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Abstract 

   Influenza virus A circulates in birds and mammals and causes severe infectious 

disease that affects from 3 to 5 million people each year. There are two classes of 

anti-influenza drugs currently available: neuraminidase and M2 channel inhibitors. 

However, increasing resistance against these two types of inhibitors along with the 

potential emergence of new viral strains and unpredictability of pandemic outbreaks 

emphasize an unmet need for new types of inhibitors. 

   RNA-dependent influenza polymerase serves as a novel promising target for the 

development of anti-influenza medications. The aim of this master thesis is to develop 

in vitro high-throughput assays for screening of compounds targeting influenza RNA 

polymerase, particularly, its cap binding and endonuclease domains. For cap-binding 

domain the screening is based on DIANA (DNA-linked Inhibitor ANtibody Assay) 

method that was recently developed in our laboratory; for endonuclease domain, the 

method is based on AlphaScreen technology. 

   For the purposes of the methods development, recombinant cap binding domain of 

PB2 subunit and N-terminal endonuclease domain of PA subunit of influenza 

polymerase were expressed with appropriate fusion tags and purified using affinity 

and gel permeation chromatography.  The probes for the screening assays were 

designed based on already known inhibitors; their binding properties were tested. 

Both methods were evaluated, and the first set of AlphaScreen-based screening was 

performed.  

   The methods developed would allow rapid quantitative in vitro screening for 

inhibitors of two activities within influenza RNA polymerase that are considered 

potential therapeutic targets, and, therefore, may bring advances to development of 

new anti-influenza medications. 
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Abstrakt 

   Virus chřipky způsobuje infekční oněmocnění, postihující 3 až 5 milionů jedinců ročně. 

V současné době se k lečbě chřipkových infekcí používají dva druhy léčiv: inhibitory 

neuraminidasy a inhibitory iontového kanálu M2. Vzrůstající počet kmenů resistentních 

vůči těmto inhibitorům a riziko vzniku nových pandemických kmenů však vytvářejí 

dosud neuspokojenou potřebu nového typu inhibitorů.  

   RNA-dependentní RNA polymerasa viru chřipky je novým cílem pro vývoj inhibitorů 

směrovaných proti viru chřipky. Cílem této diplomové práce bylo vyvinout 

vysokokapacitní testovací metody pro nalezení potenciálních inhibitorů dvou aktivit 

chřipkové polymerázy – vazby 7-methylguanosinové čepičky hostitelských RNA a jejich 

enodukleasové štěpění. Pro doménu vázající 7-methylguanosinovou čepičku bylo 

testování založeno na metodě DIANA (DNA-linked Inhibitor ANtibody Assay), která 

byla nedávno vyvinuta v laboratoři školitele; testování inhibitorů endonukleasové 

domény pak bylo založeno na technologii AlphaScreen.  

   Pro potřeby vývoje velkokapacitních testovacích metod byla připravena rekombinantní 

doména vázající 7-methylguanosinovou čepičku z podjednotky PB2 a N-koncová 

doména PA podjednotky chřipkové polymerasy, nesoucí endonukleasovou aktivitu. Oba 

rekombinantní proteiny byly exprimovány s příslušnými afinitními značkami a vyčištěny 

metodami afinitní chromatografie a gelové filtrace. Sondy pro velkokapacitní testovací 

metody byly navrženy na základě struktur v literatuře popsaných inhibitorů a jejich 

vazebné charakteristiky byly ověřeny biofyzikálními metodami. Obě testovací metody 

byly optimalizovány a bylo provedeno pilotní testování metodou AlphaScreen.  

   Vyvinuté velkokapacitní metody dovolují rychlé, kvantitativní testování inhibitorů 

dvou nezbytných procesů zprostředkovaných virovou RNA polymerasou, které jsou 

považovány za potenciální cíle terapeutického zásahu, a mohou tak přispět k vývoji 

nových léčiv proti chřipkové infekci.  
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1. Theoretical part  

1.1 Influenza virus  

1.1.1 Classification  

   Influenza virus A belongs to Orthomyxoviridae family of viruses. There are seven 

genera within this family: Alphainfluenzavirus, Betainfluenzavirus, Deltainfluenzavirus, 

Gammainfluenzavirus, Isavirus, Quaranjavirus, and Thogotovirus. Each influenza virus 

genera further include four viral species: Influenza A virus, Influenza B virus, Influenza 

D virus and Influenza C, respectively. These species differ substantially in morphological 

features, host ranges and, no less importantly, in pandemic potential. Among all influenza 

species, influenza virus A has the widest host range. It affects a variety of mammals 

(humans, swine, horses, dogs, seals), while aquatic birds serve as its natural reservoir. 

    Based on serological properties of its surface glycoproteins neuraminidase (NA) and 

hemagglutinin (HA), influenza A virus can be further classified into several subtypes. 

Nowadays, there are 18 HA  and 11 known NA subtypes known and except H17, H18, 

and N10, N11 almost all their combinations have been observed in nature [1]. Influenza 

B virus circulates in humans and, reportedly, seals and is capable of causing mild seasonal 

epidemics [2]. It does not undergo subtype classification. Influenza virus C is known to 

infect humans and swine [3]. Despite being repeatedly detected in patients hospitalized 

with lower respiratory tract infections, the role of influenza C virus in seasonal epidemics 

is still not well established [4-6]. Influenza D virus, the newest addition to 

Orthomyxoviridae family, was first isolated from swine in Oklahoma in 2011 and found 

to be a distant relative of influenza C virus. Its occurrence in humans has not been 

detected [7].  

   All viral strains can be described using the standard nomenclature established by the 

International Committee on Taxonomy of Viruses [8]. According to it, the strain name 

should include type (A, B, C or D), host from which the virus was isolated (omitted if 

human), location of isolation, an isolate number and year of isolation, in case of A viruses 

also subtype. As an example, the first virus isolate of influenza A virus of the H1N1 

subtype from a human in California in year 2009 is written as 

A/California/01/2009(H1N1) virus [1]. 
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1.1.2 Structure of influenza virus  

   Influenza virus is an enveloped virus, with lipid membrane derived from a host 

organism (Figure 1). In influenza A virus, three membrane-bound proteins are found on 

its surface: hemagglutinin (HA), neuraminidase (NA) and M2 ion channel. Underneath 

the envelope, M1 protein constitutes the viral particle’s core that encloses eight genetic 

segments [9]. Each genetic segment forms a ribonucleoprotein complex. This complex 

consists of genomic single-stranded RNA (vRNA) that forms a panhandle structure with 

both 5’ and 3’ ends bound to the trimeric viral polymerase and oligomeric nucleoprotein 

(NP), that is arranged along the length of vRNA. Influenza RNA-dependent-RNA 

polymerase includes three subunits: PA, PB1 and PB2, each of them carrying out a 

distinctive function [10]. Also, viral particle contains nuclear export protein (NEP or 

NS2), which is associated with M1 and mediates transport of the ribonucleoprotein 

complexes to the cytoplasm at later stages of infection [11, 12].  

 

 

Figure 1. Structure of influenza A viral particle. Reproduced from [13]. 
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1.1.2.1 Influenza virus genome 

   Influenza A virus genome is composed of eight segments of single-stranded RNA with 

negative polarity [14]. Virus overcomes its limited coding potential by splicing and use 

of alternative reading frames.  

   As the arrangement of genomic segments within a viral particle remains unknown, 

segments are numbered based on the size, from the largest to the smallest. Segments 1-3 

encode polymerase subunits: PB2, PB, and PA, respectively.  In some viral strains, 

segment 2 also encodes two additional proteins within alternative reading frames: PB1-

F2 and PB1-N40 [15]. Ribosomal frameshift during translation of segment 3 mRNA 

gives rise to PA-X protein, presumably a virulence modulator [16].  Hemagglutinin (HA), 

nucleocapsid protein (NP), neuraminidase (NA) are encoded by segments 4, 5, and 6. 

There are two proteins encoded by segment 7: matrix protein (M1) and ion channel 

protein (M2), with M2 being translated from spliced mRNA variant. Segment 8 also gives 

rise to both unspliced and spliced mRNAs: unspliced variant is translated to nonstructural 

protein 1 (NS1) while the spliced mRNA encodes nonstructural protein 2 (NS2), also 

called nuclear export protein (NEP) [17, 18].  

   Coding sequences in all segments are framed with 5’ and 3’ non-coding regions. The 

extreme sequences of 12 – 13 nucleotides on both 5’ and 3’ ends are highly conserved in 

all segments, in both A and B viral types. These sequences facilitate the formation of 

panhandle RNA structure and are, therefore, partially complementary to each other [19, 

20].  The rest of the non-coding region is segment-specific and was shown to provide a 

packaging signal during virion assembly [21].  

 

1.1.2.2 Viral proteins 

   There are thirteen influenza viral proteins known: surface glycoproteins hemagglutinin 

and neuraminidase, matrix proteins M1 and M2, non-structural proteins NS1 and NEP, 

recently identified PB1-F2 protein with pro-apoptotic function and proteins that 

constitute the ribonucleoprotein complex: NP, PA, PB1 and PB2 [22]. PB1-F2, PB1-

N140 and PA-X are not covered in this section. Structure of influenza polymerase and 

ribonucleoprotein complex will be discussed in section 1.2.  
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1.1.2.3 Hemagglutinin  

   Hemagglutinin is a trimeric rod-shaped surface glycoprotein anchored to the viral 

membrane. Each monomer is 540-550 amino acid (AA) long and synthesized in a 

precursor form HA0 that is further processed by a host protease. As a result, the mature 

HA subunit consists of two polypeptide chains HA1 and HA2 linked by a disulfide bond 

[23]. The cleavage predominantly occurs in the trans-Golgi network, but can also take 

place in the extracellular matrix after viral particle escaped a host cell. This proteolytic 

processing induces only minor conformational changes and structure of HA0 and mature 

HA are apparently identical. Yet minor structural rearrangements bring about a profound 

change in functionality: the cleavage releases N-terminal part of the HA2 polypeptide, 

forming so-called fusion peptide which, as the name implies, later facilitate the 

membrane fusion. Apart from proteolytic cleavage, hemagglutinin is known to undergo 

several post-translational modifications,  as each monomer bears 7 glycosylation and 2 

palmitoylation sites [24].   

   The first structure of pre-fusion hemagglutinin, solved by Wilson and Skehel in 1981, 

demonstrated the overall structural arrangements. The protein in its native homotrimeric 

form was found to possess two domains:  globular receptor-binding domain formed by 

HA1 polypeptides and long coiled-coil stalk formed by HA2. Both N- and C- terminal 

ends were found to be located near the membrane, letting authors hypothesize that folding 

might have been taking place prior to cleavage of the N-terminal signal peptide. The 

globular domain was found to predominantly possess anti-parallel β-sheets, while the 

stalk was formed by coil-coiled α-helixes. Two other subdomains were identified: fusion 

peptide, located close to membrane region and vestigial esterase, formed by the H1 

polypeptide and therefore located close to the globular domain. 

   The primary function of hemagglutinin in the context of the viral life cycle is the host 

receptor recognition. It binds N-acetylneuraminic (sialic) acid, a monosaccharide that is 

often found at the terminal end of receptors’ glycoconjugates. There are two ways sialic 

acid could be attached to the penultimate galactose sugar:  via the third or the sixths 

carbon of galactose, therefore resulting into α-2,3 or α-2,6- linkage.  Hemagglutinin of 

human influenza virus was found to have specificity to α-2,6- linked sialic acid, 

predominant type of linkage in a human tracheal epithelium. In contrast, hemagglutinin 

derived from avian virus preferably binds sialic acid with α-2,3-linkage to galactose, 

abundant in avian gut epithelium [25].  However, it was shown that α-2,3-linkage is not 
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entirely exclusive in avian species and could be also found in the mammalian epithelium. 

Similarly, α-2,6-linkage, attributed to mammalian species, is present in small amounts in 

avian gut epithelium [26, 27].  As a result, a possibility of cross-species infection cannot 

be entirely ruled out and it indeed occasionally takes place. Also, hemagglutinin 

specificity can be changed with a single amino acid substitution, as it was previously 

documented [28, 29].  

   Hemagglutinin binding to receptor leads to clathrin-mediated endocytosis. After 

entering the host cell, it facilitates the fusion of viral and endosomal membranes. Low 

endosomal pH triggers large-scale conformational change, that results in fusion peptide 

becoming exposed and partially penetrating an endosomal membrane, bringing two 

membranes into proximity of each other and forming a pore through which vRNPs enter 

the cytoplasm [30, 31].  

 

1.1.2.4 Neuraminidase  

   Neuraminidase is another surface glycoprotein of influenza virus. Functionally, it 

counterbalances hemagglutinin by acting as sialidase: it hydrolyses glycosidic linkage 

between terminal sialic acid and penultimate sugar, thereby destroying hemagglutinin 

binding sites. This interplay of hemagglutinin and neuraminidase functions determines 

replication effectivity and is often referred to as HA-NA functional balance [32]. 

   Neuraminidase is a homotetramer, with each monomer being approximately 470 AA 

long  [33].  Each subunit contains four domains: globular domain with the enzyme active 

site, stalk, the transmembrane domain and cytoplasmic tail [34].  The N-terminal 

cytoplasmic domain is a six amino acids long and conserved in nearly all influenza A 

strains, however, its function remains unknown [35].  The stalk varies in length (19-45 

AA) and connects transmembrane and globular domains. It contains several cysteine 

residues, which results in the formation of neuraminidase tetramer as a dimer of two 

disulfide-linked dimers [36].  Also, the stalk region has one to three glycosylation sites, 

depending on length [37]. 

   The structure of the globular domain solved in 1983 by Peter Colman, demonstrated its 

composition of six topologically identical β-sheets arranged in a propeller-like manner. 

The active is formed by a pocket on top of the domain’s surface. Eight catalytic residues 

that constitute the active site (Arg118, Asp151, Arg152, Arg224, Glu276, Arg292, 

Arg371, Tyr406) are strictly conserved in both influenza A and influenza B [38]. 
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   All influenza A neuraminidases could be divided into two phylogenetic groups: 

subtypes N1, N4, N5, and N8 form the group 1, whereas group 2 consists of N2, N3, N6, 

N7 and N9 subtypes. There is a structural difference in active site conformation in these 

two groups: some subtypes were found to possess an extra cavity, formed because of an 

open conformation of ‘150-loop’ (residues 147-152). All neuraminidases from 

phylogenetic group 1 have 150-cavity in the open conformation, whereas the 

neuraminidases of the group 2 lack 150-cavity due to the closed conformation [39]. The 

only exception is the 2009 pandemic H1N1 strain, that belongs to group 1 but lacks the 

150-cavity [40]. 

 

1.1.2.5 M1 matrix protein and M2 proton channel  

   M1 matrix protein forms oligomeric structure that lies underneath the viral membrane 

and forms a viral envelope. It also associates with viral RNAs and inhibits viral 

transcription [41].  

   M2 proton channel is an integrated membrane protein which facilitates proton transport 

across the viral membrane [42]. It exists either in tetrameric form,  each monomer  is 97 

AA long, with small ectodomain (23 AA), transmembrane domain (19 AA) and 54 AA 

long cytoplasmic tail [43]. Amphiphilic transmembrane α-helixes form a pore with 

histidine residues lying at the center.  Currently, there are two models that explain the 

M2 channel function. The first model suggests that histidine tetrad functions as a pH-

sensor, as histidine protonation results in electrostatic repulsion, which, in turn, triggers 

conformational change and the opening of the channel [44]. Alternatively, the shuttle 

model suggests that biprotonated histidine serves as intermediate step in a proton 

transport [45]. Activity of M2 channels leads to decrease in pH, which, in turns, triggers 

dissociation of viral envelope formed by M1 matrix proteins and induce conformation 

change in hemagglutinin which is required for fusion of viral and endosomal membranes 

[1]. 

 

1.1.2.6 NS1 and NEP proteins  

   Non-structural protein 1 (NS1) plays an important role in the mitigation of host anti-

viral response [46].  NS1 forms dimers under native conditions [47].  The monomeric 

protein is 215-237 amino acids longs, with the length of C-terminal domain varying 

slightly between the subtypes. It consists of two domains: the N-terminal dsRNA binding 
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domain (RBD) and the C-terminal effector domain (ED) [48]. These domains are 

connected by 11 amino acids linker, interestingly, highly pathogenic strains were 

observed to have shorter, 6 amino acid long linker [49].  RBD domain is constituted of 6 

α-helixes and its dimerization was found crucial for dsRNA binding. The binding is not 

sequence specific and is mediated by electrostatic interactions between a series of basic 

residues (Arg38, Arg35, and Arg46) and RNA phosphate backbone [50]. The effector 

domain adopts so-called α-helix β-crescent fold and was found to possess binding sites 

for several host factors [51].   

