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A. Mitochondria travel over long distances to their sites of function to meet local energy requirements

and maintain calcium homeostasfdterations in mitochondrial distribution in neurons are closely
linked to neurodegenerativdiseases uc h as Par k Key seqguiatbrs of diitoshenarile
trafficking are the calciursensing GTPase Miro and the motor adaptor protein TRAK, which couple
mitochondria to the motor proteinSespite increasing evidence for the roleMdfo in many cellular
processesncluding mitochondrial distribution, dynamics and tewmer, the underlying mechanistic
details remain elusivéJnderstanding the conformational changes Mhitight undergo upon calcium
binding, GTP hydrolysis goroteintproteininteractiors is the focus of this studyror this purpose, &
established an expression and purification protocottfertwo human Miro proteins, nameiirol

and hMiro2 hMirol was characterised in terms of stability, folding and for the first time regattin
GTPase activityn context of the fuHength proteinFurthermore, we implemented the expression and
purification of thehMirol binding siteof hTRAK2, one of the two human TRAK proteind/e were
able to form a compleketweenhMirol and hTRAK2demamstrating that recombinant hMirol is
functional. The hMirol purified in this study has been used by Funmi Fagbadetap of Prof.
RothbauerPharmaceutical Biotechnology, UniversityTibingen to immunise alpacas and to select,
enrich and characterigeMirol-specific nanobodies obtained from corresponding blood sanipies.
established protocol iapplicableto P a r k i n o n-@esiveddniutatoress ofehMirol thus enabling
important future research. Taken together, this project provides a platform foveiségation of the

structurefunction relationship of hMirol and its interactipgrtners

B. Bromodomains (B) are unique structural modules that specifically recagNiUlysine acetylation

motifs. BD-containing proteins of the Bromodomain and ExXteaminal domain (BET) family share a
common domain architecture comprising two structurallyserved Bs. They serve as transcriptional
regulators and epigenetic markers l®gaciation with acetylated histones throughout the cell cycle.
Malfunction of BET proteins has been linked to a broad spectrum of diseases. BRD4, a member of this
protein family, has been shown to be responsible for the regulation of gpoovtioting genesn

chronic lymphocytic leukaemia and has been identified as component of chromosomal translocation in
nuclear protein in testis midline carcinorBespite the importance of studying these proteins, one major
obstacleremains the deacetylation oDRarges inin vivoexperiments. In 201Bilippakopoulos et al.
published a BET family specificell-permeable small moleculeDBinhibitor, called JQ1, based on
which Soéren Kirchgalinégroup of Prof. Schwarzer, Interfaculty Institute of Biochemistry, University

of Tubingen)designed the acetyl lysine mimicking artificial amino acid Apmiged in this study

Affinity measurements and crystaHiion experiments showed that BEDB bind peptides comprising
ApmTri with comparable affinity, high specificity and @& similar structural fashion compared to
peptide substrates comprising acetyl lysine. We thereby introduce a new and versatile tool for the utmost

importantin vivo research on B-containing proteins. We have built a solid foundation for the future
\
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designof peptidebased canhibitors, capable of inhibiting bothBs of BET family proteins at once,

thus increasing the affinity arslectivity of the inhibitors.

C. Human adenoviruses (HAdV)are the cause for many respiratory, ocular and gastrointestinal

diseass. They shield their doublstranded DNA core with an icosahedral capsid formed by thres maj
proteins, the hexon, the fiband the pentobase.For virus entry, the major capsid proteins need to
interact with host cell receptors to trigger viinternalisation. While the file knob is wellestablished
astheinteraction partner for primary receptors and the pentse lsaknown to engage with igtins,
recent data suggest a role for the hexon protein in receptor interdgdised on infection dattdne
interaction between the complement regulatory protein CD46 and the {B/gpécies was established,

but additional research will be requiredasses# the hexon is responsible ftine interaction beyond

the two genotypethat were investigated, HAd®D56 andHAdV-D26. In order to elucidate which
epitopes in the hyper variable region of the trimeric hexon pretgiagen CD46 binding, we aim to
obtainstructural data on HAdWD-type hexongn complex with CD46. For this purpose, we established
complexformation with five different Bspecies hexons and optimised the hexon to receptor ratio to
improve sample quality. Initial negative staining images of the HAdV receptor complex highlight the
quality of the hexon sample and reveal the prevalent hexomtatin for each genotype. With these
experimentwe have laid the foundations for subsequent cryoEM experiments. The soon to be obtained
structures will broaden our understanding of HAdV receptor interaeti@hhelp elucidating the

potential of new HAd\Wgenotypes as vaccine vectors.
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A. Mitochondrien legen weite Distanzen ihren Zielorten zuriick um den lokalen Energiebedarf zu

decken und die Kalzium Homdoostase aufrecht zu erhditddeuronen werden Veranderungen in der
Verteilung de Mitochondrien mit Neurodegenerativen Erkrankungas beispielsweise Parkinsom
Verbindung gebrachDie Kalzium-bindende GTPase Miro und das Motoradaptorprotein TRAK sind
zentrale Regulatoren des mitochondrialen Transports und verbinden Mitochomditieden
Motorproteinen. Obwohl es eine stetig wachsende Anzahl an Hinweisen fir die Aufgaben von Miro in
vielen verschiedenen zellularen Prozessen gibt, unter anderem in dem Transport, der Dynamik und der
Erneuerung von Mitochondrien, bleiben die zugruiedeinden mechanistischen Prozesse unentdeckt.
Der Fokus dieser Studie liegt auf dem Verstehen der Konformationsaneediaedviiro wahrend der
Bindung an Kalziumder GTP Hydrolyseoder der Interaktion mianderen Proteinedurchlauft Zu
diesem Zweck halmewir ein Expressionsund Reinigungsprotolb fir die zwei humanen Miro
Proteine, hMirol und hMiro2, etabliefie Stabilitat und Faltung von hMirol wurde charakterisiert
und zum ersten Mal wurde die Aktivitder GTPasém Kontext des Volllangenproteirsnalysiert.
Darlber hinaus haben wir die Reinigung und ExpoesterhMirol Bindestellevon hTRAK?2etabliert.

Wir konnten einen Kompl aus hMirol und hTRAK2 bildeand somitdie Funktionalitat vo
rekombinantem hMirol nachweise@as in dieser Studie gsnigte hMirol wurde von Funmi
Fagbadebd@Gruppe vorProf. Rothbauer, PharmautischeBiotechnologe, Universiét Tubinger) fur

die Immunisierung von Alpakas verwendetn hMirol spezifische Nanobodys aus entsprechenden
Blutproben zu selektiereanzureibernund zu charakterisieren. Das etablierte Protokoll zur Reinigung
von hMirol kann auf Parkinson spezifische Mu&nvon hMirol angewendet werden und erméglicht
dadurch wichtige zuklnftige Forschung. Zusammengefasst ermdglicht dieses Projekt weitere
Untersuchungen der Zusammenhange zwischen der Struktur und der Funktionen vounioh\dietner

Interaktionspartner.

B. Bromodoménen sindinzigartige strukturelle Moduldie gezielt NOLysin Acetylierurgsmotive

erkennen. Bromodoméanamthaltende Proteine d8romodoméanen und ExtBerminalen Doméanen

(BET) Familie haben einen gemeinsamen Doméanenaufbau der zwei strukturell konservierte
Bromodoméanen umfas®urch ihre Assoziation mit atylierten Histonen im Verlauf des Zellzykluses,
dienen sie als Transkriptisregulatoren und epigenetische Marker. BET Proteine mit Fehlfunktionen
wurden mit einem breiten Spektrum an Krankheiten in Verbindung gebracht. Es wurde gezeigt, dass
BRD4, ein Mitglied dieser Protein Familie, verantwortlich ist fir die Regulation von
Wachstumsfordernden Genen in Altersleukédmie und BRD4 wurde dartiber hinaus als Komponente der
chromosomalen Translokation in NUT (Nukleares Protein im Hoebgtt¢llinienkarzinomen
identifiziert. Obwohl das Studieren dieser Proteine von héchster Wichtigkeiiéibt ein wesentliches
Hindernis die Deacetylierung von Bromodoménen Substraten wahremeb Experimenten. Bereits

2010, publiziertenFilippakopoulos et al.den BET Familienspezifischen, Zelturchdringenden
VIII
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niedermolekularenBromodoménen Inhibito JQ1. Basierend auf diesem Inhibitor heo6ren
Kirchgafiner (Gruppe von Prof. Schwarzer, nterfakultéares Institute fir Biochemie Universitat
Tubingen die, in dieser Studie verwendete, artifizielle Acetlylysmtierende Amnosaure, genannt
ApmTri, desigt. Affinitatsmessungen und Kiristallisationsexperimente haben dezdggs BET
Bromodoméanen ApmT+nthaltende Peptide mit vergleichbarer Affinitat, hohpezfitat und auf
vergleichbare strukturelle Weise binden wie Acetyllysim¢haltende Peptide. Agm stellt ein neues,
vielseitiges Werkzeug fur die dringende und wichtige vivo Forschung an Bromodomaéanen
enthaltenden Proteinen davir haben damit eine solide Basis fur das Design von zukinftigen Peptid
basierten Cdnhibitoren geschaffendie in derLage sind beide Bromodomanen der BET Family
zeitgleichzu inhibieren und dadurch die Affinitat und Selektivitat der Inhibitoren erhéhen.

C. Humane Adenoviren (HAdV) sind dieUrsache fir viele Darm Augen und

Atemwegserkrankungen. Sie schitzen ihre étgigingige DNA durh ein icosadrisches Kapsid das

aus drei Hauptproteinen, dem Hexon, dem Fiber Protein und der Penton Basis, aufgebaut ist. Fir den
Eintritt des Virus in die Zielzelle missen die Hauptkapsidproteine mit den Rezeptoren auf der
Zelloberfleche interagieren um die Internalisierung desu¥iauszulésen. Im Gegensatz der
etablierten Interaktion zwischen dem Fiber Knob und primaren Rezeptoren oder der PeaistaieBa

mit Integrin Rezeptoren interagiert, wurde die Rolle des Hexon Proteimeririnteraktion mit
Rezeptoren erst kirzlich entdedBasierend auf Infektionsdaten wurde die Interaktion mit CD46, einem
Komplementsystemegulierenden Protein, und der HAd\(Spezies etablierZukinftige Forschung

wird zeigen ob das Hexon auch in armeHAdV Genotypen aulR3eten beiden untersuchten Genotypen
HAdV-D56 undHAdV-D26 eine tragende Rolle fir die Interaktion spilelche Bindeepitope in den
hypervariablen Regionen des trimeren Hexonproteins fur die Interaktion mit CD46 verantwortlich sind,
mochten wirmit strukturellen Daten verschiedener HAdVVTp Hexone in Komplex mit CD46
aufklaren. Zu diesem Zweck haben wir die Komplexbildamigflinf verschiedenen 'yp Hexonen
etabliert und das Verhaltnis von Hexon zu Rezeptor fir eine optimale Bralhitst verbessernitiale
Kontrastelektronenmikroskopie Bildeles HAdV Rezeptor Komplexeigen die hohe Qualitat der
Hexonprobe und offenbaren die vorherrschende Orientierung des Hexons fiir den jeweiligen Genotyp.
Mit diesen Experimenten haben wine solide Basis fur nachfolgende cgtektronenmikroskopie
Experimente geschaffen. Auf dieser Grundlage erlangte Strukturen werden unser Verstandnis fur HAdV
Rezeptor Interaktionen erweitern umdithelfen das Potential von neunen HAdV Genotypen als

Impfaoffvektoren einzuschéatzen.






A. INTRODUCTION

A. Structure-function analysis of the human mitochondrial GTPase Miro

and its interacting partners

A.1 INTRODUCTION

Mitochondria are central organellggtregulatecellular functions by providingdenosine triphosphate
(ATP) ard buffering calcium In addition, mitochondria have an important role in cellular lipid
homeostasis as they take part in the synthesis of membrane phospholipids, steroids andXgrpenes
Moreover, mitochondrigoordinateapoptotic signallings their surface serves as meeting platform for
antiapoptotic and proapoptotic pems [2]. The spatial separation of apoptotic activators and their
targets isidemitochondria prevents apoptosis in healthy c@lging their life cycle, mitochondria are
dynamic as they fuently undergo fission, fusion and changes in morphadtoggder to maintain their
shape, distribution and sif&]i [5]. Throughout these processes, the inner organisation of mitochondria
comprising the mitochondrial outer membrane (MOM), the intermembrane space, (IMS)
mitochondrial inner membrane (MIMInd the mitochondrial matrixas to remain intag6], [7]. Due

to their furctional importance it is crucial that mitochondria tremsported to their target ait Cells

with high energy metabolism including neurons and muscle cells display a higher mitochondrial content
and enhanced mitochondrial activity and biogen@3i49]. In suchpolarised cellsmitochondria need

to travel over long distances to reach theie sif function and thewre requiredo be healthyand
functional upon arrivglL0]. The diversity of polarisedells requires individually adapted mitochondrial
trafficking, one example being the different organisation of mitochondrial transport in dendrites and
axons of neuronsdijusting to the directionality of the transgda]. Mitochondrial transport in neurons

is mostly organised along microtubulésvertebratesmicrotubules in axons andstal dendrites have

a preferentiaplus-end-out orientatior{12], [13] while proximal dendrites display mixed orientations of
microtubuleq14]. In contrast, in invertebratedendrtic microtubules are oriented@usively minus
endout [15]. Mitochondrial transportation accommodates to the individual requirements with several
modes of transportation and a wisieread egulabry network. Mitochondrial dysfunction and
deficiencies in mitochondrial motility have implications in neurodegenerative disorders such as
Par ki nsono6s[lelijlgease ( PD)

A.1.1 Mitochondrial tansport

In neurons, about half of the mitochondria are statigreamgl the mean transport velocity of moving
mitochondria lies within the range of €210 um/s[19]i [21]. About 3®% of axonal mitochondria are
mohile at resting conditions with a similar velocity and motility in anterograde and retrograde direction
[21]. Cytoslic calcium levels regulate mitochondrial motilj82], which decreases at elevated calcium
levels and increases in the absence of cytosolic cali28in [24]. The longdistance bidirectional

transport of mitochondria is organised along microtubfdl&fand requires the interplay of the motor

1



A. INTRODUCTION

protein kinesin and thdynein motor complex (Fig. A.125]. In axonskinesinl and dynein cooperate
to achieve bdirectional mitochondrial movement. In contrast, in dendriteglirectional motility
depend solelyon dynein[25]. Mitochondria can badditionallytransported along actin filaments by
the myosin 19 (Myo19) motor protein, highlighting the versatility of mitochondrial traffick26g)
[28].
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Figure A.1: Mitochondria |l trafficking along microtubules in neurons.Long-distance transport in neurons is
organised along microtubules and facilitated by the motor proteins kinesin and dynein. Microtubules in axons have
a preferred plugndout orientation, therefore, kinesintise key motor for anterograde transport from the cell
body towards the synapse. The dynein motor complex is not only responsible for retrograde transport of
mitochondria in axons but is predominantly responsible for mitegfial motility in dendrites.

Key players of mitochondrial traffickinggn the mitochondrial surface are the mitochondrial Rho
guanosine triphosphate (GTP) hydrola@d Pasg (Miro) [21], [29], [30], an abundant mitochondrial
receptor proteinand the trafficking kinesibinding protein (TRAK)(Fig. A.1) [31], [32]. hMiro
directly interacts with kingin-1 in the absence of calciynmdependent of the presence of hTRIZK].

If mitochondrial arrest is achieved fykinesn-1 uncoupling from hMiro upon calcium bindifigQ],
2) kinesin1 dissociating from microtubules upon calcium binding Byrb [21] or if 3) docking of the
mitochondriatthroughsyntaphilin (SNPH)33] is required needdo be clarified Moreover, hMiro acts
as receptor for Myo19 thus enabling mitochondrial trafficking along actin filani2nils[28], [34]
hTRAK interacts not only with hMiro but additionalbinds tothe cargo binding domain of kinesin
heavy chairj31], [32], [35] Experiments irDrosophilamelanogastehave showrthat TRAK and the
kinesin light chain mighbind the kinesin heavy cha{KkHC) competitively[36]. In addition,hnTRAK
interacts with the dynein motor complex for retrograde transport of mitochof@fjaln hMiro
knockout cells hTRAK remainsassociated to mitochondri@8] and although fast loaganged
mitochondrial transport is inhibited, mitochondeee distributed in axon$28], [37], indicating the

presence of additional hTRAK receptors on the mitochondrial sui3&8¢e39].



A. INTRODUCTION

A.1.2 Human mitochondrial Rho GTPase Miro

Two human Miro proteinshMirol and hMiro2,were identified as GTPases from the public
deoxyribonucleic acidgNA) sequence database of the human genome pr{g&t he two proteins

share about 61% sequence ident&though originally classified as members of the Rho family of
GTPases[30], the structures of theGTPase domains of hMirg40], [41] display a number of
divergences, most notably tlaek of the conserved 13 amai acid rhehelix [30], [41]i [43]. Due to the
characteristic features of the Miro GTPases and the unigue overall domain organisation, the Miro
proteins are now considered to be members of their own protein family. Miro coniyitiseainal and
C-terminal GTPase doman(nGTPase and&TPase, respectivelyhat flanktwo calciumbinding EF

hand domainsand a Gterminal membrane anchffig. A.2, A) [30]. Klosowiak et al[40] introduced
ashortendnomenclature for the hMiro domaitabelling the nGTPase as A, the EF hand domains as B

and B, respectively, the cGTPase as C and the transmembrane domain as D (Fig. A.2, A).

The GTPases of hMirol and the cGTPase of hMiro2 share a commahdbldtypical for GTPases
andcomprigsfive distinct motfs: The Rloop motif engages with the phosphate groups of bound GTP,
the Switch 1 and Switch 2 motifat aredisplaced upon GTP hydrolysis, the G4 motif that mediates
interactions with the guanirtgase and the G5 maotif that stabilises the exocyclic oxygen of[@]P
The nGTPase of hMirol shares only 22% sequence identity with theage with an overaRoot
meansquare deation (RMSD) of 3.88 A, indicating that the GTPase domains of Miro might be
mechanistically distincfFig. A.2, E)[41]. The cGTPase of hMiro has been previoysigdictedto be
catalytically inactive, bua recentstudywith recombinant protein identifietthe cGTPase diMiro as
nucleotide triphosphateNTP) hydrolase[44]. The BF hand domains (EF1/EF2) of hMirol each
comprise a canonical EF hand (EFH1/EFH2) as well as acawoonical hidden EF hand
(LM-EFH1/LM-EFH2). The EF handsach consist of a canonical heloop-helix motif. While the
canonicalEF hands engage in calciumnkiing, the hidden EF handsabilise EFH1 and EFH2 with

t hei r a ndcdffgddaFigaA.d, BJ45]. Dhe hidden EF hands eachmurise an additiondielix

that has been termdidand-mimicking helix (LM) based on a structural comparison with the EF hand
domains of the neuronal calcium sensor 1 (NG$15]. In NCS1, a Gterminal loop segments folds
into a caviety formed by the EF hand domains mimiglka ligand in the absence of an interaction
partner[46]. The calcium binding EF hands of hMiarry canonical calcium binding loopkat
coordinate calcium in pentagonal bipyramiddshion(Fig. A.2, D) Theaspartic acid in th& andZ
position, the backbone oxygen interaction in tieposition andthe glutamic acid contributing two
oxygens in theZ position form the cornersf ¢he pentagonal plané\n aspartic acid sits in the X
position above the pentagonal plane and a water molecotmrdinatedn the -X position below in
both EFH1 and EH2 in the structure of calcium bound ib1L[40]. Although calciumbinding by Miro

has been demonstrat@9], [47]the structural data does not explain underlying confoomal changes

in response to ligand bindinghe human Miro proteins aret€rminally anchored to the MOM viaa

U-helical single transmembrane domgg0], [48].
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Figure A.2: The human mitochondrial GTPaseMiro. (A) Domain organisation of the human Miro proteins.
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domains (EF1/EF2)ith the cGTPase (PDHD: 5KTY) in the GDRbound stateThe canonicatalcium binding
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Orthologues of Miro can be found in eukaryotic organisms, incluBamgharomyces cerevisjiagere

Miro is called GemlpSchizosaccharomyces pomaenorhabditis elegan#é\rabidopsis thaliana
Drosophila melanogastgdMiro) andMus musculu§30]. Several isoforms of hMirol and hMiro2 are
produced by alternative splicing of thet&@minus, most of them maintaining the transmembrane
anchor. The physiological significance of the individual isoforms of hMiro is yet to be determined.
hMirol and hMiro2 aréoth abundantly expressed in all tissues. Mouse knockout (KO) studies revealed,
that while Miro° could be compensated by Miro1, the function of Mirol in late development is critical
and cannot be compensated by Miro2 in Mffbémbryog28].

Thehigh-resolutionstructural data on the Miro proteiageto date limited to apo, magnesium or calcium
bound structure of dMiro comprising the cGTPase and both EF hand donfdiflk and similar
guanosine diphosphat&DP), Guanosinég-[ ( bmethyleno]triphosphat€GMPPCBH or GDP and
calciumbound structureof hMiro1[40]. In additiona GTRbound structure of the nGTPase of hMirol
[41] and GDPbound structures of the cGTPase of hMirol and hMi#@ have been solved
(Fig. A.2,F). Taken togther, the structural data revdadw GTP and calcium binding is organised
within the Miro proteins. Additionaize exclusion chromatograpfyEC)small anglexX-ray scattering
(SEGSAXS) experiments reveal that in solution the conformation of hMirol i# between the
nGTPase and the first EF hand donjdit]. The organisation of the hMiro proteins on the mitochondrial
surface has to be determined. Recent super rasohaicroscopy experiments indicate that hMirol and
hMiro2 might engage in a macromolecular complex forming protein interaction platforms with a median
diameter of 100 nrf49].

