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Introduction

1 Introduction

1.1 RNA viruses

Viruses are the smallest sedfplicating entities on earth(reviewed in(1)). The Russian
biologist Dmitry Ivanovsky reported in 1892 for the first time that extracts from infected
tobacco leaves were still infectious affessingthrough a filter which was small enough to
retain bacteria (reviewed {1)). He worked on the now known tobacco mosaic virus (TMV).
Several years latén 1898 the Dutch biologist Martinus Beijierck repeated these experiments
and discovered that the filtrateuwtd only multiply in dividing cells. He called the infectious
particle contagium vivum fluidunsoluble living germ) and irented the first time the term
Oviruso. Since this Yderdueyow endeystarading of ireses das d

developed dramatically (reviewed (h2)).

Viruseshave shaped the hisyoof their hosts. Alknownliving organismshave viral parasites
andviruses cause a numbersdverediseases in eukaryotdsor example, in humantey are
responsible for the common cold or serious influenza outbredkskenpox herpes, polio,
Ebolg andthe acquired immune deficiency synd@idlDS). Also some types of cancer are
linked to virusessuch as to the Epstebar virus(EBV) or the human paltoma virus (HPV)

(reviewed in(1)).

Sinceviruses have no own metabolistheyhijack subcellular machineries of invaded cells to
replicateand produceviral particles inan infective form ¥irions) to disseminate their genes
Virusesare encapsulated by a protein shell Georneloped, such as adeno virus) and sometimes
by an additional host cetlerived lipid membrane (enveloped, such as influenza vifigy
come in twdlavors, those that have a genome of DNA émasewith an RNA coding genome.
Both nucleic acids can be used bifferent viruses in doublestranded or singtstranded
manner Further classification of RNA viruses according to the sense arifyobf their RNA

into negativesensd-) andpositivesensd+), or ambisense RNA viruses is possifilee RNA

of positivesense viral RNA is similar tonessengeRNA (mMRNA) and can thereforbe
immediatelytranslatedy the host celln contrastnegativesense viral RNA is complementary

to mRNA and must be converted to posisense RNA byan RNA polymerasebefore
translation(3). Therefore, the purified RNA of a negative sense virus is not infectious by itself,
because it has to be converted to a positive sense RNA for replitgtianviral reverse
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transcriptaseViruses with an ambisemgenome carry both nucleic acid strands emgptbr
proteins(reviewed in(1)).

This doctoralthesis dealsvith singlestranded {) RNA virusesof the orthomyxovirus family
such as th&@hogoto(THOV) andDhori (DHOV) virus. Therefore, a short overview tife

negativestrandRNA viruses is given in the following chapter.

1.2 Negativestrand RNA viruses(NSV)

NSV are a group of viruses that comprise a broad spectrum of human pathogens including,
influenza, Ebola, mumps, measles and hantavirlBesides humanghey can also infect
vertebrates, arthropods and plaMsus families with an RNA genome that infect vertebrates
outnumber those with DNA genomes by about two to one, and avntoisgs infecting plats,

this number is even higherhis displays the evolutionary success of RNA usagpgenetic
material.However, thehigh error rates of RNA transcription lirsithe genome size to about

30 kb or lesgreviewed in(1)).

NSVsaredivided irto two groups NSVs with asegmented (s) or nesegmented (ngenome
(Figure 1). The order Mononegaviralggnsinuating to the monopartite and singteanded
genomepscomprise families of nsN& which contain a single genomic segment with05
genes sequentially arranged. This order contains four families, whiddoamnaviridae (e.g.
borna disease virus (BDVJjloviridae (e.g. ebola virusRaramyxoviridade.g. measles virus,
mumps virus) ad Rhabdoviridage.g. rabies virus, vesicular stomatitis virus (VSV)) (reviewed
in (4)). Segmented NSVs (sNSVs) contain two or more segmentg.arbgrouped in therder
Multinegaviraleswhich contains three familie#renaviridae(e.g. lassa virusBunyaviridae
(e.g. hanta virus, ritalley fever virus) andrthomyxoviridae (reviewed in(4)). The next

chapter will introduce the memlsasf the orthomyxovirus familyn more detail.
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" Non-segmented
~.  genome

" Filoviridae
*. | (Ebola)

Ophiovirus genuis
(Plant viruses)

(Influenza)

Arenaviridae
(Lassa fever)

Bunyaviridae

hantaviruses)

(Rift valley fever,

Paramyxoviridae
(Measles, mumps)

Rhabdoviridae
(Rabies)

Segmented
genome

Figure 1. Unrooted phylogenetic tree of the known NSVs.

Representative human pathogens/diseasé¢sxcept for the genus ophiovirus)n each of the families are
indicated in parentheses. Ophioviruses represent a genus rather than a family. The diagonal dashed line
separates norsegmented from the segmented NSVs. Arenaviruses have two genomic segments,
bunyaviruses have three, ophiovirges three or four (depending on the virus) and orthomyxoviruses six to

eight. Figure wasadopted from (5).

1.3 The Orthomyxoviridaefamily

Orthomyxovirusegorthos Greekf o r

0 s nyxep Greegk fo 6muud are enveloped

viruses The members of th@rthomyxoviridadamily are negatig-sense, singlstranded, and

segmented RNA viruses (sNSVyegmentation of their genome allows a remarkable

evolutionary advantage of these virusegh as high genetic flexibility and adaptability to new

host species due

t o

oOmi xi ngo

e v e n mechahissnt we e n

called reassortmenthe reassortentprocesss sometimesccurringwhen two similar viruses

infect the sara cell. The combination of genetic material can lead o\l virus with new

fatal properties for the hoahd cause epidemics or even worldwide pande(6)cs

The Orthomyxoviridaefamily compises seven genera or typ@s: the influenzavirus A, B
and C (IFAV, IFBV and IFCV), thel'hogotovirus (THOV), the Johnstonatoll virus, the
Quaranfilvirus, and thénfectious Salmon Anemia (ISAjrus (Figure2) (6). The THOVgenus

contains 6 distinct viruses or species: Bieori virus (DHOV) and its subtypBatkenvirus
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(BKNV), as well as the speciésaguarivirus, AransasBay virus (ABV), Bourbonvirus
(BOUV), Josvirus (JOSV) andUpoluvirus (UPOV)(6). The genusSA virus, with the species

ISAV, is very distinct from influenzairuses A, B, and C.

Infectious salmon anemia virus
Isavirus

100 . .
I— Infectious salmon anemia virus 901

Quaranfil virus EGT377 I Quaranfil virus

100 Johnston Atoll virus LBJ | Johnston Atoll virus

Thogoto/SiAr 126

Thogotovirus

100
ilee Dhori/indian/1313/1961

C/JJ/1950

Influenzavirus C

98 100
L C/Johannesburg/1/1966

B/Victoria/2/1987
100 W[ Influenzavirus B
B/Yamagata/16/1988

100 — Alequine/Prague/E5203/1956

Orthomyxoviridae

100 _|:A/Hong Kong/1/1968 Influenzavirus A

- 100L_ a/california/04/2009

Figure 2: Phylogenetic relationships within thefamily Orthomyxoviridae

The phylogeny is lased on the sequence alignment di¢ PB1 danain of the polymerase. The tree wamid-
point rooted and bootstrap values (1000 replicates) are indicated on the branch&sgure adopted from (6).

The first three genera contain viruses that canfieenzain vertebrates, including avian
species, humans, and othmammals ISA viruses infectsalmon and Thogotoviruses are

arbovirusesand infectvertebratesndinvertebratessuch agicks andmosquitoeg6).

The THOV and DHOV are structurally and genetically very close related to the best studied
member of the orthomyxovirus family, the infleanvirus.The next threehapters give an

overview on the architecture and replication cycle of the influenza virus.

1.3.1 The influenza virus (IFV)
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1.3.1.1 Historical introduction

The influenza virugsepresents global threat to humanity, and seasonal influenza epidemics
are responsible for thousandfdeaths annually7). The influenza virus is the mosbmmon

cause for human respiratory infectianshumans They cause high morbidity and mortality,
especially in the elderly, infants and people with chronic disease. Outlra@adksccurredat
leastsince the Middle Age or even since ancient tirf®s Influenza causeapproximately
200,000 hospitalizations and 36,000 deatha tgpical endemic season in the United States
(US) (9). Beside the amual winter outbreaks, pdamic IFAVs occasionally emerge. There
have been approximately 14 pandemic IFAV outbreaks since 1510. In the past 120 years, there
were pandemics in 1889, 1918 (Spanish flu), 1957 (Asian flu), 1968 (Hong Kong flu), 1977
(Russian u), and 2009 (Swine flu)8). The worst pandemic in 1918, the Spanish flu, lead to
675,000 deaths in the US and up to 50 million worldwi®. The following pandemics in
1957 and 1968 caused approximately 70,000 and 34,000 deaths in the US, resp8tively
Most recently, the swine flu (pH1N1) in 2009 caused approximately 270,000 hospitalizations,
and 13,000 deaths in the (HL).

1.3.1.2 The architecture dthe influenzavirus

Viruses aresophisticateanacromolecular assemblies. They are very efficient in using a limited
number of proteins twlfill their life-cycle within thenfectedhost cell. Viruses carry the entire
molecular machinery necessary tbe efficient packaging of viral genomethie es@pe from

an infected cellthe survival andtransfer to a new host cell (adaptation), #melattachment,

invasion/penetratigrand initiation of a new replication cycle.

Influenza viruses arenveloped viruses, with a host edérived lipid membranén addition to
IFAV, there are two other types of influenza viruses, namely the influer{f#eB®) and C
(IFCV) virus. IFAV and IFBV are more similar to each other than to IFCV, and only IFAV
poses a significant risk of zoonotic infections, host switch, &edability for pandemic
outbreaks(reviewed in(1)). IFAV genomic RNA is segmentedtineightsegments, which
encode at lead0open reading frames (ORK§&)gure3): Hemagglutinin (HA)Neuraminidase
(NA), Nucleoprotein (NP), Matrix protein 1 (M1Matrix protein (M2), the Nonstructural
proteirs 1 and 2 RNS1, NS2 dso known as nuclear export protein, or NEBhd the

Page5 of 167



Introduction

heterotrimerigpolymeraseomplex composed of three proteins, the p@yeseacidic protein
(PA), thepolymerase basigroteinl (PB1), andhe polymerase basic proteinPB2) (12).
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Figure 3: Schematic model of IFAVparticle.
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Two surface glycoproteins hemagglutinin (HA) and neuraminidase (NA), and the M2 ionchannel protein
are embedded in the viral envelope, which is derived from the host plasma membrane. The
ribonucleoprotein complex comprises a viral RNA segmenassociated with the nucleoprotein (NP) and
three polymerase proteins (PA, PB1 and PB2). The matrix (M1) protein is associated with both
ribonucleoprotein and the viral envelope. A small amount of nosstructural protein 2 is also present, but its
location within the virion is unknown. Figure adapted from (13).

The HA protein is aype | glycosylated integral membrane protéang. the @erminus is
positioned towards theytoso) and functios asa viral receptobindingand anembrandusion
protein. HArecognizes sialic acgd(SA), and in particular thenost common SAN-acetyl
neuraminic acigdisplayed on epithelidiost cell glycoproteins. IFAVs adapted to birds have

an HA receptobinding specificity forlR-3-linked SA, while HAs from IFAVs adapted to
humans have higher specificity foP-6-linked SA (9). For initiation of virus infection, HA

binds sialic acid receptors on the surface of the host cell, leading to virus internalization by
endocytosisThe endosomal acidic pH leads to a conformational change in HA, which causes

fusion ofthe viral membrane with the endosome and release of the VRNPSs into the cytoplasm

(9).

NA is a type llintegral membrane glycoprotefa.g. the Nterminus is positioned towards the
cytosol) Its sialidase enzymatic activity cleaves host cell SA allowing release of newly
produced virions, and SA on viral glycoproteins to prevent aggregation of nascent viral particles
(9). There are 18 HA (HL8) and 11 NA (N4ll) subtypes which are used as antigenic

differentiation markers for the classification of IFA¥4). HA and NA are major antigenic
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targets of the humoral immune response to I&urthermorejmportantantiviral drugs like
oseltamivir and zanamivir targettiNA protein.

The main function of the NP is to encapsulate the virus genome inteRNRsfor RNA
transcription, replication and packaging, and it is also involved in the trafficking of the RNPs
between the cytoplasm and the nuclélf). The regulation of the movement of tharental
virion and of the expoxtf newly assembled viral RNPs from the host cell nucleus is performed
by the M1 protein, which forms a coat inside the viral enve{dfle The M1 proteiralso keeps

the VRNPs attached to the inner layer of the viFusthernore, M1 interacts with cytoplasmic
domains of the surface glycoproteififie M2 protein is a proton channel integral to the viral
envelope and mediates the acidification of the viral interior, thereby facilitating the dissociation
of M1 from the viral NPwhich is a crucial step for the unpacking of the viral gentiidg M2

is the target of the adamantane class of antiviral di@gslS1 regulates the transport of viral
MRNA and other polyadenosine (polyA) containing mRNA from the nucleus and likely
suppresssthe interferon response after virus infent{@8,19). The NS2 protein is responsible

for the nuclear export of virdRNPs (VRNPs)20). For replication and transcription oiral

RNA in the host cell nucleus heterotrimeric polymerase complex composed of PA,dPd1

PB2 is formed with the assistance of viral NPPke heterotrimeric polymerase is bound to a
short hairpin structure at the 306 and 56 unt
is a RNAdependent RNA polymerase (RdRp). PB2 functions in mRNAh&sis § binding

host mMRNA capsThese 7methylguanylate cagsn’G) are of great importance for stability and
maturation of mMRNA in eukaryoteBA is necessary for a functional polymerase complex,
including endonucleolytic cleavage of host RNAY. The polymerase complex lacks a
proofreading activity resulting in a high gene mutation rate, which is a crucial evolutionary
advantage of the influenzarus (21).

The next chapter provides a more detailed description of the function of the here mentioned

viral proteins in the influenza virus dicycle.

1.3.1.3 Influenza virus replication cycle
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To ensure the survival of a virus, they have to transport the viral genome from an infected to an

uninfected host celllo expres, replicate and spread the viral genome, viruses have evolved a

variety ofstrategies during evolution dependent on their host range.

The influenza virus replication cycle, as depictedrigure 4, startswith binding to cellular
sialic acid receptordy the HA proteinand subsequenmembrane fusior(Figure 4a) in

endosomal vesicles

PB1
PB2

ssRNA

NP

Assembly/

budding Release

Binding

NS1/NS2

Endocytosis
fusion

Figure 4: The IFAV replication cycle.

All the components participating in the IFAV life cycle are described in the text above. CPSEleavage and

polyadenylation specificity factor. Figure adapted from(22).
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The three viral proteins PA, PB1 and PB2, together with viral NPs, formRhPs Low
endosomapH triggers conformational rearrangements of HA @iadlefore théusion with the
endosomal membran&he M2 protein additionally facilitates the influx pfotons (H) into

the virus and triggers dissociation of the M1 protein from the VRIRRgie 4b) (22). The
VRNPsare released into the cytoplasmd transported into the nucleus initiated by the nuclear
localization signals (NLS) on the NEZ3). In the nucleus, the viral MRNA synthesis is initiated

by cleaved5-bpped RNA fragments fromhost premRNAs. The PB2 subunit of the

pol ymer as e-cappednhdss pretRINA (249 and theendonuclease domain of PA
cleaveghe premRNA 1013 nucleotides downstream of the ¢ap) (Figure4c). The cleaved

30 end of the capped RNA segmen(2. i Shusedcht|
snatchi ng6 oc caRNAs. After the aialcneRNA is prangported into the
cytoplasm for translation of Al NA and M2, these proteins apeocessed in the endoplasmic
reticulum (ER) and glycosylated in the Golgi apparatus, and subsBgtransported to the

cell membrang22) (Figure 4d). As a viral defense against the host cell, the NSlejrot
suppresses the production of host mMRNA (including interferorRNAs ) by 1 n-hi bi t i
end processing of host peRNAs (27) (Figurede). Viral mMRNA desn ot nee-@ndt o be
procesed by the host cell machinery, in costri@ host prenRNA. Consequently, the viral

MRNA (VRNA) is transported into the cytoplasm, while the host mMRNA export and translation

is inhibited(22). In addition to the capped RNgrimed mRNA synthesis, the viral polymerase

also replicatethe (unprimed) VRNA in the following step&. ()VRNA, 2. (+)copy(c)RNA, 3.

(-)VRNA. For both replication steps, the NPs are necessary and are present on the vRNA and
cRNA (28) (Figure4f). The M2NS2 complex mediasthe export of VRNPs into the cytoplasm

via a NS2CRM1 (Expotin-1) interaction(20). The cellular vRNPs are incorporated into new
viruses and bud oféifter reaching the cell membrane. The HA and NA proteins of the newly
produced viruses carry terminal sialic acids. The NA cleaves theses moieties and release the
virus from the cell surfac@?2) (Figure4g). The neWy generated virus particles are now ready

to infect new host cells.

The Thogoto and Dhori virus asdésomembers of the orthomyxovirus family and were subject
of this doctoral thesis. They are introduced in more detail in the following chapter.
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1.3.2 Thogoto- and Dhori virus

Like influenza A, B and CThogoto (THO) andhori (DHO) viruses belong to the family of
Orthomyxoviridag(see alsdl.3). DHOV is a member of the genus THOWidure 5). Both
THOV and DHOVinfect humans and livestock in Eape, Asia, and Africa. fiey represent a
group of aboviruses, tickborne virusestfansmittedoy arthropodvectorg and show similar
morphologic andyendic architecture compared to influenfoth were first isolated in the
1960ies, THOV in the Thgoto forest near Nairobi, Keny@9), and DHOV fromHyalomma

dromedariiticks, collected from camels in DhipGujarat State, Indié30).

100 Upolu (AHB34058)
100 [: Aransas Bay (AHB34064)
Jos (AED98374)

B 100 — Dhori (ADF56028)
97 [ Batken (CAAB6029)

100

Bourbon (KP657749)
Araguari (ABB55448)
Thogoto (YP_145089)
Influenza C (P08028)
Influenza B (AAUO01000)

43 I
84 Influenza (ABQ84551)

0.05

Figure 5: Phylogenetic tree of the genus THOV within théOrthomyxoviridaefamily .

