  DLK  DS   AE Q IE EEKIPKTKN K   Q    L  NM PE  D....F DCK VS    Y  D

A/Northern_Territory/60/1968(H3N2)                               G      K                 Q    VL  L D  N         M KTS LKWA  E  A   V      D   D  DLK  DS   AE Q IE EEKIPRTKN K   Q    L  NM PE  D....F NCR VS    Y  D

A/duck/Fujian/01/2002(H5N1)                                     G      K                 Q    VL  L D  N         M KTS LKWA  E  A   V      E   D  DLK  DS   AE Q IE EEKIPKKKN K   Q    L  NM PE  D....F DCK VS    Y  D

A/bat/Guatemala/060/2010(H17N10)                                G      K                 Q    LL  I E            L KTN LKW   E  A   M      E   E  DL    S   ES K MEG.....KFLN K   H   GL  GQ PE  D....F DCK VP  F YK E

B/Panama/45/1990                                                G      K                 Q     V  I    N         L KTN AKWA  D      I      E   D   M   E  C NT ...S EE...MSNE Q   Y    T  GLTYQ  M....K VAI DET C E PK

C/Johannesburg/1/1966                                           G      K                 Q    I   I D            I  N    FL     A   I              LK  EN  KAA A RTM........V NE DHSE  G IGR SK  PEISLTQDVITTEG   S  K

D/bovine/Mississippi/C00046N/2014                               G      K                 Q        I D  N         L  S    FL     A   I      E      E K  ET TKRA K KR ........E EP EQRD  C IGR SK  QEDKWQ S..KEE F  E  K

α1 α2 α3 

α4 β1 

β2 α5 β3 β4 η1 α6 

α7 α8 α9 α10 

α11 β5 

β6 α12 β7 α13 

β8 α14 β9 η2 β10 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 
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                               TTT                          A/California/07/2009(H1N1)        
    1       10        20        30        40        50      

A/California/07/2009(H1N1)                            A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DPKIETN F A CT          FH  D 

A/Brevig_Mission/1/1918(H1N1)                         A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DLKIETN F A CT          FH  N 

A/Northern_Territory/60/1968(H3N2)                     A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DLKIETN F A CT          FH  N 

A/duck/Fujian/01/2002(H5N1)                           A     E                 H   C    D          MEDFVR  FNPMIV L E AMK YGE       K A I   LEV FMYS   FI E....      QC      E   K       DPKIETN F A CT          FH  D 

A/bat/Guatemala/060/2010(H17N10)                      A     E                 H   C    D          ME FVR  FNPMIL   E  MK YGE       K A I   MEV FMYS   FI  ....  N   TN      ER  KT      NPQNEGN F A ST          FH  DL

B/Panama/45/1990                                      A     E                 H   C    D          MD FI   FQ  II      M  F E           I   LEV YV S   FL E....  T  TRN  TT  QK KNT A  S DPELQPAMLFN CV       I  MN  D 

C/Johannesburg/1/1966                                 A     E                 H   C    D            E A     P AV I   AV  YGD       K I I     V  MF        MSKTFA I EAFLE E  R  KE  E    HE....R I Q GI FQ  C  C EYLST.

D/bovine/Mississippi/C00046N/2014                     A     E                 H   C    D          I E AK     A I I E VVR YGD         I V     A  L S    L DMSSV R I  RFLEQ T N   E       HE....RTM S GV FQ  C I  EYT E 

                                                            A/California/07/2009(H1N1)        
  60         70        80        90       100       110     

A/California/07/2009(H1N1)                                EG  R  A                  L D  D     G S            LK RFEII      M WTV NSICNT GVE PKF   LY YK  R E IIVE.SGDPNAL  H       RD I     V      T   K    P      EN

A/Brevig_Mission/1/1918(H1N1)                             EG  R  A                  L D  D     G S            LK RFEII     TM WTV NSICNT GAE PKF   LY YK  R E IIVE.SGDPNAL  H       RD       V      T   K    P      EN

A/Northern_Territory/60/1968(H3N2)                         EG  R  A                  L D  D     G S            LK RFEII     TM WTV NSICNT GAE PKF   LY YK  Q E IVVE.LDDPNAL  H       RD       V      T   K    P      EN

A/duck/Fujian/01/2002(H5N1)                               EG  R  A                  L D  D     G S            LK RFEII     TM WTV NSICNT GAE PKF   LY YK  R E IIVE.SGDPNAL  H       RD       V      T   K    P      EN

A/bat/Guatemala/060/2010(H17N10)                          EG  R  A                  L D  D     G T            LK RFEII     NI WTI NSICN      PRF   LY YK  E N IVKE.NDDDNAM  H       QE       V     MTENSK    P      TN

B/Panama/45/1990                                          EG  R  A                  L D  D     G S            LR  YEVI     TI W V  SL Q  GIE PKY   LF YK  E K YTALEGQGKEQN  PQ      MP     M QR  A EH   T    A      TK

C/Johannesburg/1/1966                                     EG  R  A                  L D  D                       RF LI         SL N LC S  LE   F   IF     N...............GSD  V    RK GT V  Q E  K YD  PLP  C    REEK

D/bovine/Mississippi/C00046N/2014                         EG  R  A                  L D  D                       RY LL     Q   S  NNICST GLE  R    IF  K  E...............TTP  V    LK  E I KQ      L   PL N A    R TR

                                                            A/California/07/2009(H1N1)        
  120       130       140       150       160       170     

A/California/07/2009(H1N1)         F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI SF GE M T  D  LDEESRA I TR           E HI  L  A   K EKTH      T  E A KA YT         K   

A/Brevig_Mission/1/1918(H1N1)      F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI SF GE M T  D  LDEESRA I TR           E HI  L  A   K EKTH      T  E A KA YT         K   

A/Northern_Territory/60/1968(H3N2)  F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI SF GE M T  D  LDEESRA I TR           E HI  L  A   K ENTH      T  E A KA YT         K   

A/duck/Fujian/01/2002(H5N1)        F E G T      Y   K  K          F                     R    LR I I V RR V   Y E  N I S    IHI  F GE M T  D  LDEESRA I TR           E HI  L  A   K EKTH    P T  E A KA YT         K   

A/bat/Guatemala/060/2010(H17N10)   F E G T      Y   K  K          F                     R    LK I I V RR V   Y E  S L      IHI SF GE M T  E  LDEESRA I TR           K ED  Y  A   KGENVY      D  E A DD YI         K   

B/Panama/45/1990                   F E G T      Y   K  K          F                     R    LR I V I K  A   F      L N    L I SY  D      E  LDEE K  V SR          GL DD  WK KE  G .SME M    NQ .YSLSN SS    G G  L   

C/Johannesburg/1/1966              F E G T      Y   K  K          F                     R    L  V I I RK     F      L N    I V SY G  L         EEQKL I S  Q         ADDS  QS FG  G .SCK F    D R. DKN.CEGPM       F F 

D/bovine/Mississippi/C00046N/2014  F E G T      Y   K  K          F                     R    LR L V I KR     Y E  N I N    IHV TY G    S     LED QK  I T            ESDE  Q  F   G .DMD      E K.YF NNPNG   I  T  F F 

                                             TT             A/California/07/2009(H1N1)        
  180       190       200       210       220       230     

A/California/07/2009(H1N1)                                                  S P                 I  EM    LW     SE GE  I   F    T  KL D  L   F S EN R YVD FT RQ  ASRS  DSFRQ  R  ET EEK EITG MR  A Q   PN P L  F A   G

A/Brevig_Mission/1/1918(H1N1)                                               S P                 I  EM    LW     SE GE  I   F    T  RL D  L   F S EN R YVD FT RQ  ASRG  DSFRQ  R  ET EER EITG MR  A Q   PN S L  F A   G

A/Northern_Territory/60/1968(H3N2)                                           S P                 I  EM    LW     SE GE  I   F    T  RL D  L   F   EN R YVD FT RQ  ANRG  DSFRQ  R  ET EER EITG MR  A Q   PN SCL  F A   G

A/duck/Fujian/01/2002(H5N1)                                                 S P                 I  EM    LW     SE GE  I   F    T  RL D  L   F S EN R YVD FT RQ  ASRG  DSFRQ  R  ET EER EITG MR  A Q   PN S L  F A   G

A/bat/Guatemala/060/2010(H17N10)                                            S P                 L  EL    LW     SE GE  L   F    T  RL    L   F    Q K YV  FV RQ  ATAG  DSFRQ  K  ET EEE SYPP FQ  ANQ   PS KDYH F A  SS

B/Panama/45/1990                                                            S P                 L  EL    LW      E  E  I   F    T  RL D  V   F N E  R YID TE QA  SLKN  QVLIGE DV KG ..D KLGQ IS  R I   AG S F GM S   N

C/Johannesburg/1/1966                                                       S P                 A   L    MF      D  E  I        T   L D  V   F T EQ K Y E AT ADF RKEN  NEIFLP NE TI ..EMKKGK FLE R E   LP Q Y  M D C K

D/bovine/Mississippi/C00046N/2014                                           S P                 V  EL    MF     TE G   L            M D  V   Y N E  R   E SF SD  RKEN  TEMYV  E APE ..EMYKSKLFIA R E   LP I Y HL TRC T

                TT         TT                               A/California/07/2009(H1N1)        
  240        250       260              270       280       

A/California/07/2009(H1N1)                                       R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PL        L DGP     SK  LMDA E   .C  G  SQ  KE   K  P LR TP   .......R     LCHQR        

A/Brevig_Mission/1/1918(H1N1)                                    R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PL        L DGP     SK  LMDA E   .Y  G  SQ  KE   R  P LK TP   .......R     PCSQR        

A/Northern_Territory/60/1968(H3N2)                                R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PI        L DGP     SK  LMDA E   .Y  G  SQ  KE   K  P LK TP   .......R     PCFQR        

A/duck/Fujian/01/2002(H5N1)                                      R           P          FL    F PNG  IE KL  MS  VNA IE F  T   PL        L DGP     SK  LMDA E   .C  G  SQ  KE   R  P LK TP   .......R     PCSQR        

A/bat/Guatemala/060/2010(H17N10)                                 R           P          FL    F  NG  IE KL  MS  VNA IE F       L        L EG      SK  LMDA KA  .N  A  GA  EK   Q  S DPRTI E .......E    KFCTQR        

B/Panama/45/1990                                                 R           P          FL      P G  IE  L  MS  VSA           PI        L E P     N   LM  ID K .A  RN AR  PL   TPKKLKWEDL   GPHIYNHE   V ....Y A    SD

C/Johannesburg/1/1966                                            R           P          FL    F GNP  L  KV  MQ  I L I  Y  N    I        L  GP      K  M EA K   RE AS  SQ  SN K P KH EQ KF Q .......R  K  MAPYTH    E  

D/bovine/Mississippi/C00046N/2014                                R           P          FL    F  N    E KV  V   L I LE    N   PL        I          K  M DA KR QAEC A  AD ASR K K  HLEE KL   .......E  KEKEAPYTH    K  

          TT                                                A/California/07/2009(H1N1)        
290       300       310          320           330       340

A/California/07/2009(H1N1)                                                   K             W    LSI   S      P   A  CM  FF  K      IVK HE          Y  A  QLK   EDP HEGEGI LYD IK  KT  GW ...EPN   P   ....GINPN LM  K 

A/Brevig_Mission/1/1918(H1N1)                                                K             W    LSI   S      P   A  CM  FF  K      VVK HE          Y  A  QLK   EDP HEGEGI LYD IK  RT  GW ...EPN   P   ....GINPN LL  K 

A/Northern_Territory/60/1968(H3N2)                                            K             W    LSI   S      P   A  CM  FF  K      IVK HE          Y     QLK   EDP HEGEGI LYD IK  RT  GW ...EPY   P   ....GINPN LLS K 

A/duck/Fujian/01/2002(H5N1)                                                  K             W    LSI   S      P   A  CM  FF  K      IIK HE          Y  A  QLK   EDP HEGEGI LYD IK  KT  GW ...EPN   P   ....GINPN LL  K 

A/bat/Guatemala/060/2010(H17N10)                                             K             W    LSV          P   A  CL  FW  K      IIK HE          Y  I  QMK   LNPAHEGEGI MKD KA  DT  GW ...KAT   K   ....GVNTN LM  E 

B/Panama/45/1990                                                             K             W    L L   T      P   A  CL  Y   R      LI   E             L   .E G ANM EGKSKK KTL KE  EK STL DQTDPI  MKS  ....ANENFLWK  RD

C/Johannesburg/1/1966                                                        K             W     T               A   L  FF         AIR KD          Y  L  QWMF KISDPER..SR.... GEI ID  KKG...NLS   P   PLQGKYPIH KN  N 

D/bovine/Mississippi/C00046N/2014                                            K             W          S              L  FF          M              Y  L  QWFFAKPHD ER..AQ....PQQI YD  EAA...NMGF TTSP PIFGKQGLM HS  G 

                                                   TT       A/California/07/2009(H1N1)        
       350       360       370       380           390      

A/California/07/2009(H1N1)                                      G      K                 Q    VL  L D  N         M RTS LKWA  E  A   V      D   D  DLK  DS   AE Q IE EEKIPRTKN K   Q    L  NM PE  D....F DCK VG    Y  D

A/Brevig_Mission/1/1918(H1N1)                                   G      K                 Q    VL  L D  N         M KTS LKWA  E  A   V      D   D  DLK  DS   AE Q IE EEKIPKTKN K   Q    L  NM PE  D....F DCK VS    Y  D

A/Northern_Territory/60/1968(H3N2)                               G      K                 Q    VL  L D  N         M KTS LKWA  E  A   V      D   D  DLK  DS   AE Q IE EEKIPRTKN K   Q    L  NM PE  D....F NCR VS    Y  D

A/duck/Fujian/01/2002(H5N1)                                     G      K                 Q    VL  L D  N         M KTS LKWA  E  A   V      E   D  DLK  DS   AE Q IE EEKIPKKKN K   Q    L  NM PE  D....F DCK VS    Y  D

A/bat/Guatemala/060/2010(H17N10)                                G      K                 Q    LL  I E            L KTN LKW   E  A   M      E   E  DL    S   ES K MEG.....KFLN K   H   GL  GQ PE  D....F DCK VP  F YK E

B/Panama/45/1990                                                G      K                 Q     V  I    N         L KTN AKWA  D      I      E   D   M   E  C NT ...S EE...MSNE Q   Y    T  GLTYQ  M....K VAI DET C E PK

C/Johannesburg/1/1966                                           G      K                 Q    I   I D            I  N    FL     A   I              LK  EN  KAA A RTM........V NE DHSE  G IGR SK  PEISLTQDVITTEG   S  K

D/bovine/Mississippi/C00046N/2014                               G      K                 Q        I D  N         L  S    FL     A   I      E      E K  ET TKRA K KR ........E EP EQRD  C IGR SK  QEDKWQ S..KEE F  E  K

α1 α2 α3 

α4 β1 

β2 α5 β3 β4 η1 α6 

α7 α8 α9 α10 

α11 β5 

β6 α12 β7 α13 

β8 α14 β9 η2 β10 

                                                            A/California/07/2009(H1N1)        
 400       410             420       430       440       450