   NS1 was found to interfere with host anti-viral response by preventing interferon 

induction via the RIG-I pathway. NS1 directly interacts with RIG-I, therefore, inhibiting 

the RIG-I pathway [52, 53]. Also, one study reported an interaction between NS1 and 

TRIM25, a key player of RIG-I pathway. This interaction was suggested to prevent 

TRIM25 oligomerization, a prerequisite of its ligase activity, which is, in turn, essential 

for the RIG-I oligomerization and downstream signaling [54]. 

 

1.1.3 Life cycle of influenza virus  

1.1.3.1 Attachment and entry 

   As was described earlier, viral attachment is mediated by HA binding to the sialic acid 

on host cell. Human viruses preferably bind sialic acid α-2,6-linkage to penultimate 

sugar, while avian viruses have specificity for α-2,3-linked sialic acid [55]. It is worth to 

mention, that some studies have shown that the type of linkage is not the only important 

parameter that influences the interaction and such factors as chain length and branching 

pattern may play a role as well [56].  

   Entry to the host cell proceeds through clathrin-mediated endocytosis. However, some 

studies show that alternatively, virus can enter a cell through non-clathrin mediated 

internalization or micropinocytosis  [57, 58].  

 

1.1.3.2 Fusion and uncoating 

   After entering a cell, the virus requires low pH to induce membrane fusion, as it triggers 

a conformational change in HA protein. The fusion peptide of HA, exposed during the 

conformational change, becomes inserted into an endosomal membrane, therefore 

bringing both membranes into a close proximity and forming a pore.  Several fusion 

peptides form a pore through which vRNPs escape into a cytoplasm [55]. Acidic pH also 
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triggers disassembly of M1 envelope and disrupts the interaction between vRNPs and 

M1, enabling vRNAs to escape into the cytoplasm [59].  

   All components of vRNPs possess nuclear localization signals (NLS) and are actively 

transported to the cell nucleus via interactions with karyopherins α. Interestingly, 

nucleoprotein, which was shown to be of critical importance for vRNPs import, possesses 

unconventional NLS, presumably, to avoid competition with host proteins containing 

conventional NLS [60].  

 

1.1.3.3 Genome replication and transcription  

   Unlike other -RNA viruses, replication and transcription of influenza virus is taking 

place in a host cell nucleus. Both processes are described in a detail in section X. Briefly, 

to start a transcription, viral polymerase binds 7-methylguanosine caps of host mRNAs, 

cleaves 10-15 downstream the cap and utilize this oligonucleotide as a primer. 

Replication is primer-independent but requires the activity of a priming loop. First, 

influenza polymerase generates complementary cRNA that serve as templates for vRNA.  

 

1.1.3.4 Virus assembly and release  

   Newly synthesized vRNA forms ribonucleoprotein complex consisting of 

heterotrimeric polymerase and NP is subsequently exported to the cytoplasm via 

Chromosomal Maintenance-1-dependent mechanism (CRM1, also known as Exportin 1) 

[61]. CRM1 recognizes nuclear export factors (NES) present on a cargo molecule and 

facilitates the export by utilizing the Ran-GTP gradient.  

   According to the currently accepted model, M1 and NEP mediate the interaction of 

vRNPs with CRM1 during the export. They form so-called daisy chain arrangement, in 

which CRM1 binds to nuclear export signal of NEP, which, in turn, interacts with PB1 

and PB2 subunits of influenza polymerase, promoting interaction of NP and M1 and 

binding to the N-terminus of M1 [62].  

   Once in the cytoplasm, vRNPs are thought to reach the apical membrane by exploiting 

recycling endosomes trafficking machinery. Several lines of evidence indicated Rab11 

as an essential mediator of vRNPs trafficking [63-65]. Transmembrane proteins (NA, 

HA, and M2) contain apical sorting signals and are transported to the membrane 

independently from vRNPs [66-68]. Assembly and budding of the virus mostly occur on 

the lipid-raft microdomains [69].  
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   Two models have been proposed to explain the packaging mechanism: a random 

incorporation model and a selective incorporation model. The random incorporation 

model suggests that virions may possess more or less than eight genomic segments, 

but only those with a full set of genomic segments succeed to propagate in a host cell 

[70].  

   According to the selective incorporation model, each vRNA segment might contain 

a specific packaging signal to ensure that each viral particle contains eight different 

segments. Both interfering particles studies and reverse genetics experiments showed 

that segment-specific packaging signals are located in the 5’ and 3’ non-coding 

regions of vRNA as well as in the coding regions [71-73]. Nonetheless, the precise 

mechanism of selective packaging still needs investigation. 

    Hemagglutinins of the newly synthesized virions are capable of binding sialic acid 

on the host cell surface, keeping viral particles anchored to the host membrane. 

Virions are released when another viral membrane protein, neuraminidase, removes 

sialic acid from the host surface glycoproteins. Also, neuraminidase cleaves sialic 

acids from the virus envelope, preventing aggregation of viral particles. The  viral life 

cycle of influenza virus is shown in Figure 2. 

 

 

 

Figure 2. Influenza virus life cycle. Detailed are provided in the text. Reproduced from [13]. 
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1.1.4 Influenza pandemics 

   Pandemics are outbreaks of infectious disease that spread rapidly across a large 

geographical area. History of influenza pandemics dates back to 421 B.C when an 

outbreak of respiratory disease with influenza-like symptoms was described by 

Hippocrates. Influenza pandemics arise in 10-40 years interval, caused, usually by a 

novel viral subtype to which population has no pre-existent immunity. 

   The most devastating influenza pandemic occurred in 1918 and resulted in more 

than 50 million deaths worldwide.  Most likely the virus emerged in a military base 

in Kansas in the spring of 1918 and spread around the United States and with 

troopships to Europe [74].  The outbreak was covered extensively by news media in 

Spain and the virus thus got a nickname Spanish influenza. Sequencing of viral RNA 

extracted from formalin-fixed tissues form a patient died in 1918 showed that 

pandemic was caused by an H1N1 virus of avian origin that circulated in mammals 

before causing the outbreak [75].  

   Unlike influenza viruses that mostly cause fatal outcomes in young children and 

elderly people, Spanish influenza virus showed unusually high mortality rates in 

young adults.  The typical symptoms were high fever, cough, pharyngitis, pulmonary 

hemorrhage. Most patients died from secondary bacterial infections, that were hardly 

treatable in the pre-antibiotic era [76].   

   The last influenza pandemic, known as the swine flu pandemic, occurred in 2009. 

The outbreak emerged in a Mexican village in February of 2009 

(A/Mexico/InDRE4487/2009), spread rapidly to the United States and within a year 

the new pandemic viral strain was detected worldwide [77].  

   The new pandemic strain emerged as a result of triple gene reassortment, a process 

of genomic segments rearrangement that occurs in a cell infected with several 

different viral subtypes. The novel virus inherited PA and PB2 segments from North 

American avian virus; a PB1 segment originated from the human H3N2 virus; HA, 

NP, and NS genes were of swine virus origin; NA and M1 segments were inherited 

form Eurasian avian virus [78].  

   The H1N1 influenza pandemic resulted in 18 000 deaths worldwide. It also 

displayed unusual high mortality rate in the adult age group as patients aged 5-59 

more frequently suffered from secondary respiratory infections and pneumonia [79]. 
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1.1.5 Current medical treatments  

   Two classes of anti-influenza medications are used in treatment: M2 ion channel 

and neuraminidase inhibitors. M2 channel inhibitors, the first medications that 

specifically target the influenza virus, were introduced in the early 90s. These 

derivatives of adamantane physically block the M2 proton channel, preventing the 

change in pH needed for viral uncoating [80]. The resistance to this type of inhibitors, 

however, developed rapidly and both representatives of M2 channels inhibitors – 

rimantadine and amantadine, are no longer recommended for treatment [81].   

   Neuraminidase inhibitors are another class of antivirals used in the treatment of 

influenza viral infections. Inhibition of neuraminidase results in aggregation of newly 

synthesized virions on the cell surface, leading to reduced infectivity of viral particles. 

Currently, four neuraminidase inhibitors are approved and used in treatment: 

zanamivir (Relenza™), oseltamivir (Tamiflu™), peramivir (Rapivab™), laninamivir 

(Inavir™). Among those, oseltamivir has been used the most extensively in treatment 

and prophylaxis.  

   Like adamantans, neuraminidase inhibitors are also not invincible to mutation 

development.  Oseltamivir-resistant variants are being continuously detected among 

seasonally circulating strains [82]. This raises serious concerns and underlines an 

importance of exploiting new drug targets within the virus to develop novel anti-

influenza medications.  
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Figure 3. Structures of neuraminidase inhibitors used in clinics. Oseltamivir and 

zanamivir are approved world-wide. Peramivir is approved in Japan and US, 

laninamivir is approved in Japan only.  Created by using ChemDraw software. 
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1.2 Influenza virus polymerase 

1.2.1 Structure of ribonucleoprotein complex 

   Influenza polymerase consists of three subunits, PA (polymerase acidic protein), 

PB1 (polymerase basic protein 1), PB2 (polymerase basic protein 2), each possessing 

distinct functions. This trimeric complex along with genomic viral RNA and 

nucleoprotein comprise a structure of higher order, called ribonucleoprotein complex.  

Each segment of viral genome forms such a complex, with nucleoprotein bound to 

the vRNA (one molecule of nucleoprotein per 24 nucleotides) and 3’ and 5’ ends of 

vRNA bound to trimeric polymerase. The viral RNA coated with nucleoprotein forms 

a double-helix structure, as was shown by cryo-electron microscopy of native vRNAs 

[83].  Nucleoprotein binds to vRNA in a non-specific manner via the phosphate 

backbone of vRNA, not interfering with replication and transcription processes [84].  

 

Figure 4. Schematic picture of ribonucleoprotein complex and its functions. 

Reproduced from [85]. 

 

1.2.2 Structure of influenza A polymerase 

   The arrangements of subunits within influenza polymerase remained unknown till 

2014 when the first crystallographic structure of polymerase bound to viral RNA 

promotor was reported [86]. The heterotrimer has a molecular weight of 

approximately 250 kDa and so-called U-shape.  
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   The PB1 subunit constitutes the core of the complex and makes contacts with PA-

endonuclease and PB2-cap binding domains on the top of the complex (these two 

domains face each other and are separated by a solvent channel) and PA C-terminal 

domain on the bottom. The PB2-N-terminal domain and PA-linker that connects PA-

C and PA-endonuclease lie along the side of PB1 core. PB1 subunit contains 

canonical right-handed fold with fingertips, fingers, thumb and palm domains, a 

characteristic feature of all RNA-depended-RNA-polymerases.  

   There are several structural similarities of PB1 to other viral polymerases, with 

Hepatitis C virus polymerase bearing the most significant resemblance. Also, PB1, as 

well as Flaviviridae polymerases, contains a ‘priming loop’ which role in genome 

replication will be discussed later.  

   Some structural attributes of PB1 subunit are rather unique. Among them are 

extended N- and C- termini that are making contacts with PB2 and PA subunits and 

long flexible β-ribbon (residues 177–212). This structure also contains two stretches 

of nuclear localization signals (NLS) that are important for trafficking of PA-PB1 

heterodimer [87].  

   Catalytic center of PB1 contains conserved A-E and pre-A (also known as motif F) 

motives that are typically found in RNA-dependent-RNA-polymerase and are not 

observed in DNA-dependent-DNA-polymerases or reverse transcriptases [88].  

Pre-A/F motive is a loop located in the fingertips domain that makes contacts with 

PA α-helix 20. It contains several basic residues and structurally resembles the pre-

A/F loop found in Norwalk virus polymerase, which is thought to be involved in a 

template or/and NTP binding [89]. The catalytic site contains an aspartate triad 

(Aps305 in motif A and Asp445 and Asp446 in motif C) which coordinates two 

divalent metals ions. These residues are highly conserved in all RNA-dependent-

RNA-polymerases. Also, mutations in this triad interfere with polymerase activity 

both in vivo and in vitro [90-92].  Motif B contains a methionine-rich loop and is 

thought to stabilize the template-NTP pairs, while motif D with conserved residues 

Lys480 and Lys481 is likely to be involved in NTP biding.   

   There are two putative channels in influenza polymerase: the first is NTP entry 

channel, which is formed by basic residues from A, D and F3 motives of PB1 subunit.  

The second is the  template entry channel,  formed by residues from all three 

polymerase subunits [86]. 
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   PA subunit is known to contain three domains: N-terminal endonuclease domain 

(residues 1–195) and C-terminal domain (258–714) are found on the opposite sides 

of the complex, while connected with a linker domain (196–257). This linker makes 

extensive polar and hydrophobic contacts with PB1 subunit.  PA endonuclease makes 

contacts to both PB1-C and PB2-N and its catalytic site is exposed to the solvent and 

lies in front of PB2 cap-binding domain (CBD). This positioning is determined by a 

functional interplay of these two domains which will be discussed in section 1.2.3.  

   The N-terminal part of PB2 constitutes approximately 1/3 of the PB2 subunit. It is 

composed of several subdomains which make contacts with the incoming template, 

PB1 thumb and C-terminal domains, and PA endonuclease domain.  C-terminal part 

of PB2 (residues 248–736) consists of five subdomains: cap-binding domain 

(residues 319-481), NLS domain (685-760), 627-domain (539-675), mid-domain 

(248-319) and a cap-627 linker (483-538).  These domains constitute one ‘arm’ of  

polymerase U-shape [86].  

 

 

Figure 5. Crystal structure of influenza A polymerase (PDB code 4WSB). Description 

is provided in the text. Reproduced from [86]. 

 

1.2.3 Role of influenza polymerase in a viral life cycle   

   Influenza polymerase carries out two functions that are essential in a viral life cycle: 

replication of viral genome and transcription of vRNA to mRNA. While the catalytic 

centre itself confines mostly to PB1 subunit, both endonuclease activity of PA and 

cap-snatching activity of PB2 are integral parts of replication and transcription.  
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1.2.3.1 Replication 

   Shortly after infection of the host cell, the vRNP are transported to the nucleus 

where both transcription and replication occur. Influenza virus genome is encoded in 

RNA of negative polarity and, therefore, its replication is a two-step process: first, 

polymerase synthetizes so-called complementary RNA (cRNA) which is further used 

as a template for vRNA synthesis. Replication is primer-independent and starts with 

the insertion of 3’ terminus of vRNA into a catalytic cavity. In the next step, called 

terminal initiation, a dinucleotide pppApG, complementary to the first nucleotides on 

vRNA 3’ end, is formed [93]. This dinucleotide formation is structurally supported 

by a priming loop, a β-hairpin that protrudes from the palm domain of PB1 subunit 

[94]. The current model of replication suggests that cRNA is bound by another 

polymerase as soon as it protrudes from the product exit channel and along with NP 

protein forms ribonucleoprotein particles similar to those formed by vRNA [95].  

   In the second step, cRNA is used as a template to generate vRNA. Unlike the first 

step of replication, the initiation starts internally – from U4 and C5 template residues 

and does not require the presence of the priming loop. However, it depends on the 

presence of another, so-called trans-activating polymerase. Trans-activating 

polymerase does not directly participate in vRNA synthesis (as the synthesis proceeds 

even with trans-activating polymerase being catalytically inactive) and its role in 

transcription remains unclear [93]. Another model suggests that the second step of 

replication can be carried out not by the resident polymerase, but by a third, trans-

acting polymerase [96].  

 

1.2.3.2 Transcription 

   Transcription results in production of 5′-capped and 3′-polyadenylated viral mRNA 

that is subsequently translocated to the cytoplasm and transcribed. Influenza virus 

transcription, unlike replication, is primer-dependent. Also, viral polymerase lacks 5’ 

capping activity that is essential for ribosome recognition and translation. Therefore, 

the viral polymerase has two activities that address these issues: first, it binds 5’ caps 

of host mRNAs and pre-mRNAs (also, small nuclear RNAs and nucleorar RNAs), 

cleaves 10-15 nt downstream the cap and uses this oligonucleotide as a primer [97-

99]. This process is referred to as cap-snatching and will be described in detail in 

following sections.  
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   Once cleaved, the oligonucleotide enters the PB1 active site through the product 

exit channel, while 3’end of vRNA template enters the active site through the 

template entry channel. The transcription starts with the addition of G or C nucleotide 

to the 3’end of the primer and elongation proceeds in template-dependent fashion. 

Each vRNA has 5-7 nt long U-stretch close to its 5’ end. Once the U-stretch reaches 

the active site, polymerase begins to stutter  and repeatedly incorporate adenosines, 

that results in production of poly(A) tail [100]. During the elongation, 5’cap is 

released from the PB2 cap-binding domain, extends from the product exit channels 

and can be bound by cellular cap-binding proteins, forming host-like messenger 

ribonucleoprotein complex which can be exported from the nucleus  [101].  

 

 

 

Figure 6. Steps of mRNA synthesis. Details are provided in the text. Reproduced from [102].  

 

1.2.3.2.1 Cap-binding  

   Along with Orthomyxoviruses, other cap-snatching viruses are Arenaviruses and 

Bunyaviruses, but it is the influenza virus in which this process is studied most 

extensively [103, 104].  