A neighbor-joining method was applied with 2,000 bootstrap replicate$or grouping analysis. Values at
nodes are bootstrap values. GenBank accession numbers are in brackets. Scale bars indicate number of
amino acid substitutions per site Analysis was performed on the basis of the viral NFrigure was adapted
from (31).

THOV infection cause febrile illness and abortions ieegh Humans infected with THOV
show symptoms with involvement of the central nervous syseam as meningitis and
neuromyelitis opticaA laboratory accident in the 1980iskowed that DHOV can infect
humans via the aerosol rout causiedrile illness and encephalit{82). DHOV is highly
pathogenidn mice and has been used as a megsientor theinfluenza virug33)

The genome of THOV has 6 segments of lesgranded, negative sense RN#hile that of
DHOV comprises 7 segmenioth NPs are odimilar size of around 52 kDRNA sequencing
indicate that the ends of the RNAs are complemenjasy as innfluenza(34). Furthermore,

the sequence of the heterotrimeric polymerase segments (PA, PB1 and PB#){hendiP
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segment ofTHOV and DHOV are similar tonfluenza as wel(35). In contrary, the omi
glycoprotein of THOV and DHOV is unrelated to influenza bassequence similarity to the
baculovrus glycoprotein gp64indicating an adaptation to the arthropod ({86}.

In 2014 a new member was identified in the THOV genus biérbon virus isolated from a
man fromBourbon County, KansasJSA, who became ill after being bitten bigks, and
subsequently die(B1). It is the first known THOV to be associated with human disease in the
United States and shows the importanc®xahomyxoviridagesearch.

The next chapter provides a structural overview of the preyioumentioned NPs, from
segmentedhegativestrand RM viruses (SNSVs), which aressential for transcription and

replication of the virus.

1.4 Structural overview of SNSV nucleoproteins (NPs)

Most viruses have RNA genomes that are replicated and transcribed into mRNA by a viral
encoded RdRp. The RdRp catalyzes the replication of RNA from an RNA template. In contrast
to the DNAdependent RNA polymerase which catalyzes the transcription of RIMAEIDNA
template (reviewed ifll)). A prominent feature ofJRNA genomes is that they are never free

of proteins, e.g. thegre always decorated withultiple copies of a nucleoprotein (NP) forming
together with the polymerase the ribonuglexeinparticles (RNB) (reviewed ir{4)). The viral

NPs are remarkable multifunctional in nature. Besidiecapsulating RNA into RNPs for
transcription and replication of the virukey are able to discriminate between the viralARN
(VRNA) and viral mRNA or cellular RNAo protect the viral genome from degradateord to

avoid dsRNA formation. Interaction with viral or cellular proteins at the cytoplasmic surface of
the plasma membrane promotes further packaging of these RNPmfgttous progeny

virions (37).

Structural information regarding RNfkee NP and NFRNA complexes of nsNSVs was
obtainedduring the last years, including the famili@habdweiridae, Paramyxoviridaeand
Bornaviridae(38-41). TheRNA-boundNP structures of VSV and rabies virus provided first
insights how RNA encapsulation is performed for nsNSRVs. Structural information has now
also been extended to sNSVs from thamilies Arenaviridage Bunyaviridae and
Orthomyxoviridae(42-47). However, for theOrthomyxoviridaefamily, no RNA-bound NP
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structures a available yetStructural models of NRsan promote &unctional understanding
of these families. Hence, a brief structural overview of NPs from sNSVs is given in this chapter.

In the last few years, additional SNSV NP structures have become avabahlee). In
contrastto nsNSV NPs which all have a similar fol§4), SNSV NPs are structurally more

diverse. Furthermore, three NP structures are now available fradrttr@myxoviridadamily,

including influenza A(44,45), B (46) andinfectioussalmonanaemiavirus (47).

Rift Valley Fever Virus La Crosse Virus 0N ;
(Bunya-Phleboviridae) (Bunya-Orthobunyaviridae) (Bunya-Nairoviridae) N Y\Arj (Arenaviridae)
(PDB code: 30V9) (PDB code: 4BHH) (PDB code: 4AQG) b (PDB code: 3MWP)

Salmon Anaemia Virus Influenza A Virus Influenza B Virus
(Orthomyxoviridae) (Orthomyxoviridae) (Orthomyxoviridae)
(PDB code: 4EWC) (PDB code: 2IQH) (PDB code: 3TJ0)

Figure 6: Structural comparison of SNSV NPs.

Crystal structures of sSNSV NPs shown in cartoon representation. The polypeptide chain is colored
according to the rainbow from the N- (blue) to the C-terminus (red). The black dotted line indicates the
RNA-binding groove. Please notethat the Lassavirus NP has an additional Gterminal domain with
exoribonuclease activity involved in immune suppressioli48). The N-terminus of influenza B and the
infectious salmon anaemia virus NP is not involved in RNA bindind46,47). CCHF - crimeancongo
hemorrhagic fever virus. Figure was adopted from(49).

The overall structure of these proteins is malilyelical and globular, containing a positively
charged RNAbinding groove (indicately the dashed lines FFigure6) between an upper and
lower lobe All NPs have further extensions such age@ninal and/or Nerminal arms

(phlebovirus,orthobunyavirus), an internal/@rminal tail loop érthomyxoviruses) mobile
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subdomains (CCHFV) or entire domainsagésavirus), whose conformational flexibility
regulates RNA binding and therefore RNP formation/asse(B)y

Crystal structures are available for monomers (IFAV NP, RAB6A oligomers (RVFV(51))

or oligomersin complex with RNA. Surprisingly, in the monomeric form, the RbiAding
groove isoftenfilled by parts of the @erminal tail loop (IFAV NP, R416Akigure7A) or by

an Nterminal extension (RVFV)Higure 7B). For Lassavirus, the RNAbinding groove is
occupied by internal residues in the apo fpupon RNA bindingthis auteinhibited state is
opened up, ready for assembly into RNIFgire7C). In the autainhibited statethe NPs have

a low RNA-binding affinity. In infected cellsthe transition intdhe active, extendedtateof

the RNP is probably facilitated by RNA binding (cooperativity) and/or polymerase interaction
(49). Small RNAs can trigger NP oligomerizatidfhowever,NPs are also able to oligomerize
without RNA since the apo forms of IFAV NPs crystallized as trinf4gl5), of IFBV NP as

tetramer(46) and of ISAV NP as a dimgr7). A functional role of these small oligomers

vivois still under debat

RNA-binding
groove

Figure 7: Gating mechanism of SNSV NFRNA binding coupled to RNP assembly.

(A) Orthomyxoviruses: The monomeric (PDB code: 3ZDPH1N1 NP structure is shown in cyan (cartoon
representation), and the trimeric (PDB code: 2IQH) structurewas superimposedand is shown in surface
representation (indicated by 3X). In the trimeric structure, the Gterminal tail loop (green dashed line,
residues 394429) is protruding into the neighboring protomer, whereas in the monomerparts of the tail
loop is blocking the RNAbinding groove (red dashed line). (B) Bunyavirusesphlebovirus): Same
representation like in (A). In the hexameric structure (PDB code: BV9), the N-terminal arm (in green)
binds above the RNAbinding site. However, in the monomeric structure the Nlerminal arm blocks the
RNA-binding groove with helix UL (in red). (C) Arenaviruses: Same representation like in A and B. The
completeLassavirus NP in the apo form (PDB code: 3T5Q) shows an internal region (in red, residues 315
163) occupying the RNAbinding groove. Upon binding to RNA (PDB code: 3T5Q, in cartoon), these
residues open up (in green, residues 115%3) allowing the NP further to assemble into RNPs. The
electrostatic surface is indicated by its scale values ksT at the bottom for each panel, and the putative
RNA-binding groove is indicated by the dashed line. The figure was modified froi#9)
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The nucleocapsids (Ns) of the MononegavirdtesNSVs)order are long,léxible and helical
oligomeric structures whereasRNPs ofsNSVs mainly form irregular, flexible, supercoiled
structureqFigure 8). Recent crystal structures showed that the Aahsf the N proteins of
nsNSVs, which mediate oligomerization, are less flexible compared to the hinges in the arms
of NPs of SNSVs. Structural differences between nsNSV and sNSV NP assemblies can thus be
explained in large part by the flexibility of the terminal arms that mediates their oligomerization
(reviewed in(4)).

Figure 8: Negatively stained electron micrographs of NSVs nucleocapsids/RNPs.

Nucleocapsids and RNPs isolated from rabies virus (A), measles virus (B), influenza (C, D, E) and rift valley
fever virus (F). The measles nucleocapsids (B) were produced recombinantly. C is prepared at 150 mM
NaCl, whereasD and E was prepared at 15 mM NE&I. All images have the same magnification shown under
E. Figure was modified from(4).

Recently, native and recombinant RNé&fsInfluenza viruswere visualized using cryBM
(52,53). The ~20 A resolutiostructure ofrecombinantnfluenza virus RNPfrom Moeller et

al. (Figure9A) estaltished a doublelical model with two antiparallel strands leading away
and to the polymerase, which is located at one end of the RNP. Adgam is located at the
other end. The doubleelical stem region has 4.9 NPs per turn and a rise of 32.6 feb&etw
two neighboring NPsFjgure 9A). In contrast, Arranz et alisualized native RNPs at 18 A
resolution with a rise step per monomer of 28.4 A and a rotation andié°ab-64°, forming
helical RNPs with approximately 12Ps per turnKigure 9B). However, in both RNRshe
NPs are arranged in a twisted and antiparallel fashion. It should be noted that Arranz et al.
proposed a lefhanded helix where the body domain of NP mainly facilitates thepnégéomer
interaction, while Moeller et al. proposed a rigfainded helix where the head domain of NP is
likely to stabilize the RNP via intéMP contacts.
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Figure 9: Molecular architecture of IFAV RNPs.

(A) Cryo-EM reconstruction of recombinant RNP (53). The heterotrimeric polymerase (PA, PB1, PB2) is
shown in red, NPs in green andRNA in blue. The NP protomer is fitted into the EM map on the right panel.
The NP strands are antiparalle| as indicated by the arrows. 1. Loopegbnd, 2. Central filament region, 3.
RNA-polymerase end. (B) CryeEM reconstruction of a native RNP(52). The heterotrimeric polymerase
(PA, PB1, PB2) is shown in orange and green, and is located at ttight end. The two oppositerunning NP7
RNA strands are colored in blue and pink, respectively. The NP and RNA (yellow) are fitted into the EM
map on the right panel. The NP strands are antipariel as indicated by the arrows (upper right image).
Figure was modified from (52) and (53).

1.5 Innate immuneresponse against viruses

The recognition of pathogenic/viral patterns in mammalian cells is a prerequisite for a rapid and
effectivedefenseaesponseThese pathogenic ssciated molecular patterns (PARS) include
singlestranded and double stranded viral nucleic acids. Hostfisppatterrrecognition
receptors (PRRs) detect these PAMPs in the cytoplasm and within endq5di68s Five
classes are now knowto play a role in detecting these components:Alfamily of
transmembrane proteimamedToll-like receptors (TLRs, specially TLR3, TLR7, TLR8 and
TLR9), 2. Retinoic acidnducible gene | (RIG)-like receptors (RLRs, such as melanoma
differentiationassociated gene 5 (MDA5) and retinoic aiciducible gene | (RIG)), 3.
Nucleotde-binding and oligomerizationeucinerich proteins (NLRs), 4Absentin melanoma
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2 (AIM2-) like receptors and 5. DNA sensors (DNlapendent activator of IRFs (DAI), IBN
inducible protein 16 (IFI16), DEAH box protein 9 (DHXDHX36, DDX41, and cGAS
STING (Cyclic GMP-AMP synthaseStimulator of IFN genegp6,57). Interestingly different
RNA viruses are recognized by different RLRs. RIf@r example is responsible for detecting
ParamyxoviridaeOrthomyxoviridagRhabdoviridagand somd-laviviridae family members.
MDAS5 however, recognize®icornaviridae family members. TheWNest Nle virus and
Reovirusare detected by both RiGand MDA5(58).

Binding of these PRRs to PAMPs activates a downstream cascade, triggers the expression of
virus-response genes and prndlammatory cytokines (like type | interferons (IFNs), H,1

IL18) and restricts viral replicatiorFigure 10). The IFNJb receptor (IFN/R), a heterodimer
composed of IFNAR1 and IFNAR2ctivates the type | IFN signali§9). Upon type | IFN
binding to IFNAR signal transduction via the Janus kinase (JAK) and signal transducer and
activator of transcription (STAT) proteins takes place, resulting in nuclear translocation of the
transcription factor complex IFStimulated gene factor 3 (ISGF3; composed of-tefjulatory

factor 9 (IRF9) and phosphorylated STAT1 and STAT2). As a consequence, hundreds of IFN
stimulated genes (ISGs) are activai@d61). Among these genes are the protein kinase R, the

2 0-bligoadenylate synthase, IHNduced proteins with tetratricopeptide repeats (IFIT),-IFN
inducedtransmembrane (IFITM) proteins (55), Immunilated GTPases (IRGs, also known

as p47 GTPases) (56), guanglainding proteins (GBPs) (56), SAM domain and HD domain
containing protein 1 (SAMHD1(62) or antiviral Mx proteins. The expresspibteins restrict

the invaders at different stages including entry into host cells, protein translation, replication,
assembly of new virus particles and spréadestigatingthe antiviral mechanism of the IFN
induced Mx proteins was part of the preseatkytherefore a more detailed description of these

proteins is given in the next chapters.
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Viral DNA

Viral DNA

G

Figure 10: Pathogenic RNA and DNA detection in mammalian cells.

DNA is found in the cytoplasm and in endosomes during viral or bacterial infection or after the phagocytosis
of dead cellsUpon viral infection, cytosolic DNA sensors, such as DNAependent activator of IRFs (DAI),
IFN 2-inducible protein 16 (IFI16), DEAH box protein 9 (DHX9) and DHX36 recognize viral DNAsuch as
CpG-A and CpG-B DNA in the cytosol and trigger the MYD88 and IRF7-dependent responseDNA
binding by cGAS, DAI or IFI16 results in stimulator of IFN genes (STING)-dependent activation of IRF3
and NF-aB. The RNA polymerase lll transcribes this DNA to generate short RNAs containing a:5pp
motif, which are ligands for RIG-I. Additionally, endosomal receptors such as th&oll-like receptors
(TLRs), including TLR3, TLR7 and TLR9 (recognize CpG DNA)detect viral DNA within the endosomal
membrane. Viral RNA is recognized by cytosolic RIGNAike receptors (RLRs), such as melanoma
differentiation -associated gene 5 (MDAbrecognizes long dsRNA) and retinoic acid-inducible gene |
(RIGA). The interaction of RLRs with mitochondrial antiviral signaling protein (MAVS) recruits the
TANK -binding kinase 1(TBK1) and laB kinase U(IKK U, or the IKK 9 (also namedNEMO), IKK U and
IKK b, which results in the activationof IFN-regulatory factor 3 (IRF3) and nuclear translocation of nuclear
factor-aB (NF-aB). The adaptor proteins TRIF and MYD88 interact with TLRs at endosomal membranes,
leading to the activation of IRF3 or IRF7. Activated IRF3, IRF7 and NFaB bind to the interferon-b (IFNB)
promoter inducing transcription. The secreted IFNb binds to the IFNU/b receptor leading toparacrine type

I IFN signaling, which induces hundreds of IFNstimulated genes (ISGs).Phosphorylated IRF3 can

independently transcribe IFIT and IFITM genes without IFN signaling. 1| @ B,-a BIFi nhi bi t or .

adapted from (56).
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1.6 Mx proteins in innate immune system

1.6.1 Historical introduction of MxA

Mx proteins are key mediators of the Hilluced innate antiral response in vertebratésg).

In 1962, JearLindenmann discovered that the inthraouse strain A2G is resistant to influenza
virus doses that are lethal to other inbred strédds After this initial observation, he later
showed that this innate resistance in A2G mice was linked to only one single dominant locus.
He named it the myxovirus resistance (Mpene, due tahe resistance of the mice to
orthomyxovirugs(64). This gene was expressed in a variety of cells ranging from macrophages
to hepatocytef4). Later it was shown that Mmediated virugesistance was induced by type

| () and type I §) interferons (IFNs)65). After virus infectionthe murine Mx1 protein is
rapidly expressed in the nuclei of cells where virus replication occurs and blocks viral spread
(66). Soon it was revealed that Mx1 was the first member of a small gene family present in all
vertebrate specid&igurell) (67).

In the late 1980s, a second murine Mx protein was identified and named6@)x2Mx2 is
localized in the cytoplasm and has no antiviral activity against influenza(@®usrhe human
Mx-genes are named Mx1 and Mx2 which code for MxA and MxB protein, respectively.
Recently it was shownthat the human MxB proteirestricts (IFN-Umedated) the human
immunodeficiency virus typd (HIV-1) and other primate lentiviruses but not

orthomyxoviruseg70-72).
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Figure 11. Phylogenetic tree of Mxproteins.

Currently known vertebrate Mx proteins can be classified into five subgroups according to sequence
similarities: Scale bar represents genetic distance (amino acid substitutions per site). The following
sequences were used for thalignment: African green monkey (agm) Mx1(73), agm Mx2 (KJ650325),
bovine Mx1 (P79135), bovine Mx2 (AF355147), canine Mx1 (AAF44684), canine Mx2 (AF239824), chicken
Mx (Q90597), cotton rat Mx1 (DQ21874), cotton rat Mx2 (DQ218273), duck Mx (P33238), equine Mx1
(Q28379), equine Mx2 (XP_001491517), feline Mx1 (XM_006935878), halibut Mx (AAF66055), human MxA
(A33481), human MxB (M30818), mouse Mx1 (NP_034976), mouse Mx2 (NP_03868#)otis davidiiMx1
(XM_006754325)Myotis Mx2 (XM_006754324), porcine Mx1 (P27594), porcine Mx2 (AB25843Bteropus
alectoMx1 (XM_006916729),PteropusMx2 (XM_006916730), rainbow trout Mx1 (AAA87839), rat Mx1
(NP_775119), rat Mx2 (NP_599177), salmon Mx (NP_00111716bykey Mx (EF575607, partial sequence),
woolly monkey Mx1 (JX297236), and zebrafish Mx (AF533769). Figure was adopted frofn4).
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1.6.2 Structural overview of Mx proteins

Mx proteinsare large GTPases and sequealggnment indicateghey belong to theynamin
superfamily, a class of mechanbemicalenzymeswhich are responsible for nucleotide
dependent membrane remodelli(@8). Human MxA assembles into tetramers, shows low
affinity binding to guanine nucleotides, concentratidependent oligomerization and
assemblystimulated GTPase activatiawomparable to dynamin&5,76). Mx proteins are
composed of an Merminal GTPase (G) domain, a middle domain (MD), andtar@inal
GTPase effector domain (GED) libey ardacking the pleckstrin homolggPH) ard prolin

rich domainpresent in dynami(63) (Figurel2).