A/California/07/2009(H1N1)                 W   E                      E        E               PE R L S VQN FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  P S A        K CE ...... D S    D   E      H   M  N  TA  

A/Brevig_Mission/1/1918(H1N1)              W   E                      E        E               PE R L S IQS FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  L S A        K CE ...... D S    D   E      H   M  N  TA  

A/Northern_Territory/60/1968(H3N2)          W   E                      E        E               PE R L S IQN FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  L S S        K CE ...... D T    D   E      Y   M  N  TA  

A/duck/Fujian/01/2002(H5N1)                W   E                      E        E               PE R L S IQS FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  P S A        K CE ...... D S    D   E      H   M  N  TA  

A/bat/Guatemala/060/2010(H17N10)           W   E                      E        E               PE R L S IQS FN A  L      T S WIE   LG DVAPI  IAS RR FF  EVP  K K A        K SE ...... N N   FD   N      H   R  N  TA  

B/Panama/45/1990                           W   E                      E        E               P    V   VQT  N L  L      T    LDL  IG DVAPV  V S RR YF  EII NKCR AA     M L ST ...... SKRA   P   P      H G E  K  VN  

C/Johannesburg/1/1966                      W   E                      E        E               PE R      N  W  A           T WV M   P     L   A          LL  P SFPR F A  MW IKDS.....DL G  P A Y PADNE  DY EHLNKTMEGV 

D/bovine/Mississippi/C00046N/2014          W   E                      E        E                  R   T  N  W  A             WI M  MP     M   A          IGAAK GFP  F E  LW MRDSGDGDNKIGD  P A   PCKNE  DY KKMCEELESK 

                                         TT                 A/California/07/2009(H1N1)        
       460       470       480       490               500  

A/California/07/2009(H1N1)                  K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/Brevig_Mission/1/1918(H1N1)               K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/Northern_Territory/60/1968(H3N2)           K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/duck/Fujian/01/2002(H5N1)                 K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/bat/Guatemala/060/2010(H17N10)            K       L              P                       L GS CRAS  IM  V   TA LN S   M  Y VI I TK R           G      Y  Q    EY   A YIN     S CTA EE Q    I  C DTS........ QRRTN   

B/Panama/45/1990                            K       L              P                       L GN CKAS  MM  V   T  LN S A M  Y VI I NR             G      Y  Y    TV   Y LFH S   E N S GK K    T  VVNEK........ ESFDM   

C/Johannesburg/1/1966                       K       L              P                       L GQ       M   I    A MT   L      VV I  R K R         P      F  GTNCARE G C LTVG    ECR FPGKIK    YA S E KSMQEGLPV SEMDC   

D/bovine/Mississippi/C00046N/2014           K       L              P                       L GQ       M   I       T          IV I  R   R         G      F  GTNCARE S L HTIGS H ECRNFPGKVK    YC GTL ......... ESTDC   

           TT              TT                               A/California/07/2009(H1N1)        
     510       520       530       540       550            

A/California/07/2009(H1N1)           K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  T.......A G

A/Brevig_Mission/1/1918(H1N1)        K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  S.......A G

A/Northern_Territory/60/1968(H3N2)    K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  S.......A G

A/duck/Fujian/01/2002(H5N1)          K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  T.......A G

A/bat/Guatemala/060/2010(H17N10)     K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN IS    LTD R E   WE     EI  M IR         I F         N      F  L        N IH     C L   D E  T.......S S

B/Panama/45/1990                     K  SHL  D         EFS   P     K  KY V   G                 AV G    R  TDVVT VT     TD RVD   W       I  L V            L    Q    G      V  F   S      SG  P  T FR  S F S...........

C/Johannesburg/1/1966                K  SHL  D         EFS   P     K  KY V   G                  V  K        M T IT    I E  LE          EA    VR         V IC  S    NK DG Y I  F    R  N  .. HQ  T F   HTT  M...KKGES I

D/bovine/Mississippi/C00046N/2014    K  SHL  D         EFS   P     K  KY V   G                 AI GK        M T VT      E        E     EA  V V            I        NK DG Y V  F   TE  NPS.. H   T F   T P EAVVLTPKRERV

                                                            A/California/07/2009(H1N1)        
  560       570       580       590       600       610     

A/California/07/2009(H1N1)               LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQVS      V                                A  S   K   KEF E  

A/Brevig_Mission/1/1918(H1N1)            LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQVS      V                                A  S   K   KEF E  

A/Northern_Territory/60/1968(H3N2)        LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQMS      V                                A  S   K   KEF E  

A/duck/Fujian/01/2002(H5N1)              LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQVS      V                                A  S   K   KEF E  

A/bat/Guatemala/060/2010(H17N10)         LY R     K    W    RRC        E     E                   KPVY    TNGTS IKMK GMEM   LLQSLQQV SMIE  S VKE DMT   F NRTIM      V                                A  A   K   EPF R  

B/Panama/45/1990                         LY R     K    W    RRC        E     E                   K VY     NGTN I MK GMEA   LLQSMQQM  IVE  S I   DMT   F   GRE S    C V      Q                   A   Q  S QGY   KAC KGD

C/Johannesburg/1/1966                    LY R     K    W    RRC        E     E                    PLY    TT  S IK      A    ITTM TV TI    S   E  L       KGREV     C   AL    ND LSK    F    D     CLR  AKA EN VEKTLNE 

D/bovine/Mississippi/C00046N/2014        LY R     K    W    RRC        E     E                   K LF    TTG S LK          LI TM TV QIV     LKE         NKLKE K    C    M    ND FSKC     P  E      LK CA   ENRVSEMLE  

                                                            A/California/07/2009(H1N1)        
      620       630       640       650       660       670 

A/California/07/2009(H1N1)                  G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRKL LIVQA....SET P    PRG EE        T       NS  A P                  

A/Brevig_Mission/1/1918(H1N1)               G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRKL LIVQA....SET P    PKG EE        T       NS  A P                  

A/Northern_Territory/60/1968(H3N2)           G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRKL LVVQA....SET P    PKG ED        T       NS  A P                  

A/duck/Fujian/01/2002(H5N1)                 G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRRL LIVQA....SET P    PKG EE        T       NS  A P                  

A/bat/Guatemala/060/2010(H17N10)            G               R               QLEGF  E    L            W I ES   I  GTIGKVC  LLAKSVF  IY S      SA SRKL LLIQA....END P    PQG EK        V       NS  A A                  

B/Panama/45/1990                            G               R               QLEGF  E    L            F I  Q   L  GS GKA   I  K L   VF N      SA SRRL LLIQARVNSPKT S  T EGK VK  F   L V FT C MHY  G A                  

C/Johannesburg/1/1966                       G               R               QLEGF  E    L                E         L  A    LV Q Y  IY           QKKI MAL  QMWIG..KKN  LIA....QP RE L VQ  Q F FC  NDS     CN         EG

D/bovine/Mississippi/C00046N/2014           G               R               QLEGF  E    L                EN   L    L  LC  LIV Q Y  IY           QKK  M LQARAWIA..HEN   LTR VSTK KD   M   T F YC  NDN     CN    F  F   

                                                            A/California/07/2009(H1N1)        
      680       690       700       710                     

A/California/07/2009(H1N1)                 F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    G    A       D    L      S  TH L.K..............

A/Brevig_Mission/1/1918(H1N1)              F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    G    A       D    L      S  TH L.R..............

A/Northern_Territory/60/1968(H3N2)          F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    E    A       D    L      S  TH L.R..............

A/duck/Fujian/01/2002(H5N1)                F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    G    A       D    L      S  TH L.R..............

A/bat/Guatemala/060/2010(H17N10)           F   G    IEEC    P     A   N                        RDN  P T DL  LYE     IIN  WVL N SWF  FL  V                 F   LD G    K    A       D    L      S  KA Q.LSM............

B/Panama/45/1990                           F   G    IEEC    P     A   N                        KD   P   DL  MY      I N  WVI S  WF  WL                    L  RKG WV   E   SG     S N    Q  Y   E  GFEK.EGSKVLESVDEIMDE

C/Johannesburg/1/1966                      F   G    IEEC    P     A   N                        K N          L E     LIN    L   Q     V  A                 D K KSSFG NPE  L K       N MC FM  RL EL IE SKRGAKFFKTD......

D/bovine/Mississippi/C00046N/2014          F   G    IEEC    P     A   N                        KDS    T     LYE     IVS    I            A                 D   KSAF  NQK    K       N LC FL DRL KLFLV KSNGAKYFE........

α15 β11 α16 

α17 β12 β13 

β14 η3 β15 

β16 α18 α19 α20 

β17 β18 α21 α22 

β19 α23 α24 

 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 
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8.2. PB1 SUBUNITs alignment 

  

                                                            A/California/07/2009(H1N1)        
 400       410             420       430       440       450

A/California/07/2009(H1N1)                 W   E                      E        E               PE R L S VQN FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  P S A        K CE ...... D S    D   E      H   M  N  TA  

A/Brevig_Mission/1/1918(H1N1)              W   E                      E        E               PE R L S IQS FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  L S A        K CE ...... D S    D   E      H   M  N  TA  

A/Northern_Territory/60/1968(H3N2)          W   E                      E        E               PE R L S IQN FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  L S S        K CE ...... D T    D   E      Y   M  N  TA  

A/duck/Fujian/01/2002(H5N1)                W   E                      E        E               PE R L S IQS FN A  L      T S WIEL  IG DVAPI  IAS RR YF  EVE  P S A        K CE ...... D S    D   E      H   M  N  TA  

A/bat/Guatemala/060/2010(H17N10)           W   E                      E        E               PE R L S IQS FN A  L      T S WIE   LG DVAPI  IAS RR FF  EVP  K K A        K SE ...... N N   FD   N      H   R  N  TA  

B/Panama/45/1990                           W   E                      E        E               P    V   VQT  N L  L      T    LDL  IG DVAPV  V S RR YF  EII NKCR AA     M L ST ...... SKRA   P   P      H G E  K  VN  

C/Johannesburg/1/1966                      W   E                      E        E               PE R      N  W  A           T WV M   P     L   A          LL  P SFPR F A  MW IKDS.....DL G  P A Y PADNE  DY EHLNKTMEGV 

D/bovine/Mississippi/C00046N/2014          W   E                      E        E                  R   T  N  W  A             WI M  MP     M   A          IGAAK GFP  F E  LW MRDSGDGDNKIGD  P A   PCKNE  DY KKMCEELESK 

                                         TT                 A/California/07/2009(H1N1)        
       460       470       480       490               500  

A/California/07/2009(H1N1)                  K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/Brevig_Mission/1/1918(H1N1)               K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/Northern_Territory/60/1968(H3N2)           K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/duck/Fujian/01/2002(H5N1)                 K       L              P                       L GS CRAT  IM  V   TA LN S A M  F LI M SK R K         G      Y  H    EY   G YIN     A C A DD Q    I  C T E........ RRKTN   

A/bat/Guatemala/060/2010(H17N10)            K       L              P                       L GS CRAS  IM  V   TA LN S   M  Y VI I TK R           G      Y  Q    EY   A YIN     S CTA EE Q    I  C DTS........ QRRTN   

B/Panama/45/1990                            K       L              P                       L GN CKAS  MM  V   T  LN S A M  Y VI I NR             G      Y  Y    TV   Y LFH S   E N S GK K    T  VVNEK........ ESFDM   

C/Johannesburg/1/1966                       K       L              P                       L GQ       M   I    A MT   L      VV I  R K R         P      F  GTNCARE G C LTVG    ECR FPGKIK    YA S E KSMQEGLPV SEMDC   

D/bovine/Mississippi/C00046N/2014           K       L              P                       L GQ       M   I       T          IV I  R   R         G      F  GTNCARE S L HTIGS H ECRNFPGKVK    YC GTL ......... ESTDC   

           TT              TT                               A/California/07/2009(H1N1)        
     510       520       530       540       550            

A/California/07/2009(H1N1)           K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  T.......A G

A/Brevig_Mission/1/1918(H1N1)        K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  S.......A G

A/Northern_Territory/60/1968(H3N2)    K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  S.......A G

A/duck/Fujian/01/2002(H5N1)          K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN VS    LTD RLE   WE     EI  M LR         I F         N      F  M          PH     C L   D L  T.......A G

A/bat/Guatemala/060/2010(H17N10)     K  SHL  D         EFS   P     K  KY V   G                 II GR   R  TDVVN IS    LTD R E   WE     EI  M IR         I F         N      F  L        N IH     C L   D E  T.......S S

B/Panama/45/1990                     K  SHL  D         EFS   P     K  KY V   G                 AV G    R  TDVVT VT     TD RVD   W       I  L V            L    Q    G      V  F   S      SG  P  T FR  S F S...........

C/Johannesburg/1/1966                K  SHL  D         EFS   P     K  KY V   G                  V  K        M T IT    I E  LE          EA    VR         V IC  S    NK DG Y I  F    R  N  .. HQ  T F   HTT  M...KKGES I

D/bovine/Mississippi/C00046N/2014    K  SHL  D         EFS   P     K  KY V   G                 AI GK        M T VT      E        E     EA  V V            I        NK DG Y V  F   TE  NPS.. H   T F   T P EAVVLTPKRERV

                                                            A/California/07/2009(H1N1)        
  560       570       580       590       600       610     

A/California/07/2009(H1N1)               LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQVS      V                                A  S   K   KEF E  

A/Brevig_Mission/1/1918(H1N1)            LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQVS      V                                A  S   K   KEF E  

A/Northern_Territory/60/1968(H3N2)        LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQMS      V                                A  S   K   KEF E  

A/duck/Fujian/01/2002(H5N1)              LY R     K    W    RRC        E     E                   RPMF    TNGTS IKMK GMEM   LLQSLQQI SMIE  S VKE DMT   F NKQVS      V                                A  S   K   KEF E  

A/bat/Guatemala/060/2010(H17N10)         LY R     K    W    RRC        E     E                   KPVY    TNGTS IKMK GMEM   LLQSLQQV SMIE  S VKE DMT   F NRTIM      V                                A  A   K   EPF R  

B/Panama/45/1990                         LY R     K    W    RRC        E     E                   K VY     NGTN I MK GMEA   LLQSMQQM  IVE  S I   DMT   F   GRE S    C V      Q                   A   Q  S QGY   KAC KGD

C/Johannesburg/1/1966                    LY R     K    W    RRC        E     E                    PLY    TT  S IK      A    ITTM TV TI    S   E  L       KGREV     C   AL    ND LSK    F    D     CLR  AKA EN VEKTLNE 

D/bovine/Mississippi/C00046N/2014        LY R     K    W    RRC        E     E                   K LF    TTG S LK          LI TM TV QIV     LKE         NKLKE K    C    M    ND FSKC     P  E      LK CA   ENRVSEMLE  

                                                            A/California/07/2009(H1N1)        
      620       630       640       650       660       670 

A/California/07/2009(H1N1)                  G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRKL LIVQA....SET P    PRG EE        T       NS  A P                  

A/Brevig_Mission/1/1918(H1N1)               G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRKL LIVQA....SET P    PKG EE        T       NS  A P                  

A/Northern_Territory/60/1968(H3N2)           G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRKL LVVQA....SET P    PKG ED        T       NS  A P                  

A/duck/Fujian/01/2002(H5N1)                 G               R               QLEGF  E    L            W I ES   V  GSIGKVC  LLAKSVF  LY S      SA SRRL LIVQA....SET P    PKG EE        T       NS  A P                  

A/bat/Guatemala/060/2010(H17N10)            G               R               QLEGF  E    L            W I ES   I  GTIGKVC  LLAKSVF  IY S      SA SRKL LLIQA....END P    PQG EK        V       NS  A A                  

B/Panama/45/1990                            G               R               QLEGF  E    L            F I  Q   L  GS GKA   I  K L   VF N      SA SRRL LLIQARVNSPKT S  T EGK VK  F   L V FT C MHY  G A                  

C/Johannesburg/1/1966                       G               R               QLEGF  E    L                E         L  A    LV Q Y  IY           QKKI MAL  QMWIG..KKN  LIA....QP RE L VQ  Q F FC  NDS     CN         EG

D/bovine/Mississippi/C00046N/2014           G               R               QLEGF  E    L                EN   L    L  LC  LIV Q Y  IY           QKK  M LQARAWIA..HEN   LTR VSTK KD   M   T F YC  NDN     CN    F  F   

                                                            A/California/07/2009(H1N1)        
      680       690       700       710                     

A/California/07/2009(H1N1)                 F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    G    A       D    L      S  TH L.K..............