   Cap-binding is the initial step in the sequence of events that leads to viral 

transcription. It follows by endonuclease cleavage (by N-terminal part of PA) to 

generate a primer for the viral transcription. It results in all viral mRNAs being 

chimeric in nature, with first 10-14 nucleotides originated from the host sequences. 

The cap-snatching process can be divided into following stages: (1) first, PB2 cap-

binding domain binds transcripts produced by Pol II; (2) PA-N terminal endonuclease 

domain cleaves 10-14 nucleotides downstream the cap (3) PB2 caps-binding domain 

changes its configuration in order to insert the primer into the catalytic center.  
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   The cap-binding domain resides in the middle part of the PB2 protein (residues 319-

481 AA).  The domain binds the 7-methylguanosine caps of nascent transcripts 

produced by Pol II: mRNAs, as well as small nuclear RNAs (snRNAs) and small 

nucleolar RNAs (snoRNAs) [99].  Several studies have shown that influenza 

polymerase associates with Pol II by binding its C-terminal domain [105, 106]. This 

provides influenza polymerase with the access to nascent capped RNAs and may 

regulate the switch between viral transcription and replication modes [106].  

   The cap-binding domain has unique folding topology [107]. It consists of β-sheet 

and helical subdomains facing each other, with several shorter β-sheets in the C-

terminus. The binding site lies between these two subdomains and is enclosed by a 

hairpin formed by β3 and β4 helixes and flexible 304-loop.  

   Despite possessing a distinct fold and no sequence similarity to proteins other than 

PB2 from different strains, the overall mode of cap binding holds certain similarities 

to cellular cap binding proteins [108]. In cellular proteins, such as eukaryotic 

translation initiation factor eIF4E and nuclear cap binding complex CBC, the methyl 

guanosine moiety stacks between two hydrophobic residues, mostly tryptophan and 

tyrosine. The methylated base possesses delocalized positive charge which enhances 

the interaction with the aromatic side chains and contributes to discrimination against 

non-methylated bases. Apart from the stacking interaction, the binding is also 

facilitated by the basic cluster of amino acids to accommodate the triphosphate and 

acidic amino acids that accommodate positively charged 7-methylguanine ring [109].  

   In PB2 cap-binding domain, the base is sandwiched between two residues, Phe404 

(from α1), which is slightly tilted against the base, and His357(from β4) stacking in 

parallel. Presence of His357 in stacking of 7-methylguanosine is a unique feature of 

PB2 cap-binding domain and has never been observed in other cap-binding proteins. 

Another aromatic residue, Phe323, stacks on the sugar moiety. The base moiety is 

further stabilized by hydrogen bonds between Glu361 and N1 and N2 positions of 

guanine, while Lys376 makes a salt bridge with O6. The triphosphate makes 

electrostatic interactions with basic residues His432 and Asn429 (for α-phosphate)  

and His357, Lys339 and Arg355 (for γ-phosphate) [107]. The flexible 424-loop 

protrudes between helixes α2 and α3 and is exposed to the solvent.  It does not 

participate in cap binding but plays a significant role in placing capped primer into 

polymerase active site [110].  
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1.2.3.2.2 Endonuclease cleavage  

   The next step of the process is the endonuclease cleavage of bound host mRNA. 

Until recently, endonuclease activity of influenza polymerase was mistakenly 

attributed to PB1 subunit. However, the first crystal structure along with a 

comprehensive functional study conducted by Dias et al. showed, that endonuclease 

activity resides at the N-terminus of PA subunit (1-195 AA). Also, it was shown that 

PA endonuclease domain shares certain folding similarities with nucleases of PD-

(D/E)XK super-family, such as Pyrococcus furiosus Holiday junction resolvase, 

EcoRV from Escherichia coli and BamH1 from Bacillus amyloliquefaciens.  

   PA endonuclease domain consists of 7 α-helixes and 5 β-sheets, with catalytic 

residues being highly conserved in all influenza types.  The catalytic core consists of 

His41, Asp108, Glu119 and Lys134 amino acids, which is a common motif of 

(D/E)XK superfamily nucleases. However, the presence of histidine is a unique 

feature of the PA endonuclease domain and has never been observed in other 

endonucleases of this family. Two divalent metal ions are coordinated in the active 

site: M1 by Glu80, Asp108 and 2 water molecules and M2 by His41, Asp108, and 

Glu119. Certain contradictions remain about the type of the ions present: the first 

crystal structure by Dias et al. showed two manganese ions coordinated in the active 

site, while another crystal structure revealed  only one magnesium ion coordinated in 

M1 site, supporting the idea that in the absence of substrate only one magnesium ion 

could be coordinated [111]. Functional studies showed that cleavage proceeds more 

effectively in presence of manganese or cobalt and less effective upon the  presence 

of magnesium [112].  Also, the structure was shown to be more thermally stable upon 

the presence of manganese, with calcium and magnesium having lower stabilization 

effect [111]. Even though there is little consensus on the type of the ions coordinated 

and consecutiveness of binding to the active site in native conditions, it is generally 

agreed that phosphodiester cleavage is carried out by two-metal ion catalysis 

mechanism [113]. This is supported by a number of experimental data, including 

studies on thermodynamics of metal binding and kinetic of substrate cleavage upon 

various concentrations and types of metal ions [112, 114].  

   The possible two-metal catalysis by influenza endonuclease was modelled by Xiao 

et al. Both ions are coordinated in a way to be aligned with the phosphosugar 

backbone of substrate RNA.  Ion 1, along with Lys134 and 3’phosphodiester reduce 
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the pKa of a water molecule, priming it for the nucleophilic attack. Ion 2 stabilizes 

the pentacovalent intermediate during the attack and bond cleavage [115].  

 

1.2.4 Influenza polymerase as a drug target 

   As of today, two classes of anti-influenza drugs are approved: M2 channel 

inhibitors and neuraminidase inhibitors. M2 channel inhibitors, such as rimantadine 

and amantadine, are no longer recommended for usage due to resistance development 

in currently circulating strains [81]. Therefore, neuraminidase inhibitors, such as 

oseltamivir (Tamiflu™) and zanamivir (Relenza™) are the only available treatment 

of influenza viral infection. However, detection of several mutations causing 

oseltamivir resistance during 2009 pandemic gave rise to serious concerns about 

current anti-influenza medications being insufficient in the face of the next flu 

pandemic [82] .  

   Influenza polymerase is considered the promising target for the development of new 

anti-influenza inhibitors. Its functions, such as replication and transcription of 

genomic information, are essential for the viral life cycle. Moreover, all three subunits 

of influenza polymerase were found to be conserved in both Influenza A and B viruses 

[86].  

 

1.2.4.1 Nucleoside analogues 

   Ribavirin (1-(β-D-ribofuranosyl)-1,2,4-triazole-3-carboxamide) is a broad-

spectrum anti-viral medication, with the propensity to inhibit replication of both DNA 

and RNA viruses. Developed in the early 70s, it has been used as mono- and 

combinational therapy of hepatitis C and respiratory syncytial virus infections.  

   Upon administration, adenosine kinase converts ribavirin to mono- di- and tri-

phosphorylated metabolites by phosphorylation at its 5′ hydroxyl group [116, 117]. 

Ribavirin 5′-triphosphate is proposed to interfere with viral polymerase activity 

leading to inhibition of viral transcription [118, 119]. Additionally, indirect inhibition 

is conferred through misincorporation of ribavirin 5′-triphosphate to viral genome 

leading to lethal mutagenesis [120-122]. Another mechanism is the inhibition of the 

inosine monophosphate dehydrogenase by monophosphorylated ribavirin. This leads 
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to a decrease of cellular GTP concentration, interfering with viral RNA synthesis 

[123-125].  

   Life-threatening adverse effects such as hemolytic anemia and teratogenicity, 

however, present serious concerns and do not speak in favor of wide usage of ribavirin 

in anti-influenza therapy. On the other hand, administration of ribavirin as a last resort 

medication in complicated cases caused by highly pathogenic or multi-resistant viral 

strains remains a viable option.  

   Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide) is a purine nucleoside 

mimetic that targets RNA viruses [126].  Favipiravir was developed by Japanese 

company Toyama Chem  Co., Ltd and got approval for treatment of influenza in Japan 

in 2014.  It is currently in the late-phase clinical trials to seek approval in the USA 

and Europe. 

   Favipiravir is found to be active against three major subtypes  (A, B, C) of influenza 

virus as well as against other RNA viruses, including arenaviruses  and bunyaviruses 

[127]. The recent reports show that it might be also active against notorious members 

of Filoviridae family – Marburg and Ebola viruses [128, 129].  

In vivo, favipiravir undergoes two-step processing: the first step is catalysed by  

hypoxanthine guanine phosphoribosyltransferase, that converts favipiravir to 

favipiravir-ribofuranosyl-5-monophosphate, which is subsequently metabolized to 

favipiravir-ribosyl-5-triphosphate (favipiravir-RTP) by host cell kinases [130]. 

   Favipiravir-RTP was shown to be incorporated by viral RNA-dependent-RNA 

polymerase during replication as guanosine and adenosine analogs [131].  In 

agreement to this, cultivation of influenza virus in the presence of favipiravir was 

observed to increase mutation frequency and reduce infectivity. It is, therefore, 

possible,  that favipiravir acts by common nucleoside analogs mechanism – lethal 

mutagenesis, generating non-viable viral phenotypes [132].  

   Another line of evidence allows suggesting that incorporation of favipiravir-RTP 

leads  to termination of elongation [133].  As Nansens et al. pointed out, these 

hypotheses are not mutually exclusive, as difference in mechanism might be 

concentration-dependent [134].  
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Figure 7. Structures of ribavirin and fapiravir. Created using ChemDraw software.  

 

1.2.4.2 Endonuclease inhibitors  

   As was described in previous chapters, endonuclease activity of PA depends on 

divalent ions that reside at its active centre. It is, therefore, predictable that the main 

approach to the development of PA endonuclease inhibitors would rely on 

compounds with metal-chelating properties. Researches from Merck pioneered this 

strategy in 1994 by developing a series of 2,4-dioxobutanoic acid compounds with 

IC50 values of 0.2 - 29 µM (determined by transcription-based assay) [135]. Later, 

another compound with endonuclease inhibitory properties, a substituted 2,6-

diketopiperazine, was isolated from fungi Delitschia confertaspora. Named flutimide, 

the compound was found to have IC50 of 5.5 μM in transcription-based and 5.9 μM 

in virus-based assays. The study also showed no apparent cytotoxicity in MDCK cells 

up to 100 μM concentration [136]. There is, however, no evidence of flutimide 

entering the clinical studies. 

   Among the compounds with the most potent inhibitory properties is L-742.001, 4-

substituted-2,4-dioxobutanoic acid with a β-diketo acid motif. Its activity was verified 

by transcription-based (IC50 of 0.43 μM) and virus-based assays (IC50 of 0.35 μM) as 

well as in mice model [137].  The structural study conducted by DuBois et al, in which 

N-terminal PA endonuclease domain was co-crystallized with series of known 

influenza endonuclease inhibitors, explained a common mode of actions of both 2,4-

dioxobutanoic acid and N-hydroxyimide (structurally related to flutimid) based 

compounds. The triad of planar oxygens that both classes of compounds contain, 

coordinates two divalent ions in the active site, with the middle oxygen interacting 
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with both ions. More precisely, the first divalent ion is coordinated octahedrally by 

His41, Asp108, Glu119, Ile120 and two inhibitor’s oxygens, while the second ion is 

coordinated tetrahedrally by Glu80, Asp108, and, in the same fashion, by two 

inhibitors’ oxygen.   

   Apart from coordination of catalytically important divalent ion, L-742.001 was 

observed to form additional interactions that likely contributed to its potency. The p-

chlorobenzene moiety occupies the pocket formed by Tyr24, Ile38, Glu26, and M21. 

Tyr 24 is displaced by 2 Å when compared with apo structure, which suggests an 

induced-fit  binding mechanism [138]. An additional line of evidence that supports 

an important role of  Tyr24 displacement, comes from mutational studies, in which 

Tyr24 to Ala24 mutation resulted in a 3-fold decrease of IC50 values in cell culture 

[139]. The phenyl group of L-742.001 resides in another pocket, formed by Arg84, 

Trp88, Phe105, and Leu106, while carboxylic acid interacts with catalytically 

important residue Lys134.  

   The study conducted by Song et al., however, reported the different orientation of 

L-742.001 in the crystal structure with N-terminal PA from pandemic H1N1, in which 

phenyl group occupies a pocket close to Tyr24, while p-chlorobenzene forms π-

stacking interaction with Phe105 [140]. This ambiguity can be resolved by closer 

examination of electron density maps of both structures: a lack of electron density for 

the inhibitor in the structure by DuBois et al.  impedes clear interpretation of the 

molecule’s orientation.  

   Recently, the first-in-class PA endonuclease inhibitor has successfully reached the 

market in Japan. Baloxavir marboxil (sold under the trade name Xofluza) was 

developed by Shionogi & Co. in collaboration with Roche and is currently undergoing 

late trials to seek approval in the United States. The research on this compound was 

not disclosed until it had successfully passed all stages of clinical trials in Japan and 

entered late-stages in the US. 

   Baloxavir marboxil was developed by optimization of metal-chelating 

pharmacophore used in HIV integrase inhibitors. HIV integrase also contains 2 

divalent metal ions and is inhibited by a metal-chelation mechanism. The scientific 

literature on the topic witnessed continuous allusions to the similarity of these two 

enzymes and possible usage of HIV integrase inhibitors as starting pharmacophores. 

Baloxavir marboxil is reported to have broad-spectrum activity against both A and B 
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viral subtypes, including oseltamivir-resistant strains. EC50 values (half maximal 

effective concentration) of baloxavir marboxil for A/H1N1pdm is 1.3 - 1.6 nmol/L 

and 5.6 - 8.5 nmol/L for type B strains.  Several mutations were detected during the 

clinical trials, among those I38T had the most significant impact by causing 30- to 

50-fold reduction in EC50 values.  

   Baloxavir acid (the active form of baloxavir marboxil) is described as a ‘butterfly-

like’, with two ‘wings’: oxazino-pyridotriazin-dione group and difluoro-dihydro-

dibenzothiepine group. As crystal structure showed, the oxazino-pyridotriazin-dione 

moiety coordinates the divalent ions in similar manner that was earlier described for 

2,4-dioxobutanoic acid. Difluoro-dihydro-dibenzothiepine moiety, on the other hand, 

establishes van der Waals interactions with Ala20 and Tyr24. Structure of mutant PA 

endonuclease indicated alterations of the van der Waals interactions upon I38T 

substitution. In T38 mutant, binding of baloxavir acid also induces a conformation 

change, as threonine was observed in different rotameric states in apo and inhibitor-

bound structures [141].  

   Less conventional approach to targeting PA endonuclease was taken by Yuan et al, 

who reported the use of systematic evolution of ligands by exponential 

enrichment (SELEX) method to select for DNA aptamers with inhibitory properties. 

The screen indeed resulted in several hits and the best DNA aptamer inhibited PA 

endonuclease with IC50 of 10 nM in a cell-based assay. Pharmacokinetic properties 

of DNA aptamers, however, make them unsuitable for clinical use [142].  

 

 

Figure 8. Structures of L-742.001 and baloxavir marboxil. Created using ChemDraw 

software.  
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1.2.4.3 Cap-binding inhibitors 

   As was described in the previous chapter, PB2 CBD domain differs from cellular 

cap binding proteins in several aspects, including overall protein fold and key residues 

that facilitate the binding.  The crystal structure of PB2 CBD bound to 7-

methylguanosine triphosphate (m7GTP) solved in 2008 by Guilligay at el., therefore, 

opened promising avenues for structural-based drug design [143]. 

   The first step to the development of cap-binding inhibitor was undertaken in 2014 

when the anti-viral activity of 3-pyrimidineazaindoles was identified by phenotypic 

cell protection screening assay. Structure of PB2 CBD in complex with azoindole-

based hit compound revealed the key interactions: azoindole moiety stacks between 

two aromatic residues – His357 and Phe404, while pyrimidine forms π-stacking 

interaction with Phe323. Similar to m7GTP, the compound formed hydrogen bonds 

with Glu361 and Lys376, and dimethylalanyl occupies the space previously attributed 

to ribose and phosphate moieties of m7GTP. Based on the structure and 

pharmacokinetic studies, the compound was further optimized.  In particular, 5-

chloroazaindole was substituted with 5-fluorazaindole, since the later was found to 

have superior properties in terms of clearance and selectivity. Also, substitution of 

the 4-position of the pyrimidine ring system with bicyclooctane-carboxylate moiety 

further improved the selectivity. When compared to the lead compound, a newly 

optimized compound named VX-787 forms additional water-mediated contacts with 

His357, Gln406, Arg355. 

   Biochemical characterization of the interaction between VX-787 and PB2 CBD by 

isothermal titration calorimetry showed, that VX-787 binds to PB2 with Kd of 24 nM, 

which is 60-fold lower than for binding of the natural substrate – m7GTP [144].  