G domain G domain
3

Hinge 1

14 387 ¢|114 1681 715

G domain

G domain Middle domain _ GED G domain " Middle domain  GED

Figure 12: Structure of human Mx GTPases.

Structure-based domain and ribbontype representation of MxA (A, PDB code: 3SZR) and MxB (B, PDB
code: 4WHJ) monomers. The Nand C-termini are labelled. The unresolved loop L4 in the stalk is indicated
by an orange box, and the flexible Nerminus indicated by a purple box. BSE: Bundle signalling element.

The crystal structure of nucleotifieee MXA showsan extendedthreedomain architecture

(7576). The gl obul ar G domai n at ogheetssumraindedf t he
b y -hdlices. The G domain is connected to the sialk asa fourhelix bundle (consisting of

MD and GED).The connection between G domain and stalk is mediatedbbgdie signalling

element BSE) which forms an extended structure in the center of the MxA molecule. It is
composed of three helices, which are derived from widslyedtsed sequence regions of MxA,

and thus serves as an ideal sensor of transmitting tieromational changes from GTP binding

and hydrolysis to the stali’7). Hinge 1 and 2 at the flanking ends of the BSE provide
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flexibility, and conformational freedoneside the stalk, which is the central oligomerization
interface, the BSE plays also a crucial role in stabiliziigomer formation gtalkBSE
interfacg (75,76). The 40 amino acid long loop L4 (amino acid &32), located at the tip of

the molecule Figure12A, indicated by the orangdashediox) comparable tchelocation of

the PH domain of dynamin, binds negatively charged liposomes and mediates viral target
recognition(73,78,79). Human MxB shares 63% seaque identity with MxA Recently also

the crystal structure of human MxB was sol{Edjure12B) and shows a very similar overall

fold except of the Nerminal flexible extensionHgure 12), indicated by the purple dashed
box), comprising the NLS of MxE80,81).

1.6.2.1 The GTPase domain

The GI'Pase (Gdomain of the dynamin superfamily membarsluding Mx proteinsis the
catalytic heartgenerating the power required to perform its biological funciitve. G domain

is the most conserved domain among dynamin homologs, and MxA shares 40% sequence
identity to other dynaminsuperfamily memberg82). Dynaminrelated GTPases are
characterized by low nucleotide affinities, aamtbw basal GTPase activi{g3). For example

the GTPase activity was experimentalgtermined to be around5Lmirn? for dynamin, MxA

and hGBP1 at 37°(75,8384). Therefore, thee proteinsdo not require any nucleotide
exchange factors like small GTPases of the Ras superf@oitgparable to Ralike GTPases,

large G proteins comprises five motifs in the GTPase domaird& Ior nucleotide binding

(85). The G1lmotif or P-loop (phosphatébinding loop,consensus: GxxxxGKS/Tij close
proximity to the b-phosphate of the bound nucleotide stabilize a cruciaf*Mdth the
serine/threonine residuemportant for GTP hydrolysi#\ threonine from G2 together with an
aspartate from G3 (consensus: DxxG) participate Mg?" coordination and additionally
contacs the o-phosphateGTP and GDP are differentially coordinadten G2 and G3, leading

to nucleotideinducedconformational changes thesurroundingegions They are accordingly
named switch | and switch II, respectively. A guanine base specific aspartate is found in the
N/TKxD consensus of the G4 mot#inally, the G5 motif interacts via several contacts with
the guanine base and/or ribose.
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1.6.2.2 Functional role of G domaindimerization

In contrast to small G proteins which regulate cellular signaling events, for example the Ras
superfamily, large G proteins such as dynamin superfamily members are involved in cellular
trafficking of vesicles, remodeling of cellular membrara participate in antiviral defense
mechanisms in a mechaghemical fashiorfreviewed in(86)).

Most G proteins display an intrinsically slow GTPase rate, which can be greatly stimulated by
interaction with so called GTPase activating proteins (GAPSs), like it is the case for small G
proteins. In the context of the hetatmneric complexes together with the G protein, GAPs
provide residues to stabilize regions within the catalytic center df &naroteins including
flexible loops (switch regions) or the nucleotide it§sdviewed in(86)).

In contrast, large G proteins carry all elements that are requirg@dTiBaseactivation and
stabilization of active site residues internally in the G dong&if). Accordingly, large G
proteins are known to activate themselves by hdimeerization of their G domainéctivation

of theGTP hydrolysiss achievedy stabilizng the flexible switch regionsontaining residues
crucial forcatalysis Figure 13). As a consequence, tli&TPase activitys greatlyenhanced

(87). Headto-head lbmo-dimerization in dynamin, dynamiirlike protein (DNM1L) and

MxA G domains is mediatdaly a highly conserved interface assathe nucleotidbinding site,

the secalled G interfac€77,88,89) (Figurel3).

Subsequently, GTP hydrolydisggers a large scale conformational movement of the adjacent
BSEdomain as shown for dynamin and Mx&X7,88), that may act as a power strakguired

for the cellular function of dynamin and MxA.

The understanding of the alecular basis for G domain dimerization and the functional
consequences have been studied for a variety of GTPase in the last years, and some of them are

briefly introduced in the following.
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A MXAs(a|kIess_G DP

Bottom view Top view

B Dynamin®¢-GDP*AIF -

Bottom view

188", &(142**5“5‘1t

Figure 13: Dimerization-dependent GTPase activation of MxA and dynamin.

(A) GDP-bound homo-dimeric structure of a stalkless MxA construct (77) (PDB code: 4P4T) and the
stabilizing G interface contactsviewed from the top and bottom.(B) GDP-AIF s-bound homo-dimeric
structure of a G domain minimal BSE construct of dynamin 1(88) (PDB code: 2X2F) and the stabilizing G
interface contactsin the sameviews as (A) The additional subscript (O or N) represent the interaction of a
main chain carbonyl or nitrogen, and the superscript signifies therespective G domain protomersDashed
lines indicate hydrogenbonds.

For the antiviral MxA protein, for example, the observed assembly and tubulation ofTi®ids
led to a model wherBIxA forms rings around viral target structur@®). In this model, the G
domains dimerize across adjacent rintgereby mediating intering contacts via the G
interface (75,76). However, thevisualization of these structures is experimentally challenging
and has not been achieved to d&imilarly, the G domains in dynamin are thought to dimerize
across helical turns formed around lipid tul{88). Dynamin was shown to have a stalk
mediated assembly on the neck of clattuoated vesicle1). The assembled GFsound G
domains dimerize across adjacéetical turnsand the power stroke during GTP hydrolysis
may result ina sliding mechanism of the adjacdibdments leading toconstriction of the
membrane templai@®2).

The dynamin G domain, fused to a truncated version of the(BSBPaseGED (GG) fusion)
was crystallized in the presence of the GTP hydrolysis transition state mimiAGEHR88)
(Figure 13B). The structure revealed the catalytic machinery of both basal and assembly

stimulated GTPase activities of dynamin 1. Extensive interac@onoss the dimer interface
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were found to stabilize thetdicial GG dimer, includingdual coordination of the guanine base

in cisand intransby the G4 loop (residues 20516) which contains the conserved G4 element
(?STKLD?%). The G4 element impartsicleotide specificity via Asp208 interactions with the
guanine base iais, and upon dimerization Asp211 from the adjacent monomer form additional
hydrogen bonds with the guanine basetrems Furthermore, additionatis- and trans
stabilizing loops areised for stabilization of the GG dimer. In contrast to small G proteins,
dynamin 1containsa N& to neutralize the negative charge arising betweerbthand o-
phosphate oxygen during catalysis. A similar headhead dimerization mode was also
observed for septin GTPasf3) and septirrelated GTPases, such as immuagsociated
proteins (GIMAPs)94).

Similarly to dynamin, a truncated LG domain (Large GTPase domain) construct of the IFN
induced antiviral guanylateinding proteinl (hGBR1) crystallized in the presence GDP-
AlF3in a heaeto-head fashiorfFigure14A) (84).

A hGBP1'¢-GDP*AIF, B Atlastin-GMP-PNP C SRP-SR-GDP*AIF,

.E Closed :! Closed

Figure 14: G domain dimerization of dynamin related GTPasesnd the SRP receptor.

(A) The GDP-AIF3-bound LG domain dimer of hGBP1(84) (PDB code: 2B92). (B) Strature of atlastin
bound to GMP-PNP (95) (PDB code: 4IDP). (C) The GDPAIF s-bound dimeric structure of the SRRSR
GTPases Ffh and FtsY (96) (PDB code: 2CNW). Note that the SRFSR strudure dimerizesin a headto-tail
fashion.
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Theresulting G interface involves thel®op, the two switch regions which are stabilized in
the dimer, and other loop regions, including thel@3 contacting the guanine basdrans.

Atlastins aréGTPases involved in the fusion of ER tubules in higher eukaryotes and which are
closely related to the GBP®thering of opposing ER tubules may be facilitated by G domain
dimerization as well97,98). An atlastin 1 construgcincluding the G domain and the three helix
bundle, showed a similar hetmthead dimerization via the G interface when bound to
GMPPNP(95) (Figure14B). BothG domainggr ovi de an o6éarginine fing
and Arg77 in atlastin 1) from thelBop into the active site neutralize the negative charge
occurring at thé- anda-phosphate oxygen in the transition state.

Besides the above introduced haadhead association of the G domain, also sigmal
recognition particle(SRP) GTPase dimerizes via the SRP receptor (SR) GTPase during
cotranslational targatig of proteins téhe membran€96,99) (Figurel14C). Here two members

of this protein family dimerize in a hedd-tail style, leading to activation of their GTPase
machineriesThe bacterial homologs Ffh and FtsY face each other with their nucleotides bound
in an antiparallel orientation within the G domains. Using mutants with nucleotide specificity
alteredf r om GTP t o -triphesphate ¢X3 F),nEgea andl colleagues pdothat G

domain dimerization is an essential step in activating the entire GTPase ma(9aa9)y

In addition to the GTPasderived energy generation within the G domain, the formation of
high-order assemblies is a crucial step in performing antiviral function of the human MxA
protein(75,76). Beside the main oligomerization interfacghwn the stalk, a second interface
between stalk and BSE plays a central role in oligomer formation. The next chapter gives a

brief description of these two interfaces.

1.6.2.3 Oligomerization via the stalk

In the crystal structuresf the full-length MxA (76) as well as in the isolated stg[kb), each
monomer is assembled in a cr@®ss pattern ith three distinct interaction site&igure15).

Within this arrangementJlaG domains are located on one side of the oligomwhereaghe
putative membrane or virus binding sikesp L4 islocated on the opposite sidéne symmetric
interface 2 in the centre of the stalksis responsible for MxAdimerization mainly by
hydrophobic interactiong-igure15A), whereas interface 1 and interfé&@ncluding loop L2)

medate contacts between MxA dimelgringthe formation of tetramers and higher oligomers
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In additionto these central interfaces within the stalie BSE interacts with the stalk afi a
adjacentparallel MxA monomer via a number of polar interactioRgre 15B). Mutations
within the stalkBSE interfaceresult in increased GTPase activignd interfee with the
antiviral activity,indicatinga role ofcontroling the GTPase activitgnd antiviral functiorof
MxA (76).

_ Interface 1

Interface 2 Interface 3 & L4

G Interface

G Interface

Figure 15: Oligomerization interfaces of MxA.

(A) Side view of an MXxA filament represented by sixmonomers The oligomerization interfaces are
highlighted in grey boxes (B) Putative G domainG domain dimerization sites (G interfaces) and
intermolecular interactions betweenstalk and the BSE of two parallel monomers are highlighted in grey
boxes.

1.6.3 Antiviral mechanism of MxA and MxB

Upon expression, different Mx proteins associate at disfimtcacellular sites, and tire
antiviral function is influenced to some extenttbgirlocalization Tablel) (74). It was shown

that cytoplasmic Mx proteins transiently associate with intracellular membranes, e.g. with coat
protein |1 (COPBpositive membranes of the smooth endoplasmic reticulum (SER)/Gol
intermediate compartmeqit00101). A lysinerich stretchin loop L4 of MxA was shown to

contactnegativelycharged lipids, leading toligomerization and liposomestubulaton (78).
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Membrane bindingpf Mx proteinsmay bean importantfeaturefor inhibiting viruses that
replicate on membrane sites, such as bunyaviruses, pesitarel RNA viruses, the African
swine fever virus (doubtstranded DNA virus, ASFV), and poxvirugd92-104). Memnbrane
binding could also stabilize intracellular Mx pools after IFN induction, and protect them from
degradation(105). It may also have general functions, such as intracellular protein transport
and sortingas shown for MxB involvement in regulating nudeytoplasmic transport and
cell-cycle progressioiL06). However, the physiological role of membrane bindsgtill not

fully clearto date.

Mx protein  Localizati Virus Virus family Reference
on

Human MxA Cytoplasm THOV, IFAV Orthomyxoviridae (107110
LACV, RVFV, Hantaan virus Bunyaviridae (111,112
Puumala virus, Tula virus, (1131149
Dugbe virus, Crimea@ongo (114115
hemorrhagic fever virus
VSV Rhabdoviridae (1101196
Measles virus, Paramyxoviridae (117
Human parainfluenza virus (118
Coxsackievirus B Picornaviridae (119
SFV Togaviridae (120
Reovirus Reoviridae (121
HBV Hepadnaviridae (122123
ASFV Asfarviridae (203
Monkey pox virus Poxviridae (102

Human MxB Nuclear HIV-1 Retroviridae (7072

(78 kDa) pore
Human MxB Cytoplasm

(76 kDa)

Mouse Mx1 Nucleus THOV, DHOV, IFAV, Orthomyxoviridae (67,124
BKNV 127)

Mouse Mx2 Cytoplasm VSV Rhabdoviridae (128129
Hantaan virus Bunyaviridae (128

Table 1: Antiviral profile and localization of human and mouse Mx proteins

SFV: Semliki forest virus, ASFV: African swine fever virus. Table was modified from(74).

Mx proteins have a broad antiviral activity as showTable 1, and they block viruses at
different steps in their life cycleF{gure 16). The antiviral activity ofmouse and human
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Mx1/MxA strongly depends on (1) GTP binding and hydrolysis, (2) an intact bundle signaling

element (BSE), and (3) oligomerization via the s{@i76,130,131). In contrast, inhibition of

the hepatitis B virus by human MxA does not require GTPase ac(i\it). Comparison of

simian MxA orthologs revealed that the loop L4 was subject to strong positive selection during

primate evolutionin additionto6 h ot s p ot s 6 -tearntinus(73). &he {Clerenixal gart e
of the loop L4 was shown to be a major antiviral specificity determimapirticular Phe561
differentially determined antiviral activity against orthoxoyiruses Swapping loop L4

between Mx proteins demonstrated its central role for antiviral ac{iX&y9).
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Figure 16: Antiviral activity sites of Mx proteins during different viral infections.

(A) Incoming VRNPs are blocked by the human MxA protein in the cytoplasm. Secondary transcription
and replication of IFAV genomes are inhibited by interfering with synthesis and/or nuclear irport of newly
synthesized viral components.In contrast, mouse Mx1 acts in the nucleus and inhibits primary
transcription. (B) VSV replicates in the cytoplasm where MxA inhibits primary transcription of incoming
viral nucleocapsids. (C) In LACV (bunyaviruses, three RNA segments), early viral transcription leads to
the synthesis of N. MxA sequesters N into perinuclear complexes, thereby blocking replication of the viral
genome by the polymerase. (D) For HIVL, the RNA genome on nucleocapsids is revergmanscribed in the
cytoplasm. The resulting preintegration complex (PIC) is then transported into the nucleus, where the
proviral DNA integrates into the host genome. MxB does not block reverse transcription but prevents
uncoating, nuclear uptake and/or stabity, or the integrase activity of the PIC, thus preventing
chromosomal integration of proviral DNA. sER, smooth endoplasmatic reticulum. Figure was modified
from (74).

In contrast, only the long 78 kDa isoform (+NLS) containing the flexiblerinus of MxB
was demonstrated to restrict HIM but not the isoform lacking the NLS or loop L4 deletion
mutans (70-72,132-134). Amino acids 3744 downstream of the NLS, and in pautar amino

acid 37 was found to be a major specificity determi{ie34). The short 76 kDa isoform lacking
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the HIV-1 targeting sequence has not yet been shovaeantiviral active, butt is capable of
forming hetereoligomers with the long 78 kDa isoforrmhich mayindicate a regulatory
function(135). Transferring the Nerminal extension of MxB onto the human MxA or mouse

Mx1 resulted in & Mx protein active again$tlV-1 (133.

The viral target structures of MxA are still poorly investigated. The nucleocapsids of the THOV
are known to be a target of the human MxA protéif8). The association might be
cooperatively facilitated by assembled VRNE88125136). The polymerase subunit of IFAV

PB2, which is associated with NPs, may serve as an additional (tb2§et

However, these results do not exclude the presence of other unknown cellutas. fact
Additional cellular host factors were shown to be crucial for binding of MxA to measles virus,
IFAV, andSemliki Foreswirus (SFV)(109117,120137). Also MxB may perform its antiviral
activity by interacting with host cyclophilin A and proteins involved in the nucleocytoplasmic
transport(71).

Host adaptation (viral mutationsf viral strains can provide hints which viral structures are
targeted by Mx proteins. Human influenza strains are less sensitive to MxA inhibition than
avian strains, and the sensitivity determinant was shown to be t(E3RP39). In particular,

a few surfaceexposed residues on the body domaithefNP have been demonstrated to be
responsible for this MxAesistanc€140). Grafting these human residumsavian IFAV NP
increased MxAresistance and additionally weakened general replichtiess, indicating that

crucial functional sites are targeted by MKA0).