A/Brevig_Mission/1/1918(H1N1)              F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    G    A       D    L      S  TH L.R..............

A/Northern_Territory/60/1968(H3N2)          F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    E    A       D    L      S  TH L.R..............

A/duck/Fujian/01/2002(H5N1)                F   G    IEEC    P     A   N                        RDN  P T DL  LYE     LIN  WVL N SWF  FL  A                 L   LE G    G    A       D    L      S  TH L.R..............

A/bat/Guatemala/060/2010(H17N10)           F   G    IEEC    P     A   N                        RDN  P T DL  LYE     IIN  WVL N SWF  FL  V                 F   LD G    K    A       D    L      S  KA Q.LSM............

B/Panama/45/1990                           F   G    IEEC    P     A   N                        KD   P   DL  MY      I N  WVI S  WF  WL                    L  RKG WV   E   SG     S N    Q  Y   E  GFEK.EGSKVLESVDEIMDE

C/Johannesburg/1/1966                      F   G    IEEC    P     A   N                        K N          L E     LIN    L   Q     V  A                 D K KSSFG NPE  L K       N MC FM  RL EL IE SKRGAKFFKTD......

D/bovine/Mississippi/C00046N/2014          F   G    IEEC    P     A   N                        KDS    T     LYE     IVS    I            A                 D   KSAF  NQK    K       N LC FL DRL KLFLV KSNGAKYFE........

α15 β11 α16 

α17 β12 β13 

β14 η3 β15 

β16 α18 α19 α20 

β17 β18 α21 α22 

β19 α23 α24 

 

                       TT                                 TTA/California/07/2009(H1N1)       
1       10        20        30        40        50        60

A/California/07/2009(H1N1)       M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL IPAQNA  T F       Y   TG GYTMD V   H    KGK  TN       T    K               D                N   Q  E   WT  TE

A/Brevig                         M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL VPAQNA  T F       Y   TG GYTMD V   H    KGR  TN       T    K               D                N   Q  E   WT  TE

A/Northern                       M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL VPAQNA  T F       Y   TG GYTMD V   H    KGK  TN       T    K               D                N   Q  E   WT  TE

A/duck/Fujian/01/2002(H5N1)      M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL VPAQNA  T F       Y   TG GYTMD V   H    KGK  TN       T    K               D                N   Q  E   WT  TE

A/bat/Guatemala/060/2010(H17N10) M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LIFL VPVQNA  T F       Y   TG GYTMD V   H    RG   TN       M    K               D                I   D  S  IWK  SE

B/Panama/45/1990                 M  NP            IS T PYTG PP SHG  T     T  RT  YS            I    LFI VPIQ A  T F       Y   TG G TID V   H    KGK   S   N   YF   D    A          V          H     I   E  N   QYV DV

C/Johannesburg/1/1966            M  NP            IS T PYTG PP SHG  T     T  RT  YS           EI   LMFL   VTSL  T Y           S   YTLE I             TS       Y    NND             P  M    S K      K  YD  RTSVEK  KV

D/bovine/Mississippi/C00046N/2014 M  NP            IS T PYTG PP SHG  T     T  RT  YS           EI   LL L   ITSM    Y           T   YSME V          K   S       Y  M NND      L      A  M    S K      S  YS  RTK EVP GI

T       TT                                                  A/California/07/2009(H1N1)       
        70          80        90        100       110       

A/California/07/2009(H1N1)                           P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     DN       T       AF   S.     ENSCL T    QQ 

A/Brevig                                             P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     DN       T       AF   S.     ENSCL T    QQ 

A/Northern                                           P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     DN       T       AF   S.     ENSCL T    QQ 

A/duck/Fujian/01/2002(H5N1)                          P         L            G F              TGA  L P    GPLPD  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     NH       T       AF   S.     ENSCL T    QQ 

A/bat/Guatemala/060/2010(H17N10)                     P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV ELI  LD   HP L      E IDAI  T   QQ N ID..     DN       T       EG  RS.     ETACQ T    QQ 

B/Panama/45/1990                                     P         L            G F              TG   V P    GPLPE  E S YAQ DCV EAL  MDE  HP L        MEAL  T  CTM D TN..     DN   A   L       DR   E.     QAASQNA    MV 

C/Johannesburg/1/1966                                P         L            G F                I             E    TG V    L  LA  ME             E    I   FN PRRKFCNCLEDKD LVK   N DISS  G  EM  KRMGE F KHCVM AETE LKM

D/bovine/Mississippi/C00046N/2014                     P         L            G F               PI                  NG V    M  LA  LEE            E    I   F  ERRKFCNTIEDKENLEK   N DINF  S  EM   KMGR F KFCAN AEAE LKM

                                                            A/California/07/2009(H1N1)       
120       130       140       150       160       170       

A/California/07/2009(H1N1)           LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESM                   N         A       S GL AN S R    LK      NKE

A/Brevig                             LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESMD                  N         A       S GL AN S R    LK       KE

A/Northern                           LT GRQT DWT  RN PAATAL  T                               RVDR  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESMD                  N         A       S GL AN S R    LK       KE

A/duck/Fujian/01/2002(H5N1)          LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESMD                  N         A       S DL AN S R    LK       KE

A/bat/Guatemala/060/2010(H17N10)     LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N     E G LIDF  DVL S E                  N         A       K GYKLN S R    LK   L F ND

B/Panama/45/1990                     LT GRQT DWT  RN PAATAL  T                                VDK  Q    F   V   Q       T I  FR N  N  D G LV F  DIIDSLD  T               C         N   TS  L DL GA K G  P CQ       KP

C/Johannesburg/1/1966                LT GRQT DWT  RN PAATAL  T                               H  R       Y                 VDA K T         MLEY   MIE LD   FS   E        SE  M      QL    I E EGP.FKGTT    CNK   M  WK

D/bovine/Mississippi/C00046N/2014     LT GRQT DWT  RN PAATAL  T                               H  K       Y                 VDA   T  T      MVEY   ILE MD   FS   E        SE  M      QL    IQE QG .FKGTT    CNK   M  WP

                                                            A/California/07/2009(H1N1)       
180       190       200       210       220       230       

A/California/07/2009(H1N1)                                                 R    NTM KD ERGK  EI      Q KRRVRD  TKK V QRT  K K RLNK  YLI ALTL   T  A    LK  EITTHF R      NM   M T   IG K Q    RG                     

A/Brevig                                                                   R    NTM KD ERGK  EM      Q KRRVRD  TKK V QRT  K K RLNK  YLI ALTL   T  A    LK  EITTHF R      NM   M T   IG K Q    RS                     

A/Northern                                                                 R    NTM KD ERGK  EM      Q KRRVRD  TKK V QRT  K K RVNK  YLI ALTL   T  A    LK  EITTHF R      NM   M T   IG K Q    RS                     

A/duck/Fujian/01/2002(H5N1)                                                R    NTM KD ERGK  EM      Q KRRIRD  TKK V QRT  K K RLNK  YLI ALTL   T  A    LK  EITAHF R      NM   M T   IG K Q    KS                     

A/bat/Guatemala/060/2010(H17N10)                                           R    NTM KD ERGK   M      Q KKRIRD  SKK I QRT  K R KLTK  YLI ALTL   T  A    LKS EVTTHF K      NH   M T   IG K V    KN                     

B/Panama/45/1990                                                           R    NTM KD ERGK  EM      N KKKL     K  L  R   K K RITR  YI  ALSL   T  A    LK  TFFSVK I    PAKNR GF IK IPM V D    VE  K                  

C/Johannesburg/1/1966                                                      R    NTM KD ERGK  EI      T  RR KD  S K I TK        I H  FLI ALTI           L   KFKKVK VV  E  KR G E K  VPVMGIDS K DE           A  G     Q

D/bovine/Mississippi/C00046N/2014                                           R    NTM KD ERGK  EV          R  D  TKK I  KS      KI R  FI  I TI            K  KFKKVRMIVQ HW PK   E KM  PTLMIT  G EE  K  C     A  G    Y 

                             TT                          TT A/California/07/2009(H1N1)       
240       250       260       270       280       290       

A/California/07/2009(H1N1)       RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/Brevig                         RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/Northern                       RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/duck/Fujian/01/2002(H5N1)      RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/bat/Guatemala/060/2010(H17N10) RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V     L RN   R EQ               NVI KMM   TD                 YF  L                         A   K   AKS  EE

B/Panama/45/1990                 RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                       IQI G V    NL KN     EQ               NAV KMLS            A        LV          N                 S   A    NCPPGG

C/Johannesburg/1/1966            RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P M V P      TV      K                  T V  L    N            I    SKI     QK     KE              K T TS NARM SDQ

D/bovine/Mississippi/C00046N/2014 RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P M I P      TL      R                  T V    S  QE           G    SKI     QK     AE              K T SSTN KL  GQ

                                                            A/California/07/2009(H1N1)       
300       310       320       330       340       350       

A/California/07/2009(H1N1)            TGDN KWNE   P   LA    IT             AP  F NK    G G   IS TI    T     QN RMF  MI Y  R QPEWFR I SM  IM S  MARL K YM   F           N          T    N      N L                   F

A/Brevig                              TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RMF  MI Y  R QPEWFR V SI  IM S  MARL K YM   F           N          T    N      N L                   F

A/Northern                            TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RMF  MI Y  K QPEWFR V SI  IM S  MARL K YM   F           N          T    N      N L                   F

A/duck/Fujian/01/2002(H5N1)           TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RMF  MI Y  R QPDWFR V SI  IM S  MARL K YM   F           N          T    N      N L                   F

A/bat/Guatemala/060/2010(H17N10)      TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RIF  MV      QPEWFR L  V  IM S  VARL R YM   Y           N          LR  AG      D LA                  F

B/Panama/45/1990                      TGDN KWNE   P   LA    IT             AP  F NK    G G   IS TV    T      N RIF  M     R SP WFR   SI  VL S  IARL K FM   M           CL        TER   D  I   DFC                   I

C/Johannesburg/1/1966                 TGDN KWNE   P   LA    IT             AP  F NK    G G      NI    S     QQ  AY  LL Y  K S D  K L SV  VL     VKL      FAV           C   E      A    D S LM D C       C  F    Q IRL

D/bovine/Mississippi/C00046N/2014      TGDN KWNE   P   LA    IT             AP  F NK    G G      NI    S     QQ  AY  ML Y  K S    K L SV   L     VKM   F  FMV           C   E      A    D SNLM D C    T  C  Y    Q  RA

                    TT                   TT         TT      A/California/07/2009(H1N1)       
360       370       380       390        400       410      

A/California/07/2009(H1N1)         K       I                                   L  GM MGMFNMLS S   KIR Q PAE L  I L  FNE TK KIEKIRP L  DGTAS SP  M        E  RM   T     M AS D KY   S  K       L I.                   

A/Brevig                           K       I                                   L  GM MGMFNMLS S   KLR Q PAE L  I L  FND TR KIEKIRP L  DGTAS SP  M        E  SM   T     M AS D KY   S  K       L I.                   

A/Northern                         K       I                                   L  GM MGMFNMLS S   KLR Q PAE L  I L  FNE TR KIEKIRP L  DGTAS SP  M        E  SM   T     M AS D KY   S  K       L I.                   

A/duck/Fujian/01/2002(H5N1)        K       I                                   L  GM MGMFNMLS S   KLR Q PAE L  I L  FNE TR KIEKIRP L  DGTAS SP  M        E  SM   T     M AN D KY   S  K       L I.                   

A/bat/Guatemala/060/2010(H17N10)   K       I                                   L  GM MGMFNMLS S   HLR Q  AE L  I L  FNE TK KIEKIR  M  EGTAS SP  M        E  SM   T  S  N SD N RY   D  K      HL V.                   