   Antiviral activity was tested both in vitro and in vivo.  VX-787 had strong antiviral 

properties E50 of 1.6 nM in a cytopathic effect (CPE) assay. In vitro, VX-787 was 

shown to be active against all influenza A strains tested, including pandemic H1N1, 

highly pathogenic H5N1 and strains, resistant to amantadine and neuraminidase 

inhibitors. When administrated to mice 48 h postinfection with A/PR/8/34 strain, 

treatment with VX-787 led to 100% survival rate in 10 days’ time frame, while 

treatment with oseltamivir resulted in no survival benefit. VX-787 also offered 

complete protection from the infection when used as prophylaxis in mice infected 

with pandemic H1N1 and highly pathogenic H5N1.  
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   VX-787, however, is not active against influenza B strains, presumably, due to the 

structural differences and flexibility of the cap-binding domain in B virus type. Also, 

during preclinical studies, several mutations causing significant (>10 fold-change) 

reduction in sensitivity to VX-787 was found.  As of now, VX-787, known under 

commercial name pimodivir, has advanced to phase III of clinical trials [145].   

 

 

Figure 9. Structure of VX 787, also known as pimodivir. Created using ChemDraw 

software.  

 

1.2.4.4 Protein–Protein Interaction Inhibitors  

   Protein-protein interactions (PPI), although generally less explored in drug 

discovery, present another avenue of research on anti-influenza medications.  

Generally, potential “druggability” of protein-protein interfaces is evaluated based on 

the size of the interface and degree of amino acid conservation.  Heterotrimeric 

composition of influenza polymerase results in several protein-protein interfaces. 

Among those, the interface between C-terminal PA (residues 257–716) and N-

terminal PB1 (residues 1–25) is considered the most amenable to drug design and 

being studied extensively.  The structural basis of this interaction was revealed by He 

et al in 2008 [146].  The interface itself was found to be small, with C-terminus of PA 

forming a hydrophobic cavity where the N-terminal PB1 peptide is accommodated.  

When compared to the later published structure of the whole influenza polymerase, 

one can notice the higher degree of flexibility on the outer edges of the cavity, which 

implied that bottom part of the cavity would be a preferable target for PPI inhibitors 

[147].  The crystal structure has laid the groundwork for in silico screening studies, 
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which resulted in identification of several compounds that were also active in cell 

culture [148-150]. Activity of a recently reported compound – ANA-1 was also 

confirmed in vivo [151]. It is, however, unknown whether these compounds indeed 

act through disruption of interface between C-terminal PA and N-terminal PB2, as 

structural and resistance selection studies are yet to be performed.  

 

   Taken together, recent advances in understanding of function and structure of 

influenza polymerase have laid the foundation for development of anti-influenza 

medications that would target influenza polymerase. Two functions of influenza 

polymerase have been proved particularly exploitable in drug development: cap-

biding and endonuclease cleavage. Several drug-candidates that interfere with these 

functions are in clinical trials, or, have been recently approved. Development of new 

methodological approaches, such as novel high-throughput screening methods would 

be particularly useful and might bring additional advances in development of 

compounds that would target these activities.  
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2. Aims of the thesis 

• Design and expression of recombinant PA endonuclease and PB2 cap-binding 

domains from influenza A polymerase for utilization in high-throughput screening 

assays 

• Purification of the recombinant fusion proteins  

• Development and optimization of high-throughput screening assay based on 

AlphaScreen technology for screening of compounds inhibiting endonuclease activity 

of PA protein  

• Development and optimization of DIANA-based high-throughput screening assay for 

the identification of potential disruptors of PB2 cap-binding activity 
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3. Materials and methods 

3.1. Material, chemicals, instruments 

3.1.1 Material 

• 3 Lens Low Profile Plate, Swissci (Switzerland) 

• Amicon Centrifugal filter units (MWCO 10,000, 30,000) 0.5, 4, 50 ml, Merck 

Millipore (USA) 

• Dialysis membrane Spectrapore (6,000-8,000 MWCO), Thermo Fisher Scientific 

(USA) 

• EasyXtall 15-well plate, QIAGEN (Germany) 

• FrameStar® 96 Well Semi-Skirted PCR Plate, 4titude (UK) 

• Nunc 96-well plate transparent, Thermo Fisher Scientific (USA) 

 

3.1.2 Biological and special material 

• 3 Lens Low Profile Plate, Swissci (Switzerland) 

• Escherichia coli, Top10 strain, Novagen (USA) 

• Escherichia coli, BL21 (DE3) RIL strain, Novagen (USA) 

• Neutravidin, Thermo Fisher Scientific (USA) 

• pGEX1-λT vector, obtained from Hans-Georg Kräusslich from the laboratory at the 

University of Heidelberg, Germany (originally from GE Healthcare Life Sciences) 

• pETM11-SUMO3 vector, obtained from Dmytro Yushchenko Ph.D. from IOCB 

Prague (originally created at Protein Expression and Purification Core Facility, 

EMBL) 

• ULP1 Protease, prepared by Michal Svoboda from IOCB Prague 

• U-35 anti-His i-Body, prepared by Vladimír Šubr from IMC of the CAS 

 

 3.1.3 Instruments 

• BlueWasher, Blue Cat Bio (Germany) 

• Camera Olympus E-620, Olympus Corporation (Japan) 

• Centrifuges 

Allegra X-15R, Beckman Coulter (USA) 
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Microcentrifuge 5415R, Eppendorf (Germany) 

• Crystal Gryphon, Art Robbins Instruments (USA) 

• Digital tube Roller SRT6D, Stuart (UK) 

• EmulsiFlex-C3, Avestin (Canada) 

• EnSpire Multimode Plate Reader, PerkinElmer (USA) 

• Fraction Collector Frac-950, GE Healthcare Life Sciences (USA) 

• Gallery DT plate hotel, Rigaku (Japan) 

• Horizontal electrophoresis apparatus, Gibco (USA) 

• IPC High Prescission Multimode Dispenser, Ismatec (Germany) 

• Incubator IPP 400, Memmert (USA) 

• Infinite Reader M1000 PRO, Tecan (Switzerland) 

• LightCycler®480 Instrument II, Roche Life Science (Germany) 

• MP-500V power supply, Major Science (USA) 

• Microscope Olympus SZX10, Olympus Corporation (Japan) 

• Oryx 8, Douglas Instruments (UK) 

• Rotary shaker Innova 44, Eppendorf (Germany) 

• SPR sensor platform was developed at the Institute of Photonics and Electronics of 

the CAS 

• Spectrophotometer, Specord 210, ChromSpec (Czech Republic) 

• ThermoCell Mixing block, BIOER (China) 

• Trio 48 Thermocycler, Biometra (Germany) 

• UV lamp UVT - 20 S/M/L, Herolab (Germany) 

• Vertical Apparatus - PAGE, Bio-Rad (USA) 

• Voltage source EPS 301, GE Healthcare (USA) 

• Xtal UV Detector, Rigaku (Japan) 

• pH meter model pH 50, XS Instruments (Italy) 

• Äkta Purifier 10, GE Healthcare Life Sciences (USA) 

 

3.1.4 Chemicals 

• Biacore (Sweden) 

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), N-

Hydroxysuccinimide (NHS), ethanolamine 
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• Biotika (Slovak Republic) 

ampicillin 

• Lach-Ner (Czech Republic) 

ethanol, isopropanol, sacharose 

• Penta (Czech Republic) 

glycerol, acetic acid, sodium chloride, hydrochloric acid, sodium acetate 

• Prochimia (Poland) 

HS-(CH2)11-EG4-OH, HS-(CH2)11-EG6-OCH2-COOH 

• Promega (USA) 

Tris base 

• SDT (Germany) 

casein buffer 20×-4× concentrate 

• Serva (Germany) 

Agarose 

• Sigma-Aldrich (USA) 

SDS, TEMED, APS, 2-mercaptoethanol, bromphenol blue, HEPES, acrylamide, 

dimethyl sulfoxide, PEG 3350, glycine, EDTA, kanamycin sulphate, TCEP, d-

desthiobiotin, L-glutathione reduced (GSH), sodium phosphate dibasic 

heptahydrate, potassium dihydrogen phosphate dihydrate, LB Broth, imidazole, 

CBB-R250, sodium ascorbate, N, N´- methylene bisacrylamide, raltegravir, 

 L-742.001 

• TATAA Biocenter (Sweden) 

VX-787 

• Thermo Fisher Scientific (USA) 

IPTG 

• USB (USA) 

Tween 20 

 

3.1.5 Other material 

• 10x T4 DNA Ligase Reaction buffer, New England Biolabs (UK) 

• 5x Phusion HF Buffer, New England Biolabs (UK) 

• Alkaline Phosphatase, New England Biolabs (UK) 

• cOmplete™, EDTA-free Protease Inhibitor Cocktail, Roche (Switzerland) 

• CutSmart® buffer, New England Biolabs (UK) 

• Elvitegraivr, was provided by Dr. Jan Weber, IOCB Prague 
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• GelRed Nucleic Acid Gel Stain, Biotum (USA) 

• JBScreen JCSG++, Jena Biosciences (Germany) 

• Morpheus®
 crystallization screen, Molecular Dimensions (UK) 

• Ni-NTA agarose, Qiagen (Germany) 

• PCR dNTP Mix, Top-Bio, (Czech Republic) 

• PPP Master Mix, Top-Bio (Czech Republic) 

• Phusion® High Fidelity DNA Polymerase, New England Biolabs (UK) 

• Pierce™ Glutathione Agarose, Thermo Fisher Scientific (USA) 

• Plasmon IV immersion oil, Gargille (UK) 

• Protein Assay Dye Reagent Concentrate, Bio-Rad (USA) 

• QIAquick Gel Extraction Kit, Qiagen (Germany) 

• Restriction enzyme NdeI, New England Biolabs (UK) 

• Restriction enzyme BamHI, New England Biolabs (UK) 

• Restriction enzyme XhoI, New England Biolabs (UK) 

• T4 DNA Ligase, New England Biolabs (UK) 
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3.2 Molecular Cloning 

3.2.1 GST-NPA fusion recombinant construct for bacterial 

expression 

    Sequence for N-terminal PA (residues 1-209) from viral strain A/California/07/2009 

was ordered from GenScript (genbank code CY121685). As the protein was planned to 

be used in crystallization trials, a flexible loop that сauses the protein to resist 

crystallization (residues 51–72) was replaced with GGS liker according to Song et al. 

[140]. The sequence contained two restriction sites: NdeI (highlighted in purple) and 

EcoRI (highlighted in yellow), two stop codons (highlighted in red, the first nucleotide 

of EcoRI sequence also belongs to the stop codon) and Precission protease recognition 

site (highlighted in turquoise).  

 

        1 CATATGCTGG AAGTTCTGTT CCAGGGGCCC ATGGAAGACT TTGTGCGACA ATGCTTCAAT 

       61 CCAATGATCG TCGAGCTTGC GGAAAAGGCA ATGAAAGAAT ATGGGGAAGA TCCGAAAATC 

      121 GAAACTAACA AGTTTGCTGC AATATGCACA CATTTGGAAG TTTGTTTCAT GTATTCGGAT 

      181 GGTGGTAGTA AGCACCGATT TGAGATAATT GAAGGAAGAG ACCGAATCAT GGCCTGGACA 

      241 GTGGTGAACA GTATATGTAA CACAACAGGG GTAGAGAAGC CTAAATTTCT TCCTGATTTG 

      301 TATGATTACA AAGAGAACCG GTTCATTGAA ATTGGAGTAA CACGGAGGGA AGTCCACATA 

      361 TATTACCTAG AGAAAGCCAA CAAAATAAAA TCTGAGAAGA CACACATTCA CATCTTTTCA 

      421 TTCACTGGAG AGGAGATGGC CACCAAAGCG GACTACACCC TTGACGAAGA GAGCAGGGCA 

      481 AGAATCAAAA CTAGGCTTTT CACTATAAGA CAAGAAATGG CCAGTAGGAG TCTATGGGAT 

      541 TCCTTTCGTC AGTCCGAAAG ATGATAGAAT TC 

 

Figure 10. Segment encoding the N-terminal PA endonuclease domain for insertion into pGEX-

1λT plasmid (before cleavage with restriction nucleases). Restriction sites for NdeI and EcoRI 

are shown in purple and yellow, sequence encoding the Prescission protease cleavage site is in 

turquoise and stop codons are in red.  

   The sequence was obtained in commercial plasmid and was transformed into 

Escherichia coli-Top10 competent cells (procedure is described in section 3.2.9).  The 

ampicillin resistant clones were selected by cultivation on agar plates containing 

antibiotic, the plasmid DNA was isolated according to the protocol described in the 

section 3.2.10. The desired fragment was cleaved out with restriction endonucleases and 

ligated into pGEX-1λT plasmid, that was transformed into E. coli for large-scale 

expression (sections 3.2.8 and 3.2.9).



 

44 

 

 

Figure 11. Map of pGEX-1λT plasmid, reproduced from [152] .   

 

3.2.2 PB2-His6 fusion recombinant construct for bacterial 

expression 

   Sequence for PB2 cap-binding domain (residues 318-483) from A/California/07/2009 

(GenBank FJ96697) was ordered from GenScript (USA).  The sequence contained 

endonuclease restriction sites for NdeI and BamHI (Figure 12, showed yellow and violet). 

The commercial plasmid, in which the sequence was delivered, was transformed to E. 

coli Top10 (section 3.2.9), followed by DNA micropreparation, restriction nuclease 

cleavage (sections 3.2.10 and 3.2.8) and ligation to the pET-24a plasmid (section 3.2.7).  

    Prior to cloning of PB2-His6 construct, several other constructs were cloned and 

expressed. The PB2-GST was poorly expressed in E. coli, while PB2-Strep-tag was found 

less suitable for usage in DIANA experiments due to weaker binding between Strep-tag 

and anti-Strep-tag antibody than His-tag and Anti-His-tag iBody (observed in SPR 

experiments). Cloning and expression of these constructs are not shown. 

Therefore, the PB2 sequence was amplified from one of the plasmids previously used for 

expression of other constructs and modified by addition of a Prescission protease 

cleavage site (Figure 12, showed in turquoise) by PCR primer extension (section 3.2.4).  
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Primers used for amplification:  

Forward: 

5’ATATTTTGGATCCGGCAGCGGCAGCGGCAGCGGCAGCATGGAAGACTTTG

TGCGACAA’ 3 

Reversed:  

5’ CACGATCTCGAGCTATCATCTTTCGGACTGACGAAAGGAATCCCATAG 3’ 

 

1 CATATGAGGA TTAGCTCATC TTTCAGTTTT GGTGGGTTCA CTTTCAAAAG GACAAGCGGA 

61 TCATCAGTCA AGAAAGAAGA AGAAGTGCTA ACGGGCAACC TCCAAACACT GAAAATAAGA 

121 GTACATGAAG GGTATGAAGA ATTCACAATG GTTGGGAGAA GAGCAACAGC TATTCTCAGA 

181 AAGGCAACCA GGAGATTGAT CCAGTTGATA GTAAGCGGGA GAGACGAGCA GTCAATTGCT 

241 GAGGCAATAA TTGTGGCCAT GGTATTCTCA CAGGAGGATT GCATGATCAA GGCAGTTAGG 

301 GGCGATCTGA ACTTTGTCAA TAGGGCAAAC CAGCGACTGA ACCCCATGCA CCAACTCTTG 

361 AGGCATTTCC AAAAAGATGC AAAAGTGCTT TTCCAGAACT GGGGAATTGA ATCCATCGAC 

421 AATGTGATGG GAATGATCGG AATACTGCCC GACATGACCC CAAGCACGGA GATGTCGCTG 

481 AGAGGGATAA GAGTCAGCAA AATGGGACTG GAAGTTCTGT TCCAGGGGCC GGATCC 

 

Figure 12.  Segment encoding the PB2 cap binding domain for insertion into pET-24a vector 

(before cleavage with restriction nucleases).  

 

Figure 13.  Map of pET-24a vector. Reproduced from [153].  
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3.2.3 His6-SUMO-NPA fusion recombinant construct for 

bacterial expression 

   This construct with cleavable tag was designed for crystallization trials. The sequence 

of NPA construct was modified to add N-terminal 4 x GS linker (showed in turquoise) 

between the NPA and SUMO by PCR primer extension, as absence of the linker resulted 

in poor cleavage by ULP1 protease. The final sequence shown in Figure 14 contained 

cleavage sites for BamHI (in violet) and XhoI (in yellow) and 2 stop codons (in red). The 

sequence was cleaved with corresponding endonuclease and ligated to the vector plasmid 

pETM11-SUMO3.   