A.1.3 Human Trafficking kinesitbinding protein

Mammals possess two distinct TRAK proteins, namely TRAK1 and TREK2, [51]. In 2002,

TRAK2 from rat was identified in a yeast tvinybrid screen with the-Aminobutyric acid (GABA)

r e ¢ e p-tL a@uring fa 2earch for interaction partners of the recef®}. Therefore,TRAK2 was

originally named GABA receptor interacting factor 1 (GRIF [52]. The two human TRAK proteins

were found in the same yearinagetwehy br i d screen f or i-GidinkedNact i on
acetylglucosamined-GIcNACc) transferase (OGT) and due to their direct interaction they were named
OGT interacting protein 98 (OIP98'RAK2) and OIP106(TRAK1), respectively[51], [53]. In
Drosophila melanogastesnly one TRAK protein, called Milton is present that was identified in 2002
asanimportant component of the mitochondrial trangsmystems irDrosophilaneurons and likely
interaction partner of KH{50]. Based on these experiments, adithwhal study in 2005 revealdédat

the human TRAK proteins engage in an interaction with KHC similar to Migth

The TRAK proteins are less conserved in sequeaogared tiMiro (Fig. A.3, C). Nevertheless, they
share a common f&rminal Huntingtorassociated protein 1 (HARIfike coiledcoil domain whereas
the Gterminal part of the TRAK proteins is more divergent and engages in ppotagin interactions

(Fig. A.3, A). However, most of the protein interactisiteson TRAK are not welldefined. While the
5
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TRAK proteins likely nteract with KHC via the Nerminal part of the proteif86], a recent study
revealed that the -@rminal region of TRAK1 gmino acids AA) 636:953) is sufficient for the
association with microtubulg85]. The hTRAK proteins have been shown to play distinct roles in the
directiondity of mitochondrial transporby their interaction with kinesii and the dynein motor

complex[25]. However, how exactly hTRAK1/2 interact with dynein remains elusive.

Milton has been shown to associate with mitochondria indepentidfitwvia the Gterminal part of

the protein (AA 8471116)[36], indicating the presence of a potential MOM affine domain in the C
terminal part of Milton. In hMiro1/2 knockout cells, hTRAK1/2 and their associatgdmproteins are

able to associate with mitochond[#8], suggesting an additional Miro independent MOM anchoring
mechanism. Moreover, eexpression of hTRAK1/2 with KHC is sufficient for mitochondrial transport
[28], hinting towards the existence of additional hTRAK1/2 receptors on the MOM. One possible
hTRAK1/2 receptor would be mitofusin 1/2 (Mfnl and Mfn2, respectiviblgdinteract with hMiro1/2

and hTRAK1/2[38], [39].

HGS binding site OGT binding site

hTRAK1 =— HAP1 domain
Miro binding site (MBS)
hTRAK2 — HAP1 domain
MOM association
Dm Milton HAP1 domain
KHC binding OGT binding
B ,\///,:\-\,‘ (’\/ﬁ‘ hTRAK1/2 C Sequence identity
/ . R
. ( h : w hTRAK1 hTRAK2
/‘ o~ hTRAK1 - 49.4%
sEneminnne, % Milton 31.2% 27.9%

] T
‘ P “’\' \\ b :b

~ ) O, N\ §
-—wrta.,).:,_’ 7 - . / P
Teww Aa - Yl o —__~ £
N W TMasRannnny

Figure A.3: Trafficking kinesin -binding proteins. (A) Domain organisation of the human TRAK proteins and

the Drosophila nelanogasteim RAK protein, called Milton. Protein regions which are sufficient for the binding to
interaction partners are only poorly defined by experiméi®$21 domain (salmon), Hepatocycte growth factor
regulated tyrosine kinase substrate (HGS) binditegy(mint green), OGT binding sitg€llow), Miro binding site

(MBS) (pink) and KHC binding sited@rk blud. (B) Alphafold[54], [55] structure prediction models of hTRAK1

and hTRAK2. Only the conserved coiledil HAP1 domain (salmon) aligns well. THg-terminal protein
interaction domains are mostly unstructured and might only become fully folded upon binding to the corresponding
interaction partner. The Mirol binding site (pink) of hTRAK2 is predicted as mostly unstructured and has to date
not been dined well. C) Sequence identity of the hTRAK proteins and Milton bagaed whole sequence
alignment.

Recently reported structure predictions of hTRAK1/2 (Fig. A.3, B) in the Alphafold Protein Structure
Databas¢b4], [55] suggest that thedterminal cded coil domain of hTRAK1/2 is the only intrinsically
ordered part of the protein. Large stretches of the protein are predicted to be unstructured and might only
be able to fold into a thre#imensional structure upon interaction with one or more inierapartners.

The interaction between the human Miro proteins and hTRAK1/2 is well estabjhed56]. The
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hMirol binding site of hTRAK2 is located within at€rminal section of hTRAK2 comprising amino
acid 476700, referred to as MB[57], whereas the nGTPase of hMiro1l is sufficient for the binding to
hTRAK2[56]. The Miro and TRAK proteins cooperate to coordinate mitochondrial transport, however,
they also form the bridge between mitochondrial trafficking, mitochondrial dynamics and the

communication with the endogliaic reticulum (ER).

A.1.4 The concerted transport of MIM and MOM

TheMIM and the MOM are connected by the mitochondrial contact site and cristae organising system
(MICOS) on the MIM and the sorting and assembly machinery (SAM) on the ¥BBM[62]. The
MICOS complex is required for maintenance of the cristae organisation and mitochondrial metabolism
[59] whereas the SAM complex mediates tlsesae mb |-barrelopfoteifis ithe MOM [63], [64].
hMirol1/2 capurifies with components of the mitochondrial intermembrane space bridging complex
(MIB) comprising MICOS and SAM and super resolution microscopy revealed théstigsoaf hMiro
macromolecular complexes on the MOM surface with MICOS nanoclygd@rsKnockout of both

hMiro proteins disrupts thmitochondrial cristae organisation anddAilepleted mitochondria show a
reduction of MICOS clusters on the MOdMiring transporf49]. The results of this study suggest a role

for Miro in coordinating the concerted transport of both mitochondrial membranes in order to maintain

the internal mitochondrial organisation during letigtance transport.

A.1.5 Mitochondrial transport is regulatéxy the acetylation of Miro

Hi stone deacetyl ase 6 (-tiuihdéagetylasps thdh aperates begioach t i f i
its nuclear functions by shuttling to the cytopld&®y], [67]. Il nhi bition o{ftubuihDACGE
acetylaion leading to the formation of stabilised microtubulesy. A.4) which has been shown to be
important for &aon regeneration in injured spinal cords]. In contrastthe central nemus system
growth inhibitors myelin-associated glycoprotein (MAG) and chondroitin sulfate proteoglycans
(CSPGs) decr ease-tubuindN-asted lyil tirtaynsdfer abe -{HUIRAT) t
acetylation[69]. Re c e n't research established a connectio
activation of HDACG6 through MAG and CSPGs initiateghsforming protein RhoARhoA) signalling
[70]. RhoA activation increases cytoplasmic calcium levels, which leads to the calependent
activation of HDACE71].As a rtebdini$ deacetylatetty HDAC6[72] andfurther acetylation
is inhibited.
The mammalian Miro proteins undergo posttranslational modifications (Patifferent positions
(Fig. A.5, A). Acetylation can occur at te distinct sites (Fig. A.5, A): Within the nGTPAse (K92), the
cGTPase (K512) and near the transmembrane domain (K&3]6)74]. Rat Mirol has been identified
asa substrate of theahcetylase HDACG6 (Fig. A.4¥1]. Deacetylation of Mirol at K98ecreases
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mitochondrial membrane potential and transport in axons. Moreover, the-maegglic mutation of
Miro K92Q prevents calciurdependent mitochondrial arr¢gt], suggesting a role of Miro acetylation
in alteiing the calcium sensitivity of the protein. The mechanisms controlling Miro acetylation and how

the calcium sensitivity of Miro is affected by the K92 acetylation remain to be determined.

Miro1-Ac Miro1 ——» mitochondrial arrest

HDAC6

N

Morestable , (AC-C(—tUbU”@ ( a-tubulin )

microtubules

aTAT
MAGJCSPG RhoA Rock cytoplasmic
Ca?*-level
Figure A.4: Regulation of actin depolymerisationinaxonsUTAT i s responsi bl-tabulinor t he ac
which | eads to the generation of microtubules with incr

t h eubulin deacetylase HDAC6 through RhoA signalling. Activated HD/@6itionally deaceylatesMirol
which leads to mitochondrial arreRock = Rheassociated protein kinase.

A.1.6 Peroxisomal trafficking is mediated by Miro and TRAK

Peroxisomes are small organelles that carry high concentrations of metabolic enzymes which are
important for manycellular functions such as beta oxidation, the neutralisation of reactive oxygen
species, bile acid synthesis or maintaining the redox equilibif&j Similar to mitochondria, they
needto be transportedowards their site of function. A Mirol splice variant comg an additional
C-terminal insertion76] between the cGTPase and the transmembrane domain localises to peroxisomes
with the help of aytosolic peroxin (Pex19p) recepidi7], [78]. Peroxisomal transport is dependent on

the function of the hMiro1 nGTPase, as peroxisomes are not targeted to the cell periphery in the presence
of a dominanhegaive mutant of the nGTPase but are instead scattered throughout the cyfgi@asm
While retrograde transport of peroxisomes along microtubules is organised similarly to mitodhondria
transportvia hTRAK1/2 and the dynein motor compl§5], anterograde transport utilises hMiro,
kinesin 14B and peroxisome biogenesis factor 1 (PEd]) Further studies are needexelucidate
whetherperoxisomal trafficking depends on calcikgansing by Mirg similar to mitochondrial arrest

occurring at elevated calcium levels
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A.1.7 hMiro in mitochondrial fission and fusion

hMiro& functions are not strictly limited to trafficking, but extended to other aspects of mitochondrial
dynamics, includindission and fusionMitochondria constantly undergo fission and fusioerdiy
changing their morphology to adapt to the cellular environment. Mitochondrial fission plays a central
role in the distribution of mitochondria during cell division and the reahof damaged parts of the
mitochondrial network during heightened cellular str¢88]. Fusion is critical in embryonic
development and at latdevelopmental stagedlowing cells to adapib higher demands of oxidative
metabolism[81], [82]. While deletion of Gemlp, the yeast Miro, only affects thochondrial
morphologywithout interfering with fission and fusion procesg488], Miro in higher eukaryotes is
directly contributing to fission and fusioiithe depletion of dMiro or hMirol/2considerably alters
mitochondrial morphologj28], [84] dependent on hMiro calcium bindif¢g] and thenucleotide state

of the nGTPase of Mir¢80], [56]. Moreover, the Miro proteins directly influence mitochondeab
peroxisomalfission by inhibitingthe recruitment of thelynaminl-like protein(Drpl), the master
regulator of mitochondrial fissigiby the mitochondrial fission protein 1 (Fisl) recepi8], [85]. The

role of Miro in mitochondal fusion is less explored, however, the close linkage of the-WRAK
complex to the mitochondrial fusion proteins Mfn[38], [39] prompts towards a potential connection.
Notably, hnTRAK1 has been demonstrated to influence mitochondrial fragmentation in He[8%]ells
Moreover, hTRAK1 cdocalises withMfn1/2 but not Drpl othe MOM indicating the linkage with
mitochondrial fusion rather than fission. Although there is evidence for a role of theT RkK
complex in the control of mitochondriadorphology it is not cleathow mitochondrial dynamics and

trafficking are connecteby these prgins

A.1.8 hMiro at ERmitochondriacontact sites

Calcium and phospholipid exchange between mitochondria and the ER occurngitoERondria
contact sites (ERMCYB6]. The physical bridge between the ER and mitochondria is formed by a
multitude of protein$87]. While the composition of the contact sites in yeast, calleenE&chondria
encounter struare (ERMES) is well establishd@8], fewer details are known for the ERMCS in
mammals. In yeast, the ER anchored Maintenance of mitochondrial morphology protein 1 (Mmm1)
forms a complex with the Mitthondrial distribution and morphology protein 12 (Mdm12) and Mdm34
which are engaging in the interaction with the MOM t koarmel prioteifdm10[89]. Gemlp, the

yeast orthologue of Miro regulates formation of the ERMES complex and the regulation depends on the
functionality of the GTPase domains of Gem]gs], [90], [91]. Furthermore a calciumbinding
deficient mutation of the EFH1 of Gemigduces localisation to the ERMES complex and ERMES
formation, similarly to inactive or GThinding deficient nGTPase mutanf47], [90]. Likewise,
mammalian Miro plays a critical role in the formation and functionality of ERMCS. Double knockout

of hMirol and hMiro2 significantly redes ERmitochondria contact®l9]. Moreover,Miro interacts
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with the ERMCS proteins Mfn2 aridisrupted in schizophrenia proteinRISC1) [38], [92]i [94], thus
establishing a link between the concerted transport of the mitochondrial membranes through MIB and

the regilation of the ERMG formation.

A.1.9 The role of hMiro in PINK./Parkin mediated mitophagy

Damagedand dysfunctional mitochondria are cleared from cells in a process called mitdpbagy
[96]. The Phosphatase and tensin homologue (PTFEMuced putative kinase 1 (PINKParkin
pathway(Fig. A.5, B) initiates ubiquitindependent mitophagy of depolarised mitochon@7a.

In healthy mitochondria, PINK1 gets imported into the mitochondrial matrix through the Translocase of
the outer membrane (TOM) compl¢88] and cleaved by the Preseniliassociated rhomboiike
protein (PARL)[99]. In contrast, in depolarised mitochondria, PINK1 interacts with the TOM complex,
is stabilised on the MOM and dimerizes before it cross phosphorylates itself to becomglaftjve
Subsequently, PINK1 phosphoryat Parkin and ubiquitin. Phosphorylated Parkin undergoes
conformational chargg, binds tghosphorylated ubiquitjriransiently localises to the MOM and binds

the E2 ubiquitirconjugating human enzyme 8 (UbcH8D1]. Fully active Parkin ubiquitinates its

substrates on the M@in an E2dependenimanner.

hMiro initially associates with the Leucimeh repeat kinase 2 (LRRK2)102], and PINK1
phosphorylates hMirol at AA S156, T298 and T29§. A.5, A)[103], [104]prior to the ubiquitination

of hMiro by Parkin[105]. Although many ubiquitination sites have been reported for hMiro, Parkin
preferentially ubiquitinates hMiro at lysine K572 in the cGTH46& [106]. The recruitment of Parkin

to the MOM of depolarised mitochondria is dependent on hMiro calcium binding and hMirol
ubiquitination atysine K572 [107] or phosphorylation of hMiro2 at serin€3825 andsS430 by PINK1
[108]. Hereafter, PINK1 phosphorylates ubiquitin chains on Parkin substriieb accelerateshe
formation of the ubiquitin chaimMutations in PINK1[109], Parkin[110] and LRRKZ2[102] have been
shown to cause eariynset PDand mutations of hMiro can be found in PD patigdts1]i [113]
indicatingthe importance of the removal of hMiro from the surface of depolarised mitochdodria

mitochondrial clearance

10



A. INTRODUCTION

A SW | %
1 MKKDVRILLVGEPRVGKTSLIMSLVSEEFPEEVPPRAEEITIPADVTPERVPTHIVDYSE AE 62

SW I Agyb Ulb

63 QSDEQLHQEISQANVICIVYAVNNKHSIDKVTSRWIPLINERTDKDSRLPLILVGNKSDLVE 124

Ulb , nGTPase ub

125 YSSMETILPIMNQYTEIETCVECSAKNLKNISELFYYAQKAVLHPTGPLYCPEEKE MKPACI 186
Ub Ub EFHA1 Ub Ub

187 f{ALTRIFI"(ISDQDNDGTLNDAELNFFQRICFNTPLAPQALEDV&NVVRI%HISDGVADSGLTL 248
Ub

249 II<GFLFLHTLFIQRGRHETTWTVLRRFGYDDDLDLTPEYLFPLLKIPPDCTTE LNHHAYLFLO 310

U|b EFH2
311 STFDKHDLDRDCALSPDELKDLFKVFEPYIPWGPDVNNTVCTNERGWITYQGFLSQWTLTTYL 372
Ub
373 DVQRCLEYLGYLGYSILTEQESQASAVTVTRDKKIDLQKKQTQRNVFRCNVIGVII(NCGKSGV 434
SW I SW I
435 LOALLGRNLMRQKKIREDHKSYYAINTVYVYGQEKYLLLHDISESE FLTEAEIICDVVCLVY 496

Ac\:yb Ulb cGTPase
497 DVSNPKSFEYCARIFKQHFMDSRIPCLIVAAKSDLHEVKQEYSI SPTDFCRKHKMPPPQAFT 558

Uo TIAC
559 CNTADAPSKDIFVKLTTMAMYPHVTQADLKS STEWLRASFGATVFAVLGFAMYKALLKQR 618

iro and other
Parkin substrates

Phosphorylation

Figure A.5: hMiro is a substrak of Parkin in the PINK 1/Parkin pathway of mitophagy. (A) PTMsin the
sequence of hMirol, including acetylation sites (Ac, rose), phosphorylation sites (P, cyan) and ubiquitination sites
(Ub, orange). The domain organisation of hMiraid the nucleotide stabilising Switch | and the nucleotide
hydrolysis regulating Switch Il regions of the GTPase domains are indidaj@do@el d PINK1/Parkin mediated
mitophagy. Ypon membrane depolarisation PINIS stabilised by the TOM complex onetMOM, dimerses and
crossphosphorylates itself. LRRKi2 activated andnhteracts withMiro and PINK1 phosphorylates Mir@INK1
phosphorylates ubiquitin and Parkend phosphorylated Parkin undergoes conformational changes and binds
phosphorylated ubidiin to become fully active. Parkiis transiently stabilised on the MOM and starts
ubiquitinating substratesPINK1 phosphorylates ubiquitin chains on substratésis acceleratip the
ubiquitination by Parkin.
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A.1.10 The yeast mitochondrial import proteiniiM2

Mitochondria originate from an ancient endosymbiontic ey&ht] and have since then acquired

numerous additional cellular functions. The small banof genes in the mitochondrial DNA is in stark

contrast to the large number of mitochondrial proteinsa é@nsequence, mitochondria carry multiple

protein complexes responsible for protein translocation within the MOM and theTWivmain protein

translocase of the MOM is the TOM complEiXL5], which acts aghe access gateway for most of the
nuclearencoded mitochondrial proteifikl6]. In addition, theSAM complex functions in the insertion

o f -bafrel proteins into the MONLL17], [118] Ho we v e r , most protehelitkd of the
singlespan or multiplespan transmembrane anchors. In ydhsy are inserted into the membrane with

the help of the MOM mtein Mitochondrial Import (Min) complex.

The Mimcomplex consists of the 13 kDa Mitochondrial Import protein 1 (Mifhl1®], [120]and the
10 kDa Mim2[121]. Recent research established three independent nguisafor Mm assisted
protein integration into the MONIL22]. (1) The Mim complex accepts singlpan or multiplespan
precursor proteins from the Tom70 receptor (Fi@, A) [119], [120] (2) Mim independently integrates
singlespanning proteing122], [123] and (3) Mm promotes the assembly of TORubunits in
cooperation with the SAM complg23]i [127], rendering Nim a versatile protein &nslocase.

Although the Mm complex isfungi-specific and notonserved in mammalsequentially distinct
functional analogues of the Mim complex can be found in other orgardscendidate for a ptein

t hat facil it a-helical MOM pretgns aimiliarty no Maf, is the Peripheral archaic
translocase of the outer membrane 36 (pPATOMS36) of the protokggranosoma brucdil28]. Only
recently, the human mitochondrial carrier homolog 2 (MTCH2) protein has been ideadifieskrtase

f o theliddl MOM proteing129].

Cytoplasmic

G-

Figure A.6: Mim 2 is a component of the mitochondrial outer membrane import machinery(A) Model of

the Mim complex (pink) f unct i oni ng a s-hdital euters membrane @roteingB) Dotdain
organisation of MI M2 i -hetix TihelNterminug of Mim2 is nagatvelyecmatgedamie U
located at the cytoplasmic site of the MOM. Thdée@ninus comprises many positively charged residues and
points towards the IMSC) Alphafold[54], [55] modelof Mim2 from Saccharomyces cerevisiaelored forper

residue confidence score (pLDDT). Very high pLDDT (>90) in red and very low pLDDT (<50) in Dhee.
transmembrane domain (TM) is iedied by a lzck line.
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Mim2 was identified in a immunoprecipitation assay coupled to stable isotope labelling with amino
acids in cell culture (SILAC) as interaction partner of Mifa21]. Although Mim2 is conserd in

fungi such asSchizosaccharomyces pomlitehas no homolages in higher eukaryotes. Mim2 is an
integral protein of the MOM with the-@rminus facing théMS (Fig. A.6, B)[121]. Recently reported
structure prediction models from the Alphafold datatjad$ [55]s u g g e s t -helical becogdary U
structure content for Mh2 (Fig. A.6, C)and a lack of tertiary structure motifs, likely due to the small
size of the protein. However, Mim1 and Mim2 are components of a high molecular weight complex
[123], [126], [130], [131] likely formed by several copies of the two proteins. Moreover, Mim1 and
Mim2 have been shown to function in the same molecular pathway. Deletion of Mim2 changes
mitochondrial morphology and reduces the biogenesis of mitochondrial proteins. Furthermore, the
import of multispanning proteins into the MOM is compromised in mitochondriarigdviim2[121].
Structural data on the whole Mim complex would be of assistanaederstandindpow integration of

pr ot ei rhelicawransrhemhfanaehor into the MOM is achieved.
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A. OBJECTIVES

A.2 OBJECTVES

The focus of the first project of this dissertation is the structural and functional characterisation of the
hMiro proteins. To date, higtesolution structural data on hMirol#2elimited to parts of the proteins
and do not explain the underlyingnformational changes the protesre expectetb undergo in order

to fulfil their multifaceted functions. The so far obtained structural data on hMi#Qy241] has been
determined with recombinant protein without the help of crystallisatiaperiors. Lowresolution
SEGSAXS experimentg41] indicate the existence of a potentially flexible connection between the
nGTPase and EF1 of hMirabat likely is crucial for mediating structural changd® increase the
charces for successful structure determinat@md to stabilise the flexibly linked nGTPase, the
development of hMirol specific nanobodies binding to different parts of the pnoteoilaboration

with Funmi Fagbadebo(group of Prof. Rothbauef?harmaceutical Biotechnology, University of
TlUbingen)was plannedFor this purpose, the expression and purification of hMirol short ademgith

constructs was established and optimised. Thereatfter, the tasks at hand comprised:

A Stabilisation of the protein with the aim of determingtguctural data
A Characerisation of the protein in presence of its fpwotein ligands

A Transfer of established protocols to hMiro2

Moreover, patientderived PD related mutations diMirol (group of Dr. Julia FitzgeraldHertie
Institute for Clinical Brain Research, University Biibinger) that induce altered cellular properties
were purified and characterised. Through this, the connection between structural alterations of hMiro

and the disruption of the interaction of hMiro with PINK1 and Parkin was supposed to be addressed.

