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INTRODUCTION

1 INTRODUCTION

1.1 Influenza viruses

Influenza viruses (IVs) belong to the family of Orthomyxoviridae and are classified as
type A, B, C, or type D based on antigenic differences between their nucleocapsid (NP)
and matrix proteins 1 (M1) (Kumar et al., 2018; Taubenberger et al., 2010). They are
enveloped negative-strand RNA viruses with segmented genomes containing seven to
eight gene segments. Before the COVID-19 pandemic, IVs were the leading cause of
severe respiratory illness across the world and seasonal influenza viruses infect 5-15%
of the global human population each year and result in ~650,000 deaths worldwide
((Stohr, 2002), https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)).
Infection with influenza A virus (IAV) or influenza B virus (IBV) accounts for the vast
majority of the annual influenza burden. Compared to other types of IVs, IAV is the most
pathogenic, causing seasonal epidemics and occasional pandemics due to the high
degree of genomic plasticity and continued evolution that enables them to escape host
immunity and adapt to new host species. Interestingly, a notable global reduction in
influenza cases of both IAV and IBV has been seen in the SARS-CoV-2 pandemic due
to the behavioral changes (social distancing, mask wearing, and hygiene measures) and
travel and movement restrictions (Huang et al., 2021; Koutsakos et al., 2021). However,
given that both IAV and SARS-CoV-2 have been co-circulating in the 2019/20/21/22
influenza seasons, and there have been documented cases of co-infections with these
two viruses (Stowe et al., 2021; Yue et al., 2020), the impact of influenza alongside
COVID-19 on morbidity and mortality will still be a major concern in the coming flu

seasons.

1.1.1 Classification of IAV

According to the antigenic properties of the two major surface glycoproteins -
hemagglutinin (HA) and neuraminidase (NA), IAVs are further grouped into 16 HA (H1-
H16) and 9 NA (N1-N9) subtypes. Wild aquatic birds are the main natural reservoir for
IAVs, from which all 16 HAs and 9 NAs have been isolated (Mostafa et al., 2018),
whereas bats have recently been shown to harbor IAV-like viruses of the HL17N10 and
H18N11 subtype (Tong et al., 2013).
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Avian influenza virus (AlV) infection is usually asymptomatic (Taubenberger & Kash,
2010), while some of the H5- and H7-type AlVs cause deadly, systemic disease (highly-
pathogenic avian influenza virus [HPAIV]) and can cross to new species, occasionally
infecting humans). Despite the high lethality of HPAIV, these strains typically do not show
significant human-to-human transmission (Taubenberger & Kash, 2010). For example,
the human H5N1 AIV isolate KAN-1 (A/Thailand/1(KAN-1)/2004) originating from an
H5N1-HPAIV outbreak in Thailand in 2003 (Bao et al., 2008), is highly pathogenic in
mice and ferret models (Govorkova et al., 2005; Manz et al., 2010). IAVs also circulate
in a wild range of other host species, including marine mammals, poultry, and domestic
mammals (whale, seal, swine, horses, dogs, cats). Human IAVs originate from birds and
swine and only three IAV subtypes have been found to circulate in the human population
causing several pandemics - 1918 and 2009 (H1N1), 1957 (H2N2), and 1968 (H3N2).
Of these, A/lH1N1pamos and A/H3N2 subtype viruses currently cause seasonal influenza
virus epidemics (Joseph et al., 2017).

1.1.2 Virus morphology

The eight genomic segments of IAV encode at least 10 viral proteins: polymerase basic
protein 2 (PB2, segment 1), polymerase basic protein 1 (PB1, segment 2), polymerase
acidic protein (PA, segment 3), HA (segment 4), nucleoprotein (NP, segment 5), NA
(segment 6), matrix protein (M1 and its splicing product M2, segment 7), and non-
structural protein (NS1 and its splicing product NS2 or nuclear export protein (NEP),
segment 8) (Pleschka, 2013).
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Figure 1: Structure of IAV.

The envelope of the 1AV particle, which is derived from the host cell plasma membrane, contains three trans-
membrane proteins; two surface glycoproteins designated as HA and NA, and the proton channel protein
M2. The M1 underlies the inner surface of the viral envelope and associates with NEP and viral
ribonucleoprotein complexes (VRNPs). The eight vVRNPs comprise eight negative-strand RNA segments
associated with the NP and three RdRp polymerase subunits (PA, PB1, PB2). Modified from (Krammer et
al., 2018; Mostafa et al., 2018).

IAV particles are pleomorphic, presenting filamentous and spherical virions. Most of the
clinically isolated IAVs exhibit filamentous particles, with a diameter reaching 80-100 nm,
and an average length of 250 nm that is sometimes longer than 30 um (Dadonaite et al.,
2016). While upon passaging in eggs or MDCK Il cells, laboratory-adapted IAV strains
appear spherical and in elliptical virion shapes, with diameters ranging from 80 nm to
120 nm (Dadonaite et al., 2016). As illustrated in Fig. 1, IAV has a complex structure
with a lipid bilayer envelope derived from the host cell membrane. The exterior of the IAV
envelope is densely packed by the membrane-anchored glycoproteins HA, NA, and to a
lesser extent the M2. The inner surface of the IAV envelope is tightly associated with M1,
which interacts with viral vVRNPs and the cytoplasmic tails of the viral glycoproteins HA
and NA (Rossman et al., 2011). Each monomer of the trimeric HA in viral envelope
consists of two disulfide-linked domains, HA1 and HA2. HA (550 aa) is transcribed
initially as an inactive precursor molecule (HAO). HAO is post-translationally glycosylated
and cleaved into the HA1 and HA2 subunits to perform its fusion activity for membrane

fusion (Garten et al., 1981). The larger part of the global head of the virus membrane
3
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distal HA1 contains the receptor-binding site for specific sialic-acid moieties on the host
cell to mediate viral entry; the smaller membrane-proximal HA2 forms a stalk domain
and contains the fusion peptide, a region that bridges between the viral and endosomal
membranes during entry after receptor-binding (Benton et al., 2020). The proteolytic
cleavage of the HAO is processed by proteases, which can recognize a single Arg or a
Lys residue in a monobasic, dibasic, and tribasic cleavage site motif, with basic amino
acids occurring once, twice, and three times, respectively, and varies between viral
strains (Kido et al., 2008; Zhang et al., 2021). Except for the zoonotic H5/H7-type AlV,
which possess a R-E-T-R or P-K-X-R cleavage site motif in the HAO, the other 1AV
including seasonal human H1/H3-type IAV have the consensus cleavage site motif Q(E)-
T/X-R (Kido et al., 1999; Tsukamoto et al., 2008), which can be selectively recognized
by several extra-cellular trypsin-type proteases from epithelial cells of the respiratory
tract (Kido et al., 1999). As for the HPAIV (H5- and H7-subtypes), endoproteolytic
processing of the HAO occurs through ubiquitously expressed intra-cellular proprotein
convertase “furin” and furin-like proteases (Stieneke-Grober et al.,, 1992), which
selectively recognize the multi-basic consensus cleavage site motifs, such as R-X-K/R-
R, and K-X-K/R-R, resulting in release of fully activated virions and severe systemic
infection and rapid death of animals (Luczo et al., 2015). Therefore, the type of cleavage
sites and the presence of HA-activating proteases in host cells is a major determinant
for virus tropism and pathogenicity.

NA (454 aa) forms a homotetramer that is decorated in a mushroom shape on the viral
envelope with a head domain, stalk domain, transmembrane domain (TMD), and
cytoplasmic tail (Fig. 1) (Creytens et al., 2021). The primary function of NA is to act as a
catalytic sialidase, releasing newly formed virions by cleaving sialic acids from
glycoconjugates on the host cells (Benton et al., 2017; Creytens et al., 2021). In addition,
certain subtypes of NA, particularly N7, possess receptor binding properties like HA,
which are attributed to both a sialic acid binding site known as hemadsorption (Hb) site
and an intrinsic sialidase activity (Uhlendorff et al., 2009). NA inhibitors, such as
Relenza™ (zanamivir), Tamiflu™ (the phosphate salt of oseltamivir), Inavir™ (zanamivir
octanoate), and Rapivab™ (peramivir), belong to one of the groups of anti-viral drugs
currently available for treatment or prevention of influenza infections (Shie et al., 2019).
Another class of anti-IAV drugs target the M2 protein, a homotetrameric molecule
embedded in the viral envelope, where it is arranged in a smaller proportion than HA and
NA (approximately 16 to 20 molecules in a virus, compared to ca.300-400 HA and 50
NA copies) (Petrich et al., 2021; Samiji, 2009). The M2 (54 aa, at nucleotide position 26
to 51 and 740 to 1007 of M) is encoded by a splice product of the M mRNA (1027 bp).

M2 mainly functions as a proton channel activated by acidic pH in the endosomes and
4
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leads to a proton influx lowering the virion-internal pH during virus entry resulting in the
genome unpacking. M2 is also indispensable for virus replication, whereby M2 activity
regulates transmembrane pH gradients in the trans-Golgi and stabilizes the conformation
of the pH-sensitive H5/H7-type HAs (Alvarado-Facundo et al., 2015; Takeuchi et al.,
1994). The M1 protein is translated from the unspliced M gene mRNA (252 aa, at
nucleotide position 26 to 784 of M), and is underlying the viral envelope supporting viral
morphology and integrity. As the most abundant protein in influenza virions, it has
intrinsically versatile functions including a role in the nuclear export of vVRNPs, uncoating
viral particles, and assembly of virions (Krammer et al., 2018; Stauffer et al., 2014). M1
consists of an N- and C-terminal domain (NTD and CTD, respectively) (Sha et al., 1997),
and is distributed in the cytosol and nucleus of infected cells. The nuclear localization of
M1 is achieved by its nuclear localization signal (NLS), where M1 likely bridges the NEP
and VRNPs, forming a complex that is in turn exported from the nucleus by the nuclear
export sequence (NES) located in the N terminus of NEP (residues 12 to 21) (Cao et al.,
2012; Ye et al., 1995). Another key role of M1 is its ability to recruit viral components at
the budding site at the late stage of the IAV infection, which is in accordance with the
fact that M1 interacts with cytoplasmic tails of HA, NA, M2, and the vVRNPs (Ye et al.,
1999). Along this line, the presence of the influenza M segment genes (M1 and M2)
together with HA and NA are sufficient to induce the assembly of virus-like particles
(VLPs) that structurally resemble native virions (Chlanda et al., 2015).

The VRNP consists of three subunits of the heterotrimeric RNA-dependent RNA
polymerase (RdRp) complex including PB2 (759 aa), PB1 (757 aa) and PA (716 aa)
subunits, and a NP (550 aa)-packed viral genome segment (Fig. 1) (Ye et al., 1999). In
the context of the VRNP, the RdRp catalyzes the transcription and replication of the viral
RNA. This highly flexible enzyme complex exhibits cap-binding, endonuclease, RNA-
dependent RNA polymerase, and polyadenylation activities, supported by the concise
interplay between each component (Wandzik et al., 2021). As shown in Fig. 2, the cap-
binding activity of RdRp comes from the recognition of 5’ cap of methylated guanosine
of host pre-mRNA by the PB2 cap-binding domain (residues 320-485). This directs the
cleavage of the capped primer for the cap-snatching, a process in which the PA
endonuclease (NTD resides 1-195) cleaves the cellular mRNA resulting in a 10-13
nucleotide primer used for viral transcription start. Finally, the catalytic core of the PB1
generates the capped-mRNA (Fodor, 2013; Pflug et al., 2018). Importantly, the RdRp
activity is a major viral determinant of IAV pathogenicity and species specificity. The PB2
residue 627 is a good example of determining the host range (Subbarao et al., 1993).
AlVs contain a Glu (E) at position 627 whereas this residue is commonly a Lys (K) in

mammalian-adapted IAVs. Therefore, the PB2 E627K mutation is one of the
5
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characteristic adaptaions for IAV, and it can be found in all circulating human 1AVs of the
20th century, including the 1918 H1N1, 1957 H2N2, and 1968 H3N2 pandemic viruses
(Taubenberger et al., 2005). Furthermore, PB2 residues 701 and 702 of the NLS domain
are also strongly implicated in host adaptation. Atomic-resolution crystal data have
suggested that within the RdRp complex, the PBL1 is the central body connecting both
PB2 and PA (Fig. 2). The PB1 exhibits the classic right-handed polymerase structure
with a finger, a palm, and a thumb. The C-terminal subunit of PB1 is associated with the
N-terminal 247 residues of the PB2 subunit, which forms the thumb side and triggers PA
endonuclease activity. On the finger side, it is decorated by three consecutive short
helices of the PA linker (196-257) that wrap around PB1 and connect the PA-N
endonuclease to PA-C domain (258-714) (Pflug et al., 2014).

B Template

PB2-627

Figure 2: Structure of IAV polymerase.

(A) Surface presentation of the IAV RdRp (PDB 6RR7, PA: orange, PB1: green, PB2: lemon) bound to a
capped mRNA primer and 5" and 3’ vRNA termini (dark blue and pink respectively). The figure was generated
by Pymol. (B) Schematic model for Figure A, presenting the active site of the polymerase, which is located
at the edge of a large central cavity that is formed by PB1 and the N-terminus of PB2, and its connection to
the solvent via template and nucleotide triphosphate (NTP) entry channels and product exit channels. The
location of the priming loop (PL), as well as the 3’ and 5’ end hook of the vRNA, are indicated. Parts of the

figure were created with BioRender.com. Modified from (Fodor et al., 2020).

Apart from the RdRp subunits, the VRNPs include VRNAs that are stoichiometrically
wrapped around repeated NP subunits (approximately one NP molecule per 24
nucleotides) (Eisfeld et al., 2015). This structure of VRNP is highly dependent on NP
oligomerization, in which extensive intermolecular contacts are formed between
individual NP molecules and between NP and the genomic vVRNA (Mondal et al., 2015).
The NP (550 aa) molecule shows a crescent shape with a head domain (residues 150-
276 and 429-452) and a body domain (residues 1-149 and 277-386) comprised of mainly
alpha helices and beta strands (Tang et al., 2021) (Fig. 3). The tail-loop structure within
residues 402-428 protruding outwards of the head domain, projects the NP

6
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oligomerization with extensive interactions with the binding groove, particularly creating
a salt bridge between residues 339 and 416 on different NP monomers (Shen et al.,
2011). Self-assembly of NP is further facilitated by binding to the vVRNA, which is
attributed to the positive RNA binding groove of NP formed by a group of conserved
residues on the surface of NP within the tail loop (Ye et al., 2006). Given the critical role
of RdRp in viral replication, an antiviral drug that targets the PA endonuclease activity,
baloxavir marboxil (Xofluza™) has also been clinically approved, and many of RdRp
Inhibitors are in clinical trials (Giacchello et al., 2021).

RNA binding groove

Tail-loop , ‘ ‘ =" Body domain

Figure 3: Structure of IAV NP.

Surface presentation of the HIN1 IAV NP monomer (PDB code: 2IQH) showing the head and body domains,
Tail-loop, and the RNA binding groove. The figure was generated by Pymol.

The shortest VRNA segment of IVA encodes the NS1 (230 aa), NEP (121 aa), and NS3
(187 aa). NS1 is the product of the full-length mRNA, and forms a homodimer with two
functional domains - double-stranded RNA binding domain (residue 1-73) and effector
domain (residue 85-207), interspersed by a flexible linkage region. NS1 has been well
known as an important immunomodulatory factor counteracting host interferon (IFN)
responses through multiple mechanisms, including restricting the activation of retinoic
acid-inducible gene 1 (RIG-I) pathway and the production of IFN-inducible proteins (Opitz
et al., 2007; Price et al., 2000). Thus, the occurrence of NS1 in the early phase of
infection with a continuous increase may reflect its importance in antagonizing the
antiviral response of the host cell to ensure viral replication. In contrast, the NEP is
translated from the spliced NS mRNA and expressed at the later stages of infection,
mediating the nuclear export of vYRNPs into the cytoplasm (Jaiswal et al., 2020; Neumann
et al., 2000). Recently, many additional non-structural proteins of IAV (NSPs) have been
discovered, including PA-X (Jagger et al., 2012), PB1 frame 2 (PB1-F2), PB1-N40 (Wise
et al., 2009), PA-N155 (Muramoto et al., 2013), PA-N182 (Muramoto et al., 2013), M42

(Wise et al., 2012) and NS3 (Selman et al., 2012). Most of them are the product of viral
7
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MRNA splicing, frameshift, and truncation of the coding region of IAV structural proteins,
with implications in modulating viral replication, host defense suppression, virulence, and

pathogenicity (Hao et al., 2020).

1.1.3 IAV life cycle

The IAV life cycle is divided into several consecutive steps (Fig. 4), namely (1) cell entry
by clathrin-dependent and -independent mechanism, (2) membrane fusion and virus
uncoating, (3) viral genome replication/transcription, (4) translation/post-translational
processing of viral proteins, (5) virus assembly and genome packaging, (6) virus release
and proteolytic activation of HA.

a-2,3 SA

a-2,6 SA

Posttranslational Processing

) ; @& m} Cytoplasm
i rezeey }
Endocytosis Translation @@

RNP
Export

synthesis

L < Crmi >

Nucleus

Figure 4: The IAV replication cycle.

The 1AV HA recognizes and binds to the sialic acid receptor on the host-cell surface. Using clathrin-
dependent and -independent endocytosis, the 1AV is incorporated in an endosome for uptake into the host
cell. The low pH (5.5-5.0) of the later endosome leads subsequently to the fusion of viral and endosomal
membrane and release of the VRNP into the cytoplasm. The VRNP is transported into the nucleus to
transcribe and replicate the viral genome. The newly synthesized viral mRNAs of the eight viral segments
are transferred to the cytoplasm to start viral protein synthesis. A part of the viral proteins (HA, NA, and M2)

undergo post-translational modifications (PTMs) and then are transported to the host cell membrane. Other
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viral proteins (PB2, PB1, PA, NP) are imported back into the nucleus to generate the new vRNPs and by the
help of M1 and NEP nascent vRNPs leave the nucleus through Crm1l-dependant nuclear export to the
cytoplasm. After the assembly of the eight viral VRNPs at the host cell membrane where the viral surface
proteins and M1 are arranged, mature virions bud from the cell surface and releases to begin another
replication cycle. Adapted and modified from (Pleschka, 2013).

1.1.3.1 Receptor binding and cell entry

IAVs initiate the infection process by virion attachment to the host cell through the binding
of HA to surface sialic acid (SA) receptors that are species-specific, as illustrated in Fig.
4. It is generally perceived that AIV HAs preferentially bind to a2-3-linked SA whereas
the HAs of human-adapted IAV show a high affinity for a2-6-linked SA (Stevens et al.,
2006). However, the respiratory tract of humans displays high numbers of “avian receptor”
type SA (Walther et al., 2013), and the “human receptor” is also found in tracheal
epithelia of several bird species (Ellstrom et al., 2009), suggesting the potential ability of
IAVs to cross into species. Also, SA of both avian and human receptor types are found
in pigs, rendering this species a mixing vessel, susceptible to both, human and avian

strains.

1.1.3.2 Membrane fusion and virus uncoating

Virion attachment to the host cell triggers endocytosis of the virion via clathrin-dependent
and -independent entry pathways, such as micropinocytosis (Mercer et al., 2009;
Rossman et al., 2012). After virion internalization, 1AVs travel from the early endosome
to the late endosome. As shown in Fig. 5, the IAV uncoating proceeds in early
endosomes, where the mildly acidic pH (pH 6.5-6.0) activates M2 channel activity,
leading to the influx of protons and K* ions that further loosen interactions within the M1
core and between VRNPs, in a process called priming (Stauffer et al.,, 2014).
Subsequently, the penetration of the primed core into the cytosol occurs by low pH-
triggered (pH 5.5-5.0), HA-mediated membrane fusion in late endosomes (Maeda et al.,
1981; Miyake et al., 2019). This process involves the conformation change of the pH-
sensitive HA, exposing its fusion peptide of the HA2. HA2 is then inserted into the
endosomal membrane, mediating the fusion of the endosomal and the viral membrane
and ultimately the release of the viral core to the cytosol (Bullough et al., 1994). The
second step of the uncoating of IAV takes place at the cytosolic surface or in the close
vicinity of the late endosome, where the host factor histone deacetylase 6 (HDACSG) is

recruited to promote breakup of the M1 shell (Banerjee et al., 2014). Further removal of
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M1 from the surface of the vVRNPs involves an importin kapp2 (also called transportin-1
(TNPO1)), which binds to PY-NLS sequence motif exposed in the primed M1 (Lee et al.,
2006; Miyake et al., 2019).

Binding Endocytosis Priming

Early endosome
(pH 6.5-6.0)

Late endosome
(pH 5.5-5.0)
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Figure 5: Schematic representation of stepwise IAV uncoating.

After viral uptake into endosomes, the M2 ion channels open, resulting in an influx of protons and K* ions
that loosen interactions within the M1 core and between VRNPs. This induces the conformational change of
M1 that exposes the PY-NLS close to the N terminus. Following the fusion of the viral-endosomal
membranes by HA, the M1 core binds to the HDAC6 N terminus. Together with other components of the
aggresome-processing machinery, such as the motors dynein and myosin I, microtubules, and actin
filaments, HDACSG facilitates M1 shell release from the endosome surface. After bundled vRNPs are released
into the cytosol, TNPO1 associates with the PY-NLS exposed in the primed M1. TNPO1 removes residual
M1 from the vRNP surface, which allows the dissociation of VRNPs from each other. KPNA and KPNB1 bind
to the classical NLS in NP, resulting in the nuclear import of fully or partially debundled vRNPs. MTOC,
microtubule-organizing center. The figure was adapted from (Miyake et al., 2019). Parts of the figure were

created with BioRender.com.

1.1.3.3 Viral genome transcription/replication

The transcription and replication of the viral genome takes place when uncoated VRNPs
are transported into the nucleus (Jackson et al., 1982; Walker et al., 2019). A pioneering
round of primer-dependent transcription from the incoming RNPs is initiated before the
replication. As shown in Fig. 6, this process involves the synthesis of capped and
polyadenylated mRNA derived from template viral RNA (VRNA) segments by the viral
RdRp. 5’ terminal caps of viral MRNA are stolen from cellular mMRNA by a cap-snatching
mechanism. First, the viral polymerase binds to the carboxy-terminal domain of the host

RNA polymerase Il, promoting the association between viral polymerase and host
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nascent RNA (Walker & Fodor, 2019). Second, the PB2 cap-binding domain binds the
5’ cap short oligonucleotide derived from the host mRNA, which is then downstream
cleaved off by the PA endonuclease. Third, the 3’ end of the capped RNA primer flips in
the polymerase active site where it base-pairs with the 3’ end of the vVRNA template. This
further promotes the transcription at the polymerase active sites on PB1 and follows the
typical steps of initiation, elongation, termination, and recycling. Finally, the elongated
viral transcription product terminates at a sequence motif of uridine residues near the 5’
end of the VRNA template, generating the addition of a poly(A) tail through RdRp
stuttering (Fodor & Te Velthuis, 2020; Plotch et al., 1981). Synthesis of PB2, PB1, PA,
NP and NS1 mRNAs takes place at the early stage of virus infection, whereas HA, NA
and M1 mRNA synthesis is a more predominant process at the late stage. Viral
transcripts encoding M and NS undergo splicing by hijacking the host spliceosome
before translation (Dubois et al.,, 2014). The initially synthesized mRNAs are then
exported from the nucleus for translation by cytoplasmic ribosomes, whereases the
membrane-associated proteins (HA, NA and M2) are translated by endoplasmic

reticulum (ER)-associated ribosomes (Dou et al., 2018; Jorba et al., 2009).

Polyadenylation

Capped-primer cleavage Initiation Elongation o
nReR ¢ and termination
A \/ \ A\
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T Cap/
Host * -Cap
capped PB2
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Figure 6: Schematic representation of models of viral mMRNA transcription.

The viral RdRp is depicted in the transcription pre-initiation state as in Fig. 2B. Host capped RNA (black) is
bound by the PB2 cap-binding domain and cleaved by the PA endonuclease domain. The cap-binding
domain rotates to enable the 3’ end of the capped RNA primer to flip into the active site through the product
exit channel. The 3’ end of the negative-sense VRNA template (pink) also inserts into the active site through
the template entry channel, and NTPs enter through the NTP entry channel. Transcription is initiated by the
addition of an NTP to the 3’ end of the capped primer, complementary to the second (shown) or third residue
in the vVRNA template. During elongation, this duplex further grows up to 9 bp and retracts the PL out of the
active site. As the template is pulled into the active site, the viral NP detaches from the entering VRNA, then
is translocated via the surface of the polymerase, and joins the vVRNA template as it emerges through the
template exit channel in the end. The 5-cap of the mRNA product is removed from the PB2 cap-binding
domain as the polymerase enters elongation. Termination occurs when polyadenylation initiates at repeated
copying of the U-stretch (red) of the vRNA template. The 5’ end (dark blue) of the vVRNA remains bound to

its binding site formed by amino acid residues from PB1 and PA, and it may be stabilized by base-pairing
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with the 3’ end of the VRNA, which rebinds at its binding site near the surface of the polymerase during
elongation. The figure was adapted and modified from (Fodor & Te Velthuis, 2020; Te Velthuis et al., 2016;

Wandzik et al., 2021). Parts of the figure were created with BioRender.com.

After the first round of viral MRNA synthesis and translation, newly synthesized vVRNPs
are relocalized to the nucleus to catalyze transcription of further mRNAs and
VRNA/cRNA replication (Pflug et al., 2017). The M1, NS1, and NEP proteins are
transported back to the nucleus. In contrast to transcription, replication is primer-
independent and produces a positive-sense cRNA intermediate that serves as a
template to make more VRNA (Hay et al., 1977). The first step of replication is to form
positive-sense complementary cRNA from the VvRNA template. Similar to the
transcription, this process is initiated by the base-paired 5’ proximal region (nucleotides
1-10) of the VRNA promoter, which forms an intramolecular stem-loop, the so-called
“hook,” that is tightly bound in a pocket formed between PA and PB1 (Fig. 6) (Pflug et
al., 2014). The 5 hook is protected additionally by a latch formed by the so-called PA-
arch (aa 366—397) and PB1 B-hairpin (aa 353—-370). It serves as an allosteric activator
to order the correct polymerase structure (e.g., by correctly structuring the peptides of
fingertips) and place the vVRNA template to the polymerase active site. Next, the
nucleotides 1-9 at the 3’ end of VRNA promoter translocate into polymerase active site
through the template channel (Robb et al., 2019), followed by de novo initiation at the 3’
terminal UC of the vRNA template to generate a pppApG dinucleotide. Particularly a PL
(PB1 residues 631-660) within the polymerase active region supports this state by
stabilizing the initiation complex, however, it subsequently moves away from the
polymerase active site, providing space for cRNA extension. To protect the cRNAs from
degradation, the cRNA is packed with newly formed polymerase and NP oligomers into
cRNPs (Vreede et al., 2004). In the second step of IAV genome replication, the
polymerase copies cRNA back into VRNA. Similar to cRNA synthesis, it starts with the
cRNPs binding to the 5’ and 3’ terminal cRNA promoter. 5 cRNA differs in sequence
from the VRNA 5’ end (being complementary to vRNA 3’ end), it forms a similar hook
structure as the VRNA. Interestingly, vVRNA and cRNA initiate replication differently.
Unlike the initiation on the vRNA template at the 3' end at positions 1 and 2 (1-UC), the
initiation on the cRNA template occurs at positions 4 and 5 and produces a ppApG
dinucleotide that next acts as a primer for realignment to bases 1 and 2 of the cRNA 3’
terminus, before elongation (Oymans et al., 2018). This step requires the PL and a
regulatory polymerase (Fan et al.,, 2019). Of note, cRNP-associated polymerase
contacts a second regulatory polymerase thereby forming a dimer that modulates cRNA

replication (Fan et al., 2019).
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1.1.3.4 ERtargeting and post-translational processing of the IAV proteins

Similar to cellular secretory proteins, the viral envelope proteins (HA, NA and M2) are
translocated into the rER for glycosylation (except M2) and form HA trimer or tetramers
of NA and M2. These proteins next are trafficked through the Golgi apparatus where HA
and M2 undergo palmitoylation of cysteine residues. The mature HA, NA and M2 proteins
are ultimately destined for the lipid rafts of the host cell membrane (Dou et al., 2018).
The freshly synthesized NP proteins and polymerase subunits are translocated into the
nucleus where they form novel vVRNPs to assist in transcription and replication of VRNA.
Likewise, the NEP and M1 proteins are imported into the nucleus to traffic VRNPs out of
the nucleus (Akarsu et al., 2003; Shimizu et al., 2011). M1 could bridge the NEP to
interact with the vRNP, forming the vRNP-M1-NEP complex. The nuclear export of this
complex to the cytosol relies on the CRM1/exportinl-mediated pathway, followed by
transport along microtubules to the cell membrane (Kawaguchi et al., 2012; Momose et
al., 2007; K. Watanabe et al., 2014). Furthermore, previous studies showed that the
nuclear RNP export is trigged by membrane accumulated HA via activation of the
Raf/MEK/ERK signal cascade (Marjuki et al., 2007) and promoted by virus-induced

apoptotic caspase-dependent widening of the nuclear pores (Muhlbauer et al., 2015).

1.1.3.5 AV assembly and budding

IAV envelopes are enriched in cholesterol and sphingolipids that are acquired from host
cell apical plasma membrane (PM) regions often referred to as “rafts” during the viral
budding (Gerl et al., 2012). Membrane-decorated or proximal IAV proteins are arranged
by different mechanisms (Dou et al., 2018). For example, HA is directed to the lipid rafts
by the C-terminal cysteine that carries fatty acid modifications (Takeda et al., 2003), while
the association of the NA to the membrane is attributed to its transmembrane domain
(Barman et al., 2004). The eight vVRNPs are transported by RAB11A to the budding zones
where they are arranged in a “1+7” pattern (Noda et al., 2018) and bind to M1s, which
are decorated beneath the cell membrane and linked to the cytoplasmic HA- and NA tails
(Eisfeld et al., 2011). The assembly of viral components at the budding site triggers the
budding processes, which includes bud initiation, bud growth, and bud release (Nayak
et al., 2009). Several studies have indicated that the accumulation of HA and NA at the
membrane is sufficient to induce the curvature, which is a prerequisite for budding and
is promoted by the presence of M1 and M2 (Chen et al., 2007; Chlanda et al., 2015; Lai
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et al., 2010). Eventually, IAV release relies on the NA, which can cleave SA from cell
surface receptors and prevent HA binding of newly formed virions at the cell surface
(Gottschalk, 1957).

1.1.4 Analysis of IAV by reverse genetic systems

The de novo synthesis of wild-type, mutant, and reassortant influenza viruses from viral
cDNAs by reverse genetics (RG) systems is currently a common and powerful molecular
virology technique to answer important questions in the biology of IAV that would not be
possible using conventional virological or biochemical procedures (Nogales et al., 2016).
One commonly used RG-system for IAV, is a bidirectional plasmid-based system, in
which eight viral cDNAs (each a DNA copy of a specific VRNA segment) are inserted in
negative-sense orientation between the human Pol-l promoter (pn) and the Pol-I
terminator (t) (Hoffmann et al., 2000). As illustrated in Fig. 7, the Pol-I transcription
cassette in positive-sense orientation is flanked by a Pol-lIl promoter (piCMV) of the
human cytomegalovirus and the polyadenylation signal (a;BGH) of the bovine growth
hormone gene, thereby enabling this unit produce mRNAs with 5’ cap structures and 3’
poly(A) tails that are eventually translated into viral proteins. The Pol-I promoter (pin)-ti
unit produces VRNA-like transcripts with exact unmodified ends. All eight cDNA copies
(e.g. RG-plasmids) of the eight viral segments are transfected into co-cultures of 293T
and MDCK cells, in which the 293T ensured high transfection efficiency, and the MDCK
cells facilitated efficient 1AV replication, the generated recombinant 1AVs can be
propagated and further analyzed.

RG-systems can be used, for example, to characterize the functional importance of
specific residues in IAV proteins, mutations can be introduced by PCR-based site-
directed mutagenesis (SDM) into the cDNAs of the viral genome segments which encode
the viral proteins. By further co-transfection of the other RG-plasmids, the engineered
recombinant IVs with the desired mutation can be generated and functionally tested.
Thus, RG-systems enable the analysis of specific amino acids in viral protein function
and also for IAV replication in general (Dawson, Wilson, Freiberger, et al., 2020; Giese
et al., 2017; Weber et al., 2019). Likewise, risks of reassortant IAVs can be assessed by
RG. In this scenario the reassortant IAVs are produced with various combinations of the
eight RG-plasmids representing the viral genome segments from different genetic
sources (F. Li et al., 2021; Waters et al., 2021).
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Figure 7: Schematic representation of the bi-directional plasmid-driven RG system for the rescue of
recombinant IAV.

In the dual promoter RG-system in which eight cDNAs, representing the different genomic vRNA segments,
are contained in a pHW2000 vector. These Pol-I/Pol-II-driven plasmids for the generation of vVRNA and
mMRNA are transfected into co-cultures of 293T and MDCK I cells to generate recombinant IAV. The rescued
recombinant IAVs can be propagated subsequently in MDCK Il cells and titrated by foci assays. The figure

was adapted and modified from (Hoffmann et al., 2000).