A model was proposed, where MxA oligomerize around VRNPSs, resulting in ring formation
and activation of GTPase activity by G domain association of adjacent{7igd3,141,142).
Conformational changes caused by GTP hydrolysis could lead to mislocalization of the VRNPs
into aggregate€l04), disruption of functional properti€$25), or inhibition of nuclear import

(209. In analogy, MxB might bind the capsid (core) of HI\(132). However, GTP binding

or hydrolysis by MxB seems not to be crucial to perfasantiviral activityagainst HIV(70-
72,133).
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1.7 Scopeof this work

Myxovirus resistance (Mx) GTPases are induced by interéegiod inhibit multiple viruses
includinginfluenza,Thogotovirus (THOV), andthe human immunodeficiency viruses. They
have thecharacteristic domain architecture of dynasretated proteins with an amisterminal
GTPase (G) domain, a bundle signaling elem@®BE) and a carboxyerminal stalk
responsible for selhissembly and effector funatis. Human MxAs localizedn the cytglasm

and is partly associated with membranes of the smooth endoplasmic reticulum (ER). It shows
a protein concentratiedependent increase in GTPase activity, indicating regulation of GTP
hydrolysis via G domain dimerizatioRlowever, the exact mechanisshGTP hydrolysis and

the function of GTP binding and hydrolysis for the antiviral activity have not been characterized
so far.To clarify the role of GTP binding and the importance of the G domain interface

for the catalytic and antiviral function of MxA, | performeda thorough biochemical
characterizatioin the first part of this doctoral thesBased on a structutgased mutagenesis,
residues crucial for nucleotidending and dimerization were analyzécde closely related
human MxB proteins a potent restriction factor for HAM and other lentiviruses, in addition

to its already known involvement in regulating nucleocytoplasmic transport andyocédl
progressionHowever, the role of GTP binding and hydrolysis in restricting-#Hi¥ still under
debate.Consequently, &nalyzed the GTPase activityof MxB in absence and presence of
MxA to deduce possible differences to MxAA biochemical characterization of MxB might

shed more light on thedifferential antiviral spectrum.

The tickborn transmied THOV NPwas identified as a targef the MxA GTPaseln viral
particles the NP is encapsulating the viral RNA and together with the viral polymtrage
formthe viral ribonucleoparticles (VRNPSs), which assentiafor transcription and replication
of the virus. The secondpart of this thesi$ocuseson abasicbiochemical characterization of
the THOVand DHOVNP to understanthe mechanism of RNA bindingndoligomerization.
To better understand the structural features of orthomyxovirus RNP formiasolved the
atomic structure of the THOV NP.

Finally, theatomic model of the THOV NRelpsto idertify putativeinteraction sitesvith the
human MxA protein, and providea structural modelor other ortomyxovirusesincluding

influenza virugs
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2 Materials and Methods

2.1 Materials

2.1.1 Instruments

All instruments used during thEresent study are listed in Appendix A.

2.1.2 Chemicals

Chemicals from the following companies have been used: FlukahkeuGermany), Roth
(Karlsruhe, Germany), Calbiochem (Darmstadt, Germany), Merck (Darmstadt, Germany), Jena
Bioscience (Jena, Germany), a@en (Hilden, Germany), Amersham (Piscataway, USA),
Riedelde-Haen (Seelze, Germany), Roche (Mannheim, Germany), Siddneh (Steinheim,
Germany), and Avanti (Alabaster, USA). A detailed listatif chemicals can be found in

Appendix B.

2.1.3 Enzymes

DNAasel Roche (Mannheim Germany

Dpnl New England Biolabs (Frankfurt am Main
Germany

Pfu DNA polymerase Stratagene (La Jolla, USA)

T4 DNA ligase New England Biolabs (SchwalbgdGermany

PreScissiofl' protease GE Healthcare (Munchegermany)

Restriction enzymes New England Biolabs (Schwalbach, Germany)

2.1.4 Kits

NuPAGE® SDS Sample Buffer (4x) Invitrogen (KarlsruheGermany

NuPAGE® MOPS SDS Buffer Kit Invitrogen (KarlsruheGermany

NuPAGE® Novex 412% BisTris Invitrogen (Karlsruhe, Germany)
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QlAprep™ Spin Miniprep Kit
QIAquick Gel Extraction Kit

GeneAm|§ dNTPs

Qiagen (HildenGermany
Qiagen (Hilden, Germany)
Roche Molecular Systems (Branchburg, USA)

Quick StartE Br adfRio-Rad (MinchenGermanyAs s a y

Quik Chang& SDM Kit

Mark12™ unstained standard

Unstained standard
2-Log DNA ladder

JBS Magic Triangle Phasing Kit

Stratagene (La Jolla, USA)
Invitrogen (Karslruhe, Germany)
Fermentas (St. LeeRot, Germany)
NEB (Frankfurt am Main, Germany)
JBS (Jena, Germany)

2.1.5 Cirystallization screens and tools

Crystallization screens and other consumables su2h-a®ll and 96well plates,glass cover

slides or microbridges were used from Hampton Reseawtlis¢ Viejo, the USA, Jena

Bioscience (Jenand Qiagen (Hilden)

The Classics Suite
The Classicsite Suite
PACT Suite

ComPAS Suite

The JSCG+ Suite

The PEG I+lISuites
MPD Suite

The ProComplex Suite
JBScreen Plus HTS
Additive Screef

2.1.6 Microorganisms

E.coliTG1

E.coliBL21 (DE3) Rosetta

Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
Qiagen (Hilden, Germany)
JenaBioscience (Jena, Germany)

Hampton Researci\(iso Viejo, USA)

K12, supE, hagb, thi,qflaccpr o AB) , FoOo[tr aD36,
lacq, lacAM15] (Promega, Mannheim, Germany)
F ompT hsdsSBB  mB) gal dcm (DE3) pRARE
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(CmR) pRARE containing the tRNA genes argU, argW,
ilex, glyT, leuw, proL, metT, thrT, tyrU and thrU

(Novagen, Darmstadt, Germany)

2.1.7 Vectors

pPSKB-LNB pET28a + Nterminal PreScissidlf cleavage site, K&
(O. Daumke, MDC Berlin)
PGEX-6P1 AmpR, (GE Healthcare, Piscataway, USA)

2.1.8 cDNA clones

The cDNA for humanHomo sapiensMxA and MxB was derived fronimaGenes Berlin,
Germany.
The cDNA for the THOY, DHOV-NP as well as HENJH1N1 (1918), HIN1 (2009NP was

derived from Prof. Dr. Georg Kochs, Institute of Virology, Universitatsklinikum, Freiburg.

2.1.9 Media and antibiotics

Luria-Bertani (LB) 10 g/L Bactotryptone, 10 g/L NaCl, 5 mM NaOH, 5 g/L
yeast extract

Terrific Broth (TB) 12 g/L Bacto Tryptone, 24 g/L Bacieastextract, 4 g/L
glycerol, 17 mM KHPQ4, 72 mM KHPOy

M9 minimal medium 5.7 g/L NaHPQy, 1.5 g/LKH2PQy4, 1 g/LNH4CI, 0.5 g/L
NaCl

Ampicillin sodium salt 1000x stock was 50 mg/mL in2Bl, Roth(Karlsruhe)

Chloramphenicol 1000x stock was 34 mg/mL in EtOH, Roth (Karlsruhe)

Kanamycinsulfate 1000x stock was 10 mg/mL in2B for liquid cultures and

50 mg/mL in RO for plates, Roth (Karlsruhe)
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2.1.10 Buffers

5x Pfu buffer

New England BiolabgFrankfurt am Main)300 mM NacCl, 10 mM TrigHCIl pH 7.4, 0.1 mM

TSS buffer

10x TBE buffer stock (1L)

Resuspension buffer (Lysis buffer)

Equilibration buffer

Wash buffer 1

Wash buffer 2

EDTA, 1 mM DTT, 500 pg/mL BSA, 50 %

glycerol

85% LB-Medium, 10% PEG 3350, 5% DMSO, 50
mM MgClz, pH 6.5

108 g Tris.base, 55 g boric acid, 9.3 pBRATA
pH 8.0

50 mM HEPES pH 7.5, 400 mM NacCl, 250/
Pefabloc, tg/mL DNAsel, 5 mM MgCi, 30 mM
Imidazole, 2.5 mMb-Mercaptoethanol

20 mM HEPES pH 7.5, 400 mM NaCl, 5 mM
MgClz, 30 mM Imidazole,
2.5 mMb-Mercaptoethanol

20 mM HEPES pH 7.5, 800 mM NaCl, 5 mM
MgCl;, 30 mM Imidazole, 2.5 mM b-
Mercaptoethanol, 10 mM KCI, 1 mM ATP

20 mM HEPES pH 7.5, 400 mM NaCl, 5 mM
MgCl,, 80 mM Imidazole, 2.5 mM b-

Mercaptoethanol
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Elution buffer 20 mM HEPES pH 7.5, 400 mM NaCl, 5 mM
MgClz, 300 mM Imidazole, 2.5 mM b-
Mercaptoethanol

Gel filtration buffer 20 mM HEPES pH 7.5, 150 mML%0 mM, 300

mM or 500 mM)NacCl, 2 mM MgC4, 2 mM DTT

OligomerizationAssay buffer 20mM HEPES (pH7.5), 150 mM NaCl, 2mM
MgCl2
HPLC running buffer 10 mM TBAB, 100 mM potassiumphosphate

pH 6.5, 7.5 % (v/v) acetonitrile

GTPasebuffer 50 mM HEPES pH 7.5, 150 mM NaCl, 5 mM
MgClz, 5 mM KCI

ITC buffer 50 mM HEPES pH 7.5, 150 mM NaCl, 5 mM
MgClz, 5 mM KCI

CD spectroscopy buffer 150 mM NaF, 10 mM N#&IPQs pH 7.4

EM buffer 20 mM HEPES pH 7.5, 150 mM NacCl

2.2 Molecular biology methods

2.2.1 Polymerase chain reaction

The amplification of DNA fragments was conducted usingPthuipolymerase according
to standard proceduré€s43).
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2.2.2 Restriction digest

DNA was digested by wusing restriction enzyme

England Biolabs, Frankfurt am Main, Germany).

2.2.3 Agarose gel electrophoresis

1 % (w/v)agarosegels were prepared and electrophoretic experiments performed according to
standard protocold 43) using 1x TBE buffer and 0.3 pg/mL ethidium bromide.

2.2.4 Purification of separated DNA

DNA was cut out from the agarose gel and purified using the QIAquick Gel Extraction Kit,

( Qi agen, Hil den, Germany) according to the m
2.2.5 Ligation

Insertandplasmidwere spectrometrically quantifiedlat 260 nm10 ng of vector wakgated

with a six fold molar excess of insert overnight at 4°C using T4 ligase (New England Biolabs,
SchwalbachGermany f ol |l owing the manufacturerds prot

2.2.6 CompetentE. colicells

Competent cells were preparactording tq144). 1 L LB-Medium was inculated with © mL
preculture and grown at 3Z until an ORoo of 0.4. Bacteria were incubated on ice for 20 min,
pelleted for 5 min at 1,200 g at 4°C and resuspended in 100 ndolidesterile TSS bulffer,
flash frozen and stored &0°C.

2.2.7 Transformation

Bacteria were transformed using the heat shock method according to the standard protocol

(143. After insertion of the desired cDNA into the vectér,coli TG1 was transformed with
the ligation batch. Vectors were amplified and isolated. Finally, the expresgsiomzed
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bacteria strairE. coli BL21 (DE3) Rosetta has been transformed with the isolated plasmids

carrying the insert of interest.

2.2.8 Bacterial storage

Overnight cultures grown in selective (Rosetta: Kanamycin and Chloramphenicol; TG1:
Kanamycin) LBmedium at 37°C were mixed 2:1 (v/v) with 50 % glycerol and bacteria stocks
were stored ai80°C.

2.2.9 Site directed mutagenesis

Site-directed mutagenesis was carried out using cléifadNA polymerase (Stratagene, La
Jolla, USA) according to the protocol described 3. Reactions were carried out with and
without DMSO.

Modifications are:

ddH0 20/ (19 ¢l
(DMSO) (5 ul

5x Pfu buffer 10¢l
dNTPO6s (2mM each) 5e¢l
desired Primer (1pmolkl) absel
desired plasmid (MiniPrep DNA) 4¢el

Pfu polymerase (2.5 @l) 1el

Temperature program used for point mutatidng 6 9 5 A°C, [116060 c905r r e-s po n d i
annealingtempp 6 AC, 466 72%€C] x 31, 10606 72

Temperature program wubdor deletion constructs 616 95 AC, [116000 c905r r e S p O
primerannealing temps8A C,  4CHx29, 7 21 0°G.6 7 2

Selection opointmutants was carried out Vigpnl digestion.
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2.2.10 Constructs and point mutants used in this study

Protein Mutation Vector Remark
hsMxA M527D pSKB-LNB
hsMxA M527D+K83A pSKB-LNB
hsMxA M527D+T103A pSKB-LNB
hsMxA M527D+V185Y pSKB-LNB
hsMxA M527D+D250N pSKB-LNB
hsMxA M527D+D253N pSKB-LNB
hsMxA M527D+D250N+D253N pSKB-LNB
hsMxA M527D+G255E pSKB-LNB
hsMxA M527D+V268M pSKB-LNB
hsMxB M574D pSKB-LNB
hsMxB N85 +M574D pSKB-LNB
hsMxB N85+ mpL4+M574D pSKB-LNB
hsMxB ©N85 + L 4 pSKB-LNB
hsMxB PN85+mpL4+T151A pSKB-LNB
IFAV H5N1 NP Wild type pSKB-LNB
IFAV HIN1 1918 NP Wild type pSKB-LNB
IFAV HIN1 2009 NP Wild type pSKB-LNB
THOV NP Wild type pSKB-LNB
IFAV H5N1 NP wild type pGEX-6P1 Insoluble
IFAV H1IN1 1918 NP Wild type pGEX-6P1 Insoluble
IFAV H1N1 2009 NP Wild type pPpGEX-6P1 Insoluble
THOV NP wild type pGEX-6P1 Insoluble
THOV NP Wild type pSKB-LNB
THOV NP Q7 pSKB-LNB
THOV NP Pl 4 pSKB-LNB
THOV NP P2 2 pSKB-LNB
THOV NP qb7-79 pSKB-LNB Insoluble
THOV NP Pl 8186 pSKB-LNB
THOV NP il 88-196+878-387+EE415416AA pSKB-LNB
THOV NP EE415416AA pSKB-LNB
DHOV NP Wild type pSKB-LNB
DHOV NP q28 pSKB-LNB
DHOV NP 7 6-86 pSKB-LNB Insoluble
DHOV NP qi94-200 pSKB-LNB
DHOV NP P2 8 + DO 4 pSKB-LNB
DHOV NP EFEE426224AAAA pSKB-LNB

Table 2: Detailed list of all constructs used in thisvork.

Construct description: e.g.q¥, the first 7 amino acids from the Nterminus are missing; Loop L4 in MxB
corresponds to amino acidb80-609.Full-length (fl) MxA (662 amino acids),(fl) MxB (715 amino acids)fl)
THOV NP (454 amino acids),(fl) DHOV NP (458 amino acids) (fl) IFAV (HLN1/H5N1) NP (498 amino
acids).
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2.2.11 Isolation of plasmid DNA

Isolation of the plasmids was carried out using the QIAprep Spin Miniprep Kit according to the

manufactureds protocol

2.2.12 DNA sequencing

Analysis of the sequencing samples was processed by Eurofins MWG (Ebersberg, Germany)

or Source Bioscience (BertBuch, Germany).

2.2.13 Sequence alignment

Sequences alignmewas performed using the ClustalOmeadgorithm(145) and subsequently

modified using Genedoc.

2.3 Biochemical methods

2.3.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresiSDSPAGE)

Protein separation of different molecular weight was performed accordifigi@ using a
denaturinggradient SDSpolyacrylamide gel electrophoresis (SPBGE) kit (Invitrogen,
Karlsruhe) andNuPAGE® MOPS SDS Buffer Kit Invitrogen (Karlsruhaj) a neutral pH147)

according to the manufacturebés protocol

2.3.2 Viral NP over-expression and solubility test

The overexpression of the wild type NPs was tested by growing a 5 mL overnight CBli

BL21 (DE3) Rosetta culture supplementedhwite desired antibiotics at 7 carrying the
desired plasmid. This preculture wased to inoculate (1:100) a 100 mL TB medium
supplemented with the respective antibiotics (1:1000).Cells were grown under shaking to an
ODgoo of 0.5 at 37C and 30 min before induction with 40 pM isoprofyD-
thiogalactopyranoside (IPT@&mperature was deeased to 1& for overnight expression (18

h). Bacteria were collected by centrifugation at 4500 rpm for 15 min and pellets were
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resuspended in ieeold 25 mL resuspension buffer per pellet from 1 L bacteria culture. Cells

were disrupted by passing thessuspension three times through a microfluidizer
(Microfluidics). The lysate was centrifuged at 40.000g and 4°C for 45 min in an Opti©a L

K ultracentrifuge using a type 35 rotor. T h e
Samples were takefnom the norinduced (NI), induced (l), supernatant (S) and pellet (P)

fraction for SDSPAGE analysis (se&ls02.3.1).

2.3.3 Large scale protein overexpression and puification

Human wildtype and mutants of MxA (Expasy accession P20591), MxB (Expasy accession
P20592) as well as viral THOV(Expasy accession P89218pd DHOWZNPs (Expasy
accession D6PT87) were expresseddsrhhinal (6x) Hisfusions followed by &reScissiofi*
cleavage site irE. coli BL21 (DE3) competent Rosetta cells (Novagen) from pSIK¥B
(PET28a+PreScissioM cleavage site) vector.

Bacterial cultures were grown and expressed in analo@y3t@ except 612L TB medium
supplemented with the respective antibiotics was used. After filtration of the soluble cell extract
(0.2 um), the supernatant was applied to4-NiTA column (GEHealthcare) equilibratedith
equilibration buffer. The column was extensively washed with wash buffer 1, and afterwards
with wash buffer 2. Following protein elution by elution buffer, the proteas incubated
overnightatAC i n t he rgG@STFtagyeareSassion?polease to cleave the N
terminal Hig tag. The cleaved protein was concentrated and applied to a Superdex 200 16/60
(GE) gel filtration column equilibrated with gel filtration buffer. PreScisSi¥protease was
removed using a GST column. détions containing the desired protein were pooled,
concentratedAmicon centrifugal filter)and flash frozen in liquid nitrogen astbred in small
aliquots at80°C. Samples were taken from all purification steps for $IA&E analysis (see
also2.3.1).