Primers used for amplification:  

Forward:  5’ ATATTTTCATATGAGGATTAGCTCATC ‘3 

Reversed: 5 ‘ ATATTTTGGATCCGGCCCCTGGAACAGAACTTCCAG ‘3  

 

 

        1 GGATCCGGCA GCGGCAGCGG CAGCGGCAGC ATGGAAGACT TTGTGCGACA ATGCTTCAAT 

       61 CCAATGATCG TCGAGCTTGC GGAAAAGGCA ATGAAAGAAT ATGGGGAAGA TCCGAAAATC 

      121 GAAACTAACA AGTTTGCTGC AATATGCACA CATTTGGAAG TTTGTTTCAT GTATTCGGAT 

      181 GGTGGTAGTA AGCACCGATT TGAGATAATT GAAGGAAGAG ACCGAATCAT GGCCTGGACA 

      241 GTGGTGAACA GTATATGTAA CACAACAGGG GTAGAGAAGC CTAAATTTCT TCCTGATTTG 

      301 TATGATTACA AAGAGAACCG GTTCATTGAA ATTGGAGTAA CACGGAGGGA AGTCCACATA 

      361 TATTACCTAG AGAAAGCCAA CAAAATAAAA TCTGAGAAGA CACACATTCA CATCTTTTCA 

      421 TTCACTGGAG AGGAGATGGC CACCAAAGCG GACTACACCC TTGACGAAGA GAGCAGGGCA 

      481 AGAATCAAAA CTAGGCTTTT CACTATAAGA CAAGAAATGG CCAGTAGGAG TCTATGGGAT 

      541 TCCTTTCGTC AGTCCGAAAG ATGATAGCTC GAG 

 

Figure 14.  Segment encoding the N-terminal PA endonuclease domain prepared for insertion 

into pETM11-SUMO3 vector (before cleavage with restriction nucleases). 
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Figure 15. Map pETM11-SUMO3 vector. Reproduced from [154] 

3.2.4 Polymerase chain reaction  

   Polymerase chain reaction was used for two purposes: target gene amplification and 

testing ligation in selected bacterial clones. The setups differed depending on the type of 

experiment: Phusion® High-Fidelity DNA polymerase (New England Biolabs) was used 

for gene amplification, while PPP Master Mix (Top-Bio) was used for testing ligation.  

Table 1. Preparation of PCR reaction solution for gene amplification  

 

 

 

 

 

Component Reaction volume 

Pfu buffer 10x  4.5 µl 

10 mM dNTPs 1 µl 

20 µM Forward Primer 1 µl 

20 µM Reverse Primer 1 µl 

Template DNA 1 µl 

Phusion DNA polymerase  1 µl 

miliQ H2O to 45 µl 
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Table 2. Preparation of PCR reaction solution for testing of bacterial clones 

 

 

 

 

 

Table 3. PCR protocol 

 

 

 

 

 

 

 

3.2.5 Agarose gel electrophoresis 

• 6x Sample Buffer: 10% Sacharose (w/v), 0.1% bromphenol blue 

• TAE Buffer: 40 mM Tris/Acetate, pH 8.3, 1 mM EDTA 

 

   The gel was prepared by adding 4 µl of 10,000x GelRed dye (Biotum) to 40 ml of 1.2 

% agarose (w/v) in TAE buffer.  The mixture was poured into the platform and left for 

20 minutes to polymerize.  Then, the gel was transferred into the electrophoretic cage 

with TAE buffer. Sample buffer was added to the samples and the mixture was loaded 

into gel wells. The experiment was run with the voltage set to 120 V for approximately 

25 minutes.  

3.2.6 Agarose gel extraction  

   The gels were visualized in the UV plate reader (UVT). DNA fragments of appropriate 

size were excised and transferred to the microtubes. 700 µl of QG buffer (Qiagen) were 

added and samples were left incubating at 50°C in a heating block (BIOER). Once the 

gel dissolved completely, the solution was transferred to DNA centrifugal filter columns 

Component Reaction volume 

PPP master mix 5 µl 

miliQ H2O 4.5 µl 

20 µM Forward Primer 0.25 µl 

20 µM Reverse Primer 0.25 µl 

Step Temperature Time 

 

DNA denaturation 

 

95 °C 

 

5 min 

 

30 cycles of 

amplification 

95 °C 30 sec 

54 °C 30 sec 

72 °C 3 min 30 sec  

Final extension 72 °C 

 

8 min 
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(Qiagen) and centrifuged for 1 min at 13,000 g. The columns were then washed with 700 

µl of PE buffer (Qiagen) and column-bound DNA was eluted with 40 µl of miliQ water.  

3.2.7 Treatment with restriction endonucleases  

   After cultivation of bacteria transformed with plasmid that contained desired gene 

fragments, the plasmid DNA was isolated and treated with restriction endonucleases. 

Plasmids were also treated with the same restriction endonucleases as the fragments 

intended for ligation.  

Table 4.  Preparation of reagents for cleavage with restriction nucleases 

Component Volume 

Cutsmart Buffer 3.1 µl 

DNA [ul] 30 µl 

Endonuclease I 1.5 µl 

Endonuclease II 1.5 µl 

miliQ H2O to 50 µl 

  

    Plasmid with the sequence encoding N-terminal PA construct and pGEX-1λT vector 

were treated with NdeI and EcoRI, while sequence encoding PB2 cap-binding domain 

and pET24a plasmid were treated with NdeI and BamHI. DNA fragment for His6-

SUMO-NPA fragment and pETM11-SUMO3 plasmid were treated with BamHI and 

XhoI. All reactions were incubated at 37°C for 2 h.  

   Plasmids (pGEX-1λT, pET24a and pETM11-SUMO3) were additionally treated with 

1 ul of alkaline phosphatase to dephosphorylate 5´ and 3´ ends. Dephosphorylation 

proceeded for 20 min at room temperature. Desired fragments were separated from other 

cleavage products by agarose gel electrophoresis and isolated (sections 3.2.5 and 3.2.6).  

 

3.2.8 Ligation of target DNA sequence into bacterial plasmid 

• 10x T4 DNA Ligase buffer (New England Biolabs) 

 

   After the cleavage of both plasmid and DNA fragment encoding corresponding 

constructs, these two sequences were ligated with T4 DNA Ligase.  Reactions were 

prepared according to the Table 5:  
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Table 5. Preparation of ligation reaction 

Component Reaction volume 

10 x T4 ligase buffer 4 µl 

 DNA 10 µl 

Plasmid DNA 0.5 – 2 µl 

T4 DNA Ligase 0.8 µl 

miliQ H2O to 40 µl 

 

Ligation proceeded for 4 h at 16°C. The reaction mixture then was used for 

transformation to Top10 E.coli cells.  

3.2.9 DNA plasmid transformation to competent bacterial cells 

    In the first transformation of commercially obtained plasmids, 1 µl of plasmid DNA 

was added to 70 µl of bacterial cell suspension (Escherichia coli-Top10) and incubated 

on ice for 10 minutes. Then, the samples were incubated at 42 °C for 90 seconds in a heat 

block and transferred back on ice for another 10 minutes. Then 350 µl of LB medium 

was added and the samples were incubated at 37 °C for 1 h. Then, the bacterial 

suspensions were spread onto agar plates that contained corresponding antibiotics and 

cultivated at 37 °C overnight. Individual colonies were then picked ant tested by insert 

amplification (colony PCR). Positives colonies were selected and grown at larger 

volumes of LB media (with antibiotic) overnight and DNA was isolated for further 

experiments. 

   Transformations that were carried out to test ligation of a DNA segment into plasmid 

were carried out with larger volumes of ligation mixture – 10 μl. Finally, transformations 

of bacterial cells used for large-scale protein expression followed the same protocol, 

expect for the use of different E. coli strain - Escherichia coli BL21 (DE3) RIL.  

 

 3.2.10 Minipreparation of plasmid DNA 

• Solution I: 25 mM Tris/HCl pH 8.0, 10 mM EDTA, 50 mM glucose, 25 mg/ml 

RNase A; 1.4 mg/ml lysozyme 

• Solution II: 0.2 M NaOH, 1 % (w/v) SDS 

• Solution III: 3 M potassium acetate, pH 5.5 

• Buffer QG: 20 mM Tris/HCl, pH 6.6; 5.5 M guanidine thiocyanate 
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• Buffer PE: 10 mM Tris/HCl, pH 7.5; 80 % (v/v) ethanol 

 

   First, the 50 ml tubes with bacterial cultures grown overnight in the presence of 

antibiotics were centrifuged at 6,000 g for 10 min. 245 μl of solution I were added to the 

pellet and suspension was transferred to the microtubes, followed by 10 min incubation. 

Then, 450 μl of solution II were added, the tubes were gently mixed and incubated for 

another 10 min. Lastly, 338 μl of solution III were added and samples were thoroughly 

vortexed and then centrifugated for 6 min at 13,000 g. The supernatant, containing DNA 

was separated from protein-rich pellet and transferred to 15 ml tubes that contained 

isopropanol, 0.3 M sodium acetate and QG buffer (Qiagen). The solution was then 

transferred to DNA centrifugal filter columns (Qiagen) and centrifugated for 1 min at 

13,000 g. Then, 700 μl of PE buffer was added to each column and centrifugated again 

for 1 min at 13,000 g. Finally, the top part of the filter unit was transferred to a microtube 

and 40 μl was added to elute membrane-bound DNA. After incubation for 5 min, the 

DNA was eluted by centrifugation at 13,000 g for 1 min.  

 

3.3 Bacterial expression of recombinant proteins 

• Lysis buffer for GST-NPA: 50 mM Tris/HCl, pH 8.0, 150 mM NaCl 

• Lysis buffer for PB2-His6: 50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10 mM 

imidazole 

    Correct incorporation of DNA insert was additionally verified by sequencing the 

plasmid DNA (GATC-Biotech). 3 µl of DNA plasmid sequence was transformed into 60 

µl of Escherichia coli, BL21 (DE3) RIL strain. The bacterial culture was selected for the 

transformed cells by overnight cultivation on two agar plates with a corresponding 

antibiotic (ampicillin for GST-NPA, kanamycin for PB2-His6). Inoculum was prepared 

by washing off the colonies with 6 ml of LB medium. Then, inoculum was added into 3 

l of LB medium with antibiotics. LB medium was divided into 6 Erlenmeyer flasks with 

0.5 l of media each and 1 ml of inoculum suspension was added to each flask.   

   The cultivation flasks were then transferred to the rotary shaker (Eppendorf) pre-heated 

at 37 °C. Sufficient aeration was secured by shaking the flasks at 220 RPM. Growth rate 

was monitored by measuring optical density (OD) at 595 nm in 30-minutes interval.  

Once the culture was close to read the stationary phase (OD of approximately 0.8), 
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expression was induced by addition of 1 ml of 375 mM IPTG was added to each flask to 

the final concentration of 0.75 mM.  Expression proceeded overnight at 18 °C.  

 

3.4 Protein purification 

3.4.1 Bacterial cell lysis 

    Morning after the overnight cultivation, the medium with cells was centrifugated for 

15 min at 6,000 g (Beckman) and pellet of cells was resuspended into 200 ml of lysis 

buffer with addition of 1 tablet of EDTA-free protease inhibitors (Roche). The cell 

suspension was homogenized with glass homogenizer while being kept on ice. The cells 

were lysed by using Emulsiflex homogenizer upon constant pressure of 1,100 bar, the 

process was repeated 3 times. Fraction of soluble protein was isolated by long 

centrifugation of the lysate (15,000 g, 4°C, 40 min) and decantation of the supernatant.  

 

3.4.2 Affinity purification and chelation chromatography 

3.4.2.1 Purification of GST-NPA on the glutathione-agarose resin 

• Wash buffer: 50mM Tris/HCl, pH 8.0, 150mM NaCl, 1 mM TCEP 

• Elution buffer: 50mM Tris/HCl, pH 8.0, 150mM NaCl,10 mM reduced 

L-glutathione (GSH) 

   Glutathion-sepharose resin was stored in 50% ethanol and needed to be equilibrated 

prior to purification. 2 ml of 50% ethanol suspension of resin was centrifuged at 500 g 

for 2 min to remove the supernatant. The resin was thoroughly washed by repeated 

centrifugation with 10 ml of washing buffer.  Once ethanol was removed, the resin was 

added to the cell lysate and left incubating for 60 min while constantly mixed. 

   Lysate with resin suspension was then divided into 4 tubes of 50 ml and centrifuged for 

10 min at 500 g. The supernatant was collected as flow-through fraction for further 

analysis and resin was washed twice with 10 ml of washing buffer.  The protein was 

eluted by applying 6 ml of elution buffer and incubating for 10 mins prior to elution. This 

step was repeated three times (three elution fractions were collected).  

First and second elution were then pulled together and concentrated to 5 ml using 50 ml 

Amicon centrifugal filter units (MWCO 30 kDa).  
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3.4.2.2. Purification of PB2-His6 and His6-SUMO-NPA on Ni-NTA agarose 

resin 

• Wash buffer: 50 mM Tris/HCl, pH 8.0, 300 mM NaCl, 20 mM imidazole 

• Elution buffer: 50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 250 mM imidazole 

• Dialysis buffer: 50 mM Tris/HCl, pH 8.0, 150 mM NaCl 

 

   Ni-NTA agarose was equilibrated as was described in previous section. 1 ml of Ni-

NTA resin was incubated with cell lysate for 90 min on rotator at 4 °C (the volume of 

lysate was 100 ml).  The rest of the procedure proceeded as was described earlier. Eluted 

fractions were dialyzed overnight in 1.5 l of dialysis buffer in dialysis tubing with MWCO 

of 6-8 kDa at 4°C.  

 

3.4.2.3 Cleavage of SUMO-His6 with ULP1 protease 

    PA-SUMO-His6 was cleaved by ULP1 protease to obtain tag-free protein for 

crystallization trials. An aliquot ULP1 protease (200 μl, 400 μg/ml) was added to protein 

fraction in mass ratio that did not exceeded 1:80 (protease : protein) and incubated in on 

a rotator at 4 °C overnight.  

Then, the tag and non-cleaved protein was separated from the tag-free protein by using 

Ni-NTA chelation chromatography (section 3.4.2.2).  

 

3.4.3. Gel permeation chromatography 

• Buffer for GST-NPA: 50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 mM TCEP  

• Buffer PB2-His: 50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 mM TCEP 

   Both types of protein fractions were purified on Superdex75 column connected to Äkta 

purifier system (GE Healthcare). Before each experiment, the column was equilibrated 

with the buffer and incubated at 16 °C. First and second elution fractions were mingled 

together and concentrated to 5 ml by using Amicon centrifugal filter units with 

appropriate cut-off size.  The fraction was loaded on the column through 5 ml loop. The 

flow rate was set 0.3 ml/min and 2.5 ml fractions were collected using the automatic 

sampler. The chromatogram was recorded as the UV absorption at 280 nm. The 

composition and purity of the collected fractions was monitored by SDS-PAGE. The 

fractions were aliquoted and frozen at – 80 °C for later use.  
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3.5 SDS PAGE  

• 16% stacking gel: 375 mM Tris/HCl, pH 8.8, 16% acrylamide, 0.1% (w/v) SDS, 

0.2% (v/v) TEMED, 0.1 % (w/v) APS 

• 6% resolving gel: 250 mM Tris/HCl, pH 6.8, 6.6% acrylamide, 0.1% (w/v) 

SDS, 0.2% (v/v) TEMED, 0.1% (w/v) APS 

• Sample buffer: (6 × concentrate): 350 mM Tris/HCl, pH 6.8, 30% (v/v) 

glycerol, 350 mM SDS, 4% (v/v) 2 mM 2-mercaptoethanol, 180 µM 

bromphenol blue 

• Electrode buffer: (5 × concentrate): 140 mM Tris/HCl, pH 8.8, 1.4 M glycine, 

20 mM SDS 

 

Staining: 

• Staining buffer: 0.5% Coomassie Brilliant Blue (w/v), 50% methanol (v/v), 10% 

acetic acid (v/v) 

• Washing buffer: 10% acetic acid 

 

   SDS polyacrylamide gel electrophoresis was used for monitoring the protein 

purification process. First, samples from each step of the purification process were 

denaturated by incubation with the sample buffer at 95˚C for 5 minutes. After cooling 

down, they were thoroughly mixed by vortexing and applied on the gel. All Blue Standard 

(Bio-Rad), a mixture of blue stained recombinant proteins with molecular mass range of 

10-250 kDa, was used as a marker. The electrophoresis was performed in vertical 

chambers (Bio-Rad) filled with electrode buffer under constant voltage of 180 V for 

approximately 90 minutes, while cooled down with a frozen block. The gels were 

visualized with Coomassie brilliant blue staining buffer and the background was 

destained by repeated wash with washing buffer.  

 

3.6 Surface Plasmon resonance (SPR)  

• Protein buffer: 25 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20, 10 

mM MgCl2, 1 mM MnCl2, 1 mM 2-mercaptoethol 
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• Alkanethiole solution:  ethanol mixture of HS-(CH2)11-PEG4-OH and HS-

(CH2)11-PEG6-O-CH2-COOH alkanethiols  

• NHS/EDC water solution: 100 mM N-hydroxysuccinimide, 400 mM 1-ethyl-3-

(3-dimethylaminopropyl)-carbodiimide hydrochloride 

• SA10 buffer: 10 mM sodium acetate, pH 5.0 

• Ethanolamine (EA) 1 M solution 

• PBS buffer: 10 mM Na2HPO4, 1,8 mM KH2PO4, pH 7.4, 500 mM NaCl, 2.7 

mM KCl  

• Neutravidin 20 mg/l in SA10 buffer 

 

   The surface plasmon resonance measurement was performed on a four-channel 

SPR sensor platform provided by the Institute of Photonics and Electronics, Prague.  