Furthermore, the interaction with the wektablished binding partner of hMiro in mitochondrial
trafficking, hTRAK2, was analysed.o date, no thredimensional structural information of TRAK is
available, likely due to extended flexible stretches withingratein. Proper folding of the hMirol
binding site of hTRAK might happen in a hMiralependent mannarpon interaction, therefore,

establishing a complex between the proteins will be crucidhfocharacterisation of hTRAK.

The second part of the projdotussed on the optimisation of the purification of Mim2 and the analysis
of the crystallisation potential of the proteMim2 as part of the Mim complex is responsible for the

i ncorporation of -peficaltransmembrahesanchoo sashMirogintosthe MOM

in yeast. Obtaining structural data will hetpunderstandhe mechanism of membrane incorporation

and increase the chaes for fnding functional homologesin higher eukaryotes.
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A. MATERIAL SAND METHODS

A.3 MATERIALS AND METHODS

A.3.1 Materials
A.3.1.1 Chemicals

Table A.1: List of chemicals and suppliers used in the hMirol project

Acetic acid

Acrylamidebisacrylamide solution Rotiphorese® 30% (v/w)
Agar-agar

Agarose

N-Z-amine AS

Ammonium persulfate (APS)

Ammonium sulfate (NH4)2:SQx)

Ampicillin

Bluo-gal

Bromophenol blue

Calcium chloridgCaCkb)

Chloramphenicol
N-Decytb-D-maltopyranoside (DM)

Desoxy nucleoside triphosphate (ANTP)
Dimethyl sulfoxide (DMSO)

Dipotassium hydrogen orthophosphafeHP Q)
Disodum hydrogen phosphatlg&HP Q)
Dithiothreitol (DTT)
N-Dodecytb-D-maltopyranoside (DDM)
Ethanol

Ethylenediaminetetraacetic acid (EDTA)
Fetal bovine serum (FBS)

Gentamycin

Glacial acetic acid

D-(+)-Glucose

L-Glutamine

L-Glycine

GDP

GTP

Guanosiné-[ (  -Bmjdo]triphosphatéd GMPPNP)
Heparin, tissue culture grade
(4-(2-hydroxyethyl}1-piperazineethassulfonic acid (HEPES)
Imidazole

Isopropanol
Isopropytb-D-thiogalactopyranoside (IPTG)
Kanamycin

U-Lactose

Lysogeny broth (LB) Miller

Magnesium chloride (MgG)

Magnesium sulfate (MgS{
b-Mercaptoethanol

Methanol

Milk powder (MP)
3-(N-Morpholino)propanesulfonic acid (MOPS)
N-Octyl-b-D-glucopyranoside (OG)
Polyethylene glycol 500 (PEG 500)
Polyethylene glycol 6000 (PEG 6000)
Ponceau S

Potassium chloride (KCI)

Potassium dihydrogen phosphatgiP Q)
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Roth

Roth

Roth

Roth
SigmaAldrich
Roth

Merck
SigmaAldrich
Biomol

Roth
SigmaAldrich
SigmaAldrich
Cube Biotech

Genaxxorbioscience

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
Cube Biotech
Roth

Roth

Thermo Fisher 8entific

Roth
Roth
SigmaAldrich

Thermo Fisher Scientific

SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
SigmaAldrich
Roth

Roth

SigmaAldrich

VWR International

SigmaAldrich
SigmaAldrich
Roth
SigmaAldrich
SigmaAldrich
SigmaAldrich
Merck

Roth
SigmaAldrich
Cube Biotech
SigmaAldrich

Fluka Analytical

Roth
SigmaAldrich
SigmaAldrich



A. MATERIAL SAND METHODS

Table A.1, continued List of chemicals and suppliers used in the hMirol prict.

Reduced glutathione
Sodium chloride (NaCl)
Sodium dodecyl sudte (SDS)
Tetracycline

Tetramethylethylenediamine (TEMED)
Tris(2-carboxyethyl)phosphine (TCEP)

Tris(hydroxymethyl)aminmetharm (Trizma®-Base, Tris Base

Tris(hydroxymethyl)aminmethare hydrocHoride (Tris HCI)

Tryptone
TWEEN®-20
Yeast Extract

A.3.1.2 Vectors, enzymes and cloning material

SigmaAldrich
Roth
Roth
Roth
Roth
SigmaAldrich
SigmaAldrich
SigmaAldrich
Roth
SigmaAldrich
Roth

Table A.2: Cloning vectorsfor hMiro1/2 and hTRAK1/ 2 constructs as provided by manufacturer

pET28a(+)
pFastBAcl
pGEX-4T-1
pPMAL -c4x

BioCat, Germany or Genscript Biotech, Netherla
BioCat, Germany or Genscript Biotech, Netherlal
Genscript Biotech, Netherlands
Genscript Biotech, Netherlands

Table A.3: Enzymesused for cloning, protein purification and tag cleavage

BamHIHFE

Benzorase® nuclease

Bglll

Dpnl

EcoRIHF E
ExactRunDNA Polymerase
Hindlll-H F E

Ncol-H F E

Ndel

Notl-H F E

Q5® highfidelity DNA Polymerase
TEV protease
Xbal

Xhol

New England BioLabs
SigmaAldrich

New England BioLabs
New England BioLabs
New England BioLabs
Genaxxon biosence
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
New England BioLabs
In-house production
New England BioLabs
New EnglandBioLabs

Table A.4: Sequencing primerfor bacmid cloning control PCR.

pUC/M13 forward
pUC/M13 reverse

Table A.5: DNA purification and virus extraction kits .

5-BCCAGTCACGACGTTGTAAAACG3 N
5-NGCGGATAACAATTTCACACAGG-3 N

Bacul oQUA NIN®NRVMirls extaction and titration kil Oxford expression technologie

GenEI

ut eE HP Pl asmid

Mi ni

PureLink HiPure Plasmid DNA Miniprep kit
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A. MATERIAL SAND METHODS

A.3.1.3 Buffersand media

Table A.6: Protein purification and other buffers.

1% Agarose in TAE

10g/L ajarose, 20 mL TAE buffer 50x, to 1 L with,&

Cobalt IMAC buffer

CobaltIMAC solubilisation
buffer

25 mM HEPES Bl 7.5 300 mM NaCl, 1 mM MgG| 1 mM DTT,
10 mM imidazolepH 8.0
25 mM HEPES pl 7.5 300 mM NaCl, 1 mM MgG| 1 mM DTT,
10 mM imidazolepH 8.0

Dialysis buffer

25 mM HEPES pl 7.5 300 mM NaCl, 1 mM MgG| 1 mM DTT

HAdVG52-FK buffer

30 mM Tris pH 7.5, 150 mM NacCl

GST buffer
GST elution buffer

GST solubilisation buffer

25 mM HEPES pl 7.5 300 mM NaCl, 1 mM MgG| 1 mM DTT
25 mM HEPES pH 7.5, 300 mM NacCl, 1 mM MgCl mMDTT,
10 mM reduced glutathione

25 mM HEPES pH B, 300 mM NaCl, 1 mM MgG| 1 mM DTT

IEx buffer low salt
IEx buffer high salt

25 mM HEPES pl 7.5, 20mM NaCl, 1 mM MgC}, 1 mM DTT
25 mM HEPES pl 7.5 1 M NaCl, 1 mM MgCh, 1 mMDTT

Intein elution buffer

Intein high salt buffer
Intein low salt buffer
Intein solubilisation buffer
Intein wash buffer

20 mM HEPES pH 8.0, 500 mM NacCl, IMMgClz, 30 mM DTT
20 mM HEPE®H 7.4, 1 M NaCl, 1 mM MgGl

20 mM HEPE®H 7.4, 100 mM NaCl, 1 mM Mgel

20 mM HEPES pH 7.4, 500 mM NaCl, 1 mM Mggl

20 mM HEPES pH 8.0, 500 mM NacCl, IMMgCl,

IMAC elution buffer
Nickel IMAC buffer

Nickel IMAC solubilisation
buffer

25 mM HEPES pl 7.5 300 mM NaCl, 1 mM MgG| 1 mM DTT,
500mM imidazolepH 8.0

25 mM HEPES pl 7.5 300 mM NacCl, 1 mMvgCl,, 1 mM DTT,
20 mMimidazolepH 8.0

25 mM HEPESH 7.5 300 mM NaCl, 1 mM MgG| 1 mM DTT,
20 mM imidazolepH 8.0

Ponceaued staining solutior

50 mg pnceau S, 2.5 mL acetic acid, 47.5 miO

4x SDS sample buffer

30 mL glycerol, 10 mL 10% SDS, 1.63 mL 0.5 M EDTA pH 8.0,
4mL -nfercaptoethanol, 20 mgdmphenol blue, 13 mL D

SEC buffer
SEC buffer Min2
SEC buffer Min2 phosphate

25 mM HEPES pl 7.5 300 mM NaCl, 1 mM MgG| 1 mM DTT
20 mM MOPS pH 8.0, 300 mM NacCl
20 mM dium phosphate buffer pH 8.0, 300 mM NaCl

TAE buffer 50x

242 g/L Trizma lase 57.2 mL glacial acetic acid,
10mL 0.5M EDTA pH 8.0, to 1 L with HO

TB buffer 10x

23.1 g/L KHPQ, 125.4 g/L KHPO,

TBST
TBS-T with milk powder

Transferbuffer

Table A.7: E. coli growth media.

20 mM Tris pH 7.5, 150 mM &Cl, 0.5% TWEENE®20
20 mM Tris pH 7.5, 150 mM &I, 0.5% TWEEN®20, 5% MP
3.025 g Tris base, 14.4 gdlycine, 200 mL rethanol, 806mL H»O

5052 50x

LB medium
LB agar

NPS 20x
SOC medium 2% tryptone,
B

TB medium
Y

ZY medium

250 g glycerol, 25 gB+)-g | u c 0 s e-lacto4eQ 730 ngl_ O
25 g/L LB Miller in H.O

25 g/L LB Miller, 15 g/L agasagar in HO

66 g/L (NHy)2SQs, 136 g/L KHPQy, 142 g/L NaHPQy in H20

0.5% yeasixtract, 10 mM NaCl, 2.5 mM KCI, 10 mM Mggl

10mM MgSQ,, 20 mM glucosén H,O

12 g/L tryptone, 24 g/L yeast extract, 5 g/L glycenoH.O
90% TB, 10% TB buffer 10x

10 g/L N-Z-amine AS, 5 g/L yeast extraict H,O

2% 5052 50x5% NPS 20x, 1 mM MgS£93% ZY
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A. MATERIAL SAND METHODS

A.3.1.4 Cells and culture medium

Table A.8: E. coliand insect cells and corresponding culture growth media.

Cell line Manufacturer Medium Manufacturer
ArcticExpress| In-house production ZY medium
BL21 (DE3) | In-house production TB medium
ZY medium
DH10Bac In-house production LB medium
SOC medium
DH5U In-house production LB medium
SF9 Thermo Fisher Scientificl SF39 0 0 E I S| Thermo Fisher Scientific
Gr aceds i ns|Thermo Fisher Scientific
medium unsupplementeg
HighF i v e| Thermo Fisher Scientifict Ex pr e s s F i v | Thermo Fisher Scientific
Rosetta 2 In-house production LB medium
(DE3)
Shuffle® T7 | In-house production ZY medium

A.3.1.5 Reagentsndscreens

Table A.9: List of reagentsused in the hMirol project

Celfect i nE 11 reagent
c Omp | et e-free Bridtdage inhibitors
CutSmart® Buffer
ECLE Western
ExactRun buffer

Gel Filtration Calibration Kits (Lav/High molecular weight
GelRed®

GeneRuler 1 kb Plus DNAddder

G o a-tnoutk antibody

Instant blue®

Izit Crystal Dye

Malachite Green Phosphate Assay Kit

Mouse -hi$ antibody

Protein Thermal Shift DyeKt E

Q5® GC enhancer

Q5® reaction buffer

Page RulerE prestained
Page RulerE unstained
Pentillin-Streptomycin solution 100x

Purple loading dye 6x

Rotiphorese® 10x running buffer

bl ot ti det

ng

pr
pro

Table A.10: Commercial crystallisation <reens.

The Cation Suite Qiagen

Cryst al S c r e ¢ Hampton Research
JCSG+ Site Qiagen

Morpheus® Molecular Dimensions
PEG/ |l on HTE Hampton Research
Wizard Classic 1 and 2 Blog Molecular Dimensions
Wizard Classic 3 and 4 Blog Molecular Dimensions

18

Thermo Fisher Scientific
Roche

New England BioLabs
SigmaAldrich
Genaxxon bioscience
GE Healthcare
Biotium

Thermo Fisher Scientifi
Novagen

Abcam

Hampton Research
SigmaAldrich
Novagen

Applied Biosystems
New England BioLabs
New England BioLabs
Fermentas

Fermentas

Genaxxon bioscience
New England BioLabs
Roth



A. MATERIAL SAND METHODS

A.3.1.6 SDSPAGE

Table A.11: Protocol for casting of SDS gels

Chemicals Stacking gel Separating gel 129 Separating gel 159
Rotiphorese® gel 30% 5.85 mL 27 mL 33.8 mL
1.5 M Tris/HCI pH 8.8 16.9 mL 16.9 mL
1.5 M Tris/HCI pH 6.8 7.5mL
10% SDS (w/v) 450 uL 677 uL 677 uL
TEMED 45 pL 67.5 uL 67.5 uL
10% APS (w/v) 450 pL 677 pL 677 pL
H20 27.5mL 22.5mL 15.7 mL
A.3.1.7 Consumables
Table A.12: Overview of consumable materials used in the hMirol project
Amicon® Ultra 0.5 mL centrifugal filters (MWCO 10 kDa) Merck

Amylose Resin

Blotting paper 703

Chitin Resin

Coli RollersE plating beads
Corning®Costar®Spin-X® centrifugal filters (0.22 uM)
Corning® Erlenmeyer culture flask (125 mL, 250 mL, 500 mL)
Cover slides 1:542-C

Cryotubes

Glutathione Agarose Resin

Gravity flow columns, empty

GSTrapE FF column 5 mL
Hi sPurE Cobalt Resin
HisTrap FF Crude column 5 mL

Hi TrapE Q FF column 5 mL

Hi TrapE TalonE Crude col 5
INTELLI-PLATE® 96

Membrane filter (0.22 pM)

Mi ¢ r o Aaptcadt 8 caPCRstrips
Mi croAmpE optical
Microtiter plate, 96éwell

Pasteur pipette glass

PCR tubes (0.2 mL)

Petri dishes
PiercekE
Pipette tips
Plastic cuvettes
Polyolefin cover foil

Reaction tubs (1.5 mL, 2.0 mL, 15 mL, 50 mL)

Rothi®PVDF membrane (0.45 uM)

Serological pipettes (2 mL, 5 mL, 10 mL, 25 mL, 50 mL, 100 mL)
Slide-A-Lyzer® Mini dialysis devices
Spectral/ Por Brand M&WCQE kDa
Syringes (1 mL, 5 mL, 10 mL, 30 mL)

Syringetop filters (0.22 pM)

Tissue Culture Plates 6 well

Vivaspi nE 20 centrifugal

umn

adhesive fi

protein concentrators

me m

concen

50kDa, 100 kDa)

19

New England BioLabs
VWR North america
New England BioLabs
Novagen

Corning

Merck

Fischer Band

Greiner BicOne

Serva

Bio-Rad

Cytiva

Thermo Fisher Scientific
Cytiva

Cytiva

Cytiva

Art Robbins Instruments
Millipore

Applied Biosystems
Applied Biosystems
Greiner BioOne

neolLab

Peqglab

Greiner BioOne

Thermo Fisher Scientific
Herbe Plus

Sarstedt

HJ-Bioanalytik GmbH
Greiner BicOne

Roth

Greiner BioOne

Thermo Fisher Scientific
Thermo Fisher Scientific
Greiner BioOne

VWR international
Greiner BioOne
Sartorius



A. MATERIAL SAND METHODS

A.3.1.8 Instruments

Table A.13: List of hardware and instruments.

AKTA Basic

AKTA Micro (Ettan LC)

AKTA Prime Plus

Autoclave VX 95

Centrifuge 5415 D

Centrifu;e Her aeusE
CERTOMAT® R/HK
Chemi DocE M®stdmmagi ng
CP323S0CE scale

Cryo loops (0.05.5 mm)

Digital Sonifier

DNA electrophoresis cell

Enzyme mini cooler

Eppendorf Thermomixer comfort
FastGene®

Rul tifuge

FiberliteE bottle for SL
Gryphon crystallisation robot

Heating block Neoblock 1

Hellma macro cuvette 11QS 1 mm

Hellma ultramicro cuvette 105.20QS 3 mm
HeraeusE function |ine i
HERAsafe®

HiLoad SuperdexE 75 16/ 60
HiLoad SuperdexEmmR00 16/ 6
i CyclerE Thermal Cycl er

IKAMAG® magnetic stirrer Mini MR standard

Infors HT Multitron incubation shaker

Intelli-Mi x e r E2L Rtstor

MAR345 detector

Mi ¢ r o M@&HE microfocus Xay generator
Microscope Leica DMIL

Microscope Leica MZ 16

Microscope Leica MZ 95

Microwave

Milli -Q-Nerj

Mini-PROTEAN electrophoresis system

Nalgene® Mr. Frosty

Nanodrop NB1000

Neubauer improved counting chamber

Nylon and pins

Peristaltic pump (EconoPump)

Polyallomer bottles 50 mL for S3 rotor

pH meter BP11

Pump P500 (Fast protein liquid chromatographyRLQO))
Quant St udlime-PCRRe a |

Sartorius ME premium semi micro scale

SLC40@® rotor

Smart SpecE Pl us
Sorval |l kscef@ifuge P I
Spectropolarimeter-320

SS34 rotor
Superdex
Super dex

spectrop

e 3.2/ 3

c S
3.2/30

a

[T» TP

i ncr e
75 PC
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Amersham Pharmacia Biotec
GE Healthcare

GE Healthcare

Systenic

Eppendorf

Thermo Fisher Scientific
Sartorius

Bio-Rad

Sartorius

Molecular dimensions
Branson

Bio-Rad

VWR International
Eppendorf

NIPPON Genetics Europe
VWR International

Art Robinson Instruments
neolLab

Hellma

Hellma

Thermo Fisher Scientific
Thermo Fisher Scientific
Cytiva

Cytiva

Biorad

VWR International
Infors HT

ELMI

Mar

Rigaku

Meyer Instruments
Meyer Instruments
Meyer Instruments
Parasonic

Millipore

Bio-Rad

SigmaAldrich

Thermo Fisher Scientific
Marienfeld Superior

GE Healthcare

Bio-Rad

Beranek

Sartorius

Pharmacia

Thermo Fisher Scientific
Sartorius

Thermo Fisher Scientific
Bio-Rad

Thermo Fisher Scientific
JASCO

Thermo Fisher Scientific
Cytiva

GE Healthcare



A. MATERIAL SAND METHODS

Table A.13, continued List of hardware and instruments.

Tecan infhite M200 plate reader TECAN

Thermolyne Labquake Rotisserie tube rotal Barnstead Internatione
Transblot SD SerrDry transfer cell Bio-Rad

Vortex Genie 2E Bender & Hobein AG
Zetasizer Nano ZS Malvern Panalytical

A.3.1.9 Software

Table A.14: Software and online tools

Alphafold EMBL-EBI, DeepMind[54], [55]

Basic Local Alignment Search Tool (BLAS| National Center for Biotechnology Informatif82]
Clustal Omega EMBL-EBI [133]

ExPASy Protparamtranslate Swiss Institute of Bioinformaticid34]
GenSmart E Codon Opt|Genscript Biotech

PYWOL 2.5 DelLano Scientific LLJ135]

UnicornE chr omat ogr|Cytiva
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A. MATERIAL SAND METHODS

A.3.2 Methods
A.3.2.1 Molecularbiology

Construct design

Full-length constructs of hMirol (UniprotKB: Q8IXI2) and hMiro2 (Uniprotk@8IXI1) comprisethe
nGTPase, both EF hand domains areld@TPase including amino acieb@2 of hMirol and 588 of
hMiro2. The Gt e r mi-helizdl traismembrane anchor was truncated and constructs were codon
optimised forE. colior i nsect <cel |l ex pr ess isation, réspecti@ly.iMSemar t E C
conplementary DNA (cDNAPf hMirol was synthesed forE. coliexpression with either a-dérminal
Spottag® and a tobacco etch virus (TEV) cleavablekininalhexahistidine tag Kiss-tag and cloned

into the pET28a(+)vector (Biocat, Germanypr with aTEV cleavableN-terminal maltose binding
protein (MBP) tag and cloned into pMAlc4x (Genscript Biotech, NetherlandbMiro2 cDNA was
synthessed forE. coli expression with a Nerminal Spotag® and arEV cleavable @erminal His-

tag in pET28a(+Biocat,Germany)r it was cloned into the pGEXT-1 vectorproviding a Nterminal

TEV cleavable glutathione -Bansferase (GST) tag (Genscript Biotech, Netherlands)The
corresponding construcof hMirol and hMiro2for insect cell expression wedesigned with SEV

cleavable @erminal His-tag and cloned into pFastBacl (Geript Biotech, Netherlands).