2.3.4 Expression of selenomethionine @MWet) incorporated protein

For the expression of SeMietbeled THOV NP 886 andsubsequent structure determination,
the medium was prepareaisfollows. M9 medium plusl mM MgSQ, 0.1 mM CaC4, 0.8%6
glucosel g/L NHsClI, and vitaminmix containing 1 mg/Liboflavin, 1 mg/L niacin amide, 0.1
mg/L pyridoxine monohydrochloride andrig/L thiamine. M9 minimal medium supplemented

with the respective antibiotics was inoculated with an overnight LRireultf the respective
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clone in a 1:100 dilution. Cells were grown to anggDf 0.5 at 37C, followed by addition of

an amino acid mixcontaining Llysine, L-phenylalanine, tthreonine(100 mg/L each)L-
isoleucine, Eleucine, L-valine (50 mg/L each). 30 min before induction with 40 uM IPTG, 50
mg/L L-selenomethionine (CalbiocheNRovabiochem, Schwalbachyas addedo suppress
endogenoubacterial methionine biosynthesiadto incorporate SeMédt48). The culture was
cooled to 20C and protein expression was done overnight. Harvesting of the cells and

purification was performed in the same way as for the native proteialés3.2and2.3.3.

2.3.5 Protein concentration determination

The extinction coefficient of different protein constructs was determined aitlitheExpasy
homepag€https://web.expasy.org/prot/paranafcording to(149) and protein concentration

was subsequently determined at a waveleagti280nm.

As an alternative for proteiconcentration determinatiofor examplein case that nucleotide
contaminatios exised Quick StartE Bradf oRadwaPusedtaedi n As
measured &= 595 nm.

2.3.6 Protein storage

Purified proteins in gel filtration buffer weraiquoted (25 pL) andlash frozen in liquid
nitrogen for subsequent storaafe80°C.
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2.3.7 Circular dichroism spectroscopy (CD)

CD-spectroscopy is a powerful method to evaluate the secondary structure, folding and stability
of an expressegrotein. The method is based on the unequal absorption of left (L@RH)
right (RCPL}handed circularly polarized light by a molecule containing one or more chiral

chromophores showing ithe following basic equation:

w0 o w0 0 a

Equation 1. Absorption difference of left (LCPL)- and right (RCPL)-handed circularly
polarized light.

UV CD-spectroscopy was carried out to investigate the secondary structure content of the
purified wt THOV NPandqualitativecomparison witlthe IFAV NP. Spectra were recorded

on a qCD Chirascan spectrometer (Applied Photophysics) from 190 to 260 nm in a 0.1 cm cell.
Proteins weralialyzed overnight sing the CD spectroscopy buffesee2.1.10. 200 pL of a
0.2mg/mL proteinsolutionwasused for the measurements. Measurements were performed in

triplicate and baselineorrected bysubtraction of the buffer.

2.3.8 Nucleotide detection via reversgphase HPLC

Reversed phase higiressure liquid chromatographfHPLC) assays were carried out
according tq150) nucleotideseparationThe principle of the assay is based loa basis of the
interaction between the hydrophobic static phase from the column and the ion pair of nucleotide
and tetrabutylammoniurtoromide(TBAB) in the mobile phase. Depending on the number of
phosphates, a vabie number of TBABonsare bound by th nucleotide which increases the
retention time(tr) on the columnPeak integration was used for quantification of kimeetic

study of nucleotide hydrolysis

To check if the purified protein was already loaded with nucleotide Eocoli, 40 UM protein
sample(in GTPase buffenvas applied on a HPLC system and separated via a reyarasd
columnvia a reversegbhase Hypersil OD& C18 columnDuring the assa the sample was

running with a buffer containing 100 mM potassium phosphate (pHI®3WM TBAB, 7,5%
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acetonitrile. Denatured proteins were adsorbedGit&guard columnNucleotide pees were
detected by measuring drption at 254 nm and comparedwstandard nucleotide samples
(40uM).

2.3.9 Nucleotide binding assay

Nucleotide binding was detected using isothermal titration calorim&f).(ITC directly
measures endothermic or exothermic reactions of a macromelgarid interaction. ITC data
provides a full thermodynamic profile of this interaction including the stoichiometry of the
interaction (n), the association constank)Kthe Gibbs fee energy G), enthalpy ¢H),
entropy 5), and the heat capacity of bindirgQp).

Nucleotide dissociation constantspjiwere determined at’8 on a VPRIsothermal Titration
Calorimetry (VRITC) system (MicroCalTM, GE Healthcare, Freiburg). 1 mM nuctenin

ITC Buffer (see2.1.10 was titrated in 8 L steps into a reaction chamber containing 50 puM of
MxAMS27D (or the indicated M527D mutants) in the same buffer. For the #Anutant, an
iTC200 (Microcal) was used wit200 uM protein and 4 mM guanosine@[gammathio]
triphosphate (GT$5). The resulting heat change upon injection was integrated over a time
range of 240 sec, and the obtained values were fitted to a standaresgan@@ding model

using Origir?.

2.3.10 RNA/DNA binding assay

To elucidate the binding/reaction mechanism of the wt THOV NP bindisgtpe stranded

(s9 RNA or ssDNA a thermodynamic profilegfG, gH andi Tg$) was calculated according

to the equation of the Gibbs free energy:

W ORY 0 "Yo'Y

Equation 2: The Gibbs free energycan be partitioned into its enthalpic,gH, and entropic,
Tqgs, contributions. T is the temperature and p the pressure.
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SinglestrandedRNA and ssDNA binding affinity fothe THOV and DHOV NPwere
determined and analyzed in analogy18.9 with theexcepion of usingl0 puM of protein and
150 uM of RNA or DNA

2.3.11 Nucleotide hydrolysis assay

GTPase activities of human MxA and Bixnutants were determined at’87in GTPase buffer
(see2.1.1Q. Saturating concentrations of GTP or xanthosirgifhosphate (XTP) (1 mM)

were used for each reactimultiple turnover assayReactions were initiated by the addition

of protein to thefinal reaction solution. For the heteromeric stimulation reactions, the
concentration of MxX°27P was kept constant at 2.5 uM, and increasing concentrations of the
indicated MxA mutants were added. At different time points, reaction aliquots wdotd20
diluted in GTPase buffer and quickly transferred into liquid nitrogen. Separation of different
nucleotides was achievextcordingto 2.3.8 Nucleotide peaks were @eted by measuring
adsorption at 254 nm and compared with standard nucleotide samples. GTP and hydrolysis
product GDP in the samples were quantified by integration of the corresponding absorption
peaks. Rates derived from a linear fit to the initial cdtihe reaction (<40% GTRydrolyzed

were plotted against the protein concentrations and diked&ues were calculated. For data

analysis, the program GraFit5 (Erithacus Software) was used.

2.3.12 Analytical gel filtration

MxA mutants were analysed using an FPLC Akta Purifier (GE Healthcare) equipped with a
Superdex 200 10/300 column in the absence or presence of nuclebhidasinning buffer
contained 20 mM HEPES (pH 7.5), 150 mM NaCl, 2 mM Mg®ut no nucleotidesThe
mutants were prencubated for 15 min with 2 mM GDP/xanthosinedfhosphate (XDP), 2

mM AIClz and 20 mM NaF at°€ in gel filtration buffer. 50 pL of a 2 mg/mL protein solution
was subsequently applied to the column. A flow rate of 0.5 mL/min was ussezm@tograms

were recorded dt = 280 nm.For MxB as well as for the THOV and DHOV NRke same

parameters were used as for MxA, except that no nucleotide was used.
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2.3.13 Right angle light scattering (RALS)

A coupled RALS system and Refractive Indkxtector (Malvern) was connected in line to an
analytical gel filtration column Superd@00 10/300 to determine absolute molecular masses
of the applied proteins. Gel filtration buffer was used as running buffe2 (4€) with a flow

rate of 0.5 mL/min. For each protein samf@e.cL of a 2 mg/mlor 4 mg/mLsolution were

applied.Data analysis was performed with the provided software (Omnisec).

2.3.14 Analytical ultracentrifugation (AUC)

Oligomeric state determination of thePBl was performed by AU@ gel filtration buffer
(150mM NacCl) using a XLI type analytical ultracentrifuge (Beckman) equipped with
ultraviolet absorbance optics. Samples were oreasin an AR50 Ti rotor at a wavelength of

280 nm with a radial spacing of 0.003 cm. The protein was used in a concentration of 0.5 mg/mL.
Sedimentation velocity experiments were carried out at 36008., 10°C using twechannel

cells with a 12nm optical path length and a 460 sample volume. For the estimation of the
partial specific volumélfrom the aminacid conposition as well as the densjtyand viscosity

d of the buffer the program Sednterp (http://bitcwiki.sr.unh.edu/index.php/MRage) was

used Data were then analyzed with the program Sedfil) using a continuous c(s)
distribution model. Theoretical sedimentation coefficientsafotmeric protein species were

calculatel using the following equation:

: 0 P " & IF

h —
. Q. 0 I
U T) (p - F] o U II_

Equation 3: Theoretical sedimentation coefficient in aqueous solution.

J 20w and dzo,ware the density and viscosity of water at 20, respectively, NAvogadr ods cwewnstant
and f/fo the molecular weight and frictional ratio, respectively.

Using the equation 13 frictional ratioof about 1.3 for the THOV/DHOV NPis a trimeric

statewascalculatedFrictional ratios were calculated using the molacweight of 52 kDdor
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the wt THOV NP and wt DHOV NP. Using this frictional ratio of 1.3, a sedimentation

coefficient of 7.5 was calculated for a protein with a molecular mass of 52 kDa.

2.3.15 Electron microscopy (EM)

To visualize the architecture GHOV armd DHOV NPs bound to sRNA, NPs at a final
concentration of iIng/mL were incubated withAnin vitro transcribed &b single-stranded (ss)
RNA comprising a Green Fluorescent Protein (GFP) expression conflBfitat a final
concentration of 0.2 mg/m(5:1, NP:ssRNA) or 0.1 gimL (10:1) Protein and ssRNAvas
diluted in EM buffer (se€.1.10. NPswithout ssRNAandthe native vVRNPsisolated form
THOV (obtainedfrom Prof. Dr. Georg Kochs, Freiburg, Germamere visualized at a fiha
concentration of 0.2ng/mL. 10 pL of thesesolutions were spotted ontarboncoated grids.
Preparations and measurements were performed at room tempdratusample was stained
with 2 % uranyl acetate and analyzed usiagZeiss EM910 electron microscopet

magnifications between 50 and 70k

2.3.16 Oligomerization assay

Oligomerization assays were carried out at 1 mg/mL protein concentration. Samples were
incubated at room temperature for 10 min in a buffer containing 20 mM HEPES (pH 7.5), 150
mM NaCl and 2 mM MgClor the indicated NaCl concentrati. After ultra@ntrifugation at
75.000 rpm, 28C for 10 min, equivalent amounts of supernatant and pellet were loaded on
SDS PAGE.

2.3.17 Homology modeing

For homology modelinglso known agomparative modeling dinowledgebased modeling
the ully automated protein structure homolegydeling server, accessible via the ExXPASy
web server was usdd53). This procedure develops a thaienensional model of thedrget
protein from a protein sequenceafed on known struates of homologous proteins

("templaté). For the MxA G domainthe calculated model was then superimposed to the
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recently solved GDRAIFs-bound GG dimer of human dynamin (88) using COOT
(Crystallographic ObjeeDriented Toolkit) (154). For the THOV NP modelthe crystal
structure of theFBV NP (PDB code: 3TJ046)) wasused.

2.3.18 Other assays and techniques

Other assays and techniques whose outcome appetapter3.1.4and3.1.5 including celt

and virus-based assaysnfluenza A and THOV virus minireplicon system, Western blot
analysis and immunofluorescence analysis were performed in our collaborator's laburngFrei
(groupof Prof. Dr. Georg Kochs, Ph.D. student Laura Grafjetaileddescription of these

assays and techniques can be foun@5).

2.4 Crystallographic and computational methods

2.4.1 Crystallization

Protein crystallization of highly purified native and seleethionesubstitutedprotein was
performed at 10 mg/mL. Stored prote#®@°C) was gently thawed and prior crystallization
setup centrifuged at 13200 rpm, 4°C for around 20 min.. The proteiniwiasldn gel filtration

buffer (150 mM NacCl) (sealso2.1.10. For complex formationf the NPwith singlestranded

RNA, the RNA wagliluted in the same buffer prepared with RNAse freex@Commercially
available RNA in highest purity was obtainearfr Integrated DNA Technologies, Inc.,
Leuven, Belgium.Extensive screening using the sitidgp method in 96vell plates of
commercially available screens (s#g02.1.5 at 20 and 4°Qvas performedn contrastnon
automated crystallization trials were done using the hanging drop vapor diffusion rrethod
24-well plates No precipitation over several daysf3lays) was observed for the NPs at room
temperaturgindicating high stabilityHowever, due to size limitations of initial crystals (for
THOV NP as well as for DHOV NP), subsequent crystallization setups were done at 4°C to
decelerate the nucleation process. Hanging drops were set up at ntiffxaein
solution/reservoir ratios ([1L:1 pL, 1 pL:2 pL, and 2uL:1 pL). Concerning the automated-96

well crystallization trials, the drop consisted of 300 nL protein solution and 300 nL reservoir
solution. The drops were placed on thev@él plate usng the Gryphon LCP 9€hanel

dispenser.
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2.4.2 Cryo-protection

To avoidfreezing damage of the crystald mtigate damageluring data collection, the
crystals werdreated with suitable cryprotectant. The crysolutions were composed of the
proteinsolution and reservoir solution from the corresponding crystallization condition in equal
volumes. Additionally, the concentration of PEG200, PEG400, ethylenglycol, MPD and
glycerol was varying between BD%. The crystals were soaked in 2 pL of the esgioition

for 5-10 sec. and flash frozen i\

2.4.3 Data collection

The dataset for the native THOV M1% crystals was recorded at BL14at BESSY I,
Berlin-Adlershof, using a Pilatus 6M detector. For data collection from a single ctystal
rotation method was applied witmd increment 0.3’ at 100 K a wavelengtte-of 0.979733

A and a detector distance 553 mm. 2400imageswith 1 sec. exposure time were collected.

The dataset for the selenomethienbstituted crystal of THOV NB¢1%was collected at the
DESY synchrotron radiation facility in Hamburg, Petra Il (P11}h&t selenium peaksee
Table7) with a wavelengtte-of 0.98A anda detector distancef 622.7mm for 2000images

(for one peak dataset) withs exposure time and 0.bscillation range for each imagehe
beamline was equipped with a Pilatus 6M detector. Both peak datasets were mergstialand i
indexing for bob datasets and determinatiari an optimal data collection strategy was
performed withMosflm (155. Recorded intensitiesvere integrated and scaled withe
program XDS156).

2.4.4 Protein structure solution

In the followingchaptera brief description is given over the theoretical background-iyX

crystallography. For a more detailed description please be referf®aljo

X-ray crystallography is an experimental technique allowing the determination of the three
dimensional structure of a macromolecule by interaction oKthays with a scattering matter

in a crystalMacromolecular crystals are maaie from atoms or molecules which are arranged
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in a threedimensionally periodic mannePer definition, the unit cell is the building block by
which the crystal can bgenerated by applying translational operatioH®wever, he
asymmetric unit (ASU) is the smallest unit of a crystal structure, and space group symmetry
operationginversion, rotation or reflectiorgenerate the unit cell of the crystahe unit cell

is built up from three noncolinear vectors a, b, anéGenerally, these vectors have unequal
magnitudes and their angles deviate from 30 space group is defined by the dimensions of
the unit cell and the symmetry operatiomgpliedto the asymmetric uhi The symmetry
operations inversioor reflectioncannotbe applied to chiral molecules, therefore only 65 out

of 230 possible space groups are found in protein crydta8.

Diffraction of X-ray beams from the molecules within the crystal give information about the
content of the crystal. This elastic scatigrprocesgenergyof the scattered wave is equal to
the energyof the incident wave) is alsknown asThomson scattering. In particular, the
direction of the diffracted Xay beams contains the information of the unit cell dimensions and
thus the crystatigraphic symmetryThe intensities of the diffracted-pay beamsontainthe
information about theontentof the unit cell, the spatial arrangement of the atoms of the
crystallized moleculand thereforéheinformation about the electron density distribution.

Assuming theunit cell containn atoms at positiong (j = 1, 2, 3, . ., n) with respect to the
origin of the unit cell. With their nuclei as origins, the atoms diffract according to their atomic

scatering factor f. Transferring the origin to the origin of the unit cell, changgshthee angles
by cAOB8. Where®=6 with ®as the scattered wave vector dds incident wave

vector.If summarizingll the individual atoms in the unit celhe structure factoR 3 canbe

described as a function of the electron density distribution in the unit cell:

&3 B M 7.

Equation 4: The structure factor & 1] as the sum of all scattered atoms within the unit
cell. Explanation can be found within the text.

With the translational vectors b, and @s well as the assumption that a crystaisists of a

large number of unit cellszi directionA ryin directionRand n in directionA To obtain the

scattering of the whole crystal, the scattering contribution of all the unit cells with respect to a

single originneeds to be adde@heunit cell position can then be describasdC0A OOR
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w28 with t, u, and+ are whole number3he total waveP 3 scattered by the crystal is obtained

by summation over all unit cells:
£3 &3 B A @ B A @ B A

Equation 5: Total wave &P ] scattered by a crystal. Explanation can be found within the
text.

Because nl, n2, and n3 are very large, the summation over t,aglamokt always equals zero

(no scattering is observedhlessA®is an integer hRBis an integer k, anA®is an nteger
|. This condition is also known as the Laue condition, and h, k, | are the Millees,
representing equivalent crystal lattice planes in the reciprocal space. If the Laue condition is

fulfilled, all unit cells scatter in phase, and the amplitofi¢he total scattered wave 3 is

proportional to the amplitude of the structure fa&® and the unit cell number in the crystal.
As a consequence, reflections can be observed as discrete intensity maxima of the diffracted X

ray beam on the detector.

Insteadof summing up over all the atoms, we can integrate aVetectrons in the unit cell:

23 _ mOA D%

Equation 6: Structure factor & ] of a unit cell asintegration over all atoms. Explanation
can be found within the text.