1.2 Protein phosphorylation

PTMs are enzyme-mediated covalent modifications of proteins. Known PTMs include
proteolytic cleavage of precursor proteins or constitute a modifying group, such as
phosphoryl, acetyl, methyl, glycosyl and ubiquitin or ubiquitin-like moieties (Ramazi et
al., 2021). Such PTMs occur in a highly regulatory and reversible manner and give rise
to new functionalities of proteins by affecting the protein folding, -stability, -activity, -
localization, and protein-protein interactions among diverse cellular processes. Among
the reported PTMs, phosphorylation was among the first described (Fischer et al., 1955)
and the most studied PTM (Ramazi & Zahiri, 2021). This reversible biological process
results in the addition or removal of phosphate groups and has been found to play key
roles in nearly every aspect of cell life (Johnson, 2009). Phosphorylation in eukaryotes

mainly target on serine (Ser), threonine (Thr), and tyrosine (Tyr) residues (Huang et al.,
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2019), and phosphorylation between these is asymmetrically distributed: 85% Ser, 11.8%
Thr, and 1.8% Tyr residues (Olsen et al., 2006). This chapter elucidates the functions of
PTMs with focus on phosphorylation and how they can be detected by MS and substrate

peptide-based assays.

1.2.1 Protein kinases as catalysts of protein phosphorylation

Protein kinases are responsible for catalyzing phosphorylation by transfer of the vy -
phosphate of ATP to a Ser, Thr, or Tyr residue in protein substrates. Thus, kinases
generally are categorized into three groups with respect to their substrate specificity:
Ser/Thr protein kinases, Tyr protein kinases, and dual-specificity protein kinases (Hanks
et al.,, 1988; Kim et al., 2015). They are activated by phosphorylation which in turn
triggers a cascade of events leading to the phosphorylation of different amino acids of
proteins in signaling networks (Ardito et al., 2017). Based on the results from the human
genome project, at least 538 protein kinases were discovered in the human genome
(Edwards et al., 2011), and at least 70% of all cellular proteins undergo phosphorylation
modulated by these kinases (Olsen et al., 2010; Sharma et al., 2014). Numerous studies
have unveiled the relevance of protein kinases in regulating signaling pathways and
cellular processes, including metabolism, transcription, cell-cycle progression,
differentiation, cytoskeleton arrangement, cell movement, apoptosis, intercellular
communication, neuronal and immunological functions (Johnson, 2009). Concomitant
with prominent roles in almost all aspects of cellular physiology, dysregulation of protein
kinases is involved in various diseases such as cancer (Ledford, 2010), but interestingly
the vast majority of kinases is heavily under-investigated or not studied at all. Available
methods for the detection of these phosphorylation events, including the specific
phosphorylation sites in kinases and substrates, largely rely on the specificity of
phosphorylation by protein kinases.

1.2.2 Mechanisms of specificity in protein phosphorylation

As a consequence of being part of a large gene family, the specificity of protein kinase
to regulate phosphorylation is essential for proper protein functions. It is well known that
the protein kinases selectively target specific substrates with the involvement of several
types of physical interactions (Miller et al., 2018). As shown in Fig. 8, protein kinase
domains consist of a small N-terminal lobe that is predominantly responsible for
coordinating ATP binding and a large C-terminal lobe, consisting mostly of a-helices and
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loops, that mainly contributes to protein substrate binding and catalysis of
phosphorylation (Taylor et al., 2011; Wilson et al., 2018). Protein kinases have evolved

multiple mechanisms to ensure specificity in targeting residues for phosphorylation.

ATP

Peptide substrate

\)\ Activation loop
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Figure 8: Schematic representation of protein kinase domain.

X-ray crystal structure of ATP bound to PKA (protein kinase A) (PDB code: 1ATP) showing distinct
subdomains in the ATP binding site. PKA (~260 residues) consists of an N-terminal lobe (top) and a larger
C-terminal lobe (bottom). The ATP binds to the N-terminal lobe whereas the substrate (orange) binds in the
active site between the two lobes.

1.2.3.1 Phospho-acceptor specificity

As mentioned above, protein kinases are grouped into Ser/Thr-specific kinases, Tyr-
specific kinases, and dual-specificity kinases. One mechanism by which kinase can
discriminate between Tyr and Ser/Thr residue is largely attributed to the intrinsic
specificity of the catalytic kinase domain, particularly the structure of the catalytic cleft
between the N- and C-terminal lobes of the catalytic domain (Bradley et al., 2021;
Ubersax et al., 2007). The catalytic domains have maintained nearly similar structures
(Wilson et al., 2015). Tyr specific kinases are characterized by a deep catalytic cleft to
accommodate the bulk Tyr side chain (Ubersax & Ferrell, 2007). Likewise, Ser/Thr
kinases possess conserved signature residues within the catalytic domain, which is
important for accommodating a small, aliphatic Ser/Thr residue at the active site (Chen,
Ha, et al., 2014, Taylor et al., 1995).

Kinase activation occurs through an allosteric mechanism or phosphorylation of a
canonical kinase segment known as the activation loop (Fig. 8) (Ardito et al., 2017;
Zheng et al., 2018). Phosphorylation of residues in the activation loop will induce a

conformational change that stabilizes the kinase in an active conformation. This loop
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typically begins with an invariant “DFG” motif (Asp-Phe-Gly) near the ATP-binding cleft.
A part of the activation loop interacts with the substrate peptide via 3-sheet-like hydrogen
bonding, whereas its region within the catalytic cleft defines its shape and biophysical
characteristics to determine phosphorylation site specificity, which varies substantially
among kinases (Miller & Turk, 2018). For example, human extracellular-signal regulated
kinase (ERK) 1 and ERK2 contain the Thr-Glu-Tyr motif in their activation loop and are
phosphorylated on both Thr and Tyr when they are activated, while most other kinases
have a Thr within the loop (Mehdizadeh et al., 2016; Olea-Flores et al., 2019). However,
in general target sites within the activation loop are not representative of the kinase
substrate specificity, as reflected by the fact that there is no clear evidence of sequence-
based determinants in the kinase active site for dual-specificity kinases (Lindberg et al.,
1992).

Importantly, the Ser/Thr phospho-acceptor specificity of kinases co-varies with a residue
downstream of the conserved DFG motif at the N terminus of the activation loop
(‘DFG+1’). In line with this, an analysis of aligned kinase domain sequences unveiled
larger hydrophobic residues (predominantly Leu, Phe, and Met) at this position for Ser-
selective kinases, while most Thr-specific kinases possess the B-branched aliphatic
residue lle at this site (Chen, Ha, et al., 2014; Miller & Turk, 2018). More recently, kinase
specificity determining residues on the kinase active site for Ser/Thr kinases were
identified (Bradley et al., 2021).

1.2.3.2 Protein kinase substrate specificity

Another indispensable mechanism that ensures specific phosphorylation is determined
by kinase phosphorylation site motifs, i. e., preferential phosphorylation of phospho-
acceptor residue surrounded by particular patterns of amino acids in the context of
specific sequence motifs (Zhu et al., 2005). A sequence motif is traditionally comprised
of the phospho-acceptor residue and five N- and C-terminal residues next to it. The
sequence motif of ERK2 kinases for example is P-X-S/T-P, this kinase tends to
phosphorylate Ser and Thr residues that have proline at position —2 and +1 relative to
the phospho-acceptor (Roskoski, 2019).

A protein kinase substrate motif can be characterized either by the mutational analysis
of the known substrate or by in vitro biochemical analyses of the kinase reaction in the
presence of phosphorylatable synthetic peptides. These two experimental approaches
are generally combined due to the fact that the most conserved substrate sites will also

be the most important for the efficient phosphorylation of the peptide. Such an example

18



INTRODUCTION

is the first discovered substrate motif for PKA (PKA: R-R-x-S), where either substrate
variants or mutation of arginine in a synthetic target peptide caused a drastic reduction
in the phosphorylation levels (Kemp et al., 1975; Roskoski, 2019). More sophisticated
peptide library screens enable rapid analysis of the substrate specificity and consensus
phosphorylation sites of protein kinases (Songyang et al., 1994; Ubersax & Ferrell, 2007)
(Table 1).

Table 1: Consensus sequences recognized by protein kinases.

Kinase Full name Kinase consensus Refence
motifs
PKA Protein kinase A or cAMP-dependent R-R/K-x-S-¢ PMID: 194899
protein kinase
AKT Or Protein kinase B R-X-R-X-x-S/T-¢ PMID: 8985174
AMPK AMP-activated protein kinase ¢-X-R-X-X-S-X-X-X-I/L PMID: 7698321
PMID: 18439900

CDKs Cyclin-dependent kinases SIT-P-x-K/R PMID: 7874496
MAPKs Mitogen-activated protein kinases P/¢-x-SIT-P PMID: 1939237
CaMK2 Calmodulin-dependent protein kinase-2 R-X-X-SIT PMID: 8887677
EGFR Epidermal growth factor receptor E-E-E-Y-F PMID: 7845468
Src Rous sarcoma virus Tyr kinase E-E-I-Y-E/G-X-F PMID: 7845468

The table shows consensus sequences that have been derived from selected kinases with PubMed Unique
Identifiers (PMIDs) shown here. x: any amino acid; underlined: phosphorylated residue; ¢: hydrophobic
residue. Adapted and modified from (Miller et al., 2016).

1.2.3.3 Other specificity determinants of protein kinase

Another aspect of determining substrate affinity and specificity comes from docking
interactions, in which allosteric sites outside the kinase active site recognize sequence
motifs on the substrate (Fig. 8). For example, in the Ser/Thr kinase PRK2 a
phosphorylated hydrophobic motif (HM) FXXF-S/T-F is located in the C-terminal lobe of
the kinase domain that can function as a docking site for its substrate the kinase PDK1
(Balendran et al., 2000). For Tyr kinases, a SH2 domain wildly serves as a docking
module for the binding of phosphorylated Tyr motifs (Roskoski, 2004; Sipeki et al., 2021).
In addition, kinase specificity is also modulated by adaptor and scaffold proteins in the

sense that these modules can result in either the higher local effective concentration of
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the kinase to a specific substrate or less likelihood of kinase inhibition by other substrates
(Miller & Turk, 2018).

1.3 Analysis of protein phosphorylation: methods for studying

kinases and their substrates

Protein phosphorylation, which is tightly controlled by protein kinases and phosphatases,
has fundamental roles in signal transduction, which in turn regulates a diverse variety of
cellular processes and also the pathophysiological events. Therefore, continuous
attempts have been made to determine the protein phosphorylation-mediated cell
physiology and disease mechanisms. In earlier times phosphorylation of proteins was
detected either by radiolabeled phosphates, 2D gels or specifically raised antibodies
(Raggiaschi et al., 2005). New advances have been made with more robust and
comprehensive methodologies for assessing protein phosphorylation, which will be
briefly discussed here.

1.3.1 Phosphoproteomic studies

Quantitative mass spectrometry (MS)-based phosphoproteomics is currently the most
powerful technique for the analysis of cellular signaling networks employing
phosphorylation. A typical shotgun phosphoproteomic analysis involves the digestion of
total cellular proteins, followed by liquid chromatography-tandem MS analysis (LC-
MS/MS) of sorted phosphorylated peptides. As phosphorylation is typically
substoichiometric and of low abundance, phosphopeptides only represent a tiny fraction
(Bonne Kohler et al., 2020). Phosphopeptides will then be enriched (Ti02, IMAC, etc)
and analyzed using MS and quantification (Douglass et al., 2012).

There are several remarkable advantages of this methodology. First, phosphoproteomic
profiling provides deep insight into the global picture of the phosphorylation landscapes
with characterization of tens of thousands of phosphosites under a specific experimental
condition. It also contributes to a much broader and more detailed overview of
physiological and pathological alterations of signaling pathways and how these might
affect cell function. Second, comprehensive bioinformatics enables the further
identification of activated kinases of the quantitative phosphoproteome for a given
system. For that, different approaches for assessing kinase activation on a kinome-wide
level can be applied. For example, the kinases mediating protein phosphorylations can
be predicted from assessing the over- or under-represented sequence motifs combined
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with database comparisons of known kinase substrates or sequence specificities
(Lachmann et al., 2009; Zagorac et al., 2018). The cellular kinase activation states can
alternatively be deduced from the phosphorylation state of key residues present in the
activation loop, which is contained in most kinase domains (Kornev et al.,, 2015;
Schmidlin et al., 2019). Thus, the phosphorylation state of the kinase activation loop is
often used as proxy to analyze the activation state of the respective kinase (Schmidlin et
al., 2019; Sharmaet al., 2014; Weber et al., 2019). Understanding the role of the interplay
between kinases and phosphatases on the net phosphorylation seen in global
phosphoproteomic data is essential to identify abnormal phosphorylation-driven cell
signaling in disease. Also, the identification of key novel kinases in the pathogenesis of
numerous diseases promising novel targets for pharmacological interventions (Savage
et al., 2020).

1.3.2 Peptide-based kinase activity assay

In vitro experiments can be very good indicators of specific phosphorylation mediated by
a kinase. Based on the fact that in general each kinase prefers to phosphorylate the
substrates embedded into a particular sequence which typically follows a consensus
phosphorylation motif, in silico prediction of kinase-substrate relationships has been
commonly utilized in various approaches as shown in Fig. 9 (Sugiyama et al., 2019).
Kinase activity toward substrates is commonly measured by in vitro kinase assay in
which the purified kinase is incubated with an exogenous peptide substrate in the
presence of ATP. The phosphorylation of a substrate by a purified kinase can be
assessed by several reporter systems including colorimetric, radioactive, or fluorometric
detection (Johnson et al., 2005; Xue et al., 2013). However, this method requires the
purification of an active kinase, and the phosphorylation may not necessarily reflect what
occurs under physiological conditions in the cell (e.g., concentration of a given kinase)
(Xue & Tao, 2013).

The peptide-based kinome array profiling allows for in-depth and global-scale analysis
of multiple kinases activity in a natural cell lysate, which also maintains kinomic network
integrity in this biological sample. For this technique, a randomized peptide library
immobilized on beads (Wu et al., 1994) or arrays (Hutti et al., 2004; Mok et al., 2010),
natural protein-derived peptides (Schutkowski et al., 2004) and protein arrays (Ptacek et
al., 2005) as potential downstream targets of the profiled kinase are employed. Kinase
activity profiling with PamChip® peptide microarrays is one such protein-derived peptide-
based approach (Alack et al., 2020; Creeden et al., 2020; Weiss et al., 2019). This
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platform applies 144 Tyr or 144 Ser/Thr kinase peptide substrates containing 4 positive
controls spotted on a chip. When these peptide spots are exposed to experimental
samples, they can be phosphorylated by the activated kinases within a given sample.
Phosphorylation events correspond to the enzymatic activity of the active kinases
contained in the lysate. Fluorescently tagged phospho-antibodies then recognize the
phosphorylated peptides and generate the signal proportional to the amount of
phosphorylated peptides contained within the sample. The intensities reported by a
PamChip® provide a signature that can be used to predicate the kinases responsible for
the observed phosphorylation intensity.
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Figure 9: Approaches for the profiling of kinase substrate specificities.

Schematic display of typical combinations of substrate sources, reaction conditions and detection methods

for the profiling of kinase substrate specificities. Adapted and modified from (Sugiyama, 2020).

1.4 Importance of identification of protein phosphorylation in IAV-

infected cells

Throughout various stages of its life cycle, infection with 1AVs necessarily induces
specific signaling cascades, that either support or antagonize viral propagation or that
occur as an indirect result of ongoing infection due to changes in cell architecture or the
occurrence of cell damage (Kash, Goodman, et al., 2006; Kash, Tumpey, et al., 2006;

Schmitz et al., 2014). These virus-regulated signaling pathways employ diverse types of
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PTMs including acetylation, ubiquitination, and phosphorylation. Phosphoproteomic
analyses largely contribute to the characterization of IAVs infection-associated changes
of the protein phosphorylation status (Hu et al., 2020). These investigations provide
abundant evidence on the relevance of phosphorylation of viral and cellular proteins, and
phosphorylation-regulated pathway cascades at every step of the virus replication cycle,
and their role to regulates viral replication and host responses to infection (Hu et al.,
2020). Amongst the distinct roles of virus-induced protein phosphorylation, the kinases
responsible for virus-supportive protein phosphorylation either on cellular or viral proteins
are of particular interest, as they have been proposed to be attractive targets for the
development of novel antivirals. But yet, a large number of these phosphorylation events
remain to be discovered, which would be relevant for ongoing development of an

effective anti-influenza therapy (Yanguez et al., 2018).

1.4.1 Role of IAV-induced phosphorylation-dependent signaling events

During IAV infection, host cells can trigger the immune response by changing the
functions of cellular proteins via phosphorylation. However, viruses also hijack host
cellular machinery to break through these defenses for efficient replication (Hu et al.,
2020). Kinases-mediated protein phosphorylation has been identified as a central player
in mediating cell signaling pathways in response to IAV infection. The understanding of
the relevance of kinase signaling for IAV infection can be achieved by the approaches
mentioned in section 1.3 : () IAV-dependent changes of phosphorylations in kinase
activation loops can be used as a proxy for their relative activation state, an approach
that has been used in previous phosphoproteomic studies in our lab (Weber et al., 2019).
(1) IAV-mediated phosphorylation changes can also be determined using the peptide-
based kinome array profiling, such as PamStation® analysis. By now, a large group of
kinases critical for IAV propagation has been reported, which is active at different steps
of the IAV life cycle as shown in Table 2. Despite the fact that anti-virals against IAV
currently in use exclusively target viral factors, such as NA or the M2 ion channel, pro-
viral host factors or kinases of intracellular signaling cascades which are essential for
virus replication have been unraveled as novel targets for pharmacological intervention
(Ludwig, 2009). The pharmacologic possibilities of Ser/Thr kinase inhibitors that target
essential cellular pathways on which 1AV relies for propagation, such as the pathway that
leads to activation of the transcription factor nuclear factor kappa-B (NF-kB) and the

classical mitogenic Raf/MEK/ERK kinase cascade, are good examples for understanding
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the relevance of kinases profiling in anti-influenza intervention (Laure et al., 2020; Pinto

et al., 2011).

INTRODUCTION

Table 2. Overview of the role of cellular kinases in different stages of IAV replication.

In Vitro, In
. Inh. vs. KO or
Name IAV effect Vivo Reference
. knock-down
or Ex Vivo
-Virus entry . o PMID: 27743963
. In vit
FAK -Polymerase activity nviro Inhibition PMID: 24696469
"VRNA synthesis PMID: 21209112
TrkA -RNP .export In vitro Inhibition PMID: 21930873
Tyr -Budding
Btk -Neutrophil regulation In vivo Inhibition PMID: 29516781
-Pathogenicity . . PMID: 25052580
- . | )
C¢-Abl ediator nvivo Inhibition 5 \1ip: 25367299
Tyk2 -Cytokine regulation Ex vivo Inhibition  PMID: 28705941
-VRNA synthesis PMID: 24780373
JNK1/INK2 -Autophagy In vivo Inhibition  PMID: 30316042
-Cytokine regulation PMID: 26559961
-VRNA synthesis
RNP expot PMID: 24186062
P38 MAPK -Preve.nts apopto§|s In vitro Inhibition PMID; 50702616
-Cytokine regulation PMID: 25154738
-Virus entry
PMID: 21854809
MEK -RNP export In vivo Inhibition ~ PMID: 23523553
PMID: 28377100
-RNP import . - PMID: 11231581
I
o ERK_RNP export nvivo Inhibition o\ 1D: 16608852
Tﬁrr RSK2 -Antiviral responses In vitro Knockdown PMID: 19129453
-Cytokine regulation
-Caspase regulation PM'Df 23320394
IKK -RNP export In vitro Inhibition Em:g gggﬁggg
-Antiviral response PMID: 15269376
modification
-Neutrophil interaction .
IRAK-M ) In vivo KO PMID: 20042589
-Cytokine reg.
-Endosomal entry PMID: 1698925
-RNP assembly _ o PMID: 12477851
PKC - In vivo Inhibition  PMID:19523156
-Polymerase activity PMID: 19264651
-Prevents apoptosis PM|D 28758638
GRK2 -Viral uncoating In vivo Inhibition  PMID: 30206219
-Virus entry
-Prevents apoptosis PMID: 21129142
-VRNA synthesis . -~ PMID: 19290913
PI3K _RNP export In vitro Inhibition  PMID:16882036
Lipid - exp PMID: 17229704
-Antiviral response PMID: 17325368
modification
-VRNA synthesis . I PMID: 24137500
SPhKL/SphK2 b export In vivo inhibition b1 30125617

Adapted from (Meineke et al., 2019).
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1.4.1.1 Therole of Ser/Thr kinases in classic MAPK signaling for IAV replication

As shown in Fig 10, activation of Ser/Thr mitogen-activated protein (MAP) kinase
proceeds by a cascade employing three subsequently activated kinases
(MAP3K—MAP2K—MAPK) resulting in the activation of the actual Ser/Thr kinase
MAPK. All MAPKs are activated via phosphorylation of their specific TXY motif by mixed
lineage kinases (MKKs) or their upstream kinases, thereby maintaining substrate
specificity and MAPK signaling stringency (Ludwig et al., 2021; Pearson et al., 2001).
The Ras-dependent RafMEK/ERK MAPK signaling pathway regulates important cellular
functions involved in proliferation, differentiation, apoptosis, and immune response
(Cargnello et al., 2011). Aberrant activation of this pathway often turns into oncogenic
signaling and causes tumor development. Pharmacologic inhibitors have been
developed that inhibit the pathway on the level of MAPK/ERK kinase (MEK) to interfere
with ERK activation under pathophysiological conditions (Ludwig et al., 2021; Zhao et
al., 2014). For this, compounds have successfully passed clinical trials and some are
now licensed for clinical use (Cheng et al., 2017), such as trametinib, which is approved
by the FDA for melanoma treatment (Zhao & Adjei, 2014). More importantly, previous
findings point toward the activation of protein kinase C (PKC)-dependent Raf/MEK/ERK
signaling which occurs late in the infection cycle via HA accumulation in the cellular
membrane. This cascade leads to phosphorylation at specific sites of the NP, which in
turn creates a docking site for binding of the M1 protein as a prerequisite for forming
VRNP export complexes (Marjuki et al., 2006; Pleschka et al., 2001; Schreiber et al.,
2020). Given its critical roles in supporting 1AV growth by supporting VRNP nuclear
export, the inhibition of this pathway by MEK or ERK inhibitors is also reflected by
decreased titers of IAV. Further repurposing of licensed MEK inhibitors as anti-infective
agents is therefore conceivable, based on the fact that this inhibitor has been proven to
display efficient anti-influenza activity and cytokine expression in vitro and in the mouse
model without major toxicity (Schrader et al., 2018). In line with this, a further MEK
inhibitor (ATR-002, EudraCT 2019-000784-25), has made further progress into a Phase
| clinical trial (Laure et al., 2020) and another Phase Il clinical trial to evaluate the
suitability to treat adult hospitalized patients with COVID-19 (ClinicalTrials.gov Identifier:
NCT04776044).
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Figure 10: Schematic representation of different MAPK signaling pathways.

MAPK signaling cascades are organized hierarchically into three-tiered modules. MAPKs are
phosphorylated and activated by MAPK kinases (MAP2K), which in turn are phosphorylated and activated
by MAP2K kinases (MAP3K). MAP3Ks are activated by several modes, including interaction with the family
of small GTPases and/or other protein kinases, connecting the MAPK module to cell surface receptors or
external stimuli. MAPK cascades activation results in a diverse set of biological responses depending on
stimulus and cellular context. Ras: Rat sarcoma, Rac: Ras related C3 botulinum toxin substrate 1, Cdc42:
cell division cycle 42. Modified from (Ludwig et al., 2021; Pleschka, 2008; Schreiber et al., 2020).

1.4.2 Role of IAV-protein phosphorylation

IAVs also utilize the host kinase machinery to phosphorylate viral proteins, and this
phosphorylation can be well detected by phosphoproteomic MS analysis (Hutchinson et
al., 2012; Jacob et al., 2011; Patil et al., 2021; Weber et al., 2019). The functions of IAV
protein phosphorylation are quite diverse. They have either no discernible effect or they
support or antagonize viral replication. Some phosphorylations are of critical relevance
while others only allow a fine-tuning of effector functions (Hu et al., 2020). For example,
a wide range of functions of multiple phosphorylated sites in the NS1 protein has been
reported. The relevance of several phosphorylation sites of IAV NS1 (S42, T49, T80) in
attenuating the IFN-antagonistic activity of IAV NS1 has been established with regard to

decreasing its RNA-binding affinity (Hsiang et al., 2012; Kathum et al., 2016) or affecting
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NS1-RIG-I binding (Kathum et al., 2016), while phosphorylation of Y73 and S83 has been
demonstrated to be necessary for the effective inhibition of IFN (Cheng et al., 2019). In
addition, NS1 S205 phosphorylation is required for efficient binding of NS1 to DDX21
and contributes to the enhanced viral polymerase activity, which is likely to be regulated
by casein kinase 2 (CK2) (Patil et al., 2021). The remaining NS1 phosphorylation events
(548, T215) could not be linked to specific NS1 functions yet, since they did not
significantly affect viral replication (Hale et al., 2009; Hsiang et al., 2012; Kathum et al.,
2016). Furthermore, the importance of Y132 phosphorylation of M1 mediated by Janus
kinases (JAK) has been reflected as either necessary for nuclear import and viral
replication using a RG system (Wang et al., 2013), or for virion assembly in real IAV
infection (Mecate-Zambrano et al., 2020).

Distinct functional mechanisms of NP phosphorylation have also been reported. In the
context of VRNPs, the NP protein is present in an oligomeric form, consisting of multiple
copies, around which the viral RNA genome is wrapped. During the assembly of vRNPs,
an NP monomer is initially recruited through direct interaction with the viral polymerase.
Upon binding to the nascent 5’ end of the viral genome, monomeric NP undergoes
oligomerization along the length of the genomic RNA via NP/NP homo-oligomerization.
Interestingly, the profound negative effect of NP phosphorylation on VRNP assembly has
been seen in several studies. For example, the phosphorylation of two NP sites (S407
and S413) on the opposite sides of the NP-NP interface has been shown to block
homotypic interactions thus maintaining the monomeric form of NP (Mondal et al., 2015).
Further investigation reveals that the human PKC family members are responsible for
the phosphorylation of vRNP subunits, including the NP S165 and S407 phosphorylation,
thereby disturbing the RNP assembly (Mondal et al., 2017). In contrast, NP can be
dephosphorylated by phosphatase CDC25B, which leads to enhanced NP self-
oligomerization, nuclear export of NP, viral polymerase activity, and vVRNA production
(Cui et al., 2018). Dynamic phosphorylation of NP at these sites therefore plays a role in
directing ordered assembly of VRNP throughout virus life cycle (Mondal et al., 2017,
Turrell et al., 2015). The negative effect of phosphorylation on VRNP nuclear export has
been seen on residues NP T188 and Y296 (Li et al., 2018; Zheng et al., 2015). Likewise,
the phosphorylation at S9 or Y10 in the NLS of NP impairs its nuclear import by
decreasing the association with nuclear import receptors-e.g. importin-a (Zheng et al.,
2015).

The studies of phosphorylation on IAV polymerase subunits, however, point to their
impact on the prohibition of polymerase activity and the inference with production of
infectious virus. This phenomenon has been seen for phosphorylation at PB1 T223,

S478, and S673 (Dawson, Wilson, Freiberger, et al., 2020). Regulatory phosphorylation
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at PA T157 is linked to VRNA replication by mediating the proteolytic activity of PA
(Perales et al., 2000).

1.5 Aim of the study

The aim of this thesis is to address the functional relevance of IAV-regulated
phosphorylation events that occur on host cellular proteins as well as on IAV proteins. In
the first part of this thesis, | aimed to identify the novel IAV-regulated kinases. For this,
PamStation® peptide microarrays should be utilized to profile the kinetics of kinase
activation triggered by two medically relevant IAVs, namely A/Hamburg/4/09 (H1N21pdmos)
and the highly pathogenic avian IAV human isolate A/Thailand/1(KAN-1)/2004 (H5N1).
The function of identified upregulated kinases on IAV replication should be characterized
via perturbation of the activity of these kinases using highly specific small molecule
inhibitors (where available) or siRNAs.

As previous phosphoproteomic studies in our laboratory identified novel phosphorylation
sites on SC35 or SC35M, the aim in the second part of my thesis, was to elucidate the
function and the molecular consequences of novel IAV-protein phosphorylation sites as
well as those previously reported. All IAV-protein phosphorylation sites from the existing
literature should be combined and then filtered according to pre-defined criteria.
Furthermore, the consequences of candidate phosphorylation sites on viral protein for
IAV propagation should be characterized with recombinant IAVs generated by RG.
Important phosphorylation sites, whose phosphorylation either enhance or antagonize
protein function, should be investigated in more detail by exploring the functional
significance of this maodification, including its role in regulating protein stability,
subcellular location, polymerization, protein/protein interactions, and enzymatic

activities.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Antibodies

2.1.1.1 Primary antibodies

Specificity Species Supplier Dilution Cat.N
anti-phospho- Rabbit mAb _ _
Cell Signaling 1:1000 4370S
ERK1/2 (T202/Y204) (D13.14.4E)
anti-ERK2 (D-2) Mouse mAb Santa Cruz 1:500 SC-1647
anti-phospho-JNK . _ _
Rabbit pAb  Cell Signaling 1:1000 9251S
(T183, 185)
anti-phospho-Akt . _ _
Rabbit pAb  Cell Signaling 1:1000 9271S
(S473)
_ _ Thermo PA5-
anti-lIAV NP Rabbit pAb - 1:2000
Scientific 32242
Dr. S. Ludwig, Immunohistoch
anti-lIAV NP Mouse mAb  Mdinster emistry or IF
(Germany) 1:100
_ _ GTX1259
anti-lIAV PB1 Rabbit pAb  Gene Tex 1:1500 o
_ _ GTX1189
anti-lAV PA Rabbit pAb  Gene Tex 1:1500 o1
| | WB: 1:1000 GTX1259
anti-lIAV M1 Rabbit pAb  Gene Tex
IF: 1:2000 28
Thermo MA1-082
anti-IAV M2 Mouse mAb o IF: 1:1000
Scientific
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anti-IAV NS1
(SC35M)

anti-IAV NS1
(pdmH1N1)

anti-IAV HA (H7)

anti-STRN

anti-STRN3

anti-a-Tubulin

anti-Vinculin

anti-H3

anti-GAPDH (6C5)

Mouse mAb

Mouse mAb

Rabbit pAb

Mouse mAb

Mouse mAb

Mouse mAb

Mouse mAb

Rabbit pAb

Mouse mAb

2.1.1.1 Secondary antibodies

Specificity
goat-anti-mouse IgG
goat-anti-rabbit 1gG
goat-anti-rat IgG
goat-anti- mouse IgG

goat-anti- rabbit IgG

2.1.2 Antibiotics

Conjugated to

HRP

HRP

HRP

Cy3

Alexa Fluor 488

MATERIALS AND METHODS

Dr. S. Ludwig,
Munster 1:100
(Germany)
Santa Cruz 1:1000
Abcam 1:1000
WB: 1:2000
BD Biosciences
IF: 1:500
WB: 1:1500
Novus Bio
IF: 1:500
DSHB 1:1000
Sigma 1:1000
Abcam 1:1000
Abcam 1:2000
Supplier
Dianova
Dianova
Dianova
Dianova
Dianova

SC-
130568

ab195565

610838

NB110-

74572SS

12G10

V9131

ab1791

ab8245

Dilution

1:5000

1:5000

1:5000

1:3000

1:1000
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Type
Ampicillin

Kanamycin

2.1.3 Cells

MATERIALS AND METHODS

2.1.3.1 Prokaryotic cells

Strain

TOP10

XL1-blue

Working conc.  Selection

100 pg/mi prokaryotes

50 pg/ml prokaryotes
Genotype

F— mcrA A(mrr-hsdRMS-mcrBC)
®80lacZAM15 AlacX74 recAl araD139
A(ara leu) 7697 galU galK rpsL (StrR)
endAl nupG

recAl endAl gyrA96 thi-1 hsdR17
SupE44 relAl lac [F proAB laclgZAM15
Tnl10 (Tetr)]

2.1.3.2 Eukaryotic cells

Name

293T

MDCK I

A549

MLE-15

Genotype/Feature

Human embryonic kidney cells stably

expressing the large T antigen of SV40 virus

MDCK Il - Madin-Darby Canine Kidney Il is a
subclone derived from the heterogenous
parent line MDCK

Human alveolar epithelial cells

Mouse lung epithelial cell line deriving from
transgenic mice harbouring T antigen of SV40

virus

Source

Sigma

Sigma

Source

Invitrogen

Agilent

Source

Schmitz Lab

Pleschka Lab

Pleschka Lab

Pleschka Lab
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2.1.4 Viruses

Strain

A/Seal/Massachusetts/1/80

(H7N7, SC35M)

AlThailand/1(KAN-1)/2004
(H5N1)

A/Hamburg/4/09 (H1N1)

MATERIALS AND METHODS

Source BSL level

Virus collection, Institute of
Medical Virology, Justus-
Liebig University Giessen,

Germany

Virus collection, Institute of
Medical Virology, Justus-
Liebig University Giessen,

Germany

Virus collection, Institute of
Medical Virology, Justus-
Liebig University Giessen,

Germany

2.1.5 Chemicals and general materials

Name

2-propanol (Isopropanol)

Source

Roth

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Sigma

ABsolute gPCR SYBR green ROX Mix Thermo
Acetic acid Roth
Acrylamide/bisacrylamide mix (37.5:1) Roth
Adenosine triphosphate (ATP) Thermo
AEC (3-amino-9-ethylcarbazole) Sigma
Agar AppliChem
Agarose AppliChem
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Name

Ammonium persulfate (APS)

Aprotinin

Avicel

BlueSlick

Bovine serum albumin (BSA)

Bromophenol blue

BSA (Solution, 30% (w/v))

Calcium chloride (CaCly)

Cell culture consumables

Chloroform

DEAE Dextran (MW: 500,000)

N, N-Dimethylformamid (DMF)

Dimethyl sulfoxide (DMSO)

Dithiothreitol (DTT)

D-Sucrose

Disuccinimidyl glutarate (DSG)

Disodium hydrogen phosphate (Na;HPQO4)

Disuccinimidyl suberate (DSS)

DMEM, high glucose + GlutaMAX

DNA sample buffer

DNA Molecular Weight Marker XIII (50 bp ladder)

MATERIALS AND METHODS

Source

Sigma

Sigma

FMC Biopolymer

Serva

Sigma

Merck

Sigma

Merck

Sarstedt

Sigma

Pharmacia biotech

Sigma

Sigma

Invitrogen

Roth

CovaChem

Roth

Thermo

Life Technologies

Thermo

Roche,Sigma
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Name

Dual-Luciferase reporter assay system kit

Ethanol

Ethidium bromide

Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic

acid (EGTA)

Ethylenediaminetetraacetic acid (EDTA)

Fetal calf serum (FCS)

GeneRuler 100 bp & 1 kb DNA ladder

Glucose

Glycerol

Glycine

Hoechst 33342

Hydrochloric acid (HCI)

Hydrogen peroxide (H20>)

Igepal CA-630

IgG Sepharose 6 Fast Flow beads

Leupeptin

Lipofectamine 2000

Lipofectamine 3000

Magnesium chloride (MgCly)

Magnesium sulfate (MgSQa)

Manganese (ll) chloride (MnCl.)