The cDNA of Nterminally Spottagged® fultlength hTRAK1 (UniprotKB: Q9UPV9) (Genscript
Biotech, Netherlands) or-dérminally Spottagged® fulllength hTRAK2 (UriprotkKB: O60296) was
cloned into a pFastBacl vector for insect cell expres8mtét, Germany For E. coliexpression, the
amino acid sequence of hTRAK2 was truncated toMIBS [57] comprisirg amino acids 47800
including a Gterminal seringich region of 6 amino acids (AS 70D6). The cDNA was codon
optimise d ( Gen Smar t E satw) candnclondd intd mipGEX4T vector providing a
N-terminal, TEV clavable GSTtag Genscript Biotech, Ktherlands).

Site-directed mutagenesis

Proceeding from the construatescribed aboveconstructs of shorter length, with altered tags or
including PD related mutations were cloned by -ditected mutagenesis (sdextended data,
TableA.21 for an overviav of all cloned constructs). Prim@airs (Extended data, Table 24) were
designed with complementary sequencesama downstream of the region of interest, excluding the
to be truncated partsPointmutations were implemented by changing up to 3 baseghe
complementary sequence of the primer. Additional small tags weoeporatedvia loopin strategy
through extended primers. The sgilieected mutagenesis wascomplishedby polymerase chain
reaction PCR) as described in Table 25and the templ&DNA was removed by overnigbBipnl digest

at 37 °C.
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A. MATERIAL SAND METHODS

Table A.15. PCR mix and protocol for sitedirected mutagenesisThe complementary primer pairs include
5 o@verhangs to decase risk of sethybridisation.

PCR mix | Reagents Volume [uL]
Template (~10Gg/pL) 1
Forward primer (10 puM) 2.5
Reverse primer (10 uM) 2.5
5x Q5 reaction buffer 10
5x Q5 High GC enhancer 10
dNTPs (10 mM) 1
Q5® hightfidelity DNA Polymerase 0.5
H20 22.5
PCR protocol Step Repeats Temperature [°C] Time [s]
1 1 98 120
2 4 98 10
54 30
72 420
3 4 98 10
57 30
72 420
4 4 98 10
60 30
72 420
5 4 98 10
63 30
72 420
6 4 98 10
66 30
72 420
7 4 98 10
69 30
72 420
8 4 98 10
72 30
72 420
9 1 72 120
10 1 4 b

Heat-shock transformation

The PCR products of the sitiérected mutagenesis were transformed into chelypicampetent. coli
DH5U c el sheck.lb L kelisanvere thawed on ice for 20 min prior to incubation with 100 ng
DNA for 20 min on ice. Heashock was performed in an Eppendorf Thermomixer comfort for 35 s at
42 °C. Thereaftercells werecooledon ice for 2 min befor¢hey were incubated with 300 pL LB
medium at 37 °C for 1,hshaking at 900 rpnirhe cell suspension was stredkon LB agar plates
containing antibiotics according to the plasmittoded resistancend plates werincubated overnight

at 37 °C.
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A. MATERIAL SAND METHODS

Plasmid amplification and purification

Positive clones from the heslhock transformation were retrieved from the ldaaplates and used to
inoculate 20 mL LB medium containing the corresponding selection marker. Cells were cultivated at
37°C, shaking at 180 rpm and harvested t e r by@dn#ifughtion at 4,560g for 15min. The

pl asmid DNA was extracted from the <celll pel |l et

described in the user protodaB6].

Enzymatic digestion and agarose gel electrophoresis

Successful generation of shorter hMiro1/2 or hTRAK1/2 constructs was controlled ting dbe

plasmid DNA before and after the shortened gene of interest with the respective restriction enzymes and
a subsequent agarose gel electrophoresis with a 1% agarose gel stained with GelRed@&citigki

stain run at 120 mA for 45 mim 1x Tris-acetate EDTATAE) buffer. Clones with the appropriate

length d the cut DNA fragment were seftr sequencing.

Sequencing

The plasmid DNA(100 ng/pL)of correct clones identified by agarose gel electrophoresis or constructs
that could not be analysed byzymatic digestion was sequenced with Sanger sequencing at Microsynth
Seglab (Géttingen, Germany). Vector specific primers allowing the sequencing of the gene of interest

wereeitherprovidedor by request specifically ayhessed at Micorsynth Seglab.

Bacmid cloning

For cloning of the gene of interest in the required bacmid DNA, 1 ng pFastBac1 vector carrying the gene
of interest was transformed into DH10B&ccoliby heatshock for 45 sec at 42 I€37]. After chilling

of the cells on ice for 2 min, 900 uL room temperature (Rdper optimal broth with cdialite
repression$0Q0 medium was added and cells were incubated #hmat 37 °C, sdking at 225 rpm.
Thereafter, cells were plated for blue/white selection as 1:10 dilution with SOC medium on LB agar
plates containing 100 pg/mL blwgal, 50 pg/mL kanamycin, 7 pg/mL gentamycin, 10 pg/mL
tetracyclire and 40 pg/mL isopropyb-D-thiogalactopyranoside (IPTGnd plates were incubated for

48 h at 37 °C. Positiveolonies were restr&ad to confirm white phenotype. Single white coloniese

picked after restré@ng and used to inoculate 10 mL LB mediuontaining antibiotics as described
above. Cells were grown over night at 37 iGan orbital shaker at 250 rpm and 1.5 mL culture volume
was harvested on the followinigy by centrifugation at 9,0Q@ for 15 min. Recombinant bacmid DNA

was extracted usirpe PureLink HiPure Plasmid DNA Miniprep kit by gravity flow as descr[i&8].

Successful transfer of the gene of interest into the bacmid DNA was confirmed b{TBQIR A16)
24
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A. MATERIAL SAND METHODS

with pUC/M13 forward and reverse primers and subsequent analysis of the PCR product by agarose gel

electrophoresifl37].

Table A.16: PCR mix and protocol for confirmation of successful bacmid cloning

PCR mix | Reagents Volume [pL]
Template (~100 ng/uL) 1
pUC/M13 forward (1QuM) 25
pUC/M13 reverse (10 pM) 25
5x ExactRin buffer 10
dNTPs (10 mM) 1
ExactRunrDNA Polymerase 0.5
H20 325
PCR protocol Step Repeats Temperature [°C] Time [s]
1 1 94 180
2 35 94 45
55 45
72 300
3 1 72 420
4 1 4 b

A.3.2.2 Cell culture

Maintenanceof Sf 9 and High FiveE cell s

SF9 insect cells were cultivated in S§D 0 E | | SFM at 28 ACcC, shaking a
above 1.5x1%cells/mLevery 34 daygo a final concentration of 0:8.7x1C cells/mL in freshmedium.

Hi gh FiveE cells wer e guith®20ymM li-giutarBineat 278G shakifg at e E S
130 rpm and split similarly to the SF9 insect ceist e shl 'y t hawed Hi gh Five
addition of 10 U/mLheparin and cells were slowly stadsérom heparin once they showed high
viability. For cryo preservatighi ghl y vi abl e GHs9f low passddge gumbefeiev e E
frozen at 1x10cells/mL in 10% (v/v) DMSO.

Transfection and viral stock production

Sf9 insect cells were transfecteditiw bacmid DNA containing the gene of interest using
Cel | f & Reagen{E37]. For this purpose, 8x31®F9 cells per well were seeded in 6l\plates
into 2 mL unsupplemented Graceds l nsect Me di L
8uLCel | fectinE |1 Reagent was mixed with 200 O
500ng bacmid DNA and incubated for-B® min at RT. The DNA transttion mixture was added to
the cells and incubated at 27 °C for 5 h. Thereafter, the transfection mixture was removed and the cells
werefedwith2mLSR OO0OE |1 SFM and i nhatlb°€ untlthe $FO cellsahowet h e r
signs of latestage wial infection such as growth stop, granular appearance and detachment from the
6 well plate. P1 viral stock was isolatéddm the transfected cells by separatudrihe virus containing
medium from the remaining cells and cell delthsough centrifugatiorat 1,00& g for 10 min.
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To produce a highiter baculovirus stock, SF9 cells were infected with P1 with a multiplicity of
infection (MOI) of 0.07 pfu/cell and an expected virus titer of the P1 stock offIxU@ pfu/mL).
Thetitration of the PZirus sbck was performed bguantitative polymerase chain reactiqPCR
(TableA.17) according to baculoQUANTL139] and final P3 stocks were determined by infection of
SF9 cells with Pirus stock at a MOI of 0.1 pfu/celViral stocks were stored at 4°C, protected from
light with 2% FBS for up to 6 months.

Table A.17: PCR mix, lysis and PCR protocol for virus titration by qPCR. 80 pL of P2 viral stock are
harvested at 16,000x g for 5 min and the pellet is resuspended in 20 pL baculoQUANT lysis buffer prior to cell
lysis and subseguit gPCR.

PCR mix | Reagents Volume [pL]
gPCR low carboxyrhodaminenix 12.5
RNAse free water 7.5
Probe and primer solution 3
Virus or control 2
Lysis protocol Step Repeats Temperature [°C] Time [min]
1 1 65 15
2 1 96 2
3 1 65 4
4 1 96 1
5 1 65 1
6 1 96 0.5
7 1 20 b
PCR protocol Step Repeats Temperature [°C]  Time [s]
1 1 95 600
2 40 95 15
60 60
3 1 4 b

A.3.2.3 Heterologous expression

Expression inE. coli

For the purpose of expression, taecoli codon optimsed corstructs were transformeay heat shock

into BL21 (DE3)E. coli, Shuffle® T7 competeri. colior ArcticExpress competent cells, respectively
Cells were plated on LB agar plates containing 50 pg/mL kanamycin or 100 pg/mL ampicillin according
to the selectn marker carried by the respective vector and grown overnight at 37 °C. On the following
day, colonies were scratched from the agar plates with 5 mL LB medium and used to inoculate either
50 mL Terrific broth (TB) medium or ZY autanduction medium for sail scale tesexpressions or

3.6L ZY autoinduction medium for large scale expressiBmall scale testxpressions were used to
determinethe expressiorof the constructandto establish mediurdependenexpression temperature
time for optimal proteinyield. Onceappropriate amounts of soluble proterare obtainedthe gained
knowledge was transferred to large scale expressCuitures were inoculated at aptical density
(OD)soo 0f 0.05 and grown to an QR of 1.0-1.2 at 37 °C while shaking at 1@0m. Once the desired

ODsoowas reached, expression in TB medium was induced by the addition of 200 mM IPTG and cultures
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were cooled to 18 °C for overnight expression-220h).2 mL of testexpressions were harvesteg
centrifugation at 1@00x g for 5min to be analysed for protecontent by sodium dodecyl saté
polyacrylamide gel electrophoresis (SP8GE). Large scale expressions in 3.6 L ZY medium were
harvested by centrifugation at 9,220fog 15 min and the pellets were stored24t °C until isage.

TheDrpl plasmid was provided by Andredenner(group of Prof. Garcigaez, Institute for Genetics,
University of Cologne)and the protein was expressed and purified according to established
protocols[140]. Drpl was expressed in Rosetta 2 (DE3¢oliin 4 L LB Miller containing 100 pg/mL

ampicillin and 34 mg/mL chloramphenicol. Expression was induced at ag 6.6 by the addition

of 1 mM IPTG and the temperature was lowered to 20 °C for expression. Cells were harviested r O 1 8

h and stored as described above.

Insect cell expression

Insect ell expression was performed in-2000 mL hi ghly viable SF9 or
density of 2x10 cells/mL, infected with P3 baculovirus stock at a MOI of 10 pfu/cell. Infected cells
were incubated for 72 h at 27 °C before harvesting at 1,008x5grin and storage a20 °C.

Cell lysis

E. coliexpression pellets were thawed and solubilized on ice in 5 mL per g pellet of the corresponding
solubilisation buffer (Table &). Due to their small size, insect cell expression pellets were generally
solbilised i n 20 mL solubilisati on b ufretmatease irhibitoosr t o
and 5 pL Benzonase® nuclease were ad&8edoli cells were lysed at 50% amplitude with 0.5s/on

2.0 s offpulse for 5 min while insect cells were songzhat 30% amplitude with 0.5s-¢20s off pulg

for 30 sec. The cell lysate was centrifuged ab8%x g for 45 min to separate the protein containing

supernatant from remairg cells and cell debris.

A.3.2.4 Protein purification

Unless otherwise stated, all gseof the protein purification were performed at 4 °C with-qindled,

filtered buffers as listed in Table &\.

Immobilised meta affinity chromatography

Hiss-tagged hMiro1/2 constructs were purifiedibymobilisedmetal affinity chromatograph{fMAC)
with eithera5mL HisTrdp FF Crude col uangmE oFalaomE mCr Hdefrc ol 1

purpose, cells were solulsifid and lysed ifMAC buffer containing 20 mMnhidazole or 10 mM
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imidazole, respectivelyAfter centrifugationthe protein containing sepnatant was loadetjclically

onto the equilibrated colunfno r .Qdaded dolumns were connected tofkta Prime Plus system

for washing and elution. For nickel IMAC, columns were washed M#C buffer containing 20 mM

imidazole and subsequently WitMAC buffer containing 68 mM imidazole prior to the elution at an

imidazole concentration of 116 or 164 mid dependency of the hMiro constru&s hMirol/2

constructs eluted at lower imidazolencentration from Hfap E Tal onE Crude col umi
columms were washed at an imidazole concentratid®4d mM and protein was elutedIMAC buffer

containing 255 mM imidazole in a single st&tution fractions containing the protein of interestre

identified by SDSPAGE.

GST affinity purification

GST-hTRAK2-MBS and GSTMiro2 expression pellets were solusdd in GST buffer without

reduced glutathione. After cell lysis and centrifugation, the protein containing supernatant was loaded
cyclicallyf or ®©dtohan equil i br at e dTh&Gafterlithe @BmMmwasvEshddF c ol ur
with GST buffer on an Akta Prime Plus system before elution of the protein with GST buffer containing

5 mM reduced glutathione. Elution fractions were analysed byS8SE for protein content according

to the elution profile.

Dialysis and enzymatic tag cleavage

In order to cleave the affinity tag of constructs with the help of the TEV protease, protein of interest
containing fractions were pooled after the IMAC or GST affinity purification according to the
corresponding SDBAGE and transferred into Spectra/PorE di
weight cutoff (MWCO) of 6-8 kDa. After the addition of 2 maf 0.6mg/mL TEV protease, the dialysis

of the protein was performed 4 °Cf o r i@ 2 I5SEG buffefor subsequent prepative SEQr low

salt IEx buffer for subsequent ion exchange chromatogrgfable ABG).

Preparative size exclusion chromatography

For the preparative SEC, the protein of interest was either concentrated directly from the protein
containing fractions dhe affinity purification or after dialysis and cleavage of the affinity tag. Proteins

were concentrated i n Polyether sulfonegESanitheaismtable MWER nt r at or
chosen according to the calculated size of the corresponding protstruct(Table A18). The volume

of the protein solution had to be reduced 14 BiL to be loaded onto the preparative SEC column,

therefore proteins were concentrated in several subsequent steps of 10 fab0atg2 Irbetween

centrifugation steps, theqgdein solution was monitored for signs of visible aggregation and mixed to
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avoid the formation of areas with exceedingly high protein concentrations within the concentrators.
If the proteinwasnot dialysed into SEC buffer before, the protein was dildtgd with SEC buffer

during the concentratg process to reduce high imidazole or reduced glutathione concentrdinens.
concentrated protein was loaded onto an equilibrated HiLoad Superdex 75 16/600 or HiLoad Superdex
200 16/600 column, according to thize of the protein, installed on either an Akta Basic system or a
Pharmacia Pump-B00 FPLC systeni he protein was eted over 1.Zolumn volumes@V) with SEC

buffer, the elution was monitored by th#ra violet (UV) absorbance at 280 nand fractionswere
analysed for protein content by SIPAGE.If required for subsequent experimetfitactions containing

the protein of interestvere pooled and concentrated to the desired target concentestioesribed

before.

Table A.18: Calculated molecular masse of hMiro1/2 and hTRAK2 constructs Molecular masses were
calculated with Expasy ProtParam. comprehensive list of all constructs can be found in Extended data,
TableA.21. N- or Gterminal tags as well as mutations are indicated and the domain nomenidatxplained in

Fig. A.2, A.

Protein construct | Calculated molecular mass Number of amino acids
hMirol -His 70.0 kDa 610
MBP-hMirol 109.4 kDa 970
hMirol 67.9 kDa 592
hMiro1(R272Q)-His 70.0 kDa 610
hMiro1(R450C)-His 69.9 kDa 610
hMirol -AB1B2-His 500 kDa 435
hMirol -ABi-His 35.2 kDa 308
hMirol -AB1(1-281)His 34.2 kDa 300
hMirol -AB1(1-275)His 33.4 kDa 293
hMirol -A-His 22.6 kDa 198
hMirol -A(1-167)His 21.1 kDa 185
GST-hMiro2 91.6 kDa 817
hMiro2 -His 67.1 kDa 606
hMiro2 -AB:-His 34.6 kDa 308
GST-hTRAK2 -MBS 51.7 kDa 461
His-hTRAK2 -MBS 27.4 kDa 253

Intein-mediated affinity purification

Drplexpression pellets were dissolvednteinsolubilisation buffeand sonicated as described above.

For the intein mediated affinity purification, Drpl comiag supernatant was loadedto 1.5 mL
equilibrated chitin esin for 2 h prior to washing of the beads with 20 imikein solubilisationbuffer

followed by20 mLinteinwash buffer. The prein was eluted from the chitiesin trough seifplicing

of the ntein tag over 48 h in the presence of 30 mM dithiothreitol (DTT). During the elatoarring
aggregates were separated from soluble protein by centrifugation at 16,100x g for 20 min. Hereafter, the
protein was either directly concentrated to 0.5 mgfarlusage in the GTPase assay or further purified

by ion exchange chromataghy.
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lon exchange chromatography

To increase the purity of hMiro1(R450€ljs and Drpl an additional ion exchange chromatography

(IEx) purification step was performed. For thisrpose, hMiro1(R450GHis was dialysed in low salt

IEx buffer and Drpl was diluted 1:5 withtein low saltbuffer. Proteins were loaded cydlity onto a

5 mL Hi Tr apE Q-3R.Ahedoadedicolumn fvas wasked with either low salt IEx buffer

or Intein low saltbuffer, respectively. Proteins were eluted via a sodium chloride (NaCl) gradient of
0-1000mM over 20 CV and protein containing fractions were analysed by-FSASE. Thereafter,

Drpl was concentrated in a PaMWCO e 8 kpartodt5eng/mL. concen:

A.3.2.5 Analytics
SDSPAGE

Expression samples and affinity chromatography, ion exchange chromatography and preparative SEC
samples were analysed by SPBGE to identify fractionsontaining the protein of intereand to

analysethe quality and quantity of the purified protein. Samples were mixed in a 3:1 ratio with

4x sodium dodecyl sudite (SDS) sample buffer (TableGhandheatedo 98 °C for 5 min. Thereafter,

they were centrifuged for 2 min at 16.100x g and26uL sample wes loaded onto }25%
SDSpolyacrylamide gels (Table Al). The gel electrophoresis was run in 1x SBSGE buffer for

45mi n at 220 V and gel s wer esolgionai ned with I nstantB

Western blotting

To confirm the identity of the protein of arest in expression and purification samples, corresponding

SDS gels were Western blottdeor this procedurethe SDS gel, a polyvinylidine fluoride (PVDF)

membrane and blotting paper were soaked for 15 min with transfer buffer (T@pl&He SDS gel wa

stacked on top of the PVYDF membrane and sandwiched between four layers of blotting paper on each

side for semiry transfer. The proteins were transferred onto the PVDF membrane during blotting for

1 h at 20 V.Successful blotting was confirmed by Poncead staining of the PVDF membrane and

I nstantBlueE staining of t he SrBdtaigng Isalutiowtliet e r was |
membrane was blocked withris-buffered saline with Tween20TBS-T) buffer (Table A6)

supplemented with 5% (w/v) milk pader(MP)forLhThe membr ane was dHicor ated
primary antibody diluted 1:1000 in TBSTFT buffer with 5% (w/v) MP at 4 °CAf t er 012 h of
incubation the primary antibody was removed in three washing steps of 10 min witf bB8er. The

PVDF membrane was incubated with gbahouse antibodies diluted 1080 in TBST buffer for 1 h

at RT before the secondary antibody was removed in four subsequent washing &@mpsirofwith

TBS-T buffer. For visualisation of the secondary antibody naftuminescence, the PVDF membrane
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was covered with ECLE Western blottilominwdhdevel op

images were recorded at a wavelength of 428 nm.

ESI-MS

Samples oE. coliand insect cell expressed hMirblls and insect cekxpressed hMiroHis as well

as GSThTRAK2-MBS and of the putative hMireHis/GST-hTRAK2-MBS complex were analysed
regarding the identity of the proteins of interesectrospray ionisation mass spectromeE$KMS)

at the FPoteone CenterTibingen(PCT) by Katharina Zittlau(group of Prof.Ma | e k , at@Qaiant i t
Proteomics, Interfaculty Institute for Celliddogy, Eberhard Karls hiversity Tubingen). For this

purpose, the samples were analysed by-BBSE and bands running at sizes similar to the protin

interest were cut ahsentfor analysis.

Analytical SEC

The stability of the protein of interest, the formation of aggregates and the oligomeric state of the protein
samples wre monitored by analytical SEC. Unless indicated otherwise, samples wmioallty
concentrated to -2 mg/mL with Amicon® Ultra0.5 mL centrifugal filters and filteredvith
Corning®Costar®SpinX® centrifugal filters. If an exchange of buffer was needed, small sample
volumes of 10200 pL were dialysed into the target buffer O in SlidéaA-Lyzer® MINI Dialysis
devices with a MWCO of 20 kDa. Protein sampl es
columninstalled on an Akta Micro Ettan LC systefor the hMiro1/2 and hTRAK2 constructs, standard
SEC buffer was useshd modified as indicated at the individual experiment by adding additional buffer
components such as calcium chloride (GaQ@iucleotdes or detergents.imi2 sampés, expressed and
purified by JananNatarajan(group of Prof. Rapapoftiterfaculty Insitute of Biochemistry, University

of Tubingen,wer e anal ysed via anal yRG3.2/30IcoluBikiCNm2 SECh g a
buffer supplemented with detergeritdm?2 elution was monitored by the UV absorption at 280 nm and

the size of the eluted prin was estimated according tpr@e-determined standard curve.