B/Panama/45/1990                   K       I                                   L  GM MGMFNMLS S   RLK Q P   L  I L  YNE TR KL KLKP    EGTAS SP  M        T  TK   A   CPD FS P ER   E  A  K    FFNE                   

C/Johannesburg/1/1966              K       I                                   L  GM MGMFNMLS N          AE M         E  K   E L   I         G  L        S  RKTKEVI K  K GKY.KNLMR EY NLF P EKY Q.KDVCF P            

D/bovine/Mississippi/C00046N/2014   K       I                                   L  GM MGMFNMLS N         PA  M        N   R   E I P M         G  L        K  RKTKEIV   KK KER.KELM AEW DLF T E Y D.GECCF G            

η1 η2 α1 β1 

β2 α2 α3 

η3 β3 β4 α4 η4 α5 

β5 β6 α6 β7 

β8 α7 α8 

β9 α9 α10 β10 β11 

β12 η5 α11 β13 β14 

A/bat/Guatemala/060/2010(H17N10) 

 

A/bat/Guatemala/060/2010(H17N10) 

 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 

A/Brevig Mission/1/1918(H1N1) 



 

 134  

 

  

                       TT                                 TTA/California/07/2009(H1N1)       
1       10        20        30        40        50        60

A/California/07/2009(H1N1)       M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL IPAQNA  T F       Y   TG GYTMD V   H    KGK  TN       T    K               D                N   Q  E   WT  TE

A/Brevig                         M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL VPAQNA  T F       Y   TG GYTMD V   H    KGR  TN       T    K               D                N   Q  E   WT  TE

A/Northern                       M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL VPAQNA  T F       Y   TG GYTMD V   H    KGK  TN       T    K               D                N   Q  E   WT  TE

A/duck/Fujian/01/2002(H5N1)      M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LLFL VPAQNA  T F       Y   TG GYTMD V   H    KGK  TN       T    K               D                N   Q  E   WT  TE

A/bat/Guatemala/060/2010(H17N10) M  NP            IS T PYTG PP SHG  T     T  RT  YS           DV   LIFL VPVQNA  T F       Y   TG GYTMD V   H    RG   TN       M    K               D                I   D  S  IWK  SE

B/Panama/45/1990                 M  NP            IS T PYTG PP SHG  T     T  RT  YS            I    LFI VPIQ A  T F       Y   TG G TID V   H    KGK   S   N   YF   D    A          V          H     I   E  N   QYV DV

C/Johannesburg/1/1966            M  NP            IS T PYTG PP SHG  T     T  RT  YS           EI   LMFL   VTSL  T Y           S   YTLE I             TS       Y    NND             P  M    S K      K  YD  RTSVEK  KV

D/bovine/Mississippi/C00046N/2014 M  NP            IS T PYTG PP SHG  T     T  RT  YS           EI   LL L   ITSM    Y           T   YSME V          K   S       Y  M NND      L      A  M    S K      S  YS  RTK EVP GI

T       TT                                                  A/California/07/2009(H1N1)       
        70          80        90        100       110       

A/California/07/2009(H1N1)                           P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     DN       T       AF   S.     ENSCL T    QQ 

A/Brevig                                             P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     DN       T       AF   S.     ENSCL T    QQ 

A/Northern                                           P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     DN       T       AF   S.     ENSCL T    QQ 

A/duck/Fujian/01/2002(H5N1)                          P         L            G F              TGA  L P    GPLPD  E SGYAQ DCV EAM  LEE  HP I      E MEVV  T   PQ N ID..     NH       T       AF   S.     ENSCL T    QQ 

A/bat/Guatemala/060/2010(H17N10)                     P         L            G F              TGA  L P    GPLPE  E SGYAQ DCV ELI  LD   HP L      E IDAI  T   QQ N ID..     DN       T       EG  RS.     ETACQ T    QQ 

B/Panama/45/1990                                     P         L            G F              TG   V P    GPLPE  E S YAQ DCV EAL  MDE  HP L        MEAL  T  CTM D TN..     DN   A   L       DR   E.     QAASQNA    MV 

C/Johannesburg/1/1966                                P         L            G F                I             E    TG V    L  LA  ME             E    I   FN PRRKFCNCLEDKD LVK   N DISS  G  EM  KRMGE F KHCVM AETE LKM

D/bovine/Mississippi/C00046N/2014                     P         L            G F               PI                  NG V    M  LA  LEE            E    I   F  ERRKFCNTIEDKENLEK   N DINF  S  EM   KMGR F KFCAN AEAE LKM

                                                            A/California/07/2009(H1N1)       
120       130       140       150       160       170       

A/California/07/2009(H1N1)           LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESM                   N         A       S GL AN S R    LK      NKE

A/Brevig                             LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESMD                  N         A       S GL AN S R    LK       KE

A/Northern                           LT GRQT DWT  RN PAATAL  T                               RVDR  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESMD                  N         A       S GL AN S R    LK       KE

A/duck/Fujian/01/2002(H5N1)          LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N  T  E G LIDF  DVMESMD                  N         A       S DL AN S R    LK       KE

A/bat/Guatemala/060/2010(H17N10)     LT GRQT DWT  RN PAATAL  T                               RVDK  Q    Y   L   Q       N IEVFR N     E G LIDF  DVL S E                  N         A       K GYKLN S R    LK   L F ND

B/Panama/45/1990                     LT GRQT DWT  RN PAATAL  T                                VDK  Q    F   V   Q       T I  FR N  N  D G LV F  DIIDSLD  T               C         N   TS  L DL GA K G  P CQ       KP

C/Johannesburg/1/1966                LT GRQT DWT  RN PAATAL  T                               H  R       Y                 VDA K T         MLEY   MIE LD   FS   E        SE  M      QL    I E EGP.FKGTT    CNK   M  WK

D/bovine/Mississippi/C00046N/2014     LT GRQT DWT  RN PAATAL  T                               H  K       Y                 VDA   T  T      MVEY   ILE MD   FS   E        SE  M      QL    IQE QG .FKGTT    CNK   M  WP

                                                            A/California/07/2009(H1N1)       
180       190       200       210       220       230       

A/California/07/2009(H1N1)                                                 R    NTM KD ERGK  EI      Q KRRVRD  TKK V QRT  K K RLNK  YLI ALTL   T  A    LK  EITTHF R      NM   M T   IG K Q    RG                     

A/Brevig                                                                   R    NTM KD ERGK  EM      Q KRRVRD  TKK V QRT  K K RLNK  YLI ALTL   T  A    LK  EITTHF R      NM   M T   IG K Q    RS                     

A/Northern                                                                 R    NTM KD ERGK  EM      Q KRRVRD  TKK V QRT  K K RVNK  YLI ALTL   T  A    LK  EITTHF R      NM   M T   IG K Q    RS                     

A/duck/Fujian/01/2002(H5N1)                                                R    NTM KD ERGK  EM      Q KRRIRD  TKK V QRT  K K RLNK  YLI ALTL   T  A    LK  EITAHF R      NM   M T   IG K Q    KS                     

A/bat/Guatemala/060/2010(H17N10)                                           R    NTM KD ERGK   M      Q KKRIRD  SKK I QRT  K R KLTK  YLI ALTL   T  A    LKS EVTTHF K      NH   M T   IG K V    KN                     

B/Panama/45/1990                                                           R    NTM KD ERGK  EM      N KKKL     K  L  R   K K RITR  YI  ALSL   T  A    LK  TFFSVK I    PAKNR GF IK IPM V D    VE  K                  

C/Johannesburg/1/1966                                                      R    NTM KD ERGK  EI      T  RR KD  S K I TK        I H  FLI ALTI           L   KFKKVK VV  E  KR G E K  VPVMGIDS K DE           A  G     Q

D/bovine/Mississippi/C00046N/2014                                           R    NTM KD ERGK  EV          R  D  TKK I  KS      KI R  FI  I TI            K  KFKKVRMIVQ HW PK   E KM  PTLMIT  G EE  K  C     A  G    Y 

                             TT                          TT A/California/07/2009(H1N1)       
240       250       260       270       280       290       

A/California/07/2009(H1N1)       RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/Brevig                         RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/Northern                       RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/duck/Fujian/01/2002(H5N1)      RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V    TL RS   K EQ               NVV KMMT  QD                 YF                            A   R    NS  TE

A/bat/Guatemala/060/2010(H17N10) RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P MQI G V     L RN   R EQ               NVI KMM   TD                 YF  L                         A   K   AKS  EE

B/Panama/45/1990                 RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                       IQI G V    NL KN     EQ               NAV KMLS            A        LV          N                 S   A    NCPPGG

C/Johannesburg/1/1966            RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P M V P      TV      K                  T V  L    N            I    SKI     QK     KE              K T TS NARM SDQ

D/bovine/Mississippi/C00046N/2014 RRAIAT G   R F   VE  A  ICE L  SGLPVGGNEKKAKL                     P M I P      TL      R                  T V    S  QE           G    SKI     QK     AE              K T SSTN KL  GQ

                                                            A/California/07/2009(H1N1)       
300       310       320       330       340       350       

A/California/07/2009(H1N1)            TGDN KWNE   P   LA    IT             AP  F NK    G G   IS TI    T     QN RMF  MI Y  R QPEWFR I SM  IM S  MARL K YM   F           N          T    N      N L                   F

A/Brevig                              TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RMF  MI Y  R QPEWFR V SI  IM S  MARL K YM   F           N          T    N      N L                   F

A/Northern                            TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RMF  MI Y  K QPEWFR V SI  IM S  MARL K YM   F           N          T    N      N L                   F

A/duck/Fujian/01/2002(H5N1)           TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RMF  MI Y  R QPDWFR V SI  IM S  MARL K YM   F           N          T    N      N L                   F

A/bat/Guatemala/060/2010(H17N10)      TGDN KWNE   P   LA    IT             AP  F NK    G G   LS TI    T     QN RIF  MV      QPEWFR L  V  IM S  VARL R YM   Y           N          LR  AG      D LA                  F

B/Panama/45/1990                      TGDN KWNE   P   LA    IT             AP  F NK    G G   IS TV    T      N RIF  M     R SP WFR   SI  VL S  IARL K FM   M           CL        TER   D  I   DFC                   I

C/Johannesburg/1/1966                 TGDN KWNE   P   LA    IT             AP  F NK    G G      NI    S     QQ  AY  LL Y  K S D  K L SV  VL     VKL      FAV           C   E      A    D S LM D C       C  F    Q IRL

D/bovine/Mississippi/C00046N/2014      TGDN KWNE   P   LA    IT             AP  F NK    G G      NI    S     QQ  AY  ML Y  K S    K L SV   L     VKM   F  FMV           C   E      A    D SNLM D C    T  C  Y    Q  RA

                    TT                   TT         TT      A/California/07/2009(H1N1)       
360       370       380       390        400       410      

A/California/07/2009(H1N1)         K       I                                   L  GM MGMFNMLS S   KIR Q PAE L  I L  FNE TK KIEKIRP L  DGTAS SP  M        E  RM   T     M AS D KY   S  K       L I.                   

A/Brevig                           K       I                                   L  GM MGMFNMLS S   KLR Q PAE L  I L  FND TR KIEKIRP L  DGTAS SP  M        E  SM   T     M AS D KY   S  K       L I.                   

A/Northern                         K       I                                   L  GM MGMFNMLS S   KLR Q PAE L  I L  FNE TR KIEKIRP L  DGTAS SP  M        E  SM   T     M AS D KY   S  K       L I.                   

A/duck/Fujian/01/2002(H5N1)        K       I                                   L  GM MGMFNMLS S   KLR Q PAE L  I L  FNE TR KIEKIRP L  DGTAS SP  M        E  SM   T     M AN D KY   S  K       L I.                   

A/bat/Guatemala/060/2010(H17N10)   K       I                                   L  GM MGMFNMLS S   HLR Q  AE L  I L  FNE TK KIEKIR  M  EGTAS SP  M        E  SM   T  S  N SD N RY   D  K      HL V.                   

B/Panama/45/1990                   K       I                                   L  GM MGMFNMLS S   RLK Q P   L  I L  YNE TR KL KLKP    EGTAS SP  M        T  TK   A   CPD FS P ER   E  A  K    FFNE                   

C/Johannesburg/1/1966              K       I                                   L  GM MGMFNMLS N          AE M         E  K   E L   I         G  L        S  RKTKEVI K  K GKY.KNLMR EY NLF P EKY Q.KDVCF P            

D/bovine/Mississippi/C00046N/2014   K       I                                   L  GM MGMFNMLS N         PA  M        N   R   E I P M         G  L        K  RKTKEIV   KK KER.KELM AEW DLF T E Y D.GECCF G            

η1 η2 α1 β1 

β2 α2 α3 

η3 β3 β4 α4 η4 α5 

β5 β6 α6 β7 

β8 α7 α8 

β9 α9 α10 β10 β11 

β12 η5 α11 β13 β14 

                           TT                               A/California/07/2009(H1N1)       
 420       430       440       450       460       470      

A/California/07/2009(H1N1)       TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   V            L Q KYT TI              I   P H G QA  D            

A/Brevig                         TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   L            L Q RYT TT              I   P H G QA  D            

A/Northern                       TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   V            L Q RYT TT              I   P H G QA  D            

A/duck/Fujian/01/2002(H5N1)      TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   V            L Q RYT TT              I   P H G QA  D            

A/bat/Guatemala/060/2010(H17N10) TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SV N G R   K  YW D        A  IN    E I  GV H YRT   V            L Q EIL RT              I  GHFK D QQ  N            

B/Panama/45/1990                 TV GV  L             W GLQSSDDF L                F   CKL GIN  L   A   G K      Y  D        A  VNA   E    GI   YRT   L        A  .. I NIGNKE L            F   KDE TCME  ND           

C/Johannesburg/1/1966            TV GV  L             W GLQSSDDF L                F   CKL GIN  L  S              F          V  A A N   I   I R       I         T CYMDEELKAKGC  T          F V S WSN HWT R  NAV       

D/bovine/Mississippi/C00046N/2014 TV GV  L             W GLQSSDDF L                F   CKL GIN        N       R   Y          V      T   M   I K       M     F  MT  YREEALA RNC  T          FCISR WPE EMT L  IAV       

  TTT     TT    TT                                          A/California/07/2009(H1N1)       
 480       490       500       510       520       530      

A/California/07/2009(H1N1)       MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  V  SA MSIGVTV KN      K    I K  T     F   Y   A  S        S                     

A/Brevig                         MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  I  SA MSIGVTV KN      K    I R  T     F   Y   A  S        S                     

A/Northern                       MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  I  SA MSIGVTV KN      K    I R  T     F   Y   A  S        S                     

A/duck/Fujian/01/2002(H5N1)      MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  I  SA MSIGVTV KN      K    I R  T     F   Y   A  S        S                     

A/bat/Guatemala/060/2010(H17N10) MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV     SA MSIG TV KT      Q    I K  T     F   Y   A  S        A N         T         

B/Panama/45/1990                 MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M I S GV  V  SA M IGMTI KN      K    C E  M     M   D   S  A        A        A            

C/Johannesburg/1/1966            MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN        S           F         M L       V   V  TA MSI KT      LE   G LPEL     M  DGE  S LA    A TTA    G  F  A          

D/bovine/Mississippi/C00046N/2014 MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN                    F         L L       M      TA MSV RT      LE   GCLPEL     M  SGD  S IA    A TTA    GT F  A          

                           TT                               A/California/07/2009(H1N1)       
 540       550       560       570       580       590      

A/California/07/2009(H1N1)       N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    LKKLWDQT SK    V    P D              K             Q Q   SFE        Q  V    S    

A/Brevig                         N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    IKKLWEQT SK    V    P D              K             Q Q   SFE        R  A    S    

A/Northern                       N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    L KLWEQT SK    V    P D              K             Q Q   SFE E      R  A    S    

A/duck/Fujian/01/2002(H5N1)      N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    LKKLWEQT SK    V    P D              K             Q Q   SFE        R  A    S    

A/bat/Guatemala/060/2010(H17N10) N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM IQLFI DY Y  RC RG T L TR    IKRLW  T SK    V    P D              K             N E   TKS     TE I  A    A    

B/Panama/45/1990                 N   P TA  A        R TY  H  D      R               GLL  DGG   MG A  Q  IQLFI DY Y  KC RG S V  K    IK LWENT  R    V    P G       T      A             K EG  MKI  E     KG D    A    

C/Johannesburg/1/1966            N   P TA  A        R TY  H  D      R               GLL  DGG   L      M L I L EF    R     S V       I     T  NK    I      S S S  L   R C Q   A   V PW  R KGG MKI NEFIK IE  D    A   K

D/bovine/Mississippi/C00046N/2014 N   P TA  A        R TY  H  D      R               GLL  DGG   L      M L I L EF    R     S V NH    IRK  ET  NK    I      G S G  L   R C Q   A   V PY  G K   MKI   FI  IE  D    S   K

                              TT                            A/California/07/2009(H1N1)       
 600       610       620       630       640       650      