MATERIALS AND METHODS

Source

Promega

Sigma

Roth

Sigma

Sigma

Life Technologies

Thermo

Merck

Roth

Roth

Invitrogen

Sigma

Merck

Sigma

Cytiva

Sigma

Invitrogen

Invitrogen

Sigma

Sigma

Sigma

34



Name

MicroSpin G-25 Columns

Microtiter plate (96 wells)

Minimum Essential Media (MEM) (10x)

Methanol

Mowiol Mounting Medium

Nuclease free water

N,N,N',N'-tetramethylethylendiamin (TEMED)

Opti-MEM

Paraformaldehyde

Page Ruler Plus pre-stained protein ladder

Phenylmethanesulfonyl fluoride (PMSF)

Polyethylenimine, linear (PEI)

Poly-L-Lysine hydrobromide

Potassium acetate

Potassium chloride (KCI)

Potassium hydroxide (KOH)

Potassium phosphate (KH2PO4)

Polyvinylidene difluoride (PVDF) membrane

Protein G Plus/Protein A-Agarose

QIAshredder

RiboLock RNase Inhibitor

MATERIALS AND METHODS

Source

Cytiva

Greiner

Life Technologies

Sigma

Roth

Ambion

Roth

Life Technologies

Roth

Thermo

Sigma

PolyScience

Sigma

Roth

Sigma

Merck

Sigma

Thermo

Millipore

Qiagen

Thermo
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Name

ROTIPHORESE®Sequencing gel concentrate

ROTIPHORESE®Sequencing gel diluent

ROTIPHORESE®Sequencing gel buffer concentrate

Skimmed milk powder

Sodium acetate

Sodium azide (NaNs)

Sodium chloride (NacCl)

Sodium deoxycholate

Sodium dodecyl sulfate (SDS)

Sodium fluoride (NaF)

Sodium hydrogen phosphate (Na;HPO.)
Sodium hydroxide (NaOH)

Sodium orthovanadate (NaszVOy)

Tris (hydroxymethyl)aminomethane (Tris)
Triton X-100

Tryptone

Trypsin 0.05% EDTA

Tween 20

Western Lightning ECL solutions

Yeast extract

B-glycerophosphate

MATERIALS AND METHODS

Source

Roth

Roth

Roth

Merck

Roth

Sigma

Sigma

Sigma

Bio-Rad

Roth

Roth

Roth

Sigma

Roth

Sigma

Roth

Life Technologies

Gerbu

Perkin Elmer

AppliChem

Sigma
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Name

B-mercaptoethanol

2.1.6 Enzymes

Type

DNase |

FastAP Thermo-sensitive Alkaline Phosphatase
Proteinase K

Phusion HF DNA polymerase
Restriction enzymes and buffers
RNase A

T4 DNA Ligase

T4 Polynucleotide Kinase

Tag DNA Polymerase

TEV protease

Trypsin/0.05 % (v/v) EDTA

2.1.7 Inhibitors

Name Target

Tofacitinib
JNKS3, also inhibits INK1
(CP-690550)

TAEG684 FER and FES

MATERIALS AND METHODS

Source

Roth

Source
Thermo
Thermo
Invitrogen
Thermo
Thermo
Thermo
Thermo
Thermo
Thermo
NEB

Life Technologies

Source

Sigma

AdooQ® Bioscience

37



MATERIALS AND METHODS

Name Target Source
WZ4003 NUAKZ1, also inhibits NUAK3 AdooQ® Bioscience
ZM306416 FLT1, VEGF-R1 Cayman chemical
2.1.8 Kits
Name Source
GeneJET Plasmid Maxiprep Kit Thermo
GeneJET Plasmid Midiprep Kit Thermo
GeneJET Plasmid Miniprep Kit Thermo
SmartPure Plasmid Kit Eurogentec
QuikChange Il XL Kit Aligent
Nano-Glo® Luciferase Assay Kit Promega
RNeasy Mini Kit Qiagen
SuperScript™ |V One-Step RT-PCR Thermo
PrimeScript RT Master Mix cDNA synthesis Kit Takara
QIAquick Nucleotide Removal Kit Qiagen
PagesSilver Silver Staining Kit Thermo

2.1.9 Oligonucleotides

2.1.9.1 Oligonucleotides used as primers for PCR

NCBI Primer-BLAST tool was used to design all the primers. All oligonucleotides were
were purchased by Sigma, Germany, dissolved in autoclaved Milli-Q water, aliquoted
and stored at -20 °C.
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Name

hEphA1-For

hEphA1-Rev

hEphA3-For

hEphA3-Rev

hBLK-For

hBLK-Rev

hCDK15-For

hCDK15-Rev

hBeta-actin-For

hBeta-actin-Rev

M1-T108A-For

M1-T108A-Rev

M1-T108E-For

M1-T108E-Rev

PB2-T471A-For

PB2-T471A-Rev

PB2-T471E-For

Sequence (5°-3’)

MATERIALS AND METHODS

Target

GTGGACACTGTCATAGGAGAAGG EphAl

GGTCTTAATGGCCACAGTCTTG EphAl
GTTCTCTGGGAGGTGATGTCTT EphA3
GGGTCTGTTGTTCCTGTCTTTC EphA3
CTCCCAAGGCTGATTGACAT BLK
GTGAAGACCCCGAAGTGGAT BLK
ATGTCTCAGCATCCAGGAGG CDK15
CCCTGTGAAGAACGTGTTGG CDK15
Beta-
CATGTACGTTGCTATCCAGGC ]
actin
Beta-
CTCCTTAATGTCACGCACGAT .
actin
GCTCAAAAGGGAAATTGCATTCCA TR
TGGGGCCAAGGAGGTAC
CTTGGCCCCATGGAATGCAATTTC AV-M1
CCTTTTGAGCTTCCTGTAC
GCTCAAAAGGGAAATTGAATTCCA TR
TGGGGCCAAGGAGGTAC
CTTGGCCCCATGGAATTCAATTTC
IAV-M1

CCTTTTGAGCTTCCTGTAC

CGACATGACCCCAAGTGCTGAGAT IAV-

GTCGCTGAGGGGA

PB2

GCGACATCTCAGCACTTGGGGTCA IAV-

TGTCGGGTAATATCCCG

PB2

CGACATGACCCCAAGTGAGGAGAT IAV-

GTCGCTGAGGGGA

PB2

Objective

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis
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PB2-T471E-Rev

PA-
YS393,395FA-

For

PA-
YS393,395FA-
Rev

PA-Y393E-For

PA-Y393E- Rev

PA-S395E-For

PA-S395E-Rev

PA-
YS393,395EE-

For

PA-
YS393,395EE-

Rev

NP-Y 148F-For

NP-Y148F-Rev

NP-Y148E-For

NP-Y148E-Rev

NP-T378A-For

MATERIALS AND METHODS

GCGACATCTCCTCACTTGGGGTCA
TGTCGGGTAATATCCCG

CAGCGATTTGAAACAGTTTGACGC
CGATGAGCCAGAACAAAGATC

GTTCTGGCTCATCGGCGTCAAACT
GTTTCAAATCGCTGACATCCTTG

CAGCGATTTGAAACAGGAGGACAG
CGATGAGCCAGAACAAAGATC

GTTCTGGCTCATCGCTGTCCTCCT
GTTTCAAATCGCTGACATCCTTG

CAGCGATTTGAAACAGTATGACGA
GGATGAGCCAGAACAAAGATC

GTTCTGGCTCATCCTCGTCATACT
GTTTCAAATCGCTGACATCCTTG

CAGCGATTTGAAACAGGAGGACGA
GGATGAGCCAGAACAAAGATC

GTTCTGGCTCATCCTCGTCCTCCT
GTTTCAAATCGCTGACATCCTTG

GAATGATGCTACATTTCAGAGAAC
AAGGGCACTTG

CTTGTTCTCTGAAATGTAGCATCAT
TCAGGTTGGA

CTGAATGATGCTACAGAGCAGAGA
ACAAGGGCACTTGTGC

GCCCTTGTTCTCTGCTCTGTAGCA
TCATTCAGGTTGGAATG

CAATGGAATCCAGTGCTCTTGAATT
GAGGAGCAG

IAV-
PB2

IAV-PA

IAV-PA

IAV-PA

IAV-PA

IAV-PA

IAV-PA

IAV-PA

IAV-PA

IAV-NP

IAV-NP

IAV-NP

IAV-NP

IAV-NP

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis
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NP-T378A-Rev

NP-T378E-For

NP-T378E-Rev

NS1-T197A-For

NS1-T197A-Rev

NS1-T197E-For

NS1-T197E-Rev

MATERIALS AND METHODS

TCAATTCAAGAGCACTGGATTCCAT
TGTCTCCATG

GACAATGGAATCCAGTGAGCTTGA
ATTGAGGAGCAGATATTGG

TGCTCCTCAATTCAAGCTCACTGG
ATTCCATTGTCTCCATGTTC

GAATCTCTGTAGAGCTTCAGAGAC
TCGAACTGTGTTATCAT

ATGATAACACAGTTCGAGTCTCTG
AAGCTCTACAGAGATTC

CTTCTCCAAGCGAATCTCTGTAGC
TCTTCAGAGACTCGAACTGTGTTAT

ATAACACAGTTCGAGTCTCTGAAG
AGCTACAGAGATTCGCTTGGAGAA
G

2.1.9.2 Oligonucleotides used for siRNA knockdown

IAV-NP

IAV-NP

IAV-NP

IAV-
NS1

IAV-
NS1

IAV-
NS1

IAV-
NS1

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

siRNAs were purchased from Ambion Silencer® Select siRNA, Thermo Fisher, or

Origene, Germany. siRNAs were dissolved in RNAse-free water, aliquoted and stored at

-20°C.

Name

Silencer select Strn siRNA Mouse

Silencer select Strn3

SIRNA

Silencer select EphAl

SiIRNA

Silencer select EphA3

SIRNA

Species Supplier

Origene

Thermo Fisher

Mouse o
Scientific
Thermo Fisher
Human L
Scientific
Thermo Fisher
Human

Scientific

CATH#

SR420066

Assay ID
s97012

Assay ID
$223490

Assay ID
S4724
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Name

Silencer select BLK

SIRNA

Silencer select CDK15
SiRNA

Control scramble siRNA

Silencer™ Select
Negative Control No. 2
siRNA

2.1.10 Plasmids

Construct

pCAGGS-SC35M-PB1

pCAGGS-SC35M-PA

pCAGGS-SC35M-NP

pCAGGS-SC35M-HA

pCAGGS-SC35M-NA

pCAGGS-SC35M-M1

pCAGGS-SC35M-M2

pHW2000-SC35M-PB2

Species

Human

Human

Human/mouse/

rat

Human/mouse/

rat

Vector
backbone

PCAGGS

pCAGGS

pCAGGS

pCAGGS

pCAGGS

pCAGGS

pCAGGS

pHW2000

MATERIALS AND METHODS

Supplier
Thermo Fisher
Scientific

Thermo Fisher
Scientific
Thermo Fisher

Scientific

Thermo Fisher

Scientific

Source

Kind gift from Prof.

Freiburg

Kind gift from Prof.

Freiburg

Kind gift from Prof.

Freiburg

Kind gift from Prof.

Freiburg

Kind gift from Prof.

Freiburg

Kind gift from Prof.

Freiburg

Kind gift from Prof.

Freiburg

Schmitz Lab

CATH#

Assay ID
199570

Assay ID 1140

D-001810-10-
05

4390846

. Schwemmle,

. Schwemmle,

. Schwemmle,

. Schwemmle,

. Schwemmle,

. Schwemmle,

. Schwemmle,
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Construct

pHW2000-SC35M-PB1
pHW2000-SC35M-PA
pHW2000-SC35M-NA
pHW2000-SC35M-HA
pHW2000-SC35M-NP
pHW2000-SC35M-NS
pHW2000-SC35M-M
pHW?72-Luci
pCl-neoRenilla-Luci

pPOLI-CAT-RT

2.1.11 Instruments

Type

Vector

backbone

pHW2000

pHW2000

pHW2000

pHW2000

pHW2000

pHW2000

pHW2000

pHW72

pCl-neo

pUC19

Cell culture incubator (NU-58xx)

Cell culture microscope

Cell culture centrifuge 5810

Centrifuge RC6 Plus

Centrifuge 5424R

ChemiDoc Touch

Confocal LSM810 microscope

MATERIALS AND METHODS

Source

Schmitz Lab

Schmitz Lab

Schmitz Lab

Schmitz Lab

Schmitz Lab

Schmitz Lab

Schmitz Lab

Schmitz Lab

Schmitz Lab

Pleschka Lab

Source

IBS tecnomara

Hund

Eppendorf

Thermo

Eppendorf

Bio-Rad

Zeiss
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Type

Culture Hood (MSC 1.2)

Western blot developing machine
Fine scale (Mettler PM460)

Heat block

Luminometer

GloMax Discover Microplate Reader
Magnetic stirrer

Microwave oven

pH meter

T100™ Thermal Cycler

Power Supply

Real time PCR machine 7300
Scale

Bioreader®-6000 FZ

SDS-PAGE gel system

Semi-dry membrane transfer device
Stirrer

C25 incubator shaker

Sonicator

Spectrophotometer

Typhoon scanner

MATERIALS AND METHODS

Source

Thermo

Afga

Mettler Toledo

Thermomixer pro

Berthold

technologies

Promega

Qiagen

Thermo

Mettler Toledo

Bio-Rad

Cleaver scientific

Applied biosystem

Mettler Toledo

BioSys

Bio-Rad

Bio-Rad

IKA

New Braunswick

Branson

Eppendorf

Cytiva
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Type Source
Ultracentrifuge LE-80 Beckman Coulter
Stratagene

UV 1800 crosslinker ]
Stratalinker

Vacuum drier (Savant SpeedVac Concentrator) Thermo
Vortex (8VTX-3000L) LMS
Water bath Julabo, GFL

2.1.12 Software

Image Lab 6.0.1 (Bio-Rad) was used to analyze Western blot data. Fiji was used for
densitometric analysis of Western blot data. GraphPad Prism 9 (GraphPad Software, La
Jolla, CA, USA) was used to prepare graphs and perform statistics. Data representation
was done using MS-Office. The statistical significance of differences between the
indicated groups was tested by using the unpaired Student’s t-test in SPSS 19. Protein
structures were visualized using PyMOL (Schrddinger LLC). Processing of Confocal
microscopy pictures and calculation of scale bars was done using Zen Lite software
(ZEN3.1, blue edition).

2.1.13 Buffers and solutions

All buffers and solutions were prepared in fresh deionized Milli-Q water unless stated
otherwise. Recipes for buffers are given at the beginning of the corresponding methods
described in the methods section. Autoclaved Milli-Q water was used for molecular and

cell-culture experiments.

50x Tris-acetate-EDTA (TAE)
0.05 M EDTA

2 M Tris (pH 8.3)

1 M Acetic acid

10x Tris buffered saline (TBS-T)
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250 mM Tris (pH 7.4)
1.37 mM NaCl

50 mM KCI

7 mM CacCl.

1 mM MgCls

0.1% (v/v) Tween 20

DMEM/BSA/P/S (infection medium for MDCK-II, A549, MLE-15 and 293T)
492 ml DMEM

5 ml Penicillin/Streptomycin (P/S, 100x)

3 ml BSA (30% (v/v))

Phosphate-Buffered Saline (10x PBS)
0.137 M NaCl

0.27 mM KCI

8.1 mM NazHPO4

1.47 mM KH2PO4

Total volume was adjusted to 1 L with H,O and autoclaved.

Ca?’Mg?* (100x) (100ml)

1.32 g CaCl;

1 g MgCl,

These reagents were dissolved in 100 ml ddH,O and then autoclaved and filtered

through 0.2 ym membrane disc filters.

PBS/Ca?/Mg?*/BSA/P/S (100 ml)

10 ml 10x PBS (see above)

87.4 ml ddH-O (sterile)

1 ml Penicillin/Streptomycin (10000 U/mL Penicillin, 10000 pg/mL Streptomycin)
0.6 ml BSA (30% (v/v))

1 ml 100x Ca?/Mg?* (see above)

Avicel Stock (2.5% (w/v))

5 g Avicel-powder was dissolved in 200 ml ddH.O and then autoclaved.

Avicel Medium (100 ml) for focus assay

10 ml 10x MEM
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33 ml ddH.0O

1 ml Penicillin/Streptomycin liquid (10000 U/mL Penicillin, 10000 pg/mL Streptomycin)
1 ml BSA (30% (v/v))

50 ml avicel stock (2.5% (w/v))

1 ml 1% (v/v) DEAE-Dextran

4 ml NaHCOg3 (7.5% (v/v), pH=9.0)

Acetate buffer (1x)

7.708 g ammonium acetate powder
534 pl H202 (30% (Vv/v))

1950 ml dH,O

pH was adjusted to 5.0 and fill up till 2 L

AEC staining solution (for one 96 well titration plate, 4.5 ml)

4.5 ml 1x acetate buffer

225 ul 20x AEC substrate (25 mg AEC in 2.5 ml Dimethylformamide)
10 pl H202 (30% (v/v))

2.1.14 Biosafety

All experiments using infectious virus were performed in accordance with German
biosafety regulations pertaining to the propagation of IAVs. All experiments involving
H5N1-type and H7N7 (SC35M) HPIAV IAV were performed using Biosafety Level 3
containment laboratories approved for such use by the local authorities (RP, Giessen,

Germany).

2.2 Methods in molecular biology

2.2.1 Transformation of chemically competent bacterial strains

Lysogeny broth (LB) medium: 1 % (w/v) tryptone; 0.5 % (w/v) yeast extract; 1 %
(w/v) NaCl
Lysogeny broth (LB) agar: LB medium with 1.5 % (w/v) agar with respective

antibiotics
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Super optimal broth (SOC) Super optimal broth (SOC) medium: 2 % (w/v)

medium: tryptone; 0.5 % (w/v) yeast extract; 10 mM NacCl;
2.5 mM KCI; 10 mM MgClz; 10 mM MgSOa4; 20 mM
Glucose

To transform chemically competent Escherichia coli Top 10 or XL1-blue strains, 100 pl
of the competent cells were thawed on ice. Then up to 50 ng of plasmid DNA or 10 pul of
a ligation mixture (section 2.2.6) were added to the competent cells and gently mixed
thoroughly. After 30 minutes incubation on ice, the mixture of chemically competent
bacteria and DNA were heated at 42 °C for 90 seconds and then incubated on the ice
for 2 minutes. 750 pl of prewarmed SOC medium or LB medium with no selective
antibiotic were added and the tubes were incubated at 37 °C for 1 hour with shaking at
225 rpm. Afterwards, 150 pl of the transformation mixture concentrated by centrifuging
at 3000 rpm for 2 minutes was plated on LB-ampicillin agar plates. Following the
incubation at 37 °C overnight, single colonies were picked and inoculated in LB medium
with ampicillin and grown on a shaker overnight at 37 °C. The next day, plasmid DNA
was isolated from this bacterial culture. The long-time storage of bacterial isolates was
prepared by mixing 930 ul bacterial culture with 70 pl sterile 100% (v/v) DMSO. The

stocks were kept at -80 °C for future use.

2.2.2 Isolation of plasmid DNA

For rapid and small-scale preparation of plasmid DNA from transformed E. coli cultures,
the GeneJET Plasmid Miniprep Kit (source see section 2.1.9) was used according to the
manufacturer’s instructions. Briefly, individual clones were picked and grown in 3 ml LB
medium supplemented with ampicillin (100 pg/ml) and grown overnight at 37 °C while
shaking at 200 rpm. Then the 1.5 ml bacterial culture were harvested by centrifugation
at 5000 rpm for 2 minutes at room temperature (RT). The supernatants were removed
and the bacterial pellets were resuspended in 250 pl of the resuspension solution. For
bacterial lysis, 250 pl lysis solution were then added and mixed by gentle inverting of the
microcentrifuge tubes. Thereafter the lysate was neutralized with 350 pl of neutralization
solution and mixed thoroughly. The mixtures were centrifuged at 14000 rpm for 5 minutes
and the supernatants without white precipitate were then transferred to the supplied
GeneJET spin column. After centrifugation at 14000 rpm for 1 minute, the flow-through
was then discarded and the “GeneJET spin column” was washed by adding 500 pl

washing buffer and centrifuged at 14000 rpm for 1 minute. The spin column was washed
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again using 500 ul of washing buffer and centrifuged at 14000 rpm for 1 minute. The
flow-through was discarded and the empty spin column was then centrifuged at 14000
rpm for an additional 1 minute to remove the residual wash buffer. To elute DNA, the
“GenedJET spin column” was transferred to a clean 1.5 ml microcentrifuge tube, 50 pl of
elution buffer were loaded to the center of the column. After 2 minutes at room
temperature, the column was centrifuged at 14000 rpm for 2 minutes. The purified DNA
was kept in -20 °C until use.

For large-scale preparation, plasmid DNA was extracted and purified using the GeneJet
Plasmid Maxiprep purification kit. The bacterial cultures containing the correct plasmids
of interest, confirmed by restriction digestion and sequencing of the extracted plasmid
DNA from small-scale preparations, were grown in 250 ml of LB media with dilution of
1:1000 in 37 °C with shaking at 220 rpm for 16 hours. Pelleted bacterial cells are
concentrated by centrifugation at 5000 x g for 10 minutes and resuspended in 6 ml of
resuspension buffer containing RNase A and then 6 ml of the lysis buffer were added.
The whole mixture was mixed gently and incubated at RT for 2 minutes and neutralized
with 6 mL of neutralization solution. 0.8 mL of the endotoxin binding reagent was the
added. After incubation 5 minutes at room temperature, the mixture was centrifuged at
20000 rpm and 4 °C for 20 minutes. The supernatant mixed with 1 volume of 96% ethanol
was then applied to the Gene JET Maxi purification columns. After centrifugation for 3
minutes at 2000 x g in a swinging bucket rotor. The flow-through was discarded and the
column was placed back into the same collection tube. For further washing, the column
was treated with 8 ml of wash solution | once and 8 ml of wash solution Il twice. The
plasmid DNA was then eluted with 750 pl elution buffer.

The concentration of the DNA was quantified by measuring the OD at 260 nm. An OD260
of 1.0 corresponds to 50 pg/ml of DNA. The ratio of the OD260nm/OD2sonm Was used to
control the purity of the samples; DNA samples having a ratio between 1.8 and 2 were
further used in experiments and also stored at -20 °C.

2.2.3 Site-directed point mutagenesis

Candidate phosphorylation sites were mutated either in order to prevent phosphorylation
(Ser/Thr to Ala or Tyr to Phe) or to mimic phosphorylation by changing to Glu. Mutations
were introduced by point mutagenesis with Stratagene Quikchange Il site-directed
mutagenesis kit according to manufacturer's protocol. The procedure utilizes a plasmid

with an insert of interest as a template and two synthetic oligonucleotide primers, both
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containing the desired mutation. The PCR reaction was prepared 0.2 ml PCR tubes on

a T100 Thermal Cycler (Bio-Rad) with the following reagents:

Reaction Mixture Cycle steps

2.5 U PfuUltra HF DNA - o _
Initial activation: 1 minat 95 °C

polymerase
5 ul 10x reaction buffer Denaturation: 50secat 95 °C 7

x 20
1 I ANTP mix (10 mM each) Annealing: 50 sec at 55-65 °C

cycles
125 ng forward primer Elongation: 1 min/kb at 68 °C
125 ng Reverse primer Final elongation: 5 min at 68 °C i
10 ng plasmid (Template) Hold 4°C

Milli-Q water (ad to 50ul)

After completion of PCR cycling program, 1 pl of Dpnl (10 U/ul) was directly added to
each reaction and kept at 37 °C/2 hours to digest the parental methylated and hemi-
methylated plasmid DNA strands. An aliquot of 8 pl of each reaction was then
transformed into XL1-blue competent cells or Top 10 competent E. coli cells and the
entire transformation reaction was plated on LB-Amp agar plates (section 2.2.1). The
mutated plasmid DNA was isolated from the bacteria and further characterized by

restriction digestion and sequencing.

2.2.4 Agarose gel electrophoresis

Tris-acetate-EDTA (TAE) _ _ _

buffer: 4 mM Tris (pH 8.3); 50 mM acetic acid; 1 mM EDTA
To prepare 0.8-1% agarose gel, appropriate amounts of agarose powder were
completely melted in 50 ml 1x TAE buffer using a microwave oven. Before pouring to the
casting platform, 2 pl ethidium bromide (EtBr, 10 mg/ml) were added to the liquid
agarose. The DNA samples were then mixed with 6x loading dye before loading to the
polymerized gel slots. The agarose gel electrophoresis was conducted in 1x TAE buffer
with a constant voltage of 80 V for 45-60 minutes. The separated DNA bands was

visualized under ultraviolet light (UV).
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2.2.4.1 DNA extraction from agarose gels
After agarose gel electrophoresis, the DNA fragment of interest was excised from the gel

using a clean scalpel for purification. The DNA was purified using the SmartPure Plasmid

Kit (source see 2.1.9) according to the manufacturer's instructions.

2.2.5 Restriction digestion of DNA
For analytical cleavage of plasmid DNA or PCR products at specific sites, the following
reaction mix was incubated for 1 hour at an enzyme-specific temperature (in general 30

°C or 37 °C):

Reaction Mixture

DNA 0.5 ug
Restriction enzyme 1 1U
Restriction enzyme 2 1U

10x restriction buffer (or 2x Tango buffer) 2 pl

Milli-Q water ad 20 ul

For cloning by restriction digest and ligation, the appropriate restriction enzymes were
chosen to cut open a plasmid (backbone) and insert a linear fragment of DNA (insert)
that has been cut by compatible restriction enzymes at an enzyme-specific temperature

for 4 hours according to the following 40 pl reaction:

Reaction Mixture

Plasmid DNA (backbone or insert) 3.5 ug
Restriction enzyme 1 10U
Restriction enzyme 2 10U

10x restriction buffer (or 2x Tango buffer) 4 pl

MilliQ water ad 40 pl
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2.2.6 Dephosphorylation of vector DNA

Dephosphorylation of vector DNA is recommended to avoid re-ligation of vector DNA in
case of a single digest. 5' phosphate group from digested vector DNA was removed
using 1 U of FastAP, followed by incubation at 37 °C for 1 hour. FastAP was inactivated
by heating at 75 °C for 10 minutes.

2.2.7 Ligation of DNA fragments

Ligation of DNA fragments and vector plasmids was performed via enzymatic ligation.
Dephosphorylated vector DNA (2.2.6) was mixed with insert DNA in a molecular ratio of
1:3 or 1:7. Ligation was performed in the following reaction with a decreasing

temperature gradient for 16 hours.

Reaction Mixture

vector DNA 100 ng
Insert DNA 1:3or1:7
10x T4 DNA ligase buffer 1l

T4 DNA ligase 1U
MilliQ water ad 10 ul

2.2.8 RNA extraction

2.2.8.1 Viral RNA extraction for sequencing full-length amplification of IAV

genome

To confirm the occurrence of phosphosite mutations in IAVs, viral RNA was extracted
from the supernatants of virus infected MDCK |l cells using the “RNeasy Mini Kit”
(Invitrogen) according to the manufacturer's instructions. 140 pl of virus-infected MDCK
[l supernatant was mixed with 600 pl Buffer RLT containing 1% (v/v) B-mercaptoethanol
(B-ME) in a 1.5 ml microcentrifuge tube. Afterwards, 1 volume of 70% (v/v) ethanol was
added to the sample, and mixed well by pipetting. After mixing, the tube was briefly
centrifuged to remove drops from inside the lid and all the solution was loaded to the
“‘RNeasy spin column”. The mixtures were centrifuged at 12000 rpm for 30 seconds. The

filtrate was then discarded and the column was washed by adding 700 ul buffer RWA1
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and centrifuged at 12000 rpm for 30 seconds. The column was washed twice using 500
pl of buffer RPE and centrifuged at 12000 rpm for 30 seconds. The flow-through was
discarded and the empty column was then centrifuged at 12000 rpm for an additional 2
minutes to remove the residual wash buffer. To elute DNA, 30-50 pl RNAse-free water
was added to the “RNeasy spin column” and the solution was transferred to a clean 1.5

ml microcentrifuge tube.

2.2.8.2 Cellular RNA extraction

For cellular RNA extraction, 1.2 x 10° cells were harvested and washed with cold PBS
(350 x g, 2 minutes). Lysis and DNA shearing was performed with RNeasy Mini kit
(source see 2.1.9) and QIAshredder (Qiagen) according to the manufacturer’s
instructions. Purified RNA was eluted with 25-50 yl RNase-free water and stored at -
80°C. RNA concentration and purity was measured by an Eppendorf photometer using

a microliter cuvette.

RNA concentration: 1 OD260 nm = 40 pg/ml RNA

RNA purity: OD260 nm/OD28o nm = 2.0

2.2.9 Full-length RT-PCR amplification of the segments of SC35M

The extracted viral RNA was reverse transcribed and amplified by PCR in a single
reaction using SuperScript™ IV One-Step RT-PCR System. This System combines high-
processivity SuperScript IV reverse transcriptase and high-fidelity Invitrogen™
Platinum™ SuperFi™ DNA polymerase to provide superior one-step RT-PCR
performance. Using specific primers (Universal Hoffman primers), the PB2, PA, NP, M
or NS segment of the recombinant SC35M virus, in which the mutation was introduced,

was amplified in separate reactions.

Universal Hoffman primers

Segment Primer Name

PB2 Forward primer  TATTGGTCTCAGGGAGCGAAAGCAGGTC
Reverse primer  ATATGGTCTCGTATTAGTAGAAACAAGGTCGTTT

PA Forward primer  TATTCGTCTCAGGGAGCGAAAGCAGGTAC
Reverse primer  ATATCGTCTCGTATTAGTAGAAACAAGGTACTT

M Forward primer  TATTCGTCTCAGGGAGCAAAAGCAGGTAG

53



MATERIALS AND METHODS

Reverse primer  ATATCGTCTCGTATTAGTAGAAACAAGGTAGTTTTT
NS Forward primer  TATTCGTCTCAGGGAGCAAAAGCAGGGTG
Reverse primer  ATATCGTCTCGTATTAGTAGAAACAAGGGTGTTTT

Designed primers
NP Forward primer AGCGAAAGCAGGGTAGATAATC
Reverse primer  AGTAGAAACAAGGGTATTTTTCT

Reaction components of one-step RT-PCR

Component Volume

2X Platinum™ SuperFi™ RT-PCR Master Mix 25 ul

Forward primer (10 uM) 1.25 pl
Reverse primer (10 uM) 1.25 yl
SuperScript™ [V RT Mix 0.25 pL
Template RNA (0.01 pg to 1 pg total RNA) 7.25 uL
Milli-Q water (ad to 50 pl)

After gently mixing the reaction solution, the reaction was performed with the following

parameters:

Cycling program

Reverse transcription: 10 min at 55 °C
RT inactivation/initial )
) 2 min at 98 °C
denaturation:
Denaturation: 10 sec at 98 °C x 35
Annealing 10 sec at 56 °C cycles
Elongation: 10sec/kbat72 °C
Final elongation: 5minat72°C

The amplified PB2, PA, NP, M1 or NS1 gene of SC35M in separate reactions was
purified by agarose gel purification, further confirmed by restriction digestion and

sequencing. to confirm the occurrence of phosphosite mutations in IAVs.
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2.2.10 Reverse transcription of cellular RNA

Total RNA extracted from (2.2.9.1) was converted to cDNA by reverse transcription using
PrimeScript RT Master Mix cDNA synthesis Kit (2.1.9). The RNA sample (0.5 pg) was
mixed with 1X PrimeScript RT Master Mix (containing PrimeScript RTase, RNase
Inhibitor, Random 6 mers, Oligo dT Primer, dNTP Mixture, and reaction buffer) to a total
volume of 10 pul RNase-free water. Reverse-transcription reaction was performed at 37
°C for 20 minutes, followed by heat inactivation of reverse transcriptase at 80 °C for 10
seconds. The resulting cDNA was diluted 1:10 and stored at -20 °C.

