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SUMMARY

Coiled coils are ubiquitous structural units of proteins which fulfill a wadeyeof biological

functions They can serve as molecular spacers, oligomerization motifs, mechawnecalife

membrane fusion, components of cytoskeleton, as well as facilitate ion transport and signal
transductionCanonical coiled coils ataghly regular, éft-handed supercoiled bundles of two

or m eheliees, Whichfollow a characteristic heptad repeat pattern. However, other
periodicitiesengendering different supercoils are possible. Insertion of(hepads)or six
(hexadsyesidues in a regular heptegpeat increasg¢he supercoil strain so fahat the helial
structurdocally breals. In trimeric coiled coils, the single helices continus ds o sttand$,

and assemble as a tr i anlgyerlApreviogststudy showedthdt el e
nonad repeats yield a new structureand hbe U/
segments and only one backbone hydrogen bond per repeat in common with adpgrad

coiled coil. In this first project, | present the crystal structures of hegadrepeat families.

These minimalistic U/ b coiled coil shepthd not s
repeatcoiled coil. Furthermore, conversion of hexads to heptads by simple insertion of one
residue per repelads tahe formation of a camical coiledcoil. These resultBirther support

previous datahowng that novel backbone structures are possible within the allowed regions

of Ramachandran space with mimoutations to a canonical coiledil.

In the second project, | investigate tteuctural and functional characteristics of the
mempromCC family, a group afonservedntegral membran@roteins in prokaryotes and
mitochondria. They exhibit a characteristic headckstalk-anchor architecture, where a
membraneanchoredrimeric coiled-coil stalk projectsheN-t e r mi n a | head domai
layer neck. Humans express two mempromCC parald@JR1 and CCDC90B. Here, |
present the crystal structuretbfe head domain ofiuman CCDC90B aha fulklengthmodel
of MCURL1. Cellular localizatio studies show that the prokaryotic and eukaryotic proteins
localize to the cytoplasmic and inner mitochondrial membranes respectively, witina@-N
out orientationin both casesUsing humanMCUR1, an essential regulator of €aiptake
through the mitdeondrial calcium uniportefMCU), | study the role of individual domains
and findthat the head interacts directly with MCU. UporfCainding, MCUR1 head domain

is destabilized whickhenacceleratests conversion td-amyloid fibrils. Furthermore, | find



that MCURL is processed vivoand show that a major part of itstBrminal disordered region
is cleaved. Both the fulength and processed forms of MCURL interact with MBiyever,
it is still unclearif they arefunctionally equivalent.Finally, comparison of mempromCC
homologs with unrelated prokaryotic proteinsrestructural and sequence lewdntifies the

head domaimsthe family defining element.

In the thrd project, | study the effedf frameshiftresistan{FSR)repeaamplification
on the structure and function existing and noveproteirs. This particular type of repetition
comprising units ofi 3 basepairs and lacking stop codons, encodes the same protein repeat of
n residues in all three frames of equal serisbocus on heptad FSR repeats whate
significantly enriched andtconform to coileecoil periodicity. Through biophysical and
biochemcal methods, | show th#heserepeat insertions1 proteins arenostly unstructured
and have mainly deleterious effedissing Microcystis aeruginosal investigate then vivo
expression of FSR repeat ORW#h proteome and transcriptome analgsand fird thata
number of therare transcribedbut undetectable at the protein levélom these results, it
appears that FSR repeat amplification in bacterial genomes is a recent evolutionary event,
whose products are initially unstructured and -fgrctional. Eventually they can obtain

beneficial mutations to become more structugaeng rise to novel cellular functions.



ZUSAMMENFASSUNG

Coiled-Coils sind ubiquitare Proteinstruktiotive, welche verschiedenste biologische
Funktionen erfillen. Sie dienersaholekulare Abstandshalter und Oligomerisierungsmodule,
erfullen Hebelfunktion in Membranfusionsprozessen, stellen Komponenten des Zellskeletts
dar und sind am lonentransport und der Signallibertragung an Membranen beteiligt.
Kanonische CoiledCoils sind egelmalige, linkshandig gedrehte spiralférmige Blndel von
mindestens zweil-Helices, deren Aminosauresequenz ein typisches Hepiddster
aufweist. Neben diesem sich wiederholenden Muster von sieben Resten sind weitere
Periodizitaten mdglich, welche entsphende Anderungen im Grad der Verdrehung der
Helices aufweisen. Das Einfugen von zusatzlich zwei (Nonade) oder sechs (Hexade)
Aminosaureresten in eine Heptade fiihrt zur lokalen Uberbeanspruchung der einzelnen Helices
und letztlich zu ihrem Bruch. In trienen CoiledCoils werden die einzelnen Helices an der
Insertionsstelle als kurfeStrange fortgesetzt und bilden ein dreieckférmiges Strukturelement,
genannb-layer. Vorherige Arbeiten zeigten, dass die repetitive Anordnung von Nonaden zur
Ausbildung einetJb-Coiled-Coil fiihrt. Diese neuartige Struktur besteht aus alternieredden
undb-Abschnitten und besitzt, im Gegensatz zu Heptaden, bei denen jede Amingséinee (
solche Wasserstoffbriickenbindung mit dem vierten nachfolgenden Rest (i+4) ausbildet, je
Wiederholungsmotiv nur noch eine Wasserstoffbrickenbindung im Backbone der
Aminosaurekette. In diesem Projekt wurden die Kristallstrukturen zweier Motive, die repetitive
b-layerim HexaderAbstand haben, gelost. Diese zeigen minimalistisiin oiled-Coils, die

keine der genannten Wasserstoffbrickenbindung im Backbone der Aomekesiie mehr
aufweisen. Durch Einfligen von nur einer zusatzlichen Aminosaure wurden die Hexaden in
Heptaden uberfuhrt und digb-Coiled-Coil in eine kanonische Coiledoil umgewandelt.

Diese Ergebnisse zeigen, dass es moglich ist, durch die EinfiUhmnuwgmiger Mutationen in

das HeptadeMuster einer CoileeCoil neue Backbon&trukturen, beschreibbar mit dem

RamachandraPlot, zu generieren.

Das zweite Projekt beschaftigt sich mit strukturellen und funktionellen Untersuchungen
der mempromCe&Proteinfamiie mit Homologen in Prokaryoten und Mitochondrien. Die
Mitglieder dieser Familie sind trimere integrale Membranproteine mit einer charakteristischen
Domanenarchitektur, bestehend aus Kopf, Hals, Stiel und Membrananker -tBimiNale

Kopfdomaéne ist Ubeginenb-layer mit einer CoiledCoil (Stiel) verbunden, welche wiederum



in den Gterminalen Membra#\nker mindet. Im Menschen gibt es mit MCUR1 und
CCDC90B zwei Paraloge. In dieser Arbeit werden die Kristallstruktur der Kopfdoméne von
CCDC90B und ein Homotpemodell des gesamten MCUfRIoteins prasentiert.
Durchgefiihrte Studien bestatigen die Lokalisation prokaryotischer und eukaryotischer
Homologer an der inneren Cytoplasidambran bzw. der inneren mitochondrialen Membran,
mit dem CGTerminus verankert in ddVlembran und dem Stiélopf-Abschnitt im Cytoplasma

bzw. der mitochondrialen Matrix. Eine funktionelle Analyse der einzelnen Domé&nen von
MCUR1, einem essentiellen Regulator degochondrial calcium uniporte(MCU), zeigt,

dass die Kopfdomane sowohl digekte Bindung an MCU vermittelt als auch“Chindet.
Ca*-lonen destabilisieren die MCURdopfdoméne und férdern die Umwandluddpelikaler
Sekundarstruktur i-amyloide Fibrillen. Weiterhin wird gezeigt, dass ein Grol3teil des laut
Vorhersagen ungefaten NTerminus von MCURL1in vivo durch zellulare Proteasen
abgespalten wird. Sowohl unprozessiertes als auch prozessiertes MCUR1 bindet an MCU. Es
bleibt allerdings unklar, ob beide Formen auch funktionell &quivalent sind. Wie der Vergleich
mit Strukturmoellen die fur bakterielle mempromC/ertreter erstellt wurden, zeigt, sind
prokaryotische Homologe strukturell sehr &hnlich mit einer gewissen Variabilitat in ihren
Stieldoménen. Vergleichende Sequemzd Strukturanalysen mit nicht verwandten Proteinen
derselben Domanenarchitektur identifizieren die Kopfdoméne als das die mempromCC

Familie definierende Element.

Das dritte Projekt untersucht die Auswirkungen der Amplifikation sogenannter
Frameshiftresistenter (FSR) Motive auf die Struktur und Funkgeolutionar konservierter
als auch jungerer Proteine. Dieser besondere Mofpyumfasst repetitive Einheiten bestehend
ausn Nukleotiden, die fir keines der drei Ste@pdons kodieren und wobenicht durch drei
teilbar (1 3) ist. Diese Repeats kodieren Aminosaureseqikotive, die ausn Resten
bestehen und sind in allen drei Leserahmen identisch. Mit Fokus auf repetitividl GivR,
die fur Heptaden kodieren, sollte ein moéglicher struktureller und damit evolutionarey Bezu
Coiled-Coils untersucht werden. Mittels biophysikalischer und biochemischer Methoden
wurde anhand nattrlich vorkommender Beispiele gezeigt, dass die repetitive Insertion solcher
Motive fast immer zur Zerstérung der nativen Struktur und BeeintraclgtigenFunktion der
Proteine fuhrt. Durchgefiihrte Transkriptoomd ProteorrAnalysen zu Proteinen mit FSR
Motiven in Microcystis aeruginosaeigen, dass viele der Gemevivo transkribiert werden,

wéhrenddie entsprechenden Proteine meist nicht nachweghdr Diese Ergebnisse lassen
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vermuten, dass es sich bei derartigen fR&ReatAmplifikationen in bakteriellen Genomen

sehr wahrscheinlich um jingere evolutionare Ereignisse handelt, die zu Strukturverlust und

Funktionsbeeintrachtigung fuhren. Dennoch llste sie mdglicherweise einen der

Ausgangspunkte fir die Evolution von strukturell und funktionell neuartigen Proteinen dar.
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CHAPTER 1

Introduction to Coiled coils

1.1Brief History

Coiled coils are highly versatile protein structural elements invalvedimerous biological

activities. The firsstructural investigations coiled coilscame from William Astbury, who

obtained Xray diffraction patterns for natural fibers such as wool (in native and denatured
forms), as well ashorns, tendons, haiand porcupine quills. His work revealed three main

di ffract i o#ornpshownbgu msst: r eatnc homn frovrostrdched waol &nd

a -farm corresponding to tendsitcollagen).Uform, the most common diffraction pattern

with strong meridional arc 5.15 A an@quatorial reflections at 10 A and 27wlas generated

by a group of pr-omefed nsor eferatidnt ommass idork, ep
By 1953, Linus Pauling and Francis Crick independently proposed the model of supercoiled
hdicesfor this group of proteing/hich we now refeto as coiled coil§Pauling et al., 1951;

Pauling and Corey, 195%rick, 1952, 1953a, 1953). While Pauling onlyconstdered
backboneoeriodic configuratio and envisaged a set of periodicities (4/1, T3, 15/4) and
stoichiometries for constituent helices, Crick provided the first fpdisameterizednodelfor

the sequence periodicity of 7/2 (seven residues over two helical.tbeglaced sidehain

packing interactions at tteereof his modetem g ni z i n g -helltes are twistesl aroudd

each ot her b-ghainviogld intetlockesystemasicallg aelong the fiber withe

same interactions repeated every 7 residues (or 2 helical tdensgferred to this regular side

chain packing a8 kRobsinto-holes 6, i n which one knob from a h

by four side chains dhe neighboring helix

1.2 Structureof canonical coiled coils

Coiled coils are superhelical bundismposeaf two or morelhelices running in a parégl
or antiparallel direction.As proposed by CrickCrick, 1953&, b), helicesin a coiledcoil
interact via knobs$nto-holes (KIH) arrangement ofresidue sidechains which occupy
equivalenpositions along the bundle interfadénis geometry contrastdtiv the more irregular

ridgesinto-grooves packing of reguldthelicesin globular proteins, where a residue packs
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above or beneath the equivalent residue from the oppositgGalithia et al., 1977For this
reasonKIHpacking i s somet-i emgsst ef-@éto-gradesasooodugte s O i
of-registed Regular KIH packing requirggeriodicallyrecurringresidues along the interface.

Coiled coils achieve this by giving a léfanded twist to righhandedU-helices effectively

reducing the periodicity from 3.63 residues per tuithof undistorted*helicesto 3.5r/t which
corresponds to seven residues repeating every two helicalthmseven positiond aheptad

repeatare labelleg-g, wherea andd core positionsreoccupied by hydrophobic residuesian

the remaining solvergxposed position, c, e, f andg) mostlyby hydrophilic residueslhis

Crick model ofaheptad repediasectoiledcoili s t er me d ®wingfiotcha regulari c al 0 .
nature of coiled colils, their structures canfbly described by parametric equatioAs a
consequecre, coiled coils have been exploited in protein design effytanderstand the

general relationship betwesaequence and structure.

1.3The GCN4 leucine zipper

GCN4 (General Control Nonderepressible), a eukaryotic transcriptional activator protein,
bdongs to the bZIP (basic leucine zipper domain containing) family of proteins. It is
responsible for the activation of more than 30 genes involved in amino acid biosynthesis under
starvation conditions in yeast (Hope and Struhl, 1985; Arndt and Fink,.188&4 leucine
zipper isone of the best studied coiledil domains. It is a 3tesidueparalleldimer, built of

four complete heptd r epeat s ( ObaBdsohuz eteak, 1989 hed positionoofl ;
heptad repeats is primarily occupied by theciee residue, hence the given name. G@ld6
features a conserved asparagine (N16) at one afgbsitions which confers dimer specificity

and forces zipper in a parallel orientation which promotes stability byceelplementary
hydrogen bonding. Polaesiduesan be easily accommodated in a dimgthe core residue

in positionais solvent accessible. In higher oligomeric forms such as trimers or tetramers, this

position is buried deep in the core ahdreforeprefers hydrophobic residues.

Harbury et al. in1993 established rules governing the oligomerization specificity of
GCN4 leucine zippeitn a dimeric parallel coiledoil, asthe GrCp bondvector of the residue
in positiona is parallel to the equivalérbond from the facing helixt favors i -branched
residues such as lle, Val, and Thr; whereas in pogitidndirectly points into the core of the
superhelix (perpendicular geometry) and prefelsanched residukeucine For a parallel

tetramer, core packing geometry is exactly reverseaksidue favors perpendicular add
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favors parallel packingn a trimer, core packing angle is intermediate of thaha@parallel

and perpendicul ar arrangement ; therefore it
any residue preferenceSince then, a number of studies have reported different structural
forms brought about by minor changes in the sequence of @@Nducine zipper. For
example, mutation of N16 to a valine resulted in a metaf stable dimers and trimers
(Harbury et al., 193 Knappenberger et al., 2002). In another study, replacing hydrophilic
residues at both andg positions (involved in salbridge interactions in the oligomeric state)

with nonpolar alaninegave a soluble sevérelical coiledcoil bundle (Liu et al., 206).

| have employed this knowledge of oligomer preference of core residues of the GCN4
leucine zipper and their high stability to express and purify difficult proteins. In the next
chapters, | will discuss a numberaalsesvhere GCN4 variants have lretised to the protem
of interest for structural and biophysical characterization. A modified version of gB&K
expression vector was used to fusedX C-terminal (or both)of the protein of interesio
stabilizing GCN4 adaptors thecorrect hetadregister (Hernande&lvarez et al.2008). Prior
information of the native coiledoil oligomer state is helpful in selecting the appropriate GCN4
variant. Such a system is especially useful for proper foldingatéijor domains flanked by
coiled coils in their native context or coiledoil domains that lack trigger sequendgsse
sectionl.5) (Steinmetz et al., 1998; Kammerer et al., )988ich would otherwise give an
unfolded, insoluble product.

1.4 Non-canonical coiled coils

A significant proportion bnaturally identified coiled coils deviate from the canonlogptad
pattern, periodicity andorepacking geometrgsdescribedy Crick. In this section, | describe

the most commonly encountered neamonical coiled coil§ (i) nonheptad periodicities
arising out of the insertion or deletion of one or more residues from a regular heptad repeat;
(i) bifaceted coiled coilsharboringmore than one hydrophobic interface; and (iii) polar

residues occupying the canonical hydrophobic positions of the heypealtr

1.4.1 Discontinuities

Although coiled coils are fairly regular structures, discontinuities can arise from the insertion
or deletion of residues in the heptad pattgnmpas and Gruber, 2005%uch discontinuities

can be structurally accommodatedg®rturbatios in the packing of coiled coildnsertion of
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three ad four residues, called stammers and stutesgectively(Brown et al., 1996 areclose
to the periodicity oinu n d i s t-helix (3.83d/t) which allows their accommodatiavithin
the helical structureHowever, they tend to distd{iH corepacking interactions. Stuttergise
the local periodicity to 3.67 rfesultingin local unwinding of the superhelix. Stammésve
an opposite effect;hey reduce the periodicity to 3.33,rfeading toan overwinding of
constituent helices. Both insertigriowever have the same effect on core packitgy lead
to alocal adoption ok-da geometryStutters shift residues in positiartowards the center of
the core X layer), while movingd outwardsande inwards (la layer) yielding an a-d-e core.
Similarly, in stammers, counterclockwise drift (as seen from tkeriinus) results ird
residues occupying thelayer position, and andg residues forming thda layer, yielding an
overalla-d-g core. In both caseg,layerresiduegoint towards theoiled-coil axis whle the
da layer residues form ang of interacting resiuesenclosing acentral cavity. In this
arrangementKIH packing locally transforms$o knobsinto-knobs interactionLupas and
Gruber, 2005)

Single insertions caalsobe delocalized over multiple heptads leading to higher coiled
coil periodicities (e.g. (+7+4)/5 = B/5 or (+7+#4)/7 = 25/7), andnultiple stutter and
stammer insertionsan alsocombine with a single hegd repeat (e.g. pentadecads (7+4+4)/4
=15/4 or 3.75)Coiled coils can onlyassumea certainrange of periodicitieswvhich is limited
by the supercoil strain tolerated by the constituent helices. The lower limit of this range is
around 3.33, i.e. insertiasf a stammer into a heptad repeat (18/833.33 = 0.3 r/t less than
an undistorted helix From this theestimaté upper limitis around 3.9Insertiors of 1 residue
can be either-hledopxed skutp)ofr etshue-tuldaithe siierof t he f
insertion or delocalized over multiple heptad repéatgpas and Gruber, 20Q5%imilarly,
accanmodationof 5 residue insertiorby delocalization over multiple heptads resutt
periodicities that fall within the accessible ranfjee mostiemanding for a coileecoil bundle
are the insertions of 2 and 6 residues. In parallel trimeric coiled coils, they were shown to
| ocal | y fstoandsiwhich rotatdhe péth oeachchainbyl 2 0e ar ound t he ¢
axis and associate to form a nestructuralelement known athe b-layer (Hartmann et al.,
2016). Repetitive arrangementffayers generate a new fibrous structure cal¥dcoiled
coil. In Chapter 2] will undertake a detailed examination of the structuratufes and
interaction etworks formed byUb coiled coils derived from tandem nonét#2) and hexad

(7+6 or #1) discontinuities.
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1.4.2 Bifaceted coiled coils

Forcoiled coils, positions flanking the core residues equiailyence theoligomerization state
and helix orientaton. Intwo and threestranded coiled coilgpositionse and g are mostly
occupied by charged residues whishield the hydrophobic core and provide stabilizing
interactions by forming saliridges.Inclusion of norpolar residues at either position results
in a broaer hydrophobic surface whicfavors the formation of tetramers over dingeor
trimers. This broader interface can pe&turedas having two seams of core residugs] and
d-a) or (d-a and a-e), with one common position (Walshaw et al., 200¥alshaw and
Woolfson, 2003Woolfson et al., 2012)Known as Type bifaceted coiled coils, their core
geometrydiffers from canonicalType N interfacesThe axially symmetric packing causes the
shared position to point directtpwards the central axix geometry, while the other two
positions point sideways enclosing a central cadtgeometry) We havealready déscussed
this packing geometry in sectidm. 1, for stutters and stammerBhe advantage of combining
X positions in one pair of diagonalbpposite helices together with tHa positions of others
(or complementary-da packing; Hulko et al., 200% provides thepreference for an anti

parallelorientation.