A/California/07/2009(H1N1)          N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  ID   NA V P H  AK ME             C       D  R   C  L      KE  SVN  V M       S  

A/Brevig                            N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  IE   NA M P H  AK ME             C       E  Q   C  L      KE  SVN  V M       N  

A/Northern                          N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  IE   NA V P H  AK ME             C       E  Q   C  L      KE  SVN  V M       S  

A/duck/Fujian/01/2002(H5N1)         N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  IE   NA V P H  AK ME             C       E  Q   C  L      KE  SAN  V M       S  

A/bat/Guatemala/060/2010(H17N10)    N   LHIPE  LK   MD  Y  R   P NPF                A GP     N Y LRN     V   W L   D  G L N     V H  VE    A V P H  AK LE P           C   S   P  R   C  N    H ME  STNL V M       S  

B/Panama/45/1990                    N   LHIPE  LK   MD  Y  R   P NPF                A GP     NIY LRN     I   Y L   E  G L       V H  IE    A I P H  VK MD             V   N   P  K   LH Q    G LS  GIKE D T       K  

C/Johannesburg/1/1966               N   LHIPE  LK   MD  Y  R   P NPF                A GP      M  I T         FE         V N      N        TI I   H  IR  EL N  S      EV    K  EQ RN  F  K   T FD.....K  D FR      VE 

D/bovine/Mississippi/C00046N/2014    N   LHIPE  LK   MD  Y  R   P NPF                A GP      M  I S          DL        V N      Q        TV I      IR  EL N  S      EI  E    PS RN  F  R   T FE.....K  D FK S    VE 

      TT                                                    A/California/07/2009(H1N1)       
 660       670       680       690       700       710      

A/California/07/2009(H1N1)         AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/Brevig                           AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/Northern                         AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/duck/Fujian/01/2002(H5N1)        AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/bat/Guatemala/060/2010(H17N10)   AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC QVFE      TYRR I M  MLD          TP         N  G  E  RI         KF P S        A    

B/Panama/45/1990                   AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD       W  KR  SI    QR MI E     KC NLFE      SYRK V    MLE    SG    RT         D  N  L  QC A       AC N A       QH    

C/Johannesburg/1/1966              AV  THS     NR  LNT        E  Y   C      F S     P G  S    E  VS   F  R   TL     R MM E    Q    MF            I A  I EN         RT A       DM A  A  KR  MV D  KSV E ADINP    M  G 

D/bovine/Mississippi/C00046N/2014   AV  THS     NR  LNT        E  Y   C      F S     P G  S    E  VS   F  R   TL     K MA E    Q   NMY            I    M EN         RT S       DM A  L  KR  VV    RSV E ADVNT   SM  G 

                                                            A/California/07/2009(H1N1)       
 720       730       740       750                          

A/California/07/2009(H1N1)       A        A      G                                            MV RARID RVDFES RI  EEF EI  I   I  LR Q                       S               KK   S  MK CST EE  R K.                  

A/Brevig                         A        A      G                                            MV RARID RIDFES RI  EEF EI  I   I  LR Q                       S               KK   A  MK CST EE  R K.                  

A/Northern                       A        A      G                                            MV RARID RIDFES RI  EEF EI  I   I  LR Q                       S               KK   A  MK CST EE  R K.                  

A/duck/Fujian/01/2002(H5N1)      A        A      G                                            MV RARID RIDFES RI  EEF EI  I   I  LR Q                       S               KK   A  MK CST EE  R K.                  

A/bat/Guatemala/060/2010(H17N10) A        A      G                                            ML RARID RID ES RI   DF EI      I  LK Q                       S         L     SSQ  S  TNTCKA EA  R ..                  

B/Panama/45/1990                 A        A      G                                            MA RLRMD RLDYES RM  DDF  A      I  I                          H               SK   EK MAHLGE GY .....                  

C/Johannesburg/1/1966            A        A      G                                            I  KL    KM  D   I   EY EI  I   A  AR                        EE  LER   KR I A EDS  E  KD IRD KK  LESR                  

D/bovine/Mississippi/C00046N/2014 A        A      G                                            I  KI    R  FEN  I  EEY EI  L   A   R S                      EA  LDR  TQ    I GG   S  KR IED KRQ L V.                  
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A/bat/Guatemala/060/2010(H17N10) 
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                           TT                               A/California/07/2009(H1N1)       
 420       430       440       450       460       470      

A/California/07/2009(H1N1)       TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   V            L Q KYT TI              I   P H G QA  D            

A/Brevig                         TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   L            L Q RYT TT              I   P H G QA  D            

A/Northern                       TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   V            L Q RYT TT              I   P H G QA  D            

A/duck/Fujian/01/2002(H5N1)      TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SI N G K   K  YW D        A  VNA N E I  GV R YRT   V            L Q RYT TT              I   P H G QA  D            

A/bat/Guatemala/060/2010(H17N10) TV GV  L             W GLQSSDDF L                F   CKL GIN  L  SV N G R   K  YW D        A  IN    E I  GV H YRT   V            L Q EIL RT              I  GHFK D QQ  N            

B/Panama/45/1990                 TV GV  L             W GLQSSDDF L                F   CKL GIN  L   A   G K      Y  D        A  VNA   E    GI   YRT   L        A  .. I NIGNKE L            F   KDE TCME  ND           

C/Johannesburg/1/1966            TV GV  L             W GLQSSDDF L                F   CKL GIN  L  S              F          V  A A N   I   I R       I         T CYMDEELKAKGC  T          F V S WSN HWT R  NAV       

D/bovine/Mississippi/C00046N/2014 TV GV  L             W GLQSSDDF L                F   CKL GIN        N       R   Y          V      T   M   I K       M     F  MT  YREEALA RNC  T          FCISR WPE EMT L  IAV       

  TTT     TT    TT                                          A/California/07/2009(H1N1)       
 480       490       500       510       520       530      

A/California/07/2009(H1N1)       MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  V  SA MSIGVTV KN      K    I K  T     F   Y   A  S        S                     

A/Brevig                         MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  I  SA MSIGVTV KN      K    I R  T     F   Y   A  S        S                     

A/Northern                       MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  I  SA MSIGVTV KN      K    I R  T     F   Y   A  S        S                     

A/duck/Fujian/01/2002(H5N1)      MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV  I  SA MSIGVTV KN      K    I R  T     F   Y   A  S        S                     

A/bat/Guatemala/060/2010(H17N10) MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M L S GV     SA MSIG TV KT      Q    I K  T     F   Y   A  S        A N         T         

B/Panama/45/1990                 MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN   K    N TG        YR G    F M I S GV  V  SA M IGMTI KN      K    C E  M     M   D   S  A        A        A            

C/Johannesburg/1/1966            MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN        S           F         M L       V   V  TA MSI KT      LE   G LPEL     M  DGE  S LA    A TTA    G  F  A          

D/bovine/Mississippi/C00046N/2014 MS  KSY      FEFTS F    FV N   E P F   G NE  D       I  NMIN                    F         L L       M      TA MSV RT      LE   GCLPEL     M  SGD  S IA    A TTA    GT F  A          

                           TT                               A/California/07/2009(H1N1)       
 540       550       560       570       580       590      

A/California/07/2009(H1N1)       N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    LKKLWDQT SK    V    P D              K             Q Q   SFE        Q  V    S    

A/Brevig                         N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    IKKLWEQT SK    V    P D              K             Q Q   SFE        R  A    S    

A/Northern                       N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    L KLWEQT SK    V    P D              K             Q Q   SFE E      R  A    S    

A/duck/Fujian/01/2002(H5N1)      N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM LQLFI DY Y  RC RG T I TR    LKKLWEQT SK    V    P D              K             Q Q   SFE        R  A    S    

A/bat/Guatemala/060/2010(H17N10) N   P TA  A        R TY  H  D      R               GLL  DGG   LG A  QM IQLFI DY Y  RC RG T L TR    IKRLW  T SK    V    P D              K             N E   TKS     TE I  A    A    

B/Panama/45/1990                 N   P TA  A        R TY  H  D      R               GLL  DGG   MG A  Q  IQLFI DY Y  KC RG S V  K    IK LWENT  R    V    P G       T      A             K EG  MKI  E     KG D    A    

C/Johannesburg/1/1966            N   P TA  A        R TY  H  D      R               GLL  DGG   L      M L I L EF    R     S V       I     T  NK    I      S S S  L   R C Q   A   V PW  R KGG MKI NEFIK IE  D    A   K

D/bovine/Mississippi/C00046N/2014 N   P TA  A        R TY  H  D      R               GLL  DGG   L      M L I L EF    R     S V NH    IRK  ET  NK    I      G S G  L   R C Q   A   V PY  G K   MKI   FI  IE  D    S   K

                              TT                            A/California/07/2009(H1N1)       
 600       610       620       630       640       650      

A/California/07/2009(H1N1)          N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  ID   NA V P H  AK ME             C       D  R   C  L      KE  SVN  V M       S  

A/Brevig                            N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  IE   NA M P H  AK ME             C       E  Q   C  L      KE  SVN  V M       N  

A/Northern                          N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  IE   NA V P H  AK ME             C       E  Q   C  L      KE  SVN  V M       S  

A/duck/Fujian/01/2002(H5N1)         N   LHIPE  LK   MD  Y  R   P NPF                A GP     NLY IRN     V   WEL   D  G L N     VSH  IE   NA V P H  AK ME             C       E  Q   C  L      KE  SAN  V M       S  

A/bat/Guatemala/060/2010(H17N10)    N   LHIPE  LK   MD  Y  R   P NPF                A GP     N Y LRN     V   W L   D  G L N     V H  VE    A V P H  AK LE P           C   S   P  R   C  N    H ME  STNL V M       S  

B/Panama/45/1990                    N   LHIPE  LK   MD  Y  R   P NPF                A GP     NIY LRN     I   Y L   E  G L       V H  IE    A I P H  VK MD             V   N   P  K   LH Q    G LS  GIKE D T       K  

C/Johannesburg/1/1966               N   LHIPE  LK   MD  Y  R   P NPF                A GP      M  I T         FE         V N      N        TI I   H  IR  EL N  S      EV    K  EQ RN  F  K   T FD.....K  D FR      VE 

D/bovine/Mississippi/C00046N/2014    N   LHIPE  LK   MD  Y  R   P NPF                A GP      M  I S          DL        V N      Q        TV I      IR  EL N  S      EI  E    PS RN  F  R   T FE.....K  D FK S    VE 

      TT                                                    A/California/07/2009(H1N1)       
 660       670       680       690       700       710      

A/California/07/2009(H1N1)         AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/Brevig                           AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/Northern                         AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/duck/Fujian/01/2002(H5N1)        AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC NLFE      SYRR V I  MVE          IP         S  G  E  QM         KF P S        S    

A/bat/Guatemala/060/2010(H17N10)   AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD  AT   W  KR  SI    QR IL D    QKC QVFE      TYRR I M  MLD          TP         N  G  E  RI         KF P S        A    

B/Panama/45/1990                   AV  THS     NR  LNT        E  Y   C      F S     P G  S   YD       W  KR  SI    QR MI E     KC NLFE      SYRK V    MLE    SG    RT         D  N  L  QC A       AC N A       QH    

C/Johannesburg/1/1966              AV  THS     NR  LNT        E  Y   C      F S     P G  S    E  VS   F  R   TL     R MM E    Q    MF            I A  I EN         RT A       DM A  A  KR  MV D  KSV E ADINP    M  G 

D/bovine/Mississippi/C00046N/2014   AV  THS     NR  LNT        E  Y   C      F S     P G  S    E  VS   F  R   TL     K MA E    Q   NMY            I    M EN         RT S       DM A  L  KR  VV    RSV E ADVNT   SM  G 

                                                            A/California/07/2009(H1N1)       
 720       730       740       750                          

A/California/07/2009(H1N1)       A        A      G                                            MV RARID RVDFES RI  EEF EI  I   I  LR Q                       S               KK   S  MK CST EE  R K.                  

A/Brevig                         A        A      G                                            MV RARID RIDFES RI  EEF EI  I   I  LR Q                       S               KK   A  MK CST EE  R K.                  

A/Northern                       A        A      G                                            MV RARID RIDFES RI  EEF EI  I   I  LR Q                       S               KK   A  MK CST EE  R K.                  

A/duck/Fujian/01/2002(H5N1)      A        A      G                                            MV RARID RIDFES RI  EEF EI  I   I  LR Q                       S               KK   A  MK CST EE  R K.                  

A/bat/Guatemala/060/2010(H17N10) A        A      G                                            ML RARID RID ES RI   DF EI      I  LK Q                       S         L     SSQ  S  TNTCKA EA  R ..                  

B/Panama/45/1990                 A        A      G                                            MA RLRMD RLDYES RM  DDF  A      I  I                          H               SK   EK MAHLGE GY .....                  

C/Johannesburg/1/1966            A        A      G                                            I  KL    KM  D   I   EY EI  I   A  AR                        EE  LER   KR I A EDS  E  KD IRD KK  LESR                  

D/bovine/Mississippi/C00046N/2014 A        A      G                                            I  KI    R  FEN  I  EEY EI  L   A   R S                      EA  LDR  TQ    I GG   S  KR IED KRQ L V.                  
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8.3. PB2 SUBUNITs alignment 

  

                                                            A/California/07/2009(H1N1)       
    1       10        20        30        40        50      

A/California/07/2009(H1N1)                                   V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   RY .... E      D  SQ  T E   K    HMA       G Q    A       AM   

A/Brevig                                                     V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   KY .... E      D  SQ  T E   K    HMA       G Q    A       AM   

A/Northern                                                   V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   KY .... E      N  SQ  T E   K    HMA       G Q    S       AM   

A/duck/Fujian/01/2002(H5N1)                                  V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   KY .... E      D  SQ  T E   K    HIA       G Q    A       AM   

A/bat/Guatemala/060/2010(H17N10)                             V       K    R EKNP LRM W M    P    M RIKEL  MV  SR R ILT TS D   VIK YTS           K M   KY .... E     ME  KN  M E   T    HMA       G Q    A       AM   

B/Panama/45/1990                                             V       K    R EKNP LRM W M    P    L KI  LK LL  N  K VL  TT D   IIR FNT           K A    F ..MT A  EL  Q  RD EA T  KQ    QYN       S I    S       CSN  

C/Johannesburg/1/1966                                        V       K    R EKNP LRM W M    P    L  AKE K L    K   MMT  T       K WTT           R A   KF MSLL TI   Y R CQDA AAQ   VG  SNYTTF     S K    S       SS   

D/bovine/Mississippi/C00046N/2014                             V       K    R EKNP LRM W M    P    L  AKE   L    K   LLS  T       K WTT           R A   KF MSLL TL   YAN TKDK SCK   QG  SSYTTF     S K    S       GS   

         .      TT          TT                              A/California/07/2009(H1N1)       
  60         70        80         90       100        110   

A/California/07/2009(H1N1)                            L     D         S      WN  GP          I A KRIMD M   R   G T WS    AGS  RVMV  LAVTW         T   Y K T D     . IPE NEQ Q    KTN    .D     P       RN  TTS .VH P 