First, the SPR chip (also provided by the IPE) was loaded into a pure ethanol mixture 

of HS-(CH2)11-PEG4-OH and HS-(CH2)11-PEG6-O-CH2-COOH alkanethiols 

(molar ratio 7:3, Prochimia) with a final concentration of 0.2 mM and incubated for 

30 min at 37 °C. The chip was rinsed with UV ethanol and deionized water and dried 

with flow of nitrogen. Then, the chip was mounted to the prism on the SPR sensor 

with a drop of immersion oil. The activation of carboxylic terminal groups on the 

sensor surface was performed by injecting a 1:1 mixture of 11.5 mg/mL N-

hydroxysuccinimide (NHS) and 76.7 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC) in deionized water for 5 min at a flow rate of 20 

µL/min. The rest of the experiment was performed at a flow rate of 30 µL/min. 

Afterwards, 1 ml of 0.02 mg/mL neutravidin solution in 10 mM sodium acetate 

buffer, pH 5.0 was loaded for 8 min. Then, high ionic strength solution (PBS with 0.5 

M NaCl) was used to wash out noncovalently bound neutravidin molecules, followed 

by 1 M ethanolamine (Biacore) for deactivation of residual activated carboxylic 

groups. 

   Experiment was performed twice, with two types of biotinylated inhibitor L-

742.001 (stated as C-580 and C-867 or generally referred to as probes) that differed 

in a length of a linker between biotin and inhibitor moieties. Probes were synthesized 

by Dr. Aleš Machara and Carlos Berenguer Albiñana, IOCB Prague. 

   The solution of 1 µM of probe in the buffer 25 mM Tris, pH 7.4, 150 mM NaCl, 

0.05% Tween 20, 10 mM MgCl2, 1 mM MnCl2, 1 mM 2-mercaptoethol was 
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immobilized on prepared gold chip to saturate all biotin binding sites. Afterwards, 

various concentrations of GST-NPA protein (125 nM, 250 nM, 500 nM and 1000 

nM) were injected for several minutes (association), and then buffer was injected 

alone (dissociation). Kinetic curves of binding were exported and subsequently fitted 

in TraceDrawer v.1.5 (Ridgeview Instruments AB) to obtain kon and koff parameters. 

Dissociation constant (Kd) was calculated as koff/ kon ratio. 

 

3.7 AlphaScreen  

 

Figure 16. Schematic representation of the AlphaScreen experiment. The biotinylated derivative 

of L-742.001 is bound to the streptavidin-coated donor bead. GST-NPA protein is bound by GSH 

(reduced glutathione) covered acceptor bead.  Two types of coated beads are mixed together and 

excited with light of a wavelength of 680 nm. This creates reactive oxygen species that diffuse up 

to 200 nm distance before the extinction. Once the L-742.001-based probe and GST-NPA 

interact, two types of beads are sufficiently close for the reactive oxygen species to interact with 

the reactive groups within the acceptor beads. This results in emission in 520-620 nm spectra. If 

the interaction is disrupted, decreased or no emission signal is detected.  

 

• AlphaScreen buffer: 25 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20, 1 

mM 2-mercaptoethanol, 1 mM MnCl2, 10 mM MgCl2 

 

   For the AlphaScreen experiments, Perkin Elmer Enspire plate reader and 96-well 

ProxiPlates were used [155]. The buffer contained Mg2+ and Mn2+ ions, since they were 

proved to be indispensable for the endonuclease activity of PA subunit.  

  First, both GST-NPA and its biotinylated inhibitor L-742.001 (referred as probe) were 

bound to acceptor and donor beads, each mix was prepared separately. Streptavidin-
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coated donor beads were used to bind biotinylated inhibitor, the fusion protein of NPA 

with glutathione-S-transferase (GST-NPA) was mixed with GSH acceptor beads. Each 

solution was incubated for 1 hour in the dark at room temperature, then the solutions were 

mingled together. The mixed solution was additionally incubated another 2 h upon 

constant mixing. For compound screening and IC50 determination, compounds were 

added prior to second round of incubation. Concentrations of donor and acceptor beads 

were 5 μg/ml, within final reaction volume of 50 μl.  

   To find the concentrations which gave the optimal signal to noise ratio, different 

concentrations of GST-NPA and biotinylated L-742.001 were tested in cross-titration 

arrangement. Moreover, two types of probe with different length of linker between L-

742.001 and biotin moieties were tested. 

  The assay was evaluated by titrations with L-742.001 as a positive control and PB1-11 

peptide as a negative control. Statistical evaluation was carried out as was described 

previously [156]. Positive signal (interaction between probe and NPA-GST) and 

background signal (beads without interaction partners) were measured in dodecaplicates 

and following statistical parameters were calculated:  

 

Signal to noise ratio:   𝑆/𝑁 =
µ𝑐+−µ𝑐−

𝜎𝑐−
 

Signal to background ratio:  𝑆/𝐵 =  
µ𝑐+

µ𝑐−
 

Z´-factor : 𝑍´ = 1 −
(3𝜎𝑐++3𝜎𝑐−)

µ𝑐+−µ𝑐−
 

 

Where: 

• µ𝑐+ is mean of maximum signal  

• µ𝑐− is mean of background signal  

• 𝜎𝑐+ is standard deviation of the maximal signal  

• 𝜎𝑐− is standard deviation of the background 

 

Z-factor is a characteristic parameter for quality of a high-thoughput assay, that estimes 

whether a particular assay is suitable for high-throughput setup.  

To determine IC50 values, titration experiments using the tested compounds were 

performed. The values were obtained by fitting of titration curves in GraFit software 

(Erithacus Software). 
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3.8 Determination of  the endonuclease activity 

3.8.1 In vitro endonuclease activity assay 

   First, endonuclease activity of purified N-terminal PA endonuclease domain in fusion 

with GST was verified by in vitro cleavage of DNA substrate visualized by agarose gel 

electrophoresis. Even though influenza endonuclease naturally cleaves RNA substrates, 

its non-specificity allowed to use more stable DNA substrate such as single-stranded 

DNA plasmid M13mp18 [111]. Each reaction contained 1 μM GST-NPA and was 

initiated by addition of 0.2 μg of M13mp18 plasmid. Inhibitors were tested in two 

concentrations – 10 μM and 100 μM.  

Reactions were incubated at 37 °C for 2.5 h, stopped by adding of 1 μl of 0.2 M EDTA 

and visualized by agarose electrophoresis (section 3.2.5).  

 

3.8.2. FRET (Förster resonance energy transfer) 

• Reaction buffer 2x: 50 mM Tris/HCl, pH 7.4, 300 mM NaCl, 0.1% Tween 

20, 2 mM 2-mercaptoethanol, 2 mM MnCl2, 20 mM MgCl2 

 

   Förster resonance energy transfer (FRET) was used to characterize the relative activity 

of the GST-NPA and the inhibition activity of raltegravir. Known endonuclease inhibitor 

L-742.001 was used as a positive control.  

17 nt long DNA sequence with FAM fluorophore and BHQ1 quencher at 5’ and 3’ ends 

was chosen based on previous experiments conducted by Kowalinski et al. and Yuan et 

al. and ordered from GeneriBiotech [157, 158].  

   The reaction solutions contained 1.6 μM substrate and 1 μM GST-NPA, all reaction 

components were dissolved in the buffer containing 25 mM Tris/HCl, pH 7.4, 150 mM 

NaCl, 0.05% Tween 20, 1 mM 2-mercaptoethanol, 1 mM MnCl2, 10 mM MgCl2. Tested 

compounds were applied in 1 μM and 50 μM concentrations. Reactions were initiated by 

the addition of the substrate (DNA sequence with fluorophore and quencher).  

   The reactions were applied on the 96 well plate (ThermoFisher Scientific) and 

fluorescence emission was measured at 535 nm in 30 s intervals upon excitation at 485 

nm by using multimode microplate reader Infinite M1000 PRO (Tecan). The 

measurement was carried out in duplicates.  
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Data over a period of 15 min were used to calculate initial velocities by linear 

approximation using Infinite M1000 PRO software.  

 

3.9. Protein crystallization  

• Crystallization buffer: 50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 mM TCEP 

 

   For crystallization trials, the protein was concentrated to 10 mg/ml by centrifugation at 

10,000 g at 10 °C in Amicon centrifugal filter units with MWCO 10 kDa. Two approaches 

to crystallization were undertaken: automated robotic screening of crystallization 

conditions and hands-on testing of previously known condition. The crystals obtained 

were the result of intersection of these two approaches. Automated screening resulted in 

finding of unreproducible condition with protein micro-crystals that were used to strike-

seed the previously known condition that was otherwise not amenable to crystallization.  

 

3.9.1 Automatized robotic screening  

   Automated screening was performed by using sitting drop vapor-diffusion method. 

First, 96-well plate (MRC 3 well low, Swissci) was filled with 30 μl of crystallization 

screen solution (either JCSG+ or Morpheus) by using the Crystal Gryphon robot (Art 

Robbins Instruments). Another robot, Oryx8 (Douglas Instruments) was used to mix 

condition and protein in a single drop. The plate filled with crystallization conditions 

were transferred to the Oryx8 robot and covered with an evaporation shield. The channels 

were degassed, and position of the tip was adjusted so the drop would be placed in the 

middle of each well. The protein (25 μl) was transferred into a PCR tube and loaded 

automatically. The ratio of the protein: condition was set up to 1:1 (200 nl : 200 nl). After 

the pipetting was finished, the plate was sealed with a transparent foil and put into Gallery 

DT plate hotel for automatic photo inspections in UV and visible light.  

 

3.9.2 Hanging-drop vapour diffusion crystallization 

   Several previously published conditions were prepared and tested for crystallization of 

PA endonuclease by using hanging drop vapor-diffusion method. First, 500 μl of 

condition solutions were pipetted into EasyXtal 15-well plate (QIAGEN). Then, 1 μl of 
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the condition and 1 μl of protein (8-14 mg/ml) were mixed into a single drop on cover 

slips.  

 

3.9.3 Seeding, soaking and data collection  

   In seeding experiments, a horse tail hair was put into a seeing solution and then strike 

over 2 μl drops (1:1 ratio of protein:solution). Crystal were left to grow for 2-3 weeks, 

then soaked with raltegravir. In soaking experiments, 0.2 μl of 10 mM raltegravir was 

added to a drop with pre-existing protein crystal. The final molar concentration of the 

ligand was at least 4 times greater than the concentration of the protein in the drop. The 

soaking continued for 40 hours. Then, the crystals were harvested and flash-frozen in 

liquid nitrogen. The diffraction data were collected using Rigaku diffractometer and on 

Bessy II beamline at synchrotron radiation center at Helmholtz Zentrum, Berlin (by Dr. 

Petr Pachl, IOCB Prague).  

 

3.10. DIANA (DNA-linked Inhibitor Antibody Assay) 

 

Figure 17. Schematic representation of DIANA for screening of potential inhibitors of PB2 cap 

binding. Adapted from [159]. PB2-His6  is bound by anti-HisTag i-Body [160], whose biotin 

moiety, in turn,  binds to neutravidin adsorbed to the solid support (not shown). The probe is 

based on known cap-binding inhibitor VX-787 and contains a reporter DNA for detection via 

qPCR. In a typical screening setup, probe is added to the well along with a tested compound and 

incubated to the point of establishing equilibrium. After the washing out of the excess of unbound 

compound/probe, the amount of the bound probe is detected by amplification with primers 

complementary to the oligonucleotide of the probe. Displacement of the probe by a tested 

compound shifts fluorescent signal production towards later PCR cycles, compared to the setup 
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without the tested compound added. Cq (quantitation cycle) values that are calculated from the 

fluorescent signal curves are further used for determination of dissociation constants (Kd). 

3.10.1. Probe preparation 

   The DIANA probe based on VX-787 with oligonucleotide was prepared by azide-

alkyne click reaction. VX 787 with a linker and azide moiety (further referred as C1015) 

was synthesized by Carlos Berenguer Albiñana, IOCB Prague.  

   The oligonucleotide with alkyne moiety was ordered from GeneriBiotech (Czech 

Republic). BTTP ligand was provided by Milan Vrabel, IOCB of the CAS. First, two 

solutions were prepared in separate microtubes:  a catalysis solution (2.25 μl) and reaction 

solution. The catalysis solution contained 5 mM BTTP, 2.5 mM CuSO4 and 5 mM sodium 

ascorbate mixed in 100 mM HEPES buffer pH 7.0. The reaction solution contained 200 

μM oligonucleotide-alkyn, 1 mM VX-787 with azide, mixed in 100 mM HEPES buffer 

pH 7.0.  

The reaction and catalysis solutions were mixed to the final volume of 20 μl and then 

incubated at 30 °C for 2 h.  To remove the excess of unreacted probe precursor, the 

solution was transferred into an Amicon centrifugal filter unit (MWCO 10 kDa) and 

washed with TBS buffer at least five times (13,000 g, 8 min), to the final volume of 50 

μl. The concentration of the probe was measured on Nanodrop spectrophotometer 

(Thermo Fisher Scientific). LC-MS analysis was carried out to determine the quality of 

the probe (by Radko Souček, IOCB Prague).  

 

3.10.2. Determination of Kd values of the C-1015 probe, VX-787 

and m7GTP 

• Casein solution: 5-fold diluted casein buffer (SDT) 

• Buffer TBS: 20 mM Tris/HCl, pH 7.5, 150 mM NaCl 

• Buffer TBST: 20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20 (w/v) 

• Buffer TBST´: 20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20 (w/v) 

 

   The day before the experiment, 5 ul of neutravidin solution (10 ng/μl in TBS buffer) 

were added to each well of 96-well plate (4titude). After 1 h of incubation at room 

temperature, 100 ul of casein solution was added to block surface unoccupied by 

neutravidin. The plate was covered with a foil and left overnight at room temperature.  
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Then, the excess of casein was removed, and the plate was washed with TBST buffer in 

automatic Blue Washer (Blue Cat Bio).  

   Then, 5 ul of 100 nM anti-HisTag-iBody/50 µM NiCl2 dissolved in TBST’ buffer was 

added, and the plate was incubated for 1 h. The plate was then washed again with TBST 

buffer in Blue Washer machine. As the next step, 5 μl of PB2-His6  protein (0.02 ng/μl) 

were added to each well and the plate was left incubating to another 2 h at room 

temperature and washed again. Then, the C-1015 probe was added to the final 

concentration of 100 pM. After each step of plate preparation, plate was centrifugated at 

2,000 g for 5 min at room temperature.  

To determine the Kd of C-1015, inhibitor VX-787 and m7GTP, series of 3.16x dilutions 

were prepared, so the final setups were:  

 

1. neutravidin / 100 nM U-35 iBody / casein / 100 pg PB2-His6 / 100 pM C1015 

probe + C1015 (50 uM – 5 nM concentration series)  

2. neutravidin / 100 nM U-35 iBody / casein / 100 pg PB2-His6 / 100 pM C1015 

probe + VX-787 (50 uM – 5 nM concentration series) 

3. neutravidin / 100 nM U-35 iBody / casein / 100 pg PB2-His6 / 100 pM C1015 

probe + m7GTP (1 mM – 318 nM concentration series) 

 

   The setup also included reactions with no tested compounds, as well as controls without 

probe and/or protein to test non-specificity. The plate was subsequently incubated for 1 

h and washed again. Then, 5 μl of qPCR mix (composition is described in [159]) was 

added to each well, the plate was sealed with a foil and transferred to the LightCycler 

device (Roche) to detect real-time PCR curves using the standard protocol for DIANA 

experiments [159].  

   The data analysis was carried out using LightCycler 480 II software. Cq parameter was 

calculated for each curve by finding the maxima of the second derivative. Concentrations 

of the unbound probe were fitted by the following function to obtain Kd values:  

[𝐸𝑃] =
𝐸𝑡𝑜𝑡 ∗ 𝑃𝑡𝑜𝑡

𝐾𝑑 + 𝑃𝑡𝑜𝑡
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Where: 

• [EP] is the amount of bound probe 

• Ptot is the total concentration of the probe  

• Etot is the amount of captured enzyme 

• Kd is the dissociation constant 

 

Dissociation constant of the probe was used to calculate Kd values of C-1015 probe 

precursor, VX-787 and m7GTP using the equation:  

𝐾𝑑 𝑙𝑖𝑔𝑎𝑛𝑑 =
2−∆𝐶𝑞

1 − 2−∆𝐶𝑞
 ×  

𝐿𝑡𝑜𝑡

1 + (
𝑃𝑡𝑜𝑡

𝐾𝑑 𝑝𝑟𝑜𝑏𝑒 )
 

Where:  

• 𝑃𝑡𝑜𝑡 is the total concentration of the probe 

• 𝐿𝑡𝑜𝑡 is the ligand concentration 

• 𝐾𝑑 𝑝𝑟𝑜𝑏𝑒 is the dissociation constant of the probe 

• ∆𝐶𝑞  is difference in threshold cycle values in wells incubated in the presence 

and absence of the ligand 
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4. Results  

4.1. Cloning experiments 

   Cloning experiments resulted in the insertion of gene fragments encoding N-terminal 

PA endonuclease domain and PB2 cap-binding domain into corresponding plasmids for 

expression of fusion protein constructs.  