2.2.11 Real-time quantitative PCR (QPCR)

Relative expression of target genes was analyzed by real-time quantitative PCR (qPCR).
PCR reactions were performed on a StepOnePlus Real-Time PCR system (Applied

Biosystems) in 96 well PCR plates using the following cycling program:

_ _ Cycling
Reaction Mixture
program
_ Initial _
1x SYBR Green ROX mix ) 10 min at 95 °C
denaturation:
0.2 uM primer 1 Denaturation: 15sec at95 °C X35
_ _ cycles
0.2 pM primer 2 Annealing: 30 sec at 60 °C
2 ul cDNA (1:10) Elongation: 30secat72°C
Milli-Q water (ad 10ul) Final elongation: 30secat 72 °C

SYBR green was used as a fluorescence reporter for cDNA levels during amplification
by PCR. During each cycle, fluorescence was emitted by the binding of SYBR-Green to
the cDNA. This fluorescence in the reaction was measured and collected as fluorescent
spectra. The intensity of fluorescence, directly proportional to the amount of DNA in each
sample, was expressed as Cr value. The background detection threshold was set
automatically by the StepOnePlus software. Every reaction was performed as triplicates
and quantified with the AACr-method. The amount of PCR product in each sample was
determined relative to that of the housekeeping gene (B-Actin) using the AAC+. method.
The difference between CT values (ACy) of the target gene and the housekeeping gene

in each sample was calculated. These values were then transformed into absolute values
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using the formula: R = 2 241 to compare a target gene's expression level. To confirm the

specificity of the reactions, a melting curve analysis for each primer pair was included.
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2.3 Methods in cell biology

2.3.1 Eukaryotic cell culture and maintenance

DMEM complete medium: DMEM, high glucose + GlutaMAX with 10 % (v/v)
FCS; 1 % (v/v) Penicillin/Streptomycin
Freezing medium: 10 % (v/v) DMSO in FCS

All cell lines used in this study (2.1.3) were cultured in Dulbecco’s Modified Eagle
Medium (2.1.6) supplemented with FCS and penicillin/streptomycin (DMEM complete
medium) at 37 °C in a humidified atmosphere, with 5 % (v/v) CO.. Cells were cultured in
sterile 75 cm? or 175 cm? flasks (Sarstedt) (depending upon the cell number requirement)
and routinely passaged at densities above 70 %. For passaging, cells were washed once
with warm PBS and incubated with Trypsin/EDTA at 37 °C for 3 minutes for 293T cells,
5-7 minutes for MLE-15 and A549 cells, and 16 minutes for MDCK Il cells. Trypsinization
was stopped with fresh DMEM complete medium. An appropriate fraction of cells was
distributed to new culture flasks or cells were counted and seeded according to the
experimental plan. For long-term frozen storage, the pelleted cells were resuspended in
freezing medium and transferred to CryoPure tubes (Sarstedt) and were slowly frozen
down to -80°C, followed by transfer to -150 °C. For re-culturing, frozen cells were quickly
thawed by incubation at 37 °C water bath for 2 minutes, washed with warm DMEM

complete medium (300 x g, RT, 3 minutes), and seeded in prepared cell culture flasks.

2.3.2 Cell counting

To seed the appropriate number of cells according to the experimental plan or mere
passaging, cell numbers were counted with a LUNA-II™ automated cell counter (Logos
Biosystems). Cells were harvested by trypsinization and washed in DMEM complete
medium (300 x g, 3 minutes, RT). The pellet was resuspended in an appropriate amount
of fresh DMEM complete medium. Subsequently, 10 pl of cell suspension was mixed
with 10 pl of Trypan blue dye and cells were counted according to the manufacturer's
instructions. Cell concentration, size, and viability in the LUNA-II™ are measured based
on the dye exclusion method. The basic principle is that the live cells possess intact cell

membranes, hence excluding certain dyes, such as trypan blue, whereas dead cells with
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a disrupted cellular membrane take up the dye and get stained. The cell counting

algorithm was set automatically by the LUNA-II™ software.

2.3.3 Transfection of eukaryotic cells

Plasmid DNA was introduced into mammalian cells by transfection. One day before
transfection, cells were plated to 50-70 % density in 10 cm cell culture Petri-dishes with
DMEM complete medium. On the day of transfection, cells were washed with warm PBS,
and an appropriate amount of transfection medium was added to the cells. Depending
upon the requirement of transfection (transient or stable), different transfection reagents
were used. For stable transfection, a DNA mixture was prepared by adding an
appropriate amount of plasmid DNA (generally up to 4 pg) to Opti-MEM medium (Life
Technologies). A Lipofectamine 2000 mixture was prepared by mixing Lipofectamine
2000 (1.25 pl per pg DNA) in Opti-MEM medium. After incubation for 5 minutes at RT,
both the mixtures were mixed and vigorously mixed, followed by incubation for 30
minutes at RT. After that, the transfection mix was carefully added to the cells in a
dropwise manner. For transient transfection, plasmid DNA was mixed with linear PEI (3
Kg per pg of DNA, source see section 2.1.6) in DMEM without supplements. Cells were
replaced with transfection medium (DMEM supplemented with 10 % (v/v) FCS). After
approximately 6 hours, the transfection medium was replaced with DMEM complete

medium, and cells were grown for 24-48 hours to allow for protein expression.

2.3.4 Virus propagation and infection in cell culture

PBS™/BSA: PBS containing 0.2% (w/v) BSA, 1 mM MgCl,, 0.9 mM CacCl,
100 U/ml penicillin and 100 pg/ml streptomycin

Infection DMEM supplemented with 0.2% (w/v) BSA and 100 U/ml penicillin

medium: and 100 pg/ml streptomycin. The H1N1p4mog Viruses were grown in

the presence of 1 ug/ml of tosylsulfonyl-phenylalanyl-chloromethyl
keton (TPCK)-treated trypsin.

The virus inoculum was prepared by adding the according amount of virus stock to a
defined volume of PBS++/BSA depending on the desired multiplicity of infection (MOI)

used for the experiment. The calculation of MOI was done as follows:
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1000 wl X pl virus X ul virus
Virus titer (FFU) = MOIXx cell amount in the culture

In general, cells (MDCK II, A549, MLE-15 or 293T) were grown to 90% confluency and
infected with the desired viral stocks. For virus propagation, MDCK Il cells in 165 cm?
culture flask were washed once with PBS and 5 ml of PBS™/BSA containing virus dilution
corresponding to a MOI of 0.001 were added. This was followed by 1 hour of incubation
at a RT. Subsequently the inoculum was removed, cells were washed with PBS and
further incubated in Infection medium at 37 °C for 2 days. The supernatant was collected
and virus titer was determined by a foci-forming assay. For virus infection, cells were
washed once with PBS™/BSA, followed by the addition of the MOI-adjusted inoculum.
Single cycle infections of A549 cells were synchronized on ice 1 hour, while multi-cycle
infections were done at RT. After the adsorption time, the inoculum was removed and
replaced by an appropriate amount of infection medium and cells were incubated for the
desired periods at 37 °C. The supernatant was collected and virus titer was determined

by a foci assay.

2.3.5 Generation and amplification of reassorted viruses by RG

Viral growth Opti-MEM supplemented with 0.2% (w/v) BSA and 100 U/ml

medium: penicillin and 100 pg/ml streptomycin

The recombinant wildtype (WT) or mutated IAVSC35M (A/seal/Mass/1-SC35M/1980
(H7N7)) were generated by RG technology using 1 ug each of the 8 plasmids (pHW2000
system) encoding the different virus segments. For this, a co-culture of 293T and MDCK
Il cells (ratio 3:1) was seeded in 6 well plates 24 h before transfection and were grown
to 70% confluence. Then they were transfected using 10 pl Lipofectamine 2000 (section
2.3.3) with a combination of each of the 8 plasmids carrying the desired mutation. 6 hours
after transfection, the transfection mixture was removed and the cells were incubated
with 2 ml of viral growth medium. To verify the successful de novo propagation of
influenza virus, the transfected dishes were screened for appearance of a cytopathic
effect (CPE) and the harvested medium was screened for infectious particles (2.3.6, foci
assay in MDCK 1l cells). The progeny viruses were amplified on MDCK 1l cells in 165
mm flasks by infection and titrated on MDCK I cells by foci assays as described in

section 2.3.6, viruses were stored at -80 °C. The generation of all viruses was carried
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out at biosafety level 3.

2.3.6 Foci assay

Fixing solution PBS++ containing 4% (w/v) paraformaldehyde; 1% (v/v)
Triton X-100
Washing solution PBS++ containing 0.05% (v/v) Tween20

Acetate buffer (1x) 50 mM ammonium acetate; 8.8 mM H,0,; pH was adjusted
to 5.0

20x AEC substrate 10 mg/ml AEC in DMF

AEC staining 10 pl H202 (30% (v/v)) and 1x AEC substrate in 4.5 ml 1x

solution Acetate buffer

Infectious particles in the supernatants of the cells were quantified by foci assay on
MDCK Il cells grown in 96-well plates at 90% confluency. Cells were wash once with pre-
warmed PBS*. Virus dilutions were performed in the 96 well microtiter plates with U-
form bottom. 20 pl virus samples were serially diluted in PBS++/BSA from 10 to 10”7
and then incubated 1 h at RT. The inoculum was replaced by 150 ul Avicel-medium. In
the case of HIN1p4mos, TPCK-treated trypsin (1 ug/ml) was added. The cells were further
incubated for 24 h at 37 °C, 5 % (v/v) CO.. To detect foci of infected cells resulting from
an infectious particle, cells were fixed and permeabilized with 150 pl fixing solution in
PBS*™ and incubated at 4 °C overnight. The solution was then discarded and cells were
washed 3x with washing solution. Next, the cells were incubated with 50 pl/well primary
antibody recognizing the 1AV NP protein diluted 1:100 in PBS** containing 3% (w/v) BSA
for 1 h at RT. Then cells were washed 3x in washing solution and incubated with 50
pl/well secondary antibody (Horse Radish Peroxidase (HRP)-conjugated anti mouse,
1:1000 diluted in PBS**/3% BSA) diluted 1:1000 in PBS** containing 3% (w/v) BSA, for
1 h at RT. Cells were then washed 3x with washing solution and incubated with 40 pl
AEC staining solution for 40 minutes at 37 °C in the dark. After staining the substrate
was removed and cells were washed 2x with H,O to remove salts. To detect and quantify
foci, the dried 96 well plates were scanned using a BioSys Bioreader® (BioSys, Karben,
Germany). The viral foci were then counted to determine the viral titer using the following

equation:

FFU/mI (stock) = (1/virus dilution) *(number of foci) *(Dilution factor)
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where ffu is foci forming unit.

1/virus dilution: The reciprocal of virus dilution at which the foci were counted.
Dilution factor: 1000 / (ul of inoculum/well). Therefore, the well was infected with 50 pl
of viral dilution solution, the dilution factor=1000/50=20.

The statistical analysis of data was done by unpaired t-tests which compared each

condition with the respective control.

2.3.7 Preparation of cell extracts

Igepal buffer: 20 mM Tris/HCI (pH 7.4); 150 mM NacCl; 10 % (v/v) glycerol;
1 % (v/v) Igepal CA-630 (Sigma); freshly added: 10 mM NaF;
1 mM NazVOg; 2 pg/ml aprotinin; 1 pg/ml leupeptin; 1 mM
PMSF

M-PER lysis buffer Commercially available Thermo Scientific™ 78503; freshly
added: of 1x protease inhibitor cocktail (100x, Cell Signaling
Technology, Cat#5871P3) and Halt™ phosphatase inhibitor
cocktail (Thermo Fisher Scientific, Cat#1862495)

RIPA lysis buffer: 50 mM Tris/HCI (pH 7.4); 150 mM NaCl; 1 mM EDTA; 0.1 %
(w/v) SDS; 0.5 % (w/v) sodium deoxycholate; 1 % (v/v) NP-
40; freshly added: 10 mM NaF; 0.5 mM NasVOs; 2 pg/ml
aprotinin, 1 pg/ml leupeptin; 1 mM PMSF

5x SDS sample 250 mM Tris/HCI (pH 6.8); 10 % (w/v) SDS; 40 % (v/v)

buffer: glycerol; 15 % (v/v) B-mercaptoethanol; 0.1 % (w/v)

bromophenol blue

Cell lysis for protein extraction was done either under native or denaturing conditions.
Native conditions were used to maintain protein interactions or enzymatic activity and
achieved with buffers containing non-ionic detergents. Cell lysis for co-
immunoprecipitation (co-IP) was performed with Igepal lysis buffer and lysis for kinase
enzymatic assays in PamChip® analysis (PamGene International, s-Hertogenbosch,
Netherlands) was performed with M-PER lysis buffer. Cell lysis for protein extraction
under denaturing conditions was performed with RIPA lysis buffer. According to the
experimental plan, cells were washed once with ice-cold PBS, harvested with a cell
scraper, and pelleted by centrifugation (300 x g, 3 minutes, 4 °C). The cell pellet was

resuspended in an appropriate volume of lysis buffer. For example, for cells grown on 10
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cm dish 300 pul of Igepal buffer or RIPA lysis buffer was used. 150 ul of M-PER lysis
buffer supplemented with 0.5% (v/v) Triton X-100 (inactive the virus), with fresh protease
and phosphatase inhibitors in PamChip® analysis was used for up to 8.8 x 10° cells in 10
cm dishes. Subsequently, samples were incubated on ice for 30 minutes, followed by
centrifugation (16000 x g, 10 minutes, 4 °C). The supernatant was transferred into a new
tube for further use. Lysates were then used for downstream applications or were directly
mixed with an appropriate volume of 1x SDS-sample buffer, boiled at 95 °C for 5 minutes
and used for SDS-PAGE and Western blotting.

2.3.8 Subcellular fractionation of cells

Buffer A: 10 mM HEPES (pH 7.9); 10 mM KCI; 0.1 mM EDTA; 0.1 mM EGTA; 1
mM B-mercaptoethanol freshly added: 10 mM NaF; 1 mM NasVOg; 2
pg/ml aprotinin; 1 pg/ml leupeptin; 0.5 mM PMSF

To check the sub-cellular localization of any target protein, subcellular fractionation is
performed based on sedimentation of cellular organelles at differential centrifugation
speeds in different lysis buffer. Cells in 6 cm dish were washed once with ice-cold PBS,
harvested by scraping, and pelleted by centrifugation (3000 rpm, 2 minutes, 4 °C). Pellet
was resuspended in 200 pl buffer A and incubated 10 minutes on ice. Subsequently, 5
ul of a 10 % (v/v) Igepal CA-630 solution was added to the lysates, and the samples
were briefly vortexed. The lysate was cleared by centrifugation (13000 x rpm, 10
seconds, 4 °C). The supernatant was taken as the cytoplasmic fraction (C). The
remaining pellet was washed three times with 500 pl buffer A and resuspended in 225 pl
1x SDS sample buffer. The samples were then sonicated twice for 30 seconds and were
taken as the nuclear/chromatin fraction (N). All samples were mixed with 5x SDS sample
buffer, boiled at 95 °C for 5 minutes and analyzed by SDS-PAGE and Western blotting.

2.3.9 Coating of glass coverslips

Coating solution: 0.02 mg/ml poly-L-lysine in distilled H.O

To enhance adhesion of 293T cells to the coverslips for immunofluorescence staining
assays (2.3.10), the coverslips were coated with poly-L-lysine. Lysine can be

polymerized to any desired length, and poly-L-lysine will bind to most solid supports
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through its charged side chains. The positively charged polymerized poly-L-lysine can
facilitate binding of cells which carry an overall negative charge. Sterile 18 mm coverslips
were placed in 12 well plates containing 250 pl poly-L-lysine (0.02 mg/mL) and incubated
at 37 °C for 1 hour. Coverslips were pressed with a pipette tip every 15 minutes to make
sure that the coverslips are not floating. After that, the poly-L-lysine solution was
removed and collected for further re-use. The coverslips were air-dried under the hood

for 15 minutes and the desired number of cells was subsequently plated.

2.3.10 Immunofluorescence staining

Fixation solution: 4 % (w/v) paraformaldehyde in PBS (pH 6.9)
Blocking solution PBS with 10 % (w/v) BSA; 0.5 % (v/v) Triton X-100
Antibody solution: PBS with 1 % (w/v) BSA,; 0.5 % (v/v) Triton X-100

Immunofluorescence was performed to visualize the abundance and localization of
proteins in single cells. Therefore, 293T cells were coated and grown on coverslips in 12
well plates. The treated cells were washed three times with PBS and fixed with 500 pl 4
% (v/v) paraformaldehyde at RT for 8 minutes. After having been washed for three times
with PBS, cell membranes were permeabilized with 0.5 % (v/v) Triton X-100 and
unspecific antibody binding was blocked with 10 % (w/v) BSA at RT for 1 hour. Cells
were incubated with primary antibody solutions at 4 °C for 16 hours. Cells were washed
three times with PBS and incubated with secondary antibodies for 2 hours at room
temperature. Because secondary antibodies conjugated to fluorescent dyes were used,
samples were covered from this step on. After incubation, cells were washed three times,
and DNA was stained with 1 pg/ml Hoechst 33342. Coverslips were washed again and
mounted on microscope slides with Mowiol mounting medium (Carl Roth). Slides were
stored at 4 °C while being protected from light. Stained cells were analyzed and pictures
taken with Zeiss Confocal LSM810 microscope. Samples were illuminated using a diode
405-nm laser, a DPSS 561-nm laser, and an Argon laser for 488-nm excitation. Pictures

and calculation of scale bars were prepared with Zen Lite system (ZEN3.1, blue edition).

2.3.11 Determination of cell viability
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The cytotoxicity of applied inhibitors was assessed by PrestoBlue™ (Thermo Fisher
Scientific), which is a resazurin-based cell permeable reagent to assess cell viability as
indicated by a color change. Cells (1x 10%) were seeded on a 96-well plate and one day
later cells were exposed to various concentrations of the inhibitors or DMSO in 90 pl of
culture medium as a control. Viability was scored upon addition of 10 ul PrestoBlue™
reagent (10x stock), followed by incubation for 30 minutes at 37 °C in darkness and
subsequent determination of absorbance at 570 nm using a GloMax Discover Microplate
Reader (Promega).

2.3.12 SiRNA-mediated gene silencing

Expression of specific target genes was silenced using specific SIRNA (from Thermo
Fisher Scientific or Origene). siRNA from Origene comprises of a heterogeneous pool of
unmodified siRNAs, all targeting the same mMRNA sequence, resulting in high specificity
of knockdown and minimal off-taget effects. One day before transfection, cells were
plated to 10-15 % density with DMEM complete medium. On the day of transfection, cells
were washed with warm PBS, and an appropriate amount of transfection medium
(DMEM supplemented with 10% (v/v) FCS) was added to the cells. A siRNA mixture was
prepared by mixing an appropriate amount of siRNA (generally up to 40 nM) with Opti-
MEM. A Lipofectamine 3000 mixture was prepared by mixing Lipofectamine 3000 (1.25
ul per ug DNA) in Opti-MEM medium. After incubation for 5 minutes at RT, both the
mixtures were mixed and vigorously mixed, followed by incubation for 30 minutes at RT.
After that, the transfection mix was carefully added to the cells in a dropwise manner
overnight. The medium was replaced with fresh growth medium 24 h after transfection.
Cells were then transfected the second time two days after the first transfection using
the same protocol. The cells were further incubated at 37 °C for 48 h prior to either
infection or RNA purification and RT-gPCR. Knockdown of the target gene at mRNA
level was confirmed by gPCR and/or Western blotting.
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2.4 Methods in biochemistry

2.4.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE)
Stacking gels: 4 % (v/v) acrylamide; 125 mM Tris/HCI (pH 6.8); 0.1 % (w/v)
SDS; 0.1 % (v/v) APS; 0.1 % (v/iv) TEMED
Separating gels: 6-15 % (v/v) acrylamide; 375 mM Tris/HCI (pH 8.8); 0.1 %

(w/v) SDS; 0.05 % (v/v) APS; 0.05 % (v/v) TEMED
SDS running buffer: 25 mM Tris; 200 mM glycine; 1 % (w/v) SDS

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) allows the
separation of proteins in an acrylamide gel matrix according to their molecular weight.
Lysates obtained from cell lysis were mixed with 5x SDS sample buffer to achieve a final
concentration of 1x SDS sample buffer (2.3.7). The sample was denatured by boiling at
95 °C for 5 minutes. Depending upon the molecular weight of the protein of interest, gels
with different pore size can be prepared to contain 6-15 % (v/v) acrylamide. SDS-PAGE
was carried out in a mini-gel apparatus (Bio-Rad), using a discontinuous SDS running
buffer system. Gels were run at 80 V for 2-3 hours. A pre-stained molecular weight

marker was loaded as a reference.

2.4.2 Western blot and immune detection

Transfer buffer: 50 mM Tris; 40 mM glycine; 20 % (v/v) methanol;
0.04 % (w/v) SDS

Tris Buffered Saline (TBS-T): 25 mM Tris (pH 7.4); 137 mM NacCl; 5 mM KCl; 0.7
mM CacCl,; 0.1 mM MgCly; 0.1 % (v/v) Tween 20

Blocking buffer: 5 % (w/v) skimmed milk powder or BSA in TBS-T

Primary antibody solution: 1 % (w/v) skimmed milk powder or BSA in TBS-T,;
0.05 % (v/v) NaN3

Secondary antibody solution: 1 % (w/v) skimmed milk powder or BSA in TBS-T
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For immune detection, proteins separated via SDS-PAGE (2.4.1) were immobilized on
polyvinylidene fluoride (PVDF) membranes by Western blotting. The Western blot
sandwich was prepared with two layers of Whatman papers soaked in transfer buffer
and one layer of PVYDF membrane pre-activated with methanol in between. Western blots
were assembled from anode to cathode in a semi-dry blotting apparatus (Bio-Rad). The
electrophoretic transfer was performed at 24 V for 1-3 hours, depending on the size of
the proteins (at least 1 hour/gel). After protein transfer onto the PVDF membrane,
unspecific antibody binding was blocked with skimmed milk or BSA as blocking buffer at
RT for 1 hour. The membrane was then transferred to TBS-T solution containing the
primary antibody and incubated at 4 °C for 16 hours. After that, the membrane was
washed three times with TBS-T at RT (10 minutes/wash), followed by incubation with
secondary antibody solution at RT for 1 hour. Secondary antibodies were directed
against the species of the respective primary antibodies and conjugated with horse
reddish peroxidase (HRP). After incubation with secondary antibodies, the membrane
was washed three times with TBS-T at RT (10 minutes/wash). Proteins were detected
on a ChemiDoc Touch imaging system (Bio-Rad) using freshly prepared enhanced

chemiluminescence (ECL) solution.

2.4.3 Stripping of PVDF membrane for reprobing

Mild stripping 1.5% (w/v) glycine; 0.1-1% (w/v) SDS; 1% (v/v) Tween 20; pH 2.2
buffer:

Stripping of PVDF membrane was done to detect different proteins on the same
membrane. The membrane was stripped in stripping buffer at RT (5 minutes/wash),
followed by two washes with PBS at RT (10 minutes/wash). Stripping was completed by
two washes with TBS-T (5 minutes/wash). Stripped PVDF membrane was then
incubated in blocking buffer, followed by incubation in primary antibody and ECL
detection as described above.

2.4.4 Luciferase reporter assay

To test which mutation in the VRNP subunits affects viral polymerase activity, the Dual-
Luciferase reporter assay system kit (Promega) was used according to manufacturer's
protocol. Briefly, 293T cells were seeded in 6-well plates (2x10° cells/well) and co-
transfected with either 1 ug each of pHW2000-SC35M-PB2, pHW2000-SC35M-PB1,
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pHW2000-SC35M-PA, pHW2000-SC35M-NP, 200 ug each of the firefly luciferase
reporter gene (pHW72-Luci) encoding the vRNA-like poll-transcript and 20 ug pClI-
neoRenilla-Luci using PEI (Protocol see section 2.2.3). pCAGGs expressing plasmids
encoding PB2, PB1, PA (each 125ng) and NP (800 ng) were co-transfected with the
firefly luciferase-encoding viral minigenome construct pHW72-Luci (50ng) and a plasmid
(pCl-neoRenilla-Luci, 20 ng) coding for Renilla luciferase in 293T cells. Transfection was
performed using PEI for 5 hours (see section 2.3.3). After 24 h post-transfection, the
cells were harvested, washed, lysed 15 minutes with 150 ul of 1x passive lysis buffer. 10
pl LARII substrate was mixed with 2 pl of cell lysate in a luminometer tube and firefly
luciferase activity was measured. After addition of 10 pl of stop and glow buffer, the
bioluminescence of Renilla luciferase was determined using a luminometer (Berthold
technologies). The relative activities were calculated after the normalization of the Renilla
luciferase activities to the activities of the firefly luciferase.

2.4.5 Immunoprecipitation (IP)

Igepal buffer: 20 mM Tris/HCI (pH 7.4); 150 mM NacCl; 10 % (v/v) glycerol; 1
% (v/v) Igepal CA-630; freshly added: 10 mM NaF; 1 mM
NaszVOyq; 2 pg/ml aprotinin; 1 pg/ml leupeptin; 0.5 mM PMSF

For co-IP experiments, proteins from a cell lysate prepared in Igepal buffer were
precipitated with antibodies bound to protein A/G sepharose beads (Millipore). In
general, 25 yl beads per sample were equilibrated with IP buffer and mixed with 1 pg of
antibody. Cell lysates were added and samples were rotated at 4 °C, while 10 % of the
supernatants were collected as input controls. After 3 to 4 hours or overnight, beads
were washed five times with 1 ml IP buffer at 4 °C for 10 minutes. Eluted proteins were

subjected to further analysis such as MS or SDS-PAGE and Western blotting.

2.4.6 Intracellular crosslinking of protein complexes

Quench buffer: 200 mM Tris in PBS; pH 7.5

Crosslinkers: 2 mM of DSS or DSG in PBS

Because of the high abundance of lysine residues in M1, membrane-permeable and
bifunctional lysine-to-lysine crosslinkers DSS and DSG (source see section 2.1.5), with
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spacer arm lengths of 7.7 A, and 11.4 A, respectively, were used for in vivo crosslinking
of M1 protein complexes. The 293T cells in 6 well plates expressing the 8-plasmid RG
system expressing SC35M-WT M1 or M1T108A/E mutants were harvested 24 hours
post-transfection (h.p.t.) and washed 3 times in cold PBS. The cells were subsequently
crosslinked by the addition of DSS or DSG dissolved in 100 pyl PBS to a final
concentration of 2 mM. The reaction mixture was incubated for 30 minutes at room
temperature. Crosslinking was quenched at RT for 15 minutes by the addition of 900 pl
of PBS containing 200 mM Tris (pH 7.5) to a final concentration of 20 mM. The cells were
then washed twice with PBS containing 20 mM Tris and lysed in Igepal buffer prior to
analysis by SDS-PAGE.

2.4.7 1AV VLP production and purification

293T cells were seeded in 10-cm dishes in complete DMEM and were co-transfected
with 6 ug each of pPCAGGS-SC35M protein expression plasmids encoding HA, NA, and
WT M1 or M1 T108A/E proteins by Lipofectamine 2000 (transfection protocol see section
2.3.3). 48 hours after transfection, the cell culture supernatants were clarified from cell
debris by centrifugation at 2500 rpm for 5 minutes. The virus like particles (VLP) in the
semi-purified supernatant (9.5 ml) were pelleted by careful layering 9.5 ml of the VLP
preparation onto 5 ml of 30% (w/w) sucrose cushion, followed by ultracentrifugation with
28000 rpm for 2.5 h at 4 °C using Beckman SW32Ti rotor. The sediments were dissolved
in 200 pl PBS and mixed with 1x SDS sample buffer for SDS-PAGE.

2.4.8 Primer extension analysis

For the in vitro reconstitution of the SC35M polymerase, five plasmids were co-
transfected into 293T cells. The first plasmid, pPOLI-CAT-RT, contains the CAT open
reading frame in minus sense as a reporter gene, flanked by the 3’ and 5’ noncoding
regions of the NS RNA segment of influenza virus A/WSN/33 (H1N1). Expression of the
influenza virus-like RNA is driven by a human RNA pol | promoter and a ribozyme
sequence that generates the desired 3' end by autocatalytic cleavage. The other four
plasmids, pCAGGS-PB1, -PB2, -PA, and -NP express the influenza SC35M PB1, PB2,
PA, and NP proteins. These proteins are able to amplify and transcribe the influenza
virus-like RNA expressed by pPOLI-CAT-RT into v-, c- and mRNA in the transfected
293T cells. The PA was expressed as WT and in the mutant forms carrying the indicated
mutations at position 393 and 395. Using specific radioactive labeled primers, the
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different forms of viral RNA (v-, ¢c-, mRNA) and the 5S RNA (loading control) were

separated by gel electrophoresis and detected by autoradiography.

2.4.8.1 Isolating RNA (Trizol Method)

To isolate total RNA from transfected cells, 293T cells were grown on 6 well plates to
70% confluency and transfected with 250 ng of plasmids encoding the VRNP
components pCAGGS-SC35M-PB2, pCAGGS-SC35M-PB1, and pCAGGS-SC35M-PA
wt or PA phospho-mutants,1 ug pCAGGS-SC35M-NP, together with 1 ug pPOLI-CAT-
RT which expresses a VRNA-like Pol I-transcript encoding the CAT using PEI
(transfection protocol see section 2.3.3). 48 hours after transfection, the total RNA (viral
and cellular) was extracted with Trizol reagent (Invitrogen). Briefly, the medium was
aspirated from transfected cells, 1 ml of Trizol was added to the cell monolayer in each
dish and incubated together for 5 minutes at RT. Trizol-treated cells were transferred into
a microcentrifuge tube and incubated at RT for 10 minutes. 200 pl of chloroform was
added to each reaction tube, mixed properly and incubated for 10 minutes at RT with
intermittent shaking. The microcentrifuge tubes were then centrifuged at 13000 rpm and
4 °C for 30 minutes. Later, 500 ul of the upper phase was transferred into fresh
microcentrifuge tubes containing 500 pul isopropanol, mixed properly and incubated at
RT for 10 minutes. Afterwards, the tubes were centrifuged at 13000 rpm and 4 °C for 20
minutes. The supernatant was then discarded carefully and 1 ml of 70% ethanol was
added to the pellet and centrifuged at 13000 rpm for 5 minutes at 4 °C. Alcoholic
supernatant in each tube was removed carefully, the pellet was air dried and dissolved
in 30 ul of nuclease free water. The extracted RNA was used directly or kept at -70 °C
until use. The concentration of extracted RNA was measured. 10 pg of RNA was taken

from each sample and vacuum-dried and resuspend in 1 ul of nuclease free water.