A/Brevig                                              L     D         S      WN  GP          I A KRIME M   R   G T WS    AGS  RVMV  LAVTW             Y K T D     . IPE NEQ Q    KTN    .D     P       RN  TTSA.VH P 

A/Northern                                            L     D         S      WN  GP          I A KRI E M   R   G T WS    AGS  RVMV  LAVTW         T   Y K T D   T . VPE NEQ Q    KMS    .D     P       RN  MTS .VH P 

A/duck/Fujian/01/2002(H5N1)                           L     D         S      WN  GP          I A KRIME M   R   G T WS    AGS  RVMV  LAVTW         T   Y K T D     . IPE NEQ Q    KTN    .D     S       RN  TTS .VH P 

A/bat/Guatemala/060/2010(H17N10)                      L     D         S      WN  GP          I A  RI E M   K   G T WT    AGS  RVLV   AVTW             Y R S SS  R . IPE DED N    NTK    .N     PN      RA  VSDV.VH P 

B/Panama/45/1990                                      L     D         S      WN  GP          L L K  M          G Q  T    IGT    M   AAVTW         T   F K A T GD A.NRIPLEYK I  K NAE    .KGQ C I       TY  IGD .EG E 

C/Johannesburg/1/1966                                 L     D         S      WN  GP          I A KRMLE A   K       W     V    HVLA    INY         N       I N     E QIP EHNNVA  EDTE  SKRD     ASC     FC  CVN SEVIKE

D/bovine/Mississippi/C00046N/2014                      L     D         S      WN  GP          I A R ILE A       G   WS    V     VLA  AAITY         N       M N E   E GIPEQWE ID   KKD  SKLGM    P       FC  GVD SSVIKD

                                   TT                   TT  A/California/07/2009(H1N1)       
    120       130       140       150       160       170   

A/California/07/2009(H1N1)        Y   F    R          F      R  V   P        E     M   F  E  V KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       T  GHA   A             N   

A/Brevig                          Y   F    R          F      R  V   P        E     M   F  E  I KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       I  GHA   A             N   

A/Northern                        Y   F    R          F      R  V   P        E     M   F  E  V KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       I  GHA   A             N   

A/duck/Fujian/01/2002(H5N1)       Y   F    R          F      R  V   P        E     M   F  E  V KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       V  GHA   A             N   

A/bat/Guatemala/060/2010(H17N10)  Y   F    R          F      R  V   P        E     M   F  E  V K Y  RLE L   TFGPVK     KV KR D N    DLT R AQEVI EVV P  VG   M  D     THG       YNQV       I  GHK   S             N   

B/Panama/45/1990                  Y   F    R          F      R  V   P        E     M   F  E  V  SF  R   L   TWG I      RV KR   N    EM    AS VI EIL P  AG  E   L KM  DNA   R T GPVE      LL  LTK  PPD   N        K   

C/Johannesburg/1/1966             Y   F    R          F      R  V   P        E     M   F  E  V KS   RLE  K   W  LR     R  RR D Q     L    I DL    L    AP    R G    R EIM KE   TLVD Q     T  VEQR RTG  K  Q WT  ED   

D/bovine/Mississippi/C00046N/2014  Y   F    R          F      R  V   P        E     M   F  E  V K    K E  R   WGPM      K  R  E Q     LN K I EL   VL    A    AK M K  W ETL    N ELVG Q  V  T  VEIK  Q   K  T W   ED  N

                                                            A/California/07/2009(H1N1)       
    180       190       200       210       220       230   

A/California/07/2009(H1N1)                                     A M         RFLP  G       E  HA   TS  Q  I KEKKE L    I PLMV Y LERELV KT    VA  T   YI VL  RIL  ES LA T     E QDCK A             R         G GSV      

A/Brevig                                                       A M         RFLP  G       E  HA   TS  Q  I KEKKE L    ISPLMV Y LERELV KT    VA  T   YI VL  RIL  ES LT T     E QDCK               R         G SSV      

A/Northern                                                     A M         RFLP  G       E  HA   TS  Q  I KEKKE L    ISPLMV Y LERELV KT    VA  T   YI VL  RIL  ES LT T     E QDCK               R         G SSV      

A/duck/Fujian/01/2002(H5N1)                                    A M         RFLP  G       E  HA   TS  Q  I KEKKE L    I PLMV Y LERELV KT    VA  T   YI VL  RIL  ES LT T     E QDCK A             R         G SSV      

A/bat/Guatemala/060/2010(H17N10)                               A M         RFLP  G       E  HA   SS  Q  I KEKKE L    ISPIMV Y LERELV RT    IA  T   YV VL  RTL  DA LT T     E KNCK               R         A SST      

B/Panama/45/1990                                               A M         RFLP  G       E  HI   ST     L KEKRE L    ITPIVL Y LERELV R     VA  T   FI ML  PRE  WIHRE I     K KGTM               A R       A SAE      

C/Johannesburg/1/1966                                          A M         RFLP  G       E  HL       N  L KE R       LN  VV   LEK     S    V        M LI  ASKFILD YG V  M SKFANKP  KE   H    QFNPE      F AIRPER     

D/bovine/Mississippi/C00046N/2014                               A M         RFLP  G       E  HL       N  L    RE      VN  VA F I H                   M LL  ASKFIQE FS VLSL  LYKGKA  KD      A QFSPEK    TF PIRPER     

                                                            A/California/07/2009(H1N1)       
    240       250       260       270        280       290  

A/California/07/2009(H1N1)          G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V A  PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     A S .D  AS    C     G..

A/Brevig                            G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V A  PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     T S .D  AS    C     G..

A/Northern                          G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V A  PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     A S .D  AS    C     G..

A/duck/Fujian/01/2002(H5N1)         G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V    PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     T ST.D  AS    C     G..

A/bat/Guatemala/060/2010(H17N10)    G  W       G               R                             L Q     Q YTPG  A ND   QTLIIA   IVRR  V I  PL  LL M HTTSI    T  TC E Q     E E  DLD      S N    SI A .D  AS  S C     S..

B/Panama/45/1990                    G  W       G               R                               Q     Q Y PG    TE   QSMIVA   IIRR  V    PL  AVEI   T I   CL  EN R I H   NKL  SRS      C K    SI AS.N  EL    ANK V D..

C/Johannesburg/1/1966               G  W       G               R                             A       Q  N       D   N I AV   V   A A I      LVE  KSTSM    LG ET I EA TA ISNV QRK D R  C K CLA N S MNAKSK   YI     RIG

D/bovine/Mississippi/C00046N/2014    G  W       G               R                                             L  E     V AV   I  RA V L  PA  I D   S TM   CLG DF KIEAVTA S NE QKKRD R  A K CL  S D FT  EK R YIA V  RFG

                                     TT                   TTA/California/07/2009(H1N1)       
         300       310       320       330       340        

A/California/07/2009(H1N1)                                A G        FG        G                  M DILRQN   E AV ICKA I LRI SS S  G T KR S S  K EE VL GN..GVR V      PTE Q  D          S  F    F F  T   SV K  E  T  

A/Brevig                                                  A G        FG        G                  M DILRQN   E AV ICKA M LRI SS S  G T KR S S  K EE VL GN..GIR V      PTE Q  D          S  F    F F  T   SV R  E  T  

A/Northern                                                A G        FG        G                  M DILRQN   E AV ICKA M LRI SS S  G T KR S S  K EE LL GN..GTR V      PTE Q  D          S  F    F F  T   SI R  E  T  

A/duck/Fujian/01/2002(H5N1)                               A G        FG        G                  M DILRQN   E AV ICKA M LRI SS S  G T KR S S  K EE VL GN..GIR V      PTE Q  D          S  F    F F  T   SV K  E  T  

A/bat/Guatemala/060/2010(H17N10)                          A G        FG        G                  L EILRSN   E AV ICKA L IRI NS S  G N KR   S  R E  VL GN..SEP V      PTD Q  N          N  F    Y F  VK  SQ T KA  T  

B/Panama/45/1990                                          A G        FG        G                  L   L      D A  I RA L LKI Q         KR S    K DE IL GN..TEP KSC TAIDGG V CD I        R RQR  RLEL  I  RGF N  E  I  

C/Johannesburg/1/1966                                     A G        FG        G                  L ELI  T      V LCK  L   L  T S  P   KK S S  K  D V    ETERK E   LE DDVSPE T   S   GQ GK L    MLL  I   GV VK T YIQG

D/bovine/Mississippi/C00046N/2014                          A G        FG        G                    DVIRNS      V LCKA L   L  S S    N RK S      E  V    TVERTFE      DDISAE T       CE GK M   NL L  V  EAETM KT Y.WG

                   TT        TT                             A/California/07/2009(H1N1)       
350       360       370       380       390       400        

A/California/07/2009(H1N1)                   E F                                      M F    LQ LKI V EG  E  M  RRATAILRK   RL  LIV G     I EAIIVA V SQE   T   R H  Y   T VG         ATR  IQ   S RDEQS A            D

A/Brevig                                     E F                                      M F    LQ LKI V EG  E  M  RRATAILRK   RL  LIV G     I EAIIVA V SQE   T   R H  Y   T VG         ATR  IQ   S RDEQS A            D

A/Northern                                   E F                                      M F    LQ LKI V DG  E  M  KRATAILRK   RL  LIV G     V EAIIVA V SQE   T   R H  Y   T VG         ATR  VQ   S RDEQS A            D

A/duck/Fujian/01/2002(H5N1)                  E F                                      M F    LQ LKI V EG  E  M  RRATAILRK   RL  LIV G     I EAIIVA V SQE   T   R H  Y   T VG         ATR  IQ   S RDEQS A            D

A/bat/Guatemala/060/2010(H17N10)             E F                                      M F    LQ L M I EG  E  V  KRASAVLKK   RL  AII G     I  LMI L V SQE   T T T F  Y   N SG         GAQ  IQ   G RTLED LN   T       E

B/Panama/45/1990                             E F                                      M F     T  KI I DG  E  V       ILKK   RM  LLI       M DLIIL  V SQD G IQ  G W  E   H RCGECRG    SKM  EK   NSAKKED K     C      T

C/Johannesburg/1/1966                        E F                                      M F    V  V         E     K ATAL  R    L  I I G        LLAM  I   D  RA QFEYWSEQ   YGEY S    FS KERS EW T G GINEDRKR    C   CR G

D/bovine/Mississippi/C00046N/2014             E F                                      M F    L  IK     G        RKVT M RR    L  A I P       ELLAMV I   D  KP  YKCWR E T YCEL    C F  .SEG DW N G GSPEERR         CR G
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                                                            A/California/07/2009(H1N1)       
    1       10        20        30        40        50      

A/California/07/2009(H1N1)                                   V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   RY .... E      D  SQ  T E   K    HMA       G Q    A       AM   

A/Brevig                                                     V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   KY .... E      D  SQ  T E   K    HMA       G Q    A       AM   

A/Northern                                                   V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   KY .... E      N  SQ  T E   K    HMA       G Q    S       AM   

A/duck/Fujian/01/2002(H5N1)                                  V       K    R EKNP LRM W M    P    M RIKELR LM  SR R ILT TT D   IIK YTS           K M   KY .... E      D  SQ  T E   K    HIA       G Q    A       AM   

A/bat/Guatemala/060/2010(H17N10)                             V       K    R EKNP LRM W M    P    M RIKEL  MV  SR R ILT TS D   VIK YTS           K M   KY .... E     ME  KN  M E   T    HMA       G Q    A       AM   

B/Panama/45/1990                                             V       K    R EKNP LRM W M    P    L KI  LK LL  N  K VL  TT D   IIR FNT           K A    F ..MT A  EL  Q  RD EA T  KQ    QYN       S I    S       CSN  

C/Johannesburg/1/1966                                        V       K    R EKNP LRM W M    P    L  AKE K L    K   MMT  T       K WTT           R A   KF MSLL TI   Y R CQDA AAQ   VG  SNYTTF     S K    S       SS   

D/bovine/Mississippi/C00046N/2014                             V       K    R EKNP LRM W M    P    L  AKE   L    K   LLS  T       K WTT           R A   KF MSLL TL   YAN TKDK SCK   QG  SSYTTF     S K    S       GS   

         .      TT          TT                              A/California/07/2009(H1N1)       
  60         70        80         90       100        110   

A/California/07/2009(H1N1)                            L     D         S      WN  GP          I A KRIMD M   R   G T WS    AGS  RVMV  LAVTW         T   Y K T D     . IPE NEQ Q    KTN    .D     P       RN  TTS .VH P 

A/Brevig                                              L     D         S      WN  GP          I A KRIME M   R   G T WS    AGS  RVMV  LAVTW             Y K T D     . IPE NEQ Q    KTN    .D     P       RN  TTSA.VH P 

A/Northern                                            L     D         S      WN  GP          I A KRI E M   R   G T WS    AGS  RVMV  LAVTW         T   Y K T D   T . VPE NEQ Q    KMS    .D     P       RN  MTS .VH P 

A/duck/Fujian/01/2002(H5N1)                           L     D         S      WN  GP          I A KRIME M   R   G T WS    AGS  RVMV  LAVTW         T   Y K T D     . IPE NEQ Q    KTN    .D     S       RN  TTS .VH P 

A/bat/Guatemala/060/2010(H17N10)                      L     D         S      WN  GP          I A  RI E M   K   G T WT    AGS  RVLV   AVTW             Y R S SS  R . IPE DED N    NTK    .N     PN      RA  VSDV.VH P 

B/Panama/45/1990                                      L     D         S      WN  GP          L L K  M          G Q  T    IGT    M   AAVTW         T   F K A T GD A.NRIPLEYK I  K NAE    .KGQ C I       TY  IGD .EG E 

C/Johannesburg/1/1966                                 L     D         S      WN  GP          I A KRMLE A   K       W     V    HVLA    INY         N       I N     E QIP EHNNVA  EDTE  SKRD     ASC     FC  CVN SEVIKE

D/bovine/Mississippi/C00046N/2014                      L     D         S      WN  GP          I A R ILE A       G   WS    V     VLA  AAITY         N       M N E   E GIPEQWE ID   KKD  SKLGM    P       FC  GVD SSVIKD

                                   TT                   TT  A/California/07/2009(H1N1)       
    120       130       140       150       160       170   

A/California/07/2009(H1N1)        Y   F    R          F      R  V   P        E     M   F  E  V KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       T  GHA   A             N   

A/Brevig                          Y   F    R          F      R  V   P        E     M   F  E  I KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       I  GHA   A             N   

A/Northern                        Y   F    R          F      R  V   P        E     M   F  E  V KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       I  GHA   A             N   

A/duck/Fujian/01/2002(H5N1)       Y   F    R          F      R  V   P        E     M   F  E  V KTY  KVE LK  TFGPVH     KI RR D N    DLS K AQDVI EVV P  VG      E      HG       RNQV       V  GHA   A             N   

A/bat/Guatemala/060/2010(H17N10)  Y   F    R          F      R  V   P        E     M   F  E  V K Y  RLE L   TFGPVK     KV KR D N    DLT R AQEVI EVV P  VG   M  D     THG       YNQV       I  GHK   S             N   