    Gene fragment that encodes N-terminal PA endonuclease domain was ligated into 

pGEX-1λT plasmid for generation of GST-NPA fusion protein. The construct also 

contained sequence encoding the cleavage site for Prescission protease, as tag-free 

protein was planned to be utilized in crystallization trials. The cleavage, however, was 

found inefficient (data not shown) and instead His6-SUMO-NPA construct was designed 

for generation of tag-free NPA protein. His6-SUMO-NPA construct was prepared by 

cloning the PA gene fragment into pETM11-SUMO3 plasmid. Prior to ligation into the 

corresponding plasmid, the gene fragment was modified by the addition of sequence 

encoding 4xGS linker through PCR primer extension. This was aimed to space out 

SUMO-tag and NPA protein for more efficient cleavage by ULP1 protease. PB2 cap-

binding domain encoding gene fragment modified by PRC primer extension to contain 

Prescission protease cleavage site was ligated into pET-24a plasmid.  

   All expression plasmids containing gene constructs were sequenced by Sanger 

sequencing and no mutations were detected within the gene fragments.  These expression 

plasmids were subsequently transformed into E. coli BL21(DE3) RIL for recombinant 

protein expression. 

 

4.2. Purification of recombinant proteins 

4.2.1 GST-NPA 

    N-terminal endonuclease domain of polymerase acidic protein from influenza strain 

A/California/07/2009 (H1N1) fused to GST-tag was expressed in E. coli and purified 

using affinity chromatography on GSH-sepharose.  As can be observed on SDS-PAGE 

gel that documented the purification process,  protein was not produced in bacterial cells 

at high rates and some portion of overexpressed protein remained in the insoluble fraction 

(Figure 18, lanes 2-3).  
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Figure 18. SDS-PAGE gel documenting purification of GST-NPA fusion protein. For 

experimental details see Methods section 3.5, page 54. 

   The elution fractions were pooled together, concentrated and additionally purified by 

gel permeation chromatography to separate possible multimers and minor impurities.  

 

Figure 19.  Chromatogram of GPC purification for GST-NPA. The part dashed with red 

corresponds to the collected fractions. For experimental details see Methods, section 

3.4.3, page 53.  
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   As it is documented on SDS-PAGE gel in Figure 20,  series of impurities remained 

after GPC purification, however, the final purity of the protein fractions was sufficient 

for SPR and AlphaScreen experiments. Fractions B10-С1 (Ve 52.5-65 ml)  that 

corresponded to the highest elution peak were collected, concentrated and used in further 

experiments.  The final yield from 3 l media was 420 μg of highly pure protein (Figure 

20, lines 6-9). 

 

Figure 20. SDS-PAGE gel documenting the gel permeation chromatography 

purification of GST-NPA. For experimental details see Methods, section 3.5, page 

54. 

4.2.2 His6-SUMO-NPA 

   The N-terminal endonuclease domain of polymerase acidic protein from the 

influenza strain A/California/07/2009 (H1N1) fused with SUMO solubility tag and 

His6 affinity tag was expressed in E. coli and purified using chelation chromatography 

on Ni-NTA resin. The protein was further cleaved with ULP1 protease  and 

additionally purified using gel permeation chromatography. The expression and 

purification processes are depicted in Figure 21. The protein was produced at 

moderate level of expression and was successfully purified by chelation 

chromatography on Ni-NTA resin. Some portion of overexpressed His6-SUMO-NPA 

remained in the insoluble fraction (Figure 21, lane 4).  The elution fractions were 

pooled together and divided into two fractions for step-wise cleavage with ULP1 

protease and purification  using gel permeation chromatography on Superdex75 

column.  
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Figure 21. SDS-PAGE gel documenting purification of His6-SUMO-NPA fusion protein. 

For experimental details see Methods, section 3.5, page 54. 

 

 

Figure 22. SDS-PAGE gel documenting the cleavage of His6-SUMO-NPA fusion protein 

with ULP1 protease and subsequent GPC purification. Detailed description is provided 

in the text. For experimental details see Methods, section 3.5, page 54. 

   Cleavage with ULP1 protease is documented in Figure 23. Lane 2 corresponds to the 

non-cleaved protein, lane 3 depicts the fraction after the cleavage and purification on Ni-

NTA agarose to remove the cleavage product – His6-SUMO-tag and noncleaved His6-

SUMO-NPA (lane 4). The cleavage was efficient, with only a small portion of His6-

SUMO-NPA remaining noncleaved.  Fraction containing tag-free NPA protein was then 

concentrated and applied to the Superdex75 column. High-molecular-weight impurities 

(peak at Ve 40-50 ml) that probably correspond to aggregates of His6-SUMO-NPA 

(Figure 23, lanes 6-7) along with impurities of lower molecular weight (peaks at Ve 100-
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130 ml) were separated from the main NPA fraction. Lanes 9-12 in Figure 23 document 

the purity of the final NPA fraction that was used in crystallization. The total yield from 

3 l of LB media after two-step purification and tag cleavage was 3 mg of pure NPA 

protein. 

 

Figure 23. Chromatogram of GPC purification for His6-SUMO-NPA. The part dashed 

with red corresponds to the collected fractions. For experimental details see Methods, 

section 3.4.3, page 53.  

4.2.3 PB2-His6 

    Cap-binding domain of PB2 protein from influenza virus (strain A/California/07/2009, 

subtype H1N1) was successfully purified from Escherichia coli using chelation 

chromatography on the Ni-NTA-agarose resin. As documented on the SDS-PAGE gel 

(Figure 24, lane 4), small portion of overexpressed protein was observed in non-soluble 

fraction. Also, after one round of Ni-NTA chromatography, flow-through fraction still 

contained substantial amount of the protein and thus, additional round of re-purification 

could be performed (Figure 24, lane 6). The calculated molecular weight of the expressed 

fusion protein is 21 kDa, however, it appears at lower molecular weight values on SDS-

PAGE gel. This abnormality could be explained by the amino acid composition of the 

protein, which contains a large proportion of positively charged amino acids, as this was 

previously observed to influence migration of proteins in SDS-PAGE [161]. 
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Figure 24. SDS-PAGE gel documenting purification of PB2-His6 fusion protein. For 

experimental details see Methods, section 3.5, page 54. 

 

   The crude yield from 3 l of LB media was 11 mg. After additional purification using 

the gel permeation chromatography the pure yield was 6 mg. Fractions D2-D5 that 

corresponded to the main elution peak on GPC chromatogram (Ve 70-76 ml). The purity 

of the final fraction was sufficient for use in DIANA experiments (Figure 26, lanes 4-7).  

 

Figure 25. Chromatogram of GPC purification for PB2-His6. The part dashed with red 

corresponds to the collected fractions. For experimental details see Methods, section 

3.4.3, page 53.  



 

70 

 

 

Figure 26. SDS-PAGE gel documenting GPC purification of PB2-His6. The part dashed 

with red corresponds to the collected fractions. For experimental details see Methods, 

section 3.5, page 54.  

4.3 Characterization of probes based on L-742.001 

endonuclease inhibitor by SPR 

   SPR analysis was performed to test the binding parameters (Kd, kcat and koff) of the L-

742.001-based probes prior to their usage in AlphaScreen experiments. Two types of 

probes were tested (further referred to as C-850 and C-867) that differed in in the length 

of the linker between the inhibitor and biotin moieties. Both probes were prepared by Dr. 

Aleš Machara and Carlos Berenguer Albiñana, IOCB Prague.  

 

 

Figure 27. L-742.001-based biotinylated probes prepared for usage in AlphaScreen 

experiments.  
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   First, C-850 probe with the shorter linker was tested. The setup of SPR experiment and 

resulting curve are shown in Figure 28. The biotinylated probe was coated to the chip 

through the interaction with neutravidin.  GST-NPA protein of different concentrations 

(1000 nM, 500 nM, 250 nM, 125 nM) was injected into corresponding channels.  

 

 

Figure 28. SPR experiment aimed to test binding of C-850 probe to GST-NPA.  The left 

panel shows the experimental setup in individual channels. The right panel shows the 

sensorgram displaying association and dissociation phases fitted with one-to-one model 

(TraceDrawer v.1.5 software). Each curve corresponds to a certain GST-NPA 

concentration displayed in the setup on the left. R unit on the vertical axis corresponds 

to the accumulation of 1 pg of mass per mm2. For experimental details see Methods, 

section 3.6, page 54. 

Binding of C-867 probe with longer linker was tested in a similar experimental setup 

displayed in Figure 29.  
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Figure 29. SPR experiment aimed to test binding of C-867 probe to GST-NPA.  The left 

panel shows the experimental setup in individual channels. The right panel shows the 

sensorgram displaying association and dissociation phases fitted with one-to-one model 

(TraceDrawer v.1.5 software). Each curve corresponds to a certain GST-NPA 

concentration displayed in the setup on the left. R unit on the vertical axis corresponds 

to the accumulation of 1 pg of mass per mm2. For experimental details see Methods, 

section 3.6, page 54. 

    Both experiments were evaluated in the TraceDrawer v.1.5 software and kcat and koff 

parameters of both interactions were obtained by fitting the experimental curved with 1:1 

model of binding. Kd of each probe was calculated as koff/kon ratio (Table 6). Off-rate 

constants were, however, below the detection limit (< 2 ∙10-5 s-1). 

Table 6. Kinetic parameters of binding between C-850 and C-867 probes and GST-NPA 

protein.  

 C-850 C-867 

koff < 2 ∙10-5 s-1 < 2 ∙10-5 s-1 

kon 1.9 ∙103 M-1.s-1 4.3 ∙103 M-1.s-1 

Kd < 10.6 nM < 9.3 nM 
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4.4 Optimization and evaluation of AlphaScreen assay for use 

in screening for potential endonuclease inhibitors  

   First step in the development of high-throughput assay based on AlphaScreen 

technology was to find concentrations of both GST-NPA and probe that would give the 

optimal signal. This was achieved by testing concentrations of the probe and GST-NPA 

in cross-titration arrangement. The experiment was performed separately for each type of 

probe (C-850 and C-867, Figure 27) to test whether the length of the linker has influence 

on experiment’s outcome. Indeed, in cross-titration experiment in which the probe with 

a shorter linker was used (C-850), the signal was significantly decreased and did not 

exceed 35,000 alpha counts.  

   This could be caused by a steric hindrance, as C-850 probe probably did not have 

sufficient length to interact with GST-NPA bound to GSH-beads. C-850 probe, therefore, 

was not suitable for further use in AlphaScreen experiments. Cross-titration experiment 

using C-867 probe, on the other hand, showed that probe could provide sufficient signal 

and could be used in screening. The concentrations of C-867 and GST-NPA that provide 

the signal close to the maximum were chosen for further experiments: 30 nM for C-850 

and 75 nM for GST-NPA, with concentration of beads 5 μg/ml.   

Figure 30. Cross-titration experiments using C-850 probe with a shorter linker (left) and 

C-867 probe with a longer linker (right). Luminescent signal (in alpha-counts) is shown 

on the vertical axis, two horizontal axes correspond to the concentrations of GST-NPA 

protein and biotinylated probes.   
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Statistical parameters that characterize suitability of an assay for high-throughput 

screening were calculated as described in section 3.7 and are summarized in Table 7.  

Table 7. Statistical evaluation of the AlphaScreen assay.  

Parameter Value 

Signal-to-noise ration S/N 2500 

Signal-to-background ration S/B 700 

Z’factor 0.87 

 

   Additionally, the assay was evaluated by testing competition between the probe and 

known inhibitor  L-742.001 (structure shown in Figure 31) and a compound that 

presumably did not have any inhibitory activity (PB1-11 peptide, the sequence is shown 

in Figure 31).  

 

Figure 31. Evaluation of AlphaScreen assay. Left panel documents titration with known inhibitor 

L-742.001 (positive control), right panel shows titration with PB1-11 peptide with no inhibition 

activity (negative control). Experimental details are given in Methods, section 3.7, page 56.  

   Then, a small library of N‐benzotriazoylthiourea-derived compounds was screened 

using the developed and evaluated AlphaScreen setup. The library was prepared and 

kindly provided by Dr. Aleš Machara, IOCB Prague. Compounds were pre-selected 

based on the potential metal-chelation properties. Also, guided by numerous allusions to 
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potential inhibitory activity of HIV integrase inhibitors and similarity of PA 

endonuclease and HIV integrase active sites, we added two commercially available HIV 

integrase inhibitors raltegravir and elvitegravir to the test library.  

   A total amount of 32 compounds was tested. Among N‐benzotriazoylthiourea 

derivatives, no significant hits were identified. As was predicted earlier in literature, HIV 

integrase inhibitor raltegravir was found to be the best hit from the screening with later 

determined IC50 of 31 ± 3 μM (shown in Figure 32). Elvitegravir, however, did not 

display inhibitory activity.  

 

 

Figure 31. Chemical structure and IC50 titration curve for raltegravir. Experimental details are 

provided in the Methods section 3.7, page 56.  

 

4.5. Evaluation of endonuclease activity of GST-NPA 

   Endonuclease activity of purified GST-NPA was tested by in vitro cleavage of a single 

stranded plasmid M13mp18. Reactions (listed in Figure 32, right panel) were incubated 

for 2.5 h in 37 °C and visualized by agarose electrophoresis. As it is shown in Figure 32 

(left panel), endonuclease activity of GST-NPA remained intact after the purification 

process. Also, endonuclease activity was tested in presence of raltegravir and L-742.001 

as a positive control. Raltegravir was found to inhibit endonuclease activity of GST-NPA 

in a concentration-dependent manner, with complete inhibition of cleavage at higher 
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concentration (100 μM) and moderate inhibitory effect at lower concentration (10 μM). 

 

Figure 32. Evaluation of endonuclease activity of GST-NPA by in vitro cleavage of single 

stranded DNA plasmid. Description of reactions is provided on the right panel and in the text. 

For experimental details, see Methods section 3.8.1, page 58.  

   Endonuclease activity of GST-NPA in presence of inhibitors was also evaluated by 

FRET-based assay. Percentage of endonuclease activity was calculated from the initial 

velocities in the presence of an inhibitor relative to the initial velocity of the uninhibited 

enzyme (in the presence of DMSO). In line with the previous experiment, raltegravir 

inhibited endonuclease activity of GST-NPA in concentration-depended manner. 

Application of 1 μM raltegravir resulted in 10 % reduction of enzymatic activity, while 

in presence of 50 μM raltegravir enzymatic activity was reduced by 87 %. The positive 

control, L-742.001 completely abolished the endonuclease activity of GST-NPA at both 

concentrations.  
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Figure 33. Diagram showing relative endonuclease activity of GST-NPA when uninhibited and 

upon the presence of 1 μM and 50 μM raltegravir. L-742.001 inhibitor was used as a positive 

control at the same concentrations. DNA probe labelled with FAM fluorophore and BHQ1 

quencher was used to monitor the endonuclease activity of GST-NPA.  Increase of fluorescent 

signal was monitored using Tecan plate reader and initial velocities were calculated using linear 

approximation. The relative endonuclease activity is represented as ratio of velocities of inhibited 

endonuclease cleavage and without inhibition (in presence of DMSO). Experimental details are 

provided in section 3.8.2, page 58.  

4.6. Protein crystallization of endonuclease domain 

   Crystallization trials were set up to obtain protein crystals of N-terminal PA 

endonuclease domain (NPA) that would be subsequently soaked with raltegravir to 

determine the structure of the complex. Robotic screening of commercially viable matrix 

screens JCSG+ (Jena Biosciences) and Morpheus (Molecular Dimensions) resulted in 

finding a condition yielding microcrystals of NPA that were also visible under UV light 

(Figure 34). The crystallization condition contained 0.2 M NaCl, 2 M ammonium 

sulphate, 0.1 M sodium cacodylate, pH 6.5, and when prepared in the laboratory, did not 

reproduce the result from the screening. The microcrystals obtained from the screening 

were, however, used to strike-seed a condition, that was previously used for 

crystallization of influenza endonuclease domain by Song et al.: 0.2 M MgCl2, 5 mM 
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MnCl2, 0.1 M Tris, pH 8.5, 30% w/v PEG4000 [140]. The condition did not yield protein 

crystals without seeding.  