Complex formation and pulldown experiments

For complex formation between hMir¢dis and GSThTRAK2-MBS, the proteins were mixed in a
1:1ratio in SEC buffer and incubated at 4 °C for 4 hefBafter, the putative complex was purified by
preparative SEC and fractions containing both proteins were identified W8B&. Peak fractions

of the elution profile containing both proteins were split equally and incubated with either 40 pL
Hi s Pur &t R&mtor 40 pL glutathione agarose resin for lnhaddition, hMirotHis and

GST-hTRAK2-MBS were individually loaded onto the opposing resin as controls. The resin was
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washed three times with SEC buffer and proteins were eluted in D@ .samplduffer (Table A6)

by heatingof the sampleso 98 °C for 5 min.The formation of a complex between hMirblls and
GST-hTRAK2-MBS after 2 h of incubation in SEC buffer was also monitored by analytical SEC using
aSuperde E 200 I ncrease 3.2/300 col umn.

To increase the stability of hMireHis for crystallsation, hMirol specific hanobodig441] were
isolated from immunisd alpacas or identified from synthetic nanobody libraries by F. Fagbadebo.
hMiro1-His was mixed in a 1:1 ratio with the nanobodies in SEC buffer and incubatteiat 41°C to
enable complex formation. Thereafter, the stability and oligomerisation of hHisolwith the

nanobodies was atysed by analytical SEC.

Circular dichroism spectroscopy

The folding of hMirotHis and Mm2 was analysed by circular dichroi@D) spectroscpy with a

JASCO J720 spectropolarimeter. Samples were diluted to-0.25mg/mL with HO to reduce the
concentration of buffer components and thus improve the sigimadise ratio. Spectra were collected

atthe range 0195250 nm in the fatJV in a 1 mmquartz cuvette with a scanning speed of 20 nm/min

and a band width of 1.0 nm. Ten accumulation cycles were recorded and averaged prior to a background
correction by subtraction of similarly collected buffer signal. To estimate the secondary structure
coneent, the recorded ellipticity signals were compared to theoretical spectraobph ¢ | U-shaet , b

or randan coil proteins.

Dynamic light scattering

To determine the size distribution profile of hMirdB;-His before and after cleavage of the g

by the TEV protease, dynamic light scattering (DLS) was used. 20 L of HBaht a concentration

of 1.0 mg/mL were transferred in aitramicro 105.201QS quartz cuvette and measured three times
in aZetasizer Nano ZS. The size distribution by mass was plotted for analysis of thegmskitisn

the protein sample.

Thermal shift assay

The unfolding of Mm2 in different buffer compositions was monitored in a thermal shift g3<24)

to establish improved buffer conditions for the purification afm2l. For this purposeprotein ata
concentration of 0-4.0 mg/mL was mixedwih Pr ot ei n Dye[@42]meording to Tabl¢ E
Al19. The protein melt reacti on-TimaPCR pystamfan280f@ d i n
with a ramp rate 00.05 °C/s.Data was recorded with an excitation filter at 580 nith @m emission

filter at 623 nm.
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Table A.19: TSA reaction mix and melt reaction protocol [142].

TSA reactions | Component Volume [uL]
Protein Ther mal St 5.0
Protein diluted to 0-1.0 mg/mL in buffer 12.5
Protein Ther mal St 2.5

TSA run protocol Step Temperature [°C] Time [s]
1 25 120
2 2571 99 °C +0.05 °C/s
3 99 120
4 25 b

Endpoint malachite green GTPase activity assay

The GTPase activity of recombinant hMirblls expressed inli g h  Eellswasdetermined one or

two days post purification with an endpoint malachite green phosphate[&48ay-or this purpose,

the protein was concentrated to 1.5 mg/mL and diluted to concentrations ranging freé8G.2M in

SEC buffer. To determine the functionality of the assagombinant Drpl, a GTPase involved in the
fission of the mitochondria, was expressed and purifietD] and used as positive contrat a
concentration of 0.28.5 uM. The basal turnover rate of GTP in the presence of@@Rase proteins

was determined using theecombinant trimeric human adesmus species G52 fibre knob
(HAdVG52-FK), expressed and purified byaaVonmetz(group of Prof. Stehle, Interfaculty Institute

of Biochemistry University of Tibingen) The size of AdVG52-FK (67.2 kDa) is comparable to
hMirol-His and it was used at similar concentrations to hMHdeL.(1.05.0 uM) as negative control in

the assay. To determine the GTPase activity of the protgingles were incubated with 0.1 mM GTP

for 522 h at RT in SEC buffer with and without 2 mM Cadlen to thirty minutes after the addition

of the reaction reagenf$43], the malachite green, molybdate and free orthophosphate formed a green
complex that was quantified using BCAN plate readeat 620 nmThe concentration of free phosphate
resulting from the enzymatic activity of the protein was catedlavith the help of a phosphate standard
after correction of the baseline by subtraction of the absorption in control samples without protein. The
experiments were reproduced in triplicates and the standard deviation was calthkateshge dbng
termstoredGTP resulted in high free phosphate concentrations in some of the asbiots led to a

decreased sign#b-noise ratio and increased errors.

A.3.2.6 Structure determination
Crystallisation

Concentrations of 1.9 mg/mL, 5mg/mL or 10.4 mg/mL ofE. coli expressed hMiroHis and

concentrations of 1.ehg/mL, 4.7mg/mL or 8.0 mg/mL of insect cell expressed hMitdit were used

for crystallisationlnitial screens to identify crystallisation conditions for hMiro1(R4561%) were set

up at 5.2 mg/mL and for &hMirol-His/GST-hTRAK2-MBS complex ak concentration af.9 mg/mL.
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Potential aggregates were removed by either centrifugationldi6g for 10 min or by filtering with

a 0.22 uM filter. Crystalkation conditions were screetiin 96-well sitting dropplates with commercial
screens as indicated in Table22. Screens and protein drops were set up with a Gryphon pipetting
robot Crystallsation was ought to be achieved by vapour diffusion @ pL reservoir solution and

a 400 nL protein drop comprigii200 nL concentrated protein and 200 nL reservoir solution. To allow
for crystal growth, the sitting drop plates were incubated°@t d@r 20 °C for up to 6 months.

For crystallisationMim2 was purified in 20 mM -gN-morpholino)propanesulfonic acid (MOP&nd

300 mM NacCl or 20 mMwodium phosphate buffeand 300 mM NacClinitial screening of crystallisation
conditions for Mm2 were performed as described above except faltbeeddrop sizeof 200, 400 or

600 nLcomprising protein at a concentration of Ing/mL, 3.0 mg/mL or 40 mg/mL and reservoir
solution mixed in a 1:1 ratio. The used commercial screens are listed in T20/8An2 honey comb
crystals were tested for their protein content by transfer of a few crystals in a drop of fresh mother liquo

mixedwith 0.1 pL Izit Crystal Dye.

Table A.20: Screening of crystallisation conditions for Mm2.

Protein | Concentration Temperature Buffer Drop Drop Commercial Screens
[mg/mL] [°C] ratio  size [nL]
MIM2 1.7 20 MOPS 11 200 Wizard Classic 1 and 2
Block (Molecular
dimensions)

Wizard Classic 3 and 4
Block (Molecular

dimensions)
3.0 20 MOPS 1:1 600 Crystal Sc
(Hampton Research)
4.0 20 Sodium 1:1 400 Crystal Sc
phosphate (Hampton Research)

buffer

Crystal harvesting, cryo-protection and data collection

Crystals grown in Mn2 crystallisation trials were tested for their protein content and their ability to
diffract in a RT diffraction experiment aRi g a k u  Mi-GDT HFNrécroficus Xay generator
equipped with a MAR345 detectoFor this purpose, crystals were mounted directly from the
crystallisation drop onto 0.88.5 mm loopsand tested with an exposure time5ofmin per image and

an increment of 90 °C between single imag&fser elimination of crystals that showed diffraction
pattens resembling salt crystals, the remaining crystals or crystals of similar appearance were
transferred ito cryo-protection solution (Table 23) and then mounted into 0465 mm loops. Test

shots were obtained at beamline X@6 (PILATUS 2M-F detector)f the Swiss Light Sourc€sLS),

Paul Scherer Institute, Villigen, Switzerlanith a beam transmission of 100%, exposure time of 0.2 s

and 90° rotations between single images.
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A.4 RESULTS

This chapter comprisegle results of the hMirol project. Purified hMiré\B1-His and hMiroHis have

been used in Fagbadebo et al., 2[12A ] for alpaca immunisation, enrichment and selection of hMirol
specific nanobodiesand characterisation of the nanobodies. The manuscript of the purification of
hMirol-Hi s f r om Hi g burréhilywm pré&aratienl | s i s

AnnkathrinScheck(AS), SophiaKieferle (SK), HsinYin Chang(HC), LeonardJahnke(LJ), Funmi
Fagbadeb¢FF), Andreaslenner (AJ)KatjaVonmetz(KV), Janani Natarajan (JMnhd N. Bartlick (NB)

havecontributed to the work belowCorresponding affiliatinsare listedn the appendix section.

The study was designed by NBII hMiro1/2 and hTRAK1/2 constructsere designed by NBnd AS
and SK assisted NB with cloning the constru&acmid cloning of all constructs for insect cell
expression and cell maanance was carried out by NBxpression and purification protocols for all
hMirol1/2 constructsvere established by NBiIMirol short constructeereexpressed and purified by
FF and NB forapaca immunisationMirol specific naobodies were selected, earred and
characteried by FF.Nanobodiesvere expressed and purified by feff binding analysis experiments
carried out by NB in this studfurification of hMrol short constructs was optiraésbyNB, AS and
HC. Full-length hMiroXHis has been expressetH. coliby NB, HC and LJ and in insect cells by NB.
The expression and purification of hMirslis and hMiro2His wasoptimisedby NB and LIJhMiro1-

His from E. coli and hMirol-His and hMiro2His from insect cells were characterised by NB.
Crystallisationtrials of hMiroLHis were performed by NB, LJ and HES and HC wereaesponsible
for the optimgation of the hMiro1(R450CGHis purification ad AS for thecrystallisation experiments.
HC worked on the optirsation of the hMiro1(R272QMis purification. GST-hnTRAK2-MBS was
expressed and purified and complex formation with hMitid was analysed by NB and LSK and
AS worked as assisting scientists under the supervision cdriNBie projectNB supervised the lab
rotation of HC and the project module andlaor thesis of LJ during which they worked on the hMirol
project. The Drpl construct for the GTPase assay and the corresponding purification praecol w
provided by AJ and the protein was purified by NBe HAdVG52-FK protein used in the GTPase
assaywas expressed and purified by KIN provided purified protein for all vh2 experiments. The
SEC experiments were performed by NB and JN and the crystallisation and CD experiments were
carried out by NB.

The constructs comprising PD related mutations ofraMivere designed based on previbodings

by Lisa Schwarzgroup of Dr. Fitzgerald, Department of Neurodegeneration, Hertie Institute for
Clinical Brain Research, University of Tubingef}13], [unpublished data], Julia Fitzgerald
(Department of Neurodegeneration, Hertie Institute for Clinical Brain Research, University of
Tudbingen)and other$111].
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A.4.1 Purification of hMirol short constructs

When we initiated our research on hMirol, structural data of hMirol was limited to both EF hand
domairs and the cGTPa$40]. We suspected that determination of afeiigth crystal structure would

be dependent on the stakiliion of the likely more flexible nGTPase of hMiroLherfore, the
production of hMirol specific nanobodies waiiated since such nanobodies were expectestie

as crystalliation chapeross, stabilsing the nGTPaseAs we initially struggled to express fdkngth
hMirol and the production of nanobodigainst the nGTPase of hMirol did not necessarily require
full-lengh protein for the alpaca immuaitton, smaller constructs, comprising only the nGTPase of
hMirol and no, one or both EF hand domains were cloned, respectivedgcordance with the
constucts used for hMiroB1B.C crystallsation[40], hMiro1-A, hMirol-AB; and hMirotAB1B, were
C-terminally His-tagged(Fig. A.7, A). Moreover, we tried to express constructs (Extendata,
TableA.21) comprising an additional #&rminal SpofTag®, which specifically binds to Spot
nanobodies.We planned to utilize the Spot nanobodies as crystallisation chaperbawever
Spot®tagged constructs never expressed, therefore, we foonsthe@ initial plan to praste hMirol

specific nanobodies.

A B nGTPase EFH1 EFH2 cGTPase
nGTPase His
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Figure A.7: hMirol -AB1-His is more stablecompared toother hMirol short constructs. (A) Construct design

of the hMirol short constructs expressedtircolicomprising the nGTPasé (dark blue)and EF hand domains
(B1 and B, light blue). All functional constructs are-€rminally His-tagged. B) Cartoon and surface
representation of the structures of the nGTP&§B(ID: 6D71) [41] and the two EF hand domains and the
cGTPaseRDB-ID: 5KTY) [40] of hMirol. Construct boundaries are indicated in lime gre@nAfalytical SEC
profiles ofhMirol short constructs. hMireAB ;-His elutesmainly in one species corresponding to a monomer or
dimer (without cleavage of the Higag) and was thus used for alpaca immunisatiohPrification strategy for
the hMirol short construct$he cleavagefdhe His-tag by TEV protease proved to inéolerablefor the protein
and was therefore not included in the purification strategy of later constructs.
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hMirol short constructs were expressecincoli BL21 cultures, overnight at 18 °C. To determine
solube protein, it was critical to quickly reach and maintain 18 °C in the expression phase. The
constructs were purified with a trimmed version of the purification protocol described in Klosowiak et
al., 2016[40] comprising an initial nickel IMAC, followed by cleavage of theg@minal tag by TEV
protease and a preparatlSEC (Fig. A.7, D). The identites of the protein constructs wenéirmed by
Western bloihg (Extended data, Fid\..23).

hMirol-A-His (Extended data, Fig\.19) showed solid and reproducible expression and the majority of
impurities could beemovedduring the initial nickel IMAC The subsequent cleavage of thesttig)

was confirmed by SD®AGE and the protein soloti remained clear of visible aggregates. However,
during the following concentration step the membrane of the concentrators tended to get clogged and
the protein solution showed colour changes fomtorlessto yellowindicating that precipitation might

be ongoing.Analysis of the protein by analytical SEC after the nickel IMAC revealed that the smallest
peak (Extended data, Fi§.19, E, peak 3elutes at a volume of 1.45 mL, which corresponds to an
expected molecular weight afound 95 kDa. SindeMirol1-A-His has a calculated molecular mass of
22.6 kDa,the protein clearhdid not elute asa monomer from the analytical SEC. During the final
preparative SEC, after TEV cleavage, the majoritthefproteinelutesin the void volume, revealing

the instabiliy of the protein.

As for hMirol-A-His, expression of hMiroAB:-His (Extended data, Fié\..20) worked reliablyand a
substantial amount of protein wabtainedduring the first purification step. Because we could not
confirm successful cleavage of the ¢iag by SDSPAGE, we analysed the protein before and after
cleavage by analytical SEC, CD spectroscopy and Oltfe. analytical SEC revealedsabstantial
reductionof the peak eluting at 1.56 mL corresponding to monomeric or dimeric p(at¢ended data,
Fig. A.20, E, peakd) and the DLS showed that most of the protein shifted to |aperiedExtended
data, Fig. A.20, G)The circular dichroism spectrufgxtended data, Fig. A.20, Fdicated underlying
changes in the secondary structuréMdirol-AB1. However, the results were not conclusive, hence, we

decided against cleaving of the kiag

hMiro1-ABB,-His wasexpresed in smaller amountsan hMirotA-His and hMiro*AB:-His and the
protein was unabl e to sat ur ai(Estented datasFig®wRl,-8)i s Tr a
allowing a lot of impurities to bind to the column as welhscaling or switching to a smaller column

would have solved that issue, however, the subsequent preparati&8Baed data, Fig. A.21, D)
revealed significantggregation of the protein making the construct unsuitable for our purposes. We
planned to optinge the hMirol short constructs by removingeZminal linker regions that were left in

the initial construct desigrEspecially the long linkers between EF1 &fe? of hMirol and EF2 and

the cGTPase of hMirol show potential for opsation (Fig. A7, B). However, the linkers are all

located at the bottom side of hMirol and form an extended platform that could be important for the

stability and integrity of therptein. We optinsed our construct design and the new constructs showed
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similar expressiotevels comparetb the established constraeixcept for the highly desired optisaid
hMiro1-AB1B»-His construct.

At this point we assessed the quality of the hMhidis constructs as optisation of the new constructs

proved to be time consuming and we had to proeatdthe animal immunisation. The comparison of

the analytical SEC chromatograms of the hMiki$ short constructgFig. A.7, C)reveals that
hMiro1l-ABi-His was the only suitable candidate, as it showed less aggregation and a substantial fraction
of the protein eluted as monomeric peak. Hence, we isolated the monomeric peak after the preparative
SEC and used it for the alpaca immunisat®nortly aferthe immunisation wagerformedwe found

suitable expression conditions for figihgth hMirotHis. Therefore, the optirsation of the hMirol

shat constructs was discontinued.

A.4.2 Purificationof full-lengthhMiro1-His

Starting from our previous results tre purification of hMirol short constructs, we initially expressed
hMirol-His inE. coliBL21 cells. W testedlifferentially tagged constructs (Extended data, Takk)A.
including hMirol fused to a Kerminal MBRtag, a Nterminal SpofTag®, a Gterminal His-tag or

both a Nterminal Spotag® and a @erminal His-tag.All constructs comprised both the nGTPase and
the cGTPase and the calcidnimding EF hand domains (AA392)of hMirol. The Gt e r mihelieal U
transmembrane anchor (AA 5838) was excluded tmcrease the solubility of hMiroand simplify
downstream experiments. hMirdlis was the only construct showirgignificant expressiorlevels
when expresseavernight in auténduction mediumWe confirmed the identity of the expressed protein
with a size of 70.0 kD&dy ESFMS and Western blottingExtended data, Fig. 23). As previously
reported[40], [41], the expression temperature had to be set to a maximum of 18 °C to gain soluble
protein.Our additional attempts &xpress hMirodHis in E. coli Shuffle® T7 or ArctcExpress cellso
account for the temperature sensitivity remained unsucceBsfsitd on previously published results
[34], [40], [41] and our results on the hMirol short construets established a tw&tep purification
protocol for hMiroXHis comprising an initial nickel IMAC followed by a preparative SB@\ce the
expression level of hMireHis was comparably low with about84mg protein per 40 g. colipellet
eluting from the nickel IMAC many impurities were ablétod to the unsaturated column materTal.
minimise unspecific binding during the affinity purificatidhe columnwas switchedoaHi Tr ap E
T a | ocnuBiecolumn which has a higher selectivity for Hiagged proteinand a five times smaller
binding capcity (Extended data, Fig. 22, A-D). hMirol1-His purified by cobalt IMAC also showed
less aggregation during the subsequent concentratioTstefollowing preparative SEC revealed that
hMirol-His does not elute as single monomeric species (ExtendadRkigt A22, E-F) but instead
elutes as multiple distinct peaks and a large fraction of the preligiesin the void volume of the

columnindicating ongoing aggregation.
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In order tostabilise hMirol-His in its monomeric form, the elution profile of hidil-His upon altering

buffer components such as the salt concentration, the concentration of reducing reagents or the addition
of detergents was monitored by analytical SEQ. this purpose, the smallest species (Extended data,

Fig. A.22, EF, peak 3) elting as distinct peak from the preparative SEC was isolated and used for
downstream experiments. hMirddis obtained as a result, elutes during analytical SEC experiments at

an elution volume corresponding to approximatelkb@ (Fig. A. 10, B and D, ped&®. The calculated
molecular weight of hMiroHis of 70.0 kDa suggest that this species is likely monomeric, hence we

will from now on refer to this species as monomeric hivir4.

In previous studieft0], [41] hMirol constructs have been purified by ion exchange chromatography
afterdialising the protein againkiw salt buffersOur E. coliexpressed hMiroHis construct showed
visible white aggregates when transferred in low or high salt buffer with no significant change in the
ratio between monomeric and oligomeric hMifdis (Fig.A.8, A). For this reason, the additional ion
exchange chrontagraphy was excluded in our purification stratepiirol-His has 18 cysteine
residues of which four are surface exposed, avthe junctiorbetween the nGTPase and EELL75

and C185and two within the EF2 domai322 and C350, respectivélxtendeddata, Fig. A24,C).

In our experiments the presence of reducing reagents during the purification of fiN&irehs critical

to determine soluble protein but the occurrence of oligomeric hMHlieXould not be prevented even

by adding high concentratiomms DTT and TCEP (Extended data, Fig2A, A-B). Since hMirol is a

me mbr ane pr ohelidl transménmbrane anchorlive considered the addition of deteiments
stabilise hMirol-His. However, in the presence of 0.284Decyl-b-D-maltopyranosidéDM) (Fig. A.8,

B) or 0.02% Tweet20 the ratio betweemonomeric and oligomeric hMirelllis was unaltered, whereas
the addition of 190G led to theformation of white aggregates.
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Figure A.8: Optimisation of the buffer components during hMiro1-His purification. (A) Analytical SEC of
hMirol-His in the presencef different NaCl concentrations. The intensity of hMidils with 1000 mM NacCl is
reduced as the protein precipitated visibly and less protein could be loaded onto the column after #)dring. (
the presence of 0.2 % DM, the peak position of monanteviirol-His (peak 2) shifts during the analytical SEC.