As the two hydrophobic seams move further apart, they prefer higher oligomeric states.
Adjacenthydrophobicseams ¢-d and a-e) or Type Il interfaces, lead tde formation of
pentamers, hexaers and heptame(¥homson et al., 2014; Huang et al., 2014luding a
fifth residue results in two hydrophobic seams separated by an intervesiohgergi d andei
b, separated bwy; or cig andai e, separated byl). This arrangement, known as Type Il
bifaceted coiled coils, allows for the foation of even higher oligomershd largest known
protein under this categoig a 12-helical antiparallel barrel in the multidrug efflux pore
protein TolC (Koronakis et al., 2000). Bifaceted helices can therefore, producarstsitbiat
r ange -helicabfimersifor bundles), to tubes with ladjemeters and solvefitied pores
(Thomson et al., 2014andto even fullyo p e -shedifEgelman et al., 2015)

1.4.3 Polar residues at core pit®ns

Core residuesa andd, of aregular heptad coiledoil are primarily occupied by hydrophobic
resi dues, whose ¢l ose packing inte+sdioed i ons
However, nearly 25% of coilembil sequences were identified to contain polar residues at either

position (Conway et al., 1991 Although thermodynamicallglisfavored they seem to impart
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structural specificity at the expense of reduced stab#ity.exanple is the GCN4 leucine
zipper. Trimeric autotransportesdhesindTAAS) also contain a high conteof polar core
residues, especially occupying positidnof the heptad repeat (Hartmann et al., 2009).
Asparagine is the most commonly identified residueedults in the formation of a special
motif namelyN@dlayers which can coordinateonovalenanons (iodide, chloriddgromide,
nitrate) at theeenter Consecutive insertion dd@dlayers is found in many TAAs. In Chapter

2 (section 2.2.1), we discuss thal-length structure of NadA5, a TAA found iNeisseria
meningitidigMalito et al., 2014)NadA5 shows two norcanonical coiledoil features: tandem
insertionsof 2 and 6 residueshich result inrepetitiveb-layer formation( c al | ed - U/ b ¢
coil), andthe presence of multiplal@dlayerswhich coordinate iodide ionsnsertion oiN@d
layers has been biochemically confirmed to reduce structural stakifiiN4 mutants with
engineeredN@d layers unfolded amuch lower temperatures, and showed concentration
dependent folding (Hartmann et al., 200Based on this property, it has been proposed that
multiple N@d insertions maintain theoiled coils of TAAs in a nativelyunfolded export
competentstate until coplete autotransporhas occurred through thbacterial outer
membrane to avoid problems in proper folding and transport of long fiyeast fromN@d

other widely represented polar motifs in TAAs and various homotrimeric coiled coils include
SxXNTxx, NxxQDxx, QxxHxxx, QxxDxxx etc., where polar residues are seen to occupy both

a andd positions.

1.5 Folding and stability

As aresult of their regularly repeating interaction network, coiled coils are generally very stable
proteins. The most stable coil@dil known to date is tetrabrachion, homotetrameric stalk
domainof a surfacelayer protein ofStaphylothermus marinugt can withstand heatingp to
130eC in 6M guanidinium chl or i dearesdteontlzet ur i n
hydrolysis of peptide bond®eters et al., 1995Although this is exceptional, other known
coiled coilsalsodisplay high stabilityand resistance to chemical ahérmal denaturation, for
instance, the GCN4 leucine zipper and its varidPisnary factors that contribute woiled
coil stability include helical propensitgprehydrophobicity tightness of the core packiagd
favorableionic interactions that sHek the core from solvennholecules(Lupas and Gruber,
2005)
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However, it isquite surprising that coiled coils are frequently predicted to be natively
unstructured by various disorder prediction progrélupas et al., 2017)The reason lies in
thehighly repetitive, solvenexposed structesof coiled coils theyhavea low proportion of
hydrophobic residuesdgquiredonly at 2 positions out of ompared to globular proteirend
areduced sequence complexitipoth factorsn common with the nativelglisordered proteins.

A question ariseswhy havecoiledcoils evolved to resemble natively unstructuseduences?

One possible explanation could be the need to ensure prepgister folding of long fibers.

For example, in a myosin rod that extemdsnearly 1000 residues, packingeractions are

the same along the entire length of the rod. If local interactions formed rapidly and randomly,
they would trap the chains in a natively -@iitregister conformation. To prevent this,
speci al i zzagd efntcreisgpg era vse e(Bteinmeteeal alli998; Kanomedere d ¢ o i
et al, 1998 Steinmetz et al., 200.7They are short, autonomous folding units that serve as
nucleation sites and guarantee asragister assembly of constituent helices. While tnigge
sequences do not display any consersepuencemotif, they are characterized by short
segment s -helital pnopepdity which are capable of formingany interactions
stabilizing the correatligomeric form(Steinmetz et /1998.

1.6 Functional plesof coiled coils

Coiled coils arewvidespread structural elemeritaind innearly 10% of eukaryotic and up to

5% of prokaryotic proteins (Walshaw and Woolfson, 200 and Rost, 2001 They fulfill a

wide array ofbiological functions (upas, 1996; Tuebestein and Leonard, 2Q0Xartmann,
2017). As coiledcoil fibers display high mechanical strength, they are found in hair, feathers,
horns,and nails(Lupas and Gruber, 2005). In eukaryotes, they constitute the basic building
blocks of intermediate filments which arethe essential components of cytoskeleton and
nucleoskeletonCoiled-coil fibers are also frequently found on bacterial cell surfa@eg.
flagellins, pilins and adhesinshs elongated structures, thegn serve amolecular spacers
projecting domains across large distand@simportantrole of coiled coils lies in their ability

to mediae oligomerization, for exampl@ transcription factors (leucine zippers), signaling
mol ecules (G protein bo), and mol ecul ar mo t
extended coiledoil domains contribute to cellular motilifsquire et al., 2007 They can
function as levers improcesses like vesicle tethering, membrane fusion and chromosome
segregation (Matityahu and Onn, 2018; Witkosand Lowe, 201} pH-dependent

conformationalchangeof an unstructuredoop into a trimeric coileccoil was shown for
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membrane fusion mediatingfluenza hemagglutinifCarr and Kim, 1993Bullough et al.,
1994) which projects thdusion peptide away from viral surfadgato the host membrane at a
distance of 100A.

Coiled coils are alsdound as components of channels where they facilitate ion
transport across membran@saumber of protein design efforts have focused in this direction;
for example, design of Rocker, a ziné/Bntipater which is a homotetramerimembrane
embedded coiledoil (Joh et al., 2014)Recentstudies have also employédaceted coiled
coils in designing soluble enzyme catalytic barrels. For example, a designeehsbeah
barrel with a central CyHlis-Glu catalytic triad was capable bfydrolyzing pnitrophenyl
acetate witha significantly high catalytic ratéBurtonet al., 2016)Finally, as components of
cellular receptrs, coiled coilcanmediate signafransductior(Hulko et al., 2006Ferris et al.,
2011;Gushchin and Gordeliy, 20L8ransmission of signals across membrane, fpriethe
HAMP domain of twecomponent signal transduction receptartlizes the mechanism of
axial helix rotation. Transition between canonical kntbs-holes and complementaxyda
packing (two isoenergetic states) upon ligand bindidgves the longange signal

transmissionln short, coiled coils are omnipresent structural elements.
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CHAPTER 2

Structural characterization ofh /i O 2chils derlrved
from hexad repeats

The present chapter deals with a special type of coibdddiscontinuityn a me | ylaygérh e b
As already discussed in Chapter 1, canonical coiled coils follow a heptad repeat pattern.
Removal of one or more residues framegular heptad repeat results in perturbation in the
packing of coiled coils. Many natuhaloccurring coiled coilfarborsuch discatinuities. One

such type of a discontinuity is the insertion of two or deletion of one residue, giving rise to a
nonad or hexad repaaspectivelyln a previous report from our group (Hartmann et al., 2016),

it was showrthat such perturbations in regulcoiled coils overstrain the single helicése
increased conformationalrain locally breaks thé-helicesi nt o -stiarws formifig a
triangul ar net wor k olayeriThefefelayarsare alssfoundkamangech a s
repditively in long protein fibers, and foridb coiled coils with regularly alternatind} and
b-segmentsAn example of a fiber built from repetitive nonadsth only one backbone
hydrogen bond per repeat in coron with a heptadepeat coiledcoil has been studied
crystdlographically. But we are still missing the structural information of repetitive hexad
insertionsin coiledcoil fibers Here we undertakdhe structural characterization of two
prominentlyidentified hexadepeat families(i) KAD-VYT-LYT co-optimized nodule, and

(i) TAT repetitive module. We present thist examples of a novel coilembil backbone with
b-layers in hexad spacingvhich do not share any backbone hydrogen bond with a heptad
coiledcoil. Conversion of hexads to heptadssioyipleinsertion of one residue per repeat leads

to the formation of a canonical coiledoil. This wok expands the repertoire of available

structures and will be useftdr structuralpredictionand protein design efforts in the future.
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2.1 INTRODUCTION

2.1.1 Whatis ai -layer?

Coiled coils are among the best understood and widely present structimaédein proteins
whose backbone structures can be easily computed from parametric equdignsontain

t wo o r -heticessweundlaround in a superhelical bundle. Primarily fibléyw a heptad
repeat patterrnpphppp(hydrophobic, h and polar, p).o§itions on the heptad repeatre
generally denotedsabcdefgwhere hydrophobic residu@sandd are involved in the knobs
into-holes packing, forming the interactiatore of this lefthanded supercoiled bundle
Naturally occurring coiled coils frequenthgviate from this standard model in periodicity, core
packing and handedness (Lupas and Gruber, 200&)y can obtain discontinuities through
insertions or deletions during the protein evolution prqaesailting in varying degrees of
perturbation in th@acking of coileecoil hdices.A s -hdlices can tolerate a limited degree of
supercoiling before they reach a breakpoint, only a range of periodicities is accessible while

accommodating such insertions (Fg2).

number of residues inserted

4 1 5 helical turns per repeat
40 1 2 3 4 5 6 7
residues S \\ 1 - 1/
per turn |
“ righthanded Sutten
) L Al y
1 lefthanded T (18/5)
3.5 T f
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Tl ~_(10/3) [ — T — (20/6) | i fio--i-- oaas
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number of residues inserted

Figure2.1: Periodicity plot for theinsertion of 1-6 residues ima canonical heptad repeafThe figure has been
reproduced from (Hartmann et al., 2016)e8nareain the plotmarksthe estimated periodicities which can be

I OOS & a-keival 6o8ed oils. The dotted line marks the peitgtiof 3.63 residues per turn of unperturbed
h-helix. Values higher than 3.63 result in righédnded supercoiling and lower values lead to -leinded
supercoilsConsecutive insertions of 3 residues (stammers) and 4 residues (stitterfleptadare followedin

blue and green lines respectivelhe red lineollow the heptad periodicity and delocalizatiof 1 to 6 residues
insertion over multiple heptad repeats. Intersection of the red lines from 1 and 5 residue insertion (delocalized
over two heptad) with the green lines at 15/4 or 19/5 implies that these periodicities can also be brought about
by consecutive insertion of stutterRed dotted lines corresponding to the insertion of 2 and 6 residues requires
a strong delocalization to reach the acs#mde periodicity green region.
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As already described in detail in chapter 1, irregtiéiin a regular heptad coiledil
can be seen as insertion of one to six residlies.most commonly observed distionities
are the insertiorof 3 or 4 residueslnsertion of 4 residues, called a stuttean be easily
accommodated by slight underwinding of the heliddsresiduesre adjustedover 3 turns
givinga periodicity of 3.67, which is adgixy cl o
(3.63). Therefore, hendecads are rather straight. Consemsaréon of stutters increastse
periodicity and thugheright-handedness of coiled coils. A pentaaté¢periodicity 15/4 = 3.75
residues/turn, 3.73.63 = 0.12) brought about by insertion of two stutters to a hegitad;s a
similar degree oftight-handedness as the iindedness of a heptegpeatcoiled coil (3.5
3.63 =-0.13). Insertion of 3 residsgcalledstammer, results in overwinding of the {atinded
supercoil anddecrease in periodicity ((7+3)/3 = 3.33). From the solved crystal structures of
stammer insertions in coiled coils, ibuwd be seen that local overwinding wssfficient to
strainthe helices to formshort 3o-helical segmest Therefore, we assume thiae value3.33
definest he | ower | imit of the r-lelicegsé&ronothis, weecani odi c i
estimate that the upper limit would be around 3.9, i.e. 0.3 resicaretuiqm more than the
periodicity of a perfectly straight helifHartmann et al., 2016)To date, the most extreme
exanple of a righthand supercoibccurs inYadA, wherel9 residuesareaccommodated over
5 turns leading to pcal periodicity of 3.8 Alvarez et al., 2010 Unlike stutters and stammers,
insertion of lor 5 residuess more demanding on the coiledil bundle They arefound to be
deloalized over two or more heptads, giving periodicities of 3.75 ((7+7+1)/4) and 3.8
((7+7+5)/5).Insertion ofl residue(skip residuexan also balternativelyaccommodated by

f or mat i-tarnat tbef siteaf insertiowithout affecting the rest of coilecbil.

While the above mentioned discontinuities can be easily accommodated within the
coiled-coil strudure, insertion of Znonad)or 6 (hexad)residuedocally overstrain the helical
geometry. The periodicities resulting from the insertion of 2 ((7+2)/2 = 4.5; (7+2)/3 = 3.0) and
6 (6/2 = 3.0; (7+6)/3 = 4.337+6)/4 = 3.25) residues dwt fall into the a&cessible range for
Uhelical coiled coil s. The-hiehcceas esgandst rsdion
which associate to form a -layein(lartngaonetat., 20686).r uct u
T h e t-btnarelgotate counteclockwiseby* 1 2 @reund the coiledoil axis (as seen
from the Nterminus)a n d ¢ o n thelices agaipdasvnstbeam of the neighboring helices
According to the coileaoil nomenclature, positions on a nonad (7+2) can be descrilzed as
b-c-b b b Zf-gand fa a hexad (71) asb b ZH Z-f-g. This implies that théhree residues
f o r mistnagdsafwaysarrange themselves in the car@osition.In the next sectics) we
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will look at the previouslysolved crystal structures of single nonad and helkscbntinuties
and t he f i-coisfiber tbimfrising ofiepettide nonad b-layersin more detail
(Hartmann et al., 2016).

2.1.2 Siglei -layer insertions

During previouswork in our group on trimeric autotransporiiheans (TAA), the fibrous
surfaceproteins of grarnegative bacteriaDMP100, a putative TAA fronActinobacillus
actinomycetemcomitanwas found to contain an unusual insertion of 2 residuathin the

heptad repeats df coiledcolil stalk(This work was done biprof. Andrei LupasPr. Marcus
Hartmann andr. Birte HernandezHartmann et al., 2016fxtending the heptad to a nonad,
insert IENKADKAD was natively inserted between noanonical heptad repeats containing
N@dmotif (described irSect 1.4.3. The local overstrain generated by timsertion of two
residues resulted in a sharp break at the three central residues KAD and a local departure from
Uh e | i c-sirand tharacfaiFig. 2.2) Th e t kstraadecrobs each other rotatingthe
counterclockwise direction. We call thisittangul ar pl ane f-gtrandsed by
perpendicul ar t o -layen €he suecaedingahkptadch coitedil contindee b
downstream of the neighboring chaifhe first three residues IEN occupy tagb andc
positions of the heptad repeaspectively. The central KAD residyesferred to ab 1b 2and

b 3takethed positionleadng into e, f andg positions for the last three residu®¢ithin the
coiled-coil, b-layeris stabilized by backbone interactions betweenctresidue of Nterminal
segmenandtheeresidue of the @erminal neighboring chaifrig. 2.2C)b 2osition ismostly
occupied by a small hydrophobic residue, such as alanine or valine. In this case, the central
alanineforms abackbone hydrogen bonding network witte corresponding alanines of the

neighboringchains t a b i | i-layer(Fig. 2B e b

Using GCN4 leucine zipper as a madéle authorglsos h o w e d-layerscart be b
simply generated by insertion of 2 or 6 residues in a heptad -@mie@Hartmann etla 2016).
Two different sequence motifs: IENKADKAD fromActinobacillus OMP100 and
MATKDDIAN from Thermus carboxydivorangcar0761, along with their derived hexad and
heptad variants (IENKAD antENKKAD; MATKDD) were fused between GCNHI16V
stabilizing adptors The structuresof the resulting constructsncovered rather unexpected
details Unlike the central KAD of IENKADKAD, both MAT and KDD iMATKDDIAN
coul d -lfaoyremm sb. MATKDD f or med a tr ulayerpesiiomd wi t |
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and KDD completing the, f and g positions of the heptad. The precedingidae for this
hexad, leucinegresidue of the previous hepjaslas rotated by 1 5 ¢ o ufrorwthe cdre
of the bundle towardstlep o s i t i o n, -layjeafarmation &t thd pogitign. Ib contrast,
IENKAD hexad borrowed three residues from thé&e@ninal GCN4 to complete a nonad with
the central r e-$ayedanc a stutieaccominatdagion tinithee nefxt heptad of
GCN4.We find thatb-layersstrictly dictate the next residue to occupposition of the heptad

repeat irrespective of a nonad or hexad insertion.

Figre 2.2:{ A y 3t S -lagé ii AdinobacillusOMP100 stalk(A) Structure of theActinobacillusOMP100

stalkaligned to its sequence and periodicity plot(B). OMP100 trimer is colored by chain; GCN4 adaptors are
in grey. Pink bar shows the area of #e@ninal stammer.The threei -layerresidues highlighted by aey bar

FIl £t Feyion {rédSlots) of the Ramachandran p{@). (C)Side and(E)top views showing thé -layer
interaction network.(Reproducedrom Hartmann et al., 2016)

Single b-layers arealsofound as connectors between the head and stalkidsrof
TAAs, which mediate smooth transititsetween largediameter heads and smaller diameter
stalks(Hartmann et al., 2012; Bassler et al., 2018hile b-layersare frequently identified
capping either the Nor C-terminal endof coiled coils they camalso occur embedded within
them Systematichioinformatic searches identifie@-layersin various bacterial anghage
fibrous proteins,some of them belonging # family of prokaryotic endonucleases with-PD
(D/E)XK motif (DUF3782),anda family of membrae proteins conserved imgkaryotes and
mitochondria annotated as DUF1640 (see Chapter 3 for detailed characterization) etc. All
identified and solvedb-layer containing proteins form homotrimeric bundles, with the
exception of SLH domain, a monomer witbeudethreefold symmetry.
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HPMmDo ¢ Kdbcoilfram repetifive hoBads

Repetitive arrangement of nonad insertions i
and b-elementsWe refer to such fibers ddb coiled coils.A protein from Thermainus
carboxydivoransTcar0761 contains 14 consecutive IANMATKDD repeats insefetiveen

heptad segments. @onadrepeatsincluding flanking heptadswere cloned betweenGCN4

N16V adaptors and crystal structure was determined for théffirsbiled coil containingb-

layers in nonad spacing (Fig.3). In the homotrimeric bundle, the central MAT residoés

each nonadbrmed the alternatinf-layers. We proposed that it should be possible to derive a
minimalistic Ub coiled coil formed of hexads with tee residues in the-helical region and

three in theb region of the Ramachandran plot.

H ® m4Ryers ias capping structures

b-Layers are frequently found capping the ends of coiled coils, stabilized by an extensive
molecular interaction network. In theost common Ncapping interaction network, tHe 3
residue (mostly D, S, N or T) forms backbone hydrogen bond witg thsidue (commonly

D, E or Q) o-helixt whieh cboodindtes backwvigh itdsidechain closing a ring of
interaction. Howeverwith conserved K as the Iresidue as seen in tistalks of TAAs or

phage proteins,a-€apping interaction networ k-Layess f or mi
insertions offer the advantage of increasing the resilience of fibers by tightly interweaving th
monomeric chains. They further increase the structural and functional complexity of fibrous
proteins supported by the high frequencypédyeroccurrence in bacterial and phage surface
fibrous proteins (Hartmann et al., 2016).
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>gi|121535535|ref|ZP_01667343.1
[Thermosinus carboxydivorans Norl]

MEALLKQLLEG
QRQLVDR
FNQSEAN
MATMQQN
MVTLQQN
MVTMQQN
MVILQQON
MANMQQT
IATIQET
ITLMQAN
——-MATKDD
LARMATKDD
IANMATKDD
TANMATKDD
IANMATKDD
IANMATKDD
TANMATKDD
TANMATKDD
LARMATKDD
IANMATKDD
IANMATKDD
TIANMATKDD
LARMATKDD
IANMATKDD
IAKLDVK
IENLNTK
VENLDVR
VNNLDAR
VEKLDTK
IDAVKDELKAD
TAQLDAK
VEHYANIQQQD
VYHLLRLMNNK
LDDLYEN
IKSVAET
TGDHEMR
IRTLSRRPV

GCN4

[GCN4] d a d abcdefgﬁﬁﬁefgabcﬁﬁﬁefgabcﬁﬂﬁefgabcﬁﬁﬂefgabcd@fgabcdefga d a d [GCN4]
[EVARLKKLITLMQANMATKDDLARMATKDDIANMATKDDIANMATKDDIAKLDVKIENLNTKMKQLEWKVE
Figure 2.3Theh k i ledXxailkrom nonad repeats(Left) The insert fused between GCN4 adaptors is shown in
red on the full sequence dfhermosinugcar0761(Center){ (G NUzO G dzZNB 2 T (i K&ersfiestodh 02y 4SO
enlarged(Right)¢ 2 L) @ A&yérs && FeerifromtheBlSNY Ay dzad® ¢ KSe -ByBasindicatedd S o 2N
by the arrowson the enlarged sid@iew. (from Hartmann et al., 2016)
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2.2 RESULTS

The primary objectivef this study was to elucidate the structural characteristicsnserved
tandem hexad sertionsin coiled-coil proteins.Two of the most commonly found modules in
bacterial andphagefibrous proteinsare (i) (X)sKAD(x)3VYT(x)sLYT(x)s, a ceoptimized
modulecontaining a small hydrophobic resid{reostly alanine)as the central residue the

f i r-layer ndnad and a large polar residueh as tyrosinéen the successive hexaddi)
(X)sTAT(X)3sTAT(X)3r e p e t -layters.n ¢he riext sectiond, discuss important features of
these two moduledased onprotein structures solved using-ray crystallography.The

modules have been named by the sequeratdo f centr al t hr eelayeresi due

2.2.1Structural characterization ofied Y N\V&FL, ¢ hexadmodule

In previoussearches for proteins containing repetitive hexad insertvomidentified a highly
conserved motifvith the consensus sequericéxxKADKxxVYTKXE 1 to occur in many
bacterial ORFs and viral fibrous proteissiggesting co-optimized moduléHartmann eal.,

2016) Based on these data, we extended our searches armiieademore of such motifs
inserted one or multiple times in the coHedil stalk of uncharacterized bacterial proteins.
Some g&amplesof thesesequencegontaining (x)sKAD(X)3VYT(X)3LYT(X)s insertion are
presented irig 2.4A. T h e  flayer, srtnotabed ag-b-c-b b D 3-f-g, is always a nonad

and starts at positioa. The b Iresidue,primarily occupied by a conserved lysine residue
(KAD/KAN), forms a Ccapping structureT h e ¢ e-layer rasidue,b 2 features a
conservedsmall hydrophobic residue, such as alanine or vaBne.c ¢ e slayerssoecurfn
hexad spacingvith the following registeb b b 3=f-g. The first hexad is preceded by the
last residuese(f-g) of the previous nonadepeat Wefindt h alayerdalwag occuratthed
positionand follow either & or g position In hexads, the residyer e c e -thyeroccuples

the g position of the previousepeat It moves slightly outwards from the core towardsdhe
positont her eby f aci | i t aldyermthedpdsigonahdyieldmg aniowerall of D
registere-f-(g/c)-b b b 3-f-g. The b Ipositionin hexads is always occupied by a hydro
phobic residue (V or L) and the central core resiglia bulky residue such &gosine.Only

one previously solvedprotein, a taiHfiber protein with hyaluronidase activity from
Streptococcus pyogenpophage SF370.1 (PDB code 2C3F) (Smith et al., 2005), contains the

(x)sKAD (x)3VYT (x)s3 conserved moduldt contains foub-layers embedded in the coiledil:
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an Ntermi n a | nonad -laydgrsmah tle eseqtienca LE@D KETVYT KAE, and

another one at the-términus.