 

Figure 34. Photographs of NPA microcrystals grown in 0.2 M NaCl, 2 M ammonium sulphate, 

0.1 M sodium cacodylate, pH 6.5 (JCSG+ screen) in VIS (left) and UV (right) light. 

   After strike-seeding with non-diluted stock solution, first crystals appeared the next day 

and were left to grow for another 7-10 days. Then the crystals were soaked with 

raltegravir for 40 h. Subsequently, crystals were harvested, flash-frozen and tested on X-

ray home source (Rigaku) by Dr. Petr Pachl, IOCB Prague. Prior to freezing, crystals 

were transferred to cryo-cooling condition (the same as crystallization condition with 

20% ethylene glycol (v/v)). The crystals, however, survived the freezing poorly and 

yielded low-resolution diffraction data upon testing. This was overcome by growing 

crystals in the crystallization solution containing 20 % ethylene glycol. The best crystals 

diffracted to 2.2 Å and 1.9 Å (the former crystal and its diffraction map are shown in 

Figure 35). The later crystal was measured at Bessy II beamline at synchrotron radiation 

center at Helmholtz Zentrum, Berlin by Dr. Petr Pachl, IOCB Prague. The model was 

built by Dr. Petr Pachl using molecular replacement.  However, no electron density 

corresponding to the inhibitor was observed in the active site.  
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Figure 35. Crystal of NPA prior to soaking with raltegravir and corresponding diffraction map. 

The crystal diffracted up to 2.2 Å.  

 

4.7. DIANA optimization for use in screening for potential 

disruptors of influenza polymerase cap binding activity  

   High-throughput assay for screening of protentional disrupters of interaction between 

PB2 cap-binding domain and 7-methylguanosine cap was developed based on DIANA 

method. In this setup, compounds with potential cap-binding activity would be identified 

by quantification of their binding by real-time PCR, using the probe with DNA 

oligonucleotide. The probe was designed based on known cap-binding inhibitor VX-787. 

The probe was prepared by copper-click reaction of VX-787 probe precursor (referred to 

C-1015, Figure 37) that contained azide moiety with alkylated oligonucleotide.  

    First, series of experiments were performed to find optimal conditions for the assay, 

such as the concentration of PB2-His6 and assay buffer composition. Particularly, 

titration with PB2-His6 was performed in reducing (in presence of 5 mM 2-

mercaptoethanol) and non-reducing conditions and observed decrease in ∆Cq values upon 

addition of 5 mM 2-mercaptoethanol (experiments were conducted by Dr. Milan 

Kožíšek). Another important step in the optimization od DIANA experiment was 

determination of probe dissociation constant (Kd) by titration of PB2-His6 protein with 

the C-1015 probe (Figure 36).  
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Figure 36.  Titration of PB2-His6 protein with C-1015 DIANA probe for Kd determination. The 

concentration of PB2-His6 protein was kept constant (100 pg per well) and C-1015 DIANA probe 

of increasing concentrations (0-25 nM range, 2.5x dilution step) was added to corresponding 

wells. Experimental details are provided in Methods, section 3.10, page 60.  The curve was fitted 

using GrafFit software. Y-axis corresponds to the amount of probe copies calculated from Cq 

values based on previous calibration experiment. X-axis corresponds to molar probe 

concentration. Graph in blue is the double reciprocal plot.  

    Additionally, to verify that modification of VX-787 inhibitor with the linker that 

connects inhibitor to DNA oligonucleotide did not have an effect on its binding 

properties, we performed the titration of PB2-His6 protein with C-1015 probe precursor 

(without the DNA oligonucleotide, shown in Figure 37, left panel) and V-787, 

unmodified inhibitor.  

   Finally, we used DIANA to determine Kd of interaction between PB2-His6 and 7-

methylguanosine triphosphate, the natural ligand of PB2 cap-binding domain.  
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Table 8. Dissociation constants of C-1015 probe precursor, VX-787 and m7GTP determined by 

DIANA.  

 Kd measured Kd reported in literature 

C-1015 probe precursor  19 ± 6 nM 

 

-  

VX-787 11 ± 4 nM 24 ± 7 nM (ITC) 

8.3 ± 0.3 nM (SPR) 

14 ± 1 nM (SPR) [145] 

 

m7GTP 37 ± 8 μM 1.5 ± 0.3 μM (ITC) [145] 

177 ± 34 μM (SPR) [107] 

349 ± 9 μM (SPR) [162] 

 

 

 

Figure 37.  Chemical structures of C-1015 probe precursor, m7GTP and VX-787 inhibitor, on 

which the probe is based.  
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5. Discussion  

   The influenza A virus causes annual epidemics of acute respiratory disease. Due to the 

ability to evolve constantly via genetic reassortment, new viral stains arise, with a 

potential to cause pandemic outbreaks that affect a population of people over a large 

geographic area.  

   Finding new medical treatments to mitigate annual epidemics and tackle possible 

pandemic outbreaks is an outgoing challenge for the scientific community. Medications 

that constitute current armamentarium to prevent and control influenza virus outbreaks 

are becoming subjects to resistant development.  Current research in anti-influenza drug 

development focuses extensively on an exploration of novel targets within the virus, such 

as influenza polymerase. Essential role of influenza polymerase in the viral life cycle and 

its high degree of conservation within the viral strains account for its leading role in the 

development of anti-influenza medications.  

   Influenza polymerase carries out replication and transcription of viral RNA. 

Transcription process involves two events, that are characteristic for the viral 

transcription: cap binding of capped host RNAs and endonuclease cleavage of bound 

RNA substrate to generate primer used in transcription. These two viral activities present 

an opportunity for targeting and have been exploited in drug development with varying 

degree of success.  Particularly, the inhibitor of cap binding VX-787 is currently in late 

stages of clinical trials and novel endonuclease inhibitor baloxavir marboxil was recently 

approved in Japan and expected to be approved in the US by the end of this year [163]. 

This underlines the notion that targeting of these two activities of influenza polymerase 

is attainable.   

   The experimental work conducted in this master thesis project focused on the 

development of the novel in vitro high-throughput screening assays for the identification 

and target validation of compounds that would interfere with cap-binding and 

endonuclease activities of influenza polymerase. For each activity the assay is based on 

different technology, so the experimental work is inherently divided into two parts. For 

endonuclease activity, that resides in PA subunit of influenza polymerase the assay is 

based on AlphaScreen technology, while for cap binding activity of PB2 subunit of 

influenza polymerase the assay is based on DIANA (DNA-linked Inhibitor ANtibody 

Assay) that was developed in our laboratory. Different approaches were undertaken due 
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to the fact, that non-specific endonuclease activity of PA is incompatible with the method 

of detection used in DIANA (amplification of oligonucleotide bound to the probe). 

   The first step for both parts of the projects was cloning, expression, and purification of 

recombinant protein constructs that would be later used in screenings and accompanying 

experiments.  Gene sequences encoding domains with corresponding activities (N-

terminal endonuclease domain of PA and cap-binding domain of PB2) were ordered from 

GenScript.  

   Two recombinant protein constructs were designed and cloned for the experiments 

related to PA endonuclease: a fusion of NPA with GST for subsequent use in 

AlphaScreen-based screening and fusion of NPA with a cleavable His6-SUMO tag for 

generation of tag-free NPA for crystallization trials. Both proteins were expressed in E. 

coli, purified using affinity chromatography on GSH sepharose resin in case of GST-

NPA and chelation chromatography on Ni-NTA agarose resin in case of His6-SUMO-

NPA. GST-NPA recombinant protein was expressed at lower yields when compared to 

His6-SUMO-NPA. This was expected, as SUMO-tag is generally known to improve 

solubility of fusion proteins resulting in higher expression. The yields were, however, 

sufficient for further experiments. Both recombinant proteins were further purified using 

affinity and gel permeation chromatography. His6-SUMO-NPA protein was cleaved by 

ULP1 protease to remove the tag. The cleavage proceeded efficiently, with an only small 

fraction of the protein remaining non-cleaved, that was removed from the main fraction 

by capture on Ni-NTA agarose resin. The final fraction after gel permeation 

chromatography, however, contained a minor impurity of molecular weight 

corresponding to the His6-SUMO-tag. Nevertheless, the final fractions of GST-NPA and 

tag-free NPA were of sufficient purity for use in screening and crystallization 

experiments, respectively. 

   The AlphaScreen-based screening assay for the identification of potential endonuclease 

inhibitors was designed to utilize competition between a probe, based on already known 

endonuclease inhibitor L-742.001 and tested compound. The probe contained the 

inhibitor moiety linked to biotin for binding of the probe to streptavidin-coated beads, 

which is required in AlphaScreen setup. It was synthesized by our collaborators from the 

organic chemistry department, Dr. Aleš Machara and Carlos Berenguer Albiñana, IOCB 

Prague. As the modification of L-742.001 with a linker that connects the inhibitor to 

biotin could interfere with the binding to GST-NPA, the binding parameters of the probe 
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were determined by SPR prior to AlphaScreen experiments. Moreover, we tested two 

types of the probes – with shorter (C-850) and longer (C-867) linkers to test whether the 

linker between inhibitor and biotin moieties also have an influence on the binding. 

Surface plasmon resonance experiments provided the binding parameters of the probes 

that were comparable with the parameters of the initial unaltered inhibitor. Previously 

reported dissociation constant for L-742.001 was 90 nM (measured by fluorescence 

polarization assay), while dissociation constants of both probes were < 10 nM. Off-rate 

constant (koff) of the binding was below the limit of the method, which did not allow to 

determine the exact Kd values [164].  

   The next step in the development of AlphaScreen-based method was finding 

concentrations of probe and protein that would give the optimal luminescent signal. 

Cross-titration experiments, in which different concentration pairs of probe and GST-

NPA were tested, were performed for both short-linker and long-linker probes. In this 

type of experiment, the signal typically increases with increasing concentrations of both 

interactants, until it reaches a so-called hook point, after which the signal starts to 

gradually decline. This is caused by an excess of reactants, which prevents of association 

of donor and acceptor beads and therefore, leads to signal decline.  Even though the C-

850 probe with a shorter linker followed the titration curve pattern, the overall signal was 

distinctively low (maximum at 35,00 alpha-counts). As was mentioned in the previous 

section, it is thought to be caused by steric hindrance upon GST-NPA binding to the 

probe linked to streptavidin-covered beads. As the assay is based on detecting a decrease 

of the upon competition between the probe and tested compound, the low signal range 

would influence the method sensitivity. The probe with the shorter linker was, therefore, 

found to be not suitable for use in the screening. Cross-titration with the C-867 long linker 

gave a clear titration curve pattern with a maximum signal at 126,000 alpha-counts. For 

further use in the screening, we chose the concentration of binding partners with the 

signal close to the maximum: GST-NPA 30 nM for C-850 and 75 nM for GST-NPA 

(concentration of beads 5μg/ml). These concentrations of binding partners were used in 

all subsequent AlphaScreen experiments.  The test of the probes was followed by assay 

evaluation. Signal to noise and signal to background ratios were calculated from a series 

of experiments that determined maximal possible (beads coated with probe and GST-

NPA, respectively) and minimal signals (uncoated beads). More importantly, the 

calculated Z’ factor of 0.87 showed that the assay setup has the statistical power for use 



 

85 

 

in the large-scale high-throughput arrangement. The assay was additionally validated by 

testing positive and negative controls – L-742.001 and PB1-11 peptide. The later was 

functionally irrelevant in terms of interaction with GST-NPA, but previously used in 

another AlphaScreen assay developed in our laboratory. The IC50 value for L-742.001 

determined using the AlphaScreen setup was 26 ± 1 nM, which is consistent with 

previously reported Ki  of 90 nM determined by fluorescence polarization assay [164]. 

   Assay validation and evaluation was followed by a small sample screening. The 

screening set of compounds consisted of N‐benzotriazoylthiourea derivatives provided 

by Dr. Aleš Machara, IOCB Prague and HIV-integrase inhibitors raltegravir and 

elvitegravir. The latter compounds were added to the screen guided by literature in which 

HIV inhibitors were mentioned as the compounds that could have inhibitory activity 

based on the similarity between HIV integrase and PA endonuclease active sites [165]. 

No hits were detected among N‐benzotriazoylthiourea derivatives. Raltegravir was found 

to possess inhibitory activity with IC50 of 31 ± 3 μM. This was in line with previous report 

about the inhibitory activity of compounds with pyrimidinol scaffold with three oxygen 

atoms in planar arrangement [165]. Inhibitory activity of raltegravir against influenza 

endonuclease, however, despite being assumed, was not previously confirmed 

experimentally. We additionally verified inhibitory activity of raltegravir using in vitro 

endonuclease assay and FRET-based assay. Elvitegravir, on the other hand, did not show 

significant inhibitory activity. It also contains a triad of co-planar oxygen atoms which 

was shown to chelate divalent ions in the PA endonuclease active site, however, it is 

based on a bulkier quinolone scaffold that could interfere with the binding [166].  

 Inhibitory activity of raltegravir is assumed to arise from the chelation of divalent ions, 

but it is unknown how the rest of the inhibitor structure contribute to the binding. We set 

up crystallization trials and obtained crystals of NPA that were soaked with raltegravir of 

final concentration 1 mM. The co-crystallization approach was also tested but resulted in 

poorly diffracting crystals (data not shown). The soaked crystals diffracted to 2.2 Å and 

1.9 Å and the structures were solved (Dr. Petr Pachl, IOCB Prague).  Both structures did 

not contain electron density for raltegravir at the active site. As the concentration of the 

inhibitor was sufficient to achieve 97 % fractional saturation, a possible explanation for 

this result might be that the binding of raltegravir is accompanied by a conformational 

change which is restricted in protein crystals.  
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   Another part of this project focused on the development of high-throughput screening 

assay for identification of compounds that would interfere with another important activity 

of influenza polymerase – cap binding of host capped RNAs. This assay is based on 

DIANA (DNA-linked Inhibitor ANtibody Assay), a novel biological assay for 

diagnostics and drug discovery that was developed in our laboratory [159]. DIANA 

utilizes competition between an inhibitor-based probe and the screened compounds to 

determine their binding affinity. The method’s characteristics, such as low false-positive 

and false-negative rates, as well as cost-efficiently makes DIANA a powerful tool that 

could be used in drug discovery.  With this in mind, we set out to expand DIANA’s 

outreach as a tool for discovery of anti-influenza medications that would target influenza 

polymerase, particularly, disrupt the interaction of PB2 cap-binding domain with caps of 

host RNAs.  

   For the DIANA assay, recombinant PB2 cap-binding domain fused to His6-tag in E. 

coli and purified using chelation chromatography on Ni-NTA agarose resin and gel 

permeation chromatography. The protein was readily overexpressed in bacteria and a 

substantial amount of protein was obtained after two-step purification, which also 

fulfilled requirements of purity for use in DIANA.  The probe used in DIANA was based 

on known cap-binding inhibitor VX-787. The inhibitor was connected to the 

oligonucleotide that was used for quantification by real-time PCR.   

   First set of experiments, conducted by my consultant Dr. Milan Kožíšek, were 

performed to determine the amount of PB2-His6  protein per well for usage in the DIANA 

setup and influence of reducing conditions. Subsequent DIANA experiments were 

performed with 100 pg of PB2-His6  per well in non-reducing conditions, as the reducing 

conditions were found to have a negative effect. In the next step of the assay development,  

we determined the Kd of the probe.  

   Additionally, to confirm that modification of VX-787 inhibitor with a linker did not 

affect its binding to PB2 cap-binding domain, we also determined Kd  of the probe 

precursor C-1015  as 19 ± 6 nM. This was comparable to both Kd  of the probe and the 

Kd  for VX-787 inhibitor that was also determined by DIANA, as well as to values 

reported in previous studies (Table 8). Also, we determined Kd value for m7GTP, a natural 

binding substrate for PB2 cap-binding domain. The values, previously reported in the 

literature show the higher degree of variance, from 1.5 ± 0.3 μM Kd determined by 

isothermal titration calorimetry to 349 ± 9 μM Kd determined by surface plasmon 
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resonance experiments [162, 167]. The Kd value that was determined by DIANA (37 ± 8 

μM), therefore, lies in the interval of previously reported values.  The developed DIANA 

assay will be soon used for screening of both IOCB library,  that contains various classes 

of organic compounds and their derivatives prepared at IOCB Prague, and apropriate 

commercialy available libraries of compounds.  
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6. Conclusions 

   Constructs of recombinant PA endonuclease and PB2 cap-binding domains were 

designed, cloned, subsequently expressed in bacteria. The proteins were purified using 

affinity and gel permeation chromatography to desirable level of purity. GST-NPA 

recombinant protein was used in AlphaScreen assay. The assay was optimized and 

evaluated, and pilot screening was performed. HIV integrase inhibitor raltegravir was 

identified as micromolar inhibitor of PA endonuclease and its inhibitory activity was 

tested in vitro. Crystallization of raltegravir with PA endonuclease domain resulted in 

structure without bound inhibitor in the active site, probably due to restrictions of ligand 

soaking method. PB2-His6 recombinant protein was used for DIANA screening. 

Conditions for DIANA were optimized and dissociation constants of the probe, probe 

precursor, VX-787 inhibitor and m7GTP were determined.  Both screening methods, that 

were developed, await utilization in large-scale screening of compound libraries. 
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