2.4.8.2 Primer and marker labeling

Primers for primer extension of CAT

Segment VRNA cRNA and mRNA

pPOLI- | CGCAAGGCGACAAGGTGCTGA | ATGTTCTTTACGATGCGATTGGG
CAT-RT

Primers for primer extension of 5S rRNA

5S rRNA | TCCCAGGCGGTCTCCCATCC (human 5S RNA)
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The gene-specific primers listed above were diluted into the concentration of 10 pmol/pl
in RNase free H,O and labelled along with 50 bp DNA Ladder (Roche DNA molecular

weight marker XIII) according to the following 10 pl reaction:

1. Marker labelling

Reaction Mixture

50 bp DNA Ladder (Roche marker XIil) 1l
RNase-free water 6 pl
10x PNK Buffer (Fermentas) 1l
(y-32P) ATP (3000 Ci/mmol, 10 pCi/ul) 1 pl

PNK (T4 polynucleotide kinase, 10 U/ul) 1 pl

2. Primer labelling

Reaction Mixture

Primer (10 pmol/pl) 3ul
RNase-free water 2 u
10x PNK Buffer (Fermentas) 1l

(y-*2P) ATP (3000 Ci/mmol, 10 uCi/p) 3l

PNK (T4 polynucleotide kinase, 10 U/ul) 1 pl

The reaction mixture was well mixed and incubated at 37 °C for 1 h and then cleaned
from the residual radioactive material using the “Qiagen Nucleotide Removal kit”. Briefly,
100 pl of PNK-buffer was added to each 10 pl labelling reaction mixture (10:1 (v/v)),
mixed and applied to “QlAquick spin column” in 2 ml collection tubes. The column was
then centrifuged at 6000 rpm for 1 minute. The collection tube containing the radioactive
flow-through is appropriately discarded in radioactive waste. The column was then
placed into a clean 2 ml collection tube, washed 2 times with 500 yl PE-buffer and
centrifuged at 6000 rpm for 1 minute. The collection tube was discarded and replaced
with a clean 1.5 ml microcentrifuge tube. To elute the labelled primers or DNA ladder, 40
Ml nuclease-free water was added to the center of the column, followed by incubation for

1 minute at RT and centrifugation for 1 minute at 13000 rpm. The radioactively labelled
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primers or DNA marker were directly used or stored at -20 °C in the isotope room for
further work (~2 weeks). Before loading the sequencing gel, 40 pl of Fu-mix (6 M Urea,
80% (v/v) Formamide (deionized), 1x TBE, 0.1% (w/v) Bromophenol blue, 0.1% (w/v)
Xylene cyanol FF) were directly added to the labeled DNA marker (40 pl). After heating
at 95 °C for 5 minutes samples were cooled on ice 2 minutes, collected by brief

centrifugation an and then immediately loaded onto the denaturing sequencing gel.

2.4.8.3 Reverse Transcriptase Reaction

For one cDNA reaction, 1 pl of Trizol-purified total RNA (10 pg) was mixed with 4 pl of

the following primer-mix:

RNA-Primer Reaction Mixture

RNase-free water 3ul
32p labelled Primer for vVRNA (10 mmol/pl) 0.25 pl
32p labelled primer for cRNA and mRNA (10 mmol/pl) 0.25 pl
32p |abelled primer for 5s rRNA100 (10 mmol/pl) 0.25 pl
Primer for 5s rRNA100 (unlabelled) (10 mmol/pl) 0.25 ul

The reaction mixture in a 1.5 pl microcentrifuge tube was heated at 95 °C for 3 minutes
in a heat block and then incubated on ice for 5 minutes. The reaction mixture was then

collected by centrifugation and 5 pl of the following 5 ul superscript mix was added:

Superscript Mixture

RNase-free water 1.25 pl
5x RT buffer (Invitrogen) 2ul
100 mM DTT (Invitrogen) 1l
100 mM dNTP (25 mM each, (Invitrogen)) 0.5l
Superscript Il (Invitrogen, 10 units/ pl) 0.25 pl

The mixture was then incubated at 45 °C for 1 hour for the reverse transcription (RT)
reaction, then at 70 °C for 10 minutes to inactivate the Superscript Il enzyme and cooled

to 4 °C. The synthesized cDNA(s) was then precipitated and cleaned up by adding 3 pl

71



MATERIALS AND METHODS

of 3 M sodium acetate (NaOAC, pH=5.2), 100 ul of absolute ethanol and incubated at -
20 °C. The mixture was then centrifuged at 13000 rpm and RT for 30 minutes. The
supernatant was discarded and the pellet was air-dried. The cDNA pellet was further
cleaned by dissolving in 6 ul of RNase A mix which is composed of 1 yl RNase A (10
mg/ml) plus 49 pl of ddH-O (1:50) and incubated at 37 °C for 20 minutes. Afterwards,
2.5 ul of K mix (2 pl proteinase-K (Invitrogen, 20 mg/mL) in 18 ul of ddH.0) was added
and incubated at 55 °C for minutes in a heat block.

2.4.8.4 Denaturing urea polyacrylamide gel electrophoresis

Sequencing gels: 8 % (v/v) acrylamide; 7 M urea; 0.1 % (v/v) APS; 0.1 % (v/v)
TEMED in 1X TBE

8% Urea-Polyacrylamide small gel (Sequencing gel) (solutions are from Roth) was used:

Small gel (30 ml) 8%
Acrylamide concentrate
. 9.6 ml
(Solution #1)
Acrylamide diluent
_ 17.4 ml
(Solution #2)
Acrylamide buffer
) 3ml
(Solution #3)
10% APS 250 pl
TEMED 25 pl

The above solution was mixed very well and poured between the assembled glass
plates. These have been preassembled and have to be clean and free of grease using
ddH»O and 70% (v/v) ethanol and then precoated on one side (outer glass plate) with
BlueSlick™ (Serva) to prevent the adhesion of the polymerized gel to the glass plate.
After pouring the gel mixture the gels were incubated for 1 hour at RT until the gel
polymerized and the gel was then fixed in the gel tank. The gel was pre-run at 40 W for
1 hour until the temperature of the gel has raised to 50 °C. Afterwards, 8.5 pl of Fu-mix
loading dye was added to each sample, mixed and heated to 95 °C for 5 minutes. Then
the samples were cooled on ice 2 minutes, collected by brief centrifugation and then 10

ul of each sample together with 5 pl labeled marker were loaded onto the sequencing
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gel. The gel was run at 40 W until the blue dye was approximately 3 cm away from the
bottom of the plate (2 h).

2.4.8.,5 Quantification of cDNA bands derived from v-, c-, mMRNA

When the gel run was finished, the glass plates were separated very carefully and the
gel should stick to one of the glasses. The gel on the glass plates was transferred to
Whatman paper and wrapped in cling film (plastic foil side at the top). After the gel was
vacuum dried at 80 °C for 75 minutes, it was placed into the screen cassettes together
with a phosphor image screen (Fuji Photo Film Co. Ltd.). The gel side should be exposed
to the white side of the screen overnight. The screen was then scanned on a
Amersham™ Typhoon™ and the bands were quantified using “Quantity One” software
(Bio-Rad).

2.5 Methods in bioinformatics

2.5.1 Bioinformatic analyses of PamStation® and MS

The statistical analyses of the PamStation® platform were performed by Dr. Astrid Weil3
(Department of Internal Medicine, Cardio-Pulmonary Institute, University of Giessen) and
Dr. Vera V. Saul (Institute of Biochemistry, University of Giessen) with whom | closely
cooperated in the discussion and data analysis. The prediction of corresponding
upstream kinases responsible for selective peptide substrate phosphorylation was
performed using Bionavigatornv. 6.2 software (PamGene). To identify kinase hubs,
physical, genetic and functional interactions between the identified kinases were further
analyzed using the STRING database (Version 11.5). The phosphosite consensus motifs
were derived using using the Weblogo tool. The Statistical analyses of MS were
performed by Dr. Axel Weber and Prof. Michael Kracht (Institute of Pharmacology,
University of Giessen), and | participated in visualizing the Volcano plots. Proteomic data
were realized by self-created scripts in R statistical language (R Core Team, 2017)
including packages for R or for R/Bioconductor. Volcano plots were generated using the

ggplot R package.

2.5.2 Sequence collection and alignment
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All previously published full-length protein sequences of avian and human IAV (before
August 2018) were collated from the Influenza Virus Resource at the National Center for
Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov/genomes/FLU). laboratory
strains were excluded from the analyses to eliminate sample biases. Identical sequences
were collapsed and filtered to ensure that each strain was only represented once in the
dataset. All assembled protein sequences were aligned using MAFFT v7 2 as available
in the Cipres Science Gateway (https://www.phylo.org) with subsequent manual
adjustment to correct frame shift errors using BioEdit. The downstream analyses were
based on a data set of 16979 of PB2, 12956 of PB1, 16631 of PA, 1890 of HA-H7, 12599
of NP, 781 of NA-N7, 11755 of M, 12,643 of NS isolated from avian, 17719 of PB2, 16297
of PB1, 17040 of PA, 142 of HA-H7, 13875 of NP, 4 of NA-N7, 11591 of M, 11218 of NS
human IAV sequences.
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3 RESULTS

3.1 Comparative analysis of IAV-dependent kinase activity changes

in human cells through peptide-based kinase activity profiling

3.1.1 H1Nlpdmo9- and H5N1 induce distinct phosphorylation patterns

based on PamStation® analysis

To comparatively analyze the IAV-dependent kinase activity changes, peptide-based
kinase activity profiling was conducted using two IAV strains H1IN1,dmos and H5N1. For
this, the replication kinetics of both viruses in A549 alveolar epithelial cells (Ding et al.,
2016) were firstly determined by monitoring viral proteins of H1IN1pamos Or H5N1 at
various time points of infection by Western blotting. Although detectable NP protein
expression occurred slightly earlier in H5N1-infected cells, the expressed HA protein
showed a similar kinetics at late time points (Fig. 11A). The virus replication was also
assessed by indirect immunofluorescence, in which the H1N1pamo9 or H5N1- infected
A549 cells were fixed and analyzed for NP localization. NP, as a surrogate for vVRNP,
appeared in the nuclei of infected cells already a few hours post infection (h.p.i.) and
started nuclear export at 5 h.p.i. (Fig. 11B). Further quantitative analysis of intracellular
NP distribution confirmed that replication cycle kinetics of these two viruses were largely
similar, although slightly faster for H5N1 (Fig. 11C).
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Figure 11: Replication kinetic analysis of HIN1pamos or HSN1 in A549 cells.
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(A) A549 cells were infected at 4°C for 1 h with H1N1pdmoo or HSN1 (MOI = 1) and harvested at indicated
times post infection. The expression of viral NP and HA proteins in cell lysates was detected by Western
blotting. Three independent experiments were performed. The positions of molecular mass markers are
indicated on the side of each panel, a representative experiment is shown. (B) Infected A549 cells (MOI =
1) were stained for IAV NP protein at the indicated time points and analyzed by indirectimmunofluorescence.
Nuclei were stained with Hoechst 33342, pictures are representatives of two independent experiments. (C)
The experiment was performed as in (B). The intracellular distribution of NP was quantified for each condition
from at least 150 interphase cells expressing NP under a confocal microscopy. The cellular location of NP
was scored as predominantly cytoplasmic, nuclear and cytoplasmic, or predominantly nuclear, and the

percentage of cells is shown.

To further profile the kinase activities in H1N1psmoe Or H5N1 infected cells, a peptide-
based PamChip® assays were performed, as schematically displayed in Fig. 12A. These
PamChip® micro-arrays immobilized with peptides either allow the detection of
phosphorylation by Tyr kinases (PamChip® PTK, 196 peptides) or by Ser/Thr kinases
(PamChip® STK, 144 peptides). PamChip® system contains less than 1% of the human
phosphoproteome (Morens et al., 2011), but represent many main kinase pathways and
thus serve as a frequently used proxy to estimate the contribution of relevant kinase
networks (Kheirollahi et al., 2019; Schwill et al., 2019). Active kinases present in cell
extracts allow phosphorylation of distinct sets of peptides coupled to the respective chips.
The phosphorylation patterns of these peptides are subsequently quantified by
phosphorylation-specific antibodies, followed by computational prediction of the activity
status of the upstream kinases with specificity for individual substrate peptides. Using
this strategy, H1N1,amoe- Or H5N1 infection trigged the cellular phosphorylation responses
in the A549 cells were examined at various stages of IAV replication cycle, namely 1-, 5-
, and 8 h.p.i. prepared in two biological independent experiments.

Samples from the respective lysates prepared either from uninfected or virus-infected
cells were first used to confirm kinase activity by detection of phosphorylation in the
activation loop of several kinases, which are well-documented to be activated by IAV,
such as c-jun N-terminal kinase (JNK), ERK, and protein kinase B (AKT) by Western blot
analysis using phospho-specific antibodies (Pleschka et al., 2001; Sharma et al., 2020).
These experiments showed that the phosphorylation levels of ERK, JNK, and AKT were
steadily increasing over the course of H5N1 infection. In contrast, in the context of the
human 1AV strain H1N1pames, the virus-induced ERK and JNK activation in A549 cells
showed an immediate rise after infection (1 h.p.i.), and then a drop back to background
level at 5 h.p.i, followed by a sharp increase again at 8 h.p.i.. AKT phosphorylation
increased over time in H1Nlpmos-infected cells, while there was no significant

phosphorylation detected in H5N1-infected cells. Infection of the cells was controlled by
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detection of the IAV-encoded NP protein (Fig. 12B). Overall, these experiments proofed
the occurrence of virus-regulated phosphorylation in IAV-infected A549 cells, though with

varying pattern between both strains.
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Figure 12: PamChip® analysis of IAV-induced kinases activity.

(A) Schematic display of the experimental workflow for PamChip® analysis. To generate cell lysates, A549
cells were infected with 1AV strains H1N1pdamoo or HSN1. Cell extract were further processed on PamChips®
with a different set of substrate peptides immobilized on the chip surface. Active kinases present in the
lysates phosphorylate their distinct peptide substrates, which can be detected by phospho-specific
antibodies and appropriate FITC-labeled secondary antibodies to create a signal that can be quantified using
a CCD sensor. Parts of the figure were created with BioRender.com. (B) A549 cells were infected at 4°C for
1 h with H1N1pdamos (refer as H1N1 for simplicity in the figure) or HSN1 (MOI = 1) as shown and incubated for
the indicated time. Cell extracts were prepared, one part of which was used for the analysis of kinase activity

and expression of the viral NP protein by Western blotting, while remaining material was used for the analysis
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of kinase activities on PamChips®. The positions of molecular weight markers are indicated, a representative

experiment is shown.

In a next step the remaining cell lysates were used for PamChip® experiments to
determine phosphorylation at Tyr or Ser/Thr. For this, phosphorylation patterns between
uninfected and H1N1psmoe Or H5N1-infected cells at various h.p.i. were compared in
biological and technical replicates. 100 highest-ranked peptides undergoing Tyr or
Ser/Thr phosphorylation changes are displayed in Fig. 13. Phosphorylation patterns
induced by two subtypes of IAV were overall distinct. With regard to the level of Tyr
phosphorylation, H1N1pdmoe infection induced strong phosphorylation changes at 5 h.p.i.,
whereas earlier and later time points showed only a few alterations (Fig. 13A). This
kinetic was completely different in H5N1-infected cells, in which dynamically induced
phosphorylation was observed at all time points of infection. At the level of Ser/Thr
phosphorylation, H1N1lpmoe Iinfection led to a time-dependent increase of
phosphorylation with a maximum at 8 h.p.i., while H5N1 infection caused a significant

decrease in phosphorylation at 5 h.p.i.. (Fig. 13B).
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Figure 13: Dynamics of peptide phosphorylation pattern trigged by IAV-infected cells lysates.

(A) Pairwise comparisons of peptides (infected/uninfected) with a significant change in Tyr phosphorylation
are displayed. Raw data of substrate peptide phosphorylation quantified from densitometry of fluorescence
signals were used to calculate the mathematical mean value for both biological replicates. Ratios are given
as relative fold change versus un-infected (for H5N1) or trypsin-treated un-infected control (for HLN1pdmoo)
samples. (B) The experiment was done as in (A) with the difference that phosphorylation on STK PamChips®
was analysed. Grey fields indicate that the signal was not detectable (= n.d.). PamChip® experiments were
conducted in collaboration with Dr. Astid Wei3 (Department of Internal Medicine, Cardio-Pulmonary Institute
(CPIY).

Focusing on time-resolved Tyr phosphorylation, HLN1pimoe-induced Tyr phosphorylation
on peptides at 5 h.p.i also detected in H5N1 infection (Fig. 14A). Moreover, there was
prominent and large overlapping phosphorylation between all time points of H5N1

infection. Furthermore, the characteristic of Tyr-phosphorylation sequence motifs for the
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69 peptides regulated by H1N1pamos and H5N1 at all time points were compared. This
analysis revealed one motif containing an aliphatic amino acid at position +3 and another
motif with acidic amino acids at position -3 (Fig. 14B). However, peptides with Ser/Thr
phosphorylation showed no (H1N21pamoo) Or limited (HSN1) overlap between the different
time points of infection (Fig. 14C). Only 4 peptides were undergoing regulated Ser/Thr
phosphorylation by both viruses (Fig. 14D), which is in stark contrast to Tyr
phosphorylation, which is largely shared between H1N21,dmoe and H5N1. A motif analysis
revealed that many peptides showing regulated Ser/Thr phosphorylation contain a basic
amino acid at positions -2 and/or -3 (Fig. 14E). Taken together, these analyses imply
that despite the apparently different kinetics of phosphorylation induced between
H1N1,4moe and H5N1, both viruses preferentially induce Tyr kinases that phosphorylate
a largely overlapping number of peptide substrates.
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Figure 14: Time-resolved analysis of IAV-regulated protein phosphorylation events.

(A) Venn diagram of overlap between any two viruses in terms of regulated Tyr phosphorylation with a
statistically significance (p<0.05, up- or down-regulation), corresponding to the time of their occurrence. As
the number of peptides regulated by H1NZ1pdmoo infection after 1 or 8 h.p.i. was too small to be included in
this analysis, only the value 5 h.p.i. was considered. (B) Consensus motifs of 69 peptides uundergoing Tyr
phosphorylation co-regulated by both viruses under all conditions were identified by Weblogo. Sequence
frequency graphs of significantly enriched de novo motifs for centered Tyr are shown; the number of different
peptides used for the generation of the logos is indicated at the top. (C) The analysis was done as for (A)
with the exception that peptides undergoing significant differential phosphorylation at Ser/Thr were analysed.
(D) Venn diagram of overlap between any two viruses in terms of regulated Ser/Thr phosphorylation with a
statistically significance (p<0.05, up- or down-regulation), corresponding to the time of their occurrence. (E)
A sequence motif of 43 peptides undergoing dynamic regulation at Ser/Thr by both viruses was generated

by Weblogo as in (B).

3.1.2 Computational prediction of H1IN1pdmos- and H5N1-induced kinases

allows the discovery of signaling hubs

Based on the alterations of phosphorylation patterns in these peptides, a computational
analysis was preformed to predict the statistically significant changes in the activity of
upstream kinase, which known to mediate these phosphorylations (Fig. 15A, B). This
prediction assigned these phosphorylation events to 25 differentially regulated kinases
in H1N1pamoe-infected cells, including members of the PKC family and EphA receptor
kinases. Multiple receptor Tyr kinases as well as a large number of kinases with down-
regulated activity were predicted in H5N1-infected cells. Moreover, there was little
overlap in the regulated-kinases between the two viruses, although kinases including
PKCa, CDK10, EphA2, and RET were up-regulated by both viruses (Fig. 15C). In
particular, activity changes in kinases of EphA family were overrepresented in the
datasets for both 1AV strains, and these kinases are known to act on large numbers of
targets - ephrin-A ligands, thus probably providing extensive cross-talk between
pathways through a single “junction” kinase regulated by both viruses (Darling et al.,
2019).

82



RESULTS

H5N1
HIN1 Predicted kinase activity p (-log10)
Predicted kinase activity p (-log10) 1 10 100 100000 1 2
i L L J T T '
1 10 100 1000 10.000 0 1 2 EphAL
CDKL2 REL
AlphaK1, ALPK3 CDKL3
ICK, CILK1 CSK3u ~
PKCG = NUAK1 =
PKCR = GSK3R
P CDK10
v DAPK2
PKCa ERK1
JAK3 CaMK2a
EphA4
FER o
FLT1, VEGF-R1 o PKAG o
FGR = PKG2 >
SGK1 PKCa
CK2o1 | -7.3 PKN1, PRK1
ERK7 EphA3
FTAIRE1, CDK14 EphA2
CDK10 IRR, INSRR
FTAIRE2, CDK15 ® TRKA
PKCt = TRKB ®
EphB1 FAK2 =
EphA7 FRK
Epmg AMPKal
p PKG1
RET PKG2
PKA
HIN1 H5N1

Figure 15: Computational prediction of kinase activity regulated by H1N1pdmos and H5N1.

(A) The corresponding upstream kinases and their activities responsible for selective peptide substrate
phosphorylation were computationally predicted by normalized kinase statistics using Bionavigator v. 6.2
software (PamGene). H1N1pimos refers as HIN1 for simplicity in the figure. (B) Venn diagram showing

kinases to be regulated by H1N1pamos and/or HSN1. Tyr kinases are shown in green.

Among the predicted kinases, approximately one half (26 of 47) of them were known to

be associated with AV infection, as shown in Table 3.

Table 3. Literature review of the regulated kinases identified in this study.
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Kinase Known role in IAV | Kinase Known role in IAV
infection (PMID)/ infection (PMID)/
inhibition strategy inhibition strategy |

AlphaK1, ALPK3 PMID: 28132841 GSK3a

AMPKa 1 PMID: 20716159 GSK3R PMID: 20027183

BLK SiRNA ICK, CILK1

CaMK2a PMID: 31972088 IRR, INSRR PMID: 30174303

CDK10 PMID: 20027183 JAK3 Tofacitinib, also

inhibits JAK1

(PMID: 20478313)
CDKL2 PMID: 29642015 NUAK1 WZ4003, also inhibits

NUAK2

(PMID: 24171924)
CDKL3 PMID: 28132841 PFTAIRE1, CDK14
CK2a1 PFTAIRE?2, SIRNA

CDK15

DAPK2 PMID: 20027183 PKAx PMID: 12466482

EPHA1 SiRNA PKCa PMID: 19523156

EPHA2 PMID: 28132841 PKCR PMID: 12477851

EPHA3 SiRNA PKCy PMID: 11038382

EPHA4 PMID: 20027183 PKCn

EPHAS PKCt

EPHA7 PMID: 20027183 PKCZ

EPHB1 PKG1 PMID: 21731751

ERK1 PMID: 32601201 PKG2 PMID: 21731751

ERK7 PKN1, PRK1

FAK2 PMID: 30996098 RET PMID: 18615016

FER TAE684 SGK1 PMID: 23487453
(PMID: 22520759)

FES TAE684 SYK PMID: 33472080
(PMID: 22520759)

FGR TRKA PMID: 21209112

FLT1, VEGF-R1 ZM306416 TRKB PMID: 21209112
(PMID: 22573732)

FRK PMID: 20027183

The kinases known to be involved in IAV infection are shown with assigned PubMed Unique Identifiers
(PMIDs). The kinases highlighted in bold and italics were further determined for their possible role in 1AV
infection using siRNAs or small molecule inhibitors with the indicated specificities and the appropriate

references. Tyr kinases are shown in green.

This analysis also revealed the other half of novel kinases for IAV infection. It was then
interesting to identify highly connected kinases in an integrative network, as dense
network hubs can serve as ideal perturbation entry points (Colinge et al., 2014; Invergo
et al., 2020). To this end, the functional interactions among identified kinases were
analyzed using the STRING database (Szklarczyk et al., 2019). In H1N1y4moe-infected
cells, 60% of the kinases were clustered into two different networks including EphA
receptor Tyr kinases, various PKC family members and JAK3 (Fig. 16A). Notably, 71,4%
of predicted kinases modulated by H5N1 infection were grouped on one large interaction
cluster (Fig. 16B). A functional network analysis of all kinases regulated by at least one
of the two viruses was subsequently performed to identify kinases of potential
pharmacological significance. This revealed extensive interaction within the predicted

biological network, from which 7 kinases and also CDK15 as a control for an
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unconnected kinase were selected for further analysis (Fig. 16C). Therefore, | assessed
the effect of selective inhibition of these kinases on 1AV infection through highly specific

small molecule inhibitors (where available) or siRNAs, as specified in table 3.

Figure 16: Network analysis of kinase signaling hubs.
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The network view displays the physical, functional and genetic interactions of the kinases identified in Fig.
15. This figure was generated by the STRING database version 11.5. Kinase hubs activated by H1N1pdmoo
(A), H5N1 (B) or both viruses (C) are shown. The kinases highlighted in red circles were further tested to
determine their functional role in IAV replication.

3.1.3 Functional analysis of H1N1pdmos- and H5N1-regulated kinase

networks

Cytokine receptor-induced signaling pathways in immune cells are regulated by the JAK
family kinases, including one of the family members JAK3 (Pesu et al., 2008), which is
also regulated upon IAV infection (Table 3). Since this kinase can be specifically inhibited
by Tofacitinib (VS-6063, PF-04554878), it was then used to test the effects of JAK3 on
IAV replication. Firstly, Tofacitinib treatment at concentrations ranging from 1-50 yM had
no deleterious effects on the cell viability of A549 (Fig. 17A). Secondly, determination of
the virus titers 24 h.p.i. plus Tofacitinib treatment revealed that inhibition of JAK3 caused
H1N1,4moo titer reduction in a dose-dependent manner while the effect on the H5N1 titer
was only minor (Fig. 17B, C). The bias of JAK3 inhibition for the H1N1,4mos Virus might
also be reflected by the fact that this kinase was only predicted from H1N1pamoe infected
cells (see Fig. 16A). The selectivity of Tofacitinib for interference with H1N21pdmoo
replication was still apparent when titers were determined 48 h.p.i. (Fig. 17D). A further
increase of Tofacitinib concentration or incubation time did not result in a more
pronounced inhibition of H1N21lp,amos replication and only slightly reduced H5N1

replication.
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Figure 17: Dose-dependent suppression of IAV replication by Tofacitinib.

(A) A549 cells were treated for 24 h with DMSO (vehicle control) or Tofacitinib at indicated concentration,
followed by the determination of cell viability via PrestoBlue assays. Cell viability of control cells was set as
100%. (B, C, E) A549 cells were pre-treated for 1 h with Tofacitinib at indicated dose or DMSO as a solvent
control, followed by infection with HIN1pdmos or HSN1 (MOI = 0.001). Treatment with Tofacitinib or DMSO
was also maintained at the same concentration following infection. Viral titers of cell culture supernatants
were determined 24 h.p.i., titers are displayed in absolute numbers (B) and in relative numbers with the
DMSO control set to 100% (C). (D, F) The experiment was performed as in (B, C, E) with the exception that
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viral titers were determined 48 h.p.i. Shown are means + standard deviations from three independent
experiments performed in triplicates. Data were processed with unpaired t-tests (comparing Tofacitinib to
DMSO), asterisks indicate p values (*p<0.05, **p<0.01).

Likewise, two members of the FES (FEline Sarcoma) family kinases, FES and FER, as
well as vascular endothelial growth factor receptor (VEGFR) family kinase VEGFR1,
were newly predicted to be regulated upon either H1N1p4moe Or H5N1 infection. Given
that no specific and selective inhibitors of FES or FER have been reported to date, |
chose a multi-kinase inhibitor, TAE684, which is known to inhibit both kinases as well as
the well-known target ALK, to measure its possible impact on viral replication. Neither
the FES/FER inhibitor nor the VEGFR1 inhibitor showed significant effect on 1AV
replication at nontoxic concentration (Fig. 18B and Fig. 18D). The slightly reduced viral
titer occurred when cells were treated with 10 uM TAEG684, which was more likely due to
the cytotoxicity of this compound rather than its effect on the viral growth (Fig. 18B).
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Figure 18: The impact of kinases inhibitor on IAV replication.

(A) A549 cells were treated for 24 h with DMSO (vehicle control) or TAE684 at indicated concentration,
followed by the determination of cell viability A549 cells and calculation of the half-maximal cytotoxic (CCso)
concentration of TAE684. (B, D) A549 cells were pre-treated for 1 h with the indicated dose of TAE684 (B),
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ZM306416 (D), or DMSO as a solvent control, then infected with HLN1pdmos or HSN1 (MOI = 0.001) for 24 h
in the presence of indicated inhibitor. Viral titers of cell culture supernatants were determined and are
displayed in absolute numbers. (C) The experiment was performed as in (A) with the exception that A549
cells were incubated with ZM306416. After 24 h cell viability was determined by PrestoBlue assays. Cell

viability of control cells was set as 100%.

novel (nua) kinase (NUAK) 1, also known as ARKS, is one of 12 kinases with sequence
homology to the catalytic a-subunits of the metabolic regulator AMPK, which has been
described as an anti-viral factor for IAV replication via PPARa/y-AMPK-SIRT1 pathway
(Bei et al., 2021; Monteverde et al., 2018). Since NUAK1 was also found to be activated
in HS5N1-infected samples at 1 h.p.i., the selective NUAK1 inhibitor WZ4003 was applied
to assess the impact on the viability of A549 cells (Fig. 19A) and viral replication (Fig.
19B). Inhibition of NUAK1 increased the virus titers of HIN1pimoe and H5N1 at a dose-
dependent manner, suggesting an anti-viral function of this kinase.

Four novel kinases (EphAl, EphA3, CDK15 and BLK) were further assessed for their
particular importance to 1AV replication by using sequence-specific small interfering
RNAs (siRNAS). In this particular experiment (Fig. 19C, D), a second siRNA transfection
(double transfection) was conducted 48 h following the first sSiRNA transfection, and the
cells were either collected and the knockdown efficiencies were analyzed 48 h after the
second transfection, or infected at a low MOI (0.001) by H1N1pgmos or HSN1. The qRT-
PCR (Fig. 19C) results showed >50% knockdown efficiency at RNA level for each gene
was achieved by the corresponding siRNA transfection, except for siRNA-EphA3, which
showed only 35% depletion at the mRNA level, compared with control scrambled siRNA
(si Scramble). While no effects were observed after knockdown of CDK15 or BLK,
knockdown of EphAl and EphA3 together resulted in increased viral titers (Fig. 19D),
consistent with a cooperative anti-viral effect of both members of this redundantly acting

Tyr kinase family.
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Figure 19: Effects of individual kinases on IAV infection.

(A) A549 cells were treated for 24 h with DMSO (vehicle control) or WZ4003 at indicated concentration,
followed by the determination of cell viability A549 cells and calculation of the CCso concentration of WZ4003.
(B) A549 cells were pre-treated for 1 h with indicated concentration of WZ4003 or DMSO. Cells were further
infected with H1N1pamos or H5N1 (MOI = 0.001) for 24 h in the presence of WZ4003. Viral titers of cell culture
supernatants were determined. (C, D) A549 cells were transfected twice with siRNAs using a 48-h interval
between transfections. At 48 h after the second transfection, one part of the cells was harvested for the
analysis of gene expression by RT-qPCR to control knockdown efficiency (C), or infected with H1N1pdmoo Or
H5N1 (MOI = 0.001) (D). Viral titers of cell culture supernatants were determined 24 h.p.i.. Shown are means
+ standard deviations from three independent experiments performed in triplicates. Data were processed

with unpaired t-tests. Asterisks indicate p values (*p <0.05, **p<0.01).
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3.2 Overview of IAV protein phosphorylation

3.2.1 Criteria for the selection of candidate phosphorylation sites

Previous phosphoproteomic analysis of MLE-15 cells infected by SC35 or its mouse-
adapted derivative SC35M from our laboratory allowed the identification of
phosphorylated residues within viral proteins (Weber et al., 2019). This work identified
12 novel phosphorylation sites and confirmed 8 already known modified amino acids in
several 1AV-encoded proteins (Table 4) (Weber et al.,, 2019). To comprehensively
characterize the functionally relevant phosphorylation events within IAV-encoded
proteins, our data set was combined with published data sets generating a list of 69
phosphorylation sites contained in 10 different viral proteins encoded by several different
IAV strains (Table 4). This list was then filtered by the following criteria to select sites to
be further examined: (1) the site should not yet been previously studied, (11) it should be
highly conserved between IAV strains (Fig. 20). and, (lll) the site should be located in

regions with a known function and available structural information were considered.

Table 4: Summary of IAV phosphorylation sites.

IAV Protein | Published Confirmed New
PB2 S742 T471
PB1 T223 Y657
PA T151, T157, T162, T200, S224, S225 Y393, S395
HA T358 Y155, Y218
NP S3, S28, S50, S60, S69, S84, S165, S9, Y10, Y97, Y296, Y148, Y289

S297, S377, T378, S403, S407, S457, S402
T472, SA73, S486

NA S160, S164, S166

M1 S2,T5,T9, Y10, T37, Y132, T168, T108 S118, Y119, T121,
S195, S196, S224, S225, S226 Y240

M2 S64, T65

NS1 S42, T80, T197, T215 S48, T49

NEP S23, S24, S25

91



RESULTS

Influenza A virus sequences with full length -<
(Influenza virus sequence database, excluding
laboratory strains and duplicate strains) |

7 \

@
AlV ?Human IAV

No. of analyzed

sequences
Manual adjustment

/

. AlV Human
:JJL ‘ ’ IAV

!

>
5

,

Figure 20: Computational analysis of the evolutionary conservation of phosphorylation sites on IAV

proteins.

Schematic display of the workflow: All previously published full-length protein sequences of avian and human
IAV (before August 2018) were collated from the Influenza Virus Resource at the National Center for
Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov/genomes/FLU). laboratory strains were excluded
from the analyses to eliminate sample biases. Identical sequences were collapsed and filtered to ensure that
each strain was only represented once in the dataset. All assembled protein sequences were aligned using
MAFFT v7.2 as available in the Cipres Science Gateway (https://www.phylo.org) with subsequent manual
adjustment to correct frameshift errors using BioEdit. The number of protein sequences used to calculate

the frequency of residue (Ser/Thr/Tyr) at a given phosphorylation site is listed on the right.

3.2.2 Phosphorylation of the polymerase subunits and the NP

The known phosphorylation sites occurring on the polymerase subunits are listed in
Table 5, and further filtered according to the criteria mentioned above.