A
a--BBRBR---BBB---BBB-——-h---
Neisseria NadA4 IGKKANSADVYTKAEVYTKQESDNR
Magnetoglobus OMM_02966 VFLKADKVDVYTKSQLYTKDEIDTQ
Magnetomorum MHK_OO4959 INLKANKADVYTKDQLYTKTEINSQ
Magnetomorum 927687476 LELKADKIDVYTRLELYTQTQVDEL
LHLKAGIDQIYTRDQLFTKSDIQEL
LDLKADKSSTYTRGQLMTRNEIESV
LELKADKALVYTTGQLEFTRDQIQSL
LNLKADADTVYTRGQLMTQSQIQNS
a--BBRBR---BBB---BBB---BBB---h---
Magnetoglobus OMM_O4225 ISQKANSQDVYNKTDLYPKTDLYTKTEMDTA
a--BBRB---BBB---BBB---a--BBR---a--d——-
Cand. Parcubacterium FAETATKAETATKAETATKKDIAGMATKHDIAQLDKR
GW2011 GWA2 53 7

>KPA14831
conserved hypothetical protein [Candidatus Magnetomorum sp. HK-1]

MKIKNLILLLVLILMANTAYSEISEQLFFRSTLLDTNKSAVADGVYTVTEFSLWNGENETYEKLW
EEQHNVDVKDGIYAVSLGSVVLFKDPNSDGDQTDALSFSIPYYLGIMIDNNDYMTVNGKFPSLS
AAACSFRAKTSSGKMIKEIHSDYSVSENDDILEFVYDNAVITLPSAEGMRGRIFTIKKVNPATIV
SITTINQETIDQINYDITANAAPLNLTADTNEVTIISDGTKWLQLGFLNIENYYKISEIDRQ
MSERVDGSNVYLKET------ IDEKLSNKADLTS

CDERKADTSNVYTKEK------— IDRLMAEAASTITA
INLKANKADVYTKDOLYTKTEINSQOMSDKVNNTL
LALKANQAVIYTKSQLYTQSVIDSQOMSDKANNAS

VALKANSSDVYLKTE - -----IDSQMSDKASNAS
VALRANSSDVYTKTE------ IDSOMSDKASNAS
VALKANSSDVYLKTE------ IDSQOMSDKASNAS
VALKANSSDVYTKTE - ———-—-- IDSOMSDKASNAS
VALKANSSDVYTKTE------ IDSOMADKASNAS
VALKANSSDVYTKT

Figure 2.41{A) Representative examples of identified sequences with KAXDBLYT ceptimized module or a
TATrepetitive module with assigned coilecbil registers(B) Annotated sequence dlagnetomorumsp. HKL
MHK_004959.
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For structur al c h ar -fayets @nr Hexad spacog, weo delecteceve t i t i

sequenes (highlighted in pink in Fig. 2.44rom thehypothetical proteisMHK _004959from
Candidatus Magnetomorumsp. HK-1 (GenBank KPA14831.1) an@MM_04225 from
Candidatus Magnetoglobus multicellulass. Araruama(GenBank ETR68995.1). In the C
terminal coiledcoil stalk of MHK_004959 protein, multiple KABVYT modulesareinserted

in a reeurring fashion(Fig. 2.4B) Similar regular insertions can be observed in tierinal
coiled-coil sequence ddMM_04225. Single modules from both proteins comprising three and
f o ulayerffrom Magnetomorungfreferred further as MmogndMagnetoglobugreferred as
Mglob) respectivelywere fused in betweetrimeric GCN4pll adaptors for structural
characterizationWe included a short linker sequence GGSG in the designed construct in
between the TEV protease site and the GCN4 adajotarase the cleavage oftsirminal
histidine tag. Small amount of proteins purified from the supernatant from overexprgssing
coli ArcticExpress cells, were sufficient to obtain wailfracting crystals for Mmor and
Mglob.

GCN4-pll || Hexads |{ GCN4-pll

a--BBB---BBB---BBB-——a—--
Mmor MHK_004959 INLKANKADVYTKDQLYTKTEINSQ

a--BBB---BBB-—-BBB——-BBB-——a-—~
Mglob OMM_04225 ISQRANSQDVYNKTDLYPKTDLYTKTEMDTA

Figure 2.5:Crystal structures for KB-VYTFLYTfamily hexad motifs. Schematic diagram for the designed
constructsis shown at the topHexad -layermodule was fused between-Mind Gterminal GCN4l| trimeric

coiled coilsSolved crystal structures for Mmor (MHK_004959) and Mglob (OMM_04225) are shown as ribbon
representation) -Layers are highlighted in pink boxes with the corresponding seges. Water molecules are
shown as lightpurple spheres.
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Crystal structure of Mmor, solveat a resolution of 1.5A using GCN#l as a molecular
repl acement model , s h o w-fayesformpea betaveeh the flartkingi me r

coiledcoils (Fig. 2.5). As expectediesidues KAN of the nonad sequence INLKANKAD form
t he f i r st-layercAA8rBq n itcheaellayebeesidue, dorms bharacteristic backbone
hydrogen bonding network with the corresponding alanines of neighboring ¢Rigin®.6A)

top-view side-view

Figure 2.6/ NB & 0 I £ & (i Ndz@yedz Bft) Srdctura of KANVYTLYT -layerinsert of Mmor. Red,
yellow and green are the three monomeric chains. Flanking grey residues are a part of GCNebid@itiaptor.
¢ KS {4apeB &re highlighi in pink and marked by letters-@ (from Nterminus) (Right) Top and side
views of the threé -layers (AC). Water molecules are shown as lightpurple spheres. Hydrogen bonds are shown

as dotted lines.
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The s econ dlayersofdMmorharranged ib hexad spacingre formed byheVYT

and LYT residues -lraeysepresc tdievveilayt.e -Taheectracturéh e c an
with a largely increased diameter spanned by a water network in the core of trimer. In the

S e ¢ o-layer, dackbone amide awcdrbonyl moieties of the central tyrosine residues (Y39)

from the three chainsoordinate three ordered water molecules in the céfitgr2.6B) The

t h i 4Hager, €lightly wider than the second, is able to accommodate a tetrahedral water
network(Fig.26C). | n cont r as tlaydr, the centra residetgmosimeof boéhb- b
layersformed from hexadss bent out of the core, pushitige b ITresidue (V or L) into the

core thereby promoting the increased diameter of the second an@éaydrs.

The conservel T e si due K3 2gyer,iismvotvdd en fofming a@apping network

with the preceding helix (Fi®.7A). Such an interaction network is only favored with lysines
occupying theb Iposition.In the Mmor structureK 3 2 6 r erass theetrimera core and
coordinates the carbonyls Bf1(or a; 129) andb 1(K32) residues, and the sidechainfof

residue (N34), all from the neighboring chain (clockwise as seen from-thenihus). K32

amide also forms backbone hydrogen bond wighffom the same chain-&pping network

is finally completed by th&) Jesidue (orc) L31 forming backbone hydrogen bond with
residue K350606 of the neb IebidueN34, thegnfoortsanddp ( c | oc
f or t hlayerhceoxdinatirighe backbone and sidechaingafesidue D37.

e--ppp---
KDQLYTKTE

Cc

Figure 2.7Interaction network of the KANVYF+ | ¢layer module of Mmor (A) Gcapping network formed
by the firsti -layer KAN lysine residugB)and (C)N-capping networkormed by threonines of VYT (sendi -
layen) and LYT (third-layer) respectively

Looking at the interacti oelayermlEg 2v/i@Bard 2.éC3,twa b | i s h

definite interactions are found: (i) hydrophobic residule iposition (V or L) forms backbone
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hydrogen bondavith eresidue K of the previous lay@ysines found to be conservedhd (ii)
b 3esidue forms Ncapping interaction network with thieresidue. The maiohain carbonyl
of b Eoordinates the amide gfresidue, which in turn forms hydrogen bonding viit@mide
through its sidechain, thereby completing a closed ring of interaction network. Additional
bonds atthe M appi ng s i t-layer®odre farnyed byshe sigecha@inbtof¥esidue,

threonine in both instances.

To visualize the significance @bnserved residues at thelandb 22 o0si t i ons - of t yr
layers, we designed two Mmor mutants where we replaced eithbr {veand L) or theb 2

(Y) residues for bothexadb-layers. Crystals for Mmemutl diffracted well to a resolution of
1.9A. In tre electron density map, while GCN4 chains could be fitted with confidence, no peaks
wer e o0bser v e dayefrsaighlightingthetfléxibilgyeor disorder of these residues
and suggesting that substitution of both tyrosines in the second and ttelayers with
alanines completely abolisti®-layer formation This confirms the significance of conserved
tyrosines as t hlayersvetin hexad $pacingg sontichat, éorMmor-mua2,

with mutatiorsof b Tesidues V38 and L44 to alaninédayersidenticalto the native structure
were formed(Fig. 28). Ths shows t hat Haydrsh cant tglaratesai smaller b
hydrophobic residue such as alanine at fth#position without significanteffectsto the
backbone geostry. Tyrosine residueis these layers are benittoof the core identical to those

of native structure.

The crystal structure of -Mgpetfarbed byfresiduestKAN ng a
andf ol | owed by -layers,aisplays yamr idesticah garallel trimer wproperly

e st ab l-laysrbetdeerb GCN4 coilembil adaptors. The interaction network formed by

these layers is similar to that described for Mmor (Fig. 2.9). Due to poor diffraction quality of

the crystalsthewater network could not be solved foghb structureln summary, ar crystal

structuresof Mmor and Mglob present the firstexarapp of a mi ni malbultst i ¢ U
of tandem hexadepeats wi t h t hree residues present in t
of the Ramachandran pldthe firstnonadbasedb-layer with conserved KAxnotif favors a

C-capping interaction network and the sucoes$ayers in hexad spacif@gvor an N-capping

network.
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e~—-BRp———BBp-—
Mmor wt KADVYTKDQLYTKTE

Mmor mut?2 KADAYTKDQAYTKTE

side-view

top-view

side-view

top-view
/

Figure 2.8Mutation of conservechexadi -layer residuesStructural comparisonf the second and third hexad
i -layersof Mmor-wt and Mmormut2 constructsIn Mmormut2, bothi wmesidues Valin A)and Leuin B)have
been replaced with Ala.
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a—-—BBB-——BBB--—-BBB———BBRB———a~—-
Mglob  ISQKANSQDVYNKTDLYPKTDLYTKTEMDTA

top-view side-view

Figure 2.9/ NB a G| £ & ( NHzO (i didyBrsnibdule fuskd edveek MudlGierminal trimeric GCN4
pll coiledcoil adaptorss shown on the leftSequence of the insert is shown at the top with its coibed register.
The four -layers(starting from the Nerminus) are markedby letters AD, A is the canonical KANayer and B
to D aretyrosinei -layers The right box diagrams display the top view of individutdyersand the sideview
of the stabilizinginteraction network formed by each layer.
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The trimeric autotransporter adhesn NadA5from Neisseria meningitidis

Another interestig examplecomprisingthe above described -@ptimized hexad module
(X)3KAD(X)3VYT (X)3VYT (X)3 is atrimeric autotransportexdhesn NadA TAAs are a family

of extracellular proteingy gramnegative bacterithat medate attachmertob and invasion of
hostcells (Cottereta | . 2005; L iyskdweki et dl., 2a11)TAAs ake@llligate G
homotrimers. Thie general domain architecture inclgda Gt e r mi-bamel intefgral
membrane domanwvhich anchors the proteins to outer membrand\tterminal signal peptide
forexport and a fipassenger 0 do meastonéeatwhieh pas s e
is primarily responsible for host cell adhesemda long coiledcoil stalk variable inlength,
which acts asmolecular spacesrojectingthe adhesivehead away fromthe bacterial surface
Multiple head and stalk domains can be repetitively arranged in different combinations
generating the molecular diversity necessary to evade host cdbfdasegReiss et al., 2004
Szczesny and Lupas, 2008he heaestalk trangion is mediated by a short, highly conserved
neck c o mp r {lager whigh fumctidns as the adaptor connecting the ladjameter
transversahead to the smallediametercoiled-coil stalks. At the Gterminus, édur TM b-
strands from the three monortechains assemble into a-$2t r a nrbareeldMelfig et al.,
2006) The membrane anchordsnserved in all AAs, therefore it is considered as the family
defining elemen{Hoiczyk et al., 2000)During the autotransport activity, after secretion of
TAAs into the periplasmic spac@itially t h ebarrel assembles into the bacterial outer
membraneforming the pore through which the three unstructured chains exit into the
extracellular regior{Szabady et al., 2005After the export is complete, monomers gedy

fold into a long fiber with a short coiletbil segment at the erad passenger domaactcluding

the pore domain.

NadA5 is expressed Neisseriameningitidis a gramnegative encapsulated bacteriwmich
causes severe sepsis and meningococcalngiéis. NadA5 (PDB code 4CJD) forms an
elongated20 A long helical trimer(Malito et al., 2014)It featuresa urique coiledcoil head,
interrupted byan insertion sequencdresidues M9 G84) which assemlss into protruding
wing-like structures.The headcoiled coil directly continues into the stalkVhereas high
resolution electron density was observed for the head and-teerihal region of the stalk,
the latter half of coilegtoil stalk which include s f -tayers- obe independent nonad
(residues 138-E146) flanked by heptad repeats and the other beeg KAD-VYT-VYT

optimized module (residues 114181),only disconthuousblobswith a threefold symmetry
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featurewere observed. t was not p-tageswiththe available datAlthough b

one could clearly observe regions of helices, the peaks were broad and overlapping among the
trimeric chains. This obseation suggesta partiallyunfolded,highly flexibleregion in the €

terminal half of the coiledoil stalk. As TAAs are modular in siicture, we can build new
models by sequence homology to existing solved domé@msisualize the complete protein
structure, | have reconstructed @nsilico model of fulllength NadA5 using the program
MODELLER (Sali et al., 1995]Fig. 2.10.

Neisseria meningitidis NadA5
Head

PPSTDEI
AKAALVG
VYNNTQD

NGFKVGDTIYDIENGQPK
GRPATEDDVKADDFGGLG
-—-LKEV
LAQHDQS
LADLTGT
VEENSEA
LVKTAEV
VNDISAD
VKANTAA
i IATKADKTE
i LDEVSGK
! VTANETA :
! IGKKANSADVYTKAEVYTKQESDNR |

Stalk

~320A

4
:érgjy
i1
eSe
%«

ﬂ

IGNLNTT

ANGLETR

LADAEKS

VKDHGTR

LASAEKS

ITEHGTR

LNGLDRT

VSDLRKE
TRQGLAEQAALSG
LFQPYNVGRENVTAAV
GGYKSESAVAIGTGFR
FTENFAAKAGVAVGTS
SGSSAAYHVGVNYEW

+~
<&

Ranan

-~ ‘FJ"‘V:F _r

enas

™
anchor

bottom view

Figue 2.10:Model of NadA5 Full length model of trimeric autotransporter adhesin NadA5 freisseria
meningitidisA & aK2gy > @gAGK GKS &aARS IyR o62Gi2Y Qlgsis YR
enlarged.
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2.2.2 Structural characterization ofhe GTAE repetitive hexadsmodule

The second, not so frequently observed, rej
residuesPrevious attempts to obtain constructs by fusimgilar MATKDD repeats between
GCN4N16V adaptors failed, as the recombingetkpressed protein turned out to be insoluble

and not amenable to refolding (Hartmann et al., 2016). Screening for new proteins containing
tandem hexads, we prominently fouhe TATK motif instead of MATK incoiledcoils which

led us to believe that tHermer could banoree asi | vy a c c o mmayersaithexad wi t hi
spacing.As there are no structures of coiedil proteinswith repetitive TATKinsertiors in

the PDB, we selected a hypothetical protein UY81 fro@andidatus Parcubacteria
(Giovannonibactea) (GerBank ID: KKW34673.1) for structural characterizationThis

proteinc o nt a i HAlayerst twashrexads TAT KAE and TAT KKD) sandwiched between

two nonads (FAEAT KAE and IAGMAT KHD) (Fig. 2.11A) T h e slayersbare flanked by

canonical coileetoil sequences.

Full-length ParcuUY81 (ParcuUY#&) fused to an Nierminal 6xHis tag was recombinantly
expressed ift. coliC41 (DE3) and purified as a soluble protein.-Bat CD spectra showed
that the pr ot e i-helicadrecire with ehacgenistic mimima a208 nniand
222 nm (Fig. 2.11C) Upon thermal melting, native ParcuU¥-8lunfolds in twosteps with
inflection pointsat57.5%2 C  81n5gl CFrom analytical SEC, the calculated molecular mass
corresponded to a trimer in solution. Parci81¥I crystallized under multiple buffer screening
conditions. However, the crystals, even after grid optimization, diffracted at lzassmution

of 3.6 A.

Subsequently, ParcuUY#&Lwas subjected to limited proteolysis using trypsin (1:20). After

one hour incubation at room temperature, cleaved fragments were separated by loading on a
Superdex 75 gel filtration column. A stable fragmeéntl-2 kDa smallerin size than
ParcuUY81fl, was obtainedqFig. 2.11B) CD spectroscopy and thermal melting expemts

on trypsincleaved fragment showed an identical spectra anestate unfolding as the full

length protein(Fig. 2.11D) Massspectrometric analysis confirmed that onhb 4lexible
residues at both N\Nand Gterminal ends were cleaved. Crystals aidifrom trypsircleaved
ParcuUY81il, containingresidues 388 of native construct, diffracted to a higher resolution

« 25A).
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Lane 1: Marker
Lane 2: N-His-ParcuUY81-fl

Lane 3: N-His-ParcuUY81-fl + TEV
Lane 4: ParcuUY81-fl + Trypsin
Lane 5: SEC-purified ParcuUY81-Tryp

Figure 2.1Biophysical characterization of ParcuUY&A) Sequence of ParcuUY-81Residues in bold are the
residues remaiing after tryptic digestion(B)ParcuUY 84l and tryptic product run on an SBFAGE gel. Samples
corresponding to marked lanes have been shown be(@)and(D)CD and melting curves for ParcuU¥iBand
ParcuUY84iryptic respectivelyThe inflection tenperaturesin the melting curvearre marked with dotted lines.

Initial attempts to solve the structure of Parcui81Yusingtrimeric GCN4 asa molecular
replacement model for native coilewil failed. Heavy-atom soaking trials primarily resulted
in the disuption of the crystal lattice, with the exception of cadmium and uranium Isetizl
observations from the selbtation Pattersorfunction hinted towards a tetrameric strucfure
which wascontradictory to the expected trimeXll previously identifiedb-layer containing
coiled coils assembled into trimeric bundles with the sifgigtrand of each monomar a b-
layerrotatingl 2 0 e ar o u rcoilaxish e f oo | e d n-hdlicesilagamgSudhant o U
arrangement of residues does not fit the tedraprediction Next, we designed a control
protein ParcuUY8h e pt ad, apeeforminganbnbsiara hexad were replaed by
canonical heptad pattern either by deletion or insertion of reqisieeJ abl@.2). As expected,
ParcuUY81heptadiormedatrimeric bundle in both solution and crysiad state(Fig. 2.12).
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ParcuUY81-heptad

MKKPITLEKLVSMVAVG
FAETKAE
TATIKAE AYA

TATIKKD
IAGMKHD
IAQLDKR
IDGLDKK
IADLVDR
IGRVESK
LDRALNKEVAAWKVSSAS

Figure 2.12Sequence andtructure of ParcuUY8heptad, a designed control protein. Conversion of hexad
repeats to heptads results in a canaadicoiledcoil. Bold letters indicate th sequencef the solved structure.