During the optimgation of theE. colihMiro1-His purification conditions we recogeid, that the peak
position of monomeric hMiroHis shifted within a 20 kDa range between runs. In some casesgwe ev

observed two individual peaks (Fig.8AA, peak 2 and 3) leading us to the assumption hMtsl
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could undergo conformational changes. Although we could not test our theory, the r&a@HBAXS
data on fulllength hMiroXHis [41] shows that hMirol is indeed not a linear protein but ratksrdped.
We propose that the nGTPase is flexibly linked to the EF1 domain as a shift fronslapédd
conformation to a moreriear conformation could explain the differehtion profilesof hMirol1-His

in our analytical SEC experiments.

When we confirmed the identity & coli expressettMirol-His by ESEMS, the cepurification of the

E. colibifunctional polymyxin resistnce potein ArnA (ArnA)with a size of 74.3 kDa was determined.
Although ArnA was only detected in the wash fractions of the cobalt IMA¢hands in the SDBAGE

reveals thatts size is very similar to hMireHis and remaining ArnA would bdifficult to sepaate

during the preparative SEC. Another aspect that prevented a comprehensive characterisation of
hMiro-His fromE. coliwere the issues we faced regarding the reproducibility of the protein expression
and therepeatedigns ofaggregatiorduring the subsquent purificationSince we also were unable to

determine structural data of hMirddis fromE. coli, we reappraised our strategy.

nGTPase EF1EF2 cGTPase His
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Figure A.9: hMirol-Hi s can be puri fied f r o nsteplprajobol (R)ihMieoEHiscel | s wi t
construct design fdbothE. coliand insect cell expression with two GTPase domains (dark blue) flanking the EF

hand domainslight blue) The construct was codon optead and G&erminally His-tagged.(B-C) The elution

profile and corresponding SBBAGE analysis oftte hMiro1-His cobalt IMAC reveal, thathe target proteits

separatedrom most impurities(D-E) The chromatogram of the preparative SEC reveals that hNHi®tloes

not elute as single monomeric ped@ke corresponding SBBAGE reveals the presence of hMirdis in all peak

fractions. B-D) Loading of the peak fractions of the cobalt IMAC and the preparative SEC onto the/SBES

gels as indicated by numbers. Recombinant hMirol has a calculated molecular mass of 70.0 kDa and runs above

the 70 kDa marker bantl.= load, M = marker
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hMirol is a heavily postranslationally modified proteifdQ], [71], [104], [144], [145]that displays

strong phenotyp€e28], [48], [56] when overexpressed, even across spef3&d. The expression of a

similar codoroptimised hMirotHi s construct (Fig. A.9, A) in Hi
sufficient amounts of soluble protein amadthough carried out at 27 °C, led to reliable and reproducible
results. The optimised twstep purification protocol fronk. coli hMirol-His was transferable to
hMirol-His expressed in insect cells (Fig. A.9DB. Insect cell expressed hMirgdis also dsplayed

two distinct bands in the SDIRAGE analysis of the cobalt IMAC and the following preparative SEC.

In contrast toE. coli expressed hMiroHis, both bands were identified as hMirblis in ESIMS
experiments. The expr eslypradaced differertialty posr&nslatiengly c e | |
modified versions of hMiroHis.

Although insect cell expressed hMirblis appeared to be comparably stable during the purification
process and no signs of precipitation were recaphé, the final preparatt SEC revealethathMirol-

His eluted in severgleals, indicating distinct speci€big. A.9, D). If isolated, monomeric hMiroHis
does not remain stable but instead forms new oligomers within iootiag atan equilibrium between

monomeric and oligmeric hMirol.
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Figure A.10: Analysis of the oligomeric state of hMirotHis from E.coliBL 21 and Hi gh Fi veE i
Elution profiles of analytical SEC runs of hMirdiis expressed inX-B) E. coli(grey-black) or C-D) insect cells

(blue) A andC) monitored over time orR andD) at increasing concentrations. hMirblls oligomerises in a
time-dependent manner but concentratindependent.
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As the aim of this study was the determination of a crystal structure dérfigih hMirotHis, we
worked with comparably high concentrations during the purificagiootess, far beyond physiological
concentrations. To address if the high concentrations of hNHistaused the appearance of oligomers,
samples of hMiroHis with increasing concentrations were g@ared by analytical SEC. A comparison

of the results for hMiroHis from E. coli and insect cells reveals that, independent of the expression
host, increasing concentrations do not alter the ratio between monomeric and oligomericHtislirol
(Fig. A.10, B,D). Instead, monomeric hMireHis shifts from the monomeric to oligomeric statea

time dependent mannarltimately resulting in precipitated protdiiig. A.10, A, C)

Since superesolution studies on hMiro1/2 on the mitochondrial outer membé@ieindicate that

hMiro1/2 is not necessarily monomeiicvivo, we decided to investigate the oligomerisation tendency

of hMirol1-His inthe context of its ligands as described below.-Femgth hMiroXHis fromE. coliand

Hi gh FiveE cell s, expressed and puri fi fodtheas desc

selection, enrichment and characterisation of hMirol specific nanajadid.

A.4.3 Characterisationf hMirol-His in the presence of its ngmotein ligands

The hMirol regulated mitochondrial trafficking has been shown to be dependent on cytosolic calcium
levels[21], [29], [48] Since hMirol harbours twealcium binding EF hands it is highly likely that
calcium binding by hMirol induces conformational changes within the protein leading either to a
displacement of the motor proteins from the microtubule tfatkor to a disconnection of the motor
proteins from the mitochondrial acceptor hMif@®]. To test the influence of calcium on the stability

of hMiro1-His, the protein was monitored in analytical SEC experiments with 1 mM magnesium, 2 mM
calcium or none of the aforementioned ioBEs.coli expressed hMiraHis precipitated ignificantly

during the dialysis into calcium containing buffer, whidkterfered with the analysis dhe results
(Extended data, Fig. 25,D). We recognied an overall reduction gblublehMiro1-His protein in the
presence of calcium ions and a shifthie ratio of monomeric and oligomeric hMirbtls towards more
oligomeric protein in the absence of both ioBfceE. coli expressed hMiroHis generally had
stability issues throughotu t he puri fication processHisahowed Hi gh Fi
overall improved behavioumwe repeated the experimentsth insect cell expressed hMiredis.
hMirol-His displayed a clear tendency for oligonsation and aggregation in both the presence of
calcium ions (Fig A.11, A) and the absence of both magnesiamd calcium (Extended data,

Fig. A.25,A). In contrast, the shift from monomeric to oligomeric hMkutdis is slowed down ithe
presence of magnesium ions (Extended data, FRb,AB). In summary these experiments shthat
magnesium ions have a positieffect on the stabily of hMirol-His, but they cannot prevent the

oligomeriation entirely.
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Figure A.11: hMirol-His in the presence of nofprotein ligands. (A) hMirol-His expressed in insect cells, in
the presence of 2 mM CaCbver the course of 6 dayFhe analytical SEC shows the shift of monomeric
hMirol-His (peak 2) towards oligomeric hMireHdis. (B) Addition of 2 mM GDP stabilises the insect cell
expressed hMiroHis monomer. Samples for the analytical SEC were stored at approximately 4 °C heingeen

The Miro proteins carry an atypical domain organisation including twdika& TPAses, which makes

them a unigue protein familyj40], [56], [146]. While the role of the calciurhinding EF hands of
hMirol has been explored extensiviyt], [22], [29], [147] the role of the GPase domains regarding

the diverse functions of hMirol remains elusive. A recent publication has analysed the GTPase activity
of the hMiro1/2 GTPAse domains, revealing that both domains harbour the capability of hydrolysing
GTP [44]. We investigated if nucleotides could be involved in the stabilisation of hMirol in order to
obtain a sample suitable for crystallisatioe used either 2 mM GDP or 2 mM GMPPNP, a
nonhydrolysable GTP analogue in our analytical SEC experimé&ntsoli hMiro1-His showed severe

signs of aggregation during storage at 4 °C, which made it very difficult to load comparable amounts of
protein onto the SD200 3.2/300 column, leading to inconausisults (Extended data, Fig28,A-C).

In contrast, insect cell expressed hMiHlais displayed a significant increase in stabitiffhe monomer

in the presence of either GDP (Figl1A,B) or GMPPNRExtended data, Fig. 26, E). We additionally

tesed if the presence of GDP throughout theiffmation process would stabiks monomeric
hMirol-His and if already oligomesd hMiroXkHis could be rescued by the addition of GDP or
GMPPNP. However, tippears that previously oligomerised protannot baransferred back into the
monomeric statalVe concludehat binding of nucleotides by the GTPase domains of hMirol s&bili

the protein in its monomeric form and propose that the nuclebtidadstate of hMirol might be

important for the regulation ohé oligomerationof hMirol in vivo[49].

A.4.4 hMirolh a s a -hdlidalgdrondary structure content

The structures of hMireB,B,C (PDB-ID: 5KTY) and hMirotA (PDB-ID: 6D71) display a high
overall U-helical secondary structure conterit46.3%in the GTPase and EF hand domains which are
connected by exteied coitcoil linkers (39.5%)[40], [41]. To ensurdhatour hMirol-His constructs
are propdy folded we analysed tivesecondary structure bgr-UV CD spectroscopy.
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Both hMirol-His purified fromE.coliand i nsect cell s showed-hdlidale expect
structure content at 208 and 222 nm and a positive slope below 195 nm (Fig. B A Aomparison

to a hMirotHis sample that was frozen (Fig. A.12, A, grey) between the purificatiorthen@D

experiment reveals the negative impact of freezing on the folding of h¥ii1Since both GDP and

GMPPNP absorb strongly in the @/, the experiments could only be performed in the absence of

both nucleotides. Nevertheless, especially for ingetl expressed hMireHis we observedthe

e x p e cheleal fold) even in the absence of any nucleotides.
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A.4.5 Crystallisation attempts with hMiretlis

Previous structural studies on the hMiro protd#3, [41] were unablgo determinenigh-resolution
structues on the fullength proteins. For hMirgthe flexibility between the nGTPase and the remaining
portion of the protein likely hinders the crystallisation. However, for the purpose of determining
structural data on fullength hMirol ou strategy included the stalsidition of the nGTPase of hMirol

by hMirol specific nanobodigd41]. Throughoutthis study, we tested a variety loMirol specific
nanobodies derived from either immsatd alpacas or synthetic nanobody librafi£49] for their
capability of stabililmg hMirolin analytical SEC experimen{Extended data, Fig. 87, A-C). Albeit

some nanobodies were able to alter the elution profile of hMirol, none of them wete atabilie
monomeric hMirol and some even accelerated the shift from monomeric to oligomeric 1.
major issue irtheseexperiments was the incompatibility of the buffer conditions of hMirol and the
nanobodies. Especially the DTT needed to prevent hMirol from aggregating critically impacted the

proper folding of some of the nanobodies.
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Since we dichot observesignificant mprovements in the stability of hMirol through the addition of
nanobodieswve proceeded with crystalirg hMirol without the hMirol specific nanobodies. We tested

bothE. coliand insect cell expressed hMirol at different concentrations and at £0C@(Extended

data, Table AR2). As the oligomeric state of hMira% under discussion in recent literat4®], we

also tried to crgtallise oligomeric hMirol, although werere unabledo isolate a specific oligomeric
species of the protei©nce we recognesl thepromising stabiliation of monomeric hMirol through
the addition of GDP (Fig. A1, B), we were optimistidhat the presencef GDP would aid the

crystallisation ofhMirol. However,to date none of our crystadition attempts yielded any protein

crystals.

A.4.6 hMirolis an active GTPase

Our unsuccessfuhttempts to crystallesfull-length hMirol made us question, if recombinantifod,

although displaying folding in the CD experimgnts fully functional and can be usedim vitro

experiments to study hMirol. The GTPase activity of the individual GTPase domains of hMirol and

hMiro2 has been qualitatively shown for recombinanttpressed single domain proteif®l]. We

determined the GTPas

e

act i vHistwigh a eirhilahdpgitimaldhite e E

greenGTPase activitassay.To ensure the functionality of the assay, we includediidV G52-FK,

a trimeric protein of similar size to hMireHis with no GTPase domaiand Drpl, a GTPase of the

MOM that is required for mitochondrial fissi¢f50], as negative and positive control, respectivaly.

the dynamirrelated protein Drpl is expectdo display strong GTPase activity it had to be used at
10times lower concentrations of G5 UM to function within the range of the malachite green assay.

In contrasthMirol and FAdV G52-FK were used at higher concentrasaup to 6.43 uM.
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with GTP. The GTPase Drpl and the HAdV@ESR (FK) are used as positive and negative control, respectively.
Error bars in B) are increased due to the usage of {targn stored GTP, which resulted in high free phosphate

levels within the assay.

As expected, HdVG52-FK showed no GTPase activity throughow #issay, while Drpl displayed

e X

strong GTPase activity, which lead to increasing phosphate concentrations according to the increase in
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concentration of Drpl or the incubation tin@n the contrary, hMiroHis shows slow, calcium
independent GTPase activ(fyig. A.13,A-B), hinting towards a proper folding and functionality of the
protein.The activity of hMirotHis could only be determined qualitatively as the asss/executed at

RT which influenced the stability of hMireHlis and the used GTP. Moreovéretresults were strongly
influenced by the time delay between the purification of the protein and the assay execution, which
indicates that oligomeric hMirol might not be as active as monomeric hMirol. Our assay demonstrates

that hMiroXHis is not only prperly folded but also an active, functional GTPase.

A.4.7 Purification ofpatient derivediMirol PD mutants

hMirol is a phosphorylation target of PINKI51] in the PINK1/Parkirmediated mitophagy pathway
for damaged mitochondria and gets subsequently ubiquitinated by P&0kij106], [152], [153]
Recent studies identified mutations RHOT] the gene encoding hMirol, in PD patients and
charactesed the resulting cellular phenotydé41], [112] With the aim of a structural charactation

of two of the PDBrelated mudtions of hMirol, R272QFig. A.14,A) and R&0C (Fig. A.14,C) [111],
[113], we cloned the mutations into the hMirblis construct foE. coliexpression.
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Figure A.14: Analysis of PDrelated mutations of hMirol. (A, C) Structure of hMird-B,B>C (PDB-ID:5KTY)

in surface and cartoon representation with highlighted position of the PD related mutadidr®a7Q or C)

R450C in | ime green stick representation. Mutations wer
and the mutatios are shown. Calcimbinding EF hands are light blue and the cGTPase is dark blue.

(B, D) Analytical SEC elution profiles o) hMiro1(R272Q)His and D) hMiro1(R450C)His. The oligomeric

state ohMiro1(R272Q)His was analysed after the preparative S&hile hMiro1(R450C)His was analysed at

different steps of the pification process as indicated.
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Both hMiro1(R272QHis and hMiro1(R450CHis were expressed in conditiosisnilar to those used

for hMirol-His. The expression levels of hMiro1(R272@is were slightly reduced compared to the

wild type (wt) while hMiro1(R450GHis was expressed at a similar ratenparedo hMirol-His. The
expression of the hMirol PD mutants was confirmed by Western blotting (Extended data, Fig. A.23).
For hMiro1(R272QHis, the twastep purification protocol of hMireHis, comprising an initial nickel

IMAC followed by a preparative SEC, was adapted (Extended data, Fig. A.28). In contrast to wt
hMirol-His, hMiro1(R272Q)His showed increased signs of aggregation during the 8EQid not

elute as monomer from the SD200 16/60 column. Instead, the elution volume of the peak containing the
smallest version of hMiro1(R272@jis rather fits to the size of a dimer or trimer of hMirol (Extended
data, Fig. A.28, D, peak 3). To furthestimatehe size of the hMiro1(R272€}is oligomer wdoaded

the protein on an analytical SEC, where it eluted at atioalwvolume corresponding to 2Da

(Fig. A.14,B). The hMirotHis monomerelutesearlierthan expected from the calculated molecular
mass (70.0 kDa) atn elution volume corresponding26-110 kDa, likely due to the elongated shape

of the protein. Moreover, we noticed that the position of the monomeric peak slightly varies between
runs, hinting towards possibly ongoing alterationshie conformation of hMiroHis. Based on the
elution profileof monomeric hMiroiHis, we propose that hMiro1(R272®s likely existsas dimer

or trimer in the preparative and analytic SEC. Because hMirol(R2ZHMEhowed severe signs of
aggregation durig the purification process and lacked stability once purified, we did not proceed

towards crystallisation of this RElated mutant.

During the purification of hMiro1(R450&Hiis (Extended data, Fig. 29), we noticed that this mutant
did behave similarlya wt hMirol-His throughout the purification procesgMiro1(R450C)His was
expressed at similar rates and eduteith a comparable elution profile during the nickel IMAC
(Extended data, Fig. 29, B-C). The protein significantly aggregated upon cleavagb@His-tag by
TEV protease as evident from the analytical SEC experinfEigfsA.14, D). To increase the purity of
the protein we tried to establish an ion exchange chromatography (Extended dat2%Q-B.as an
additional purification step betwa the initial nickel IMAC and the final preparative SEC, however,
hMiro1(R450C)His precipitatel heavily in the low salt buffer (20 mM NacCl). Moreover, after the ion
exchange chromatography, the protein didatateasa monomer in the analytical SEC. diefore, we
keptthe original twestep purification protocol and used the purified protein after the preparative SEC
(Extended data, Fig. 29, F-G) for downstream crystallisation experiments In contrast to
hMiro1(R272QjHis, hMiro1(450C)His did elute inthe range of monomeric hMiredis from the
analytical SEC, at 110 kD@ur attempts to crystallishMiro1(R450CHis at 4 °C didhot lead to the
formation of any protein crystals. Due to time restrains we focused on the sagitmiof the wt

hMirol-His expression and purification.
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A.4.8 Purification offull-lengthhMiro2 from insect cells

Studying hMiro2 has proven to be a big challenge in previous studies as Mirol can substitute for many
functions of hMiro228]. Especially in mitochondrial traffickinghe role of hMiro2 is likely limited to
connecting mitochondria to microtubules, while the motility of mitochondria is not significantly reduced

in the absence of hMird28], [37]. To datethe structural data on hMiro2 is limited to a high resolution
structure of the cGTde [40] and additionalow resolutionSEGSAXS data[41] on the fulllength

protein.

In order to obtain additional structumdéta on fullength hMiro2, we initiallyattemptedo express a
C-terminally His-tagged construct, similar to hMiredis, in E. coli. Because we could not see any
expression for hMiroHis, we tested different construct lengthsl amgs (Extended dataable A21).
Among the tested constructs, artéminally GSTtagged construct comprising both GTPase domains
and the EF hand domains, G8Miro2, and a @erminally His-tagged construct comprising only the
nGTPase and the EF1 domain, hMi&B1-His showedsignificant expression levels. Howevéhne
purification of these construatsmained challenging as both GBWiro2 and hMiro2AB;-His showed

strong tendencies to form inclusion bodies during expressiongandgated during purification.
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Figure A.15: hMiro2 -His stability in the presence and absence of 2 mM GDRnalytical SEC experiments
with purified hMiro2His at one, two or three days aftpurification. (A) Without GDP, hMiro2His quickly
aggregates after purification. A significant portion of pinetein elutes on day 1 as monome®@kDa (peak 2)
and as dimer/trimeat approximatel205 kDa (peak 1) B) With 2 mM GDP hMiro2His gets partially @bilised.
A reduction in monomeric ptein can only be seen at day 3.

On the basis of the promisingsults from insect cell expressed hMiidis, we designed a similar

construct forfull-lengthhMiro2 (Extended data, Fig. B0,A)ex pr essi on i n TheE gh Fi ve
two-step purification protocol from hMireHis was adapted for hMireRiis including a cohblt IMAC

and a followup preparative SEC (Extended data, FIQOAB-E). Although most of hMiroHis eluted

as oligomers and aggregates from the preparative SEC (Extended data3@i@-B), we were able

to isolate a small portion of monomeric hMirblts for downstream experiments. Analytical SEC

experiments revealed the aggregation and reduction in monomeric RNMBdEig. A15, A, peak 2)
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setting in quickly after purification. Since monomeric hMitdls was stable in the presence of
2mM GDP, we teted if GDP has a similar stab#ison effect on hMiroHis. GDP did partially
stabili’e hMiro2His as evident from the invariable appearance of oligomeric hMiis2and the
reduction in monomeric hMirgBiis appearing only on day 3i¢F-A.15, B, peak 2) Although we were
not able to purify and statsk enough hMiro2His to allow us to perfornerystallisation experiments,
the purified recombinant protein can be used for other asegu#ingsmaller quantities of protein,
such as the testing of the sigmitiesof hMiro1/2 antibodies.

A.4.9 Purification of the ARAK2 Mirol binding site

Shortly after the identification of hMiro1/BB0] and hTRAK1/2[51], [52] and their relevance for
mitochondrid trafficking [30], [31], the direct interaction between the proteins has been established
[21], [29], [56] To date no threedimensinal structural information, except for recent structure
predicions by AphaFold[54], [55], for the hTRAK proteins and the interaction with hMirol1/2 is
available.On the basis of recently published protocols for the expression of hnTRAK1/2 in mammalian

cells[35], we plamed to initiate expression of fukngth hTRAK1 and hTRAK2 proteins in insect sell

A variety of constructs was tested, including different tags and cohsémgth (Extended data,
TableA.21) , but none of them showed exprAssfyget,dhe i n
interaction between hMirol and hTRAK2 has been studied in most detail, identifing a subdomain of
hTRAK2[57], comprising AS 47400, which is sufficient for the interaction with hMird@ecause we

could not find a suitable construct for the expression of hTRAK1/2 in insect cells, we focussed on the
expression of the MBS of lRAK2 in E. coli. The construct design comprised andiminal GSHag

fused to the MBS, comprising AS 4760 of hTRAK2 and a short serine rich region (AS-7086) of
hTRAK2 (Fig. A.16, A). While a similar Nterminally His-tagged construct did hgield sgnificant
amounts of soluble protein, GSITRAK2-MBS could be reproducibly expressedBh21 E. coli.