B/Panama/45/1990                  Y   F    R          F      R  V   P        E     M   F  E  V  SF  R   L   TWG I      RV KR   N    EM    AS VI EIL P  AG  E   L KM  DNA   R T GPVE      LL  LTK  PPD   N        K   

C/Johannesburg/1/1966             Y   F    R          F      R  V   P        E     M   F  E  V KS   RLE  K   W  LR     R  RR D Q     L    I DL    L    AP    R G    R EIM KE   TLVD Q     T  VEQR RTG  K  Q WT  ED   

D/bovine/Mississippi/C00046N/2014  Y   F    R          F      R  V   P        E     M   F  E  V K    K E  R   WGPM      K  R  E Q     LN K I EL   VL    A    AK M K  W ETL    N ELVG Q  V  T  VEIK  Q   K  T W   ED  N

                                                            A/California/07/2009(H1N1)       
    180       190       200       210       220       230   

A/California/07/2009(H1N1)                                     A M         RFLP  G       E  HA   TS  Q  I KEKKE L    I PLMV Y LERELV KT    VA  T   YI VL  RIL  ES LA T     E QDCK A             R         G GSV      

A/Brevig                                                       A M         RFLP  G       E  HA   TS  Q  I KEKKE L    ISPLMV Y LERELV KT    VA  T   YI VL  RIL  ES LT T     E QDCK               R         G SSV      

A/Northern                                                     A M         RFLP  G       E  HA   TS  Q  I KEKKE L    ISPLMV Y LERELV KT    VA  T   YI VL  RIL  ES LT T     E QDCK               R         G SSV      

A/duck/Fujian/01/2002(H5N1)                                    A M         RFLP  G       E  HA   TS  Q  I KEKKE L    I PLMV Y LERELV KT    VA  T   YI VL  RIL  ES LT T     E QDCK A             R         G SSV      

A/bat/Guatemala/060/2010(H17N10)                               A M         RFLP  G       E  HA   SS  Q  I KEKKE L    ISPIMV Y LERELV RT    IA  T   YV VL  RTL  DA LT T     E KNCK               R         A SST      

B/Panama/45/1990                                               A M         RFLP  G       E  HI   ST     L KEKRE L    ITPIVL Y LERELV R     VA  T   FI ML  PRE  WIHRE I     K KGTM               A R       A SAE      

C/Johannesburg/1/1966                                          A M         RFLP  G       E  HL       N  L KE R       LN  VV   LEK     S    V        M LI  ASKFILD YG V  M SKFANKP  KE   H    QFNPE      F AIRPER     

D/bovine/Mississippi/C00046N/2014                               A M         RFLP  G       E  HL       N  L    RE      VN  VA F I H                   M LL  ASKFIQE FS VLSL  LYKGKA  KD      A QFSPEK    TF PIRPER     

                                                            A/California/07/2009(H1N1)       
    240       250       260       270        280       290  

A/California/07/2009(H1N1)          G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V A  PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     A S .D  AS    C     G..

A/Brevig                            G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V A  PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     T S .D  AS    C     G..

A/Northern                          G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V A  PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     A S .D  AS    C     G..

A/duck/Fujian/01/2002(H5N1)         G  W       G               R                             L Q     Q YTPG  V ND   QSLIIA   IVRRA V    PL  LLEM HSTQI    T  TC E M     E R  DVD      A N     T ST.D  AS    C     G..

A/bat/Guatemala/060/2010(H17N10)    G  W       G               R                             L Q     Q YTPG  A ND   QTLIIA   IVRR  V I  PL  LL M HTTSI    T  TC E Q     E E  DLD      S N    SI A .D  AS  S C     S..

B/Panama/45/1990                    G  W       G               R                               Q     Q Y PG    TE   QSMIVA   IIRR  V    PL  AVEI   T I   CL  EN R I H   NKL  SRS      C K    SI AS.N  EL    ANK V D..

C/Johannesburg/1/1966               G  W       G               R                             A       Q  N       D   N I AV   V   A A I      LVE  KSTSM    LG ET I EA TA ISNV QRK D R  C K CLA N S MNAKSK   YI     RIG

D/bovine/Mississippi/C00046N/2014    G  W       G               R                                             L  E     V AV   I  RA V L  PA  I D   S TM   CLG DF KIEAVTA S NE QKKRD R  A K CL  S D FT  EK R YIA V  RFG

                                     TT                   TTA/California/07/2009(H1N1)       
         300       310       320       330       340        

A/California/07/2009(H1N1)                                A G        FG        G                  M DILRQN   E AV ICKA I LRI SS S  G T KR S S  K EE VL GN..GVR V      PTE Q  D          S  F    F F  T   SV K  E  T  

A/Brevig                                                  A G        FG        G                  M DILRQN   E AV ICKA M LRI SS S  G T KR S S  K EE VL GN..GIR V      PTE Q  D          S  F    F F  T   SV R  E  T  

A/Northern                                                A G        FG        G                  M DILRQN   E AV ICKA M LRI SS S  G T KR S S  K EE LL GN..GTR V      PTE Q  D          S  F    F F  T   SI R  E  T  

A/duck/Fujian/01/2002(H5N1)                               A G        FG        G                  M DILRQN   E AV ICKA M LRI SS S  G T KR S S  K EE VL GN..GIR V      PTE Q  D          S  F    F F  T   SV K  E  T  

A/bat/Guatemala/060/2010(H17N10)                          A G        FG        G                  L EILRSN   E AV ICKA L IRI NS S  G N KR   S  R E  VL GN..SEP V      PTD Q  N          N  F    Y F  VK  SQ T KA  T  

B/Panama/45/1990                                          A G        FG        G                  L   L      D A  I RA L LKI Q         KR S    K DE IL GN..TEP KSC TAIDGG V CD I        R RQR  RLEL  I  RGF N  E  I  

C/Johannesburg/1/1966                                     A G        FG        G                  L ELI  T      V LCK  L   L  T S  P   KK S S  K  D V    ETERK E   LE DDVSPE T   S   GQ GK L    MLL  I   GV VK T YIQG

D/bovine/Mississippi/C00046N/2014                          A G        FG        G                    DVIRNS      V LCKA L   L  S S    N RK S      E  V    TVERTFE      DDISAE T       CE GK M   NL L  V  EAETM KT Y.WG

                   TT        TT                             A/California/07/2009(H1N1)       
350       360       370       380       390       400        

A/California/07/2009(H1N1)                   E F                                      M F    LQ LKI V EG  E  M  RRATAILRK   RL  LIV G     I EAIIVA V SQE   T   R H  Y   T VG         ATR  IQ   S RDEQS A            D

A/Brevig                                     E F                                      M F    LQ LKI V EG  E  M  RRATAILRK   RL  LIV G     I EAIIVA V SQE   T   R H  Y   T VG         ATR  IQ   S RDEQS A            D

A/Northern                                   E F                                      M F    LQ LKI V DG  E  M  KRATAILRK   RL  LIV G     V EAIIVA V SQE   T   R H  Y   T VG         ATR  VQ   S RDEQS A            D

A/duck/Fujian/01/2002(H5N1)                  E F                                      M F    LQ LKI V EG  E  M  RRATAILRK   RL  LIV G     I EAIIVA V SQE   T   R H  Y   T VG         ATR  IQ   S RDEQS A            D

A/bat/Guatemala/060/2010(H17N10)             E F                                      M F    LQ L M I EG  E  V  KRASAVLKK   RL  AII G     I  LMI L V SQE   T T T F  Y   N SG         GAQ  IQ   G RTLED LN   T       E

B/Panama/45/1990                             E F                                      M F     T  KI I DG  E  V       ILKK   RM  LLI       M DLIIL  V SQD G IQ  G W  E   H RCGECRG    SKM  EK   NSAKKED K     C      T

C/Johannesburg/1/1966                        E F                                      M F    V  V         E     K ATAL  R    L  I I G        LLAM  I   D  RA QFEYWSEQ   YGEY S    FS KERS EW T G GINEDRKR    C   CR G

D/bovine/Mississippi/C00046N/2014             E F                                      M F    L  IK     G        RKVT M RR    L  A I P       ELLAMV I   D  KP  YKCWR E T YCEL    C F  .SEG DW N G GSPEERR         CR G

α1 α2 α3 α4 

β1 α5 β2 β3 α6 α7 

α8 β4 β5 α9 

α10 α11 β6 α12 α13 

β7 α14 α15 β8 

α16 α17 β9 β10 β11 

β12 β13 β14 β15 α18 

                                      ...              TT   A/California/07/2009(H1N1)       
410          420       430       440          450       460  

A/California/07/2009(H1N1)                                                 L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     S DN MG I 

A/Brevig                                                                   L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     P DN MG I 

A/Northern                                                                 L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     H DN MG I 

A/duck/Fujian/01/2002(H5N1)                                                L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     P DN MG I 

A/bat/Guatemala/060/2010(H17N10)                                           L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK          NW  E I  I  I GK L A      ...       R    Y    H   DSS...T LK   T E DP MG A 

B/Panama/45/1990                                                           L    G             M   VRGEIN   FLNRA Q LSPM QL R F            QW  E    A  L GR FQG      ...     G L    Y  Q Y LNRSN...D FD   Y ESPK SE H 

C/Johannesburg/1/1966                                                      L    G               K A   IT     TKL   I     MM   QK      A   S  I           DYF D PAT  MADLS   GRE PYQYV  NWI  SEDNLE  LY R  VETNPGKMGSS

D/bovine/Mississippi/C00046N/2014                                           L    G                 A   I    F TRLN  I     LLK          A   T  L  A       GRFFES PVN DESF R    KE PYQYV   WVRQSRDNLD  LS R  IP HIGQFGK 

  TT         TT                      TT     TT              A/California/07/2009(H1N1)       
     470       480       490       500       510       520  

A/California/07/2009(H1N1)                              D     E                G             I  D T ST  SLRGI VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/Brevig                                                D     E                G             I  D T ST  SMRGV VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/Northern                                              D     E                G             V  D T ST  SMRGI VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/duck/Fujian/01/2002(H5N1)                             D     E                G             I  D T ST  SLRGV VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/bat/Guatemala/060/2010(H17N10)                        D     E                G             I  D T N   TL GV LS  GV EYS N RI VNI K L V   K  LLIS  EVSE Q MP G I KTQ  M  R  QG      F    R   D Y R RNE  E    PE    A 

B/Panama/45/1990                                        D     E                G             I       S  TLKGV VTK  I DFSST    VSI K L L      VIM   DVSE   NELM.NA DY     V   NV        TEK   T N S IKRT E   GAN    LE

C/Johannesburg/1/1966                                   D     E                G             M  D S     SLR V IQ   I    S  KI L L   L A      IVAT  DL     GI G KRAIK   A T  SGK  MPE K   H E SDN E FDSS R    IL  PSDK

D/bovine/Mississippi/C00046N/2014                        D     E                G             M  D S SS    KGV LSK PI    S  K  L L   I A   K  MVAS  DLSE N GI G S  SMVY   M   T   IVE K  HR F NDN E VTE  A    IM    D 

                                        .....               A/California/07/2009(H1N1)       
     530       540       550       560            570       

A/California/07/2009(H1N1)                                  Y                                 T  L ITYSS  MWEI    SVL NT  WIIRN   VK      QW      LYN  EFG EK T     SM    NGPE   V   Q     WEI  I.....  SQDPTM   KM  

A/Brevig                                                    Y                                 T  L ITYSS  MWEV    SVL NT  WIIRN  TVK      QW      LYN  EFG EK T     SM    NGPE   V   Q     WE   I.....  SQNPTM   KM  

A/Northern                                                  Y                                 T  L ITYSS  MWEI    SVL NT  WIIRN  TVK      QW      LYN  EFG EK T     SM    NGPE   V   Q     WE   I.....  SQNPTM   KM  

A/duck/Fujian/01/2002(H5N1)                                 Y                                 T  L ITYSS  MWEI    SVL NT  WVIRN  TVK      QW      LYN  EFG ER T     SM    NGPE   V   Q     WE   I.....  SQDPTM   KM  

A/bat/Guatemala/060/2010(H17N10)                            Y                                 Q  L INYNS  MWEV    SIL NT  WIIKN   LK      QW      LYN  EFG EK P     SL    NGPE   T   H     WEL  T.....  MTDPTV   RI  

B/Panama/45/1990                                            Y                                 Q  L ITY T  MWEM     LV NT  WVLKN  TLK      QF      MFQ   FS AQ M   D PK    GTTKE  Q   Q     LV   A.....  LLGKED   WDA 

C/Johannesburg/1/1966                                       Y                                      VSFQ   L  L    TAI      LIK   T                LYN  E KVTFQD    HPD AV RDEK   TKG EA   RLG GDNDIPSLIAKKDYLS   LP V

D/bovine/Mississippi/C00046N/2014                            Y                                      VTFN   L  L    TAI      LV    T                LYQ  E RETFND    HVD AV KDEK   IKI RS  ERIN DDDGLPALIMGKRYLE   LD V

                                                            A/California/07/2009(H1N1)       
580       590       600       610       620       630       

A/California/07/2009(H1N1)                     YS   R                  IK LPF    P           E F SLVPK  R    GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AT SR        F     VL   D V        AAA  EQSRMQ..  S

A/Brevig                                       YS   R                  IK LPF    P           E F SLVPK  RG   GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AA  Q        F     VL   D V        AAA  KQSRMQ..  S

A/Northern                                     YS   R                  IK LPF    P           E F SLVPK  RG   GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AI  Q        F     VL   D T        AAA  KQSRMQ..  S

A/duck/Fujian/01/2002(H5N1)                    YS   R                  IK LPF    P           E F SLIPK  RG   GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AA  Q        F     VV   D V        TAA  EQSRMQ..  S

A/bat/Guatemala/060/2010(H17N10)               YS   R                  IK LPF    P           E F TLIPK  R    GF  TL QQMRD  GTF S QI  L      P         FS  P Q     GN AI    T   F     VE   D I        SAH  SLGRTQ..  S

B/Panama/45/1990                               YS   R                  IK LPF    P           E F SIIP    G   GFA  V  QMRD      T Q   L      P         YQ  A E    QKMA Q      A LK    QE.VMK D F      CFS  KLRSNGEP  F

C/Johannesburg/1/1966                          YS   R                  IK LPF    P                LI    KG     A  L ST     G Y    L  V                   KLMAP  RPNR  V  RV  K V  QV.TT H SLHE       TYFA KQGMFEGRLFF

D/bovine/Mississippi/C00046N/2014               YS   R                  IK LPF    P                LIPK   G     A QL QS      SY    I  L      P         F  KDAVG    RML A  YQ    I  QI.KND  SLPE       CYS  KKMLFDGT HF

         .                       TT                         A/California/07/2009(H1N1)       
  640        650       660       670         680       690  

A/California/07/2009(H1N1)                            F                                  A    TV VRG G L I VR NS V NYNK    L VLGK A  A    P D  T  V S VL L  N   S . R L  G  P      ATKR T    D G. LTED . EG SG E    R