Assuming the tetrameric configuratioo be a crystallization arfiect, we shortened the-C
terminal region by inserting a premature stopdon in the coiledcoil stalk to obtain
ParcuUY81.7o (residues 170). The constuct could be exgssed as soluble protein but
similar to the previous constructhe crystal structure darcuUY81.7o (data collected at a
resolution of 2.4R) could not be slved by molecular replacemeflatinumsalts dissolved
or fragmented therdgile ParcuUY81 crystals,andthe stable crystal fragmendiffracted
poorly as well.Facingthe difficultiesto solvethe native ParcuUY81 crystal structurd
designed aim silico model using MODELLERSali et al., 1995)singsequence homology
coiled-coil fragmentsin the sequence of ParcuUY&8ieptad ando previously solved crystal
structures containing nonad and hexad insertions in coHenll sequences. Molecular
replacement trials with this model failed to replace a proper length of themretom tlese
results three reasons appear plausilitee crystal was formed by proteolytically cleaved
fragment or the crystal latticespace group identified was incorrect, or ParcuUY &ctsally

a tetramer and replacement by a trimeric modelctoat give the right structure solution.

Crystal structure oParcuUY81 with GCN¥16V fusion

Given the inability t o s ddyersen thein mative qoiledoit a | st
environment, we fused segmeniresidues 1&4) of ParcuUY81fl comprisingthe four
predictedb-layers including thér neighboring heptads register between two GCN¥16V

adaptos, a variant of leucine zipper which fosva mixture odimers and trimers in solution

(Harbury et al., 1993)ParcuUY81GCN4N16V was foundto be wellexpressed in the

insoluble fraction. After purification under denatyg conditions, the protein was refolded and

setup for crystallization ab and 10 mg/ml. Crystals obtainedinderthe condition 0.1IM

sodium acetate (pH 4.6),\ sodium formag, diffracted to a maximum resolution of 2.75A.

52



The aystal dructure of ParcuUY81GCN4, solved using GCN4N16V as a molecular
replacement model, etws a parallet r i me r i ¢ Bayersfoimedatthe juhctiob of

two coiledcoil adaptorgFig.2.13. Al |  flageussiappéar canonical, with the central alanine
residues forming characteristic iniemain ba&kbone hydrogefoonding network The N-

terminal GCN4 oiledc o i | directl y playerdoeredbysa nonadsequendee f i r
FAETATKAE, where TAT occupies the position.

a--BBB-—-BBBR--—BRB-——a-—-BBRB-—-a-—d-——
ParcuUY81-GCN4 FAETATKAETATKAETATKKDIAGMATKHDIAQLDKR

GCN4-N16V A B C D GCN4-N16V

top-view

side-view

Figure 2.13 Crystal structureand interaction network of ParcuUY84GCN4 (Top) Structure of ParcuUY81

i Iy R-$yersicolored fused within GCNMN16V adaptors (grey). Sequence of insert is shown above. The four
i -layers (AD) are highlighted with green baf@elow)Top and sidesA S 6 & 2 T -ldygfRADY WiRlezbpt |
view displays the exact picture of each layer and reéatbtation of three chains from-R as viewed from the
N-terminus bottom sideview shows the interaction network formed & -layer residues withirthe same
(yellow) chainHydrogen bonds and sditridges are shown as dotted lines.

As visualized from therystal structure, phenylalanine (F29) residues from the three monomers
form an asymmetric hydrophobic core (Fig. 2.13A). While two F29 residues point away from
the core, the third residue directly points towards the céertteeonine (T32) in thé Postion

forms polar interactions witlthe a residue F29 through its backbone NH and sidechain
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hydroxyl groupsThe typical Gcapping interaction, as is seen for Kbirbf the KAD-VYT -

LYT module, is not formed with T in this positiofhe b 3residue T34 cooidates the
backbone NH group of residg€E37),thereby forming a stable-biap for the following helix.
Both E31 and E37 extend to form shitdge interactions with the conserved lysine residues

(K35 and K41 respectively) of the neighboring chain (claskvas seen from the-tdrminus).

For t he s uc-aesTATKAE E3T ecgupydthg thg position of the previous layer

slightly moves out of the core towardgposition @/c position), facilitating TAT (residues 38

40) to occupy the regulal position(Fig. 2.13B) T38, in an idend a | fashion to t
layer T32, coordinates the backbone carbonyb &esidue T34 with its NH and sidechain
hydroxyl . Such an interacti on -lyers, wioereikkthe s r ep
first threonine § Iresidue) coordinates eithéhe a position residue (in nonads) or the3

resi due of -laydn @ hexadsjiig. 218GD).b 3 e s i d u elayarsnin thig | b
particular case always T, forms-@dpping interactions with thg residue (D or E), which

further stabilizes thé-layer by forming satbridge interactions with theresidues (usually a

conserved K or R) of the neighboring chain.

NMRspectroscopy for ParcuuY81

It is well-known that coilectoils can attaimon-physiological structuresyhich aresepaated

by low-erergy barriers omflat energylandscapgwhen crystallized out of their native context
(Lupaset al., 2017. Therefore] waskeen to solve the structure of ParcuUYBATK module
flanked by its native coiledoil sequencdo confirm if the protein exists ia trimeric or
tetrameric state in itghysiological context. Ultimately, | resorted to solution NMR
spectroscopyPreliminary experiments collecting the 1IH spectrum showed good peak
dispersion, consistent with a properly folded protein. Subsequéf@yand N isotope
labelledParcuUY81fl wasusedto acquire spectra for sequential assignment. Parcuifly81
purified from minimal media wakrgely present as soluble aggregates, with a small fraction
eluting in the right molecular weighange Although®®N-HSQC looked an ideal spectra with
sharp signals, wellispersed suggestive of wétllded oligomer, residues could not be
definitely assigned. I n future, other repres
shouldbe tested taharacterizesuchrepetitive hexad irestions in coileecoil proteins in their

native environment.
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2.3 CONTRIBUTIONS TO THIS WORK

All bioinformatics work was done by Prof. Andrei Lupas. The sequences used in this work for
experimental study were identified or designed byf.PAndrei Lupas. Dr. Birte Hernandez
conceptualized the construct design within GCN4 cedleitl adaptors. | carried out the
molecular cloning, protein expression and purification for constructs expressed in LB or
minimal media. Biophysical characterimat of proteins using CD spectroscopy, thermal
melting and limited proteolysis experiments were done by me. Crystallization screens were set
up by Dr. Reinhard Albrecht and Kerstin Bar. Crystal structures were XDS processed and
phased using molecular repément by Dr. Marcus Hartmann. | then manually refined the
crystal structures using COOT. For ParcuUNGT N 4 I manually built
layers and refined the crystal structure. NMR isotlgfpelled sample was prepared by me and
spectra measuremesnwere done by Dr. Murray Coles. Finally, | designed the homology model
of full-length NadA5 using previously solved crystal structure of its head domain (PDB 4CJD)
using the program MODELLER.
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2.4DISCUSSION

Canonical coileetolil fibers built of heptadapeatsare frequentlynterrupted by the insertion

or deletion of one or more residu@diese discontinuities can be accommodated by local
di st or-helicesmssuning thnge of periodicitiewhich is howevelimited by the strain
imposed orthe individual heliceslnsertion of 2 and 6 residues are the most demarfding
regular coileecoil bundles. They overstrain th@ngle helicesto a break point, locally

di sr up t-helicg strudueandldeading to thé o r mat i o nstramdsin tsirhedcr t b

coiledcoils These strands rotate the patindthd each

coiled-coil axis, forming a triangular sugscondarg t r uct ur al e llagemeist cal |

structure is stabilized by hydrogen bonds formed between the central residues of the three
strands, usually a small hydrophobic residut.ayers deved from the insertion of 2 or 6

residues are identical.

Tandem i ndagersinioamgubfarbfi ber giovés wanhU/abteoinls

b struct ur aléa ferhee stuelyotvesithe cwystal structurefa n U/ beoilc oi | e d
built completely from repetitive nonad insertions (Hartmann eR@lL6), similar information

was missing fotandemhexaddiscontinuitiesto complete the picturdn this work, | have
structurally characterizetivo bioinformaticallyidentified hexad elemenisthe KAD-VYT -

LYT co-optimized module and the repetitive TAT insertion moddiee solved crystal
structures show thaepetitive hexad insertioflsor m a mi n i macbiliwghttiree U/ b
residues occupying the U and t handmebackbotehr e e
hydrogen bond in comon wih a heptad repeat coiledil. Widely observed in bacteriahd

phage surfacibrousproteins, the first modul€AD-VYT-LYT comprises a canonical nonad

bl ayer foll owed b ylayersiehexad spanioghiehdiffey sulmstanitiallye b

from the former. Characterized bylarge tyrosine residue occupying h e c elayérr a |l b
position compared to amall hydrophobic residuésuch as alanine or valine)n can-oni c al
layers, hexad layers are much wider in diamidtety promoted by the bulky tyrosine residue

which is bent out of the core. Mutation of tyrosi to alanine completely disrupted the

f or ma t -layemetwofk, skyriying the importance of a bulky sidechain residue occupying

the central playerd.Apdrt éram tyirosine hpbexydalhning (F) antkthionine

(M) can also be found occuinyg this position An extensivebondingnetwork, characterized

by a C-capping interactiometworkformed by the conservedu 1ysines of the first layer and

theN-capping interactionsstablishedby theb 3hreonines osuccessiviaexad layersallows
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for a stable assembly akpetitiveb-layers within regular coiledoil fibers. The second type
of hexads modul e b ulayersis dSeldommbsenadgteesalvedcrystal T AT
structureof a fragment of &ypothetical protein fronCandidatus Parcbacterium where two
TAT hexads are sandwiched between noxadl ATxxx andxxxMAT xxx b-layer elements,
we seef our c a-layensstabilzéd byibackbone hydrogen bonds formed among the
central alanine residues the individual layers While no Gcappng interaction network was
formed with threonine as tfe r e s i d u e i-layer,thk fe 3hfednines tin alblayers
formedNc aps t o t Fkhelicafsegiméntmithieinrespettive chainEachb threonine

in hexad layers coordinates theXhreonine of the previoub-layerwith conservedackbone
andsidechainnteractions The additional sidechain contaotade bythreonineswhich cannot

be brought about by MATxxx hexad repeatsyld explain the stable formation of TAT tandem
hexadb-layers.

The KAD-VYT-LYT co-optimized module, which is frequently observed in a recurring
fashion in the stalks of trimeric autotransporter adhesins and other bacterial and viral surface
proteins, can now be simply modelled for new proteisiag our solved crysitatructures as
templates.S u ¢ hlayeb recurrences in surface protein fibers led us to propose their
involvement in providing resilience to environmental stress conditions by tight interleaving of
the monomeri c chastrandede | Rynein h & e-telicdl tohainsgheyly U
further provide structural and functional complexity. Many pathogenic bacteria and viruses use
this simple mechanism of repetitively arranged complex modules in surface proteins to

generate the molecular diversity in order to evade host immune respons

Summarzing the above results, it is clear that repetitive insertion of both nonad and hexad
elements in a canonical coikedil fiber resulsin the formation of aty / b cail.iThedata
confirms that minor mutatios such as simple insertion of two residues or deletion of one
residue per repeat acanonicalcoiled coil result ina novel backbone structwsevithin the
allowed regions of Ramachandran space.
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2.5 METHODS

2.5.1 Molecular cloning
Unless otherwise mentioned, genes were commercially synthesized (Eurofing. veoh

codon optimization.

The construct Mglob encoding residues 2441 of a hypothetical protein OMM_04225 from
Candidatus Magnetoglobusulticellularis str. Araruama(GenBank ETR68995.1) wassed
between two GCN4lI coiled-coil fragmentsby cloning within the XbaHindlll sites of the
pPASK-IBA GCN4-pll plasmid.

Construct Mmor containing residues 3335 of a conserved hypothetical ot
MHK_004959 from Candidatus Magnetomorurep. HK-1 (GenBank KPA14831.1) was
designed identical to Mglob with flanking trimeric GCig#t adaptors and cloned within the
BamHI and Hindlll sites of pASKBA GCN4-pll-Mglob plasmid. Mmomutl and Mmor

mut2 corstructs were derived from sitBrected mutagenesis using Mmor construct as the
template. Mmommutl features mutation of the two conserved tyrosine residues to alanines
Y321A and Y327A. Mmomut2 has V320A and L326A mutations.

Table2.1: List of primersfor PCR amplification

Construct Primer
Mmor-mutl , OHM! - CGAACAPAGCAGATGTGGCTACGAAAGACCAGTTATAC
OHM! —GTM’)KACH GLGTCTTTCGTAGCCACATCTGCTTTGTTCG
OHT! -GGEVACBAAAGACCAGTTAGCCACCAAAACTGAGATTA,
OHT! —TNGI?\ETG{T TAATCTCAGGEGTGGCTAACTGGTCTTTCGTA!
Mmor-mut2 + 0HAN! -GABAGCBAACAAAGCAGATGCGTATACGAAAGACCAGT
+ 0H ! -TNACY GEIQTTTCGTATACGCATCTGCTTTGTTCGCTTT(
[ oHCc! -GCATMCACOGAAAACTGAGATTAACAGT
[ oHC! - CNGYT CTITCGTATACGCATCTGC
ParcuUY8l:o T 6 ¥YTABGIGGAATCCAAACTGGAC
NID Y AQCQATACGGTCCACTAAATC
ParclWY81GCN4 | fw: 5'- GACCATGGTCTCCACTGACAGCTACCAAAGCCGAAACTGC
NIJ YCCRAAGCTTCAGCTCGCACTAGAGACTTTCC
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Table2.2: Sequence diiexad repeatconstructs

Construct GenBankID| Residues Seqience
(6xHis - TEV)- GGSG(GCN4- pll) n INLKANKAD
Mmor KPA14831.1 311-335 - VYTKDQ
- LYTKTEINSQ (GCN4-pll) ¢
(6xHis - TEV)- GGSG(GCN4- pll) n INLKANKAD
Mmor-mutl KPA14831.1 311-335 - VATKDQ
- LATKTEINSQ (GCN4-pll) ¢
(6xHis - TEV)- GGSG(GCN4- pll) n INLKANKAD
Mmor-mut2 KPA14831.1 311-335 - AYTKDQ
- AYTKTEINSQ (GCN4-pll) ¢
(6xHis - TEV)- GGSG(GCN4 pll) n ISQKANSQD
Mglob ETR68995.1 244274 = VYNKTD
- LYPKTD
- LYTKTEMDTA(GCN4-pll) ¢
(6xHis - TEV)- GGSG(GCN4- N16V) - FAETATKAE
ParcuUY81 | KKW34673.]1 1854 I ATKAE
GCN4 - TATKKD
IAGMATKHD
IAQLDKR- (GCN4- N16V) ¢
(6xHis - TEV)- MKKPITLEKLVSMVAVG
ParcuUY84l KKW34673.1] 1-93 FAETATKAE
--- TATKAE
- TATKKD
IAGMATKHD
IAQLDKR
IDGLDKK
IADLVDR
IGRVESK
LDRALNKEVAAWKVSSAS
(6xHis - TEV)- MKKPITLEKLVSMVAVG
ParcuUY8i17,0 | KKW34673.1 1-70 FAETATKAE
- TATKAE
- TATKKD
IAGMATKHD
IAQLDKR
IDGLDKK
IADLVDR
IG
(6xHis - TEV)- MKKPITLEKLVSMVAVG
ParcuuY84
FAETKAE
heptad TATI KAE
TATI KKD
IAGMKHD
IAQLDKR
IDGLDKK
IADLVDR
IGRVESK
LDRALNKEVAAWKVSSAS
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ParcuUY81fl, a hypothetical protein UY81_ C0065G0003 fr@@andidatus Patubacteria
(GiovannonibacteripGW2011 _GWA2_53 7, and its control design Pa¢81-heptad were

gene synthesized and cloned into the Ncol and BamHI sites of pETHis1la expression vector
(Bogomolovas et al., 2009) allowing for the expression of the constitictaw Nterminal

Hiss tag and a TEV protease cleavage $tarcuUY81.70 was amplified from ParcuUY8il

by roundthe-horn mutagenesis using phosphorylated primers. The resulting PCR product was
ligated and selected after transformation to obtain tla ¢lone . ParclwY81-GCN4 wasalso

derived from ParcuUY81 by PCR amplification of the residue$4.8nd cloned within the
Bsal/Hindlll of the pASK IBA2HISTEV GCN4N16V vector.

2.5.2 Protein expression and Purification

Constructs Mmor and Mglob were ergsed inE. coli ArcticExpresgDE3) at 3&C until

0O.Dsoo of 0.8 and induced with 0.dM AHTC (anhydrotetracycline) at & for 24 hours.
Mmor-mutl and Mmommut2 were expressed . coli Top10.ParcuUY8%fl, ParcuwY81-

heptadParcuUY8170and ParctGCN4 were all expressed i coliC41 (DE3) srain. Cells
were grown at 3gC until O.Deoo= 0.5, and then induced with 0ndM IPTG (for ParcuuY84
fl, ParcuUY8theptad and ParcuUY81g) or 0.1mM AHTC (for ParcuUY81GCN4). Finally,
the cells were harvested by centrifugation after 4 hours.

ProteinsMmor, Mglob, ParcuUY84l, ParcwY81-heptad ParcuUY8170 and ParcUY81-

GCN4 were purified from supernatant under native camtit Cells were resuspendedyisis

buffer (20mM Tris (pH 7.5), 150 mM NaCl, .nM MgCl,, Dnasel and protease inhibitor
cocktal) and lysed using sonication (50% duty cycle and output control 5). After
centrifugation, the supernatant was loaded ofNIRA Agarose column prequilibrated with

Buffer A (20 mM Tris (pH 7.5), 150 mM NaCl) and the bound proteins were eluted with
increasing concentrations of imidazole. Eluted protein was dialyzed against Buffer A and
subsequently digested with TEV protease (TEV protease: protein 1:20). The cleaved protein
was reloaded on NNTA and the flowthrough was collected. Finally, the protein was

subjected to gel filtration chromatography on Superdex 75.
For Mmormutl and Mmomut2, purification was performed under denaturing conditions.

Cell lysate was dissolved inM guanidine hydrochloride for b at room temperature. The

cleared supernatantas loaded on NNTA Agarose column prequilibrated with Buffer A*
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(20mM Tris (pH 7.5), 300 mM NaCl andV Gua.Cl) and eluted with imidazole. The collected
protein was refolded by dialysis against Buffer A (@ Tris (pH 7.5), 150 mM NaCl) and

processedio remove the Merminal histidine tag by TEV proteolysis.

For NMR analysis of ParcuUY&tl, cells were grown at 37¢eC
supplemented witk’C-glucose and®N-ammonium chloride, until O.lo= 0.7-0.8. The cells

were then induced withthM i s o p-D-thipggldctodide (IPTG)at20C and har vest
centrifugation after 18 hos. 3C and!*N-labelled ParcuUY81l was thenpurified under

native conditios on a NiNTA affinity column and finally cleaned on a Superdex 75 size
exclusion chromatography column to remove larger aggreg2bés | of the sampl
mixed with 50 | DgDfand filled in a Shigemsymmetrical NMR micrtube Product No.

7543349, Sigma Aldrich, Germahy

2.5.3 Homology modelling

The crystallographic structure of (residues A8437) was used together with Hia (PDB code
3EMO) translocation pore domain, the n a-thyeib(PDB code 5APT: IENKADKAD fused
between the GCN4 leucine zippers) and the hexad repetitive moduleMYABRVYT from
Mmor structure (described in section 2.2.1) to build the mosielg MODELLER (Sali et al.,
1995) The missing stalk residues3@220) were modelled using the solvedé¥minal coiled
coil (residues 2-1.37)of NadA5as the template.

2.5.4 Crystallization data collectionand structure determination

Crystallization trials were set up in9¢ell sitting-drop plates with drops coisting of 300 nl
protein solution and 300 nl reservoir solution (RS), and reservoirs cont&imng € IAll RS .
crystals wereryo-protected, thetoop mounted and flastooled in liquidnitrogen. Data were
collected at 100 K and a wavelength of either 1.03t Beamline X10SA of the Swiss Light
Source (Villigen, Switzerland), using a PILATWBA-F hybid pixel detector (Dectris Ltd.).

All data were indexed, integrated amdaled using XDS (Kabsch, 201@tructures were
solved by molecular replacement with MOLREWPagin and Teplyakov, 2000rhey were
finalized in cycles of manual modeling with Coot (Heysand Cowtan, 2004), amdfinement

with REFMACS5 (Murshudov et al., 1999This work was done together with Dr. Marcus

Hartmann. Thetructures have not yet been submitted to the PDB.
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Table 2.3: Crystallization and cryo conditions.