While both hMirotHis and GTShTRAK2-MBS could beindividually expressed, eexpressiorwas

not successful

We established a twstep purification protan for GSTThTRAK2-MBS comprising an initial GST
affinity purification (Fig. A.16, BC) followed by a preparative SEC (Fig. A.16H). The protein was
purified in similar buffer conditions to hMireHlis to enable subsequent complex formation. When
compared o batch incubation with amyl ose beads, pur
increased the obtained amounts of soluble protein. However, the low expression levels of
GST-hTRAK2-MBS resulted in the cpurification of a significant amount of mpurities

(Fig. A.16,C,E). To ensure the identity of GSITRAK2-MBS, serveral bands of the GST affinity
purification were analysed by E#MS. A band slightly above the 50 kDa markeas identified as
hTRAK2.
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Figure A.16: The purification of GST-hTRAK2 -M BS.(A) Domain organiation of hnTRAK2with theconserved
coiled-coil domain (AS 134354) highlighted in grey and the hMirol binding site (AS ZD®) highlighted in
salmon. The protein likely carries a mitochondrial lcsdion element towards the-t€rminus[36]. The KHC
binding site of hTRAK2 is located within the coiledil region at AS 124283 [32]. The GSThTRAK2-MBS
construct comprises the MBS of hTRAK2-tBrminally fused to a GSiag. B-E) Elution profiles and
corresponding SDS gels of thwa-step purification protocol for GSMTRAK2-MBS including 8-C) a GST
affinity chromatography and(E) a preparative SE®. = lysate pellet after centrifugation, $ysate supernatant
after centrifugation, N = non boumadotein, M = marker, L = load.

The subsequent preparative SEC revealed that-l@RAK2-MBS elutes at an elution volume
correpsonding togproximately 15&Da (Fig. A16,D, peak 2)and thughree tima the calculated size
of GST-hTRAK2-MBS (51.7 kDa). We further analysed tHation profileof GST-hTRAK2-MBS by
analytical SEC (Fig. AL6,C), further refining the apparent size of the protein K¥a. Based on the
data we suspect, that GRTRAK2-MBS dimerises through the GStag, however, this does not fully
explain the elution of GSATRAK2-MBS at elution volumesorresponding to XkDaduring the SEC
runs.Further analysis of the oligomeric state of GISTRAK2-MBS through cleavage of the G$dg
proved to be impossible as hTRAWBS was insoluble. Although there was clearly scope for
improvement of the purification conditions of GETRAK2-MBS, we proceeded towards complex

assembly withE. coli expressed hMiroHiis.
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A.4.10 GST-hTRAK2-MBS directly interats with hMirolHis

Once we had established that recombinant hMit@l showed the expected folding and GTPase
activity, the next step was to investigate if recombinant hMi@L (purified fromE. coli) is able to
interact with the Mirol binding site of IRIAK2. For this purpose, we incubated a 1:1 ratio of
hMirol-His and GSThTRAK2-MBS for 4 hours to allow for complex formation. The analysis of the
putative complex by preparative SEC showed two distinct peakssponding t860kDa and 190 kDa
(Fig. A.17,A) and the corresponding SDS gel revealed that both proteins were pregeakih and
peak 2 (FigA.17,B). Based on our knowledge regarding the oligomerisation of hiitisland the
potential dimegation of GSThTRAK2-MBS, the interpretatioof theseresults was difficult.

Therefore, we analysed samples of the individual proteins and the putative complex by analytical SEC
in the presence of 2 mM GDP. The comparison of the elution profiles reveals the formation of a larger
species (Fig. A.17, C) in th@Mirol-His/GST-hTRAK2-MBS sample as compared to hMirblls or
GST-hTRAK2-MBS alone.
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Figure A.17: Analysis of the complex formation between recombinanthMirol -His and GST-hTRAK2 -

MBS. (A) Preparative SEC of hMireHis with GSFhTRAK2-MBS, mixed in a 1:1atio, 4 h prior to the
purification. B8) Corresponding SD8AGE analysis of the SEC purification of the putative complex. Both
hMirol-His (70.0 kDa) and GSRTRAK2-MBS (51.7 kDa) elute over the entire range of peak 1 and 2. Peak
fractions are loaded as iicdted by numbers. L = load, M = marke€)(Analytical SEC elution profiles for
hMirol-His or GSFhTRAK2-MBS alone or mixed at a 1:1 ratio. While some protein remains unbound, the
formation ofa larger species can be recogdis(Q) Pulldown experiment wh peak 2 of A-B) the preparative
SEC. The hMirodHis/GST-hTRAK2-MBS complex was analysed by GST affinity purification (GST) or cobalt
IMAC (IMAC) with beads. GSThTRAK2-MBS is able to pull down hMiroHis onglutathioneresin. As control

the individual poteins were loaded onto tgpositeresin. E = Elution, W = wash.
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To further confirm the formation of a compldractions of peak 2 of the preparative SEC (Fid.7AA)
were used in a pulldown assafFig. A.17, D) Comparable amounts of hMirddis,
GST-hTRAK2-MBS and the putative complex were loaded on cobalt or glutathione agarose resin
respectively. As expecte@ST-hTRAK2-MBS showed unspecific binding to the cobalt resin, likely
due to the impurities remaining in the protein sample after purificatiocontrasthMirol-His showed

no unspecific binding to the glutathione agarose resin. In the sample of tHermeel
hMiro1-His/GST-hTRAK2-MBS complexbands for both hMiroHis and GSThTRAK2-MBS can be
seen on either type of resin, clearly hintimgvards the formation of a complekhe corresponding
bands at 7&Da and B kDa, respectively, were analysed by 885 and the presence of hMirddis
and GSThTRAK2-MBS was confirmedAt the time, durther analysis of the complex was not possible
due to he instability of bottE. coliexpressed hMiroHis and GSThTRAK2-MBS. We tried to obtain
crystals of the amplex (Extended data, Table2®), but to date, the complexdinot crystallig.

A.4.11 The folding of Mm2 depends on the surrounding detergent

In yeast Mim2, a component of the ikh complex is required for the incorporation of MOM proteins
carrying Uhelical transmembrane domaifi1]. To date, no highesolution structure of M2 has
beenreportedand threaedimensional structure predictions tools, such as Alphdftgl [55], predict

t he pr ot ei nhelicabwitbh a@higimdegree ofyariability in the predictiofst the purpose of
structure determination, J. Natarajastablished the purification of iM2 from cellfree protein
expression system$he Hig-tagged pratin was purified by nickel IMAC and subsequent preparative
SEC. Initially, the protein appeared to be solubite phosphate buffer and we proceeded with
crystallisation. However, magnesium ions, carried over from the-fiadl expression, rendered
crystallisation in phosphate buffer impossible due to a large quantity of magnesium phosphate crystals
growing in many different conditions (Extended data, Fi@1AB).

To avoid the formation of salt crystals, we exchanged the buffer to MOPS and investigditddinibe

of Mim2 to ensure ideal startingmditions for further crystallation attempts. To our surprise iR
showed t he-heleal folliogt omlg aftéd the addition of the detergétDodecytb-D-
maltopyranoside (DDMjo the buffer. We checked theding of Mim2 in both phosphate and MOPS

buffer and tried to rescue protein that was purified in the absence of detergent. The results indicate that
Mim2 needs detergent to display any secondary structure content and protein purified without detergent
could not be rescued, likely due to the formation of aggregates (Fi§, A). Further analysis of the

protein stability by TSA proved to be difficult asmR does not have a hydrophobic core, that could be
exposed upon unfolding (Extended data, Fi@1AF).
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Figure A.18 Mim2 s h ehelisal fé)ding in detergent containing buffer conditions (A-B) CD experiments
with Mim2 in (A) buffer with and without DDM during purification and with DDM added after purification
(Rescue) or inR) buffer with increasig DDM concentrations during the purification from fhevitro cell-free
expression system.

Additional crystalligtion trials(Extended data, Table 23) gave rise to honeycomb shaped crystals
that grew in small clusters of10 connected hexagons (Exteddkata, Fig. A31,A). In contrast to the

magnesium salt crystals (Extended data, Fi§1AB, D), the soft honey comb shaped crystals did not
show any diffraction (Extended data, Fig3A,C), but tested positive for protein content when tested

with Izit Crystal Dye (Hampton Research)

We further investigatei the used detergent or the detergent concentration could be altered to benefit
the stability of Mm2 by analytical SEC and CD spectroscopy. The analytical SEC elution profiles
suggest (Extendedath, Fig. A32, B, D and F), that Mn2 remained stable in all tested detergent
conditions, as the peaks eluting were shidqavever, the CD spectra of Mim2 in the different detergents
displayed distinct peaks, indicating that the folding of Mim2 changesrdient on the used detergent.
Moreover, the peak position in the spectra of Mim2 is depending on the concentration of the used
detergent (Fig. A.18, B and Extended data, Fig. A.32, A, C and E). We propose, that thedblding
Mim2 adjusts to the micelldermed by the detergefiFig. A.18,B and Extended data, Fig. 32, A,

C and E) Likely, the length of the membrarsep a n ntielix gan abjust to the micelle size and shape
due to the lack of tertiary structure which would explain the range of spectra we obtdiigpesk.
detergent concentrations were generally beneficrallim2 folding, highlighted byncreasingsignat
to-noise ratios below 215 nm if the detergent concentration was neaitited micelle concentration
(CMC). The fexibility in the folding of Min®2 displayed in the CD experiments and by the soft honey
comb crystalsled us to the conclusiothat Mim2 would be ansuitable candidate for structure

determination bywuclear magnetic resonand\R) spectroscopyather than crystallography.
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A.5 DISCUSSION

A.5.1 Heterologous expression of the hMiro proteins

Despite increasingvidence for the role of hMiro imitochondrial trafficking, dynamics and turnoyer
knowledge about the underlyimgechanisms within hMiro and its interaction partners remamted.

We established an expression and purification protocokfmmbinantfull -length hMirolthat yields
stable, folded and functional protein. Quork will enable future research on the interaction network of

hMiro to shed light onto the coordination and regulatiomi®chondrial functiorby hMiro.

Parts of hMirowere structurally characterisegreviously [40], [41], however, no highesolution
structure of thedll-length protein or structures thate able t@xplain conformational changes within

hMiro have been solved to date. To enhance our chances of success we produced hMirol specific
nanobodieg141] that, besides their purpose as hMuisualisation toolsyere supposed to serve as
crystalisation chaperoes. Due to time restraintthe heavychainonly antibody producing alpacas were
immunised with a two domain construct of hMirol comprising the nGTPase and EF1 and the Drpl
protein. Albeit the main target, the nGTPase of hMirol, beingeptehe immune response of the
alpacas could have been boosted by using a combination -tdrfgth hMiro, Drpl and hTRAK or

other interaction partners of hMifp54]. Moreover, initially the nanobody penning and enrichment was
performed with unstablg. coliexpressed hMirol thatasquite sensitive to the required buffer change

for the experiments. Therefore, we conclude that an improved set of nanobodies could have been isolated
and characterised if insect cell expressedlé&nigth hMirol would have been available earlier in the

process.

Despite many efforts, we were unabdedetermine thredimensional structures of hMiro, similarly to

other studies before. We planned to utilise the hMiro specific nanobodies as crystallisation chaperones
to overcome issues regarding the flexibility of hMiro. Although the nanobodies ate tdniget specific
domains of hMiro[141], they failed to stabilise recombinant hMiro, likely due to the distinct buffer
requirements of hMiro and the nanobodiég& couldnot observe complex formation between GDP
stabilised hMiro and the nanobodies, indicating that the interaction mméghb weak for our SEC
experiments. Though structure determination remains challenging, our recent improvements in the
stability of the protein opens new possibiliti€n one hand, the expression of hMiro in insect cells
coupled to other crystallisatiochaperoes such as an MBRig [155] could increase the chances of
successful crystallisation. On the other hand, the GfaBilised hMiro could be a target for cryo
electron microscopy (cryoEM) if combinedth a suitable interaction partner or a specific antibody to

increase the size of the protein.

Although the conformational changes within hMiro remain elusive, we were able to observe adteration
in the behaviour of the protein during the purificatioogess. For botk. coliand insect cell expressed
hMirol the position of the monomeric peak in SEC experiments shifted in the range of 30 kDa, hinting
towards alterations in the hydrodynamicitedof the protein and possibly underlying conformational
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changes.Recently published SESAXS experiments otie. coli expressed fullength hMirol and

hMiro2 reveal a bent conformation for hMiro witkiak between the nGTPAse and EF1 of hM#a].

In line with our experiments witlie. coli hMirol, Smith et al[41] observed an additional oligomeric

peak for hMiro1/2 in their SEC chromatogramsthe presence of 2 uM GTP. In contrase found
significant improvement in the stability of hMirol when expressed in insect cells as comparedlio
expression, highlighting the importance BTMs for the stability and solubility of the protein. We
hypothesise that, despite the potential toxicity for the expression host due to strong phenotypes,
expression in mammals could further improve the overall behaviour of the protein due to the possible

formation of more compleRTMs

In our experimentd)Mirol displayeda strong tendency to oligomerjsspecially san the presence of
calcium ions. Miredependent mitochondrial transport along microtubules is disrupted at elevated
calcium levels[21], [29], [48], but mitochondrial transporbccursindependently indicating that
additional calcium sensors are responsible for cakdapendent mitochondrial arrel@7], [156]

While the interaction of hMirbwith hTRAK2 appears to be calciuimdependeni29], calciumbinding

by hMiro is a requirment forefficientParkin recruitment by hMiro in PINK1/Parkin induced mitophagy
[107], [108] Recently published data on the acetylation of hMiro1 indicates that the calcium sensitivity
of hMiro might be additionally modulated through acetylation at lysine K32 Although there are
many indications for the importance of calciomffering by the EF hand domains of hM[&1], [29],

[48], [157], how calciumbinding affects the structure and possibly the oligomerisation of hMiro remains
to be determined he heterologougxpressiorand purificationof hMiro mutants deficient of calcitim
binding (208K for EFH1 and E328K foEFH2, respectively)56], [158] would allow further

characterisation of hMiro oligomerisation in response to caktiunding.

Superresdution microscopy experiments on hMiro revealed the formation of large hMiro structures
comprising hMirol, hMiro2 and other interacting proteins on the surface of mitochdd8iia
indicating that the human Miro proteins are not necessarily monomeni®. Since in our experiments

the addition of GDP or GMPPNP stabilised monomeric hMived hypothesise that GTP binding or
GTP hydrdysis by the hMiro GTBse domains regulates the formation of larger hMiro structures on the
MOM. These structures might be required to stabilise the MIB and to coordinate the concerted transport
of the MOM and the MIMIn our experiments, the GTPase adyivdaf hMiro occurred independent of

the presence of calcium, similarly to a study analysing the GTP hydrolysis of the individual GTPase
domains of hMiro1/244]. In this study, the cGTPase, of hMiro1/2 whiwasoriginally thought to be
inactive, displayed additional catalytic activity for the hydrolysis of ATP and UTP. Since the nGTPase
and the cGTPase domain are structurally distinct it is possible that theyndéfpendent functions.
However, which role the individual activity of the GTPase domains play in the functions of hMiro and
if additional GTPase@ctivating proteins or nucleotide exchange factors are needed remains yet to be

determined. One possibility farmore comprehensive analysis of the GTPase activity of hMiro would

55



A. DISCUSSION

be to include the GTP stabilised (P13V, G425V/K427V) and GDP stabilised (T18N, G430N/S432N)
mutantsof Miro [56].

Structural data on hMiro2relimited to a highresolution structure of the cGTPase of hMildD].
Therefore, we attempted to purify hMiro2, similarly to hMirol, from insect cells. Although a substantial
amount of protein could be observed, hMiro2 could only partially be stabilised by the addition of GDP,
in stark contrast to hMirohMirol and hMiro2 have partially overlapping functions in mitochondrial
trafficking. However, hMirol is able to compensate for loss of hMiro2 in hMiro2 KO neurons, which
hMiro2 cannot do in reverse, indicating distinct roles for hMirol and hMiro2. This mightbeell
reflected in the differing properties of the proteins regarding their stability and oligomerisation tendency
in our experimentdf hMirol and hMiro2 indeed form a stable macro molecular comjgigkand the
composition of such a complex, yet needs to be establighedprerequisite for the formation of a
complexof recombinanhMirol and hMiro2would be the exchange of thtiss-tag on one of the two

proteins, which will require extensive optimisation of expression and purification conditions.

The expression and purification of fidingth hTRAK1, fused to large tags for lieell imaging, has
been established befdi@5]. Establishing a similar protocol for the expression ofleigth hnTRAK2

in insect cell proved to be difficulTherefore, we focused on the exgien of the hTRAK2MBS in

E. coli and we were able to obtain substantial amounts of-a§ded proteinn our efforts to stabilise
the protein, we faced significant solubility and stability issues. To date, the MBER#K2 has not
been refined in much det§fi7] and recently published structure predictions of hnTRAK2 by Alphafold
[54], [55] might allowimproved construct desigRy all means, the expréss of hTRAK-MBS in
insect cellscould be beneficialdr the stability of the protein and would allow for simplEMswhich
expression irk. coli cannot offer.So farthe purification of the hTRAKMBS was carried out in

conditions optimised for hMirol, offerg a wide range of possible improvements.

The interaction between hMirol and hTRAK2 is well establisretidependsn the MBS of hTRAK
comprising AA 476700 [29]. We attempted to form a complex withcaenbinant hMirol and the
hTRAK2-MBS in a pulldown experiment. Although the purified hTRAKIBS sample was of low
guality, we couldkstill observehTRAK2-dependent pulldown oft\tirol. However, we cannot exclude

that the complex was formed due to unspecific interactions between the tags or the general overall
stickiness opartially unfoldedGST-hTRAK2-MBS. Moreover, other interaction partners of hMiro such
asOGT [51], [53], KHC[21], [29], PINK1[151], Adenosine diphosphate (AD#posylation factor 1

(Arfl) and Golgispecificbrefeldin Aresistance guanine nucleotide exchange fact@BF(Q) [159],
Drp1[48] or Metaxin 1/21160] might be needed to form a stable complex that can be isolated.

Lastly, the now established purification protocol for wild type-fetigth hMirol can be transferrtal
the patienderived hMirol PD mutants[111]i [113] enabling thein vitro characterisation of these
mutations regarding calcium bindin@,TP hydrolysis and interaction with other binding partnéhe

hMirol mutations have been identified in two female patients carrying heterozygous R272Q or R450C
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mutatiors, respectivelyf111]. Additional evidence for the relevance of these mutations for PD came
from the same study presenting a phenotype in PD patient derived fibroblasts showingd) EEMEES,

altered calcium homeostasis, increased mitochondrial fragmentation and an increase in mitochondrial
clearanceAdditional PD-related mutations in hMirol have been described giit2], [113]but how

the functionality of hMirol is altered by these mutations and how the hMirol regulated processes are
affected remains elusive. Recombinant expression of the hMirctela2d mutants will enable

research with aauch broader range of techniques.

In summarywe here present a protocol for the expression and purification of hMirol from insect cells.

Monomeric hMirol was stabilised by the addition of GDP or GMPPNP and the recombinant protein
showed the expectddhelical folding. Moreoverthe present study establishibat recombinant full

length hMirol is an active GTPase and able to interact with at least one interaction partner. hMirol
purified in this study has been used successfully to produce hMirolispesibbodie$l41] and we

expectthe protocol to be of assistance for future research on hMirol.

A.5.2 Structure determination of Mim2

The yeast Mim2 protein is an integral part of the MOM located Mim complex which in turn is
responsible for the integration of protswmith anU-helical anchosuch as Miro (Gem1p) into the MOM
[121]. We characterised the folding of Mim2 in the presence of detergent to optimise the purification
protocol with the purpose of determinitigethreedimensionaktructue ofthe protein. However, Mim2
displayedhigh flexibility in our experiments, adjusting its folding to the surrounding micdlle
flexibility of Mim2 might be necessary for the incorporation into the Mim complex. We were able to
obtain soft pratin crystals that lacked the stability and durability for structure determinatien.
speculate that the native folding of Mim2 will be better reflected in the context of the Mim complex and
propose that due to its small size and stability Mim2 would beca target for NMR structural and
interactionstudies. Foremost, the focusfafure research should be on establishing the composition of
the Mim complex [123], [126], [130], [131]with biochemical and super resdbn microscopy
techniques. Once the siaad stabilityof the Mim complex has been evalugtagdpropriate structural
techniques such as cryoEM or NMRectroscopgan be appliedOur results revealed that recombinant
Mim2 needs detergent to display thidmensional folding and that the protein is highly flexible.
Therefore, NMR is perhaps an especially attractive strategy as Mim2 could be stabilised in a quasi

membrane environment using nanodics that contain detergents or lipids.
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A.6 OUTLOOK

The results on #expression and purification of recombinant hMirol will enable more comprehensive
research regarding the multifaceted functions of the hMiro proteins. The herewith developed hMirol
specific nanobodies will improveonfocal microscopy as compared to corigral protein labelling

with less specific largsized antibodies. Moreover, these nanoboui#isbe of advantage as they
individually target multiple different domains of hMirpthus avoiding the blockage of access for the
many interaction partners bMirol. The stabilised hMirol can now be used to develop an improved
set of hMirol specific nanobodiefirther boosting the specificity and selectivity of the nanobodies.
hMiro antibodies are prone to label not only the protein of interest but also eoedsgeMirol or
hMiro2. Recombinant hMiro1/2 can be used to characterise the hMiro binding capability of those
antibodies, which are still frequently used in confocal microscopy. Moreover, the distinct functions of
hMiro2 and the interaction network of hMR arenot well understoadRecombinant hMiro2 could be

used to establish to which extent the interaction networks of hMirol and hMiro2 overlap and to identify
new interaction partners with mass spectrometry technidquies.purification protocol for hMirol
established in this thestan be optimised for Pielated mutants of hMirqlthus enablingn vitro

experiments to characterise the altered properties of the mutations.