One candidate phosphorylation site of PB2 is T471, a highly conserved residue and
positioned in one of NLS within PB2, suggesting a functional relevance for nuclear import
of PB2 and for interactions with nuclear import factors. Additionally, this residue is

located at the cap-binding domain of PB2, which is tightly involved in the unique cap-
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shatching mechanism needed for IAV transcription (Pflug et al., 2014). Moreover, the
structure of the polymerase complex implies PB2 T471 is surface-exposed in a region of
the cap-binding domain of PB2. It would therefore presumably be accessible to kinases.

Thus, PB2 T471 matches all the selection criteria and was therefore further investigated.

Table 5: Summary of IAV phosphorylation sites in the polymerase subunits.

Vi . Avain IAV Human IAV
. Phosphorylation irus s.trams
Protein site :vhere itwas posidue Residue Comments Reference
ound conservation(%) conservation(%)
Located at NLS1 and cap binding domain (319-481)  PMID: 26008706
PB2 Thrd71 SC35/SC35M  99.49 99.17 PMID: 25409142
Adjacent to NLS2, forms part of a flexible C-terminal
" S AR i PMID: 26008706
Ser742 WSN 99.93 99.96 tail containing the protein's bipartite NLS; ) PMID: 17310249
But the surrounding sequence is not conserved in .
PMID: 23144613
SC35
PB1 Located at the “Finger Tips”. Our analysis shows that
Thr223 WSN 99.84 99.99 phosphorylation of Thr223 inhibits the enzymatic PMID: 25409142
function
Tyr657 SC35/SC35M  99.97 99.98 Priming loop PMID: 25409142
PA Thr151 Vic 99.00 99.90 Already analyzed; not essential PMID: 10627541
. Already analyzed; important for the capacity of viral PMID: 12719592
Thr157 Vie 99.45 99.77 polymerase to synthesize cRNA PMID: 10627541
. . . PMID: 12719592
Thr162 Vic 99.62 99.92 Already analyzed; not essential PMID: 10627541
Thr200 Vic 99.96 99.99 Already analyzed; not essential PMID: 10627541
) Already analyzed; S224A was shown not to affect RNP PMID: 12719592
Ser224 WSNNVie 99.61 99.75 activity or the apparent proteolytic activity of PA PMID: 10627541
Ser225 WSN 99.60 38.40 Loca‘lgd at the amlno—tgrmlnal third oflthe molecule PMID: 10627541
(positions 1 to 247),activate proteolysis
Located in the C-terminus of PA, which wraps around .
Tyr393 SC35/SC35M 99.98 99.95 the PB1 complex (PA arch) PMID: 25409142
Ser3gs SC35/SC35M  99.42 99.83 Located in the C-terminus of PA which wraps around PMID: 25409142

the PB1 complex (PA arch)
WSN: A/WSN/1933 (H1N1); Vic: AlVictoria/3/75 (H3N2); SC35: A/Seal/Massachusetts/1/80 (H7N7); SC35M:
A/Seal/Massachusetts/1/80 (H7N7) mouse-adapted.

Eight phosphorylation sites of PA were reported. Among them, two novel
phosphorylation sites Y393 and S395 previously detected in our laboratory, are highly
conserved in influenza A viruses. Of particular interest, these two phosphorylation sites
are located at the C-terminus of the PA, a region that wraps around the PB1 complex,
suggesting a relevance for regulating the interaction with PB1. Additionally, PA Y393 and
S395 are close to the 5 VRNA/cRNA binding pocket in the polymerase structure (Fig.
21). Thus, PA phosphorylation sites Y393 and S395 might plausibly affect 5 VRNA/cCRNA
binding.
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T378 Y148

Figure 21: Location of functionally relevant phosphorylated residues in the IAV polymerase and NP.

(A) Display of the positions of functionally relevant phosphorylation sites PB2 T471 and PA Y393, S395 in
the three-dimensional structure of the IAV polymerase (PDB: 4WSB). The PB2, PB1, and PA subunits are
shown in light pink, orange, and gray, respectively. The boxed areas were enlarged on the right. (B) Display
of the positions of functionally relevant phosphorylation sites Y148 and T378 in the structure of the IAV NP
multimer (PDB: 4BBL).

The NP is the most abundant protein of IAV after the M1 and is known to be a
phosphoprotein (Hutchinson et al., 2012). As illustrated in Table 6, NP phosphorylation
occurs at multiple sites during infection, and these phosphorylation patterns vary
throughout the infectious cycle and are dependent on the viral strain as well as the host
cell type. Several functional studies have reported that NP phosphorylation inhibits its
oligomerization in cells and defines the molecular mechanisms by which this maodification
impairs RNP formation. Amongst novel NP phosphorylation sites, Y148 phosphorylation
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occurs at the end of helix alpha 4, a region that is important for RNA binding. The
molecular modeling of NP showed that Y148 is at one end of the RNA groove and stacks
against the bound RNA to extend the quasi-helix (Lejal et al., 2013; Tarus et al., 2015;
Ye et al., 2006). Intramolecular localization of another candidate phosphorylation site at
T378, is not far away from the interaction zone between individual NP proteins within the
RNP thus proposing a possible functional relevance (Fig. 21 as above). Furthermore,
this site is highly conserved in both avian and human IAV and contained in the region
which is important for the NP oligomerization. Thus, NP Y148 and T378 phosphorylation
sites were selected for further analysis.

Table 6: Summary of IAV phosphorylation sites in the NP.

Avain IAV Human IAV
Phosphorylation Virus strains
Protein site Y where it was Comments Reference
found Residue Residue
conservation(%) conservation(%)
Already analyzed; Critical for phosphorylation at the N-terminal
NP Serd Vic 98.81 99.70 end of the NP, but not essential for the protein function in the PMID: 8648669
replication and transcription of the viral genome
Ser9 SC35/SC35SM/WSN 99.69 99.98 Already analyzed: control the nuclear import of NP, essential for oy, o eoao00s
Tyr10 SC35/SC35M/WSN 98.90 99.97 viral growth and the regulation of polymerase activities .
Ser28 Vic 99.94 99.99 Already analyzed; not essential PMID: 8648669
Ser50 Vic 96.94 91.92 Already analyzed; not essential PMID: 8648669
Serb0 Vic 99.96 99.99 Already analyzed; not essential PMID: 8648669
Ser69 Vic 99.97 99.94 Already analyzed; not essential PMID: 8648669
Ser84 Vic 98.59 99.67 Already analyzed; not essential PMID: 8648669
Tyr97 SC35/SC35M 99.98 100.00 Located at NP body domain; unknow function region PMID: 19471866
Tyr148 SC35/SC35M 99.99 100.00 Close to surface of the groove, might affect RNA binding PMID: 17151603
Already analyzed; S165 was shown to have a negative effecton .
Seri65 WSN 99.96 100.00 the viral polymerase and the dissociation of the NP oligomers PMID: 25787277
Tyr289 SC35/8C35M 99.59 66.41 Important for NP homo-oligomerization PMID: 20463064
Already analyzed; Y296 plays an important role in the nuclear
Tyr296 SC35/SC35M/MWSN 99.71 99.99 export: essential for viral growth and the regulation of PMID: 25787277
polymerase activities
Already analyzed; Y296 s adjecent to S297, being in close
Ser297 WSN 99.98 99.99 proximity to NES3, which functions in the CRM1-dependent PMID: 25787277
nuclear export pathway
Ser377 WSN 75.39 63.63 Important for oligomerization PMID: 20463064
Thr378 WSN 99.93 100.00 Important for oligomerization PMID: 20463064
SC35/SC35M/WSN Already analyzed; in the ‘'tail loop, S402A mutation caused a .
Serd02 /PR8 99.85 99.96 relatively small defect in growth (5-fold ) PMID:23144613
Serd03 WSN /PR8 0.02 0.08 Already analyzed; in the 'tail loop', important for viral growth PMID: 23144613
Serd07 WSN 99.99 100.00 Already analyzed; prevents RNF assembly, and severely PMID: 25867750
impairs viral replication
Serd13 WSN 99.98 99.99 Already analyzed; not essential PMID: 25867750
Serd57 WSN 99.98 100.00 Already analyzed, important for viral growth PMID: 23144613
Thrd72 WSN 99.42 84.31 Already analyzed; not essential PMID: 23144613
Ser473 WSN 0.38 0.48 Already analyzed; not essential PMID: 25867750

PMID: 23144613

Already analyzed; located at the binding groove entrance,
Serd86 WSN 99.94 99.97 contributes to regulated assembly by preventing hyper- PMID: 25867750

gligomerization
WSN: A/WSN/1933 (H1N1); Vic: A/Victoria/3/75 (H3N2); PR8: A/Puerto Rico/8/34 (H1N1); SC35:
A/Seal/Massachusetts/1/80 (H7N7); SC35M: A/Seal/Massachusetts/1/80 (H7N7) mouse-adapted.

3.2.3 Phosphorylation of the NS1

The NS1 is phosphorylated at different residues during infection, which depends on the

viral strain and cells used. Six phosphorylation sites were reported when | started this
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study, whereas a recent paper investigated another novel phosphorylated residue at

S205 and its critical role in supporting polymerase function (Patil et al., 2021). Amongst

the phosphorylation sites of NS1, only one site (T197) found in the WSN strain is

functionally unknown, while all remaining sites have been functionally analyzed.

Remarkably, it was noted that T197 is part of the NS1 effector domain according to a

previous structural analysis of NP by Bornholdt et al., 2008 (Bornholdt et al., 2008) (Fig.
22). T197, together with the nearby S195 and D92 (a virulence determinant of H5N1),
forms strong hydrogen-bonding interactions with each other. It has been proposed that

phosphorylation of either S195 or T197 may destabilize NS1 and thus potentially disrupt

the dimerization of NS1.

Table 7: Summary of IAV phosphorylation site in the NS1.

Avain IAV Human IAV
Phoschorviath Virus strains
Protein sn:” orylation ;t::'r: itwas - @ cidue Residue Comments Reference
conservation(%) conservation(%)
NS1 Sera2 Udomn 79.85 99.76 ﬁfl:;%rnanalyzed: affecting virus replication during PMID: 22787231
Already analyzed in previous study and our own
Serd8 3§§r5:5c35w 83.45 13.82 analysis; NS1 ST48,49EE did not impair virus ~ PMID: 22787231
production
Already analyzed in previous study; dissolving of .
SC35/SC35M/ - PMID: 22787231
Thrd9 WSN/ PR8 99.94 99.78 NS1-TRIM25 binding as well as NS1-RIG-I PMID: 26687707
complex
Already analyzed; regulating the replication of IAV i
Thré0 WSN 67.04 98.70 by reducing the binding affinity with RIG-| PMID:27579632
Part of the NS1 effector domain; phosphorylation i
Thrig? WSN 66.97 14.53 of either S195 or T197 may destabilise NS1, Em:g; ;g:;ig?g
potentially disrupting its dimerization )
Already analyzed; T215 is not required for human PMID: 19007960
infection and transmissibility. Although the residue PMID: 22787231
Thr215 WSN/Udom 1.59 62.43 is important for viral growth, mutational analysis ~PMID: 23144613

suggests that its phosphorylation is not required in
tissue culture

Udorn=A/Udorn/72 (H3N2); WSN: A/WSN/1933 (H1N1); PR8: A/Puerto Rico/8/34 (H1N1); SC35:
A/Seal/Massachusetts/1/80 (H7N7); SC35M: A/Seal/Massachusetts/1/80 (H7N7) mouse-adapted.
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Figure 22: Location of functionally relevant phosphorylated residues in the IAV NS1.

Display of the positions of functionally relevant phosphorylation sites (A) S48, S49 in the IAV NS1 RNA
binding domain (PDB: 2ZKO) and (B) T197 in the dimeric NS1 effector domain (residues 79-207) (PDB
2GX9). Residues 206—-230 and residues 73—78 are disordered. RNA is shown in blue.

3.3 Functional consequences of phosphorylation of IAV proteins on

viral propagation

By analysis of all phosphorylation sites within the different virus proteins know to be
phosphorylated (Table 4) applying the above-mentioned selection criteria, a total of 9
phosphorylation sites (PB2:1, PA:2, NP:2, M1:1, NS1:3) were selected for further
functional evaluation through generation of phosphorylation-defective (STY/AF) and
phospho-mimicking (STY/E) mutations. RG using eight co-transfected plasmids
encoding the viral RNAs was employed to create recombinant SC35M virus mutants in
a co-culture of 293T/MDCK II cells. Repeatedly, | was not able to rescue recombinant
viruses with mutations in M1 (T108A) and in two VRNP components, namely PA (Y393E),
NP (Y148E, T378E). All rescued viruses were then compared in a multi-cycle replication
assay and showed roughly similar replication kinetics at 12, 24, and 36 h.p.i. in MLE-15
cells (Fig. 23C).
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Figure 23: The effects of IAV protein phosphorylation on viral replication and growth.

(A) Schematic display of the workflow for the production of recombinant IAV SC35M viruses encoding
mutated viral proteins. (B) Summary of the rescue of recombinant viruses ablating or mimicking constant
phosphorylation on candidate phosphorylation sites. Plus indicates successful rescue of recombinant
viruses. (C) MLE-15 cells were infected with the indicated viruses at an MOI of 0.001 and viral growth was
monitored 12, 24, and 36 h.p.i. by foci assay. Dashed lines represent the detection limit. *p <0.05, **p <
0.01 and *** p < 0.001. Error bars represent standard deviation from three independent experiments.
Differences from WT were tested using unpaired t-test, asterisks indicate p values (*p <0.05, **p<0.01, and
< 0.001).

3.4 Functional consequences of phosphorylation of VRNP

components

To test whether the modifications occurring at the vVRNP components PB2, PA and NP
affect polymerase activity, a plasmid-based minireplicon system to perform minigenome

replication assays by RNP reconstitutions in cells was employed. A plasmid expressing
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a polymerase | (Pol I)-driven vRNA-like transcript encoding the luciferase reporter gene
was co-transfected into 293T cells together with plasmids encoding the viral PB2, PB1,
PA, and NP proteins or their phospho-deficient/phospho-mimetic derivatives.
Quantification of the luciferase activity 24 h.p.t. showed a strong reduction in reporter
activity when PA mutants (Y393E and PA S395E) were expressed instead of WT PA,
thus suggesting that the failure to rescue the respective mutant viruses results from
defective RdRp activity (Fig. 24). The NP Y148E mutant which did not allow to rescue
virus led to reduced reporter protein activity while the NP T378E mutation, which also
did not permit the rescue of virus had no effect on the luciferase activity. The other
polymerase subunit mutants PB2 (T471A/E), PA (YS393,395FA), NP (Y148F, T378A,
YT148,378FA), which all allowed to recused virus with replication efficiencies

comparable to WT SC35M, also demonstrated reporter/polymerase activity similar to
WT.
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Figure 24: Overview of the impact of phosphorylation sites of IAV proteins on polymerase activity.

(A) Polymerase reconstitution assay in the presence of the indicated IAV protein mutants. 70% confluent
293T cells were transfected with 1 ug each of WT or mutated pHW2000-SC35M-PB2, pHW2000-SC35M-
PB1, pHW2000-SC35M-PA, pHW2000-SC35M-NP, 200 ug pHW72-Luci, and 20 ug pCl-neoRenilla-Luci
plasmids in 6-well-plates by using PEI. After 24 h, the cells were washed with PBS and lysed for 15 minutes
with 150 pl of 1x passive lysis buffer. 10 yl LARII substrate was mixed with 2 pl of cell lysate in a luminometer
tube and firefly luciferase activity was measured. After the addition of 10 ul of stop and glow buffer, the
bioluminescence of Renilla luciferase was determined using a luminometer. The relative activities were

calculated after the normalization of the Renilla luciferase activities to the activities of the firefly luciferase.
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(B) The experiment was performed as in (A) with the difference that vVRNP complexes were further co-
expressed with indicated NS1 phospho-mutants in the presence or absence of M1 protein. Polymerase
activity is shown as mean and standard deviation (s.d). of at least three independent experiments.
Differences from WT were tested using unpaired t-test, N.S.: not significant, asterisks indicate p values
(*p<0.05, **p=<0.01 and ***p < 0.001).

3.4.1 Phosphorylation status of PA Y393 affects the ability of the

polymerase to produce VRNA and infectious virions

Mutational analysis revealed that PA phospho-residues impact IAV propagation. In this
context, constitutive phosphorylation Y393E is incompatible with the production of
infectious viruses (Fig. 23B) and led to a remarkable reduction in polymerase activity
(Fig. 24A). To further determine whether the PA phospho-site mutants have an impact
on the synthesis of the specific viral RNA species (VRNA, cRNA, and mRNA), a primer
extension assay was performed. For this, 293T cells were transfected with plasmids
expressing the VRNP components (PB2, PB1, PA, NP) containing WT or phospho-
mutant PA, together with a plasmid (pPOLI-CAT-RT), which expresses a VRNA-like Pol
I-transcript encoding the CAT open reading frame. Using specific radioactive labeled
primers, the different forms of viral RNA (v-, c-, mMRNA) and the cellular 5S RNA (loading
control) in the extracted total RNA can be detected (Fig. 25A) and quantified (Fig. 25B).
Comparing the result for the negative control (lane 2) to the positive control (lane 3),
which both express WT PA, demonstrates that the polymerase is not active without PB2.
The PA YS393,395FA mutant had no major effect on the amounts of the three viral RNAs
(lane 4). The PA YS393,395EE (lane 5) and PA Y393E (lane 6) mutations resulted in
complete loss of viral c- and mRNA. It must be noted that due to the constant expression
of the vRNA from the pPOLI-CAT-RT a background level of vRNA was detected in all
experiments. The PA S395E mutation (lane 7) resulted in a markedly reduced amount
of mMRNA and no detectable levels of cRNA. These results are well in agreement with
the fact that recombinant SC35M virus can only be rescued with WT PA and that the
virus carrying the PA YS393,395FA mutations replicates to similar titers as WT virus,
while the virus with the PA S395E mutation, replicates to significantly reduced titers. In
summary, these results suggest that permanent phosphorylation of PA at Y393 and
S395E prohibits the activity of the RdRp.
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Figure 25: Effect of mutating phosphorylated residues in the PA on transcription and replication.

(A) To assess the function of mutated PA proteins in transcription and replication, RNP reconstitutions were
performed in 293T cells and RNA species at 48 h.p.t. measured by primer extension and autoradiography.
A representative image is shown. (B) Autoradiography signals from (A) were quantified from three
independent experiments and normalized to WT levels. Bars indicate standard deviations obtained by
unpaired t-test for two-group comparisons, asterisks indicate p values (*p <0.05, **p<0.01, and ***p <
0.001).

3.4.2 PA Y393 and S393 phosphorylation does not affect the ability of PA
to interact with PB1

As mentioned before, the residues Y393 and S395 are contained in a region of PA, which
is critical for the interaction with PB1 protein. The polymerase activity requires multiple
steps for successful transcription and replication, starting with protein expression, the
assembly of trimeric polymerase complex, RNA binding, RNP assembly, and ultimately
the synthesis of new RNA products (Dawson, Wilson, Freiberger, et al., 2020; Mondal et
al., 2017), and the cumulative success of this process can be monitored with the primer
extension assay. To decipher whether PA Y393 phosphorylation might be critically
involved in regulating the PA/PB1 interaction, further investigations were performed. To
this point, PA/PB1 interaction was assayed by expressing WT- and PA mutants along
with either PB1 (Fig. 26A), or PB2 and PB1 (Fig. 26B), or PB2, PB1 and NP without
(Fig. 26C) or with (Fig. 26D) viral RNA in 293T cells, immuno-purifying PA with a PA-
specific antibody, and probing for co-precipitation of PB1. The results showed that the
levels of co-precipitated PB1 with WT PA or all PA mutants were at approximately WT
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levels in all above settings, independent of whether the mutations of the expressed PAs

were phospho-ablative or phospho-mimetic, indicating that PA/PB1 interaction is

unaffected by the PA Y393 and S395 phospho-mutations.
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Figure 26: PA Y393 and S395 phospho-mutants do not affect PB1-PA interaction.

(A) PB1 and indicated PA Y393 and S395 phospho-mutants were expressed in 293T cells and cell lysates
were subject to PA immunoprecipitation. Immunoprecipitates and input samples were western blotted for
PB1 and PA proteins. (B) The experiment was performed as in (A) with the difference that PB2 was further

co-expressed to test PB1-PA interaction in the presence of polymerase proteins. (C) The experiment was
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performed as in (B) with the difference that NP was further co-expressed. (D) The experiment was performed
as in (C) with the difference that vRNA-like reporter gene was further co-expressed expressed to test PB1-
PA interaction in the presence of RNP components. Data are representative of two independent

experiments.

3.5 Functional consequences of M1 T108 phosphorylation

3.5.1 Phosphorylated M1 T108 is highly conserved among different 1AV

strains

The phosphorylation sites found in viral matrix protein M1 of influenza A viruses are
summarized in Tables 8. As described there, IAV M1 phosphorylation occurs at multiple
sites on Ser, Thr, and Tyr residues, and can vary between viral strains and host species.
Among these candidates, M1 T108 meets the afore mentioned selection criteria. Firstly,
the alignment of the primary amino acid sequences of M1 protein showed that the M1
T108 residue is almost 100% identical in all subtype 1AV strains from both avian (11759)
and human (11590) species, with the exception of two human H1N1pimoe isolates
(GeneBank accession no. AGL04668.1 and AFU09343), which present a Met at this site.
Secondly, M1 T108 is contained in several described functional regions (Fig. 27),
suggesting the possible functional roles of a phosphorylation at this site. For example,
on the one hand it is close to the known M1 NLS (101RKLKR105), which regulates the
nuclear M1 import. On the other hand, it is located in the M1/M1 interacting domain,

which is essential for the M1 multimerization.
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Table 8: Summary of IAV phosphorylation site in the M1 proteins.

. Virus strains Avain |IAV Human IAV
Protein :il;l:sphorylatlon where it was Comments Reference
found Subtypes
Residue Residue
conservation(%) conservation(%)
M1 Ser2 WSN/PR8 All 99.93 99.97 . 1-20 tical for th
Residues 1-20 are critical for the
;:: mg::zi: i:: ::g: :zg; interaction between the / terminus of PMID: 24743939
- - M1 and importin a1 protein
Tyr10 WSN/PR8 All 99.97 99.97
Thr37 PR8 Al 89.30 98.89 Unknow function region
H7N9 19.12 4.50
SC35/SC35M/ Close to the NLS( ""'RKLKR'®)of M1. PMID: 26008706
Thr108 WSN Al 99.96 99.98 regulating the nuclear import of M1 PMID: 23536660
Ser118 SC35/SC35M All 99.40 99.86
NEP binding region of M1 protein
Tyr119 SC35/SC35M All 99.97 99.99 (residues 89 -164 ) , vRNP nuclear PMID: 12670177
Al 98.35 13.99 export is mediated by the nuclear ’

Thri21 SC35/SC35M — presence of M1 and NEP

95.54 0.37

Already analyzed; NLS-neighboring
Tyr132 WSN All 100.00 99.99 Y132 is critical to control the nuclear PMID: 23536660
import of M1 and virus replication.

Thr168 WSN Al 83 52 98,79 PMID: 11222100
HENT 16.06 16.25 PMID: 17597902

Ser195 WSN All 99.89 99.93

Ser196 WSN All 99.8 99.84 C-terminal part of M1 (residues 165- PMID: 10799781

Ser224 WSN All 74.7 97.75 252), binding to RNPs

Ser225 WSN All 96.86 100.00

Ser226 WSN All 99.94 99.99 PMID: 11222100

Tyr240 SC35/SC35M All 99.89 99.99

WSN: A/WSN/1933 (H1N1); PR8: A/Puerto Rico/8/34 (H1N1); Vic: A/Victoria/3/75 (H3N2); SC35:
A/Seal/Massachusetts/1/80 (H7N7); SC35M: A/Seal/Massachusetts/1/80 (H7N7) mouse-adapted.

Membrane interaction domains

Dimer & multidimer forming domain

Importin at
interaction
domain

NES NLS ZFM

N-terminus Middle Domain C-terminus
1 87 165 252

Figure 27: Display of the position of functionally relevant phosphorylation M1 T108.

Schematic domain structure of M1. The amino acid residue M1 T108 is indicated above in blue. The colored
boxes represent different functional domains of the M1 protein. ZMF: Zinc finger motif. A detailed description

of each protein domain is provided in the text. Amino acid details are adapted from (Liu et al., 2018).

3.5.2 Phosphorylation of M1 at position 108 is required for SC35M

propagation
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To assess the functional importance of phosphorylation M1-T108 on viral replication, this
site was mutated either to prevent phosphorylation (T/A) or to mimic phosphorylation
(T/E). Subsequently genetically engineered recombinant SC35M viruses carrying these
mutations were generated by RG (Fig. 28A). Three attempts to rescue viruses upon
mutation of M1 T108A repeatedly failed, while the M1 T108E phospho-mimicking SC35M
mutant could be rescued and showed only a minor decrease in replication efficiency
compared to WT SC35M (Fig. 28B). Taken together, this experiment implies that the
phosphorylation of M1 at position 108 is required for SC35M propagation.

8 plasmids ns. ns ﬁ(??%g\g
M1 WT or T108/A/E S NS
or T108/A/ M1 T108A

no virus rescue

Virus production P i Titrati 6 12 24 36
P ropagation itration Time post infection (h)

11
99
11
11
sssse

Virus Tilter
log10(FFU/mI)
o N A O

Figure 28: Phosphorylation at M1 T108 is required for viral rescue.

(A) Schematic display of the workflow. Eight plasmids encoding SC35M were expressed to produce viruses
mutated in the SC35M M1 proteins. (B) The recombinant viruses were produced in 293T/MDCK Il cells and
then titrated to infect MLE-15 cells (MOI = 0.001). Virus supernatant was harvested at the indicated time
points and viral titers were determined via foci assays. The relative virus titers and SEM derived from three
independent experiments performed in triplicates are shown on a log10 scale. Differences to WT M1 were
tested using unpaired t-test, n.s.: not significant.

To investigate whether the substitutions on M1 T108 affect the stability of M1 proteins,
293T cells were transfected to express 8 plasmids encoding the viral genome and
allowing to express all viral proteins. Cells were lysed at 12 h.p.t. and 24 h.p.t., followed
by expression analysis of the major viral proteins (WT M1 or M1 T108A/E mutants and
NP) via Western blotting (Fig. 29A) and subsequent quantification (Fig. 29B). The
Western blots showed that the expression levels of WT M1 and M1 T108A/E were not
significantly changed at both early and late time points after transfection. The
quantification of M1 proteins levels revealed slight variations, but this was not statistically
significant. The NP displayed a rather minor reduction in protein levels on cells
expressing mutated M1 T108A/E proteins in comparison to the WT M1. This suggests
that the substitutions T108A/E do not affect expression and stability of M1.
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Figure 29: Substitutions at M1 T108 do not affect the M1 protein expression level.

293T cells transfected with 8 plasmids for RG were lysed for Western blot analysis at 12 and 24 h.p.t. (A).
M1 and NP were detected with respective antibodies, B-Actin was probed as a loading control (blank lane:
cells transfected with empty vector (EV)). Asterisks indicate specific bands detected by immunoblotting. (B).
Quantitative analysis of M1 and NP protein expression from three independent experiments. The experiment
was performed as described in (A), protein amounts of M1, NP, and B-Actin were quantified. Relative protein
amounts were normalized to B-Actin and WT M1 or NP expression was set as 100%, the mean is plotted
and error bars indicate standard error of the mean (SEM) by unpaired t-tests, n.s.: not significant, asterisks
indicate p values (*p<0.05, **p<0.01).

3.5.3 Phosphorylated M1 T108 contributes to the nuclear import of M1

Phosphorylation within or adjacent to NLSs has been shown to be important in regulating
nuclear import, acting through a range of stimulatory and inhibitory mechanisms
(Hutchinson et al., 2012). M1 shuttles between the cytosol and nucleus at early stages
of virus replication to modulate viral polymerase activity and guide newly synthesized
VRNP complexes from the nucleus into the cytoplasm (Mecate-Zambrano et al., 2020).
In late stages, M1 is mainly localized at the PM to initiate budding and assembly of
progeny virions. The fact that the phospho-acceptor site M1 T108 is close to the NLS of
M1 protein (Fig. 27), raises the question whether this phosphorylation is involved in the
regulation of the nuclear M1 import. To address this question, subcellular localization of
WT M1 or M1 mutants was analyzed in 293T cells transfected with 8 plasmids (Fig. 30).
Cells were harvested and fractionated into cytosolic and nuclear extracts at the 4
indicated time points. Quantitative evaluation of Western blot experiments revealed an

increased amount of M1 T108A in the cytosolic fraction and a reduced amount in the
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nuclear fraction, when compared to WT M1 or the M1 T108E mutant at all four time
points. These data suggest that M1 phosphorylation can affect the intracellular
distribution of M1.
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Figure 30: M1 T108A mutant causes the cytoplasmic accumulation of M1 protein.

Immunoblot analysis of the cytoplasmic and nuclear distribution of M1 and NP proteins. 293T cells were
transfected with 8 plasmids for RG of SC35M expressing either WT M1 or M1 T108 phospho-mutants. (A)
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At 8, 12, 18, and 24 h.p.t., nuclear and cytoplasmic fractions were obtained. The upper panels show protein
levels determined by quantification of Western blots. B-Tubulin and histone H3 were used as fractionation-
specific markers. (B) and (C). The experiment was performed as in A, and the M1 (B) and NP expression
(C) were quantified compared to WT M1, which was set at 100%. The data of NP protein expression at 8
h.p.t was not included due to the low expression level of NP at this time point. Values display means + sd.
from four independent experiments. Differences to WT M1 were tested using unpaired t-test, red asterisks

indicate p values (*p<0.05 and **p<0.01 ***p < 0.001). C: cytoplasmic fraction; N: nuclear fraction.

In addition, an immunofluorescence assay was also performed to examine the
intracellular location of M1 and vVRNPs in 293T cells transfected with the SC35M-
encoding 8 plasmids at the indicated time points. Here, WT M1 displayed a homogenous
distribution between nucleus and cytoplasm at each of the four tested time points. As the
major protein component of VRNPs, the NP protein accordingly underwent dynamic
nucleocytoplasmic shuttling, with predominant nuclear localization at 18 h.p.t.,
translocation from the nucleus to the cytoplasm at 24 h.p.t., localization throughout the
cells at 36 h.p.t., and nuclear redistribution at 48 h.p.t. (Fig. 31A). This phenomenon
could also be observed in cells expressing M1 T108E mutant, which displayed cellular
localization similar to that of WT M1 (Fig. 31A). However, quantitative analysis of the
immunofluorescence experiments of cells expressing M1 T108A exhibited cytoplasmic
accumulation of M1 and nuclear retention of vVRNP (Fig. 31B). Accordingly, these
experiments show that phosphorylation on M1 T108 contributes to the nuclear import of

M1 and nuclear export of NP.
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Figure 31: Phosphorylation M1-T108 contributes to the nuclear import of M1 and nuclear export of
VRNP.

Immunofluorescence assay to detect the cellular location of WT and mutated M1 (M1 T108A/E) in 293T cells
transfected with an 8-plasmid reverse genetic system for SC35M. At 12, 18, 24, and 36 h.p.t., cells were
fixed and stained with anti-M1 antibody (green) (A) and anti-NP antibody (red) (C). Nuclei were stained with
Hoechst 33342 (blue), scale bars: 5 um. Pictures are representatives of two independent experiments. (B,
D) The experiment was performed as in (A,C), and the intracellular distribution of M1 and NP in the cells
was scored as shown. The percentage of cells representing each score is shown. M1 and NP expression

were quantified from at least 150 interphase cells for each condition.
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3.5.4 The M1 T108A mutation does not alter the membrane association of

M1 and the production of IAV particles

In later stages of infection, M1 is mainly localized at the PM where it recruits other viral
envelope proteins (HA, NA, M2), initiating the assembly and budding of progeny virions
(Hilsch et al., 2014; Nayak et al., 2009; Rossman & Lamb, 2011). T108 is also found in
the region interacting with the PM of infected cells (Fig. 27). Therefore, it was also
important to test the relevance of M1 phosphorylation for its association with the cell
membrane. To this end, a direct method relying on co-staining M1 together with the M2
protein, which carries M1 in a piggyback mechanism to the PM (Chen et al., 2008;
McCown et al., 2006), was applied on the 293T cells upon transfection of 8 plasmids
expressing all SC35M proteins. After 24 h.p.t., WT viral progeny should be produced in
cells expressing WT SC35M proteins, and consistent with this, a fraction of the WT M1
protein was detected at the PM where it co-localized with M2 (Fig. 32). This phenomenon
was also seen for the M1 T108E mutant. Interestingly, M1 T108A was also observed in
close proximity to the membrane, but showed a reduced nuclear presence, which is
consistent with the fractionation and immunofluorescence experiments (Fig. 30, Fig. 31).
In the meanwhile, a clear colocalization of both M1 and M2 proteins at the PM was
observed. Collectively, these results suggest that M1 T108A is efficiently transported to
the PM and does not influence the PM association of the M1 protein.