Protein* Reservoir saltion** Cryo solutiort*
Mmor 0.1M HEPES pH 7.530% (w/v) PEG 300 Mother liquor
Mmor-mutl 0.1 M tri-sodium citrate pH 5.20% (w/v) PEG 3000 20% PEG 2000
Mmor-mut2 0.1 M sodium citrate , 8% (w/v) PEG 8000 20% PEG 200
Mglob Morpheus HT96 screen, well D2* Mother liquor
ParcuUY8Hl 0.1M SPG buffer pH 6, 25% (w/v) PEG 1500 10% glycerol
ParcuUY81Tryp 25% (w/v) PEG 2000 MME 20% PEG 400
ParcuUY81short 0.1M Bis-Tris pH 6.5, 2Vl (NH4)2SQy 25% glycerol
ParcuUY8theptad 0.2M K2S04, 20% (w/v) PEG 3350 20% glycerol
ParcuUy81GCN4 0.1 M sodium acetate (pH 4.6),\ sodium formate | 30% glycerol

*All protein samples were prepared in buffer containing 20 mM Tris, pH 7.6, and 150 mM NacCl.
** The reserwir and cryo conditions arghown for the best diffracting cstals.
*** Morpheus screen HI96/ FX-96, Molecular Dimensions
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CHAPTER 3

Structural andunctional characterization oMempromCC
proteins¢ a new family of membrane proteins
prokaryotes and mitochondria

In the previous chapter, vexamined thetructural features di-layers in regular coilectoils.
b-layers arefound widely distributed in proteinganging from phage and bacteria up to
eukaryotesand displayconserved characteristic sequence mot#sobing new proteins

c o nt a tlayarsnwe idmtified a new family of integral membrane proteins displaying a
headneckstalkanchor architectur@Pfam domain annotationUI=1640) broadly distributed

in prokaryotes antbcalizedto themitochondria of eukaryotes. We refer to this protein family
as menpromCC, formenbraneattached proteins g@rokaryotes andnitochaondriacontaining
coiled coils. Besides mostly uncharacterized proteins, DUF1640 includes prominent members,
such as human MCUR1 (mitochondrial calcium uniporter regulator @CDC90A and ts
paralog CCDC90B (coiledoil domain containing protein 90BMCURL1 is an essential
regulator of C& uptake throughthe mitochondrial calcium uniporter (MCU) whereas
CCDC90B does not demonstrate a similar effeatthermore, MCUR1 was found to regulate
the calcium threshold in permahty transition. ThesemitochondrialCa&* modulationsplay a
significant role inmaintainng cellular bioenergeticanediatingcellular differentiation and
initiation of programmed cell death pathways.this chapterwe examinethe structurabnd
biophysicalcharacteristicoof human MCUR1 and CCDC90Eand the effestof divalent
cations C& and Md¢*. We furtherinvestigatethe interaction ohuman mempromC@aralogs
with MCU and the permeability transition pore compéexnponeniCyclophilin D. As MCU
lacks homologs in bacteria, yeast and certain fumgiages we explore the possiby
evolutionary conserved function(s) of mempromCC proteirtee second part of iichapter

usingthebacteriumCaulobacter crescentussa model organism
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3.1 INTRODUCTION

3.1.1 The mempromCC protein family

Automated and manual motiased sequence searches in combination with secondary
structure prediction weremployedpreviously in our group o i d e n {dayef cpntamiagw b
proteinsin nonredundant databaséldartmann et al., 2016%tartingwith a known -ldyer
sequence motif, aeterogeneougroupof integral membrane proteimsasfoundin prokaryotes

and eukaryote@Bioinformatics was doe byProf. Andrei Lupas and loanna Karamichalihe
identified s¢ of membrane proteins comprisagotal 1085 proteins from 270 species from all
the threedomainsand five viruses. Majority ofthe prokaryotic sequencebelong to
proteobacteria and a nuor part arearchaealproteins. The viral homologs are found in
bacteriophages and share a high sequence similarityall eukaryotic proteins are nuclear
encoded with a mitochondrial target sequence. In contrast to the more diverse prokaryotic

proteinsall identified eukaryotic proteins are annotated as DUF1640 homologs.

Although highly diverse in sequence and lengthfaatiily membersare characterized
by a common headeckstalk-anchor (HNSA) architeate. A membrane anchorédmeric
coiled-coil stalk projects an Merminal helical head domain. The heatialk junction is
intermediated by the pgee nc e o f o0 n-#ayeoconnactar$Thei sequemcesbdiffer
remarkably in size. The longest representatives, foutttkifungal divisiong\scomycotand
Basidiomycotacomprise up to 320 residues and the shortest example Xytaita, consists
of only 60 residues. The size of helical head domains varies between 40 and 220 residues.
Similarly, thetrimeric coiledcoil stalks of the proteindiverge highly in length and in their
repeat patternsven between closely related specfdthough we mostlydentify left-handed
supercoiled stalks built from canonical heptad repsatgments indicative for a rightanded

supercoil built from repeats of eleven or fifteen residieedd also beseen

In order to analyze the phylogeny of the obtained sequetalested gquences @ere
clustered by pairwise sequence comparigbthe heaeheck region usg CLANS (Frickey
and Lupas, 2004Fig. 3.1). Nearly70% of theidentified proteirs clusteedwithin the central
main group This subclustercomprises many ptoe obact er i al pr-otfions
a n d-clagses together with all eukaryotic homologs that specificalbalize to the

mitochondria. The remaining sequences form small peripheral groups. They exclusively
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contain the prokaryotiproteins Whereaas the sequences in the central group display strong
connections to each other, they show little or no connections to these peripheral prokaryotic
groups. These few evolutionary connections exist between the proteobacterial sequences of the
main cluster ath the groups oPseudomona®elftia andChromatiales Among the peripheral
groups, only the proteobacterial clustersBofterobacterialesand Pseudomonasand the
Aquificalesgroup ofSulfurihydrogenibiunand the archaeéethanocaldococcuslusters are

related to each other.
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Figure3.1: Bioinformatic classification of mempromCC protein fami(jA) Domain architecture of mempromCC
homologs characterized by a head domain (green), one or multifdger necks (red), a coilexbil stalk (blue)

and a transnembrane anchor (grey)B)Cluster map of the headeck segments of identifiedlayer containing

proteins generated using CLANS. Sequences are shown as circles and colored according to taxonomic
classification as described below. Evolutioneglated segences are connected by grey lines based on BLAST
score values. Triangles and squares highlight proteins of particular interest in the scope of this work. Stars
indicate proteins with solved crystal structures. The central cluster represents the memprdéanGig.
Peripheral clusters are abbreviated AshromobacteAC),Chromatiales(CH),Candidatudiberibacter (CL),
Campylobacte(CM), Deltia (DL),Desulfovibrio(DS),Enterobacteriale§EB),Flavobactea (FL),Helicobacter
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(HL), Methanocaldococcus(MT), Pseudomonas(PS), Sulfurihydrogenibium(SL), Sphingobacteria (SP),
Thermoprote(TH), andKylella(XL).

Multiple sequence alignment with Clustal Ome§geyers et al., 20)Jand secondary
structure predictions using Quick2Zilnmermann et al., 20} f the heaeheck region of
sequenceselected from the central main group (RBg2 revealimportant information. The
conserved head domain, chiefly-80 residues in length, is predicted to be heli&ame
residuesareconserved in nearlywo-thirds of the sequenceand include aonservedi F D T 0
(PheAsp-Thr) motif located close to the-términalregon of the headMore distantly related
proteins, including sequences frétseudomonaand Chromatiales lack this motifbut have
thesame secondary structunegiction T Hager niecks are characterized by the conserved
sequence motif [aliphaticAT TT K1 [polar]i [DE]. On the basis of evolutionary relationship
established among the heaeck sequences, we classify the members of central cluster and
peripheral groups oPseudomongsDelftia and Chromatialesas mempromCCnéenbrane
attached proteins g@irokaryotes andnitochondria containingoiled coils) family. Members of
this family are obligate trimers displaying a hesgtkstalk-anchor architecturandcomprise
ofaca s e r shaichl héhd domaithat isprojected by a membrassnchored long coiled
coil stalk. The headtalk junction is invariably mediated by one or multiple repetitively
ar r a n-lgyerd, thérefore clearly differentiating them from other protein famiWwith

similar domain architecture.

While prokaryotes seem to possess only one homolog per organism, eukaryotes have
at least two paralogous mempromCC proteins. These proteins, classified under DUF1640
(Pfam annotationas domain of unknown functipnare predominantly uncharacterized.
DUF1640 represents an entirely helical domain of unknown function that is about 160 residues
in length and encompasses the conserved head, neck, stalk and membrane anchor. Prokaryotic
mempromCC homologs lack signal sequanas well as any f&rminal extensions which
indicates their localization to the cytoplasmic membrane. On the other hand, eukaryotic
mempromCC homologs are characterized by darkhinal mitochondrial target signal (MTS).

MTS is often succeeded by a romnserved, variable length region which is predicted to be

mostly disordered.
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mempromCC family

HS1 [55] [147]
HE2 [160] [147]
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Figure3.2 The headneck segment of mempromCC family is evolutionarily conservBdquence alignment of
head domain and the first -layer neck of mempromCC homologs, alomigh two unrelated groups of
Pseudomond&nterobacterialesand Crenarchaeotaare shown Secondary structure -helix prediction is
colored in pink with color intensity proportional to the prediction score. Conserved residues are marked in bold.
Blue and blacketters indicate residues conserved inlaast twathirds or half of the sequences respectively.
Hydrophobic residues conserved infatS I &G p s> 2F &aSljdzSy0Sa | NEmesSlartl] SR 06 S
colored as in Kig. B) and abbreviated as follows: HSNP_068597.2, CCDC9MBmo sapiens HS2
(NP_001026883.1, MCUR1gmo sapiens AT (NP_973473.Arabidopsis thaliang CR (XP_001694431.1, Rat1,
Chlamydomonas reinhardiiRS (CC026633Rhizoctonia solaiiG1 IB), SC (Q05867.1, YLZB3;charomyces
cerevisiae S288c), SP (0140423chizosaccharomyces pomi®&2h), CC (YP_002517927.Caulobacter
crescentusNA1000), CS (WP_018113394Caulobactersp. JGI 000101B04), CG (WP_006683118.1,
Candidatus glomeribactegigasporarum, HP (WP_021111668.Haemophilus parasujs PC (AlC21840.1,
Pseudomonas chlororaphisEH WP_029762635.1Ectothiorhodospira haloalkaliphjia CE (ETX04478.1,
Candidatus EntotheonellaSp. Tsy2), PS (WP_016781459RAseudomonas frapi JA (CDG82950.1,
Janthinobacterium agaricidanosumNBRC 102515 = DSM 9628 ), PA (WP_014605PHhtbea ananatis EC
(WP_001737198.1Escherichia cgli SE (WP_000890813.Falmonella enterica MY (ZP_09704076.1,
Metallosphaera yellowstonendidK1), SA (WP_024084599SLIfolobus acidocaldariygA (WP_020962471.1,
Thermofilum adornatus PF (WP_014025983Ryrolobus fumarjj KC (WP_012309502.1, K&59,Candidatus
Korarchaeum cryptofiluin
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3.1.2 Human mempromCC protein¢ICUR1 and CCDC90B

The only functionally studied members of the mempr@i@nmily to this date, are theuman
paralog?MCURZ1and CCDC90B. A recent study on MCUR1 (mitochondrial calcium uniporter
regulator 1) demonstrated its function as an essential regulatmit@thondrial calcium
uniportermediated calcium uptake (Mallilaakaman et al., 2082 It is a 40kDa protein
localized to the inner mitochondrial membrgiéM) . Identifiedin a directed human RNAI
screen, knockdown of MCURL1 reduced the calcium uptake by energized mitochoiteaatin
and permeabilized HEK29ells (Mallilankaraman et al., 2012a)A similar effect on C&
influx, however, was not observed with the knockdown of CCDC@Bnar et al., 2016)
Various other studies have proposed differemictions for MCUR1: as a cytochrome C
oxidase assembly factor dBpe et al., 20153s well as aegulator of C4" threshold for
mitochondrial permeability traiteon (Chaudhuri et al.,, 2016)All functional studiesare

discussed inetail below.

3.1.2.1 MCUR1 asregulator of calcium uptake by MCU

MCURZ1is ubiquitousy expressed iall mammalian tissue#t was first identified in an RNAI
screen of 45 mitochondrial membrane proteémglentify candidates that ¢eto a significant
reduction in mitochondrial calcium uptake (Mallilankaraman et al., 20T&)mitochondal
calcium uptake occurs through a highly*Gselective uniporter complex residing in the inner
mitochondrial membrane that operates by the huge transmembrane potential generated across
its IMM. Knockdown of MCURL1 led to a dramatic reduction (~85%}hea mitochondrial
[C&?*] without modifying the cytosolic G4 content(Mallilankaraman et al., 2012ayhich
could be rescued by expressing RNAI insensitive MCUR1 cDNAurther studiesMCUR1
was shown tdalirectly interact with the entral poreforming MCU proteinand proposedo
functionas a scaffold factor for the compléxee et al., 2015; Tomar et al., 201BN-PAGE
analysis showed that MCU oligomerizesIMM in a complex with an apparent molecular
weight ok 480 kDa (Baughmaet al, 2011).Deldion of MCURL1 perturbed thisigherorder
complex assemblAlthoughthere has beeaconsiderable interest the molecular structure
andassembly oMCU complexin the last few years, the regulatanechanism otalcium
uptake by MCUR1 and CCDC90B astdl not understood.
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TheMCUcomplexin mitochondria

In the early 1960s, it was discovered that mitochondria isolated from cells accumulated large
amounts of C# (Deluca et al., 1961; Vasington et al., 1962). A similar finding was reported
later forthemitochondria of eukaryotic celis vivo. Finally in 2011, after 50 years of extensive
research in the field of mitochondrial calcium signaling, the centratpon@ng protein of the

MCU complex was identified (De Stefani et al., 2011; Baughman, Peretdl., 2011).
Subsequently, other regulayoproteins were recognizetHumanMCU complex, known to

date, is made up of the following component$1CU (poreforming subunit), MCUb (a
dominant negative paralog of MCU), MICU1 and MICU2 (paralogoush&frdCa’*-binding
gatekeeper proteins), EMRE (a metazoan specific spage transmembrane protein), and
paralogs MCUR1 and CCDC90B.

Mitochondrial calcium signaling is an essential process that regulates crucial cellular
processes like bioenergetics, metaal cell differentiation, and cell death pathways. In the
cell, mitochondria work as large capacity calcium buffers on the cytoplasmidNédtarfs et
al., 2013. The rapid compartmentalization of local calcium increases in cytosol through the
uniporterand its effluxshapes the cellular calcium signaBabcock et aJ 1997; Putney Jr
and Thomas, 200®Rizzuto et al., 2012). Mitochondria utilize these sp&timporal patterns
of Ca* signals to regulate diverse physiological processes and enzymatitiesct{lino,

2010. For instance, entry of mitochondrial calcium signals the production of ATP to match

the cytosolic energy requiremend®(aville et al., 1999; Tarasov et 20129.

Calcium uptake occurs at MAMs (Mitochondrfsssociated Membranes)

Caldum uptake throughMCU is driven bythe electrochemical gradient maintained across

IMM . This gradient is generated by pumping of protons by the respiratory complexes towards
the intermembrane space which results in the creation of a large transmembeangpota | , (
usually between150 and-180 mV (P#&rgnani et al., 2001 Substituting this value in the

Nernst equation,

5 24 #A
U '#A

where \4qis the equilibrium potential, R is the universal gas constant (8.314nddkY), z is
the valence of ionic speci es, 1) Fanslatesinthitbe Far a
equilibrium concentration gradient>ofL0° for C&*. Under resting cellular conditions, cells

maintain a lon{Ca*]cy* 100 nM. If allowed to equilitate freely, [C4'] in the matrix can
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reach upto 100 mM which can depolarize the membranes complesetiyesevalues are not
observed experimentally, ghows that the uniporter is tightly regulated to allow a response

only above a certain €athresholdconcentration.

C&* release from the major intracellular {atores such as enarcoplasmic
reticulum (ER/SR [CH]*x 2506 0 0 & M) sthengtobakcgtaselic calcium levels from
0.1 &M t o -2 nlM (aSedtudeiaEuentt et al., 2018s MCU complex has
a very low affinity for C&" (Kgx 2030 & M) ( Ki r i conahe IMS tsideathis 2 0(
cytosolic increase is insufficient to illicit a stimulatory resporidas apparent discrepancy
between the low affinity of MCU, low global cygolic levels of C& and the highly efficient
calcium uptake in mitochondria | Ridzutbeialt he pr
1993, 1998, 2004ononi et al., 2012 This hypothesis states that mitochondria preferentially
accumulate calciurat regions of close apposition to the ER'@alease sites where domains
of high local [C&"] exist (Rizzuto et al., 1998; Patergnani 201E)g. 3.3. Known as
i Mi t oc {Assocdted M mbr ane s 0 traGsin [C&7):,a these microdomains

canreah > .10 &M

High calcium
microdomain

mitochondria

Figure 3.3:Mitochondria-Associated Membranes (MAMSire regions of close apposition between ER and
mitochondria. Local microdomains of high calcium concentration at these sites facilitate fast and effiéfent Ca
signal transmission. 3R (irositol 1,4,5triphosphate receptor); VDAC1 (voltagependent aniorselective
channel protein 1); MCU (mitochondrial calcium uniporter); SERCA (sarco/endoplasmic retictidmfese);

RyR (ryanodine receptor); Mfnl and Mfn2 (mitofusins); Grp75 (glucemdated protein). Adapted from
(Chernorudskiy et al., 2017).
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Components of the MCU complex

A. MCUc the central poreforming protein

Mitochondrial calcium uniporteMCU) is the channeiforming and C&*-conductingsubunit

of MCU complex.lt was identified n a screen searching for proteins related to MICU1, which
was the first identified component of the MCU complélsing a combination of whole
genome phylogenetic profiling, genoméde RNA coeexpression analysis and organeliele
protein expression anaigstwo independent groups identified M@uUsilicoin the MitoCarta
database (an inventory of nuclear and mitochondrial DNA genes encoding proteins for
mitochondrial localizationjBaughman, Perocchi et al., 2011; De Stefani et al., 2@dps
later experimentallyverified by whole-mitoplastpatch clamp electrophysiologgeasurement

of calcium currerg (Chaudhuri et al., 2033In the cell[MCU works together wittaccessory
proteins that tightly regulate the pore and influe@#"* influx. The MCU chanrel is
rutheniumred sensitive andesidue S25%vas identified to be essentidbr this sensitivity
(Baughman et al., 2011)

Homologs of MCU are present in all major branches of eukaryfotesdin all plants
and metazoan, but absent in yeast smrefungi and protozoan lineages (Bick et al., 2012).
MCU is ubiquitously expressed in mammadiscomprises of a globular soluble-tdrminal
domain, twaconservedransmembrane helices TMihd TM2which are flanked by two coiled
coil helices CC1 and CCZ2ZFig. 34A). The N and Gterminal domainsredde in the
mitochondrial matrixand only a short linker (EYSWDIMEPhich featuresa conserved
DIME motif and connects the two TM helicdaces the intermembrane spgBaughman et
al.,, 2011 Oxenoid et al., 209). Mutation of these negatively charged residues in the DIME
motif abolished MCU activity (Baughmaeat al.,2011; De Stefani et al., 2011).

Recently, four independent groups published dty®-EM structure of MCU from
different fun@l speciegBaradaran et §12018; Fan et al., 2018; Nguyen et al., 2018; Yoo et
al., 2018). MCU assembles intohamdetrameric channglFig. 3.4B). The transmembrane
helix TM2 forms the central hydrophilic core and continues @@?2 in the matrix. The N
terminal domain of MCU isonnected to TM1 via an elongated CC1 coited domain, which

also acts aastabilizing peripheral helix to the core bundle (Fig. 3.4®@g critical IxXE motif
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lines the entrance of the pooe the IMS side with protruding carboxylate rings from252
ard E28forming the C&" selectivity filter (Fig. 3.4D)

A wrs | - EOEEERCE e
DIME

B ) side-view C D top-vieyv

N-terminal
domain

Figure 3.4 Structure of poreforming MCU protein. (A) Domain architecture of MCUIt consists of a
mitochondrial target signal (MTS);tBrminal globular domain (NTD), two transmembrane helicBdX and

TM2), and two coilegtoil helices (CC1 and CC2). The loop connecting TM1 and TM2 features a conserved DIME
motif (B) Tetramericstructure offungalMCU solved bgryo-EM (PDB 6dnf) (Baradaran et al., 20118dividual

chains are colorediifferently. CC2 and TM2 fa the central porewhile CC1 and TM1 stabilize the core as
peripheral helicesfC)MCU monomer colored by its domain organizatiG®@1 helix directly continues into TM1.

(D) Thetwo rings of negatively charged residue&5 and E28, partof the conserved DIME motiéct asthe
selectivity filter for C&. Top view shows the interaction network of W224 and E228 with a central calcium ion
(blue sphere).

The structure of the ferminal soluble domaiof human MCU (residues 7P89) was
solvad by X-ray crystallography. Itl i s p | anasplikeafoldbwherein two central helices,
nearly perpendicular to each other, are sandwiched betwsen B8 a nstiegtsdLedbet al.,
2015; Lee et al.,, 2016Peletion of MCU Nterminal domain severely abolished calcium

uptake through theniporter without affecting itsoligomer @asembly Electrostatic surface

72



charge analysis identified two prominent acidic and two basic patches on the surface-of MCU
NTD which may facilitate higheorder assembly of the protein (Lee et al., 2016). Divalent
cations C&" and Md"* bind to the addic surface of MCUNTD with a neamillimolar affinity

(Lee et al.,, 2016). This binding translates into an -aegulabry mechanism of MCU,
conveying a negativieedback response to close the channel when exposesldaged high

[C&?*] at the immediate base of microdomains. It \as® showrthat MCUNTD directly
interacts with MCURZ1, but how this interaction is mediated remains to be identified.

B. MCUbc the dominant negative paralog of MCU

MCUb (or CCDC109B), a paraty of MCU, slows 50% sequence similaritto MCU and
shares the same protein structure and topologwyprising of2 TM hdices connected by a
short loop facingMS. This loop, however, bears a critical iam acid substitution E257
(VYSWDIMEP) that leadsat a drastic change in the channel properties ovarane reduced
negative chargeMCUDb acts as dominamtegative form,andthe insertion of one omore
MCUb subunits in the uniporter chanweds shown teeducethe C&" influx.