Finally, recombinant hMirol will be used in vitro assays to study Drpdependentission by Yannic
Lurz (group of ProfSchéafer, Center for Molecular Biology of Plants, University of TUbingénirol

has been shown to be important for the formation of membrane protrusions at miesotialul
downstream vesicle generation by Difa61]. Y. Lurz plans to establislhhcombination of Drpl fission
and kinesin motility assays with hMiro acting at the intersection of the two procéssedemonstrates
that our hMirol puriftation protocol will have practical implications in future research on the hMiro
proteins.
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A.7 EXTENDED DATA
A.7.1 Tables

Table A.21: Overview of the hMirol constructs.Most constructs were cloned for this study except for those labelled with *.

Construct name | Protein  Domains Length (AA) Mutations Tag Host organism  Vector  Expression
1* | hMirol ABiB.C 1-592 wt N-Spot, G6xHis E. coli pET28a(+) No
2 | hMirol ABiB.C 1-592 wit N-Spot E. coli pPET28a(+) No
hMirol-His | hMirol ABiB>C 1-592 wit C-6xHis E. coli PET2&(+) Yes
hMirol -His* | hMirol ABiB.C 1-592 wit C-6xHis Hi gh Fi pFastBacl Yes
MBP-hMirol* | hMirol AB:B,C 1-592 wt N-MBP E. coli pET28a(+) Yes
hMirol | hMirol AB1B.C 1-592 wit - E. coli pPET28a(+) Yes
hMiro1(R272Q)-His | hMirol AB:1B.C 1-592 R272Q C-6xHis E. col pET28a(+) Yes
3 | hMirol ABiB.C 1-592 R450C  N-Spot, G6xHis E. coli pET28a(+) No
hMiro1(R450C)-His | hMirol AB1B>C 1-592 R450C C-6xHis E. coli pPET28a(+) Yes
4 | hMirol  BiB:C 181-592 wt C-6xHis E. coli pET28a(+) No
5| hMirol ABiB> 1-417 wit N-Spot, G6xHis E. coli pET28a(+) No
hMirol -AB1B2-His | hMirol  ABiB> 1-417 wit C-6xHis E. coli pPET28a(+) Yes
6 | hMirol  ABiB» 1-417 R272Q C-6xHis E. coli pET28a(+) No
7 | hMirol  ABiB> 1-406 wt C-6xHis E. coli pET28a(+) No
8 | hMirol  ABiB» 1-406 R272Q C-6xHis E. coli pET28a(+) No
9 | hMirol AB1 1-290 wit N-Spot, G6xHis E. coli pPET28a(+) No
hMirol -ABi-His | hMirol AB1 1-290 wt C-6xHis E. coli pPET28a(+) Yes
10 | hMirol AB1 1-290 R272Q  N-Spot, G6xHis E. coli pPET28a(+) No
11 | hMirol AB: 1-290 R272Q C-6xHis E. coli pET28a(+) No
12 | hMirol AB1 1-281 wit N-Spot, G6xHis E. coli pET28a(+) No
hMirol -AB1(1-281)His | hMirol AB1 1-281 wit C-6xHis E. coli pET28a(+) Yes
13 | hMirol AB1 1-281 R272Q  N-Spot, G6xHis E. coli pPET28a(+) No
14 | hMirol AB1 1-275 wt N-Spot, G6xHis E. coli pET28a(+) No
hMiro 1-AB1(1-275)His | hMirol AB1 1-275 wt C-6xHis E. coli pET28a(+) Yes
15 | hMirol A 1-180 wit N-Spot, G6xHis E. coli pPET28a(+) No
hMirol-A-His | hMirol A 1-180 wit C-6xHis E. coli pPET28a(+) Yes
16 | hMirol A 1-167 wt N-Spot, G6xHis E. coli pET28a(+) No
hMirol-A(1-167)His | hMirol A 1-167 wt C-6xHis E. coli pET28a(+) Yes
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Table A.22: Crystallisation experiments with hMirol-His.

Construct | Origin  Oligomeric | Addi | Concentration Temperature Drop Size Screens
name state tive [mg/mL] [°C] ratio [nL]
hMirol- | E. coli Monomer - 10.4 20 1:1 400 Wizard Classic 1 and 2 Block (Molecular Dimensions)
His Wizard Classic 3 and 4 Block (Molecular Dimensions)
JCSG+ Suite (Qiagen)
PEG/ 1l on HTE (Hampton Rese€
E. coli Monomer - 1.9 20 1:1 400 Wizard Classid and 2 Block (Molecular Dimensions)
Wizard Classic 3 and 4 Block (Molecular Dimensions)
E. coli Monomer - 5.1 4 1:1 400 Wizard Classic 1 and 2 Block (Molecular Dimensions)
Wizard Classic 3 and 4 Block (Molecular Dimensions)
Cryst al Scr eeResddTy ( Hamp't
PEG/ 1l on HTE (Hampton Rese€
JCSG+ Suite (Qiagen)
E. coli Monomer - 1.9 4 1:1 400 W.izard Classic 1 and 2 Block (Molecular Dimensions)
Wizard Classic 3 and 4 Block (Molecular Dimensions)
E. coli Oligomer - 5.1 20 1:1 400 Wizard Classic Bnd 2 Block (Molecular Dimensions)
Wizard Classic 3 and 4 Block (Molecular Dimensions)
PEG/ 1l on HTE (Hampton Rese
E. coli Oligomer - 5.1 4 1:1 400 W.izard Classic 1 and 2 Block (Molecular Dimensions)

Wizard Classic 3 and 4 Block (Molecular Dimensipns
PEG/ 1l on HTE (Hampton Rese
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Table A.22, continued Crystallisation experiments with hMiro1-His, hMiro1(R450C)-His and GST-hTRAK2.

Construct name

Origin

Oligomeric
state

Additive

Concentration Temperature Drop

[mg/mL]

[°C]

ratio

Size
[nL]

Screens

hMir o1-His

hMiro1(R450C)-
His

hMirol -His and
GST-hTRAK2 -
MBS

High
Fi ve

High
Fi ve

E. coli

Monomer

Monomer

Monomer

2 mM
GDP

2 mM
GDP

8.0

8.0

5.2

4.9

20

1:1

1:1

1:1

1:1

400

400

400

400

Morpheus® (Molecular Dimensions)
Cryst al Screen HTE

Wizard Classic 1 and 2 Block (Molecular
Dimensions)

Wizard Classic 3 and 4 Block (Molecula
Dimensions)

Morpheus® (Molecular Dimensions)
Crystal Screen HTE
PEG/ Il on HTE (Hampt
JCSG+ Suite (Qiagen)

Wizard Classic 1 and 2 Block (Molecular
Dimensions)

Wizard Classic 3 and 4 Blo¢Kolecular
Dimensions)
PEG/ 1l on HTE
Wizard Classic 1 and 2 Block (Molecular
Dimensions)

Wizard Classic 3 and 4 Block (Molecular
Dimensions)
Cryst al

Screen HHRE

o

(

(
n

(Hampt on

(
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Table A.24: Primer sequences for sitadirected mutagenesisPrimers were synthesised at biomers.net, Germany or Invitrogen by Thermo Fisher Sientific.

Primer Construct Sequences
pair
1 2 5' ggatctgaaaagcagcaccttttgagatccggctgctaacaaagc 3'
5' gctttgttagcagccggatctcaaaaggtgctgcttttcagatcc 3'
2 hMirol-His 5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatgcgcacatcttttttcattatatctccttctttctagagg 3'
1,2 hMirol 5' ggatctgaaaagcagcaccttttgagatccggctgctaacaaagc 3'

5' gctttgttagcagccggatctcaaaaggtgcetgcttttcagatcc 3'
5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatgcgcacatcttttttcattatatctccttctttctagagg 3'

3,2 hMiro1(R272Qj)His  5' gaaaccacctggaccgtgcsgacgctttggctatgatgatgatc 3'
5' gatcatcatcatagccaaagcgttgcagcacggtccaggtggtttc 3'
5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatgcgcacatcttttttcattatatctccttctttctagagg 3'

4 3 5' cctgatgcgccagaaaaaaatttgcgaagatcataaaagctattatg 3'
5' cataatagtttatgatcttcgcaaatttttttctggcgcatcagg 3'
4,2 hMiro1(R450C)His  5' cctgatgcgccagaaaaaaatttgcgaagatcataaaagctattatg 3'

5' cataatagcttttatgatcttcgcaaatttittictggcgcatcagg 3'
5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatgcgcacatcttttttcattatagcttctttctagagg 3'

5 4 5' ctctagaaagaaggagatataatgaaaccggcgtgcattaaag 3'
5' ctttaatgcacgccggtttcattatatctccttctttctagag 3'
6 5 5' ccagcgcaacgaaaacctgtattttcagggegc 3'
5' caggttttcgttgcgcetgggtctgttttttctge 3'
6, 2 hMiro1-AB1B»-His 5' ccagcgcaacgaaaacegitcagggcgc 3'

5' caggttttcgttgcgcetgggtctgttttttctge 3'
5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatgcgcacatcttttttcattatatctccttctttctagagg 3'
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Table A.24, continued: Primer sequences for sitedirected mutagenesis.

Primer
pair

Construct

Sequences

8,2,3

9,2

9,3

10

10, 2

11

11,2

11

12

hMiro1-AB1(1-281)His

13

14

hMiro1-AB1(1-275)His

15

hMirol-A-His

5' ggaatatctgtttccgctggaacctgtattttcagggceg 3

5' cgccctgaaaatacaggttttccagcggaaacagatattcc 3

5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatgcgcacatcttttttcattatatctccttctttctagagg 3'

5' gaaaccacctggaccgtgctgcaacgctttggctatgatgatgatc 3'
5' gatcatcatcatagccaaagcgégcacggtccaggtggtttc 3'

5' ctggatctggaaaacctgtattttcagggegce 3'

5' tacaggttttccagatccagatcatcatcatagcec 3'

5' ctggatctggaaaacctgtattttcagggcgc 3'

5' tacaggttttccagatccagatcatcatcatagcc 3'

5' cctctagaaagaaggagatataatgaaadgiaggcattc 3'

5' gaatgcgcacatcttttttcattatatctccttctttictagagg 3'

5' ctggatctggaaaacctgtattttcagggegc 3'

5' tacaggttttccagatccagatcatcatcatagcec 3'

5' gaaaccacctggaccgtgctgcaacgctttggctatgatgatgatc 3
5' gatcatcatcatagccaaagcgttgcagcacggtccagmt@gtt

5' ccgctttggcgaaaacctgtattttcagggcegce 3'

5' tacaggttttcgccaaagcggcgcagcacg 3'

5' ccgctttggcgaaaacctgtattttcagggcegce 3'

5' tacaggttttcgccaaagcggcgcagcacg 3'

5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatggcacatcttttttcattatatctccttctttictagagg 3'

5' gtattgcccggaagaaaaagaagaaaacctgtattttcagggeg 3'
5' cgccctgaaaatacaggttttcttctttttcttccgggcaatac 3'

5' gtattgcccggaagaaaaagaagaaaacctgtattttcagggeg 3'
5' cgccctgaaaatacaggttttcttctittécgggcaatac 3'

5' cctctagaaagaaggagatataatgaaaaaagatgtgcgcattc 3'
5' gaatgcgcacatcttttttcattatatctccttctttctagagg 3'
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Table A.24, continued: Primer sequences for sitedirected mutagenesis.

Primer pair

Construct

Sequences

18

18, 13

19, 13

20,13

21

21, 22

22,23

22

24

24

hMiro2-AB:-His

25

26

28

30

31

32

33

5' ggaatatctgtttccgctggaaaacctgtattttcagggceg 3'

5' cgccctgaaaatacaggttttccagcggaaacagatattce 3'

5' ggaatatctgtttccgctggaaaacctgtattttcagggceg 3'

5' cgccctgaaaatacaggttttccagcggaaacagatattec 3'

5' cctctagaaagaaggagatataatgcgccgcgatgtgcgcattc 3'

5' gaatgcgcacatcgcggcgcattatatctcattagagg 3'

5' gtattgcccggaagaaaaagaagaaaacctgtattttcagggceg 3'

5' cgccctgaaaatacaggttttcttctttttcttccgggcaatac 3'

5' cctctagaaagaaggagatataatgcgccgcegatgtgcgceattc 3'

5' gaatgcgcacatcgcggcgcattatatctccttctttctagagg 3'

5' gaaagcggtgctggaacctgtattttcagggceg 3'

5' cctgaaaatacaggttttccagcaccgctttctgege 3'

5' gatgggtgtgctgaaggaggacgaaaacctgtattttcagggcgcagccgcactcgagcaccaccaccaccaccactaagcggccgctttcgaatctaga
5' ctctagattcgaaagcggcecgcttagtggtggtggtggtggtgetcgagtgecggcetgegeccicaggtitagtcctccticagcacacccate 3'

5' gatgggtgtgctgaaggaggacgaaaacctgtattttcagggcgcagccgcactcgagcaccaccaccaccaccactaagcggccgctttcgaatctaga
5' ctctagattcgaaagcggcecgcttagtggtggtggtggtggtgetcgagtgeggcetgecgecctgaaaatacaggttttcgtectecttcagBacaccca
5' gtccgaagcgcgcggaattcatgtcccagtcccagaacgctatcttc 3

5' gaagatagcgttctgggactgggacatgaattccgcgcgcettcggac 3'

5' gtccgaagcgcgceggaattcatgtcccagtcccagaacgctatcttc 3'

5' gaagatagcgttctgggactgggacatgaattccgcgcegcttcggac 3'

5' cggtccgaagcgcgeggaatatatgcaccaccaccaccaccacccatgggaaaacctgtattttcagggcatgtcccagtcccagaacgctate 3'
5' gatagcgttctgggactgggacatgccctgaaaatacaggttttcccatgggtggtggtggtggtggtgcatatggaattccgegegcttcggaccg 3
5' gtccgaagcgcgcggaattcatgtcccagtcccagaacgctatcttc 3'

5' gaagatgcgttctgggactgggacatgaattccgcgcegcttcggac 3'

5' cactggtcctccccctecggtgactccgacctgg 3'

5' gtcaccggagggggaggaccagtgggacacagcac 3'
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Table A.24, continued: Primer sequences for sitedirected mutagenesis.

Primer pair | Construct Sequences
26, 24 39 5' cctectectectaageggecgcttaagctag 3
5' cggccgcettaggaggaggaggaaccggag 3'
5' cactggtcctccccctecggtgactccgacctgg 3
5' gtcaccggagggggaggaccagtgggacacagcac 3'
26, 25, 21, 27 40 5' cctectectectaageggecgctttcgaatctag 3'

5' cggccgcettaggaggaggaggaaccggag 3'

5' gcggaattcatgccctccggtgaagecctgg 3'

5' gtcaccggagggcatgaattccgegcegctteg 3'

5' gatgggtgtgctgaaggaggacgaaaacctgtattttcagggcgcagccgcactcgagcaccaccaccaccaccactaagcggccgctttcgaatctagag
5' ctctagattcgaaagcggcecgcttagtggtggtggtggtggtgctcgagtgeggcetgecgecctgaaaatacaggttttcgtecteotizaigczica

5' gtccgaagcgcgceggaattcatgtcccagtcccagaacgctatcttc 3'

5' gaagatagcgttctgggactgggacatgaattccgcgcegcettcggac 3'
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A. EXTENDED DATA

A.7.2 Figures
nGTPase His
A | N 50
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Figure A.19: hMirol-A-His purification including tag cleavage. (A) Constriet design for hMiroiA-His
comprising only the nGTPase (dark blue) with-ge@ninal Hig-tag. B-C) The majority of hMiro1A-His elutes

at 116 mM Imidazole during the purification by nickel IMA@)(The SDSPAGE analysis of the TEV digest
hMirol-A-His reveals the complete cleavagetitd His-tag. €) Analytical SECelution profileof hMiro1-A-His
before cleavage of the Hitag. Peak Zlutesat an elution volume corresponding 6 kDa(peak 3)indicating

that hMiro:A-His (22.5 kDa) is not monomeri¢F-G) The preparative SEC of hMireA shows most of the
proteinelutingin the void volume of the columnB{G) Peaks in the chromatograms and corresponding gels are
labelled with corresponding numbers. C = cells, L = lysate, P = pellet after centafydat= supernatant after
centrifugation, N = noibound protein, M = marker.
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A. EXTENDED DATA
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Figure A.20: Purification and characterisation of hMiro1-ABi-His. (A) hMiro1-AB:-His construct design

comprising the nGTPase, EF1 and ge@ninal TEV cleavableHiss-tag. (B-C) The nickel IMAC and the

corresponding SDS gel of hMireAB,-His show that only few impurities gourify with the target protein.¥)

The shift of the bands in the 12% SDS gel after cleavage of théadief hMiro:AB1is not significant. [£) The
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A. EXTENDED DATA

elution volume of nonomeric hMirotAB; (35.2 kDa)on the SD200 3.2/300 increase colucamresponds t&60

kDa (peak 4). Cleavage of the klisg reduced the amount of monomeric hMi#R 1 significantly. ) Circular
dichroism spectroscopy of hMireAB1 before andafter the TEV digest reveal differences in the secondary
structure. G) Dynamic light scattering analysis of hMir@4B1 before and after cleavage of the ¢tiag. H-I)
Even after the TEV digest a substantial fraction of hMid; elutes as monomer frothe preparative SECC(

D, I) S = supernatant after centrifugation, N = +mund protein, M = marker.
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Figure A.21: hMirol -AB1B2-His purification. (A) The construct of hMirodAB1B>-His comprises the nGTPase

and both EF hand domains. It ist€fminally Hss-tagged and has a size of 50.0 k[BxQ) hMiro1-ABB»-His

does notsaturatettéi s Tr apE FF crude column and many D-Bnfherities r
preparative SEC ané) the analytical SEC reveal that after cleavage of thetidgno monomeric hMirodAB B>

was obtained. P = pellet after lysis, S = supernatant after lysis, N-baumd protein, M = marker, L = loafz)

Cartoon and surface representation of hMiBaB,C (PDB-ID: 5KTY) with EFH2 (light blue) and the cGTPase

(dark ble). Theextended linker, that was cut in the revised hMiAR; B> construct is highlighted in lime green.
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Figure A.22: Purification of full -length hMiro1-His from E. coli BL21 cells.(A-D) Comparison of4-B) a

nickel IMAC or (C-D) a cobalt IMAC as initil purification stepDuring the nickel IMAC the amount of impurities

on the column is much higher (compare peak 1 in panel A and C). Peaks in the elution profiles and corresponding
SDS gels as indicated by numbei&:-K) A substantial fraction of hMireHis elutes as monomer (peak 3) from

the SD200 16/600 column during the preparative SEC. L = load, M = marker.
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A. EXTENDED DATA
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Figure A.23. Western blot analysis of hMiro1/2 samplesTo confirm the expression of hMirol and hMiro2
constructs, samples were analysed by Wt er n bl ot t i ng-Hwist mnpr ismamymsd mo ys g old t
antibodies.
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A. EXTENDED DATA
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Figure A.24: Optimisation of hMirol -His purification conditions by adding reducing reagents.(A-B)
Analytical SEC elution profiles of hMireHis purified fromE. coliat varying concentrations of reducing reagents.
No significant improvement in the sility of hMirol-His was recognable and the concentrations as high as
5mMDTTand TCEPdithar m t he used cHdeTaumm@ Surfack and dartoon representation
of the structures of hMireB1B>C and hMiro1A (PDB-ID: 5KTY and 6D71) with highlighted surface cysteine
residues (lime green).
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Figure A.25: Analysis of hMirol1-His stability in the presence of calcium or magnesium iongA-C) Elution

profiles of insetcell expressed hMiraHis (blue)in the presence of either 2 mM CaCl mM MgCkb or both.

The presence of calcium ions accelerates the shift from monomeric to oligomeric ffiBrsibnificantly while
magneBim ions seem to have a stabiiig effect. D) The results folE. coli hMirol-His (black/grey)are less
conclusive due to the general instability of the protein. The presence of calcium ions increases the ongoing
precipitation.
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Figure A.26: hMiro 1-His stability is dependent on binding to nucleotiés. (A-C) Analytical SEC elution
profiles of hMiroXHis expressed i&. coli(A) without nucleotides or with eitheBY 2 mM GMPPNP orC) 2 mM
GDP. No significant changes in the ratio between monomeric and oligomeric hHisoan be seen.
(D-F) Analysisof the stability of hMiro1His purified from insect cells in the presence Bf 2 MM GMPPNP,
(F) 2 mM GDP or D) without nucleotides. Both GMPPNP and GDP significantly reduce therrenoce of
oligomeric hMirotHis over the course of 6 days.
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A. EXTENDED DATA
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Figure A. 27: hMirol-His and the hMirol
specific nanobodies. (A-C) Analysis of the
stability of insect cell expressed hMirddis with
(A) MFL11, B) MFL25 or (C) MFL41 by
analytical SEChMirol-His and the nanobodies
were mixed in 1:1 ratio and 2 mM GDP was
added. An exemplary selection of the tested
nanobodies is shown.
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Figure A.28 Purific ation of hMirol carrying the PD-related mutation R272Q. (A) hMiro1(R272Q)His
construct design with the position of the mutation highlighted in lime greBrE) (Purification of
hMiro1(R272QjHis by B-C) nickel IMAC followed by D-E) a preparative SEC. Peaks in the elution profiles
and corresponding SDS gels as indicated by numbers. hMirol(R2i2@xpression levels are lower as
compared to the wt and the protein did &ggte during the concentration for the preparative $ECpellet after
lysis, S = supernatant after lysis, N = Amound protein fraction, M = marker, L = load.
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A. EXTENDED DATA

Figure A.29: hMiro1(R450C)-His showssimilar behaviour as hMirol1-His during purification. (A) Construct
design of hMiro1(R450CGHis comprising all soluble domains (blue) of hMirol with-#e@minal Hig-tag (grey).
The PDrelated mutation (lime green) is located at the Switch | region of the cGT(Ba&g¢.hMiro1(R450C)
His purification by B-C) nickel IMAC, (D-E) ion exchange chromatography aid®) preparative SECPeak
fraction were loaded on SDS gels as indicated by numbbtisol(R450C)His precipitated significantly during
the transfer in low salt buffer for the ion exchange chromaptyra
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