M1 T108A

M1 T108E

Figure 32: The T108A mutation does not influence the PM association of M1.
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Immunofluorescence assay for the cellular location of M2 and WT or mutated M1 (M1 T108A/E) in 293T
cells transfected with the 8-plasmid reverse genetic system for SC35M. Cells were fixed 24 h.p.t. and
analyzed for localization of M1 (green) and M2 (red), nuclei were stained with Hoechst 33342 (blue), scale

bars: 5 um. Pictures are representatives of two independent experiments.

VLPs are widely used to assess the efficiency for influenza virus assembly and budding
(Das et al., 2012; Wang et al., 2017). Thus, the generation of VLPs was determined to
analyze whether M1 T108 phospho-mutants affect VLP formation. To do that, three
different VLPs were generated in 293T cells transfected with plasmids expressing the
SC35M genome together with WT or mutated M1, along with HA, NA, and M2, all of
which are known components sufficient to produce VLPs with structures identical to the
WT virions (Peukes et al., 2020). Western blotting experiments were subsequently
performed to analyze presence of these viral proteins within purified and concentrated
VLPs in cell culture supernatants as well as in cells. Notably, HA occurred in the culture
supernatant of transfected cells even in the absence of the M1 protein (Fig. 33, lane 2),
due to the fact that HA and NA are sufficient for VLP formation and budding (Chlanda et
al., 2015; Das et al., 2012). Comparable robust M1 and HA protein levels in all purified
VLPs were detected for WT SC35M M1 and mutant M1, indicating the efficient
incorporation of M1 T108 phospho-mutants into VLPs.
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Figure 33: Effect of the M1 T108 mutations on M1 incorporation into VLPs.

293T cells were co-transfected with pCAGGS-SC35M-HA, pCAGGQS-SC35M-NA and pCAGGS-SC35M-
M2 expressing plasmid alone, or together with pCAGGS-SC35M-WT M1 or M1 T108A/E mutants. After 48
h.p.t., VLPs in the supernatants were pelleted through a 30% sucrose cushion by ultracentrifugation.
Proteins in the cell lysates and VLP samples were examined by Western blotting. The M1 intensity of VLP
lysate and cell lysate was quantified with Image Lab 6.0.1 software (BioRad). Relative VLPs production was
calculated on the basis of the protein band intensities and expressed as the ratios of VLP lysate M1/cell

lysate M1, the ratio of IAV VLPs from the cells expressing WT M1 was set to 1.
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3.5.5 M1 T108 phosphorylation plays a role in regulating M1

polymerization

The data gained so far point to a key function of M1 T108 phosphorylation on viral
propagation by regulating the nuclear import of M1, thus affecting the nuclear export of
VRNP. The position of M1 T108 within the protein suggests a possible role in the
regulation of M1/M1 interactions, as seen by the structural analysis of M1 multimers (Fig.
34A) (Peukes et al., 2020). It is known that association M1 with the PM triggers its
oligomerization as a consequence of an increased affinity to other monomers, ultimately
providing structural integrity and stability to the virion (Calder et al., 2010; Dahmani et al.,
2019; Mohd-Kipli et al., 2021). Notably, regions on M1 previously identified as being
involved in priming M1 for oligomerization can also be phosphorylated, including helix 1
(S2/T5 and T9/Y10) and the loop between helices 2 and 3 (T37) (Mohd-Kipli et al., 2021).
In order to test the possibility that M1 T108 phosphorylation regulates M1 polymerization,
its self-association was tested by crosslinking experiments. 293T cells were transfected
to express the SC35M genome together with WT M1 or its phosphorylation-defective or
phospho-mimicking versions. Proteins in close proximity were crosslinked using the
membrane-permeable, bifunctional lysine-to-lysine crosslinkers disuccinimidyl glutarate
(DSG) or disuccinimidyl suberate (DSS). After crosslinking by DSG or DSG, M1
multimerization was revealed by Western blotting where crosslinked protein species
were seen by multiple upshifted bands. Interestingly, the phosphorylation-deficient M1
T108A mutant displayed a stronger signal of the dimer (a band at 50 kDa that could be
a M1 dimer) and also high molecular weight smear in comparison to WT M1 or M1 T108E
mutant (Fig. 34B, C). This phenomenon was even more apparent after crosslinking with
DSG, which has shorter spacer arms (Fig. 34B). These data indicate that the M1 T108
phosphorylation plays a role in restricting M1 multimerization.

A

Monomer -1 Monomer 0 Monomer +1
';'g"‘~ T QA“&'\‘

< =
B o
e - ﬂ‘z—g
o oyl
— L v, Y. )
L P DL - Py iad
2 & &~ =
PN a :
g N WL o -
‘*@Z%ﬁ\“:'

113



RESULTS

B o o ¢ ? N0~ 2 %
XL\\N,O\/\/\(O‘NA\' LI o N
% © o o)\/ o A o
1.4
7.7A
M1 WT T108A T108E M1 _WT T108A T108E
DMSO + + + DMSO + + +
DSG + + + kDa DSS + + + kDa
- - 250 - 250
130 130
100 -100
- 85 - 85
anti-M1 anti-M1
- 55 - 55
L 35 - 35

- C—— ~{—

v

-d

3

P

anti- Vinculin

s

.
-—

anti- Vinculin -
—

-
e

]
-
pod 130 -

| A8

130

Figure 34: The mutation of T108A affects the M1 polymerization.

(A) The position of phosphorylation M1 T108 is shown within the multimerized M1 protein (PDB: 1EA3) and
the boxed areas were enlarged. The structures were displayed using Pymol. (B) The indicated transfected
293Tcells were harvested 24 h.p.t., and in vivo crosslinked with DSG (2 mM) or (C) DSS (2 mM). The cells
were then lysed and analyzed by Western blotting using an M1-specific antibody. Uncrosslinked M1

monomer migrates at ~22 kDa (blue arrow). Vinculin was used as loading control.

3.5.6 M1 T108 phosphorylation regulates the protein/protein interactions

To investigate a potential effect of regulated M1 T108 phosphorylation on protein/protein
interactions by an unbiased approach, Co-IP experiments coupled to mass spectrometric
analysis were performed, as illustrated in Fig. 35A. 293T cells were transfected with 8
plasmids to express the SC35M genome together with the WT M1 or its T108 phospho-
mutants or the empty vector. Cell lysates were prepared and used for Co-IP using the
anti-M1 antibody or a nonspecific control rabbit Immunoglobin G (IgG) (Fig. 35B). The
immunoprecipitates were subsequently subjected to mass-spectrometric analysis. The
analysis of three independent experiments showed that the WT M1 protein specifically
interacts with a number of proteins (Fig. 35C). The analysis of the M1 T108E interactome
showed that this mutant had largely lost the ability to interact with proteins attached to
M1 WT (Fig. 35C). Mapping of the M1 interacting proteins to gene ontology (GO)
pathways using Metascape software revealed the association of proteins regulating

TNFa/NF-kB singling, RNA splicing and components of the STRIPAK (striatin-interacting
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phosphatases and kinases) complex, that did not interact with the T108A mutant
anymore (Fig. 35D).

Among the 71 detected WT M1-asscoated proteins as shown in the Venn diagrams (Fig.
35E), 12 proteins (KLHDC10, tubulin isotypes (TUBA1A; TUBAL1B; TUBALC; TUBA3E;
TUBA4A; TUBAS8), PHGDH, RPL12, RPS3, RPS26; RPS26P11, EEF1Al; EEF1A1P5;
EEF1A2, C1QBP, RPL21, RPL35A, NUDT21, NCL) specifically bound to WT M1. Of
these proteins, KLHDC10 (kelch repeat protein), ubiquitous cytoskeleton components-
tublin isotypes, NUDT21(Gaucherand et al., 2019), ribosomal proteins including RPS3
and RPL21 (Wang et al., 2018), cell surface nucleolin (NCL) (Chan et al., 2016), were
previously annotated as binding factors of IAV proteins, such as PA, PA-X and HA. RPS3
is linked to the mouse resistance to the H5N1 IAV infection (Boon et al., 2009). PHGDH
(Nigdelioglu et al.), RPS3 (Capitanio et al., 2012), RPS26 (Capitanio & Wozniak, 2012),
RPL21 (Capitanio & Wozniak, 2012), EEF1A1 (Sammaibashi et al., 2018), NUDT21
(Gaucherand et al., 2019), and NCL (Chan et al., 2016) serve as pro-viral factors for IAV
replication.

Most importantly, a numerous of proteins showed their involvement in M1 T108
phosphorylation-regulated association, with different binding affinity between WT M1 and
and M1 T108A/E mutants (Fig. 35E). Specifically, 108 proteins displayed a higher
binding affinity towards the M1 T108A mutant, some of which are directly related to the
pathways such as regulation of MRNA metabolic process (Fig. 35D). In particular, some
of them (HSP90AA1l, KHSRP DSP, RPS20) were noted as essential host factors
required for 1AV replication (Konig et al., 2010). In contrast, the T108E mutant largely
lost its ability to bind to 86 proteins, 14 of which also had a lower binding affinity with M1
T108A mutant than WT M1. Of these, SFPQ and NONO are members of the paraspeckle
complex (Fox et al., 2018) and associated with antiviral immune response (Imamura et
al., 2014; Ma et al., 2017). These proteins were also identified as SINV viral RNA
interactor (Pennemann et al., 2021) and play role in regulate posttranscriptional HIV-1
replication (Lahaye et al., 2018; Pennemann et al., 2021; Sarracino et al., 2018;
Zolotukhin et al., 2003). In summary, the phosphorylation status of M1 T108 also affects

the ability of M1 protein to interact with other proteins.
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Figure 35: M1 T108 phosphorylation plays a role in regulating the association of M1 with other

proteins.

(A) Schematic display of the experimental setup used to identify WT M1 & M1 T108A/E mutant-interacting
proteins. 293T cells expressing 8 plasmids encoding SC35M together with WT M1 or M1 T108 phospho-

mutants or empty vector (EV) were lysed. Lysates were subjected to Co-IP using anti-M1 antibody or a
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nonspecific control rabbit 1gG. (B) The input material was analyzed by Western blotting for M1 protein
expression levels. (C) The M1 interactomes of the cells expressing M1 for 24 h.p.t. were subjected to the
pairwise comparisons as shown. Colored spots in Volcano plots show proteins with intensity values
significantly enriched (LFC = two-fold) and statistically significant (p < 0.05). Data are from three biological
and two technical replicates. The M1 protein intensities are highlighted in green in all graphs. (D)
Overrepresentation (ORA) analysis for enriched interactors. Numbers in brackets correspond to the protein

sets shown in (C). (E) Overlap of specifically enriched interactors binding to WT M1 or the T108 mutants.

3.5.7 The interaction between M1 and STRN/STRNS3 is regulated by M1
T108 phosphorylation

10 Proteins (STRN, PPP2R1A, FGFR10P2, SLMAP, MOB4, STK26/STK25, STRIP1,
SIKE1, PPP2CA/PPP2CB) belonging to STRIPAK complex bound preferentially to WT
M1 (Fig. 36A). To confirm these regulated physical interactions between WT M1 and its
phospho-mutants, Co-IP experiments were performed. In these experiments, striatin
(STRN) and STRN3, which function as central scaffolding proteins of the STRIPAK
complex, were detected. 293T cells expressing 8-plasmids encoding SC35M together
with WT M1 or M1 T108 phospho-mutants were lysed and extracts were further used for
Co-IP experiments. Subsequent Western blot experiments confirmed the preferential
interaction of STRN and STRN3 with WT M1 at both 12 h.p.t. and 24 h.p.t. (Fig. 36B, C).
In addition, the interaction between STRN or STRN3 and M1 was also established in a
genuine infection of 293T cells and MLE-15 cells by SC35M (Fig. 36D).
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Figure 36: M1-T108 phosphorylation mediates the binding of M1 to STRN and STRN3.

(A) The Volcano plots show pairwise comparisons, members of the STRIPAK complex are shown in dark
grey dots. (B) and (C) 293T cells were transfected with 8 plasmids for RG of SC35M and analyzed at 12
and 24 h.p.t. by Co-IP as shown. (D) 293T cells or MLE-15 cells infected by SC35M (MOI=1) were harvested
6 h.p.i., and immunoprecipitated using anti-M1 antibodies or control anti-IgG antibodies. Precipitated eluates
and non-precipitated whole cell lysates of transfected cells as input were subjected to SDS gel

electrophoresis, the indicated proteins were detected by Western blot analysis with specific antibodies.

3.5.7.1 Therole of the identified M1 interactors STRN/STRN3 in viral replication
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To investigate a possible function of Strn and Strn3 for 1AV replication, both adapter
proteins were knocked down in MLE-15 cells. Western blot experiments conducted to
confirm the effective knockdown showed that downregulation of Strn increased the levels
of Strn3 and vice versa downregulation of Strn3 resulted in a similar increase of Strn
levels, suggesting that different Strn family members can compensate for each other
(Fig. 37A). Depletion of Strn or Strn3 alone did not significantly affect the SC35M
replication, while the combined knockdown of Strn together with Strn3 resulted in a
decrease in levels of viral proteins (M1, NS1, and NP) as well as in viral titers by one
order of magnitude. This effect was seen starting at 14 h.p.i. and a slight reduction was
still seen at 24 h.p.i (Fig. 37B). Similarly, knockdown of Strn/Strn3 interfered with
replication of another human 1AV subtype, the pandemic IAV strain A/Hamburg/04/2009
(H1N1pamoe) (Fig. 37B), indicating that the virus-supportive function of the STRIPAK

complex is not restricted to one virus strain.
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Figure 37: Pro-viral effect of Strn/Strn3.
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(A) MLE-15 cells were seeded and transfected one and three days later with siRNAs targeting mRNAs
encoding the indicated proteins or an adequate scrambled control as shown. One part of the cells was lysed
and characterized by Western blotting to control knockdown efficiency and expression of viral proteins from
cells infected with SC35M (left) or viral titers of cell culture supernatants were determined at the indicated
time points (right). Titers are displayed. Bars indicate standard deviations obtained by unpaired t-tests,
asterisks indicate p values (*p<0.05, **p<0.01). (B) The experiment was done as in (A), but virus infection
was done using HIN1pdm09 (MOI = 0.001).

3.5.7.2 The colocalization of M1 with STRN and STRN3 in IAV-infected cells

In order to gain more insight into spatiotemporal dynamics of interactions between M1
and STRN/STRNS3 in IAV infection, | further determined the subcellular localization and
kinetics of M1 and STRN/STRN3 over time in SC35M-infected 293T cells and found that
at different time points p.i., M1 mainly colocalized with endogenous STRN in the
cytoplasm and in the perinuclear region (Fig. 38A). Weak diffuse M1 staining throughout
the cytoplasm and the nucleus was detectable as early as 2 h.p.i., indicating that
expression of M1 already proceeded at this time point. (Larson et al., 2019). This staining
signal subsequently increased throughout the cytoplasm and the nucleus of the cells.
Consistent with previous reports, STRN staining in uninfected cells or virus-infected cells
at an early time point (2 h.p.t.) revealed a homogeneous puncta pattern with a main
localization at the cell cortex and a partial localization throughout the cytoplasm in 293T
cells (Lahav-Ariel et al., 2019). After 4 h.p.i., the punctate distribution of STRN in the cell
cortical region decreased, while the accumulation in the cytoplasm tended to increase
slightly.

Similarly, there was an apparent co-localization between STRN3 and M1 since when the
M1 staining was visible at 4 h.p.i.. In addition, the staining pattern of STRN3 showed as
small puncta along the cellular membrane and throughout the cytoplasm, with high
concentrations close to the nuclear membrane in the absence and presence of virus
infection (Fig. 38B). Strikingly, after infection, STRN3 appeared to form clusters, which
considerably increased in number and size starting at 4 h.p.i and extending to 8 h.p.i.,

suggesting that STRN3 forms aggregates in response to viral infection (Fig. 38B)
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Figure 38: Colocalization of endogenous STRN/STRN3 and M1 in infected cells.

(A) Representative confocal images from two independent experiments show intracellular colocalization of
STRN and viral protein M1 in the 293T cells at different time points after SC35M infection (2 h.p.i., 4 h.p.i.,
6 h.p.i.,, and 8 h.p.i., MOI of 2) compared to noninfected cells (green, influenza A M1; red, STRN; blue,
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Hoechst 33342). Scan zoom of 2, resulting in a pixel resolution of 0.13 um; Scale bars: 5 ym. (B) The
experiment was performed as in (A) with the exception that M1 was co-stained with STRN3. The boxed
areas are displayed in 4x magnification. Quantification of the number of STRN3 puncta per image generated
by pre-zoom of 0.6, with a pixel resolution of 0.344 um, was performed in ImageJ using a threshold of 2x
background intensity, followed by “Analyze Particles” algorithm with the following parameters: size 0-Infinity;
circularity 0.20-0.50. (Cao et al., 2018). Fluorescence intensities were quantified with ImageJ and analyzed
using GraphPad Prism. Data show mean + s.d. from one representative experiment where at least 150 cells

per condition (n 2150) were quantified.
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4 DISCUSSION

4.1 Comparative Kkinase activity profiling between seasonal
(H1N21pdmoe) and highly pathogenic influenza A viruses reveals

new anti- and pro-viral protein kinases

4.1.1 1AV-induced Ser/Thr and Tyr phosphorylation in H1N1lpdmoo- and
H5N1-infected cells

In the first part of this study, | interrogated virus-dependent changes in the kinetics of
kinase-driven activation pathways in response to infection with a human 2009 pandemic
strain (H1N1pamos) Or a highly pathogenic avian H5N1-type strain (H5N1). The kinase
ERK is an example of a kinase whose activity is required for IAV replication capacity
(Marjuki et al., 2007). Here, the kinetics of upregulated ERK phosphorylation observed
in A549 cells by H1N1p4moe infection were similar to those observed in MDCK cells
infected with early seasonal HIN1 type IAV (Pleschka et al., 2001), but differs from that
of HS5N1-type IAV-infected cells, where the ERK phosphorylation level steadily increased
over the time course of infection. Similarly, | observed a discrepancy in the kinetics of
JNK activation between H1N1,imes and H5N1 infection. In contrast, AKT activation
steadily increased in HIN1,amoe-infected cells, while no major increase could be detected
for H5N1-infected cells. Of note, the infection by the H5N1 virus in A549 cells is slightly
more advanced when compared to HLN1,4moe at the time point 5 h.p.i.. Interestingly, the
high NP amount in HLN1p4moe-infected cells is not reflected in virus titers as HSN1 always
achieved higher titers (Fig. 17E, F), which has also been described previously (Simon et
al., 2016). Nevertheless, | always observed a much stronger cytopathic effect (CPE) of
H1N1.4moe-infected cells compared to HSN1-infected A549 cells (data not shown), which
might reflect an overall enhanced cytopathogenicity for H1N1pamos On the human A549
cells. In addition, subsequent more detailed PamStation® analysis revealed an overall
distinct intracellular kinase activity trigged by H1N21lpsmos and H5N1. In conclusion,
H1N1,4moe and H5N1 show a different capacity in ERK-, INK- and AKT, as well as overall
kinase activation strength and kinetics in A549 cells, which might be related (i) to slight
differences in viral replication kinetics but (ii) also illustrate that the genotype of the virus
dictates the activity of kinases and probably also phosphatases. In fact, IAV species
specificity is determined by species-specific interactions between virus and host cell

factors (Long et al., 2019; Mehle et al., 2012). Therefore, it is conceivable that the distinct
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kinase signaling pathways would be triggered between the human H1N1pimoe and the
avian-origin H5N1, due to the fact that these viruses are differently well adapted to the
human A549 cells. Furthermore, it has been reported in previous studies that H5N1
provoked a more pronounced induction of a number of cytokines and chemokines in
human lung tissue, compared to several seasonal and pandemic viruses, including
H1N1pamoe (Weinheimer et al.,, 2012). Taken these findings into account, it must be
assumed that the dissimilarity of kinase-driven phosphorylation between the human
H1N1pimoe and the avian H5N1 might be a direct consequence of distinct viral
determinants of IAV host adaption. Accordingly, a phosphoproteomic study comparing
the phosphorylation patterns regulated by SC35 and the highly regulated SC35M virus
revealed that only one half of the phosphorylations were affected by both virus variants
(Weber et al., 2019). Another a non-negligible part of the early kinase response is also
triggered by soluble factors contained in the virus stock. Although this part of the
signaling response is indirect, it resembles the physiological situation of an in vivo
infection. Furthermore, it is plausible that a significant part of the late response will be
indirectly caused by the virus-induced cell damage.

Interestingly, the PamStation® results showed that virus-regulated differential Tyr
phosphorylation (68,8%) was much more prominent than modification at Sers/Thrs
(29,9%). This strikingly contradicts Tyr phosphorylation of endogenous host proteins,
which only accounts for less than 1% of total protein phosphorylations (Sharma et al.,
2014). It thus raises the possibility that the actual degree of relevant Tyr phosphorylation
of host proteins, particularly in a biological state of I|AV-infection, might be
underestimated. This bias for Tyr phosphorylation might be attributable to various
reasons. First, the low number of Tyr phosphorylations on endogenous proteins might
be due to the high activity of phospho-Tyr phosphatases causing a short half-life of this
modification. It will be interesting to investigate whether IAV infection also triggers the
phosphorylation of other "non-canonical® amino acids, but their phosphorylation is
difficult to detect as the modification is relatively instable under the standard methods of
phosphoprotein characterization (Hardman et al., 2019). Second, the abundance of
tyrosines might be due to the overrepresentation of phosphorylatable tyrosines (196
peptides), when compared to serines/threonines (144 peptides) on the PamChips®, thus
potentially causing an experimental bias. Despite these uncertainties, Tyr kinases might
be also valuable therapeutic anti-viral targets against 1AV, as also emphasized by the
high degree of shared target sites that largely overlap between H1N1pimos and H5N1 in
this study (Fig. 14A).

The peptide-based approach used here allows the fast, cheap and unbiased

identification of regulated kinases with a limited bioinformatic effort. On the other hand,
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this approach definitively has some limitations, as the discovery of kinases is hampered
by two factors: (1) The relatively small number of peptides represents a clear limit, as
illustrated by the example of missing detection of INK activation. Here, the peptide library
does not contain the part of the activation loop that is detected by the phosphospecific
antibodies. (Il) The number of detectable kinases is further reduced by the fact that only
kinases that phosphorylate well-defined consensus sequences can be predicted by the
computational algorithm. Another limitation of this strategy is based on the fact that cell
extracts are used, so that intracellular regulation of the kinases is lost.

4.1.2 Identification of new anti- and pro-viral protein kinases

A computational prediction of activity changes of kinases responsible for these
phosphorylation events allowed the identification of novel kinases, which yet have not
been shown to be relevant in IAV infection (Table 3). Subsequent functional analysis
revealed the pro-viral function of JAK3 and the anti-viral function of NUAK. The anti-viral
effect of Tofacitinib (JAK1/3 inhibitor) (Fig. 17) points to a pro-viral function of the
JAK/STAT signaling pathway, as observed for several other viruses, including HBV, HCV
and human CMV (Chang et al., 2018). With regard to the relevance of JAK kinases in
IAV replication, similar observations were made for other JAK inhibitors Ruxolitinib and
A77 1726, both demonstrating the IAV-supportive function of JAK1 and JAK2 (Wang,
Sun, et al., 2020; T. Watanabe et al., 2014). It is currently unclear whether the H1N1p4mos-
specific anti-viral effect of Tofacitinib is solely due to its inhibitory effect on JAK3, as
higher concentrations of this inhibitor can also inhibit JAK1 and JAK2 (Choy, 2019;
Furumoto et al.,, 2013). A previous study showed that H5N1-HA could induce the
activation of JAK2/3 and STAT1/NF-kB signaling resulting in a large release of
cytokines/chemokines, whereas targeting to JAK3 blocked these signal transduction
cascades and protected the JAK3 knockout mice from acute hyper-cytokinemia caused
by H5N1 challenge (Xu et al., 2012). However, despite of the protective role of JAKS3
inhibition against IAV changeling in vivo, the infectivity and replication kinetics of IAV
tested in these conditions remains unknown. In contrast, JAK1 and JAK2 have been
identified as crucial cellular factors involved in 1AV replication (Han et al., 2018; T.
Watanabe et al., 2014). Thus, it is important to note that tofacitinib is a pan JAK inhibitor
and that anti-viral effect of Tofacitinib for HIN1,4moe as well as H5N1 cannot exclusively
be traced back to JAK3 based on the presented experiments. Therefore, it will be
interesting to investigate the relative contribution of the individual JAK kinases using

genetic models targeting individual JAK kinases with high selectivity in the future.
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The underlying mechanism of pro-viral function of the NUAK kinase inhibitor WZ4003
(Fig. 18B) was not addressed in this study, but a possible explanation could be that
NUAK1 and NUAK2 belong to the family of AMP-activated protein kinases (AMPKS),
which function as metabolic regulators and have been implicated in IAV replication via
the PPARa/y-AMPK-SIRT1 pathway (Bei et al., 2021; Garcia et al., 2017; Monteverde et
al., 2018). Since also NUAK1 and NUAK2 are regulated by metabolic stress (Escalona
et al., 2020; Inazuka et al., 2012), a similar role of these kinases for AMPK activity in viral
replication might be proposed, in accordance with their ability to regulate the metabolic
state to limit IAV replication. Alternatively, the relevance of NUAKSs for the regulation of
virus growth might be due to their role in AKT signaling, which has virus-supportive
function during later stages of replication in IAV infection (Ehrhardt et al., 2006; Ehrhardt
et al., 2007).

Furthermore, | observed an anti-viral function of Eph (erythropoietin-producing hepatoma)
receptor Tyr kinases (EphAl and EphA3) (Fig. 19D). A total of 14 Eph receptors have
been found in humans, which can be subdivided into two subfamilies including EphA and
EphB (Wang, Zheng, et al., 2020). The group of EphA receptors consist of 9 members,
which bind promiscuously to ephrin-A ligands (five members), thus creating many
combinatorial activation patterns (Miao et al., 2012). Both EphA and EphB have a known
role in many infectious diseases by viruses, as well as bacterial and fungal pathogens
(Darling & Lamb, 2019; Wang, Zheng, et al., 2020). A pervasive role of Ephs in viral
infection was manifested in multiple mechanismes, including being used as virus entry
receptors (10 of 14 Eph receptors) (Bonaparte et al., 2005; Hahn et al., 2013; Hahn et
al., 2012; Lupberger et al., 2011; Wang, Zheng, et al., 2020; Wong et al., 1999),
mediators of immune signaling (Lai et al., 2004) as well as involving in cell/cell contact
and adhesion (de Boer et al., 2020). Along the same lines, the role of Ephs in IAV
replication has been described as either supporting or suppressing viral replication
(Atkins et al., 2014; Karlas et al., 2010; Willemsen et al., 2017). For example, EphA2 has
been implicated as an anti-viral factor in seasonal H1N1 infection by regulating anti-viral
RIG-I/IRF3 pathway (Atkins et al., 2014; Willemsen et al., 2017). In contrast, EphB6 has
been shown to be required for the replication of several subtypes of IAV (Karlas et al.,
2010). However, it remains unclear whether the other EphAs and EphB1 screened in
this study played role in 1AV replication (Fig. 15A, B). Therefore, revealing the function
of the Ephs/Ephrin network in response to IAV infection will be an important task in the
future.

In the recent years, genome-wide screening methods including siRNA, proteomics and
CRISPR/Cas9 screens, have been widely used in a large body of studies to identify key

host factors required for 1AV replication (Benitez et al., 2015; Karlas et al., 2010; Konig
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et al., 2010; Li et al., 2020; Su et al., 2013). Within this increasing list of pivotal host
factors, some belong to kinases or involve kinase-regulated signaling (Konig et al., 2010).
Although the overlap of the identified hits is limited, a comprehensive analysis of the
kinases identified in these numerous studies is recommended, with further determination
of kinase networks and discovery of their structural organization. This analysis would
therefore allow for the classification of highly interconnected kinase networks with multi-
layered signaling regulated by IAV infection , in which the general controller kinases that
phosphorylate the next lower level of kinases of this process (Colinge et al., 2014) and
mediate regulatory interactions/crosstalk between two processes (Invergo et al., 2020),
would be of particular interest to be functionally test.

4.2 1AV protein phosphorylations regulate polymerase activity, viral
proteins trafficking, polymerization and protein-protein

interaction

4.2.1 Regulatory phosphorylations on IAV polymerase subunits and NP

regulate the polymerase activity

Multiple mechanisms, including phosphorylation of IAV polymerase (RdRp) subunits and
NP, have been reported to regulate the IAV polymerase to produce mRNAs, cRNAs
cRNA or genomic VRNA (Dawson et al., 2018; Dawson, Wilson, Coon, et al., 2020). For
example, previous studies have reported that NP S165 phosphorylation regulates NP
oligomerization (Mondal et al.,, 2015), and the core polymerase subunit PB1 is
phosphorylated at multiple conserved sites (Table 6). Some of these phosphorylation
events mediate PB1 binding to viral RNA and transcription activity of IAV RdRp (Dawson,
Wilson, Freiberger, et al., 2020). However, the occurrence of phosphorylation sites on
the other vVRNP core components (PB2, PA) and their possible functional relevance
remains largely unexplored. Previous phospho-proteomic studies identified several
phosphorylation sites on H7N7-type mouse-adapted SC35M-encoded proteins,
including sites on the vVRNP protein components (Weber et al., 2019). The PA Y393E,
NP Y148E and NP T378E recombinant IAVs could not be rescued, suggesting that
VRNPs do not tolerate complete and permanent deposition of a negative charge at these
sites. In contrast, the phospho-mimetic mutation PB2 T471E did not affect the yield of
infections virus or the replication efficiency of PB2 mutants. Furthermore, the
replacement of residues PA Y393, S395 or NP Y148 with the phospho-mimetic E
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severely impaired polymerase activity, implying that in these cases, disruption of
polymerase function may lead to defective production of infectious virus. Further support
that permanent phosphorylation of PA at both Y393 and S395 is prohibiting the activity
of the RARp comes from the fact that these two phosphorylations derogate the function
of the RdRp in transcription and replication (Fig. 25).

One copy of the heterotrimeric RARp comprised of PA, PB1, and PB2, binds to one end
of the conserved 5’ and 3’ termini encoding the replication/transcription promoter, of each
of the eight viral RNA (VRNA) genome segments, while the remaining RNA associates
with multiple copies of the viral NP, thus packaging the RNA into a vVRNP (Wandzik et
al., 2020). In the context of the vVRNP, the RdRp is a highly flexible enzyme complex to
conduct transcription and replication of the viral genome, which is tightly regulated by
appropriate interactions between the three subunits (Deng et al., 2005; Sugiyama et al.,
2009). Although the investigated PA Y393 and S395 residues are located at the PA-PB1
dimer interface, phosphorylation of these two sites had no apparent effect on the PA-
PB2 dimer interaction and further assembly of the RARp/VRNP complex (Fig. 26).
Recent studies have structurally described the specific binding sites for the 5 and 3’
VRNA ends with the RdRp during the RNA synthesis (Carrique et al., 2020; Pflug et al.,
2014; Wandzik et al., 2020). Specifically, the 5 and 3’ vVRNA and cRNA promoters both
form similar hook structures, which bind with high affinity in a single pocket formed by
the PB1 B-hairpin and the so called "PA arch". To validate the observed negative effect
of the PA Y393E and S395E it is important to note that PA phosphorylation on Y393 and
S395 occurs at the “PA arch”, which forms a phosphate-binding loop close to the &’
VRNA/cRNA binding pocket that is far away from the PA endonuclease domain and all
other known 3’ vVRNA/cRNA binding sites (Carrique et al., 2020; Pflug et al., 2014,
Wandzik et al., 2021; Wandzik et al., 2020). Therefore, it will be relevant to test whether
Y393 phosphorylation affects the PA ability to interact with 5° vVRNA/cRNA promoter in
future studies. For this, a method developed by Prof. Ervin Fodor (University of Oxford,
Oxford, United Kingdom) could be applied. Here, the radiolabeled promoter RNAs are
crosslinked in vitro to the affinity-purified RdRp components, and subsequently the
bound radiolabeled 5’ promoter RNA is quantified by SDS-PAGE and phosphorimaging
(Engelhardt et al., 2005; Walker et al., 2020).

Likewise, | was able to show that NP phosphorylation at Y148 is relevant for the RdRp
activity (Fig. 24). Despite that several studies have previously shed light on the key
molecular function of Y148, phosphorylation at this site was detected for the first time by
phosphoproteomics studies in our laboratory (Weber et al., 2019). Importantly, Y148 is
one of the residues that form the RNA binding groove of the NP (Lejal et al., 2013; Tarus

et al., 2015; Ye et al., 2006). The antiviral property of the compound Naproxe relies on
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its capability to compete with the viral RNA for binding to NP, but it cannot compete with
viral RNA in case of the NP Y148A mutant (Lejal et al., 2013). This raises several
guestions: 1) does the Y148 phosphorylation introduce an extra negative charge and
thus potentially ablates the RNA-binding affinity of NP, which may explain why the
mimicking phosphorylation at this site disrupted polymerase activity and viral rescue? 2)
does NP Y148 phosphorylation alter the ability of NP to bind Naproxen? 3) does
Naproxen inhibit NP Y148 phosphorylation, especially at doses that differentially affect
avian and human IAV? It will be interesting to test these possibilities in future studies.
On the other hand, a previous study revealed the importance of NP Y148 in regulating
nuclear export and interaction with the nuclear export factor CRM1 (Zheng et al., 2019).
In this context, an indispensable role for NP binding to CRM1 has been assigned to the
benzene ring of NP Y148, based on the fact that the NP Y148A, rather than NP Y148F,
impairs the NP-CRML1 interaction (Zheng et al., 2019). It will thus be very interesting to
test the impact of NP Y148E mutant on interaction with CRM1.

