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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. 

  



 

 2  

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). 
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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 
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cytoplasm. Viral proteins necessary for the vRNPs formation are translocated to the nucleus, 

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. 
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Genes coding the viral polymerases are of the most conserved within the influenza viruses. 

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 

B A 

C D 
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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.  

 

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 
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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. 

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 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 
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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 

(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 

90° 
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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 

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, 

A B 
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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. 

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). 
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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.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Structural Characterization of the Interaction between the C-Terminal Domain of the 

Influenza Polymerase PA Subunit and an Optimized Small Peptide Inhibitor.” Antiviral 

Research 185 (January 2021):104971. doi: 10.1016/j.antiviral.2020.104971. 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Thermodynamic and structural characterization of an optimized peptide-based 

inhibitor of the influenza polymerase PA-PB1 subunit interaction.” Antiviral Research 208 

(December 2022): 105449.  doi: 10.1016/j.antiviral.2022.105449. 
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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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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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Synthesis and In Vitro Evaluation of C-7 and C-8 Luteolin Derivatives as Influenza 

Endonuclease Inhibitors.” International Journal of Molecular Sciences 22(14):7735. 

doi: 10.3390/ijms22147735. 
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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 
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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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