C. MICU1, MICUZ2 and MICU3he gatekeepers

MICU1 (mitochondrial calcium uniporter 1) was the first MCU complex component to be
identified using a comparative proteomics approach (Perocchi et al., 2048)aninter
membrane spadecalized soluble protein that is approximatedhte IMM by its asso@tion

with the Gterminal polyspartate tail of EMRHLt contains twehighly conserved predicted
EF-hand C&*-binding domains (Perocchi et al., 2010; Csordas et al., 2013). The crystal
structure of MICU1 in both apand C&*-bound formshas beersolved(Wang et al., 2014
Apo-MICU1 forms a hexamer. Upon €abinding, itundergoes conformationalkchangeto

form multiple oligomeric species whiare then suspected dotivate MCU.

MCU and MICUL1 proteins show the same evolutionary patbé expression (Bick et
al., 2012). MICU1 has two paralogous proteins: MICU2 and MICU3, sharing around 25%
sequence identity to MICU1. While MICUZ2 is expressed ubiquitously in human tissues like
MICU1, MICUS is predominantly expressed in the central oesvsystem (CNS) (Plovanich
et al, 2013). MICU2 forms an obligate dimer with MICU1 and is the dominant gatekeeper
protein. While at low [C#], both MICU1 and MICU2 exercise their tight regulation on the
MCU activity; upon physiological stimulation, €ainhibits MICU2 and activates MICU1
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allowing a prompt response to calcium accumulation in the m@tatlilankaraman et al.,
2012k Patron et al., 2034 The rates of calcium entry show a sigmoidal behavislow at
low [C&*] and exponential at higher§&] ( >10 & M) ( Ri @Gsprdatebal. e t
1999, 2010; Giacomello et al., 2010).

Interaction studiegeportedthat MCUR1 and MICU1do not pull-down together
(Mallilankaraman et al., 2012aThis could suggest that the two proteins do not exidten t
MCU complex at one time. It leaves us with open questioBo different pools of MCU
complexes containg either of the two proteinsMCURL1 or MICU1- exist? Does the cell
require a certain fraction of the complexes without a gatekeeper proteinrasting cellular

conditions? The answers still need to be investigated.

D. EMRE; the scaffold factor
EMRE (esential MCU reglator) was identified using a combination of SILAGDd mass
spectrometrybased proteomgcapproach $ancak et al., 2013)It is a 10 kDa singlepass

transmembrane protein IMM with a highly conserved aspartaieh C-terminus. In the IMS,

this acidic CGterminal tail strongly associates with the basic region of MICU1l. EMRE also

interacts with the TM1 helix of MCU protein with itgigle transmembrane heliXherefore,
it acts as a bridging subunit keeping the'@ensing gatekeeper MICU1/MICU2 complex

attached to the functional MCU pore, just like a lid on the top of the channel (Tsai et al., 2016).

Homologs of EMRE are not found iany plants, protozoa or fungi, highlighting that it is a
metazoan innovation (Sancak et al., 2013). Human MCU cannot form functionalethan
the absence of EMREKOvacsBogdanet al, 2014).MCURL1 couldalso pultdown EMRE
(Tomar et al., 2016)but which domain of MCURL is involved in the interaction to the N

terminus of EMRE is not known.

The assembly of MCU channels is regulated by the proteolytic activity -8fAk
proteasesExpression oEMRE,the bridging subunit in MCWMICUL assemblyin excescan
result inthe assembly of incomplete uniporter stdmplexes MCLEMRE and EMRE
MICUL. This leads to the accumulation of constitutively active MEMRE channelsa
condition that habeenidentified to lead to a muscular disorder in hum@rsai et al, 2017.
mM-AAA proteass AFG3L2 and SPGWere found to bénvolved in EMRE turnover, rapidly
degrading any neassembled EMRE using the energy from ATP hydrolyldés guarantees
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the proper assembly of Ify functional MCU channels, preventing €deakage into the

mitochondria therebgegulating C& homeostasis.

3.1.2.2MCUR1 as gytochrome c oxidase(COXjpassembly factor

A 2015 study reportedthat MCURL1 plays a role in COX assembly and does not directly
regulateMCU activity (Paupe et al., 2015Knockdown ofMCURL1 (by siRNA and lentiviral
mediated shRNA) in fibroblasts resulted in a COX IV asseméfgct, which was found to be
responsible for the decreasmitochondrialmembrane potential and indirectly to the reduced
calcium currentSteady statéevels of COXI and COXIl, components of CAX complex,
weresignificantlyreduced inMCUR1 KD cellswhereas other subunits remained unaffected
As COXI and COXII are the earliest subunits to enter into the complex IV assembly pathway,
the instability ofthese Bwly synthesized componerggggested thadl CUR1 might function

in chaperoningcOXI and COXII into an early COX compldRaupe et al., 2015These data
imply that MCUR1 idikely involved inincorporation or maturation éiese subunitor plays

arole in addition of prosthetic factors necessary to stabilize the COX assembly intermediate.

The authors further studied the COX assembly defect in budding peatite yeast
speciedack MCU orthologspresence dICUR1 and CCDC90Biomologsin yeastsuggests
a function unrelated to mitochondrial calcium uptakeletion of fmp32 &n ortholog of
CCDC90B in Saccharomyces cerevisjagesulted in a growth defect on néermentable
carbon sourcéglycerol) which substantiallyricreased when grown at highemtperature
(36 e C c o mgG@irdeatingd GDX deBct anceduced OXPHOS activityf-heauthors
concluded that thebrogation of C& uptake inMCURL1 deficient cells could likely be a
secondary effedue tor e d u c gad arepuliof COX assembly deftt

Direct MCU-mediated C# currents recorded by patch clamp electrophysiology of
isolated mitofasts, however, did not support theoveclaim that reduction of mitochondrial
membrane potential isxclusivelyresponsible for reduced €auptake(Vais et al., 2015)
Stable knockdown of MCUR1 (By75%) reduced the Gacurrents through the uniporter by
x 65% which could be rescued by expression of shRiIN#ensitive MCUR1This confrmed
the finding that MCURL is a direct regulator of calcium uptak®iQu.
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3.1.2.3MCUR1 as aegulator of Ca*threshold for nmitochondrial permeability transition

Calcium entry is crucial for ATP production and cell surviBlt excessive calcium uptake
can trigger the Owdrldad sf cakipno ip micdtomdda lepds docthes s .
opening of permeability transition po(@TP) with the disruption ofmembrane potential
resulting in the loss of solutés1.5kDa). This osmotic imbalance swells up and disrupts the
mitochondriareleasing cytochrome which in turnactivates preapoptotic factors.

In 2016, a study identified thddrosophila MPT response is resistant to calcium
overloadwhich translats into improved cell survivalChaudhuri et al., 2016). By comparing
the differential behavior of PTP openingbmosophilaand humans, they found that MCUR1
conferred the permeability transition sensitive to electrophorefit Upaake in human cells
As MCUR1 has no homolog iDrosophilagenome, isnilar sensitivity could be induced in
Drosophilacells withthe expression bhuman MCUR1Clearly, MCURL1 is not essential for
regulating mitochondrial calcium transport in all species, sii@esophilacells display an
intact C&* uptakedespite lacking MCUR homolog.

Originally identified by Haworthand Hunter (1979)PTP is a large conductance
channel inthe inner mitochondrial membranalthough the moleculardentity of MPT is
controversigl key components includeyclophilin D (CypD), TSPO,ADP/ATP translocase,
F1-FO-ATP synthase and spastic paraplegia 7 (SPGyclophilin D is an importanand the
only confirmedregulator of MPTPFull length human MCUR1 was found to interact with
CypD in addition to MCU (Chaudhuri et aR016) It wasproposedhat MCUR1 couldact as
abridging subunit between MCU a@ypD, where approximtion of the two complex subunits
exposes the Gasensor ilPTP to aregion ofhigherlocal [C&*] near the matriXaceof the
uniporter poréChaudhuri et al., 2016)

3.1.3Pathophysiological implications of the MCU complex

As weknow, mitochondrial clzium buffering plays a critical role in the regulation of cellular
metabolism, ATP production and cell survival (Bonora et al., 2012; Giorgi et al., Ziiit)g
mitochondrial C&" overload, cells are subjected to apoptotic/necrotic cell death pathiays (
Stefani et al., 2011)Several oncogenes and tumor suppressors modulate the mitochondrial
calcium signals to exert theamti/pre-apoptotic activitiesOne exampleas the regulation of
MCU expression by miRNA miRR5 (Marchi et al., 2013). mi#z5 can redce the calcium
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uptake through specific downegulation of MCU providing resistance against énduced
apoptosis. miR25 is foundo beupregulated in a variety of human cancers, including prostrate
and colon carcinomas. Other pathophysiological effestsit from the mutation of one or more
components of the humaniCU complex. Homozygoumssof-function mutation of MICU1

has been associated with proximal myopathy, learning difficulties and a progressive
extrapyramidal movement disordstressingherequirement of a proper MCU gating (Logan

et al, 2014.

3.14 Aims of the study

The primary objective of this studythestructural, biophysical and functional characterization
of eukaryoticand bacteriaproteinsof the mempromCC familyJsinga combnation ofX-ray
crystallographyand NMR solution spectroscopy aim to solvethe structures ofhuman
paralogs MCUR1 and CCDC90B, and bacterial homologs f@aulobacter species.
Subsequently] probe the cellular localization of mempromCC proteirior functional
characterization, | useuman MCUR1whichhas been identified to be an essential regulator
of calcium uptake through the mitochondrial calcium uniporéey,a model proteinl
investigate thenolecularinteraction between MCUR1 and MCU and idgnthe domain(s)
involved in this interactionFurthermoreto elucidate the regulatory function of MCUR1 on
Ca&" influx, | analyzeits structure and biophysical properties, as well as its molecular
interaction with MCU, in dependence of the divalent catiGg* and Md". Later, | investigate
MCURL1 interaction with cyclophilin D an essential component ofie mitochondrial
permeability transitiorcomplex involved in initiating programmed cell death pathway.
MCU lacks homologs in bacteria, yeast and @¢ertangi lineagesin the second part of the
study, | explore the function of prokaryotic mempromCChomologsusing the bacterium

Caulobacter crescentussa model organism.
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3.2 RESULTS

3.2.1The human mempromCC proteirsMCUR1 and CCDC90B

3.2.1.1Bioinformatics sequence analyse

Humancellsexpresswo mempromCC homologs: CCDC90A (or MCURL1 for Mitochondrial
Calcium Uniporter Regulator 1) and CCDC90B. The two proteins shéwigh sequence
similarity of 72% (sequence identity of 53%featuring an Nlerminal mitochondrial target
signal (MTS), aconsev e d h e-lyer, (heckjsamnedtinghe head and the long coiled

coil stalk (124 residuesyhich isfinally followed by a transmembraimelix at the Gterminus

(Pfam domain annotation DUF164The head domain is predicteditce  ma d e -haides t wo U
connected by a short | oop. -ASmTar) npotif s idéntifiednt c on
at the Nterminus of tle head domainlhe oiled-coil stalksof MCUR1 and CCDC90Rre
identical in lengthand sharghe same repeat periodicities. However, MCURIlcontrast
harbors an additional N-terminal domain comprised of nearly 100esidues. Secondary
structure estimation using Quick2D (Zimmermann et al., 2017) predicts minor secondary
structure propensity in this region. Furthermore, it is predicted to beddi®d in consensus

by multiple predictors: PONDR \UXT, PONDR VSL2b, PrDOS, PV2, and Esp#itz(data
collected from D?P? databasp (Oates et al., 2013)The predicted disordered region
encompasses thadditional Nterminal region(Fig. 35A). Interestigly, PONDR VL-XT
identifies someprobability of order within thiglisordered segmenFig. 35B). This usually
indicates the presence of one or more small regnatis a tendency for disordeo-order
transition upon somenvironmentathangesuch adinding to an interacting partnek.similar
analysis othis region using the program ANCHORdsztanyi et al., 20Q%lso identified a
Molecular Recognition FeaturédMoRF) within residues 676 (corresponding sequence
ASPLLLL LA MGUR)Y Such regionpotentially serve as the initial binding sites for
molecular recognition and undergo disorteprder transitions upon bindirng proteins or
ligands Previousimmunoprecipitation studidsaveidentified that botiMCU (mitochondrial
calcium uniporter) (Leetal., 2015 Tomar et al.2016) and PPIF (peptidyrolyl-isomerase

F or cyclophilin D) (Chaudhuri et al., 2016) can bind# GUR1.| suspect thahiese interaction
partners or some other unidentified factors can mediateligosderto-order transitiorof the

long disordered chain of MCURIpon binding undecertain conditions in theitochondria
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Quite interestingly, | found that this disordered region is highly conserved among mammals,

but differs significantlyfrom the yeast, fungi and plant proteins.
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Figure3.5: Disorder prediction in human MCURL1. (Eanparative MCUR1native disorder prediction using
multiple predictors: EspritD, EspritzX (green), Espritil (blue),IlUPredL (magenta), IUPref (brown), PV2
(yellow), PrDOS (dark blue), VSL2brg§fm) and VLXT (olive green). The-poanputed data was collected from
Database of Disordered Protein PredictiondFp(Oates et al., 2013). DUF1640 Pfam domain predicted in the
Gterminal region of MCUR1 which comprises the conserved head, neck ard-cwil stalk.The predicted
disordered region with 50% agreement among the predictors is marked in green. Predicted molecular
recognition features (MoRF regions) and putative phosphorylation sites are marked b@pwisorder
predictionin MCURDy PONR VEXT. Scores above the threshold score of 0.5 indicate disordered r&jamk.
horizontal bar shows the region with a highopensity to undergalisorder-to-order transition.
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3.2.1.2 Crystal sucture of human mempromCC protein CCDC90B

To realizeour primary objectiveof structural characterization of the conserved head domain
of me mpr omCC f a mi-laygr neclywe | selettednhgpmolods eangmg from
bacteria, yeasts to humahinitially focused onhuman paralogous proteins MCURihd
CCDC90B. Asit was notoriously difficult to purify sufficient amounts of soluble protéin,
designednultiple constructs of the heambck segments, variable in length and type of fusion,
and tested their expression in varidgiscoli strains.Finally, | succeeded tsolubly express
CCDC90Bi3125 a fragment comprising the headcksegment and the first 21 residues of the
coiled-coil stalk, inE. coli ArcticExpresgDES3). The coiledcoil fragment of the construetas
fused inregister to &SCN4N16V adaptor, which fans a mixture of dimers and trimers in
solution (Harburyet al., 1993). In the pastur labhave frequently used suchriegister fusions

of GCN4variants to stabilize coiledoil fragments for structural characterization (Deiss et al.,
2014; Hernandez Alrez et al., 2008).

FarUV CD spectroscopyhowed that CCDC90B120sGCN4N1l6Vadopt s a -pri mar
helical structure with characteristic spectral minima at 208 nm and 2ZBign86A). Upon
thermalmelting thetwo domains ofthe fusion protein unfold independently in two steps
CCDC90Bi3125 fragment melts apparently with meltng temperature o of 71eC, whereas

unfolding of GCN4N16V is known to take place at higher temperatures with a melting
temperature Tm»95¢C (Knappenbergeet al, 2002).
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Figure3.6: Biophysical characterization of CCDC%9Bs-GCN4 N16\(A) Melting curve of CCDC9B2s-GCN4
N16V monitored at 220 nm using fakV CD spectroscopy. The CCD@AeBragment unfolds with a melting
temperature T of 71eC, Thermal unfolding of the GCN4 N16V segmentlis T @ pnel not visible in the applied
temperaturerange. The inlet shows a single-fa¥ CD spectrumB) SEEMALSdata of CCDC9@R25-GCN4
N16V in 20nM Tris pH 7.5, 15M NaCl. Thealculated molecular mass corresponding to a trimer is indicated.
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The trimeric oligomerization state of the protein wasified by SECGMALS. Loaded on an
HPLC column (AdvanceBio SEC 130A, Agilent Technologies), the protein eluted as a single
major peak with an apparent molecular weight of 41.5 kDa, which is equivalent to three times
the theoretical molecular mass of 13@ak(Fig. 36B).

For theobtained crystalsve collected a dataset to@solution of 2.1 A which we could solve

via molecular replacement usitrgneric coiledcoil segments as search mod@srk done by

Dr. Marcus Hartmann)Crystal structure of CCDC9QB125s fused to GCN4AN16V shows an

elongated parallgtimer and displaya heaeneckstalk architecture&vi t h a phelicamar i |y
h e a d , -lay@rmeck donnecting the-tdrminalhelix of the head to the coilembil stalk (Fig.

3.7B). The solved structure starts at residue D62, part of the conserved FDT motif, at the
beginning of the head domainhe first19 residue®f CCDC90B corresponding to residues

43/ 61, are not resolved in the electron densitiiis can be attributed to the flexibility of the
N-terminal region in crystallographic states the SDSAGE analysis of crystals show

integrity of the pro ei n. Hel i ceg2VY1 agde $Ji2dlpaktsebhitade s 77
domain are spaced by a short loop four residues in length. Overall, the head domain is
structurally divided in tw parts: an Nerminal sixhelix bundle thatextends intaa trimeric

coiled-coil segmentwhich thendirectly connects td h dayeb neck. In the antiparallel six

helix bundle,Ul-helices fold back angack against thewo (P-helices of thesame and one

neighboring chain.

Loop L1 features a conserved hydrophobic residue ypakamine (F75) which is positioned

like a cap on top of the head shielding the hydrophobic core of the helix bundi@.TE)g.In

other eukaryotic and proteobacterial mempromCC homologs, this position is occupied by a
large hydrophobic residue, most cmwnly phenylalanine, leuciner methionine. F75 is
preceded byglycine and both residgeare conserved in more than%®f mempromCC
homol ogs. At the transition from |l oop L1 to
of intra and interchain hydrogen bonds formed by residue Q79 withhekbone amide and

carboxyl moieties of neighboring residues D76 and G74 raspbc(Fig. 37C).

The Gt er mi nal ghelices of eath chaim @esitdl@%101), which is not in contact

wi t h -helices, idcbmposed of 15 residues and accommodated as a pentadecad over four
helical turns in a ghthanded coileaoil. Theb-layer neck comprises the first three residues

of the motif MVTQAQ (residues 162 0 7 ) wi t h -laydr eesidoesViQ3 foaming the
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inter-chain backbone hydrogen bonds and coordinating a water molecule in the center (Fig.
3.7D) . THayex is followal by a segment of the natural stalk comprising of a hendecad and
a heptad, which shows a transition from a slightly riggmtded to a lefhanded coiledoil and

merges continuously into the GCNL6V adaptor.

A
1 42 54 101107 231 254
CcCDC9a0B m head stalk

[

CCDC90B, ..

43-125

GCN4N16V |

GCN4 N16V

Figure3.7: Crystal structure of human CEDO0B. (A)Domain organization of CCDC90B (NP_068597.2) and
CCDC90B125-GCNAN16V fusion construct. Single domains include mitochondrial target signal (MTS),
disordered region (DR), head domain (head), cedei stalk (stalk) and a transmembrane helid|. b-layer

neck is shown in red. Residue range is indicated at the(B)yCartoon representation of the crystal structure

of CCDC90B125-GCNAN16V. Structure starts at residue D62. Domains are colored according to the schematic
representation in (A)with head domain (heliceal anda2 connected by a loop L1) in grednlayer neck in

red, native stalk (helia3) in blue and GCNM16V adaptor in grey. Monomers are colored in different shades.
(C) Detailed top view of the head domain showing conser¥éth alongwith stabilizing closed interaction
network formed by residues G74, D76 and Q9 ClosedzLJ Zaffer neck, highlighting the hydrogen bonding
network involving centrab-layer residues (V103) and a water molecule.
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3.2.1.3 Structural characterization of MCUR1

Human paralogs CCDC90B and MCUR1 show a high sequence similarity of 72% in th
sequences covering the head, stalk and membrane anchor domains. Individual domains of the
paralogareidentical in lengthwith thestalks even sharing the same repeat pattern3o4y).

As already mentioned in Sect. 3.2.1.1, fhéerminal extensionpreceding the head domains

differ remarkably in length and sequence, representing the most distinctive feature of the
paralogs(Fig. 3.9A). Based on secondary structure prediction, they comprise of &fout
residues in CCDC90B and 160 residues in MCURHKich includes a mitochondriakignal

peptide followed by an intrinsically disordered segment

For structural characterization of MCURL, designed multiple expression constructs
comprised ofthe conserved head domain, laxcludingthe Nterminal disordeed region.
Similarto CCDC90B, the obtained MCURL1 constructs were either expressed at low levels or
impaired insolubility. A fusion construct

of MCURLeozz0 with GCN4N16V, '
analogous to the successfully utilize
CCDC90Bz125construct, was found to be

G160

well-expressed in the insoluble fractiol 11o] 0

but not amenable to refoldinghe same @

fragment lacking a GCterminal fusion,
MCURLi60230 (Fig. 39A), could be

151 E156 c173

refolded successfully inphysiological & ‘x@) @ Q184
23 0183 N178 @
buffer, but did not yield any diffractinc® @9
crystals. _— @% F180 0 @
1204 @L174

A185 4 @re

Given the lack of diffracting crystals, we @ 0
E176

conducted preliminary experiments | 2
assess the suitability of MCURb2zofor 125 "0
solution NMR spectiscopy. At first 0

glance, the 1D1H spectrum showed

adequate dispersion and diffusion °° 85 g0 75 7o 765
Figure 38: NMR 1D 1H spectrum of MCURZ%so.

coefficients consistent with an oligr, _ _
Assgned residues are labelled.

most likely the expectedimer. We then
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prepared isotopkabelled samples and acquired spectra for sequential assignmentN-the
HSQC, astretch of residues corresponding to the core of the head domain§2203showd
sharp signals with goodgpersion, indicative of folded environment and protection of amide
protons from solventHig. 38). Other residues were both much broadgh low dispersion,
could not be definitively assigned were not observed)nder these circumstances, it was not

possible to proceed to a higbsolution structure.