Like the phosphorylation mimicking NP Y148E, also NP T378E did not allow virus rescue
(Fig. 23). In contrast to NP Y148E, NP T378E did not affect RARp activity, suggesting
that the failure to rescue virus carrying this NP mutation cannot be accounted to an effect
on the RdRp activity. Notably, NP T378 is located in a region known to be important for
NP oligomerization, whereby phosphorylation of this region not only tightly regulates
RNP activity, but also the nuclear export of NP (Chan et al., 2010; Yu et al., 2012). This
suggests that mimicking constitutive phosphorylation by NP T378E may impair virus
propagation by affecting the nuclear RNP export, as RdRp activity is not reduced. It thus
will be interesting in the future to study the functional relevance of NP T378E for nuclear
RNP export and their interaction with the nuclear export factor CRM1.

In summary, functional analysis of 5 specific phosphorylation events of VRNP
components performed in this part of study has revealed that the phospho-mimetic
mutants largely prohibited polymerase functions, whereas the phospho-deficient mutants
were more compatible for these sites. Mimicking constitutive phosphorylation at PA
Y393, S395 and NP Y148 impaired RdRp activity, and PA Y393E and S395E blocked
the transcription and replication activity of the RdRp, thus affecting the generation of
infectious virus particles. Future experiments employing phospho-specific antibodies
against these key residues PA Y393, S395 and NP Y148, T378, as well as analysis of
the association between of PA and NP mutants with the vVRNA or investigations of
protein/protein interactions of such mutants with RdRp components or cellular proteins,
will provide a more enhanced functional understanding of the specific phosphorylation

events and will help to identify the responsible kinases in the future.
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Different mechanisms of inhibitory phosphorylation on 1AV proteins have been revealed
(Hu et al., 2020). For example, the importance of dynamic phosphorylation of NP at S165
and S407 for IAV replication has been described, as mimicking phosphorylation at these
two sites drove NP towards a monomeric form and prevent premature RNP formation
(Mondal et al., 2015). Similarly, phosphorylation at PB1 S673 limits the time for
polymerase activity to perform transcription and shift it towards replication, thereby fine-
tuning the function of RdRp throughout the viral life cycle (Dawson, Wilson, Freiberger,
et al., 2020). Moreover, inhibitory phosphorylation on IAV proteins is associated with anti-
viral host responses, such as the modification of NS1 at T49 and T80, which lead to a
defective suppression of IFN production due to its reduced binding affinity with RIG-I
(Kathum et al., 2016; Zheng et al., 2017).

The IAV RdRp is highly flexible, with the surface accessibility of each residue varying in
accordance with the polymerase conformation (Dawson, Wilson, Freiberger, et al.,
2020). PA Y393 and S395 are buried in the vVRNA-bound structure but may be accessible
in the monomeric. Phospho-deficient PA YS393, 395EE mutant retained polymerase
function whereas constitutive phosphorylation largely inhibits transcription and
replication activity, suggesting a possible antiviral signaling mechanism of

phosphorylation at these sites.

4.2.2 Multiple functions of influenza virus M1 T108A phosphorylation

In the present study, | analyzed the functional consequences of M1 T108
phosphorylation. Phosphorylation at this site was discovered in MDBK cells infected with
the H1IN1-type A/WSN/33 IAV strain (Hutchinson et al., 2012), and in MLE-15 cells
infected with SC35 or SC35M (Weber et al., 2019).

Sequence alignment analyses revealed that M1 T108 is almost 100% conserved
between human and avian IAV strains, and the mutation analysis indicated that M1 T108
phosphorylation is indispensable for the viral propagation due to the fact that
recombinant SC35M could not be rescued in the presence of a non-phosphorylatable
Ala at this position. This defect rescue occurred even when increased concentrations of
the plasmids for RG were used and prolonged incubation periods of MDCK Il cells with
the supernatant from the transfected cells (data not shown).

How can M1 T108 phosphorylation affect the viral life cycle? The first possibility would
involve an effect of M1 T108 phosphorylation on the intracellular localization of the
protein, as the M1 T108A mutant was almost never found exclusively in the nucleus.

This might be attributable to the position of M1 T108, which is adjacent to the previously
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identified NLS (Ye et al., 1995) and thus phosphorylation might contribute to full nuclear
import. A phosphorylation-dependent increase of nuclear import has also been described
for other viral proteins including the SV40-encoded large T antigen (Xiao et al., 1996),
the HBV core antigen (Liao et al., 1995) and the Epstein-Barr virus nuclear antigen 1
(EBNA-1) protein (Kitamura et al., 2006). While phosphorylation of EBNA-1 at S385
increases binding affinity for importin a5 and increases nuclear import, the replacement
of S385 with the phosphomimetic aspartic acid decreases the binding affinity for importin
a5 (Kitamura et al., 2006). This interesting finding suggests that the response is either
dependent on the phosphate moiety or alternatively indicates the need for a spatial and
temporal control of the phosphorylation event. This would also explain why the
localization changes of the M1 T108E mutant observed in this study were milder and
also time-dependent. The described effect on M1 transport by the M1 T108A mutation
resembles the one seen by M1 Y132A, strongly supporting a general impact of
phosphorylation for M1 transport (Wang et al., 2013).

The functional consequences of certain phosphorylations have been investigated by
different experimental approaches such as overexpression or genuine infection. For
example, WSN M1 Y132 phosphorylation was functionally studied by overexpression
approaches, since the authors failed to rescue respective virus mutants. These
experiments showed that M1 Y132 phosphorylation is crucial for virus fithess by
regulating M1 transport into nucleus (Wang et al., 2013). In contrast, Mecate-Zambrano
et al. used genuine infection to reveal the functional importance of WSN M1 Y132
phosphorylation for virion assembly (Mecate-Zambrano et al., 2020). In addition to these
differences in methodological approaches, also the genetic background of the virus can
largely determine the tolerance of substitutions for viral rescue (Mecate-Zambrano et al.,
2020; Patil et al., 2021). These considerations imply that the results based on the
experimental conditions used in this study might also not necessarily reflect those that
might be obtained for other viral strains such as WSN, or that other IAV strains may allow
to study M1 T108 phospho-mutants in a real infection. Nevertheless, it is important to
mention that this phospho-site is highly conserved across all IAV subtypes and between
human and avian IAV. The second effect of regulated M1 T108 phosphorylation relies
on the ability of M1 to support nuclear export of the vRNP. In fact, the nuclear presence
of M1 mediated by its NLS is required for VRNPs to be transported to the cytoplasm,
where the VRNPs are subsequently transported to the budding site for the production of
virus progeny (Bui et al., 2000; Cao et al., 2012; Martin et al., 1991). Accordingly, M1
T108A mutant showed impaired nuclear import of M1 and nuclear export of VRNP.
Besides its role in nuclear vVRNP export, M1 plays a critical role in initiating the assembly

and budding of progeny virions at the PM where it associates with lipids and other viral
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proteins (Hilsch et al., 2014). The intracellular transport of M1 from the cytosol to the PM
implies that, in later stages of infection, the M2 protein carries M1 in a piggyback
mechanism to the PM (Chen et al., 2008; McCown & Pekosz, 2006). This step seems to
be unaffected by M1 T108 modification, as all phospho-mutants showed unchanged
membrane co-localization with M2. This indicates that the phosphorylation status of M1
T108 does not affect the membrane association of M1.

Upon binding to the PM, self-assembly of M1 into long, helical polymers surface is
promoted and further drives the formation of the matrix shell, which is required not only
for the acquisition of membrane curvature to complete virus budding, but also for
maintaining morphology and structure stability of virus particles (Calder et al., 2010;
Dahmani et al., 2019; Mohd-Kipli et al., 2021). Specifically, M1 polymerization is
associated with an extension of helix 9 and the transition of the CTD (C-terminal
domain;165-252) from an unfolded to a folded state, upon which it interacts with the
NTD (N-terminal domain; residues 1-164) of the neighboring M1 molecule (Baudin et
al., 2001; Hofer et al., 2019; Selzer et al., 2020) (Fig. 34A). At neutral pH, the tight
"stacked" dimeric arrangement of M1 is structurally described, which is frequently
observed in virions. In this proposed M1 structure, the M1 T108 lies in the loop between
helices 6 and 7 (residues 103—-113) and patrticipates in the closer contacts formed by
residues between T139/E141 of the h8/h9 loop and 1107/T108 of the helix 6/helix 7 loop.
This may contribute to reduce the loop mobility seen for the monomer in solution and
further support M1 polymerization (Mohd-Kipli et al., 2021).

In the M1 polymer, three different M1 monomers contribute five histidine residues
including H110, which participates in the pH-mediated disassembly switch when RNP
uncoating occurs in the acidic endosomes of freshly infected cells (Peukes et al., 2020).
As M1 T108 is adjacent to the disassembly residue H110 and also directly in the region
mediating homopolymerisation of M1 monomers, M1 T108 phosphorylation likely
regulates the self-assembly and disassembly of the M1 proteins. Accordingly, the cross-
linking experiments showed an increased multimerization of the M1 T108A protein,
indicating that dynamically regulated phosphorylation at this residue is specifically
important for the disassembly of the M1 polymer thereby contributing to the pH-
dependent conformational flexibility of M1 during RNP uncoating (Chiang et al., 2017).
Alternatively, M1 phosphorylation could also avoid excess M1 polymerization or maintain
the conformational flexibility which is critical for efficient IAV replication (Chiang et al.,
2017).This suggests that phosphorylation status at M1 T108 may mediate the balance
between polymerization and dimerization of M1 throughout the viral life cycle, although

this remains to be substantiated.
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M1 T108 phosphorylation also contributes to the regulation of binding to various

interaction partners, as shown in Table 9.

Table 9. List of identified M1 interactors preferentially binding to WT M1 compared with T108 mutants.

M1 WT/T108A_down (14)

STRN3 STRIP1 GOLGA3 STK26; STK25
CTTNBP2NL MTCL1 STRN NONO
FGFR10OP2 RPL39; RPL39P5 | PPP2R1A
SIKE1L SLMAP MOB4
M1 WT/T108E_down (96)
GOLGA3 RPS12 CFL1 RPL39; RPL39P5
SLMAP RPS23 EEF1G STK26; STK25
MOB4 PKM RPL18 RPS4X
HSPD1 RPL7 RPL4 RPL26; RPL26L1
STRN3 DYNLL1; DYNLL2 | RPL10A DDX5
STRN LDHB U2AF1 RPL19
HSP90ABI; STRIP1 RPS10; RPS10P5 | SERBP1
HSP90AB3P
ENO1 RPS19 RPS16 RPS27A; UBC;
UBB; UBA52
NONO RPL22 RPL10; RPLIOL | CCT8
ACTG1;ACTB COX6C HNRNPK SUB1
GAPDH RPL5 PRDX1 RPL30
PPP2RIA ALDOA ATP5A1 RPLPO; RPLPOP6
EEF2 MTCL1 RPL23A TXN
CTTNBP2NL YWHAE RPS29 PHKG2
FGFR10P2 LDHA RPL17 RPS20
SFPQ ACTAL; ACTC1, |RPL36 LUCT7L2
ACTA2; ACTG2
NME2; NME2P1 | PARP1 HMGB1 RPS13
SIKE1L RPL29 RPLP2 NEDD1
NPM1 RPS9 RPL18A KCTD3
HNRNPF ARGLU1 RPS15A RPL15
PPIA EIF4A1 RPS14
HSP90AAL RPL27A RPS8
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The WT M1 protein preferentially bound to most members of the STRIPAK complex. The
evolutionary conserved STRIPAK complex is a multisubunit complex that contains both
kinase and phosphatase subunits; consisting of the PP2A phosphatase in complex with
its striatin-family of regulatory subunits (STRN, STRN3, STRN4), the two hippo kinases
(MST1/MST?2), the three GCKIII kinases (MST3, MST4, STK25) and various scaffolding
proteins (Kean et al., 2011; Rodriguez-Cupello et al., 2020). It regulates diverse cellular
processes, including cell proliferation and survival, cell polarity, cell migration, and
vesicular trafficking (Jeong et al., 2021; Lant et al., 2015). Subsequent results confirmed
that M1 and STRIPAX core components-STRN/STRNS3 could colocalize and physically
interact with each other in both overexpression and real infection conditions (Fig. 36,
Fig. 38). It is presently not clear whether M1 interacts with several proteins contained in
this complex or with only one component. Also, the mechanisms enabling
phosphorylation-dependent interaction of M1 with the STRIPAK complex are not
understood and might involve conformational changes of M1 or alternatively specialized
interaction surfaces in the interactor as they mediate also other phosphorylation-
regulated protein/protein interactions (Betts et al., 2017).

In line with previous studies, indirect immunofluorescence analysis in this study showed
localization of STRN in the cell cortex region in proximity of the PM with additional
staining of the cytoplasm (Lahav-Ariel et al., 2019). At 4 h p.i. there was a slight increase
in the accumulation of STRN in the cytoplasm where it apparently colocalized with M1
protein over the course of infection (Fig. 38A). Likewise, SC35M-infection induced the
formation of large bright spots of STRN3 at cytoplasm where it colocalized with M1 (Fig.
38B).

After endocytosis of incoming IAV particles, the viral core, consisting of M1 protein and
the viral VRNPs that carry the RNA genome, must dissociate from each other in a process
called priming and release from the incoming particle after M1 shell disassembly. This
ensures that the VRNPs can enter the nucleus for replication and transcription of the viral
genome (Banerjee et al., 2014; Miyake et al., 2019; Noda et al., 2012). Although
unequivocal colocalization between M1 and STRN/STRN3 occurs at 4 h.p.t when the
majority of M1 shell is disassembled (Miyake et al., 2019), the precise steps at which
these interactions take place, such as M1 shell disassembly when M1 is exposed as
cores, or after M1 is completely uncoated into the cytosol, are still unknown. Thus, it
would be interesting to define a more detailed step-by-step model for uncoating of M1
shell and its interaction with the STRN/STRN3 in the future.

A previous study showed that downregulation of E-cadherin in CHO cells resulted in the

cytosolic redistribution of STRN (Lahav-Ariel et al., 2019). A similar redistribution was
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also observed in SC35M infected 293T cells, consistent with the notion that IAV infection
downregulates E-cadherin levels (J. N. Li et al., 2021; Ruan et al., 2020). Moreover,
STRN has also been reported to display a distinct staining pattern in 293T cells showing
tube-like structures that colocalize with microtubules and tubulin in particular
(Kazmierczak-Baranska et al., 2015), thus the disrupted host cytoskeleton homeostasis
induced by IAV infection might also affect the subcellular distribution of STRN (Han et
al., 2012).

More importantly, the combined reduction of Strn/Strn3 expression by siRNAs impaired
IAV replication across various IAV strains: SC35M (H7N7) and H1N21p4mos (Fig. 38). This
indicates a pro-viral function of the complex in order to support IAV replication. As the
STRNSs function as the central assembly scaffolds (Jeong et al., 2021), it can be assumed
that their downregulation disables the architecture and function of the entire complex.
The molecular mechanism allowing STRIPAK complex-dependent support of 1AV
replication and the involved steps during the viral life cycle are not known. However,
several scenarios can be investigated.

First, the Striatin complex is known to regulate cytoskeletal architecture. For example,
previous studies mentioned that downregulation of STRN destabilizes the microtubule
network and also actin dynamics (Kazmierczak-Baranska et al., 2015; Lahav-Ariel et al.,
2019). The actin cytoskeleton and microtubules as a major cellular machinery, is heavily
exploited by IAV at multiple stages during the viral life cycles, including its entry,
subcellular viral trafficking, and egress (Bedi et al., 2019; Lakadamyali et al., 2003;
Simpson et al., 2020). In agreement with these findings, several studies have
demonstrated diminished 1AV replication following microtubule or actin dynamics
disruption by drugs (Amorim et al., 2011; Griffin et al., 1979; Kumakura et al., 2015;
Momaose et al., 2007).Therefore, it would be interesting to test if the combined depletion
of STRN/STRN3 affect the stabilization of cytoskeletal system during IAV infection in the
future. Second, it is also known that the depletion of STRN3 leads to increased apoptosis
(Tang et al., 2020), and all STRN proteins are implicated in regulating the apoptotic
process (Chen, Shi, et al., 2014; Nader et al., 2020; Tanti et al., 2014; Wong et al., 2014).
Apoptosis, which is traditionally thought to impede the lytic release of inflammatory
damage-associated molecular patterns (DAMPS), is linked to limit 1AV replication, as
mice with impaired apoptosis exhibit increased viral loads (Downey et al., 2017;
Kuriakose et al., 2016; Laghlali et al., 2020; Nogusa et al., 2016; Thapa et al., 2016).
This raises the possibility that the induction of apoptotic cell death at early stage of IAV
infection would not allow sufficient time for induction of pro-inflammatory responses and
viral propagation (Laghlali et al., 2020). In addition, the STRIPAK complex contributes to

activation of MAPKSs, which is essential for IAV propagation (Pleschka et al., 2001). Since
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the depletion of STRN or STRN3 is associated with reduced ERK phosphorylation
(Ashton-Beaucage et al., 2014), compromised MAPK activation could be a causal
consequence of restricted 1AV replication. Another very obvious possibility explaining the
contribution of the STRIPAK complex for IAV replication might rely on its ability to directly
regulate M1 T108 phosphorylation. All kinases contained in the STRIPAK complex are
Ser/Thr kinases and thus it would be exciting to find out whether the combined activity
of kinases and phosphatases would control M1 T108 phosphorylation which needs to be
balanced and timely and spatially controlled.

In summary, my work shows the functional relevance of several phosphorylations
occurring on lIAV-encoded proteins including PA, NP and M1. Their possible functions
for the IAV life cycle are summarized in Fig. 39.
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Figure 39: Schematic summary of possible functions of IAV protein phosphorylation investigated in

this study.

The PA Y393 and S395 phosphorylation negatively affects the ability of the polymerase to produce VRNA
and infectious virions, which might be relevant to regulate the 5° vVRNA/cRNA promoters binding during the
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viral transcription and replication, and protein-protein interaction. NP Y148 phosphorylation prohibits the
polymerase activity, and its role in regulating the viral RNA-binding, protein-protein interactions is suggested.
M1 T108 phosphorylation is required for the complete nuclear import of M1, nuclear export of vVRNP, and
impacts the ability of M1 for the homo polymerization and interaction with other proteins.
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5 SUMMARY

This work is divided into two parts, which both address the relevance of phosphorylation
events induced by the IAV infection. The first part of the study addressed the functional
relevance of kinases activity in IAV-infected cells, which regulate the phosphorylation
occurring on cellular proteins. With this regard, PamStation® platform-based analysis of
Ser/Thr kinases or Tyr kinases present in IAV-infected cells, was performed to compare
the kinase activation patterns triggered by the human circulating IAV isolate
A/Hamburg/4/09 (H1NZ1pimoe) and the highly pathogenic avian IAV human isolate
A/Thailand/1(KAN-1)/2004 (H5N1). The results indicate that the Tyr phosphorylations of
substrate peptides were largely co-regulated by both viruses and are also strongly
overrepresented in comparison to Ser/Thr peptide phosphorylations. It allowed to identify
26 of 47 predicated kinases, which are mainly strain-specific and have been implicated
in the IAV life cycle, while the function of other 21 kinases on IAV infection is unknown.
Subsequently, the perturbation of selected novel kinases with highly specific small
molecule inhibitors or siRNAs was conducted to investigate the relevance of these
kinases. Received data revealed negative regulation of HLN1p4mes and H5N1 replication
by NUAK (novel (nua) kinase) kinases, redundant ephrin A (EphA) receptor Tyr kinases
and a H1N1,4moe-Selective pro-viral function of JAK3 (Janus kinase 3).

The second part of this study was performed to characterize the relevance of
phosphorylation occurring on proteins encoded by the 1AV strain SC35M (H7N7). For
this | integrated all phosphorylations on viral proteins that have been previously detected
in our laboratory, together with those found in other literature, along with information on
their intramolecular localization in possible functional domains and/or with a suggested
relevant function. The subsequent functional analysis focused on phosphorylation sites,
which are evolutionally highly conserved, not functionally described but with important
functional implications.

Based on mutational analysis results of five phosphorylation sites of PB2 (T471), PA
(Y393, S393), NP (Y148, T378), three phosphorylation sites of NS1 (S48, T49, T197),
and one phosphorylation site of M1 (T108), three distinct groups of phosphorylation
effects could be assigned. The first group of phosphorylations does not have a direct
physiological consequence, as reflected by PB2 T471 and NS1 T197, for which neither
their phospho-deficient nor phospho-mimetic mutation affects viral replication of SC35M
in MLE-15 cell culture. The second group of phosphorylations has a modulatory function,
which is exemplified by PA S395 and NS1 ST48, 49. Here, either a phospho-deficient

mutation or a phospho-mimetic mutation slightly alters the viral replication. Of particular
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interest is the third group of phosphorylations showing a critical role in viral replication.
For example, the phospho-mimetic mutation for the vVRNP components PA (Y393E), NP
(Y148E, T378E), and for the phospho-deficient M1 T108A mutation, which all prevent
the production of infections virus. Further functional analysis of selected
phosphorylations revealed their distinct biological roles. As such, constitutive
phosphorylation on PA Y393 and S395 inhibits polymerase functions to transcribe and
replicate the viral genome, which partially also holds true for the phospho-mimetic
mutation at NP Y148, which also impaired polymerase activity. Although an inhibitory
effect on viral propagation was also seen for the phospho-memetic mutation at NP T378,
a different mechanism must be expected, as this mutation leads to an increased
polymerase activity.

With regard to the M1 T108 phosphorylation, the experimental results point to the
requirement of this phosphorylation for viral propagation via controlling the nuclear M1
import and nuclear vVRNP export. Furthermore, a study applying intracellular chemical
crosslinking of M1 protein complexes indicates that M1 T108 phosphorylation might
avoid excess of M1 polymerization, which may be critical for maintaining conformational
flexibility of M1 to switch between assembly and disassembly during viral replication.
Further M1 interactome studies revealed a possible role of M1 T108 phosphorylation in
regulating protein/protein interaction. This approach disclosed a network of proteins from
the STRIPAK complex, in particular its core components STRN/STRN3, acting as novel
interacting partners of M1 protein, with preferential binding affinity to WT M1. Loss-of-
function experiments also indicate that STRN/STRN3 function as pro-viral factors
supporting IAV replication. Moreover, immunofluorescence studies showed the IAV
infection led to slight cytoplasmic accumulation of STRN and larger aggregates formation
of STRN3.

Collectively, the functional characterization of PA Y393, S395, and NP Y148
phosphorylation on the activity adds new examples for phosphorylation-regulated RNP
activity. On the other hand, the identification of virus-supportive phosphorylation M1
T108 and its combinatorial pro-viral interactors could provide new insights into

therapeutic interference with 1AV replication.
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6 ZUSAMMENFASSUNG

Diese Arbeit ist in zwei Teile gegliedert, die sich beide mit der Bedeutung der durch die
IAV-Infektion ausgelosten Phosphorylierungsvorgange befassen. Der erste Teil der
Studie befasst sich mit der funktionellen Bedeutung der Kinasenaktivitat in IAV-infizierten
Zellen. Hier wurden |AV-regulierte Serin/Threonin und Tyrosin-Kinasen durch eine
PamsStation® Analyse identifiziert. Als IAVs wurden das zirkulierende menschliche IAV-
Isolat A/Hamburg/4/09 (H1N1pamos) und das hochpathogene menschliche Vogel-l1AV-
Isolat A/Thailand/1(KAN-1)/2004 (H5N1) verwendet. Die Ergebnisse zeigen, dass
Tyrosin-Phosphorylierungen von Substratpeptiden im Vergleich zu Serin/Threonin-
Peptidphosphorylierungen stark Gberreprasentiert sind. Auf diese Weise konnten 26 von
47 préadizierten Kinasen identifiziert werden, die hauptsachlich stammspezifisch sind und
in den IAV-Lebenszyklus involviert sind, wahrend die Funktion der anderen 21 Kinasen
bei der IAV-Infektion unbekannt ist. Anschliel3end wurde die Perturbation ausgewahlter
neuer Kinasen mit hochspezifischen niedermolekularen Inhibitoren oder siRNAs
durchgefihrt, um die Bedeutung dieser Kinasen zu untersuchen. Die erhaltenen Daten
zeigten eine negative Regulierung der H1N1pdmee- Und H5N1-Replikation durch NUAK-
Kinasen (novel (nua) kinase), redundante Ephrin A (EphA)-Rezeptortyrosinkinasen und
eine H1N1pgmoo-Selektive pro-virale Funktion von JAK3 (Janus kinase 3).

Der zweite Teil dieser Studie wurde durchgefihrt, um die Bedeutung der
Phosphorylierung von Proteinen zu charakterisieren, die vom IAV-Stamm SC35M
(H7N7) kodiert werden. Zu diesem Zweck wurde eine Datenbank mit allen identifizierten
Phosphorylierungsstellen erstellt, die dann aufgrund unterschiedlicher Kriterien gefiltert
wurde. Dazu zahlten die evolutiondre Konservierung und die intramolekulare
Lokalisierung in mdoglichen funktionellen Domanen. Noch nicht analysierte
Phosphorylierungsstellen in PB2 (T471), PA (Y393, S393), NP (Y148, T378), NS1 (548,
T49, T197) und M1 (T108) wurden mittels reverser Genetik weiter untersucht. Die erste
Gruppe von Phosphorylierungen hat keine direkte physiologische Auswirkung, wie PB2
T471 und NS1 T197 zeigen, bei denen weder ihre phospho-defiziente noch ihre
phospho-mimetische Mutation die virale Replikation von SC35M in der MLE-15-
Zellkultur beeinflusst. Die zweite Gruppe von Phosphorylierungen hat eine modulierende
Funktion, die durch PA S395 und NS1 ST48, 49 veranschaulicht wird. Hier verandert
entweder eine phospho-defiziente Mutation oder eine phospho-mimetische Mutation die
virale Replikation leicht. Von besonderem Interesse ist die dritte Gruppe von
Phosphorylierungen, die eine kritische Rolle bei der viralen Replikation spielen. Zum

Beispiel die phospho-mimetische Mutation fur die VRNP-Komponenten PA (Y393E), NP
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(Y148E, T378E) und fur die phospho-defiziente M1-Mutation T108A, die alle die
Produktion von Infektionsviren verhindern. Weitere funktionelle Analysen ausgewabhlter
Phosphorylierungen ergaben deren unterschiedliche biologische Funktionen. So hemmt
die konstitutive Phosphorylierung an PA Y393 und S395 die Polymerasefunktionen zur
Transkription und Replikation des viralen Genoms, was teilweise auch fur die
phosphormimetische Mutation an NP Y148 qilt, die ebenfalls die Polymeraseaktivitat
beeintrachtigt. Obwohl auch fur die phosphormimetische Mutation an NP T378 eine
hemmende Wirkung auf die virale Vermehrung festgestellt wurde, muss ein anderer
Mechanismus erwartet werden, da diese Mutation zu einer erhdhten Polymeraseaktivitat
fuhrt.

In Bezug auf die M1-T108-Phosphorylierung deuten die experimentellen Ergebnisse
darauf hin, dass diese Phosphorylierung furr die virale Vermehrung erforderlich ist, da sie
den nuklearen M1-Import und den nuklearen vVRNP-Export kontrolliert. Dartiber hinaus
deutet eine Studie zur intrazellularen chemischen Vernetzung von M1-Proteinkomplexen
darauf hin, dass die M1-T108-Phosphorylierung einen Uberschuss an M1-
Polymerisation  verhindern kénnte, was fir die Aufrechterhaltung der
Konformationsflexibilitdt von M1 entscheidend sein konnte, um wahrend der viralen
Replikation zwischen Aufbau und Abbau zu wechseln. Weitere M1-Interaktom-Studien
zeigten eine mdogliche Rolle der M1-T108-Phosphorylierung bei der Regulierung der
Protein/Protein-Interaktion. Dieser Ansatz enthullte ein Netzwerk von Proteinen aus dem
STRIPAK-Komplex, insbesondere dessen Kernkomponenten STRN/STRNS3, die als
neuartige Interaktionspartner des M1-Proteins fungieren, mit bevorzugter
Bindungsaffinitat zu wt M1. Loss-of-function-Experimente zeigen auch, dass
STRN/STRNS als pro-virale Faktoren fungieren, die die IAV-Replikation unterstiitzen.
Dartber hinaus zeigten Immunfluoreszenzstudien, dass die IAV-Infektion zu einer
leichten zytoplasmatischen Akkumulation von STRN und zur Bildung groRerer
Aggregate von STRN3 fiihrte.

Insgesamt liefert die funktionelle Charakterisierung der Phosphorylierung von PA Y393,
S395 und NP Y148 neue Beispiele fur die durch Phosphorylierung regulierte RNP-
Aktivitat.  Andererseits kdnnte die Identifizierung der virusunterstitzenden
Phosphorylierung M1 T108 und ihrer kombinatorischen pro-viralen Interaktoren neue

Erkenntnisse Uber therapeutische Eingriffe in die IAV-Replikation liefern.
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7/ ABBREVIATIONS

% percent

% (viv) volume/volume percentage (mI/100 ml)
% (wWiv) weight/volume percentage (g/100 ml)
°C grad Celsius

Hg microgram

ul microliter

uM micromolar

aa amino acid(s)

ADP adenosine diphosphate

AlV avian influenza virus

Amp Ampicillin

AMPK AMP-activated protein kinase

APS ammonium persulfate

Arg Arginine

Asp Aspartic Acid

ATP adenosine triphosphate

AKT protein kinase B

bp base pair

BSA bovine serum albumin

cAMP cyclic adenosine monophosphate
CDK cyclin-dependent kinase

cDNA complementary DNA

cds coding sequence

JNK c-jun N-terminal kinase

Cr threshold cycle

CTD carboxyl-terminal domain

Cys Cysteine

ddH20 deionized distilled water

DFG Asp-Phe-Gly

DMEM Dulbecco’s modified eagle medium
DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid dsDNA
dNTP deoxynucleoside triphosphate

DTT dithiothreitol

dsDNA double-stranded DNA

EDTA ethylenediaminetetraacetate

ERK extracellular-signal regulated kinase
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ER endoplasmic reticulum
Eph erythropoietin-producing hepatoma
etal. et alii (and others)

FCS fetal calf serum

FFU Foci forming unit(s)

h hour(s)

h.p.t. hour(s) post-transfection
h.p.i. hour(s) post-infection
H1N1pdm2009 2009 pandemic H1IN1
HDAC histone deacetylase

HA hemagglutinin

HPAI high-pathogenicity avian influenza
His Histidine

IVs influenza viruses

IAV influenza A virus

IBV influenza B virus

IgG immunoglobin G

IFN interferon

M1 matrix proteins 1

M2 matrix proteins 2

MS mass spectrometry

mg milligram

mi milliliter

mM millimolar

mAb monoclonal antibody
MAPK mitogen-activated protein kinase
MOI multiplicity of infection
MRNA messenger RNA

min minute(s)

NF-kB nuclear factor kB

NUAK1 novel (nua) kinase 1

NLS nuclear localization signal
NP nucleocapsid

NA neuraminidase

NTP nucleotide triphosphate
N-terminal amino terminal

NS1 non-structural protein
NEP nuclear export protein
NES nuclear export sequence
nt nucleotide(s)

145



NP-40
oD
P/S
pAb
PB2
PB1
PEI
PTMs
PL

PM
Pro
PBS
PolyA
PMSF
PVDF
gPCR
RdARP
RNA
rpm
SA
Ser
SD
SDS
SDS-PAGE
SiRNA
STRN
STRN3
STRIPAK Complex
Thr
Tyr
TEMED
Tween 20
U
VRNA
WT
VRNPs

a

§

ABBREVIATIONS

Nonidet P-40

optical density

penicillin/streptomycin

polyclonal antibody
polymerase basic protein 2
polymerase basic protein 1
polyethylenimine

post-translational modifications
priming loop

plasma membrane

proline

phosphate buffered saline
polyadenylic acid
phenylmethanesulfonylfluoride fluoride
polyvinylidene fluoride

guantitative real-time polymerase chain reaction
RNA-dependent RNA polymerase
ribonucleic acid

rounds per minute

sialic acid

serine

standard deviation

sodium dodecyl sulfate

SDS polyacrylamide gel electrophoresis
small interfering RNA

striatin

striatin 3

striatin-interacting phosphatase and kinase complex
threonine

tyrosine
N,N,N’,N'-Tetraacetylethylenediamine
polyoxyethylenesorbiten monolaurate
enzyme unit

viral RNA

wildtype

viral ribonucleoproteins

alpha

beta
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