A/Brevig                                              F                                  A    TV VRG G M I VR NS V NYNK    L VLGK A  A    P D  T  V S VL L  N   S . R L  G  P      ATKR T    D G. LTED . EG AG E    R

A/Northern                                            F                                  A    TV VRG G M I VR NS A NYNK    L ILGK A       P D  T  V S VL L  N   S . R L  G  P      TTKR T    D G.TLIED . EG SG E    R

A/duck/Fujian/01/2002(H5N1)                           F                                  A    TV VRG G M I VR NS V NYNK    L VLGK A  A    P D  T  V S VL L  N   S . R L  G  P      ATKR T    D G. LTED . EG AG E    R

A/bat/Guatemala/060/2010(H17N10)                      F                                  A    TL IRG P L L IR NS V NYN     I VLGK V            S  I S VL F  N   A . R L  G  Q     QMENV I    S G.SPERSI.LTE SS E    R

B/Panama/45/1990                                      F                                  A     L LKG G   I VR  S L SYN     L I GR M  L      E  N  M N VL LR V   G ENF E  KG P     PQTEV T C  M S. KGKIED ER RS G    A

C/Johannesburg/1/1966                                 F                                  A    N          V    NN V SWSK           A  V    G E         LL S .......DSF EPGV  N      ADSSKIYCHGI IR PLVV D ..HMDTSL   E

D/bovine/Mississippi/C00046N/2014                      F                                  A    N        M V    NT L SFSK       V   A  I    G D          V K .......Q Y RPGI  N      TDKSKIY NGS VK KLVL D ..EMDTSL F E

                 TT      TT        TT                       A/California/07/2009(H1N1)       
     700       710       720       730       740       750  

A/California/07/2009(H1N1)       GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E KRY      N  SN AK           DV L      D S L  S  AT 

A/Brevig                         GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E RRY      N  SN AK           DV L      D S L  S  AT 

A/Northern                       GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E RRY      N  SN AK           DV L      D S L  S  AT 

A/duck/Fujian/01/2002(H5N1)      GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E KRY      N  SN AK           DV L      D S L  S  AT 

A/bat/Guatemala/060/2010(H17N10) GF                  L     G K      QG                D        LI GK     GPVLTI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  ANSKY      G  DK GR           DT L      D S L  S  AL 

B/Panama/45/1990                 GF                  L     G K      QG                D        LV GK D   G   TI E   L   E ANILL     V VVKRKR S L N  SQ  K    S  Y PDL DFK  E  EK KP        Y  KP K      Y A S  I  GI 

C/Johannesburg/1/1966            GF                  L     G K      QG                D         V    D    PMVT  D   V     V L VG        R      A S  N   K  S CE.N P.RA    RQ  ID GF Q  R F    SVRTFK TASQRA S  V KNV 

D/bovine/Mississippi/C00046N/2014 GF                  L     G K      QG                D         V    D    PLI   D   I     V V VG      LVR      A    S   R  Q CE.Y P.RA   PRR  RL GF K  R F    QEKT   TSSKRA SH V KNI 

                                                            A/California/07/2009(H1N1)       
                                                            

A/California/07/2009(H1N1)       RIRM I                                                          A N.......                                              

A/Brevig                         RIRM I                                                          A N.......                                              

A/Northern                       RIRM I                                                          A N.......                                              

A/duck/Fujian/01/2002(H5N1)      RIRM I                                                          A N.......                                              

A/bat/Guatemala/060/2010(H17N10) RIRL                                                            EESK......                                              

B/Panama/45/1990                 R RM V                                                       Q  T ESMGWALS                                              

C/Johannesburg/1/1966            KIKM                                                            SN........                                              

D/bovine/Mississippi/C00046N/2014 RMRL V                                                          E ........                                              

α19 α20 α21 β16 β17 

β18 β19 β20 β21 β22 β23 η1 

β24 α22 α23 α24 

α25 η2 α26 α27 η3 

β25 β26 β27 β28 β29 

β30 η4 β31 β32 

 

A/bat/Guatemala/060/2010(H17N10) 

 

A/bat/Guatemala/060/2010(H17N10) 

 

A/bat/Guatemala/060/2010(H17N10) 

 

A/bat/Guatemala/060/2010(H17N10) 

 

A/bat/Guatemala/060/2010(H17N10) 

 

A/bat/Guatemala/060/2010(H17N10) 
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                                      ...              TT   A/California/07/2009(H1N1)       
410          420       430       440          450       460  

A/California/07/2009(H1N1)                                                 L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     S DN MG I 

A/Brevig                                                                   L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     P DN MG I 

A/Northern                                                                 L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     H DN MG I 

A/duck/Fujian/01/2002(H5N1)                                                L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK      V   NW IE I  V  M GC I A      ...       R    H    H   DAK...  FQ     P DN MG I 

A/bat/Guatemala/060/2010(H17N10)                                           L    G             M K VRGDLN   FVNRANQ LNPM QLLR FQK          NW  E I  I  I GK L A      ...       R    Y    H   DSS...T LK   T E DP MG A 

B/Panama/45/1990                                                           L    G             M   VRGEIN   FLNRA Q LSPM QL R F            QW  E    A  L GR FQG      ...     G L    Y  Q Y LNRSN...D FD   Y ESPK SE H 

C/Johannesburg/1/1966                                                      L    G               K A   IT     TKL   I     MM   QK      A   S  I           DYF D PAT  MADLS   GRE PYQYV  NWI  SEDNLE  LY R  VETNPGKMGSS

D/bovine/Mississippi/C00046N/2014                                           L    G                 A   I    F TRLN  I     LLK          A   T  L  A       GRFFES PVN DESF R    KE PYQYV   WVRQSRDNLD  LS R  IP HIGQFGK 

  TT         TT                      TT     TT              A/California/07/2009(H1N1)       
     470       480       490       500       510       520  

A/California/07/2009(H1N1)                              D     E                G             I  D T ST  SLRGI VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/Brevig                                                D     E                G             I  D T ST  SMRGV VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/Northern                                              D     E                G             V  D T ST  SMRGI VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/duck/Fujian/01/2002(H5N1)                             D     E                G             I  D T ST  SLRGV VSK GV EYSST RV VSI R L V   R  VLLS  EVSE Q LP M P  EM     R   M           V   D F R RDQ  N    PE    T 

A/bat/Guatemala/060/2010(H17N10)                        D     E                G             I  D T N   TL GV LS  GV EYS N RI VNI K L V   K  LLIS  EVSE Q MP G I KTQ  M  R  QG      F    R   D Y R RNE  E    PE    A 

B/Panama/45/1990                                        D     E                G             I       S  TLKGV VTK  I DFSST    VSI K L L      VIM   DVSE   NELM.NA DY     V   NV        TEK   T N S IKRT E   GAN    LE

C/Johannesburg/1/1966                                   D     E                G             M  D S     SLR V IQ   I    S  KI L L   L A      IVAT  DL     GI G KRAIK   A T  SGK  MPE K   H E SDN E FDSS R    IL  PSDK

D/bovine/Mississippi/C00046N/2014                        D     E                G             M  D S SS    KGV LSK PI    S  K  L L   I A   K  MVAS  DLSE N GI G S  SMVY   M   T   IVE K  HR F NDN E VTE  A    IM    D 

                                        .....               A/California/07/2009(H1N1)       
     530       540       550       560            570       

A/California/07/2009(H1N1)                                  Y                                 T  L ITYSS  MWEI    SVL NT  WIIRN   VK      QW      LYN  EFG EK T     SM    NGPE   V   Q     WEI  I.....  SQDPTM   KM  

A/Brevig                                                    Y                                 T  L ITYSS  MWEV    SVL NT  WIIRN  TVK      QW      LYN  EFG EK T     SM    NGPE   V   Q     WE   I.....  SQNPTM   KM  

A/Northern                                                  Y                                 T  L ITYSS  MWEI    SVL NT  WIIRN  TVK      QW      LYN  EFG EK T     SM    NGPE   V   Q     WE   I.....  SQNPTM   KM  

A/duck/Fujian/01/2002(H5N1)                                 Y                                 T  L ITYSS  MWEI    SVL NT  WVIRN  TVK      QW      LYN  EFG ER T     SM    NGPE   V   Q     WE   I.....  SQDPTM   KM  

A/bat/Guatemala/060/2010(H17N10)                            Y                                 Q  L INYNS  MWEV    SIL NT  WIIKN   LK      QW      LYN  EFG EK P     SL    NGPE   T   H     WEL  T.....  MTDPTV   RI  

B/Panama/45/1990                                            Y                                 Q  L ITY T  MWEM     LV NT  WVLKN  TLK      QF      MFQ   FS AQ M   D PK    GTTKE  Q   Q     LV   A.....  LLGKED   WDA 

C/Johannesburg/1/1966                                       Y                                      VSFQ   L  L    TAI      LIK   T                LYN  E KVTFQD    HPD AV RDEK   TKG EA   RLG GDNDIPSLIAKKDYLS   LP V

D/bovine/Mississippi/C00046N/2014                            Y                                      VTFN   L  L    TAI      LV    T                LYQ  E RETFND    HVD AV KDEK   IKI RS  ERIN DDDGLPALIMGKRYLE   LD V

                                                            A/California/07/2009(H1N1)       
580       590       600       610       620       630       

A/California/07/2009(H1N1)                     YS   R                  IK LPF    P           E F SLVPK  R    GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AT SR        F     VL   D V        AAA  EQSRMQ..  S

A/Brevig                                       YS   R                  IK LPF    P           E F SLVPK  RG   GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AA  Q        F     VL   D V        AAA  KQSRMQ..  S

A/Northern                                     YS   R                  IK LPF    P           E F SLVPK  RG   GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AI  Q        F     VL   D T        AAA  KQSRMQ..  S

A/duck/Fujian/01/2002(H5N1)                    YS   R                  IK LPF    P           E F SLIPK  RG   GFV TL QQMRD  GTF T QI  L      P         FS  P Q     AA  Q        F     VV   D V        TAA  EQSRMQ..  S

A/bat/Guatemala/060/2010(H17N10)               YS   R                  IK LPF    P           E F TLIPK  R    GF  TL QQMRD  GTF S QI  L      P         FS  P Q     GN AI    T   F     VE   D I        SAH  SLGRTQ..  S

B/Panama/45/1990                               YS   R                  IK LPF    P           E F SIIP    G   GFA  V  QMRD      T Q   L      P         YQ  A E    QKMA Q      A LK    QE.VMK D F      CFS  KLRSNGEP  F

C/Johannesburg/1/1966                          YS   R                  IK LPF    P                LI    KG     A  L ST     G Y    L  V                   KLMAP  RPNR  V  RV  K V  QV.TT H SLHE       TYFA KQGMFEGRLFF

D/bovine/Mississippi/C00046N/2014               YS   R                  IK LPF    P                LIPK   G     A QL QS      SY    I  L      P         F  KDAVG    RML A  YQ    I  QI.KND  SLPE       CYS  KKMLFDGT HF

         .                       TT                         A/California/07/2009(H1N1)       
  640        650       660       670         680       690  

A/California/07/2009(H1N1)                            F                                  A    TV VRG G L I VR NS V NYNK    L VLGK A  A    P D  T  V S VL L  N   S . R L  G  P      ATKR T    D G. LTED . EG SG E    R

A/Brevig                                              F                                  A    TV VRG G M I VR NS V NYNK    L VLGK A  A    P D  T  V S VL L  N   S . R L  G  P      ATKR T    D G. LTED . EG AG E    R

A/Northern                                            F                                  A    TV VRG G M I VR NS A NYNK    L ILGK A       P D  T  V S VL L  N   S . R L  G  P      TTKR T    D G.TLIED . EG SG E    R

A/duck/Fujian/01/2002(H5N1)                           F                                  A    TV VRG G M I VR NS V NYNK    L VLGK A  A    P D  T  V S VL L  N   S . R L  G  P      ATKR T    D G. LTED . EG AG E    R

A/bat/Guatemala/060/2010(H17N10)                      F                                  A    TL IRG P L L IR NS V NYN     I VLGK V            S  I S VL F  N   A . R L  G  Q     QMENV I    S G.SPERSI.LTE SS E    R

B/Panama/45/1990                                      F                                  A     L LKG G   I VR  S L SYN     L I GR M  L      E  N  M N VL LR V   G ENF E  KG P     PQTEV T C  M S. KGKIED ER RS G    A

C/Johannesburg/1/1966                                 F                                  A    N          V    NN V SWSK           A  V    G E         LL S .......DSF EPGV  N      ADSSKIYCHGI IR PLVV D ..HMDTSL   E

D/bovine/Mississippi/C00046N/2014                      F                                  A    N        M V    NT L SFSK       V   A  I    G D          V K .......Q Y RPGI  N      TDKSKIY NGS VK KLVL D ..EMDTSL F E

                 TT      TT        TT                       A/California/07/2009(H1N1)       
     700       710       720       730       740       750  

A/California/07/2009(H1N1)       GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E KRY      N  SN AK           DV L      D S L  S  AT 

A/Brevig                         GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E RRY      N  SN AK           DV L      D S L  S  AT 

A/Northern                       GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E RRY      N  SN AK           DV L      D S L  S  AT 

A/duck/Fujian/01/2002(H5N1)      GF                  L     G K      QG                D        LI GK D   GPALSI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  E KRY      N  SN AK           DV L      D S L  S  AT 

A/bat/Guatemala/060/2010(H17N10) GF                  L     G K      QG                D        LI GK     GPVLTI E   L   E ANVLIG    V VMKRKR S I T  QT  K    L  ANSKY      G  DK GR           DT L      D S L  S  AL 

B/Panama/45/1990                 GF                  L     G K      QG                D        LV GK D   G   TI E   L   E ANILL     V VVKRKR S L N  SQ  K    S  Y PDL DFK  E  EK KP        Y  KP K      Y A S  I  GI 

C/Johannesburg/1/1966            GF                  L     G K      QG                D         V    D    PMVT  D   V     V L VG        R      A S  N   K  S CE.N P.RA    RQ  ID GF Q  R F    SVRTFK TASQRA S  V KNV 

D/bovine/Mississippi/C00046N/2014 GF                  L     G K      QG                D         V    D    PLI   D   I     V V VG      LVR      A    S   R  Q CE.Y P.RA   PRR  RL GF K  R F    QEKT   TSSKRA SH V KNI 

                                                            A/California/07/2009(H1N1)       
                                                            

A/California/07/2009(H1N1)       RIRM I                                                          A N.......                                              

A/Brevig                         RIRM I                                                          A N.......                                              

A/Northern                       RIRM I                                                          A N.......                                              

A/duck/Fujian/01/2002(H5N1)      RIRM I                                                          A N.......                                              

A/bat/Guatemala/060/2010(H17N10) RIRL                                                            EESK......                                              

B/Panama/45/1990                 R RM V                                                       Q  T ESMGWALS                                              

C/Johannesburg/1/1966            KIKM                                                            SN........                                              

D/bovine/Mississippi/C00046N/2014 RMRL V                                                          E ........                                              
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A/bat/Guatemala/060/2010(H17N10) 

 

A/bat/Guatemala/060/2010(H17N10) 

 