3.2.14 Homology model of MCUR1

Facing the difficulties of structural characterizatibdesigneda homology model of MCUR1
with MODELLER (Sali et al., 1995using CCDC90Rs 125 crystal structure as thhemplate.
Lacking the flexible Nterminal extension preceding the head, the MCUR1 model mirrors
CCDC90B in length as well aa domain architectureF{g. 39B). The electrostatic surface
chage distribution of both paralogous proteisisow significant dfierences in their head
domains. CCDC90R 125surface displays a prominent acidic patch localized at the loop of the
h e a-Hairpih with residues D69, E71, D76 and E81 contributindthle of negative charge.
(Fig. 3.9E). While the corresponding glutamatssidues E176 and E186 in witghe MCUR1

are conserved, the equivalent aspartates have been replaced by hydrophobic residues L174 and
A181 which theefore projects the top of heaak apparently neutralFig. 39D). The small
negative patches in MCURLaeo nt r i but e d -hglix residaes E1F6yandD¢77 of 1

each monomer.

3.2.1.5In vitro C&* binding to MCUR1 and CCDC90B

Given the regulatory function of MCUR1 in mitochondriafQ@ansport) suspected that this
surfacecharge polarity may conbute to potential G4 binding. Therefore, tested the effect

of C&* on oligomer formation and stability by SEMALS. MCURLieo230€luted as a single
peak of a calculated molecular mass of 22.6 kDa, corresponding to a trimer in solution
(theoretical massf monomer is 8.32 kDa) (Fi§.10A). Only a minor fraction was present as
aggregate in the void volume. So hdhfCUR1 and CCDC90Bexist as trimers irsolution
Addition of 5mM C&* did not have any visible effect on oligomerization of MCURL1 or
CCDC90Bas the proteins eluted at the same molecular weight
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Figure3.9: Structural model of human MCURZTA) Comparative scheme showing the domain organization of
human paralogs CCDC90B and MCURL1. MfsddRfragment used for biophysical characterizatisnridicated.

(B) Homology model of MCUR1 spanning the headkstalk region. The ferminal disordered region is
marked as dotted lines. MCUR1 ie@ninally anchored to the inner mitochondrial membrane (IMM) by a TM
helix (not shown) and projects inttié matrix.(C)Electrostatic surface charge distribution of MCURL. Gradient
is marked from acidic (red), through neutral (white) to basic (bi{iZ)and (E)Top view of the head domains of
MCUR1 and CCDC90B respectively, showing charge distributionividisgetiarged residues are labelled.

85



| then utilized Microscale Thermophoresis (MST) to examine any structural changes in
MCUR1160230 and CCDC90Bs 125 in response to Cagltitration. MCURLeo230 and
CCDC90Biz125(with and w/o Gterminal GCN4 fusion) wre fluorescently labelled with red

NHS Alexa Fluor 647 dye by covalent crosslinking to primary amines. Labgitgdins were
titrated with CaG in the 1€ Mi 40 mM concentration range. Whereas both CCDC90B
constructs do not show any appreciable binding&*, the curve monitored for MCUR&

230 clearly showed C4 binding (Fig.3.10B). Next, | determined the affinity constants of the
MCUR1 head for C& and Md* with Kgx 0.6 mM for CaCj anck 5.0 mM for MgC} (Fig.
3.10C) This indicates that Gaspecifically binds to MCUR1 head domain with a nearly 10
fold higher affinity compared to M@ At concentrations higher thanm®v CaCk, MCUR1

tends to precipitate slightly. This effect was, however, observed to be less pronounced in the
presence of Mg.
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Figure3.10 Low-affinity Ca* binding to MCUR1(A) SEEGMALS plot and calculated molecular mass of MGER1
230in the presence of MM EGTA (red) anddM CaGl(purple).(B)and (C)MST titration curves for Gaand
Mg?* binding to MCURiko230(dark and light blue) and CCDC9@Bs(dark and light orange) used to determine
the dissociation constants {K Data points are mean of three replicates, shown with standard error.
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3216¢KS KSIR R2YIFAYy 27F a/ ! wwm zamgoidibrilg2aG // 5/ cn.
Next, | assessed the effect of Can the secondary structure and stability of MCURL1 using

far-UV CD spectroscopy. MCUR4do230 di s pl ay ed -helicalt specirac with U
characteristianinima at 208 nm and 22tm (Fig.3.12A). Upon heating, the protein unfolds

with a melting temperaturenlo f CAFige3.12B). In contrast to CCDC90RB 125 (Fig. 3.13),

single CD spectraf MCUR 1160230 monitored at increasing temperatusd®w that theanal

unfol dihemg icfal Ustructure was accompanlked by
structure, which becomes visible asm@dod emer g
formation (Fig.3.14). At this point | suspected that the transent gellike precipitates formed

by incubating potein at room temperaturever the course of time or during protein
concentration could be amyloid fibrils.

2 K| (G -anydBid fibers?

The term fAamyl oidodo refers t o rikagfgrm.eflgeg ares o f
characterized bthef or mat i on of |l ong unbranchestthndédi ber s,
chains of that protein arrange in an orientation perpendicular to the fibeAayikids have

been associated with more than 50 humaeales and neurodegenerative disorders such as

Al zhei mer 6s, Parkinsonods, Di abetes -fgakdbl i t us
disease (CJD), and Rheumatoid arthritis (Knowles et al., 2014)

cross-B-sheet structure

cross-P diffraction
amyloid
O fibril
48 A ¢
interstrand
spacing

f/ 10 A
7 \/
\

10A 7 : ~f:
intersheet S Eal
spacing . '
X-rays
100 A
—

Figure3.11 Characteristics of cross | Y & brisASRherfialic representation of the crdss & (i NHzO G dzZNB 2
amyloid fibrils. Characteristictdy diffraction arcs seen at 4.8 A and 10 A corresponding to the interstrand and
intersheet spacing respectivelReproduced from Dharmadana et al., 2017.
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b-Amyloids have a distinctivecrofs st ructure. The fAgol d-bst anda
guaternary structure is-Ky diffraction pattern of the amyloid fibrils. Two characteristic
diffraction reflection arcs at 4.8 A and ~10 A, corresponding to the-$ttend and sheet

stacking distances respectively, are observed for-aviedhted fibrils (else they blur into

circular rings) Fig. 3.1). The neighboring chains pack tightly, thereby excluding water from

the core. Opposing strands are slightly offsetfreach other which allows their sideains to

interdigitate and create a zipper interface.

3.2.1.7Effect of C&* on MCURIamyloid fibril formation

Examining the effectof Cda d di t i on o n tamgoidfike fibrtsa weirezardecb f b
single CD pectra and melting curves at 2086220224 nm with 1mM and 5 mM CaGl
concentrationgFig. 3.12A). While C&*does n ot -helfcdl secohdary directurd of
MCURLi60230, it strongly impas its thermal stability (Fig3.12B). The melting temperate

Tm ofx 716C measured in Géafree buffer is remarkably reducedt&0eC and 43¢C in the
presence of InM and 5mM CaCh, respectively. White precipitates, composed of high
mo | e c ul a 1fibrillareagggebates, fvere seen after complete heat detiatua direct
proportiont o t he amount of <cal ci um-samhle2d6.nniFighi s e x |
3.1X). This effect could be reversed upon addition of thé* Ghelator EGTA. At
concentrations higher tham®v CaCb, MCURL starts to aggregaded fall out of the solution.

To check if it was a specific effect of €awe performed CD measurements in the presence of
Mg?*. We obtained a near identical end result of thermal denaturation. Witk 51gCls,
MCURLiso230 melts with a Tm of 44eC identcal to C&" addition Both CCDC90Rs.125(With

and w/o GCN4 fusion) constructs, however, denature to form random coil structure with no

change observed even upon adding"C&ig. 3.13)

T he n atamylod fiwils formed by MCURZo230was further nalyzed by transmission

el ectron microscopy (TEM). 120 €M protein in
150 mM NaCl, ImM TCEP) was incubated at &5 for 24 hours with or without the addition

of C&*. As observed by visual inspection, cloudy agates formed in the presence ofCa

within 3 hours of incubation, whereas no precipitates were visible in tfefr@a samples

even after 24 hours. TEM micrographs of MCU&2so fibrils show the presence of primarily

short individual protofibrils in mtein samples with no addition or addition oM EGTA

(Fig. 3.14)

88



>
o)

— 1mM EGTA
—— 1mMCaCl, ;- +[216 nm 208 nm
2=~ 1mM CaCl, + 1mM EGTA 2=~ 0 ‘g.
S = 1 _ > Bl e Y
235 | b 2% [ ' Tm = 42.38°C
\ mM CaCl, = e % =
2 & - 5mM MaCl 2 E B - Tm = 44.26°C
=0 gLl =0 S
o -5 o -5 =
a2 §-10] ‘3 D -10- Tm =49.91°C
Lo 5
=% c 2
3 g 15 3 g 15 o
=< sz Tm =71.01°C
20 - - . 20 T v T -
200 210 220 230 240 20 40 60 80
Wavelength (nm) Temperature (°C)
c 5 5 5
1mM EGTA 5mM CaCl, 5mM MgCl,
20 20 2= 0
S5 2% = 235
2 F aE =
g R 32 s
38 38 g8
8 §»|a 8 E,-‘O 8 .§)-1u
2 52 §2
g *5,15 g ‘>‘(’~15 g ‘5-15
-20 + -20 -20
210 220 230 240 200 210 220 230 240 200 210 220 230 240
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure3.12: MCURL is destabilized upon divalent cation bindirfg) FarUV CD spectra of MCUfRdksoat 20z /

in the presence of EGTA, Mg&id CaGht indicated concentrations. For the yellow curver{fi! CaGl+ 1mM
EGTA), CaGkas added to the sample and chelated by addition of equal molar amounts of EGTA immediately
before measurement(B) Thermalmelting curves for MCURgb230in the presence of EGTA, Mg6t CaClat
216nm (inset) and 208 nnRespective concentrations and the color code are as in paheCélculated melting
temperatures () are indicated(C) Single &r-UV CD spectra of M&Lso230showing loss ofi-helical structure

upon heating measured at different temperatures in the presencemM EGTA, "M CaGland 5mM MgCt.
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Figure3.13: Secondary structure analysis of CCDCRAB-GCN4 N16V and CCDCgQBs. (A) Domain orgai-
zation of CCDC90B with residue range marked at the (Bpand (C)FarUV spectra of CCDC@BsGCN4
N16V, andE)and (F)of CCDC90B12sin the absence (1 mM EGTA) or presence éf GanM CaG) recorded

I G wHne/C. PayeD) o 6G) shov melting curves of CCDC98BsGCN4 N16V and CCDCARGB,
respectively, recorded for each in the presence ofMl EGTA andmM CaCl Calculated melting temperatures
(Tm) for each condition are indicated.
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In sample containinghM C&*, already afte24 hours, we observed long extended curvilinear
protofibrillar structures which started to transform into mature amyloid fibrilsrmvbCa*

sample. Such a pronounced effect was not observed with. Migus, presence of calcium
specifically seems to aelerate the process of fibrillar formation for MCUiskso. Similar

effectof C&"has been previousl-yepteipbea t@Ab) oir nwvaonyyv &
pl aque formation in Al zhei merdés diseame (I sa
temperature or addition of €aaccelerates the destabilization of MCUR%s0 which then

assists the fast kinetics of early fibril formation.

no addition 1mM EGTA

1mM CaCl,

Smmcacl, 5mM MgCl,

Figure3.14 TEM micrographs showing-amyloid fibril formation of MCUR1s0230 in the presence of InM
EGA, 1mM and 5mM CaCl and 5mM MgCt after incubationf 2 NJ Hn K2 dzNE is 100 mmffos / ® { O f
inset, scale bais 500nm).

Many studies have reported that the protein sequence influences the formation of amyloid
fibrils. In the partially unfoldd st at e, a certain st-foreméttionh of N
propensity.Analyses of aggregation and amyloid propensity using multiple computational
prediction tools, such as Amylpred2, TANGO, and ZipperDB (Fernakdeamilla et al.,
2004;Tsolisetal., 21 3) , identified a commomrelmohthe oi dog
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MCUR1 head domain (residues 18496). Figure3.15 plots betaaggregation score generated

by TANGO for MCUR%4e0230 and CCDC90Bs125 residues. The equivalent residues in
CCDC90B head @i o n, with slightly dissimilar seq
aggregation propensitieshese primary structural differences can be useful in understanding

sequencemyloid relationships in the future.

MCUR1 184-QAEITVSALVKILEA-198
CCDC90B  79-QAETIVSALTALSNV-93
—Chaat Oz (s
100
80
60 -
o
@]
(&)
n
40 -
- MCUR11so-zao
o . T e CCDC90B,,,
0 = )
10 20 30 40 50 60 70
Residue number

Figure3.15: Prediction of aggregation and aytoid propensity of MCURIThe prediction tool TANGO was used

to analyze the -aggregation propensity of MCURd230(solid line) and CCDC3Bs (dotted line). The diagram

shows the calculated TANGO scores for each protein fragment plotted againsistiae numbers. The upper

panel aligns the identified amylogenic hotspot of MCUR1 with the corresponding region of CCDC90B in relation
to secordary structure prediction data.

In a representative model of MCUR1 amyloid fibrils generated from ZipperDB3Hi§, we
can visualize the tight packing of the hydrophobic sidains of antparallel sheets creating a

zipperlike interface, excluding the water molecules from the core.
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Figure3.16 { { NHzO (i dzNJ f-amycdR@rbatio? /i MCURL(A) sideview and (B) top-view @rtoon
NBLINBaSyhal GA2y -briflatidhpragerSityiexad ©qudhkeyAR85190 in MCUR1 head domain
Calculations and model were generated using ZipperDB.

3.2.1.8 Does MCURL1 directly interact with MGNTD?

MCUR1 essentially regulates mitochondrial Caiptake upon interaction with MCU
(Mallilankaraman et al., 2082 Several studies mapping the binding region between both
proteins identified MCURL1 to bind to tiNeterminal domain of MCU (Leet al, 2015;Tomar

et al, 2016). Howeverthere vas discrepancgmong theprevious studiesvith regard to the
MCUR1 domain(s) involved in this interactiods we had much better knowledge of domain
boundaries nowwe addresed the question to identify the domain(s) of MCURZ1 clthi
mediates its binding to MC(Fig. 3.17)(work done together with Dr. Birte Hernande®je

first identified the potential region involved with an immunoprecipitation experiment and later

confirmed tle same with am vitro binding test using/ST.

intermembrane space

0000000000000 000000000000000000 00000000 0000000000000 000000000

0000000000000000000000000000000 00000000 0000000000000000000000

mitochondrial matrix

Figure 3.17MCU complex representationComponents of the mitochondrial calcium uniporter (MCU) and the
permeability transition pore (MPTP) complexes are shown with their submitochondrial localization and
orientation. We aim to investigate the proposed interaction between théeiinal domain ofMCU with
MCUR1, and MCUR1 witlygphilin D.
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Coimmunoprecipitation of MCU with MCUR1

Considering the domain organization based on the structure of MCURIEesigmed variants
with substitution and/or deletion of single/multiple domains including the&erhinal
di sorder ed r e glayermeck anchttee sthllgga 811,8A).t he Db

FLAG-tagged MCURL1 variants were -expressed with fullength HAtagged MCUin

HEK293 cells, ceimmunoprecipitated using arfiLAG magnetic beads and subsequently
analyzed on a western blot (Fi§)18). As expected, fullength MCUR1 was able to pull

down MCU. Del etion of si x ¥£2eli)d u ensv ofAldeeTdK Mo
formation (MCURXpb ) di spl ayed no significant effect
This 1 ndicates Jdayesneekfosistdyaction wittytheamiporteh 8imilarly,

for MCUR1-GCN4pll, where 91 residues of the stalk (residues2l) were replaced by

thirteen heptads derived from the sequence of trimeric GCN4pll véidartbury et al., 1993)

no significant reduction in MCU binding was observed. However, deletion of almost the entire
coiled-coil stalk (MCURXmps t al k, c toresicduess 28A1Jnotrogly decreased the

protein stability aseenfrom lower expression levels, but also clearly reduced MCU binding.

We can safely conclude here that MCURL stalk lenghssability, and not therimarycoiled

coil sequence, are cidl for interaction.

MCUR1-qoDR | acking the di s o-158)ewasalso exgassed at lo r e s i
levels, but ceprecipitated equivalent amounts of MCU. In contrast, MCWRD RHead

lacking the disordered region together with the conserved head domain, shows complete
abrogation of binding to MCU, inferring that the head domain together with the preceding
disordered regiois necessary for binding of MCUR1 to MCU. A former study reported that
CCDC90B could also be immunoprecipitated with MCU, but unlike MCURL, it does not
modulate the activity of the uniporter (Tomar et 2016). To identify if any difference exists

in the binding ofthe head region of MCUR1 and CCDC90B to MCU, we substituted the
conserved head in fulkngth MCUR1 construct with the corresponding regiomom
paralogous CCDC90B. MCUR40Bheadalso binds to MCU but with a lower affinity than
full-length MCURL.
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Figure 3.18: MCUR1 head domain directly interacts with -fédrminal domain of MCU. (A)Schematic
represengation of MCURL1 constructs used for pddiwn assay(B) Caimmunoprecipitation (CdP) of MCLHA

with MCURIFLAG variants using affLAG antibody. Input and IP samples were analyzed by western blotting
usinganti-FLAG and antilA antibodies.

In vitro binding assay using MST

Based orour findingthat the head domains of both paralogs mediate binding to MCU, the
binding affinities of MCUR1 and CCDC90Beadswere estimatedn vitro using MST.
MCURL1 has been identified to interact with theéd¥minal soluble domain of MCU. Therefore,
for the in vitro binding study,l expressedMCU7s233 (residues 7233) comprising the N
terminal domain of MCU including the succeeding CC1 ceded domain(Fig. 3.19A)
MCU7s233 was expressed in inclusion bodies, #e proteinwas purifiedunder denaturing
conditions and refoldeds described previousiy buffer containingOmM Tris (pH 8.8), 150

mM NaCl, 1mM DTT (Lee et al., 2016)The purified protein wawell-folded and displayed
anUh e | 4strarid bmix spetcum in far-UV CD spectroscopic analys{§ig. 319C). From
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SDSPAGE, we observed thstCU7s233exists as a ladder of monomer and stable highger
oligomers, present in an equilibrium stafeg( 3.19B). It shifts towards forming higher order
oligomers upon incubatiomith [C&Y] O 0. 5 mMeden8N-RAGE Eig 810D). This

was rather surprising as €avas shown to destabilize thetdrminal domain of MCU and to
promote its disassembly previouglyee et al., 2016)However, it must be noted that the
corstruct used in this study additionally includes CC1, implicating this domain to mediate

Ca*-dependent oligomerization.

A 1 49 192 233 256 266 283 305 342 351
MCU | MTS | NTD
[ j
MCU75-233
B MW MCU, . C D fgm Ca (mM)
1 01 05 1 5 10 20
190 0
MCU

15 75-233

CD (mdeg)

200 210 220 230 240
Wavelength (nm)

N\ B

Figure 3.19 Oligomer formation of MClhz2ss. (A) Domain organization of human MCU (NP_612366.1)
comprising of a mitochondrial targesignal (MTS), an -férminal soluble matrix domain (NTD), two
transmembrane helice (TM1 and TM2), and two coiledil domains (CC1 and CC2). As indicated, A6
includes residues 7592 of the NTD succeeded by the CC1 dom@) SDSPAGE analysis MCUs233 which

was purified under denaturing conditions and refolded. The protein forms a protein ladder of stable oligomers
representing monomers, dimers, trimers, tetramers etc. according to their molecular weight in tHE€ e+

UV CD spectrum d¥iCUs233Y S I & dzZNB R (D)) RBiuenatives PAGE analysis of oligomer and aggregate
formation of MCUs233in dependence of increasing concentrations of c.a&tigregation was observed to start

at concentrations of > 3 mM CacCl

In MST experimerd, fluorescencdabelledMCU7s233 was titrated against MCURéb230 and
CCDC90Biz125 The dissociation constants of MQihdingto the head domains of MCURL1

and CCDC90B were estimated to be 12.(Fd N 3.5
3.207A), which coroborates our pullown result showing that MCUR1 binds with a
comparatively higher affinity to MCU. Addition of OriM CaCh decreased thedof MCUR1
binding to 7.49 N 1.59 &M wMiCaCh( d.i @6 nBtl1 cHH n
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(Fig. 3.2@). At higher [C&"], both MCUR1 and MCU purified proteins are prone to higher
order oligomer formation and subsequent aggrega®orseen from MST andDS-PAGE,

therefore measuremeni®ere unfeasible
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Figure3.20 In vitro MCU binding to MCUR1 and CCDC9@9 MST measurement for MCURd230 (blue) and
CCDC90B125 (red) binding to fluorescenekabelled MClds 233, (B)MST experiment analyzing the effect ofCa

on MCURis0230 binding to MCls233. Titration curves for absence (blue) and presence oftML (dark green)

and 1mM (light green) Cagare shown with calculated dissociation constants. In (A) and (B) Data points are
mean of three measurements.