Wherej ((Pis the electron density at positi@n the unit cell. If x, y, and z are fractional

coordinates in the unit cell (0 O x < 1; the
then isfAs 6 A A LAJB®= (ADD RJU AU ® E @ E U | &Therefore,® 3
can be written a&h k I):

QEEl 6. m@UUA AdGU

Equation 7: Structure factor & 1 expressed as a function of h k I. Explanation can be
found within the text.
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Materials and Methods

To calculate now the electron densjtyat every position X, y, z in the unit cell, Fourier
transformation has to be appli€@EE]| is the Fourier transform gf (x y z), and \ice versa.

Consequently} (X y z) can be expressed as a function of@aliEl 8Together with the

information from the Laue conditions, that diffraction occurs only in discrete directions, the

integration can be replaced by a summation. Consid&ing&A we canalsowrite:

m@UU -B B BREEI A

Equation 8: Electron density } (x y z) of a crystal according to the Laue conditions.
Explanation can be found within the text.

s& EEI sterms can be easily obtained experimentally from the intensities of the scattered X
ray beam. Howeverthe phase angledh k 1) cannot be derived straightforward from the

diffraction signals. This is also known as teystallographic phase problém

Several methods are known ewercome this problem amubtain the phases which are lost
during an experimental measurement. A moréapth description can be found(itb9). If the
sequence ideity of a structurally similarmacromolecule i$25% Molecular Replacement

(MR) can be appliedAnother methogdthe so calleisomorphous replacement methiotplies

the finding of heavy atoms which were added to the crystallized protein by soaking the protein
in the heavy atom solution or-@oystallization. Differences in the reflectiamplitudesof the

heavy atom substituted and native crystal be usetb approximatehe heavy atm structure

factor amplitudesHeavy atom positions can betermined using Pattersondirect methods.

The protein phase angles daamestimated using theavy atom phase angles.

The direct incorporation of selenomethioninithe protein during cellular expression can be
used by amomalous scatteringnethods to calculate the phas@$is method is using a
phenomenon called anomalous differences, resuitorng differences in reflection pai&h k

[) and&-h - k - I) when te energy of incident Xay photons is almost equal to the absorption
edge of an atom such aslenium. Theeflection with indices-f -k -l) is referred to as the
Friedel mate ofi{ k I). The positions and thus the phase angles can be calculated fimm the

anomalouscatterers
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The calculated electron density map (from direct methods, experimental phasing or molecular
replacement) is than used to build a reasonable macromolecular model, and several cycles of
refinement are necessary to obtain a model wisiahgood agreement i the experimental
data(160. The agreement of the observed data and the model is given by the comparison of
the observed structure factors with those of the calculated from the model.-fHueoIR
evaluates the agreement betw€efyh k I) and Radh k I), and ®w phases are computed after

each refinement step to update the electron density map. The refinement process therefore
maximize the agreement betweegndh k 1) and kadh k 1) by varying the parameter of the

model

2.4.4.1 Protein structre solution for the THOV NP

Initial molecular replacement trials with the native dataset of the apo form of THOAE{®
using the crystal structures of IFAV HIN1 NP (PDB code: 2IQH) and IFBVMPB(code:
3TJO) were not successfl@@onsequentlySeMetsubstituted protein was expressed 3849

and crystallized in the apo form.

The phases for the THOV NB&%structurewere obtainedusing the SAD methodsingle
wavelength anomalous dispersipa)d the 11 selenium atoms were found with SHEI(X&X)
using theanomalous signal of the peak data dettal phases were calculated with the program
SHELXE (161) and HKL2MAP (162).

2.4.5 Atomic model building and data refinement

Model building and fitting into the electron density map was done manually with QT8I
using the homology model of THOV NP based BBV NP (PDB code:3TJO) and
selenomethionine positions were used to allocate the sequesfoeer®enthas been dte in
Phenix (163 using TLS (Translational, libration, screw rotatidisplacement) refinement
(164). 5% of the measured-My intensities wereet aside fronthe refinement for cross
validation(165).
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2.4.6 Structure analysisand figure preparation

The refinement process of tAiglOV NP8 1%strycture is still in process, and so far 305 out
of 445amino acid side chairuld be placed into the electron density mEge electrostatic
surface calculations weperformed in Chimerél66), the missingamino acid side chaingere
placed into theTHOV NP*81% strycture with Swis®DBViewer (167), followed by an
automatecdenergy minimization stefor local constraintelease The conservation plot was
calculated using the Consurf sen{@68) and visualized with Chimergl66). Figures were
prepared in PyMo{169) and Chimerg166).
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3 Results

3.1 Nucleotide bindingfor G domain dimerization, GTPase activation and
antiviral activity of MxA

To understand the role of nucleotide bindingtfercatalytic and antiviral mechanisof MxA,

a combined biochemical and ceksed approach was chosen. Based on the crystal structure of
the human dynamin 1 G domain dimer in the presence of a transition state (B8and
previous functional experimen{g5), a systematic biochemical characterization of several
previously described and novel MxA mutants in the G domain was performed to explore the
mechanism of nucleotide binding and hydrolysis in MxA. For this projegegrformedthe
biochemical experiments, whereas the -baked experiments were performed by our
collaboration partners Prof. Georg Kochs and Laura Graf, based on my cloned constructs. The

majoiity of this work ha been published in the Journal of Biological ChemiétAp).

3.1.1 Expression of G domain mutants

To generate the desired MxA point mutafds biochemical studieg panel of MXA variants
with mutations in the G domaiwere expressed as-tdrminal Hig-fusionsin E. coli and
purified via affinity chromatographgsee2.3.3. After the final gel filtration run, the protein
wasat least 95% pure, as analyzed by SEXSGE (Figurel7A, B). The protein did not contain
nucleotide retained from the bacteria, as aredybyHPLC analysis Figure 17Csee2.3.8.
Several of the generated point mutantseintroducedinto the background of emonomeric
variantof MxA, MxAM52’D_ This mutant harbors a mutation in the stalk domainghatents
higher aderassembly(75), shows greater solubility than the wilgpbe (wt) protein and can be
prepared in high quantities from bacterial lysates without aggregation. Nucleotide binding to
this mutant can be measured reliably by isothermal titration calorimetry (ITC), without
considering competing reactions such as higher order assembly via the stalk danygitsl

purification procedure is showior MxAM®27Pin Figure17.
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Figure 17: Expression and purification of hsMxAM527D,

(A) SDSPAGE of hsMxAMS2P pyrification. NI, whole cell E.coli lysate; I, IPTG -induced wholecell E. coli
lysate; SN, supernatant fraction of the cell lysate; P, pellet fraction; FT, flowthrough of the soluble extract
on Ni*-NTA column; W1, flow-through of the high-salt and ATP wash (wash 1); W2, flouthrough of the
high-imidazole wash (wash 2)E, elution fraction; S,.SEC fractions 3440; M, protein molecular weight
marker. (B) Gel filtration profile of MxB M52D, Pooled fractions are indicated(C) The nucleotideloading
statusof MxA analyzed by HPLC. The GTP standard is shown in cyan, GDP inrgen, buffer in black and
purified MxA in purple. 40 pM of protein was applied.

3.1.2 The GTPase mechanism of MxA

To gain insights into the GTPase mechanism of Mik#odekd the G domain dimer of MxA
based on the structure of the GBHF4-bound dynamir88) (Figure18A). The majorityof the
residues in the cdtadic center are highly conserved between MxA and dynamin, for example,
the G4 loogghat mediatespecificity for guanine binding-gure18B), suggesting a conserved
catalytic mechassim of these proteins. The moeeldimer interface was recently confirmed by
crystal structures of a stalkless MxA construct determined in the abeénacleotide, in the
presence of GDP or of the nbydrolyzable GTP analog@MP-PCP(77).
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Figure 18: G domain architecture of MxA.

(A) Homology model of the MxA GTPase domain dimer (residues 6340) based on the crystal structure of
the human dynaminl GTPase domaifBSE construct in the GDRAIF4s-bound state (pdb 2X2E).(B)
Sequence alignment of Mx and dynamin proteins in the G4 loop. Sequences of human MxA (SvRset
accession P20591), human MxB (P20592), mouse (mm) Mx1 (P09922), mmMx2 (Q9WVP9), chicken (gg)
Mx (Q90597), zebrafish (dr) MxA (Q8JH68), human dynaminl (Q0523), human dynamin2 (P50570),
human dynamin3 (Q9UQ16),Drosophilamelanogastefdm) dynamin (P27619)Caenorhabditis elegan&e)
dynamin (Q9U9I9) and Saccharomyces cerevisia@c) dynaminrelated protein DNM1 (P54861) were
aligned and manually adjusted. Rsidues with a conservation of greater than 70% are colesoded (D, E in
red; R, K, Hinblue; N, Q, S, Tingrey; A L, I, V,F, Y, W, M, Cingreen and P, G in brown)Asp250and
Asp253 are marked with a dot. (C) Details of the catalytic site. The reball represents the catalytic water,
the green ball a Mg*- and the purple ball a Na-ion. Asp250 stabilizes the purine base icis and Asp253 of
the neighboring monomer binds to it intrans. (D, left) Scheme showing the proposed binding mode of the
guanine base by D250 irtis and D253 of the opposing molecule itrans. (Right) Xanthosine basebinding
by N250 and envisaged binding mode of N253. Hydrogen bonds are depicted as dashed lines.

For the present studyfocused omesidueglose to the catalyticenter of the G domairfrigure
18C): Lys83 in the highly conserved phosphhteding loop(130), Thrl03 in the switch |
region that is crucial for stabilizing the transitistate of GTP hydrolysil31), Asp250which
contactghe purine base iais, and Asp253tabilizing the G interface by contacting the purine
base of the opposing G domaintians (Figure18C).

Initially, | determined the nucleotide binding affinities of M%AP. It bound to the slowly
hydrolysable GTP analogue G3® with an affiniy of 15 uM (igure 19A, Table 3 for a

summary of all datayvhich wasin agreement with previous measurements using fluorescence
analysig75).
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Figure 19: Nucleotide binding analysis.

1 mM solutions of the indicated nucleotide were stepwise titrated into 50 uM solutions of the indiea MxA

mutants at &C in an ITC device. Resulting heat changes were integrated and the obtained values fitted to

a quadratic binding equation. Thecorresponding Kp values were derived from the fittings. (A) M527D for

GTPo2S: Kp=15+1 pM, n=0.92+0.02, (B) M527D/K83A for GTBS: Kp=39+6 M, n=0.42+0.03, (C)
M527D/T103A for GTPaS: Kp=28+2 pM, n=0.81+0.02, (D) M527D/D250N for XT8S: Kp=7.8+0.5 uM,

n=0.82+0.01, (E) M527D/D253N for GTPS: Kp=9+1 uM, n=0.73+0.01 and (F) M527D/D250N/D253N for

XTP2S: Kp=5.620.4 pM, n=0.87+0.01. GTBS (1 )3S BGYTP Due to the reduced he
nucleotide binding, higher protein and ligand concentrations were used for the T103A and K83A mutants.

For K83A, this resulted in increased protein precipitation that may explain thdower binding number.

In gel filtration experimentshe MxAVS2’P mutant eluted as a monomierthe presence of
GTPoS, GDP or in the absence of nucleotiffg(ire20). However, in the presence of GDP
AlF s, that mimics the transition state of GTP hydrolysis, M3AP dimerized suggesting that

trapping of the GTPase transitistate is accompanidy G danain dimerizationKigure20A).
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Figure 20: Analytical gel filtration analysis.
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Upon 15 min incubation with 2 mM of theindicated nucleotide solutions, 50 pl of the indicated MxA mutants

at a concentration of 2 mg/mL were applied to an S200 gel filtration column. (A) M527D with GT35, GDR
AlF 4, GDP, AlFs alone or in the absence of nucleotides. (B) M527D/K83A, (C) M527D/T103A, (D)
M527D/D250N, (E) M527D/D253N and (F) M527D/D250N/D253N in the absence and presence of the
indicated nucleotides.

Mutation

wild type
K83A
T103A
V185Y

D250N
D253N

G255E
V268M

Kp for
GTPyS
(M)

15+1

396

28+2
n.d.

Kp for
XTPyS
(uM)*

No binding
n.d.
n.d.
n.d.

No binding 7.8+0.5

91
n.d.
n.d.

No binding
n.d.
n.d.

D250N+D253N No binding 5.6 £ 0.4

Kops for GTP

(minTy~#

21.6 £0.1
<1
<1

n.d.

<1

<1
1.6+ 0.1
7.7+0.1

<1

Kobs for XTP
(min")y*
n.d.

n.d.

n.d.

n.d.

<1

<1
n.d.
n.d.

<1

Dimerization THOV NP

(GDP-AIF;)*

o+

+

n.d.

(XDP-AIF,)

+

(XDP-AIF,)

binding
Yes
Yes
Yes
Yes

Yes

Yes
n.d.
n.d.

Yes

FLUAV/THOV
antiviral activity

Yes
No
No
No

No

No
No
Reduced

No

Table 3: Summary of the biochemical aml antiviral activity of the studied mutants.

* experiments were performed with the monomeric M527D mutant
# at 20 UM protein concentration

n.d.T not determined
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In agreement with previous resu{&b), MxAM>2’P showed a robust intrinsic GTPase activity
that cooperatively increased wikiigher protein concentrationd=igure 21), again indicating

that the formation of a G interface leads to stimulated GTP hydrolysis.

30
=
‘= 20—
=
— A M527D(*)
[72]
Q
O 10—
X
. */K83A  */D253N
*T103A  */D250N */D250N/D253N
0

0 5 10 15 20
Protein concentration (uM)

Figure 21: Protein concentration-dependent GTPase/XTPasactivity of MxA mutants.

All reactions were carried out in the presencef 1 mM nucleotide at 37C and GTP/XTP hydrolysis was
monitored by HPLC analysis. The mean kos was calculated from two independent experiments for each
concentration, with the error bar showing the range of the two data points. M527D (GTPE(), M527D/K83A
(GTP) (I ), M527D/T103A (GTP) @), M527D/D250N (XTP) D), M527D/D253N (GTP) (),
M527D/D250N/D253N (XTP) ¥ ). The asterisk represents the M527D mutation.

Lys83 in MxAis located in the foop, suggestinghatit may be involved in phosphate binding

In dynamin, the corresponding K44A mutant was originally designed as abi@ding
deficient mutant, based on homology to the Ras GTE&Z®. In dynaminthe K44Amutant

is now widely used to block clathrimediated endocytos{&71). Interestingly, recent cryo EM

data showhat the dynamin K44A mutant can form a supenstricted helix in the presence of
GTP(172. This data suggested the K83A mutation might affect GTP binding in (188).
Nevertheless, thE'C assayshowed binding of GTHS by MxAM527P/K83A with a dissociation
constant of 39 puM, i.ewith aslightly reduced affinity compared to M¥&?’P (Figure 19B).
Dimerization of this mutant in the presence of GBIP4 was greatly reduced-{gure 20B)

and nucletide hydrolysis was completely blocked for MY&"PK83A (Figure21).

Thre5 in dynamin is located in switch | and was shown to stabilize the attacking water molecule
for GTP hydrolysis via a main chain interacti(88). Furthermore, the side chain of Thr65
coordinates the catalytic Mgion. The T65A mutation was proposed to affect only GTP
hydrolysis(173), although others suggested it may reduce nucleotide binding g4 W&lThe
corresponding T103A exchange in MxA was considered to block GTP hydrolysis, but not GTP
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binding (131). In ITC experiments, MAMS27D/TI03A hoynd GTBS with a slightly reduced
affinity (Ko = 28 uM) compared to MxA°?’P, indicating that the T103A exchange did not
considerablyaffect nucleotide binding=jgure19C). However, this mutant did not dimerize in
the presence of GDRIF4 (Figure20C) and showed a compéeloss of basal and stimulated
GTPase activityRigure21), suggestinghatit cannot stabilize a GTPase transitstate.

To create a bonide GTRbinding deficienimutant, lturned towards an amino acid exchange
in the guaninenucleotidesubstratespecificity (G4) motif.The mutation of an aspartate to an
asparagine in the G4 motif of the sm@lfPase Ras and the signalaguition particle GTPase
(99,175176), abrogates GTP binding and allows binding of the related XTP. In agreement with
these observations, also the corresponding MxA mutantMyBRP2ON|gst its ability tobind
GTPoS, but bound XTBS with a dissocidon constant of 7.8 uMHigure 18D, Figure 19D),
whereas MxA®?P did not bind to XTBS with appreciable affinity Figure 19A). However,
addition of XDRAIF 4 did not result in dimerization of MxX#27D/D250N(Figure 20D), and the
mutant neither shogad stimulated XTPase activity-{gure21) nor GTPase activity (data not
shown).Thus, not only nucleotide binding, but also the nature of the bound nucleotide itself
contributes to dimerization and dimerizatistimulated GTP hydrolysis.

In dynamin, Asp2lladjacent tothe G4 motif mediates dimerization by contacting the
nucleotide irthe opposing molecule via a contact to the guanine (B&8seThis residue is also
conserved in MxA (Asp253) and contacts the guanise lIfagure 18C) (77). | reasoned that

the lack of XTPase reaction in MXA27P/P250N mytant might e caused by the inability of
Asp253 to contact the xanthosine bas&ans To explore this hypothesissbught to restore

this putative contact in MxA by additionally introducing the D253N mutation, which in
principle should be able to form two hydrogen bonds with the xanthosine hessesifFigure
18D). The MxAVS27P/D253Nmytant bound GT#S with comparable affinity to Mx#°27P (Kp =

9 uM) (Figure19E), but did not dimerize in theresence of GDRIF4 (Figure20E). It also

did not dsplay any GTPase activityFigure 21), indicating an involvement of D253 in
dimerizationinduced catalysis of MxA. The MxX¥27D/D250ND253N mytant bound with a
dissociation constant of 5.6 pM XTP2S but not to GTBS (Figure 19F). However, alsdor

this mutant, Idid not observe XDIAIF4-induced dimerization (Fig. 3F)nd no stimulated
XTPase Figure21) and GTPase (data not shown) activity, indicating that the D253N mutation
cannot restore a putative contact to XTRrams. | speculate that the D250N mutant binds the
xanthosine base with slightly different geometry compared to the genuine guabase
binding mode. Such a difference may then affect the overall geometry of the catalytic site in a

way that is not compatible with G domain dimerization and initiation of nucleotide hydrolysis.

Page62 of 167



Results

3.1.3 A single intact catalytic center is sufficient for nucleotide hydrolysis

To further characterize the requirements for fororabf the G domain interfaceahalyzed

the ability of the different mutants to stimulate the GTPase activity of the wt G domain of
monomeric MxA™®?’Pin a mixed GTPasassay. For these experimentspiployed a constant

low concentration of 2.5 pM of Mx#°2’° and added increasing anms of MxAV527DT103A 5
mutantdefective in GTP hydrolysisnucleotide binding (D250N) or G interface formation
(D253N). Strikingly, the monomeric T103A mutant stimulated the GTPase activity of
MxAMS27D as efficiently as monomeric MXR2’D, (compareFigure 22A with Figure 21)
whereas the G interface mutant D253N was a less potent activator, indicating ¢hat on

functional GTPase sitis sufficient for the formation of a functional G interface with a GTP

binding competent mutant.
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Figure 22 Analysis of the GTPase activity.

(A) The GTPase activity of M527D can be stimulated bynonomeric G domain mutants of MxA. 2.5 uM of
M527D was incubated with the indicated concentrations of the corresponding mutant (seexis). The mean
kobs calculated from two independent experiments is indicated, with the error bar showing the range of the
two data points. M527D+M527D/T103A ), M527D+M527D/D250N D), M527D+M527D/D253N (). (B)
Mixed GTPase assays. 37.5 uM of each indicated M527D mutant wased. The mean ks was calculated
from two independent experiments, with the error bar showing the range of the two data points. When two
monomeric G domain mutants were incubated together, their GTPase reactions were mostly additive, e.g.

no significant additional GTPase stimulation was observed.

The GTRbinding deficient D250N mutant showed only minor GTPase activation ofMviA
indicating that the loss of nucleotide binding (D250N) in one molecule interferes with

dimerizatiorinducedGTP hydrolysisGTP hydrolysis by the monomeric T103A, D250N or
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D253N mutants could not be restored by any of the other defective m(faqise 22B),
indicating that defects in both partner molecules completely abrogate GTPase activity.

3.1.4 Nucleotide binding and hydrolysis are required forthe antiviral function of MxA

In hand of the biochemically describedt of G domain mutants, we explored the role of
nucleotide binding and hydrolysis for the antiviral activity of MxA. Initiatlye inhibition of
the polymerase complex of THQWhichshows high sensitivity to the antiviral effect of MxA
(177,178 was investigatedA minireplicon reporter assayas usedo study the polymerase
adivity of THOV (79). For the reconstitution ofRNPs, we o-expressethe viral polymerase
subunits and the viral NP, together with an artificial RNA minigenome encodinfiyefg
luciferase reporter gene. These VRN&e active in transcription and replication of the
minigenome. Additional expression of wt MxA suppresseédl polymerase activity to%
relative to contro(Figure23A). Interestingly all G domain amino acid substitutions tedtsdl

to a partial or complete loss of thativiral function Figure23A, Table3) indicating that the
completecycle of GTP binding hydrolysis and G domain dimerization is crucial for the

antiviral effect.
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Figure 23. G domain mutants interact with the viral NP.

(A) 293T cells were cdransfected with expression plasmids for the THOVminireplicon system, consisting
of the viral polymerase subunits (10 ng each), NP (50 ng), and the pR&IF-Luc minigenome encodindirefly
luciferase (50 ng) as well as expression plags for MxA or MxA mutants (100 ng) for 24 h. Firefly
luciferase activity determined in the cell lysates was normalized to the activity &enilla luciferase encoded
by the cotransfected pRL-SV40 plasmid (10 ng). The activity in the absence of MxA, emptyector control,
was set to 100%. Results are presented as means of technical duplicates of three independent experiments.
Protein expression of Flagtagged Mx, viral NP, andb-actin were determined by Western blot analysig(B)
Co-precipitation of viral NP with MxA. 293T cells were transfected with Flagtagged MxA constructs and
infected with THOV (10 MOI ). At 24 h post infection, the cell lysates were subjected to Flapecific
immunoprecipitation. Flag-MxA and co-precipitated THOV -NP as well as whole celysates (WCL) were
analyzed by Western blot. One representativeresult for three individual experiments is shown. These
experimentswere performedby Laura Graf in Freiburg.

A directinteraction of MxA with the NP of THOV, the major constituent of the VRBIPS

has been demonstratéti79). It involves loop L4 at the tip of the stalk that directly interacts
with the viral NP(79) (see alsol.6.3. To test the influence dfieG domain mutations on viral
target interaction, cells expressing the respective-talgged MxA mutants were infected with
THOV, and viral NP was cprecipitatel from the cell lysates using a Flagecific antibody.
Only in the presence of wt MxA, we were able tepeecipitate theviral NP, but not by an
MxA mutant with a deletion of loop L4{4) which representthe putative Nfnteraction site
(Figure 23B, lane 9)(79). Interestingly, in puldown experiments, the G domain mutants
K83A, T103A, D250N, D253N, D250N/D253N efficiently precipitated THOV NP from the
infected cells Figure23B). V185Y was included ithe analysis because this exchange was

recently shown to disrupt formation of the G interf@€8. This mutant also bound efficiently
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to the NP(Fig. 5B, lane 5), but showeadduced antiviral activityFigure23A). These results
indicate that nucleotide binding and hydrolysis of MxA are not required for THOV RNP
binding but are essential for executing the subsequent antiviral effect against THOV.
Similarly, the inhibition of a highly pathogenic H5N1 influenza A vir(&80) was assessed
using a previously described minireplicon reporter assajFY (138). In these assays, wt
MxA inhibited viral replication by 80%Higure24A). However, all tested G domain mutations

completely abrogated antiviral activity.
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Figure 24: A functional GTPase is crucial for antiviral activity.

(A) 293T cells were ceransfected with expression plasmids for the IFA/ minireplicon system of VN/04,
consisting of the viral polymerase subunits (10 ng each), NP (100 ng), and the pHeH-Luc minigenome
encodingfirefly luciferase under the control of the viral promoter (50 ng) as well as expression plasmids for
MxA or MxA mutants (300 ng). After 24 h, firefly luciferase activity was determined in the cell lysates and
normalized to the activity of Renilla luciferase encaled by the cotransfected pRL-SV40 plasmid (10 ng).
The activity in the absence of MxA, empty vector control, was set to 100%. Protein expression of Flag
tagged MxA, viral NP, andb-actin were determined by Western blot analysis. (B) Dominanhegative effet

of MxA mutants on wt MxA activity. HA -tagged wt MxA (300 ng) was cdransfected with the components
of the VN/O4 minireplicon system as described for panel A and increasing amounts (50 ng, 100 ng, 200 ng)
of the indicated Flagtagged MxA mutants. Resuls are presented as means of technical duplicates of three
independent experimentsThese eperiments were performedby Laura Graf in Freiburg.

To further explorehe effect of these mutants,-espressiorof some of these mutantsth wt
MxA was performedexpecting a stimulatory effect, as detected for the stimulation of the
GTPase activity irFigure22A. Interestingly, the cexpressedhe G domain mutaseven at
low concentrations, interfered with the antiviral activity of wt MxA in a domisregative

fashion Figure 24B). However, the oligomerizatiedefective nutant MxAYS?P that was
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shown to be antivirally inactiv&’5) did not affect the antiviral activity of wt MxA in these-co
expression experiments, presumably because it is not incorporated into wt MxA oligomers
to its inability to for higheioligomers This suggests that iagoration of GTFbinding or
GTPasedeficient MXA molecules into a hetemigomeric complex hamperthe antiviral
activity of wt MxA.

3.1.5 Role of nucleotide binding and hydrolysis in formation of cytoplasmic MxA
assemblies

To furthercharacterize the role of GTP binding and hydrolysis on intracellular distribution of
MxA, we transfected HelLa cells with the different GTP binding deficient mutants and analyzed
their localization by immunofluorescence using a MxA specific antil{@8¥). In agreement

with previous data, wt MxA showed a diffuse cytosolic staining with some punctate structures
(Figure25).

10 um

vector

T103A/D250N V185Y/D250N D250N/D253N
Figure 25: Intracellular distribution of MxA G domain mutants.

HeLa cells were transfected with expression plasmids for wWixA or MxA mutants (50 ng). 24 h post
transfection, cells were fixed and stained with a specific antibody against MxA. Results are representative
of three individual experiments. Theseexperiments were performedby Laura Graf in Freiburg.

These structures docalized with Syntaxinl7, a marker of the smooth ER indicating an
association of wt MxA with this membrane compartm@igure 26), as reported previously
(103). In contrast, the GTPaskeficient mutants, K83A, T103A, V185Y and D253N, that
showedGTP binding but no GTRydrolysis, aggregated in large cytosolic clustErgyre25).
These clusters also-¢ocalized with the smooth ER marker Syntaxin Eig(re26). However,

MxAPZ5ON the only mutant defective in GTP binding, showed a cytosolic distribution without
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punctate aggregategigure 25), pointing to a role of GTP binding for the formation of
intracellular MxA assemblies that are associated with Syntaxpositive membranes. This
findingwas supported by the observation that introduction of the D250&timutnto GTPase
defident MxA mutants also led to an cytoplasmic distribution, as shfownVixA T3,

MxA V185 “and MxAP?>3Nversus the respective double muta(igure25 andFigure26).

Syntaxin 17 MxA Overlay

vector

wit
Syntaxin 17 MxA Overlay
K83A D250N .
T103A T103A/D250N .
V185Y V185Y/D250N .
D253N D250N/D253N .

Figure26.Coel ocal i zati on st umdwt aorft dMxvAi tGh d®ymati aax i n

Hela cells were transfected with expression plasmids for wt MxA or MxA mutants (50 ng). At 24 h post
transfection, cells were fixed and stained with specific antibodies against MxA (green) and Syntaxin 17 (red).
Immunofluorescene analysis was prformed using a confocal lasesscanning microscope. These

experimentswere performedby Laura Graf.

In further experiments, we tested the intracellular redistribution of the MxA mutants induced
by LACV infection. LACV replicates in thecytoplasm,and the viral nucleoprotein (N)
accumulates in the Golgi area at a late phase of the replication Eigikee27, vector, white

arrow).
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Figure 27. Complex formation of MxA with the LACV nucleoprotein (N).

Vero cells were transfected with the indicated MxA expression constructs (50 ng) and infected with LACV.
At 18 h post infection, cells were fixed and immunofluorescencanalysis was performed using specific
antibodies against MxA (green) and LAC\UN (red). The mock panel shows overlay images of transfected
and mock-infected cells. The white arrows indicate accumulation of N protein in the Golgi area that is
devoid of an MxA signal. In wt MxA -expressing cells, yellow arrows indicate formation of ER resident MxA
N assembliesExperiments were performedby Laura Graf.

During the process of Mx#nediated restriction of LACV replication, MxAvas able to
associatevith newly synthesized viral N protein and sequesters it into large perinuclear MxA
N assembligswhich could be used asreadout for the antiviral effe€t04). Accordingly, wt
MxA formed the characteristiperinuclear assemblies with the viral N upon infection with
LACV (Figure27, wt, yellow arrow). In contrast, the GTPadeficient mutants, MxA%** and
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MxAP253N " that spontaneously aggregated into MxA assemblies, did not show obvious
redistribution upon viral infeadn and thus did not limit viral replication, as indicated by the
localization of N to the Golgi are&igure27, white arrows). Interestingly, the GIinding
deficiert mutants Mx&25°Nand MxAP250ND253Nghowed a diffuse cytoplasmic staining pattern
and did not form a complex with viral IFigure27). Taken together, these resudtgygest that

MxA mutants defective in GTP binding, G domain dimerization and GTP hydrolysis lose

antiviral activity againsbrthomyxovirusesind LACV.

3.1.6 G255E and V268M are natural genetic variations in the putative G interface

Human MxA is highly conserved with only few allelic variations in the human population. A
recent analysis of genomic DNA from healthy individuals identified some rare variants in the
MX1gene(182). Two of them are located in the G interface and lead to an exchange of glycine
to glutamic acid at position 255 and valine to methionine at position 268, respe(ii®aly
(Figure28A).

| tested whether thegmlymorphismsaffectthe catalysis and function of MxA. Interestingly,

the MxAMS27DIV268M g Mx AMS27D/G255Emytants displayed reduced or a complete loss of-GDP
AlF4-induced dimerizationHigure28B, C). Correspondingly, tisepolymorphismsalsoled to

a reduction and a complete loss of GTPase activation, respectiglyg28D), suggesting
thatthese mutationdecrease the capacity to fornfuactionalG interface to different extents.
Furthermore, the G255E mutation completely abolished the antiviral activiixAfin the

IFAV minireplicon assay and led to cytoplasmic aggregates when expressed in HeLa cells. The
MxA V288M mutant showed a slight, but significant reductidrantiviral activity Eigure 28E)

and a diffuse cytosolic stainingth small punctate assemblies that were different from the few
large aggregates formed by MX&°E The pattern was reminiscent of that observed for wt
MxA (Figure28F, Figure25).

Page70of 167



Results

A D
Monomer A

M527D/V268M

M527D/G255E
—8

I T T

0 5 10 15 20
\ Protein concentration (M)
hH
V268M8 1/
B C E *k %k
M527D/G255E M527D/V268M e =
60 60 @ G 1251 T T
© g
A Apo A c 2. 100
2 0 + GDP-AIF, E)( Apo 8E
n 40 + GDP-AIF =
E 3 %OE) 75
b = o
2 2 £ g 501
N 20 N IS
< < S S
) T 8 251
5% MM
0— T T T T T T T T T T T T T L g\o_/ 0- 5 1 T T
10 12 14 16 10 12 14 16 e B! = % w
Retention volume (mL) Retention volume (mL) g = 2 Q 9
F =% = > 0
>
a
IS
)
MxAI -———-I

vector actinl_ o ap O —'l

Figure 28: Effects of MxA polymorphisms in the G interface.

(A) Homology model of the MxA GTPase domain dimer as ifrigure 18A. Interface residues are depicted

as balls: V185 (purple), G255 (red), V268 (green) with the subscript indicating monomer A or B,
respectively. (B and C) Analytical gel filtration analysis 0M527D/G255Eand M527D/V268M as inFigure

20. (D) Protein concentrationdependent GTPase activities of M5270¢% ), M527D/V268M () and
M527D/G255E(D) as in Figure 21. (E) IFAV -minireplicon system of VN/O4, as described ifrigure 24A.
Significance was <calculated with Studentds t test (
distribution of G255E and V268M in HelLa cells, as inFigure 25. Experiments in E and F were performed

by Laura Graf.
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3.2 Biochemical characterization of the humarMxB GTPase

MxA and MxB share 63 % sequence identity and despiter differences like a 43 residue
N-terminal extension in MxB, which contains a nuclear localization signal within the first 25
residues (NLS, nuelar MxB), they show a high degree of structural similarity {s@g80,81).
Recently it vas shown, that the myxovirus resistant protein 2 (Mx2 or M&B) not MxA is

an interferoAnduced potent inhibitor of the human immunodeficiency virus type | {HI{V0-

72). Furthermore, it was showthat MxB inhibits HI\AI nuclear imporby interacting with the
viral capsid proteiror destabilization of the nuclear viral DNAO-72). MXA has no antiviral
activity againstHIV -1 but is a poént restriction factor for DNA and RNA viruses likiee
Orthomyxoviridagamily (IFAV, THOV). MxA interacts and blocks the import 9RNPsinto

the nucleus Interestingly it was postulad that the MxB antiviral activity is nucleotide
independent72), which is contraryo the GTRPdependent antiviral activity of Mx4A75,76). In

the following chapter | sought to biochemically characterize the MxB protein to deduce

possible differences to MxA which may be important for the differential antiviral spectrum

3.2.1 Expression of a soluble MxB construct

To get sufficient amourd of a soluble MxB construct for subsequent biochemical
charaterization, thehumanMxB cDNA wascloned intoabacterialexpressiovector(see2.2),
expressed ik. coli and purified via affinity chromatography and gelfiltration (Be23. Most

of the MxB constructs listed ifable2 (see2.2.1Q were insolubleeven in high salt conditions
(500 mM NaCl)and therefore nosuitable for bbchemical characterizatioNonethelessl
couldgenerate soluble construsf MxB®™8®-4 (|4 corresponds to amino acid 5809),and

the point mutant T151A of this construct. T151 in MxB corresponds to T103A in khd\the
T103A exchang&é MxA was shown to block GTP hydrolysis, but not GTP binding &&&
and3.1.3.

As an examplethe purification ofMxB®8#-4 is jllustratedin Figure29. Figure 29C shows
the gel filtration chromatogram of the purified protein. Despite a relatively higtidéncy of
aggregationa reasonable fraction @af lower order speciesould be obtainedRigure 29C,
Fractiors from @-70 mL) for biochemical studiesThe nucleotide loading status of purified
MxB was monitored by HPLGnalysis(see2.3.89 (Figure 29D). Both MxB variantswere

nucleotidefree after purification.
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Figure 29: Expression and purification of hsMxB™&5+at4,

(A) SDSPAGE of hsMxB®™85@4 pyrification. 1, induced whole cellE. coli lysate; SN, supernatantfraction
of the cell lysate;P, pellet fraction; FT, flow-through of the soluble extract on N¥*-NTA column; W1, flow-
through of the high-salt and ATP wash (wash 1); W2, flowthrough of the hightimidazole wash (wash 2);
A2-A4, elution fractions; M, protein molecular weight marker. (B) SDSPAGE of the SEC profile seen in
C. Fractions 2530 were pooled for biochemical analysisThe molecular weights of the markers are
indicated. (O Gel filtration profile of MxB 854 (D) The nucleotideloading status was analyzed by
HPLC. The GTP standard is shown in cyan, GDP in green, buffer in black and purified MxB in purple40

UM of protein was applied.

3.2.2 The oligomerization state of MxB

The human MxA protein is a tetramer in solution and further oligomerization is a prerequisite
for its antiviral activity in the cel{75,76). To probe the oligomerizatiostateof the expressed
cytoplasmic MxB construcMxB®™e5aL4) - gel filtration analysis combined witlight angle

light scattering RALS) wasperformed(see2.3.12and2.3.13.
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Under theused conditionsthe proteinshoweda dimeric statg(Figure 30), which is in
agreementwith recently published studies, whereanstruct lacking the first 84 amino acids
was used80,81). Likewise, analytical ultracentrifugatiostudies of MxA lacking théoop L4
showed a stable dimér5). Dimeric MxB was also demonstrated to be the\ardl active form
(80), although a construct including the L4 was usHus indicateghat in contrast to MxA
loop L4is not important foMxB tetramerization.
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Figure 30: Right angle light scattering analysis of MxB™N85/a4,

The protein was separatedusing a S200 10/300 gel filtration column and detected at 280 nm. The RALS
data indicates a dimeric species for MxB'84  Experiments were performed ingel filtration buffer (500
mM NaCl) at 4°C using a proteirconcentration of 2 mg/mL.