3.2.1.9 Subcellular localization of human MCUR1 and CCDC90B

Human mempromCC paralogs are nucleacoctd and contain a predicted-tBrminal
mitochondrial target signdMTS), therefore, the proteins amansported fronthe cytosolto
mitochondria. Most transmembrane prediction progréimdHMM, Phobius, HMMTOP)
detect only one @erminal TM region. Howevera study in 2012 by Madesh and colleagues
(Mallilankaraman et al., 2012alaimedthe presence of a second TM in the low complexity
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disordered region close to thetdrminus of the MTS process@8dCURL. Analyzing the
membrane insertion of fulength MCUR1by performing a proteinag¢ treatment of the
mitoplasts,they identified a &Da fragment which likely corresposdo residues at the -N
terminusprotrudingon the IMS side. To confirm the presenceagfecondN-terminal TM
helix, | decided to localize tflrlengthMCUR1 and aC-terminal TM helix truncation vaant
MCUR1p T Mresfdues 1 33]) (Fig. 3.21)

Mitochondria were isolateéfom HEK293 cells transfected with @rminal FLAGtagged
MCUR1 full-length or MC U R 1 g @and subfractionated into OMM, IMM andmatrix
components.In agreement with previous findiag(Mallilankaraman et al., 2082, we
confirmedthatfull-lengthMCURZ1 together withits processed fractions localized exclusively
to IMM . Surprisingly, theC-terminal truncatiorvariantM C U R 1 gpStilMpartly localized to

the IMM. Although fom this result,ticannot be yet concluded if MCURL1 indeed features a
second TM helix closer to thid-terminus the obtained results are in contrast to our assumption
that MCUR1 is anchored to the IMM exclusively ibyy C-terminal TM helix

MCUR1-fl MCUR1ATM
< 'af’@ "\@e
& & &
& & & & S &
50 _. T
— - -
”r
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25 — s
CCDC90B-fl CCDC90BATM
&
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Figure 3.21Subcellular localization of human MCUR1 and CCDC®EK293 cells overexpressing MCUR1

FLAG, CCDC98Bp 0 WT f Q -lehghRrotéinsiiabditheim@A NN A y I £ NHzy Ol G A-BLAG @I NR | y i
'y R [/ / 5/-EhAG wefe subfractionated into cytoplasm, total mitochondria, OMM (outer mitochondrial
membrane)]MM (inner mitochondrial membrane) and matrix components, and analyzed by Western blot using
anti-FLAG (1:2000) or a5 (1:1000) antibodies.
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As a control, we decided to test CCDC9BBthe same experimental setlfrom sequence
analysis, we know that@DC90B harbors only one-t@rminal TM helix and lacks the putative
disordered region. Similar to MCUR1, we transfectedeninally V5tagged fulllength
CCDC90B and FLA@ agged CCDC90 B @2RRin HEKRI3 icalls) esdatedl
mitochondria followed bysubfractionation. A completely different localization pattern for
full-length CCDC90B was seeompared to MCUR1 (Fig. 3.2IMTS-processed CCDC90B
was present in two different podlone in cytosol and the other localized to IMM (V5 tag was
cleaved offduring fractionation but is seen in IMM fractiont CD C 9 0 B gk kbt
expressed. Future experiments are necessa@nabyze the observed differences in the

expression pattern of both paralogs in more detail.

3.21.10MCUR1 is proteolytically processed in human mitochondria

Analyzing our ceimmunoprecigiation and cellular localization results, we observed
proteolytically cleaved fractions of MCURL1 identical to previous reports (Chaudhuri et al.,
2016; Tomar et al., 2016). To narrow down the region underlying proteolytic cleavage, we
expressed MCURELAG in HEK293 cells and precipitated three prominent protein fragments
using andFLAG antibody which were separated by SPAGE and digested with trypsiRif.

3.22. Analysis of the tryptic peptides by mass spectrometry identified the two larger bands
with an apparent moledar weight of 41 kDa and 37 kDaspectively as fullength MCUR1

with uncleaved and cleaved mitochondrial targeting signal peptide. For the smallest, most
prominent band at around 25 kDa, no peptides corresponding kotreninal 140 residues

of MCURL1 were found, suggesting proteolytic processing wfajor part of the disordered

region.

Is this proteolysis mediated b@yclophilin D?

Cyclophilin D (CypD), or peptidylprolyl cistrans isomerase F (PPIF), is an essential
component of thenitochondrial permeality transition pore complex €= section 3.1.2.8
(Schinzel et al., 2005 In a previous report, fullength human MCURIwas shown to
immunoprecipitate matrdocalizedCypD in addition to MCUjmplicatingthat MCUR1 could
act as hidging unit between MCU and MPTP complexes by sensing locil €eavations
(Chaudhuri et al., 2016).
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Figure 3.22: Mass spetrometric analysis of MCUR1 fragments. (Aysate of HEK293 cells, transiently
transfected with wildtype MCURFLAG, was subjexl to immunoprecipitation usingnti-FLAG antibody. A
small sample was analyzed by western blotting usingRIDAG antibody. The remaining sample was separated
by SDS PAGE and staimgth Coomassie Brilliant Blue. Comparing western blot signals anéiprbands of

the stained SDS gel, the corresponding regions containing differentially procieagetents of MCURELAG
were cut from the gel (#1, #2 and #3) and analyzedmass spectroscopyB) The table summarizes the
sequence, residue numbers airtensity values determined by mass sgremetry for three most Nterminal
fragmentsidentified from each gel slic€C)Schematic presentation of identified peptidesrigation to the
domain architecture of MCURL1.

By catalyzing the cidrans isomerizatioof proline imidicpeptidebonds, PPlases accelerate
protein folding, assist in proteolysis and ptanslational modificationsTherefore, we
suspected thaine possible function of Cijpcould be to assisCUR1 N-terminalcleavage,

by allowing accessilitly for a proteolytic attack. Structural insights intypD reveal the
presence of two conserved pockets which contribute to substrate selectivity and enzymatic
catalysis (Davis et al., 2010). S1, the proline interaction pocket, acts as the dockingfsurface
target proline, and S2, a deep scaffold binding posketre disparate sidechain residues can
bind, accommodates the successive residtig. 3.23. Human MCUR1 disordered region
(residues 42A59) contains12 prolines So, we designed 12 MCURL1 varianwith single
prolines mutated to alanine residues, and checked their expression profi@24rigall data

not shown) Dr. Birte Hernandez and®r. Claire Bedez per®nal communication Initial
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expression testglentified mutantMCUR1-P85Ato undergancomplete proteolysishowing
that a largdraction still retained the complete disordereedminal region in comparison to
other mutants. &uence alignme of mammalian MCUR1 orthologs showso085 to be
conserved among specidsrther pointing toa possiblesignificanceof CypD in proteolytic

regulation.

-~
peptidyl prolyl N—©~C,

H > Pro cisftrans isomerase |4 :/ ' Pro

Figure3.23: Structure and mechanism of action of cyclophilin (&) Cyclophilin D, or peptidydrolyl cistrans
isomerase F (PPIF), catalyzes the isomerizatigmadihe peptide bonds(B) Strucure of human cyclophilin D

bound to its inhibitor molecule Cyclosporin (&) The macrocyclic ring @yclosporin A mimics the placement

of substrate molecule in cyclophilin D active site cavity. S1 pocket binds target proline and S2, a considerably
broadpocket binds to the next residue. A small hydrophobic residue (as Ala) is preferred preceding proline, but
successiveesidueshowsno specificity.

Does MCUR1 head domain bind @clophilin D?

As a next step, we testedvitro binding of MCUR1 head donmato CyD usingMST. CypD

( 943 K133Il) was expressed iB. coli BL21 (DE3) cells and purified as described in
(Valasani et al., 2034Estimatedoy SEGMALS, CypD  (-4B K133l) exists as a monomer

in solution Alexa Fluor647 fluorescencéabelledCypD was titrated against MCURsb 230

and CCDC90Bs125. Compared to MCU, CypD bound weakly to the head domains of
MCUR1i60230 and CCDC90Bs 125 with dissociation constants of 7294+ 5 and 204.
+ 1.28e M r e s p eéFm.t3i24Be MThys suggests thatesidues from the intrinsadly
disordered region of MCURight alsobeinvolved in bindng. This suggestion supported
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by the finding that only fullength MCUR1 and not the 25 kDaroteolytically cleaved

fragmentacking the disordered residuesuld beémmungrecipitated withCypD (Chaudhuri
et al., 2016).
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Figure3.24: MCURL1 proteolysis and binding t@yclophilin D (A) MCURIFLAG with proline mutations to
alanine (residue number marked at top) expressed in HEK293 cells analyzed on a western blot kit @nti
antibody.(B)MST measurement for MCURd230 (blue)and CCDC90B125 (green) binding to Cyclogi D. Data
points are average of three measuremenalculated bsociation constantsdare shown.
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3.22 Prokaryotic mempromCC proteinsstructural and functiond studies

As mempromCC homologwere identified only in pathogenic strains &. coli and S.
typhimurium and other species which we cannot culture in our laboratwey selected
Caulobacter crescentufor structural and functional studie€aulobacterspedes cluster
together withthe metazoan homologs within tleentral goup of the CLANS map generated
from the heaeheck segments from laeterogeneougroup of membrananchored proteins
sharingcommondomain architecturéFig. 1). Proteobacterial mempromCg@roteins share
high sequence similarity in thehead domainsvith their eukaryotic counterparts. They only
differ in terms of anabsemn signal peptide, and the variability in sequence, length and
periodicity oftheir coiled-coil stalks.Their head domainstart nearly at the conserved FDT
motif. All prokaryotic homologs are presently annotated as hypothetical proteins. As bacterial
species lack MCU homologshe presence of mempromCC proteins hiatsothercellular

function(s).

3.2.2.1 Structural characgrization of CaulobactermempromCC homologs

MempromCC proteins from tw@aulobacterspecies WP_047412812 fron€. sp. OV484
(referred adVipcC-OV484) and WP_029916579 fror@. sp. UNC358MFTsuXreferred as
MpcC-UNC) were selected for structural characteiat Complete lengthof proteins
including the head, neck(s) and stalk, and excluding the transmembraneweggciused to

an N-terminal histidinetag and purified under native conditions frdin coli C41 DE3)
overexpressing cell& major fraction of he purified proteingended to fornaggregates. While
MpcC-OV484 did not crystallize MpcC-UNC crystallized as thin plates which diffracted at
best to 3.1 A. Attempts to refine the crystals using-gdigen optimization failed to produce
good quality cry&ls. Subsequently, | tried to solve the structure with NMR spectroscopy.
MpcCCUNC was an interesting CcTADK oc-afjer imhexad h e
spacing, similar tadhosedescribed in Chapter Zn MpcC-UNC, TAT KAD is sandwiched
within two nora d -layers ISGAT KAD and LANMAT KAD. MpcC-UNC purified from
isotopelabelled minimaimediumeluted aghreemajor peaks from Superdex 75. Whileak

1 andpeak 2 were high molecular weight aggregates minor fraction pak3 constitutedhe
properly assabled oligomer, which wasonfirmed from 1D1H spectra.ln preliminary
experiments, @ak 3 displayed a wetlispersed®N-HSQC spectrum, howeveheinability to

purify sufficient amounts of weflolded protein hamperddrtherprogress.
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Due to the difficlty in obtaining weHdiffracting crystals, homology models of bacterial
mempromCC proteins fro@aulobacterspeciesC. crescentublA1000 (YP_002517927) and

C. sp.JGI 0001013D04 (WP_018113394)Hg. 3.25 were designedising CCDC90Bs 125

crystal strutureas a templatenfork done byloannaKaramachali) The models clearly display

the natural variability of the stalk domains in prokaryotes in terms of length and the number of
b-layers. Showing identical hdaneck segments, the stalk Gaulobactersp.JGI 0001013
D04, whi ch cont atlayess neeksjgwith a lsngtic apprexsndie16 nnb
longer tharthe Caulobactercrescentu$NA1000 protein.

3.2.22 Structural characterizationof archaeal Kcr0859 showing mempromGCelated

domain architectue

Wefurtherinvedigated the molecular structuoséproteins from peripheral prokaryotic clusters

that share the helical domain architecture, imitsequence homologwith members of the
mempromCC family The crystal structure of Ke®859 (WP_012309502) cremarchaeal

protein of unknown function fror@andidatus Korarchaeum cryptofilwwvas solvedDr. Birte
HernandezDr. Marcus Hartmann, pesaalcommuncatior). Kcr-0859pTM (r ed436)dues 1
lacking the Gterminal membrane anchor was recombinantly expresdedaali C41 strain in

M9 minimal media supplemented with selenomethionine (SeMet). Crystals were obtained

under three conditions artide structure wasolvedat a resolution of 2.5&ia SAD phasing.

In agreement with our expectation, the cB 5 9 pTM st ructure shows ar
trimer comprising of a hel i calayermexiatoa cdiledmai n,
coil stalk (Fig. 325A). Each monomer of the head bundleo nsi st s of three sh
U2, U3), which ar e caoangee petpaendiculér yo eacthathert Withiu r n's
the trimer, helices are packed in parallei t h  h el i xmorder acéomneodatet

bet we ami U® edotherchains. The central axis of the head domain is kinked by 40
degrees relative to ttmiled-coil axis of the adjacent stalk. This kinked arrangement is likely

a result ofcrystal packing constraints, but is also indicative of a cedeagree of flexibility of
theneck regi on, -laysrmadiatgdaransi|ons inf DALL ddmains dtAAS

(Hartmann et al., 2012; Koiwai et al., 2016). Fornbgdthe first three residues of the motif
MATKED, -l alger bdi r ect hejicessanddormes the characthristic iEt@ain

hydrogen bonds between the cenédahine residues.
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Following the neck, the structure shows 76 residues of thedf6ue cytosolic pamf the

coiled-coil stalk. This whole region does not possess noticeapkrsoilingover large extents,

as anticipated from its annotatipmvhich indicated aroverall sequence periodicity of 3.64

residues per turn, only marginally different fréd®3 vte x pect ed f or-hadix undi ¢
Towards its Germinal end, thatalk contains two YxD motifs, both of which are resolved in

the structure. Thegmlar motifs are commonly found in rightanded coiled coils, where they
conveystructural specificity ad stability by forming intechain hydrogen bonds between the

hydroxyl groups of the tyrosines and the carboxyl groups of the aspartates (Advarez

2010).
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JGI 0001013-D04
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Figure3.25: Structure ofprokaryotic mempromCC homologéA) Homology models ofaulobactecresentus
NA1000Caulobacter splGI 000101104, and rystal structure of Ken 'y p oY KSIF R Raayermegk 6 INB Sy
(red) and stalk (blue)Approximate length is calculate¢B) Comparison of head domains of human CCDC90B

andK. cryptoilum Kcr0859. One chain is colored in green, other two chains areeip. gelices{1,h 2 andh 3)

are marked for one chaifC)Amino acid sequence of K8B59. Residues are colored according to their domain

affiliation. Polar YxD motifs are underlined.
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3.2.2.3 Subcellular localizatioand orientation of mempromCC in bactéx

MempromCC localizdo the cytoplasmic membrane in bactemath an Nin Gout topology

Secondary structure prediction of mempromCC proteins in bacteria predicts one
transmembrane (TM) domain at thet€@minus but no signal sequence at thteininus br
export across lipid bilayer indicating that mempromCC proteinslikaty anchor to the inner

cell membrane. Wexperimentallyanalyzedhecellularlocalization ofmempromCC homolog
CCNA 02554 (YP_00251792T)om C. crescentutNA1000, thereafter refeed to advipcC,

using electron microscopy and subcellular fractionation.

To determine the intracellular localization by EM, wesignedan Nterminal HAMpcC
fusion construct in a xylosaducible highcopy plasmid pPBXMCS4nd utilizedthe leaky
expres®on to ensurghatlow amounts of the fusion proteareexpressed in the cell€ryo-
sections of HAMpcC expressingCaulobactercells were stained with polyclonal ahtiA
antibody, followed by immunogold labelled secondary antibody and analyzed by saiosmi
electron microscopgwork done byDr. Juthaporn SangwallgkWe observed an accumulation
of electrondense particles in close proximity to the inner side of cytoplasmic mem{biigne
3.26A), supporting our assumptidhat mempromCC proteiis C-terminaly anchoredo the
bacterial cytoplasmic membrane projecting the-tdgged head into cytoplasm.

This result was confirmed bsubcellular fractionatioof Caulobactercells expressing wild

type MpcC into membranand soluble past The inner and outer memamnes were separated
using selective detergent solubilization (using 2% Tritod(Q) of the IM. The resulting
fractions were probed by Western hilog with antisera foiMpcC, inner membrane protein
TimA, and outer membrane protein&@p The control prains TimA and CpaC are most
abundant in the expected fractions. We clearly observe that mempromCC is enriched in the
inner membrane fractioffrig. 3.268).

| then investigated the membrane topology of mempromCC using Proteinase K treatment.
MpcC was fusedo an Nterminal HA and Germinal 3xFLAG tag in a highcopy plasmid
pBXMCS4. Cells were treated with lysozyme shortly to disrupt outer cell membrane and
incubated with Proteinase K for 3fhin at room temperaturdollowed by subcellular

fractionation.Fractionated spheroblasts were analyzed by western blotting arsiFgA and
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antrFLAG antibodies(Fig. 3.26C). In control sample, fulength HAMpcC-FLAG3 and a
proteolytic fragment (~kDa smaller, equivalent to one FLAG epitope) are detected by both
antibodies, implying an intact -Mrminus but apparent degradation at thé&e@inus. For
Proteinase K treated sampléspserve an additional band detected by ad#, but not with
ant-FLAG antibody.

‘S‘O/

)

& & &

anti MpcC

anti CpaC
(OM control)

anti TimA
(IM control)

HA-MpcC-(FLAG),

anti FLAG

anti HA

control Prot. K treatment

Figure3.26: Subcellular localization of prokgotic mempromCC homolog$A) TEM micrograph showingpcC
localization inCaulobacterells.(B) Subcellular fractionation df. crescentuslA1000 cells expressing HfpcC.
Whole cell lysate (lysate), outer membrane (OM), inner membrane (IM) and cytastibhs were analyzed on
western blot against ardMpcC, antiCpaC (OM control) and asiiimA (IM control) antisergC) ProteinaseK
treatment of C. cresentusNA1000 cells expressing HifpcGFLAG. Fractionation samples were analyzed on
western blot usig antiHA and antFLAG antibodies.
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This fragment of the smallest size has all thraer@inal FLAGepitopes cleaved by Proteinase

K. The incomplete digestion, as observed for other proteolytic fragments, can be explained to
be a result of close proxityiof (FLAG)s-tag to the membrane surface preventingessibility

to the proteasd.hus both EM and subcellular fractionatiorethodsonfirm that mempromCC
proteins in bacteria are localized to the cytoplasmic membrane with the-coilestalk

projecing the head in the cytoplasm.

3.2.2.4 Functional characterizatiomf mempromCC proteins i crescentudNA1000

Pulldownto identify interaction partners
To identify MpcC (CCNA_02554 binding partnersn C. crescentusNA1000, | performed a
pull-downexperimentusingsolubleMpcC variantsas bait. Twalifferent constructs MpcCi.-

g5 (residues 485) andMpcCi.qo (residue 1-60) i with different coiledcoil stalk lengths and
lacking thetransmembrane anchor were fused teFRAG at the Gterminus(Fig. 3.27A).
GCN4pll-(FLAG)s was used as the negative contill constructswere recombinantly
expressed iE. coliBL21 (DE3) purifiedfrom supernatardnd used at a concentration of 1.5
mg/ml in the pultdown experimentBait proteins attached to the aRlLAG M2 magnetic
beads (Sigma) fished out the interacting partners fronCthdobacter crescentusA1000
lysate. The wollected eluate wee dimethyl labelledfor comparative proteomic analysis,

digested with trypsimand subjected tmassspectrometric anasys.

From the statistically significant set of bound peptides identified in pairwise sample
comparison oMpcCi-gs, MpcCie0and control group, only FtsZ (a protein involved in cell
division) was identified to be significantly enrichddd. 3.27B). A previous study identified

FtsZ to be a substrate of CIpA protease (Williams et al., 2014), which is located just upstream
of the MpcC gene To confirm the interaction between H#ingth MpcCi.gs and FtsZ,|
conducted a c@énmunoprecipitation experiment mgj i (i) C. crescentuso-expressing
MpcCig5-FLAG on pBXMCS4 and genomic integratedCherry-FtsZ or (ii) using soluble
full-length MpcCi85-FLAG bound to magnetic beads and incubated WHate of cells
expressing genomic integrate@Cherry-FtsZ. The elted samples were analyzed by western
blot usingant-rFLAG and antmCherry antibodiegFig. 3.27C). In both cases, mempromCC

MpcCq.gsfailed to immunoprecipitate FtsZ.
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Figure3.27: Pulldown to identify MpcC interacting partners(A) Designed construct€&terminal FLAGagged
MpcG-ss and MpcG.so, without Gterminal membrane domain, were purified as soluble proteins. GIN#as
used as the control proteir{B) Abundance of MS identified proteins comparedMpcG.ss and control sample.
FtsZ(pink dot)was the onlysignificant hit.Proteins with statistical significance (p < 0.05) have been marked as
red dots.(C)Coimmunoprecipitation study oMpcGFLAG and gherry-FtsZ.

Parallel studieso identify proteinsinteracting with mempromCC i€. crescenis NA1000
usingbacterial2-hybrid systenalso failed to establish definite binding partn@s Juthaporn
Sangwallekper®nalcommunicatior). First data from ongoingiork studying a mempromCC
deletion mutant at the transcriptomic and proteomic leveharee promising to reveal the

function of these teins in prokaryotic systems.
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