3.2.3 Concentration-dependent GTP hydrolysis of MxB

GTP hydrolysis(130131) and oligomerizationof MxA via the stalk(75,76,183184) are

important forits antiviral activity. Furthermorea protein concentratiodependent increase in
GTPase activitys characteristifor the dynamin superfamilyrogether with the group of Prof.
Kochs, Icould show inchapter3.1 that nucleotide binding and formation of a G interface

critical for the intracellular localization and the antiviral function of MxA.

To obtain information on the GTPase activity of the engineered cytoplasmic MxB construct
(gN85/gi.4) and on its protein concentratidependent GTPase activitynultiple turnoer
assays were performed (s2e3.1]), using 1 mMGTP and variousprotein concentrations
(Figure31). In previousstudies it was shown that wt MxA has ank of approx. 6 mirt (75),

and a similar value was obtained here for MiBrthermoreMxB®8®-4 displayed a protein
concentration dependent GTPas®ivity increase Kigure 31), like MxA and other dynamin

family membersand showed a similar GTPase activity compared to wt MxA.
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Figure 31. GTPase activity of MxB compared to MxA.

Protein-concentration-dependent GTPase activiesof MXB®84( vy  andMxw (z) were deterr

37°C and 150 mM NaCl. 1 mM of GTP and the indicated protein concentrations were used. The mean of
kobs calculated from two independent experiments is indicated with the error bar showing the range of the
two data points.

3.2.4 MXxA stimulates the GTPase activity of MxB

MxA blocks the import o¥iral ribonucleoprotein complexes (VRNHgjo the nucleusndan
interaction ofMxA protein with viral NPs or vVRNPs was demonstrated for influenza A virus
(IFAV), Thogotovirus (THOV) and LACV(108111,136). In contrast, MxB has recently been
shown to be a potent inhibitor of HIV antherlentiviruseg70-72,134). Cytoplasmic (76 kDa)
and nuclear (78 kDiprms of MxBexist(135185), and at least the cytoplasmic form could in
principle interact with the highly homajues cytoplasmic MxATherefore, the possibility of

a putative interaction and GTPase regulatioklxf and MxBwasinvestigated in thishapter

| analyzed the ability oMxB®&54 tg stimulate the GTPase activity of the wt monomeric
MxAMS27Din amixed GTPase assagcording to th@xperiments performed chapter3.1.3

For these experimentsemployed a constant low concentration of 2.5 pM of MXAP and
added increasing amounts of MEZK'DTI03A gr MxBINESMATISIA mytants diective in GTP
hydrolysis Figure32A). As shown already i8.1.3 the monomeric T103A mutant stimulated
the GTPase activity of MxX?’P as efficiently as monomeric MX®&?’® whereas
MxB PN8SLATISIA oo y|d not §imulate the GTPase activity of M¥&2P (Figure32A).

Next, | used a constant low concentration of 2.5 uMMXB™E54 and added increasing

concentrationsof MxAMS27DITI03A g \xBPNESGLATISIA - Syyrprisingly, MxAMS27DIT103A coy|d
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stimulate the GTPase activity ofixB™84 zlbeit to a lower degree compared toe
monomeric MxA variant in Figure 32A. The addition of the GTPasaleficient
MxB MN8SLATISIA mytant did not show any stimulatory effest the GTPase activityrhese
datasupport the hypothesis of an MxXAxB interaction and a putative regulatory mechanism
of their GTPase activitieglowever, since MxAerformsits GTPase stimation via G domain
dimerization,and MxBwas usedn a dimeric stat¢see3.2.2), further investigatios using a

monomeric MxB construct coukhedadditionallight on this mechanism
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Figure 32 Analysis of the GTPasectivity of MxA and MxB .

(A) The GTPase activity of MxA>27P can be stimulated by a monomeric MXA G domain mutant T103A
(seealso 3.1.3 but not by a dimeric MxB mutant (T151A). 2.5 uM of MxAM527P was incubated with the
indicated concentrations of the corresponding (MxA527D/T103Agr MxB MN8SL4TISIAY mytant (see xaxis). The
insert shows the GTPase activity of MxA527D/T103A () or MxB M85aL4/TIS1A (h) gt 37.5 uM and 1 mM GTP.
The mean kps calculated from two independent experiments is indicated, with the error bar showing the
range of the two data points.MxAM5270+M527D/T103A (2 ), MxA MS27D4NxB PNESL4TISIA (1) (B) The
GTPase activity of MxB™85a4 can be stimulated by a monomeric MxA G domain mutant T103Abut not
by the T151A variant of the dimeric MxB variant. 2.5 uM of MxB™84 was incubated with the indicated
concentrations of the corresponding (MxA!527P/T103Agr MxB PN8SHATISIA) mytant (see xaxis). The mean ks
calculated from two independent experiments is indicated, with the error bar showing the range of the two
data points. MxB o854 L Mx A M527DFI'103A('|' ), MxB SN85/aL4 4\ x B FN85/qL4/T151A (q)

3.3 Biochemicaland structural characterization of the THOV and DHOV
NP

3.3.1 Protein over-expression and solubility tes$
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Some of theOrthomyxoviridagfamily members including IFAV, IFBV NPs were object of
comprehensivefunctional and structurainvestigations during the last years, and crystal
structuref some of thosé44-46) led to abetter understanding of the viral replication cycle.
However, the atomic structure of the THOV Nihich shares approximately% sequence
identity with the IFV NPshas not been elucidatetls a main target of the human MxA protein
(108), the THOVNP wassubject obiochemicabnd structural investigatiomiring this study.

At the beginning of the NP projedtsoughtto express the IFAV NP (H5N1 and two variations
of HIN1, Figure33) and theTHOV NP as GST and Hig-fusions To testthe expression and
solubility of the NPs, the cDN#&werecloned intobacterial expression vectofsee2.2) and

expressed iie. coli(see2.3.2.

A B
HIN11918  HIN12009 HIN11918  HIN12009
H5N1 NP NP NP THOV NP H5N1 NP NP NP THOV NP
NE S P TSP ISP IS PMpy NE s Pl S P LS P LS PM .
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e | 66.2 66.2
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Figure 33: Expression and solubility test of IFAV and THOV NPs.

(A) SDSPAGE of wt NPs expressedas Nterminal GST-fusion in pGEX-6P1 for over-expression and
solubility test. NI, non-induced; I, induced whole cellE. coli lysate; SN, supernatant fraction of the cell
lysate; P, pellet fraction M, protein molecular weight marker. (B) SDSPAGE of wt NPs expresseds N

terminal Hiss-fusion in the pSKB-LNB vector for over-expression and solubility test.

In test expression experiments, a clear @gression band was visible for the G&gged

H1N1 1918 NP with a size of 82 kDa including the GST tag, the H5N1 NP (82 kDa), and the
THOV NP (78 kDa). Only low expression levels were detected for the HININ®F82 kD,
Figure 33). However, all NPs expressed as a d&@8dions were insoluble and were
consequently found in the pellet (P) fractidfigure 33A). Dimerization of the GST protein
may facilitate the unspecific oligomerizatiaggregation of the viral NP.
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In contrast to the GS1usions all NPs were highly oveexpressedvhen expressed as His
fusions withthepSKB-LNB vector. The56 kDaband represents thEAV NPs and thé&2 kDa

band representbe THOV NP in the IPT@nduced fractios (I) (Figure33B). Even ifsoluble
protein was found in the supernatant for the IFAV NPs, the majofitile protein remained
insolublein the pellet (P) fraction. The THOV NP showed the highest amount of soluble protein
in the supernatant (SFigure33B), and further studies were therefore focused on the THOV
NP.

3.3.2 Large scaleNP expression and purification

As shown inchapter3.3.1, the THOV NP was best expressed and showed sufficient solubility
using the pSKBLNB vector providing a N-terminal Hig-tag.For structural studies, sufficient
amounts of highly pure protein are indispensable. To achievathige scale purification was
performed(see2.3.3. The puification procedure includgone affinity chromatography and
one size exclusion chromatography step &&e3. The purification resulted iNP of over

95% purity, as assessed by SPAGE (igure34A for THOV NP andrigure35A for DHOV

NP). The NPs eluted in a single peak at 150 mW&Cl on a 8perdex 200 16/60~{gure 34B

for THOV NP,andFigure35B for DHOV NP).

A B
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NI | SN P FT W1W2 A3 A6PDA2 B2 B6 S M
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Figure 34: Expression and purification of the wt THOV NP.

(A) Typical SDSPAGE of wt THOV NP purification. NI, non -induced; I, induced wholecell E. coli lysate;
SN, supernatant fraction of the cell lysate; P, pellet fraction; FT, flowthrough of the soluble extract on Nf*-
NTA column; W1, flow-through of the high-salt and ATP wash (wash 1); W2, flouthrough of the high-
imidazole wash (wash 2)A3 and A6, elution 1 fractions; PD, post digestion with PreScissidl protease
(visible at approx. 42 kDa); A2, B2 and B6, elution 2 fractions (removal of the GSTagged protease via
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GSH-column); S, SEC fraction 24 to 27; M, protein molecular weight marke (B) Gel filtration profile of
wt THOV NP on a Superdex 200 16/60 columrRooled fractions are indicated.
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Figure 35; Expression and purification of the wt DHOV NP.

(A) Typical SDS-PAGE of wt DHOV NP purification. NI, non-induced; SN, supernatant fraction of the cell
lysate; P, pellet fraction; FT, flow-through of the soluble extract on N§*-NTA column; W1, flow-through of
the high-salt and ATP wash (wash 1); W2, flonthrough of the high-imidazole wash (wash 2); E1, ekion 1
fractions; PD, post digestion with PreScissiolY protease (visible at approx. 42 kDa); FT2, flouthrough 2
(removal of the GSTtagged protease via GSH-column); E2, elution 2 fractions;S, SEC fraction60-70mL;
M, protein molecular weight marker. (B) Gel filtration profile of wt D HOV NP on a Siperdex 200 16/60
column.

3.3.3 Salt and protein concentration optimization

For buffer optimizationof the THOV NR the NaCl concentratiowas optimized50 mMi 500

mM) using an ultracentrifugation spin assay (2®16. The stability of the protein was
monitored by the supernatgmellet ratio aftea quickultracentrifigationrun. Unstable protems

tend to aggregate and can be found in the pellei{f®)reasstable proteis arepresent in the
supernatant (S) fraction. Equivalent amounts of supernatant (S) and pellet (P) were loaded on
SDS PAGE. As can be seen igure36A, the THOV NP is stable in the range of 50 mM to

500 mM NaClbecausall of the protein was found in the soluble (S) fraction.

Protein crystallization requires a relatively high proteincemtration. To test if the THOV
(Figure 36B) and DHOV NP Figure 36C) fulfill this requirement without the tendency of
aggregation, the same spin assay experiments, with varying concentrations were performed.
Both NPs show high stability up to 15 mg/mL. In conclusion, for the crystallization trials,
protein concentrations betweed 4nd 15 mg/ mL were used.

Page79 of 167



Results

A
50 100 150 200 250 300 400 500 [mM]
S P SPSP SP SP SP SPSFP
‘ \ - Yo \ 52 kDa
B C
05 10 20 3.0 75 15 [mg/mL] 05 10 20 30 75 15  [mg/mL]
SPSPSPSPSPSP SPSPSPSPSPSP

Figure 36. Salt and protein concentration optimization for THOV and DHOV NP.

(A) Wt THOV NP stability under dif ferent NaCl concentration at 25C. Wt THOV (B) and DHOV (C) NP
stability under different protein concentrationsat 25°C. S- Supernatant, P- Pellet.

3.3.4 Folding statusof the THOV NP

For structural investigation of a protein,h@mogenus and propér folded sample isa
prerequisite for the success of the project. Therefyualitative CDspectra were recorded
according t®.3.7. As an examplethe wt THOV NPCD spectrum is shown iRigure37. The
spectrum was compared to the IFAV H1IN1 1918 Rigyre37). The crystal structuref the
IFAV HIN1 NP was solved in 200@4) andis mainly U-helical which is substantiated by the

CD-spectrum irFigure37 (blackcurve.

TheOrthomyxoviridagamily shows a low sequencsimilarity within their NPs(seeAppendix

D - Orthomyxoviridaenucleoproteinalignmen}. However the THOV NP displays a similar,
mainly U-helical CDprofile with negative absorption bands at approximately 222 nm and 208
nm, as well a positive absorption band at 190 (kigure 37, greencurve) In conclusion the
CD-profile shows a propsr folded THOV NP,confirming an appropriatexpression and

purification strategy.
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Figure 37. CD-spectraof the wt THOV NP and wt IFAV HIN1 NP.

Spectra were recorded on a qCD Chirascan spectrometer (Applid@hotophysics) from 190 to 260 nm in a
0.1 cm cell. 0.2 mg/mL of protein was used for the measuremernits a phosphate buffer (see2.1.10Q.
Measurements were performed in triplicate and baselineorrected by subtraction of the buffer.

3.3.5 RNA and DNA binding

The THOV and DHO\tontaina segmented, negative strand Rgnome, likehe IFA, B and

C virus. Each RNA segment is covered by multipleespf the NP and is associated with the
heterotrimeric polymerase complex into viral ribonucleoprotein (VRNP) part&ldgst, the
influence of the length of a pelyracil RNA oligomer (polylr pU) on NP bindingvas tested
calorimetrically by ITC (see 2.3.9 and 2.1.10 (

= pU24ssRNA
A pU18ssRNA
v pU16ssRNA
+ pU14ssRNA

o
]

\
&)
|

AH [kcal/mole ligand]
T 9

-20 T T T

| ]
0 0.5 1 1.5 2 25 3

Molar ratio .
Ligand/Protein

Figure38). A polyU sequence was chostmavoidpossible secondary structsie the RNA
THOV NP showed the highesffinity towards a polyU24 molecule with a cdmted
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dissociation constant @g{ of 130 ¢ mM. Shorteningthe RNA ligandsresulted in a clear

affinity decreasgewith the lowest affinity for the pU14Kp =2 p uM) (Table4).

s pU24ssRNA
A pU18ssRNA
v pU16ssRNA
+ pU14ssRNA

o
|

-5 —

10 —

-15 =

AH [kcal/mole ligand]

-20 T T | | T

0 0.5 1 1.5 2 25 3

Molar ratio .
Ligand/Protein

Figure 38: Wt THOV NP bound to polyU-moleculesof different length.

Integrated ITC signals for the wt THOV NP bound to different oligos.150 pM solutions of the indicated
RNA oligo were stepwise titrated into 1QuM solutions of wt THOV NP at 8°C in an ITC device. Resulting
heat changes were integrated and the obtained vads fitted to a quadratic binding equation. The following
Ko values were derived from the fittings pUl4: Kp=2.1+1 pM, n=0.5+0.08, pU16: K=1.2+0.4 uM,
n=0.9+0.06, pU18: K=427+86 nM, n=1.4+£0.03, pU24: K=133+17 nM, n=0.8+0.01Experiments were
performed in ITC buffer (see2.1.10.

As can be seen from the high negatigd-value, he binding of the THOV NP towardke
pU24mer is mainly enthalpgiriven This birding event requires a high extenof
conformational changes of the RNA upon binding, indicated by théyhigifavorable entropic

factor Figure39, pU24).0One possible explanation is that there alARnduced large scale
changesHowever, aother reason might be the solvent contribution in changing the free
binding energy arisfrom reorganization (solvation/desolvation) of solvsalvent or solvent
solute (protein and RNA) interactiorSimilar to the pU24mer, theU18mer shows a mostly
favorable enthalpic binding meafiam, although to a lower exterthe shorter the oligahe

less entropially unfavorable conformational changes are required upon binding as can be seen
for the pU16 and pU14 oligo.
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Figure 39: Thermodynamic parameters for the wt THOV NP bound to different polyU
oligos.

The thermodynamic binding parameters obtained from the ITC measurements ifrigure 38.

Next, | also testedhe ability of THOV NP binding to ssDNAAccordingly, ssSDNA (polyT)
was used as a ligand, andbdold lower affinity for the wt THOV NP towards 24 was
observedFigure40A). Finally, DHOV NPwas testedbor its binding affinity towardshe24mer
pU molecule. Wt DHOV NP bountb pu24 with a similar affinityaswt THOV NP Figure
40B).
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Figure 40: RNA binding assays forTHOV and DHOV NP.

150 uM solutions of theindicated RNA oligo were stepwise titrated into 10 uM dations of THOV or DHOV

NP at 8C in an ITC device. Resulting heat changes were integrated and the obtained values fitted to a
quadratic binding equation. The following Ko valueswere derived from thefittings. (A) RNA vs. DNA
binding for the wt THOV NP. pU24: Kp=133+17 nM, n=0.8+0.01, pT24: Kp=598+10{1M, n=0.60+0.02.(B)

Wt DHOV NP binds to a pU24mer with similar affinity like THOV NP . pU24 (DHOV NP): Kp=50£10nM,
n=1.0+0.01(see2.1.10.

IFAV NPsare believed to bind nonspecificallyttee singlestranded viral RNAjenomg186).

The only viral potein with sequence specificity is the vipglymerasethddb i nds t he 5 N;j
RNA andthe5-BjNj p a n h a n 25187-190. Sequericelanalysis indicatbsit the first

12 nucleotides fromthed@ nd and t he fir st eddareighlycdnsewadi des
among the eight IFA\Gegmentg191). These regions are termed the untranslated regions
(UTRs), and form the promotor for the transcription andicafion. These conserved regions

are bound by the RNAlependent RNA polymerase (RdRp), whereas the rest of the pseudo
circularizedvRNA is coated with NP. Recently, structural information was obtained en th

mechanism of promotor bindir{@92193).

To analyseif the THOV NP candiscriminate between the coding and fomding (UTRS)
regions of the viral segmenbinding affinities toward®RNA oligos comprisingthe first 10
nucleotides r o m t h eend8 @ segnmext 5, svidich encodles NPitself, weretestedfor
THOV NP. Surprisingly THOV NP bound these sequenei¢h a 10-fold (for the3 8equence
anda 6-fold (for the5 &equencelower affinity compared tthe pU18ssRNA(Figure41A).
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